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1 ABSTRACT
Condition ratings of bridge components in the Federal Highway Administration (FHWA)’s Structural Inventory
and Appraisal database are determined by bridge inspectors in the field, often by visual confirmation or direct-contact
sounding techniques. However, the determination of bridge condition ratings is generally subjective depending on
individual inspectors’ knowledge and experience, as well as varying field conditions. There are also limitations to access,
unsafe working conditions, and negative impacts of lane closures to account for. This paper describes an alternative
method to obtaining informative and diagnostic inspection data for concrete bridge decks: mobile nondestructive bridge
deck evaluation technology. The technology uses high-definition infrared and visual imaging to monitor bridge
conditions over long-term (or desired) intervals. This combination of instruments benefits from rapid and large-scale data
acquisition capabilities. Through its implementation in Japan over the course of two decades, the technology is opening
new possibilities in a field with much untapped potential. Findings and lessons learned from our experience in the states
of Virginia and Pennsylvania are described as examples of highway-speed mobile nondestructive evaluation in action. To
validate the accuracy of delamination detection by the visual and infrared scanning, findings were proofed by physical
sounding of the target deck structures.
2 INTRODUCTION
Bridge inspectors for both state agencies and engineering contractors use their eyes, hands, and sounding
hammers in the field to look for deficiencies such as delamination or the presence of cracking and spalling. This does
serve inspectors well in determining the general condition of decks, but a single bridge inspection may be a day to a
week-long venture, depending on the structure size, accessibility, and condition. This raises an important question about
efficiency, and how to reduce time in the field and impact to the public.
Also, the determination made by the inspector, given the same guidance by reference manuals such as the
AASHTO Guide Manual for Bridge Element Inspection [1], may still lead to different conclusions. This level of
subjectivity can be concerning to end-users, such as state bridge engineers or project leads, who are not afforded the time
to visually look at every single bridge element themselves. But what if they did have the capability to view a
comprehensive visualization and diagnosis of the elements?
These two critical questions surrounding efficiency and accuracy of data collection prompt the introduction of
new design thinking for inspection efforts, or a new consideration of what field inspections really should comprise of and
what or who they serve. The use of nondestructive evaluation (NDE) in mobile environments has attempted to address
these questions but has been stuck in research-level phases since the 1980s, where it hit resistance from inaccurate
findings, improper usage, inconclusive research, and a predominant mindset that still favors classical approaches. But the
current technology is much different than the first systems rolled out in the 80s. The use of mobile infrared and visual
technology, especially, has reached levels of mass adaptability to the civil engineering market. Infrared release of highly
accurate cooled sensors made of indium antimonide [2]. Suddenly, the rate at which infrared thermographs could be
recorded increased, allowing these cameras to function even at highway speeds. The use of visual cameras to detect
cracking probably reached an applicable level much earlier, but faced challenges with distortion and frame rates in highspeed settings. This, however, was largely overcome by the introduction of line cameras, which helped reduced
distortion, ramp up frame rates, and gain better measurement of cracks [3].
This study contributes to a definitive validation of mobile NDE methods and a movement towards the
standardization of these methods. Going forward, users of NDE can expect to provide structural owners with the kind of
informative data that can help supplement or supersede the subjectivity of current field inspection.
The authors of this paper used data from two representative bridges located in Virginia and Pennsylvania.
Findings detected on the surface and shallow subsurface were compared to extensive sounding data for the same two
bridges.
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This paper describes the innovative nondestructive bridge deck inspection technology using high-definition
infrared and visual imaging. This combination of instruments benefits from rapid and large-scale data acquisition
capabilities. Depending on the target structure, different systems have been developed to combat on-site accessibility
issues and long man-hours in the field associated with conventional sounding methods. The mobile bridge deck scanning
system (DTSS: Deck Top Scanning System) identifies thermal and visual variances indicative of deficient areas within
concrete. By introducing advanced functions in automatic detection, image stitching, and geo-referencing, the system
makes for practical and adaptable solutions to manage inspection data [4].

3 IMPLEMENTED TECHNOLOGY
The mobile NDE technology applied was part of a bridge deck scanning system that operates at 0 to 70mph, making it
usable on every roadway in the U.S. The system featured an IRT camera and two line-scanning cameras (LSC). The IRT
camera featured a cooled sensor, made of indium antimonide. The line cameras (two of them) were 1x4096 pixel array
models. Both sets of equipment allowed fast capture rates because of short exposure times coupled with image
processing times. The equipment was mounted onto a host inspection vehicle (Figure 1), from which the sensors can
capture visual data during the daytime and IRT data during proper testing periods in either the morning or evening. The
system, in various forms, has been applied to bridge decks, airport runways, roadways, and parking structures since the
2010s, and has continually incorporated new components up to the present.

Figure 1. Deck Top Scanning System (DTSS)
Lane closure did not occur and proper traffic control measures were put into place to ensure data integrity and on-site
safety. A shadow vehicle with proper signage followed the scanning vehicle to maintain an appropriate area between the
host vehicle and the target surface. This arrangement promotes safety and efficiency in the field by steeply reducing the
time which workers and engineers are exposed to highway dangers on-site [3].
The infrared and visual instruments utilized were accompanied by auxiliary devices to assign speed, distance, and global
positioning (GPS) information. The recorded thermographs were processed and presented by using an infrared
thermography software package. The high-definition visual data was processed and represented by a similar software
package. Both are described in more detail in the following sections.

3.1 Infrared Thermography Technology
The daily fluctuation of radiation into and out of structures allows infrared thermography to capture thermal
patterns within concrete, brick, and asphalt surfaces. Of particular relevance to concrete surfaces is the tendency for
unsound areas to exhibit thermal patterns different to that of sound areas during temperature increases or decreases.
Infrared technology can make use of either natural or active (introducing heat to a surface) patterns by capturing
irregularities in these fluctuations generated by flaws such as cracking, spalling, or delamination of internal layers.
The post-processing software implemented lends itself to a uniquely informative type of infrared analysis. It does mainly
three things: 1) accesses a comprehensive database comprised of past bridge inspection sites to detect delamination, 2)
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finds anomalous readings within a temperature gradient, and 3) applies image correction to thermographs so that they be
displayed in a plan view [5].
The software translates infrared data into algorithmically sorted images, displaying points of potential delaminated areas
in real time (as displayed in the “processed image” seen in Figure 2 below). Conventionally, infrared images must be
reviewed by an experienced technician during long hours of post-processing, but this program’s auto-detection function
offers a quicker alternative. It emphasizes thermal anomalies and pronounces large temperature variations within
naturally occurring temperature gradients. This pronunciation may identify deficiencies which would otherwise be
overlooked while reviewing large amounts of data.

Figure 2. From left to right: Raw thermograph, rating of temperature differentials, line camera imagery.

Figure 3. Effects of thermal gradient extraction
(x and y axis represent the location in a concrete surface, z axis represents the temperature in Celsius)

3.2 Visual Proofing and Crack Detection
The LSC equipment used produced high-quality visual diagrams of the target decks, and in turn a visual proof for the
infrared data. Frequently, things such as discoloration, oil spills, or other markings can result in false detections when
reviewing the thermographs, so it is necessary to compare both visual and infrared data side-by-side (or by overlaying
one on top of the other). Cracks down to a 0.3mm width could be recognized on the imagery.
Each individual camera scanned a 4.0m width (combined totaled 5.5m). The camera requires a consistent speed to
operate and the frequency and spacing of recorded lines are adjusted in real-time by a high-performance speedometer so
that the resulting imagery is scaled. Accuracy of the image scaling process is calculated through a reference to the line
camera sensor itself, the distance to the target, and the shooting angle.
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Figure 4. Sample interphase.
The line data was processed and analyzed with an image manipulation and crack editing software that helped place,
locate and identify the severity of all visual findings. Based on intervals determined by speedometer and GPS, the
software arranges the visual line data and provides an interface in which the user can apply scaled gridlines for reference.
Areas/lengths drawn in the interface are quantified and were output in a means that helped tabulate and summarize
findings.

4 FIELD VALIDATION TEST
4.1 Target Locations and Conditions
The research targeted two bridge decks: 1) a roughly 488m long deck along route I-76 approaching Philadelphia, PA and
2) a roughly 131m bridge near the Maryland-Virginia border in McLean, VA. The Philadelphia bridge had no covering
or water proofing, and exposed, worn-down aggregate evidenced this. The McLean bridge was covered with a latex
coating. The research scope included deck top scanning for identification and quantification of delaminated, cracking, or
spalled areas, as well as the validation of the location and nature of the delamination.
The field data collection for infrared images was performed between 8 pm to 10 pm on both scanning days, while the
digital imagery was collected during daytime (between noon and 1 pm) on both days. The necessity of visual proofing
(checking for false positives) and ease of use for the system prompted the separate day and night scans, but it was
possible to scan day or nighttime only (using an LED lighting system for night scans).
Weather conditions were favorable for the infrared scanning (sunny day) during both scanning periods. Favorable
conditions are defined as: 1) having at least a 10°C change in temperature between max and min ambient air
temperatures in the site vicinity, 2) absence of precipitation, and 3) a clean deck surface. A reasonable decrease in
temperature during the night created a temperature differential between the temperature of sound and unsound concrete.
The absence of precipitation, high humidity, or heavily overcast conditions allowed radiation to flow out from the
concrete and into the atmosphere. The max and min temperatures during the Philadelphia scan were 25°C and 7.5°C. The
max and min temperatures during the McLean bridge were 17°C and 3°C. To ensure a successful scan with infrared
technology, it is critical to select the best time window for the field data collection, in respect to temperature conditions.
The best and most stable time window generally occurs from the start of an intensive thermal flow from the concrete to
the air at sunset, and lasts until the temperature differential between the concrete and air stabilize. Temperature
differentials and thermal anomalies in the concrete can be detected at this time using an infrared camera with a high
thermal sensitivity (greater than 0.2°C margin of error for each reading), as noted in section 3.1 above.
The data acquired was validated by sounding testing during lane closures which took place nearly two weeks after the
initial scanning. Maps of sounding results were generated by direct sketching a notation on a plan-view diagram of both
bridge decks. These maps were used for comparison to the infrared and visual scanning results.
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Shadow Vehicle

Inspection Vehicle

Figure 5. Inspection vehicle in the field.

4.2 Field data collection
For the Philadelphia bridge, total scanning hours in the field for digital imagery was approximately 50 minutes
for both west bound and east bound lanes, including shoulders and two lanes for each direction. The nighttime IR
scanning was conducted in the same manner in about 50 minutes. Follow-up validation testing took place over a 4 hour
lane closure of one highway lane and the neighboring shoulder (shown in Figure 6). The sounding test identified areas of
delamination by hearing a hollow sound from the defective concrete and were noted on a diagram (Figure 7).
The McLean bridge scanning took place within a few minutes, as the bridge was not long in length and had very
little traffic on it. Daytime visual data was taken around noon, while nighttime infrared data was taken at 9pm.
Follow-up validation took place over a day-long period. Similar to the Philadelphia sounding, a field crew of 6+
engineers, including one of the authors of this document (Ruske), utilized classical sounding hammers and the rolling
probe. The field crew notated areas of delamination found on the deck surface by sketching on a copy of the deck’s asbuilt plans and compared to the infrared scan. A near complete match between the deck condition and the infrared
findings was observed (Figure 8).

4.3 Findings from the mobile data
Favorable weather conditions and an optimal scanning procedure resulted in a successful analysis of both
bridges. All data collected—raw infrared, processed infrared, and visual—were compared closely side-by-side to
eliminate false positives. The condition of the findings was marked in accordance with the AASHTO Manual for Bridge
Element Inspection, First Edition [1], which provides a guideline for condition state definition of bridge elements based
on the severity of delamination, spalling, exposed rebar, and cracking conditions. The element condition state (CS) for
reinforced concrete decks (Element #12) was determined based on the mobile scanning results.
Overall, the bridge in Pennsylvania exhibited fair signs of defects compared to the overall bridge roadway deck
area - less than 2% of deck area with delamination. The Virginia bridge exhibited a greater percentage of delamination:
around 23% of the total deck surface was found to be delaminated.
The validation results matched quite consistently with findings from the sounding testing. A color scheme was
used to differentiate the sounding testing from infrared findings. Validated sounding area was noted in orange, infrared
detection in yellow, and overlapping area in green. (Orange coloring was left out of the Virginia scan in this document
because the overlap was so close).
Generally speaking, the defective areas were successfully detected by the infrared with only two exceptions.
However, some of the original infrared detections were proved to be false positives, or incorrect detections. In these
areas, a signature of irregular temperature was found by the infrared scan, but was either very faint or obscured by a high
degree of exposed aggregate on the deck surface. There was also a continuous discoloration (tire marks) on the middle of
the PA bridge deck surface, which camouflaged this area and it was challenging to distinguish the discoloration from the
other sound areas which showed a similar temperature distribution. Discoloration on top of deck surfaces tend to cause
irregularities in deck temperature that could be mistaken for a delamination, because the rate of radiation inflow and
outflow is influenced (darker colors, for example, may take and hold in radiation longer than lighter objects).
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The resulting plan-view map and other information yielded from the research can be used by bridge owners as a
general assessment, and can help to prioritize future repair/rehabilitation programs by identifying deficient areas in their
early stages.

Figure 6. Sounding test for validation.
I-76 Bridge (East Bound Span2)
Latitude Longitude
40.023144, -75.224290

Span2
sf
%

CS1
4825.21
99.68%

CS2
71.80
1.48%

CS3
0.00
0.000%

CS4
0.00
0.000%

West

Total
4897.01
100%

D
RD
MNS
MJS
MPC

Legend
Delamination (Initial Scan)
Revised Delamination (field)
Minor Spalling
Major Spalling
Moderate Pattern Cracking
Correct Finding
False Positive

1st lane
from left

East

A signature of delamination was found
here by IR scan, but we decided to remove
it from the original submission on the basis
that exposed aggregate and discoloration
on the surface camoflouged this area and
we could not distinguishthis area from the
other sound areas whch showed similar
temperature distribution.

Validated Area

RD3

2nd lane
from left

RD2

RD1,2,3

RD1

Shoulder

Figure 7. Philadelphia bridge results. Deficiency map with validation results

Figure 8. McLean bridge results. Deficiency map with validation results
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5 Conclusions
This research shows that NDE testing in a mobile environment can be highly effective when applied with
adequate equipment and during proper testing periods. Though the method cannot guarantee a 100% match with actual
conditions, neither can current practice using visual confirmation and hammer sounding alone. The use of infrared
thermography and high definition visual technology proved to be applicable at high-speeds and was implementable in
highway conditions.
The sounding validation showed that most of the defective areas were successfully detected by the infrared
thermography technology. However, the exposed aggregate due to the abrasion of concrete and discoloration caused by
tire marks made it challenging to distinguish delaminated and sound areas from the infrared results, causing some false
detections. From the validation results, it can be concluded that high-speed infrared and digital image scanning can
provide valuable information of current deck conditions with reasonable accuracy.
The information provided for identification and mapping of deficiencies should help answer the two important
questions of data subjectivity and data integrity in bridge inspections, and should provide structural owners with a
realistic way of obtaining the information necessary to determine informed repair/rehabilitation planning on large scales
(network or corridor levels). Bridge owners can use outputs such as deficiency maps instead of sketched charts or
simplistic descriptions as they continue to monitoring distressed deck areas and planning future repairs.
NDE scanning methods present more than just supplemental data, but a much needed answer to previously
unanswerable questions regarding bridge condition surveys. The methods discussed here, among other NDE methods
presented worldwide, should begin to take seat with our traditional approaches, especially for medium to large-scale
bridges with heavy traffic volumes. Other non-destructive evaluation technologies and any hand-held scans can also be
applied for more detailed condition assessment for the selected areas denoted by high-speed scanning technology. We
hope to see the continued emergence and implementation of solutions for bridge owners to efficiently and properly
monitor bridge conditions, supporting data-driven (objective) decision making for bridge maintenance and
management.
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ABSTRACT:

A steel truss bridge under investigation was opened to traffic in 1957, and has been remained in service for
more than sixty years. The bridge structure was designed based on AASHTO H16-44 live load which is lower
than design loads used today. The bridge is subjected to deterioration due to aging and structural damages of
lower chords due to barge collisions. In order to maintain the bridge beyond its original design life, the key
factors are bridge monitoring, structural evaluation and appropriate maintenance. One of the main objectives
of the present investigation is to gain better understanding of load -carrying behaviors and to assess structural
capacity of a deteriorating steel truss bridge employing a diagnostic load test. The 64-meter-long, simply
supported truss bridge was subjected to two 3-axle trucks with each has lode of 196 kN. Bridge response
measurements consisted of axial strains in upper, diagonal and vertical members of the truss structure,
rotational displacements using tilt meters, movement of sliding bearings using displacement transducers, and
bridge vibration using accelerometers. Bridge responses under static and dynamic load test were examined to
identify a prior warning or any indicator of structural damages and deficiency. The test results showed that
the measured strains in some truss members had the magnitudes close to or higher when compared to the
results obtained from finite element analysis. A finite element model of the truss structure was adopted and
updated based on the measurement results employing a sensitivity-based finite element model updating
technique. Load rating of the bridge structure taken into account the current bridge conditions was then
carried out on the basis of the updated finite element model, and the results obtained were reported. It was
shown that the truss diagonal members yield a minimum rating factor, about 1. 0 with respect to the original
design live load and decreased to 0. 79 when the bridge was subjected to the design loads used today.
Structural rehabilitation has been proposed in order to prolong service life and to ensure structural safety of
the historic bridge.
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INTRODUCTION

Krung Thon Bridge, one of the historic steel truss bridges located in the City of Bangkok, Thailand and
susceptible to structural damages and deterioration due to bridge aging and increasing traffic load, is under the
investigation. The bridge construction was started in 1954 and completed in 1957. The bridge structure was designed on
the basis of AASHO H16-44 live load. It has been placed into service for more than 60 years. The bridge is a riveted,
steel truss structure consisting of six spans as shown in Figure 1. The bridge total length and the width are about 360 m
and 10 m, respectively. Among the urgent concerns today is the safety of the old riveted bridge and the potential
damage that has accumulated, including structural damages of lower members due to barge collisions. Furthermore,
questions of structural safety and priority on bridge maintenance are of more importance due to a reality of increasing
traffic loads and deteriorating load-carrying capabilities. Therefore, one of the main objectives of the present study is to
examine bridge behaviors under load testing and identify structural anomalies, deterioration, and damage, if possible, at
their early stages for Krung Thon Bridge. The scope of work includes the implementation of diagnostic bridge load test,
finite element modeling and updating, and bridge load rating evaluation.
2.

BRIDGE EVALUATION PROCEDURE

As described in [1], structural evaluation allows the engineer to utilize sensing of the structural responses, in
connection with appropriate analysis and modeling techniques, to access the condition of a structure. The most critical
issues as being needed to implement meaningful and beneficial applications of the evaluation have been identified in
[2]. This literature also describes and illustrates the challenges in the integration of intelligent transportation and
structural systems concepts within an optimum integrated asset management framework that the structural evaluation
procedures are the important part of the process.
A bridge evaluation procedure considered herein concentrates on the measurement of structural responses of
the bridge structure under controlled and predetermined loadings to diagnose and detect the symptoms of deterioration
or damages that may affect serviceability and structural safety of the structure. The procedure consists of (1)
preliminary analysis of the structural responses (2) testing of the bridge structure under test trucks, (3) finite element
modeling, updating and analysis, and (4) evaluation of bridge load rating, as depicted in Figure 2.
3.

PRELIMINARY ANALYSIS AND FINITE ELEMENT MODELING

A preliminary analysis of the structural responses, such as internal forces, deformations and dynamic
properties, are carried out to determine a configuration of the test trucks without causing any damages to the test
structure. A three-dimensional finite element model is employed in the structural analysis of Krung Thon Bridge
structure. Members of the main truss are modeled by bar elements. The flexural members such as stringers and floor
beams are modeled by frame elements, and plate elements are used to represent concrete deck slab. The bridge
geometry as well as material and cross-sectional properties of the members are evaluated from the available engineering
drawings in conjunction with actual dimensions measured and data collected during the visual inspection process. The
finite element model can be shown in Figure 3. Preliminary analysis results including axial strains, structural
displacements and dynamic properties of the bridge structure are examined to determine prewarning levels of the bridge
responses to prevent structural damages during the load test execution.
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TEST SPAN

Figure 1. Krung Thon Bridge Configuration

Bridge Structure

Preliminary Analysis

Bridge Drawing

FEM Modeling
Diagnostic Load Test
Model Updating

Bridge Load Rating

Figure 2. Bridge Evaluation Procedure

Figure 3. Finite Element Model
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4.

BRIDGE LOAD TESTING

A diagnostic load test of Krung Thon Bridge, adopting the procedure of the nondestructive load testing of
bridges outlined in the Manual for Bridge Evaluation [3], is carried out to gain physical insight into load-carrying
behaviors regarding structural deterioration and susceptible damages that may occur due to bridge aging and barge
collisions. Two 3-axle domestic trucks with the predetermined gross weight of 196 kN as shown in Figure 4 are
employed as test load, the effects of which are approximately equivalent to 63% of the design live load with respect to
member axial forces.
The installation of strain gages (SG) to capture axial strains of the truss members is illustrated in Figure 5.
Examples of strain measurement in diagonal members (SG03/13, SG04/14, SG05/15) are shown in Figure 6. The
analytical results due to the test trucks obtained from the finite element model indicated by the dashed lines, are
provided for comparison. Figure 7 shows the measurement results of the upper members (SG11/21, SG12/22). The
maximum magnitudes of the measurement strains are summarized in Table I along with the corresponding analytical
results obtained from the finite element model. The results show that the strains obtained from the measurement are
lower than the analytical results except for the upper members (SG11/21, SG12/22) in which the measured strains are
higher about 3.2% and 10.9%.

c

b
a

Test truck

Truck
1, 2

Gross weight
(kN)
196kN, 3-axle

a (m)

b (m)

c (m)

1.90

4.08

1.28

Figure 4. Test Truck Configuration and Traversing Pattern

Figure 5. Installation of Strain Gages
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Figure 6. Measurement of Axial Strains in Diagonal Members under Test Trucks

Figure 7. Measurement of Axial Strains in Upper Members under Test Trucks
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Table 1. Axial Strains and Natural Frequency of the Truss Structure from Field Measurement and
Finite Element Analysis
Truss
Member

Bridge Responses

Strains in Truss Members
(x10 -6)

1

Measurement

5.

%Diff

Updated

%Diff

S01/S11

-20

-21.4

7.2

-21.5

7.3

S02/S12

26

29.3

12.6

25.4

-2.4

S03/S13

-29

-39.1

34.7

-30.2

4.2

S04/S14

31

37.6

21.4

31.4

1.3

S05/S15

-30

-36.1

20.3

-30.1

0.3

S06/S16

-28

-33.8

20.6

-28.2

0.6

S07/S17

30

35.4

18.0

29.5

-1.5

S08/S18

-30

-36.8

22.8

-28.5

-4.9

S09/S19

24

28.1

17.1

24.4

1.5

S10/S20

-21

-20.7

-1.5

-20.7

-1.4

S11/S21

-25

-24.2

-3.2

-24.9

-0.5

S12/S22

-29

-25.8

-10.9

-25.9

-10.9

3.20

2.77

-13.6

2.81

-12.1

Natural Frequency : Bending
Mode 1 ( Hz)
1

FE Model

Initial

Average strains of upstream and downstream members

VERIFICATION OF FINITE ELEMENT MODELING AND UPDATING

The numerical results of bridge responses under test trucks are compared to those obtained from the field
measurement, including axial strains and a natural frequency corresponding to the first bending mode of vibration as
listed in Table I, for verification of the finite element model. Based on the initial model, the differences of the axial
strains range between 10.9% and +34.7%, a minus or a plus sign indicates whether the numerical result is lower or
higher, respectively, as compared to the measurement. For the natural frequency considered, the finite element model
yields lower frequency about 13.6% compared to the measurement.
A finite element model updating of the truss structure is performed through the minimization of the differences
between the load testing and numerical results by adjusting the updating parameters. Concepts and principles
underlining the updating method employed herein and the applications can be found in [4, 5].
A nonlinear least squares problem is set up and solved with an iterative sensitivity-based minimization method.
The objective function referred to as the error function to be minimized in the model updating problem can be
expressed as [5]

f (p) 

1 m
 i ei2 (p)
2 i 1

(1)

where pRn is the vector of updating parameters of a finite element model, f(p) is a weighted squares function of the
updating parameters, ei is the difference between the load testing and finite element results of the ith response parameter,
and i is the associated weighting coefficients taken equal to 1.0. The objective function is minimized within a bounded
region (B) which can be defined as



pj
B  p : 0  1  ; j =1 to n 
pj



(2)

in which  is a constant defining the physical bound on the updating parameters about the initial values (p0j) and is
taken as 0.30 in this study.
The updating parameters of the finite element model considered consisting of axial stiffness of the truss
members, and the updated results are listed in Table II. It is found that the axial stiffness of the diagonal and lower
members is increased ranging from 4.7% to 29.2% as indicated by positive values, while the stiffness of the upper
members is decreased by 0.1% and 2.7% as indicated by negative values.
The error function is consistently decreased and reduced to 34.0% of the initial model at the end of the fifth
iteration as shown in Figure 8. The differences of the response parameters considered in the error function are
illustrated in Table I. Based on the updated model, the differences of the axial strains range between 10.9% and +7.3%
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and the difference of the natural frequency is about 12.1%. Figure 9 shows the differences between the analytical and
the measurement results during the updating process. The axial strains of the updated model are shown in Figure 10 as
compared to the measurement results.
Table 2. Finite Element Model Updating Parameters.

Updating
Parameters

Axial Stiffness
(EA, N)

Truss
Section
DIA1
DIA2
DIA3
LOW1
LOW2
UPP1
UPP2

Value x E
s
Updated
Initial1
0.023
0.027
0.016
0.020
0.014
0.016
0.033
0.035
0.048
0.054
0.044
0.043
0.051
0.051

%Change
15.4
29.2
19.9
4.7
12.9
-2.7
-0.1

1 Based on bridge drawings and specifications
2 E =Steel elastic modulus (200 GPa)
s

Figure 8. Normalized Error Function
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a) Axial strains

b) Natural frequency of the 1st bending mode
Figure 9 (a) and (b). Changes of Response Parameters

Figure 10. Axial Strains of Updated Finite Element Model Compared to Measurement Results
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6.

BRIDGE LOAD RATING

On the basis of the updated finite element model, the rating factors of the truss structure subjected to an initial
design live load H16-44 are evaluated, and the results are illustrated in Table IIIa. A minimum rating factor
corresponding to diagonal members DIA2 is about 1.36. In order to assess possibilities of structural damages due to
aging and deterioration of the truss structure, a reduction of load-carrying capacities of the truss members by 10% is
considered. The results of rating factors are shown in Table IIIb. The rating factor corresponding to diagonal members
DIA2 is decreased to 1.01. Considering structural monitoring of bridge responses under normal traffic conditions, it is
found that there are incidents of overweight trucks crossing the bridge. To estimate structural effects due to bridge
overloading, a load rating of the truss structure is evaluated based on the current design live load AASHTO HS20-44
[6]. The results show that the rating factor is further reduced to 0.81 as illustrated in Table IIIc. As a consequence,
structural strengthening of the diagonal members is proposed to maintain structural integrity. The bridge truss structures
are currently under the rehabilitation process. Figure 11 illustrates the section strengthening of the diagonal members
with additional steel plates. Based on load rating reevaluation, it can be anticipated that the rating factor of these
members is increased to 1.86 under the design live load.
Table 3. Results of Bridge Load Rating.
a) Bridge structure subjected to H16-44
loading

Members

Allowable Stress
Rating Factor

b) Bridge structure with 10% reduction of
load-carrying capacity and subjected to
H16-44 loading
Members

Allowable Stress
Rating Factor

LOWER1

7.68

LOWER1

6.61

LOWER2

5.44

LOWER2

4.58

UPPER1

2.76

UPPER1

2.18

UPPER2

2.31

UPPER2

1.77

DIA1

2.47

DIA1

1.94

DIA2

1.36

DIA2

1.01

DIA3

3.34

DIA3

2.85

VERT

3.11

VERT

2.66

c) Bridge structure with 10% reduction of
load-carrying capacity and subjected to
HS20-44 loading

Members

Allowable Stress
Rating Factor

LOWER1

5.29

LOWER2

3.66

UPPER1

1.75

UPPER2

1.42

DIA1

1.56

DIA2

0.81

DIA3

2.28

VERT

1.68
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Figure 11. Section Strengthening with Steel Plates of Diagonal Members
7.

SUMMARY AND CONCLUSIONS

In this paper, the development and implementation of bridge evaluation procedure for a historic steel truss of
Krung Thon Bridge, is described and illustrated. Responses of the bridge structure can be examined by employing
diagnostic load testing in accordance with prespecified loading conditions. The response parameters consisting of axial
strains and a natural frequency of the truss structure can be considered in the finite element model updating process.
Axial stiffness of the truss members is employed as the updating parameters and the results are evaluated based on a
sensitivity-based minimization of the error function represented by the differences between the field measurement and
finite element results of the response parameters. Bridge load rating is then evaluated on the basis of the updated model.
In order to estimate the effects of structural deterioration and damages under the existing conditions of Krung Thon
Bridge, load-carrying capacity of the truss structure is reduced by 10% and the structure is subjected to the design live
load HS20-44 representing the current truck loading. In such cases, the rating factor of the truss structure can be
reduced to 0.81. Structural rehabilitation is proposed to maintain structural integrity and to prolong service life of the
bridge structure. Currently, the historic Krung Thon Bridge has been under major repairs, including structural
strengthening of diagonal members and installation of additional gusset plates over bridge connections.
8.

REFERENCES

Dyke, S. J., Bernal, D., Beck, J. L., and Ventura, C. 2001. “An Experimental Benchmark Problem in Structural
Health Monitoring,” Third International Workshop on Structural Health Monitoring, Stanford, CA.
Aktan, A. E., Catbas, F. N., Grimmelsman, K. A., and Tsikos, C. J. 2000. “Issues in Infrastructure Health Monitoring
for Management,” ASCE J. of Engineering Mechanics, 126(7).
AASHTO 2008. The Manual for Bridge Evaluation. American Association of State Highway and Transportation
Officials, Washington. DC.
Friswell, M. I. and Mottershead, J. E. 1995. Finite Element Model Updating in Structural Dynamics. Kluwer
Academic Publishers.

18

Chompooming, K., Sirimontree, S., Prasarnklieo, W, and Wiriyakowittaya, T. 2007. “Finite Element Model Updating
of a Segmental Box Girder Based on Measured Responses under Load Testing,” Sixth International Workshop on
Structural Health Monitoring, Stanford, CA.
AASHTO 2002. Standard Specifications for Highway Bridges. 17th Ed., American Association of State Highway and
Transportation Officials, Washington. DC.

19

IRF GLOBAL R2T Conference
November 19-22, 2019 – Las Vegas, NV USA

PAPER TITLE
TRACK
AUTHOR
(Capitalize Family Name)
FALKENSAMMER

CO-AUTHOR(S)
(Capitalize Family Name

Galena Creek Bridge: Structural-health Monitoring, Instrumentation and Finiteelement Modeling
Bridge Inspection, Maintenance & Repair
POSITION
Graduate Research
Assistant
POSITION

SHERMAN

Assistant Professor

PARK

Assistant Professor

KALKAN

Research Structural
Engineer
Bridge Engineer

MARTIN
E-MAIL
(for correspondence)

ORGANIZATION
University of Nevada, Las
Vegas
ORGANIZATION

COUNTRY
United States

COUNTRY

University of Nevada, Las
Vegas
University of Nevada, Las
Vegas
QuakeLogic Inc., Roseville

United States

Nevada Department of
Transportation, Carson City

United States

United States
United States

falkensa@unlv.nevada.edu

KEYWORDS:
Structural-health monitoring, Instrumentation, Finite-element Modeling, Bridge Maintenance, Earthquake

ABSTRACT:
Structural-health monitoring (SHM) of an instrumented structure provides numerous benefits when assessing a
structure’s long-term condition against degradation, or its short-term condition after an extreme event, such as an
earthquake. The Nevada Department of Transportation (NDOT) has an interest in expanding the use of SHM for such
assessments. Accordingly, the objective of the current study is to develop and implement a permanent SHM system for
the Galena Creek Bridge, the largest concrete cathedral arch bridge in the world, to monitor its response to routine traffic
and seismic activity. Completed in 2012, the bridge connects Reno and Carson City, Nevada as part of Interstate 580
and US Route 395. The structure consists of twin 526-meter cast-in-place, reinforced concrete box-girder bridges. The
research team takes a unique approach by implementing the OpenSHM software developed by the United States
Geological Survey’s National Strong Motion Project. The instrumentation will measure the structural response to
traffic, wind, seismic, and thermal loadings. The system will automatically trigger on predefined events, such as an
earthquake, and provide near real-time alerts in the form of text and email messages. Concurrently, a detailed finiteelement model of the structure will be created and calibrated using field data to establish the natural frequencies, mode
shapes, and general dynamic response of the structure. Ultimately, the project will serve as a test bed of SHM for
NDOT, demonstrate a bridge application of OpenSHM, and contribute to the advancement of SHM as a bridge safety
and management tool.
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INTRODUCTION AND BACKGROUND
The Galena Creek Bridge carries Interstate 580 and U.S. Route 395 between Reno and Carson City, Nevada.
Shown in Figure 1, the seven-span reinforced concrete box-girder bridge, with a total length of 526.2 meters, was
completed in 2012 and includes a 210-meter cathedral arch span. Internal hinges are located near the piers just outside
of the arch, allowing for longitudinal movement and separating the structure into three frames. The middle frame is
supported at the base of the arch and at the bottoms of the adjacent columns by thrust block foundations. The
longitudinal post-tensioned two-cell box-girders rest on the six sets of single column piers, and the deck is posttensioned transversely. The column and arch cross-sections are all hollow rectangular sections. The bridge consists of
two separate structures tied together for lateral loading resistance using a link slab between the decks at the crown of the
arch, and link beams connecting the thrust blocks at the base of the arch.
During construction of the bridge, the Nevada Department of Transportation (NDOT) collaborated with the
University of Nevada, Reno (UNR) to install instrumentation and perform monitoring on the main arch span (Taylor &
Sanders 2008). Nonlinear time history analysis was found to have comparable results with elastic response spectrum
analysis. Strain and temperature data were collected between 2009 and 2010 (Vallejera & Sanders 2011). Analytical
models attempted to consider the contribution of load, time, and temperature-dependent effects on the total strain
experienced.
In 2012, NDOT and UNR performed a second study to characterize the dynamic properties of the completed
bridge (Carr & Sanders 2013). Accelerometers were installed throughout the southbound main arch span. During the
test, the structure was dynamically excited in the vertical direction using a construction vehicle and in the transverse
direction using an eccentric mass shaker. Field data were compared to the results from analytical models. Following the
controlled dynamic testing, traffic loading was monitored for a short duration. The experimental results agreed with the
predicted results from the analytical models. The 2012 instrumentation system was intended to be a permanent
structural-health monitoring (SHM) installation; however, at the conclusion of the project, the system was no longer
maintained or monitored. NDOT has a renewed interest in establishing a permanent SHM system on the Galena Creek
Bridge to monitor its response to seismic events and routine traffic.
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Figure 1. Galena Creek Bridge.
OBJECTIVE AND SCOPE
The research objective is to develop and implement a permanent SHM system on the Galena Creek Bridge.
The SHM system will measure the structural response to routine traffic, wind, seismic, and thermal loadings to provide
proactive measures, such as analysis results and timely alarm notifications in the form of SMS and email messages. To
facilitate communication and foster an information network to stakeholders, including NDOT traffic personnel and
roadway users, the research will integrate the developed system into the NDOT Intelligent Traffic System (ITS).
The Galena Creek Bridge SHM system will be an entirely new installation on the northbound structure.
Accelerometers will be used to capture the dynamic response. Sensor locations and orientations were selected to enable
a full assessment of the bridge. A finite-element model will be used to compare the measured structural response from
ground motion data to computational predictions. The model will also provide fundamental information, such as the
natural frequencies, mode shapes, modal damping values, and general response of the structure. Ultimately, the goal of
the project is to create a system NDOT is able to manage and maintain after the completion of the project. If successful,
the monitoring system will lead to future SHM systems implemented on other bridges in Nevada.
DESCRIPTION OF THE GALENA CREEK BRIDGE
The Galena Creek Bridge consists of two separate structures, a northbound and a southbound, tied together
laterally by two link beams and a link slab in the arch span. The superstructure is a two-cell box-girder with a width of
18.9 meters and a depth of 3 meters as displayed in Figure 2. Two expansion joint hinges separate each structure into
three frames. The hinges are located 15 meters to either side of the arch span, measured from the centerline of the hinge
to the centerline of the adjacent column. The diaphragms at the hinges allow for accommodation of enough
conventional reinforcement and prestressed tendons in the hinge regions. Diaphragms are also located at both
abutments, at the mid-span of each structural span, and in the arch-superstructure merging region. The depth of the
superstructure only varies in the arch-superstructure merge region, where the total depth increases to 3.6 meters. The
thickness of the soffit, or the bottom slab of the box-girder, increases near the piers.

Figure 2. Box-girder superstructure typical section.
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Each of the structures consists of seven spans, which are supported by single column piers and an arch. The
twelve columns are hollow and rectangular with exterior dimensions of 3 meters by 6 meters and interior dimensions of
1.8 meters by 4 meters. The strong axis of the column is oriented to resist transverse bending. Due to site topography,
the height of the columns widely varies, resulting in the northbound columns being taller than the southbound columns.
A pedestal is located at the bottom of the southbound Pier 4 column due to strong winds that knocked over the original
reinforcing bars before the concrete was poured during construction.
Each structure has a 210-meter cathedral arch in the middle frame. The bottoms of the arch are supported with
the adjacent columns by the thrust blocks, and the crown of the arch merges with the superstructure. The cross-section
of each arch is hollow and rectangular with exterior dimensions of 3.6 meters by 6 meters and inner dimensions of 2.8
meters by 5.2 meters. Similar to the column cross-section, the strong axis of the arch coincides with the transverse
direction of the bridge.
A link slab and two link beams tie the northbound and southbound structures together to reduce seismic forces
and displacements, specifically in the transverse direction. The 200-millimeter thick link slab connects the two
structures along the arch frame between the cantilever overhangs of the two box-girders. A link beam was used to
effectively rigidly connect each pair of arch thrust blocks. The connection forces the two foundations to act as one
during a seismic event.
INSTRUMENTATION METHODOLOGY
The purpose of structural-health monitoring is to continuously assess the condition of a structure, typically
either for long-term degradation or short-term impact from an extreme event. The traditional way of assessing structural
condition is through manual, visual inspection, giving SHM practical advantages over common practice. In the longterm, a monitoring system can be more economical. SHM also has the benefit of continuously collecting data and
checking on the condition of the structure, while traditional inspection occurs periodically, resulting in sporadic data
collection and follow-up condition assessment. The monitoring of structures allows for the ability to detect structural
damage, which can significantly reduce the cost and effort involved in the maintenance of the structures (Heo et al.
2018). Having a system that examines structural conditions can help ensure that the maintenance of a bridge is safe and
effective.
When using accelerometers in a SHM system, location and orientation are crucial. As the main objective of
SHM is to detect, locate, and inform of damage in a structure, optimal sensor networks are required to ensure a
successful monitoring system (Azarbayejani 2010). For example, vertical acceleration data can determine relative
displacements between different columns during a given event, and lateral acceleration data can obtain the relative
displacement (drift) between the top and bottom of each column during that event. Optimal sensor placement is used in
SHM to help identify the most effective locations and orientations of sensors, as well as the count of sensors necessary
for a given purpose. A total of 33 uniaxial accelerometers will be installed on the northbound structure, as shown in
Figure 3. Some of the accelerometers will be grouped to capture response in multiple directions, resulting in 15
monitoring locations. In addition, a free-field site consisting of a triaxial accelerograph, including a data recorder and a
triaxial accelerometer, will be located approximately 50 meters from the bridge. The location will serve as a baseline for
the actual ground motion in all three axes, while remaining unaffected by the response of the structure to the ground
movement.
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Figure 3. Instrumentation plan.
The 33 uniaxial accelerometers deployed in the northbound structure will provide the relative motion of the
bridge between different points of interest during an earthquake. Longitudinal accelerometers are located at the top and
bottom of four of the six piers of the bridge, as well as at the crown of the arch. Vertical accelerometers are located at
the bottom of three piers, edges of the arch-superstructure merge region, between the merge region and adjacent piers,
and between each set of piers adjacent to the hinges. Transverse accelerometers are located at all of the previously listed
points of interest. The longitudinal and transverse accelerometers will be used to compute lateral motion, while the
vertical accelerometers will allow for the calculation of relative displacements along the length of the bridge. The
triaxial accelerograph located at a free-field site will monitor the three components of ground motion without having
interference from the response of the structure.
A proven SHM system for buildings will be adapted for the Galena Creek Bridge. The SHM system is able to
record data, perform computations, and send alarm notifications through various media. A key component of the system
is the control software, the framework of which is shown in Figure 4. The SHM easily accommodates new sensor data
for instrumentation beyond accelerometers. The SHM software was designed to rapidly alert appropriate authorities
within minutes of a trigger event. In addition, uniquely tailored summary reports for emergency responders, structural
engineers, and expert analysts can be generated automatically and accompany the alert. The reports enable management
to make swift condition assessments, as well as to identify potential areas of structural damage.
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Figure 4. SHM system architecture.
FINITE-ELEMENT MODEL DEVELOPMENT
There are many finite-element analysis programs, and each typically has added benefits when used in
particular situations. CSiBridge, by Computers and Structures, Inc. (CSi), is one of the latest and most powerful
structural analysis programs used for finite-element models. The software allows bridges to be modeled either as spine
models comprised of frames, or as three-dimensional (3D) finite-element (FE) models. Due to the wide variety of
features included and the availability of many references and user manuals, CSiBridge was chosen to model the Galena
Creek Bridge. The bridge was previously modeled using SAP2000, another CSi program, as well as using MIDAS
Civil, in past work done by NDOT and UNR (Carr & Sanders 2013). CSiBridge has many additional features not
included in SAP2000, specifically for bridges, enabling a more detailed and representative structural model than those
previously created.
The development of the computer model was comprised of many steps. Material and sectional properties were
referenced from the as-built plans and defined as close to the real structure as practical. Other main steps included
modeling the bridge geometry, superstructure, substructure, link beams, link slab, foundations, post-tensioning, and
inputting loads. The 1.25% grade in the longitudinal direction of the bridge was accounted for in the model, while the
2% superelevation in the transverse direction was neglected.
The 28-day specified compressive strength of various components varied from 28 to 35 MPa. The compressive
strength was 28 MPa for the columns and link beams, 31 MPa for the superstructure, and 35 MPa for the arch. A
Mander unconfined stress-strain curve was used for the concrete, essentially neglecting the effects of confining
reinforcement on the axial strength of the components. The modulus of elasticity of each component was calculated
using Equation 1, where Ec is the modulus of elasticity and f’c is the 28-day compressive strength. The CSiBridge
default coefficient of thermal expansion for concrete (9.9 × 10-6/℃) was used. A Poisson’s ratio of 0.2 was used for the
concrete, and the unit weight of the normal weight concrete was taken as 23.56 kN/m3. The longitudinal post-tension
tendons were comprised of 27 strands of A416 Grade 270 steel, with a coefficient of friction of 0.2 and a wobble factor
of 0.00066/m.
(MPa)
(1)
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The model is primarily comprised of frame elements assigned uniform sectional properties, essentially making
it a spine model. However, certain elements differentiate it from a typical spine model; specifically, non-prismatic
frame elements in segments of the superstructure, thin shells forming the link slab, and frame elements defining the
cross-sections of the superstructure. Non-prismatic frame elements were used where the depth and soffit thickness
varied linearly. The link slab is modeled as a set of connected thin shells. The superstructure cross-sections are broken
apart into separate frames, instead of having the entire section be assigned to frames in the longitudinal direction
connected by intermediate nodes.
The northbound and southbound structures were modeled using layout lines offset 20.92 meters apart with
bridge objects assigned to those lines. All diaphragms in the superstructure were included in the structural model. The
pedestal located at the base of the southbound Pier 4 column was neglected in the computer model, which will not
significantly affect the overall structural response. The link slab was modeled as a set of thin-shells, which are area
objects used to model both in-plane (membrane) and out-of-plane (plate-bending) behavior. The membrane and platebending thickness of the homogenous slab was defined from its geometry.
For modeling the region of the bridge where the arch and superstructure merge together, referred herein as the
merge region, two main methods were initially considered. The first method was to model the arch and superstructure
independently and then use rigid links to connect the two elements. The second method was to use a merged frame
section, replacing the superstructure and arch in the merge region. Such a frame section would be linearly varied
between the crown of the arch and the ends of the merge region. NDOT originally created two separate models to
compare both methods and found the models had agreeable results, most likely due to the high rigidity of the merge
region. The first of the two methodologies was chosen because it was more computationally efficient. The arch and
superstructure merge in the middle 61.5 meters of the arch span, including the crown of the arch. Six rigid links for
each structure were used to connect the arch nodes to the superstructure.
The pile caps and thrust blocks were modeled as fully fixed at the base of the columns and arch. The thrust
blocks were modeled as fully fixed, as they were placed on competent rock. The pile caps were modeled as fully fixed
because of the effects of having multiple cast-in-drilled-hole (CIDH) piles grouped together on the rigidity of the
foundations. A total of 12 drilled shafts per cap were arranged in multiple rows. For the purpose of analyzing the
bridge, modeling the pile caps as fixed would be more accurate than assuming a depth of fixity for each individual pile.
Additionally, using soil springs to model the pile caps would require extensive information defining the soil properties,
which was not available. For the abutments, translation was restrained in the transverse and vertical directions of the
bridge, and rotation was restrained in the longitudinal direction. Rigid links were used to connect the abutments to the
webs of the box-girders.
The prestressing of the structure includes longitudinal and transverse post-tensioning. The longitudinal posttensioning consists of both internal and external tendons. The tendons were placed as elements in the model. All
prestress losses were calculated by CSiBridge; as such, the losses were set to zero in the model input to prevent double
consideration of the losses. The built-in parabolic calculator was used to input the geometry of the prestress tendons.
Each frame has a set of internal tendons, which are equally distributed between the three girders of the superstructure.
The anchorages are located in the two hinges and the two abutments. The internal tendons in the inner frame were
jacked from both hinges simultaneously, while the internal tendons in the outer frame were jacked from the abutments.
The inner frame also contains two sets of external tendons, located between each hinge and the adjacent pier, with
jacking from the hinges. The transverse post-tensioning on the actual structure was ignored for the purposes of the
structural computer model. The purpose of the transverse post-tensioning was to strengthen the deck slab; therefore,
omitting the corresponding compressive force will not significantly change the structural response to dynamic loading.
The initial structural model, shown in Figure 5, is mostly linear for multiple reasons. The conventional
reinforcement was initially ignored in the model due to the linearity of most components. The superstructure was
modeled as linear due to the stiffening effects of the post-tensioning limiting the formation of cracks, while the arch
was modeled as linear due to the high axial load experienced. The only part of the initial FE model considering nonlinear effects was the definition of the effective moment of inertia of the columns.
A common assumption used when designing or analyzing reinforced concrete structures is that the concrete
will not resist tensile forces. Concrete that has cracked due to tensile stresses will have a lower moment of inertia than
the original moment of inertia of the given cross-section. To account for the reduced moment of inertia, structural
models often use cracked section properties in the form of an effective moment of inertia. The effective moment of
inertia can be estimated various ways, usually through using an effective moment of inertia equal to a given ratio of the
gross moment of inertia. One such ratio recommended by Priestley, Seible, and Calvi is taking the effective moment of
inertia as 40% of the gross moment of inertia (Priestley et al. 1996). The 40% ratio was used in the initial FE model for
the columns in the bridge to account for the cracking in the concrete. This allowed to consider the non-linearity of the
columns in the model, while maintaining the overall model’s linearity.
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To perform the initial FE analysis, it was necessary to add any external loads not previously accounted for in
the model. The dead loads consisted of the self-weight of the concrete, loads from the post-tension tendons, the weight
of wearing surface, and the weight of the barrier rails. It was not necessary to input any live loads for the initial model.
The self-weight of each major bridge component was accounted for when the model was created. The prestressing loads
were added when the tendons were created in the model. The wearing surface load was applied as a 1.8 kPa area load
everywhere except where the barrier rails were located. The barrier rail loads were applied as 6.52 kN/m line loads
located at their centroids. All dead loads were then used when comparing the current model with previous models
developed to simulate the bridge.
Separate from the model, hand calculations were used to check the reactions expected at the restraints. The
rough estimates agreed well with the model output. For example, the sum of the vertical reactions was within 1% of the
estimated total weight of the bridge. A modal analysis was also performed with the initial model, and the mass
participation of each mode was used to determine which modes would be considered in the results of the analysis. The
results were then compared to results from previous Galena Creek Bridge models to further improve and verify the
initial model.

Figure 5. 3D view of completed structural model in CSiBridge.
CONCLUSIONS
Using the system consisting of the accelerometers, data recorders, and a robust SHM software, dynamic
structural properties can be obtained. The system makes it possible to measure the response of the structure to various
ground motions. A refined computational model will be used to simulate and predict the structural response to the same
input ground motions. The model will be verified using a combination of short and long-term field data. Having such a
monitoring system deployed on the Galena Creek Bridge will provide NDOT with a host of benefits. The most
significant of which would be the ability to alert the appropriate authorities in the case of an extreme event, triggering
the generation of technical reports to be delivered with the real-time notification.
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1 INTRODUCTION
Bridges are key components of a functional transportation system, and essential for daily commutes and
mobility (Barker & Puckett, 1997). The majority of bridge inventory consists of short-span structures, with span lengths
between 12.2m and 42.7m (SSSBA, 2019). Short-span structures are often classified as city, country, or township
bridges, and are employed in applications such as highway overpasses, culverts, and pedestrian structures. According to
the 2017 ASCE Infrastructure Report Card, one in eleven (9.1%) of the United States (U.S.) bridges require
rehabilitation, repair, or complete replacement due to structural deficiency, degradation, or obsolete functionality
(ASCE, 2017). As a result, researchers are exploring cost-effective and rapid construction methodologies to replace
bridges in less time with lower budgets. Employing conventional bridge construction (CBC) methods, such as on-site
steel erection and concrete framework construction, may add additional expense to a project, due to lengthy traffic
interruptions, site constructability issues, and adverse environmental impacts. Accordingly, to address the drawbacks of
CBC methods, accelerated bridge construction (ABC) techniques, such as the use of innovative construction methods,
high-performance materials, or prefabricated/precast systems have been developed.
The Federal Highway Administration (FHWA) is promoting ABC systems for short-span bridge replacements
(Michaelson & Barth, 2017). Some advantages of ABC techniques include alleviated congestion, limited traffic
interruptions, minimized environmental disruptions, rapid construction, reduced labor costs, higher safety in
construction zones, and enhanced quality control, many of which are credited to shop-fabricated/precast elements.
Accordingly, ABC techniques can be considered by bridge owners, authorities, and designers as cost-effective and
convenient solutions for short-span bridge replacements. Both concrete and steel alternatives, with accelerated
construction features, exist. The overall objective of this paper is to provide a summary of a detailed literature review of
new and novel short-span bridge systems, including steel and concrete alternatives, both in-service and underdevelopment. A focus will be given to structures with the ability to be deployed using ABC methods. Ultimately, the
paper will serve as a resource for bridge owners and designers when considering cost-effective ways to design and
implement short-span bridges.

2 PRECAST, PRESTRESSED CONCRETE BRIDGE ALTERNATIVES
Accelerated concrete bridge techniques are proposed to target and overcome the shortcomings associated with
labor-intensive and time-consuming conventional concrete bridge methods. Reduced weight, enhanced durability,
decreased life-cycle cost, and condensed construction time are the most well-defined characteristics of accelerated
concrete bridge constructed units (Shah et al., 2007). A vast number of ABC techniques for concrete bridges have been
fulfilled through deploying precasting technology. Precasting removes the need for concrete forming, as well as on-site
concrete casting and curing operations, thereby resulting in rapid construction. While ABC concrete bridges do have
many unique advantages in terms of design, construction, and economics, there is still room to further improve overall
system behavior. For instance, connection details between prefabricated bridge units, resistance against corrosion, and
the seismic performance of each present unique challenges (Li et al., 2010; Mashal & Palermo, 2018). Further, many of
the new techniques do not have codified design procedures. The following is a summary of precast, prestressed concrete
alternatives for rapid construction, including a discussion of the current advantages and disadvantages.

2.1 PRECAST, PRESTRESSED SIDE-BY-SIDE BOX-BEAM BRIDGE SYSTEM
Precast, prestressed side-by-side box-beam bridge systems, which are widely known as adjacent box-beam
bridges, are suitable for short and medium-span ranges. These systems contain a series of concrete boxes placed sideby-side, and connected through either partially or full-depth grouted shear keys. The multi-box girder design provides a
working platform and eliminates the need for cast-in-place concrete deck formwork (Attanayake & Aktan, 2015). A
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cast-in-place non-structural overlay is installed on the multi-box girder to provide a smooth riding surface, and further
expedite construction, as compared to an on-site fabricated concrete deck (Menkulasi & Kuruppuarachchi, 2017).
Research efforts have proposed methods to mitigate differential movement between adjacent units, eliminate steel
reinforcement corrosion, and increase integrity between adjacent box-beam girders. The methods include employing
transverse post-tensioning ties, constructing longitudinal joints with UHPC materials, and reinforcing systems with
corrosion-free FRP bars (Grace et al., 2011; Sargand et al., 2017; A. A. Semendary, 2018). Ultra-high-performance
concrete (UHPC), and fiber-reinforced polymers (FRP) are frequently used innovative materials, which expedite bridge
construction and decrease life-cycle maintenance costs (Chen & El-Hacha, 2011; Ghasemi et al., 2016). Figure 1 shows
a typical transverse-section of the system proposed in the precast, prestressed concrete bridge design manual (PCI,
2003).

Figure 1. A generic transverse-section of a precast, prestressed side-by-side box beam bridge (PCI, 2003).
Hollow spaces in adjacent box-beam girders reduce the overall system weight and provide protected spaces to
route utilities (Hanna, 2008). Additionally, an adjacent box-beam bridge has a shallow-depth superstructure, torsional
rigidity, acceptable deflection, rapid construction, and stringent vertical clearance, which results in an aesthetic
appearance (Grace et al., 2011). Despite all of the advantages, connection failures between prefabricated box-beam
girders develop reflective longitudinal cracks in the overlay riding surface, resulting in durability and safety problems
for the structure (Sharpe, 2007). Long-term deflection, such as creep and shrinkage, as well as live, thermal, and cyclic
loads are the indirect reasons that initiate reflective longitudinal cracks (Huckelbridge Jr et al., 1995; Ulku et al., 2010;
A. Semendary et al., 2017). Longitudinal cracks over grouted shear keys can separate box-beam girders and permit
water penetration. Corrosion of reinforcement, concrete spalling, and differential displacement between adjacent units
can also occur as a result of reflective cracking. The structure then loses its continuity and monolithic behavior as a
result of degradation (Fernandes et al., 2012). Regular inspection and routine maintenance are effective ways to prevent
or delay the negative effects of longitudinal reflective cracks, although lack of the space between adjacent box-beam
girders hinders the process of proper field inspection on shear keys.

2.2 PRECAST, PRESTRESSED DECKED BULB T-GIRDER SYSTEM
Decked bulb T-girder (DBT) systems were developed to address and overcome the durability problems
associated with deck deterioration due to the cracking over shear keys of an adjacent box-beam bridge system.
Therefore, the DBT girder cross-section was customized to provide adequate space at the connections between the
precast, prefabricated elements to permit regular inspection and maintenance actions. The system consists of precast,
prestressed wide top flange girders erected next to each other and connected through either shear keys with cast-inplace UHPC closure pours or closure pours with transverse post tensioning. The longitudinal closure pours are located
parallel to traffic to transfer shear forces, and in-plane normal loads between precast elements (Ma et al., 2007). The
connected wide top flanges serve as a smooth riding deck and eliminate the need to install a cast-in-place concrete deck
slab, providing time and labor savings (Li & Ma, 2010). The system can be prestressed and reinforced with
longitudinal, corrosion-free carbon-fiber-reinforced polymer (CFRP) bars instead of conventional steel reinforcements,
to target durability issues due to corrosion. CFRP bars are emerging in bridge construction to provide the benefits of
increased corrosion resistance, higher durability, and decreased weight. Figure 2 shows a schematic cross-section of a
DBT girder bridge system.

Figure 2. A generic cross-section detail of a decked bulb T girder.
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DBT girders incorporate the advantages of both an I-girder and a concrete slab in a single unit. The favorable
aspects of a DBT girder system are higher quality due to manufacturing under controlled conditions, high load carrying
capacity, and aesthetic appeal related to the shallow depth and vertical clearance of the system, as well as enhanced
durability, rapid construction, increased safety, simple installation, and improved section properties. Despite the
advantages, the DBT girder system is not common, due to lack of guidelines and specifications regarding design of the
longitudinal connections, as well as problems associated with shipping the system over long distances (Li et al., 2009,
2010). Additional research efforts have been conducted to explore a connection detailing to overcome the problems
associated with insufficient performance of the longitudinal connection (Grace et al., 2012)

2.3 PRECAST, PRESTRESSED DOUBLE-TEE GIRDER SYSTEM
A precast, prestressed double-tee (DT) girder is a short to medium-span bridge alternative, which permits
construction time to be shortened by eliminating the need for on-site formwork. The literature indicates that the main
goal of proposing precast, prestressed DT girders has been to fabricate a more efficient bridge system that significantly
increases span-to-depth ratio, and improves construction cost and time (Maguire et al., 2013). The system includes a
series of precast twin-tee girders erected side-by-side and connected with closure pours at the flanges. Twin-tee girders
are reinforced, with either prestressing strands or CFRP bars, to enhance the flexural capacity of the systems (Grace et
al., 2003). Both light and heavy double-tee sections are proposed by the PCI standard to fit a range of project
requirements. The heavy section has a thicker stem to accommodate a larger number of prestressing strands (PCI,
2003). Figure 3 shows a generic transverse-section of a precast, prestressed double-tee girder bridge system.

Figure 3. A generic transverse section detail of a precast, prestressed double-tee girder bridge system.
The DT girder system is a competitive alternative to both the DBT girder and the adjacent box-beam girder
bridge technologies, in terms of structural efficiency and span capability (Menkulasi & Kuruppuarachchi, 2017). In
addition, fast-paced fabrication, lower overall cost, ease of construction, aesthetic design with precise vertical clearance,
flexural and shear efficiency, and improved durability are the cited advantages of the double-tee girder system (Nasser
et al., 2015). However, the system is not widely used due to concerns with insufficient torsional resistance, owing to the
thin web and open cross-section configuration, as well as durability issues resulting from longitudinal connection
deterioration (Lee et al., 2011). Studies have shown a vast number of double-tee girder bridges need to be replaced
before the expected 75-year service life, mostly due to the deterioration of longitudinal joints (Bohn, 2017). Designing
and detailing longitudinal joints to provide adequate integrity is a controversial issue, which needs immediate attention,
since the DT flange joints ensure durability and long-term performance of these systems. Consequently, research efforts
have been conducted to propose novel connection detailing, as well as the incorporation of new materials, such as
UHPC and CFRP (Tape et al., 2007; Wehbe et al., 2016).

3 STEEL-CONCRETE COMPOSITE TWIN I-GIRDER BRIDGE SYSTEM
A steel-concrete composite bridge system is a prefabricated ABC modular alternative for short and mediumspan lengths. The system includes a longitudinal twin I-girder supporting a precast concrete deck, with overhangs on
both sides of the girders. The main girders can be fabricated in various spaces to fulfill the required span lengths. Cross
frames connecting the two I-girders aim to reduce transverse displacement (Lam et al., 2017). The shear studs’ sizing
and spacing are designed to remove the interface slip, provide composite action behavior, and permit the system to act
as a single composite unit. The prefabricated units are connected using narrow UHPC longitudinal joints to expand the
span length and form a bridge.
Reduced traffic impact, simplified detail, and rapid construction, as well as enhanced safety owing to spacious
work space, and increased structural capacities due to conducting regular inspections and maintenance are the cited
advantages of this system (Dezi et al., 2006). The low torsional stiffness of the system is a shortcoming, which may
result in weak dynamic characteristics and excessive traffic-induced vibrations (He et al., 2013). In regards to future
research, parametric studies, field tests, and laboratory experiments have been recommended to ensure safety,
efficiency, stability, capacity, and serviceability (Lin et al., 2014b; Lam et al., 2017). Figure 4 expresses a typical steelconcrete composite twin I-girder system cross-section.
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Figure 4. Steel-concrete twin I-girder system cross-section.

4 CONCRETE-FILLED STEEL TUBE BRIDGE GIRDER SYSTEM
Concrete-filled steel tubes (CFSTs) are a proposed ABC alternative for short-span bridges. A CFST unit is a
composite cross-section, consisting of shear studs welded on top of a steel tube with infilled concrete, which supports a
precast concrete deck. Longitudinal reinforcing bars are implemented in areas of high tensile force to increase the
flexural capacity of the concrete core. The system incorporates the advantages of steel, such as tensile strength and
ductility, as well as the benefits of concrete, such as compressive strength and stiffness. The bond capacity and
composite action between the concrete deck and steel tube is provided through proper detailing of the shear studs
(Elremaily & Azizinamini, 2002). Figure 5 shows a generic cross-section of the CFST system.

Figure 5.Generic cross-section of concrete-filled steel tube girder (Yakel et al., 2007)
The steel tube serves as the formwork and reinforcement to the concrete core, thereby expediting construction
and reducing field labor. In addition, the steel tube creates confinement effects to the encased concrete and substantially
increases the deformability, stiffness, flexural capacity, compressive strength, and shear resistance of the system
(Elremaily & Azizinamini, 2002; Goode & Lam, 2008; Roeder et al., 2009). The tubular shape enhances the torsional
resistance, compared to an open-shape cross-section. Studies have indicated a CFST system has higher resistance
against local and global buckling instabilities, owing to the decreased slenderness ratio of the system compared to
conventional bridge systems (Lehman & Roeder, 2012). Despite all of the benefits, there are difficulties which limit the
system; namely, providing bond between the a flat concrete deck and circular element is inherently difficult (Kingsley
et al., 2005). A practical and suitable method for sufficiently vibrating the concrete core is also lacking. Further, like
many of the modular systems, the adequacy of the longitudinal connection between the prefabricated modular units had
been called into question (Roeder et al., 1999). Additional research is required to further develop the system and
generate design guidance and standards (Stephens et al., 2018).

5 PRESS-BRAKE FORMED BRIDGE SYSTEMS
In 2009, the Short Span Steel Bridge Alliance (SSSBA), comprised of bridge owners, fabricators, and
manufacturers, developed the idea of utilizing press-brake machines to meet the needs of short and medium-span length
ABC bridges (K. Barth et al., 2014). The goal was to fabricate an entirely off-site unit, specifically for circumstances
requiring minimum on-site construction time, due to severe environmental conditions or economic issues. The cold
bending process, done by press brake machines, is applicable on either galvanized or weathering standard steel mill
plates width and thickness, whichever is a more cost-effective option (K. E. Barth et al., 2015). The study showed the
press-brake formed bridge system offers the advantages of increased durability, basic design, aesthetic appearance, and
ease of construction. The composite modular units are shipped to the bridge site, erected side-by-side, and connected by
high-strength, cast-in-place concrete closures; as such, the system facilitates rapid construction and minimizes costly
road closures and detours. The system also reduces the on-site fabrication costs, need for extensive welding, and
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number of required bolts and stiffeners. The performance of the tub girder has been evaluated through research efforts
on the Uxbridge Bridge in Massachusetts, as the first implementation of a folded-plate girder system using accelerated
construction techniques and instrumentation (Azizinamini, 2009). The constructability, durability, and stability of the
system has been investigated through experimental tests. The test results revealed that the suggested system was able to
handle construction loads, without suffering from any measurable or visible deformation (Glaser, 2010). In the
following, two common types of a press-bake formed systems are discussed: tub girder systems and inverted tub girder
systems.

5.1 TUB GIRDER BRIDGE SYSTEM
A tub girder system as a short-span bridge design solution, including a concrete deck supported by an open top
trapezoidal press-braked formed steel girder. Composite action is developed through shear studs welded to the top
flanges. The concrete deck can be precast, or cast-in-place. Notably, the tub girder bridge is classified as a redundant
and non-fracture critical system; therefore, if components in tension are damaged or fail, the bridge system will perform
its function and resist the induced failure to entirely prevent a collapse occurrence (Hunley & Harik, 2012; Irfaee &
Mahmoud, 2019). The cold-bent girder is laterally and internally braced by top lateral bracings and interior cross frames
to form a closed box girder and provide superior torsional rigidity for the system (Kim & Yoo, 2006). It is important to
note, the bracing frames are employed during the casting of the concrete deck, while the non-composite steel girder is
vulnerable to lateral torsional buckling, due to construction loads such as wet concrete. Studies indicates the flexural
capacity of the system is highly influenced by the spacing between the bracing frames (Choi et al., 2008). Figure 6
shows a typical twin-tub girder system cross-section schematic.

Figure 6. A cross-section of a twin-tub girder bridge system.

5.2 INVERTED TUB GIRDER BRIDGE SYSTEM
The University of Nebraska, Lincoln proposed the inverted press-brake formed folded-plate tub-girder system
in 2010 (Burner, 2010; Glaser, 2010). The inverted tub-girder system is truly similar to a tub-girder bridge system, with
the only difference being the configuration of the trapezoidal steel girder. The cold-bent steel girder is fabricated though
folding a steel mill plate in the form of an inverted trapezoidal shape, with inward bottom flanges. The reinforced
concrete deck is placed on the wide top flange of the inverted tub-girder. Both precast concrete panels and cast-in-place
panels can be employed. Shear connectors are welded onto the wide top flange to develop a full composite action.
Occasionally, tie plates are welded in the space parallel to the bridge span direction to prevent separation, rotation, or
differential movements between the edges of the two bottom flanges of the tub girder during construction (Civjan et al.,
2016). Inversion of the folded girder greatly facilitates inspection procedures, and enhances worker safety, owing to
more available working space on the wider top flange. In addition, studies have indicated that a prefabricated cold-bent
inverted trapezoidal girder system has higher strength and lighter weight, as well as improved torsional stiffness due to
its closed-shape configuration, compared to a traditional bridge system such as an I-girder bridge system (K. E. Barth et
al., 2015). Figure 7 shows the generic transverse-section of an inverted tub-girder bridge.

Figure 7. A prefabricated inverted tub-girder general scheme.
6 SUMMARY
The vast benefits of fully shop-fabricated bridge components, in terms of cost, timing, safety, and volume of
material usage, have enticed owners and designers to explore ABC options for short to medium-span bridge
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replacement projects. Over multiple decades, studies have confirmed the efficiency, quality, and performance of
precast, prefabricated girder systems. Continued research aims to improve the current shortcomings and identify new
and novel systems to enhance safety, cost, timelines, and quality (Rex D et al., 2009; Abudayyeh et al., 2010). A
primary focus of recent research efforts is on the utilization of new reinforcing materials, such as FRP, or novel mix
designs, such as self-consolidating, high performance, or lightweight concrete (Pettigrew et al., 2016). In addition,
recent studies have indicated that ABC may be achieved using innovative equipment such as hydraulic jacks, posttensioned jacks, or mechanical pulling devices to employ slide-in techniques for horizontally or laterally sliding a
prefabricated superstructure into position (Dorafshan et al., 2019)
Despite the advantages of ABC techniques, challenges remain when employing the alternatives in certain
scenarios (Cook et al., 2013; Attanayake et al., 2014). Namely, the largest concerns are related to the serviceability of
the superstructure due to inadequate performance of connections between adjacent prefabricated modular units (Li et
al., 2009; A. A. Semendary, 2018). In addition, ABC units have limited previous usage in service in seismic regions due
to insufficient performance of the cast-in-place joint connections (Porter et al., 2011; Ameli et al., 2015; Mashal &
Palermo, 2018). Further research must address such challenges to promote the continued advancement and usage of
ABC for short-span bridge structures.
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ABSTRACT:
Bridges constitute a prime component of the transportation system. However, during service they progressively
deteriorate due to a combination of factors which are complex, highly uncertain and can only be treated rationally using
probabilistic methods. Nineteen failure modes of a reinforced concrete bridge components were identified and their
limit state functions developed incorporating load growth and deterioration models for steel reinforcement corrosion.
The bridge was then modelled as a hybrid system of these failure modes and the system reliability evaluated over time
using the system reliability analysis component of a developed main program BRELA. The results show a system
performance loss of 25.65% -100% as corrosion rate increase from 0 – 0.06 mm/year with a load growth rate of 0.5%.
Considering several realistic preventive maintenance options and their associated cost from existing literature, the
reinforced concrete bridge is maintained by ensuring that its system reliability does not fall below a prescribed target
value. It was found that the commencement of preventive maintenance measures is a function of deterioration rate and
target performance level. For a target system reliability index of 3.0 and load growth of 0.5%, preventive measures had
to be implemented around years 30, 25 and 20 for corrosion rates of 0.02, 0.04 and 0.06 mm/year respectively. Finally,
Genetic Algorithm is applied using a maintenance optimization program inbuilt into the main program to obtain the
optimum preventive maintenance strategies in which the objectives are to minimize the whole life cycle cost whist
maximizing the asset average condition.
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1.0 INTRODUCTION
The structural performance of reinforced concrete structures such as bridges is time dependent due to the damaging
process induced by environmental and loading conditions. The live load – truck weights and numbers per day is
expected to increase over time (Bigaud et al., 2014), and the bridge deteriorates through aging, increased use, and
specific mechanisms such as fatigue and corrosion (Estes and Frangopol, 1999). This eventually affects the service life
of the concrete structures and also increases the cost of maintenance and rehabilitation overtime. Thus, maintenance and
management of corrosion affected reinforced concrete has become a worldwide issue for engineers and asset managers
(Tilly and Jacobs, 2007; Papkonstantinou and Shinozuka, 2013; Chen and Alani, 2013; Nepal and Chen, 2015). There is
therefore need for a technique which can confidently predict how these deteriorating structures will respond to the
deterioration, when they will be unsafe to deliver the required capacity, and what actions will be required to ensure their
continuous performance.
Previous studies by Biondini and Franpopol (2014) investigated the life-cycle performance of concrete bridges exposed
to corrosion based on a set of time – variant probability performance indicators including structural reliability,
redundancy, robustness and resilience. Performance indicators were quantitatively evaluated based on a methodology
for life-cycle nonlinear static and seismic analysis of deteriorating concrete structures, under uncertainty. Tantele et al.,
(2014) carried out sensitivity analysis of various key input parameters used in an earlier two stage evaluation and
optimization developed based on genetic algorithm (GA) principles which links the probabilistic effectiveness of
various preventive maintenance measures with their costs in order to develop optimum preventive maintenance
strategies. The results of the sensitivity studies highlighted the combined use of both proactive and reactive preventive
maintenance measures in deriving optimum strategy solutions. All these studies investigated the structural behaviour
on component basis without due consideration to the systems effects.
In this study a system based time-dependent reliability analysis has been carried out over the service life of a reinforced
concrete bridge using a MATLAB program BRELA (Bridge RELiability Analysis). In all nineteen (19) failure modes
for the bridge components were identified and their limit state functions developed incorporating load growth and
deterioration models for steel reinforcement corrosion. Considering several realistic preventive maintenance options
and their associated cost obtained from existing literature, the reinforced concrete bridge is maintained by ensuring that
its system reliability does not fall below a prescribed minimum or target value. It was found that the commencement of
preventive maintenance measures is a function of deterioration rate and target performance level.
Finally, Genetic Algorithm (optimization technique) is applied using a maintenance optimization program also inbuilt
into the main program to obtain the optimum preventive maintenance strategies in which the objectives are to minimize
the whole life cycle cost whist maximizing the asset average condition. Sensitivity analysis shows that the precise mix
and sequence of preventive maintenance measures is a function of their respective cost, effectiveness and key
parameters such as corrosion rate, discount rate and target system reliability index.

2.0 STRATEGY
The general procedures for the preventive maintenance optimisation of the reinforced concrete bridge consist of:
i.
Identify the relevant failure modes of reinforced concrete bridges and develop limit state functions with respect
to the occurrence of each possible failure mode.
ii.
Develop a deterioration model that describes how the structural performance within a given environment is
expected to change over time. Compute the reliability with respect to the occurrence of each possible
failure mode over time.
iii.
Develop a system model for the overall bridge as a hybrid system combination of the failure modes of the
bridge components and compute the system reliability of the bridge over time.
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iv.

v.

Use a target system reliability index and predict the time at which the system reliability of the bridge fall below
the target value. Establish preventive maintenance criteria (preventive maintenance options) and their
associated cost.
Using all feasible combinations of the preventive maintenance options and the expected service life of the
structure, develop optimum preventive maintenance strategies using the genetic algorithm (GA) principle
by minimising the total lifetime maintenance cost while maintaining the prescribed level of reliability.

3.0 MATERIAL AND METHODS.
3.1 Component Reliability Analysis.
Probabilistic methods were used to assess the component reliability of a reinforced concrete bridge exposed to chloride
induced corrosion and load growth. Mathematical models for strength capacity loss and increase in demand (load
growth) reported in literature were used in the derivation of the limit state functions. Nineteen relevant failure modes
for the components were considered to accommodate the time dependent effects in the structural reliability analysis.
First Order Reliability algorithms were used in generating the reliability indices in conjunction with the evaluated limit
state functions. The developed algorithm was coded using MATLAB based program COMREL (COMponent
RELiability), and the process was fully automated. A detail methodology for the development of the limit state
functions for the various failure modes and the results obtained is presented in Nyihemba, (2017).
3.2 System Reliability Analysis.
System reliability approach for a reinforced concrete bridge was carried out in other to rationalise the behaviour of a
bridge system. Safety indices generated from the components reliability analysis were use as input for the system
reliability analysis using a MATLAB based program SYSREB (SYStem REliability of Bridge). The entire process was
fully automated with the bridge considered as an entire system rather than a collection of individual components.
3.3 Maintenance Optimization
Optimization is the art of producing the best alternative among a given set of options and constraints (Tantele, 2005). A
characteristic feature of optimising maintenance is that the balance decisions need to be made under uncertainties in
many factors such as structural performance deterioration (Nepal and Chen, 2015). The most critical uncertainty in
maintenance management is generally the uncertainty in the time to structural failure (lifetime) and /or the rate of
deterioration (Van Noortwijk & Frangopol, 2004; Van Noortwijk, 2009; Chen & Bicanic, 2010). In order to incorporate
this, a stochastic deterioration model based time-dependent reliability analysis is necessary and should be used to
determine the optimal maintenance strategy (Van Noortwijk & Frangopol, 2004; Liu & Frangopol, 2005; Van
Noortwijk, 2009; Tee et al., 2013; Chen & Xiao, 2014; Nepal & Chen, 2015).
There exists an objective function for every optimization problem. In this study the objective (Objective/Fitness
function) is to identify a preventive maintenance strategy represented here as repair time that has whole life cost (WLC)
as low as possible while maintaining the life time system safety index of the bridge system above the target value.
Mathematical models are used in maintenance optimization to assist with the decision making process for maintenance
implementation. These models combine reliability with economics by quantifying costs, benefits and various
constraints and integrating the actors into basic economic methods (Dekker, 1996). The models are designed to
minimize or maximize various factors depending on the user and context of application, Nevertheless, the overreaching
goal of every model is to find the optimal balance between resource expenditure and maintenance benefits. Dekker,
(1996) and Dotzlaf, (2009) posits that these models are particularly helpful for comparing the cost-effectiveness of
different maintenance policies, determining efficient inspection and maintenance frequencies, and incorporation of
numerous constraints into the decision making process. Optimization algorithm can take into consideration predictable
process as for example natural deterioration. In case of any unpredictable course of action such as accidental damage,
vandalization, natural disasters or political factors this algorithm cannot respond, therefore engineering judgment is
necessary to deal with maintenance action arising from such events (Woodward et al., 2001).
3.4 Service Life Prediction and Optimization of preventive maintenance Strategies Using the GA Approach.
Attainment of a structures service life is dependent on the level of violation of its reliability level. There is therefore
the need to ensure that over the service life of the bridge structure its system reliability index
is always above a
target value which indicates a critical condition. For the purpose of this study target system reliability index
of 3.0
has been adopted as a threshold value below which preventive maintenance measures are applied. Preventive
maintenance measures are applied on the critical components whose failure modes reliability or safety indices are
deteriorating with time due to chloride induced corrosion and growth in live load. The essence of the preventive
maintenance measures is to mitigate the effect of corrosion on the reinforcement (which reduces the structural capacity
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of the structure) by either preventing chloride ingress or stopping corrosion propagation beyond the critical level. The
preventive maintenance measures used in this study are defined as options (Chromosome) and each gene (parameter)
represents an action within the strategy. These actions with the exceptions of ‘do nothing’ are selected every five (5)
years which is assumed to be the period of inspection/validation of the bridge condition (Tantele, and Onoufriou,
2006). Table 1 shows the preventive maintenance measures used in this study with their service life and cost of
application as reported in existing literature (Tantele et al., 2014). The genetic code and failure functions for the
affected components are also included.

Table 1. Service Life and Cost of Preventive Maintenance Measures (Tantele et al., 2014).

Genetic Code (II)

Effective time (years)
(III)

Cost ($/m2) (IV)

Do nothing

1

N/A

N/A

Silane
Polyurethane Sealer
Pm coating

2
3
4

5
5
10

5
6.5
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Preventive maintenance measure

(I)

3.5 Preventive Maintenance Optimisation.
Preventive maintenance is usually applied before a structure reaches critical conditions and is used to stop or delay the
structural deterioration process for a period of time. For this reason, preventive maintenance is usually applied at
regular intervals over the system life-cycle (Barone and Frangopol, 2014). Repair times are therefore established at
which prescribed components must be maintained based on an established selecting criterion.
The multi-objective framework was adopted in this study to optimise the lifetime preventive maintenance of a
reinforced concrete bridge structure using point-in-time performance indicators. The performance indicators are the
reliability indices associated with each component (deck, exterior and interior beams, pier cap, pier, pier base, abutment
and abutment base) of the bridge as evaluated by the First Order Reliability Method (FORM) using the MATLAB
based program COMREL and the overall system safety index computed using the program SYSREB.
In other to harmonise the effective working period of the preventive maintenance measures, the performance state of the
system and its components at a given point-in-time is computed at five (5) years interval.
The objectives of the optimisation process are:
1. To maximise the system reliability index over the bridge service life (120 years).
2. To minimise the total preventive maintenance cost.
The design variables are the preventive maintenance times, considering a 5-year maximum interval between subsequent
maintenance actions (given 24 time intervals). The components and system reliability indices for a corrosion rate of
0.02mm/year before application of preventive maintenance actions. Preventive maintenance actions are performed on
the components whose reliability are close to the target system reliability index or can provide significant effect on the
improvement of the system reliability.
3.5.1 Cost of Preventive Maintenance Actions
The adopted preventive maintenance measures and their respective cost per component are computed by multiplying
the rates given in Table 1 and the estimated surface areas for each of the components to be treated by the selected action
and are given in Table 2, the total discounted preventive maintenance cost as a function of time is;
(1)
Where; is the cost of the
component,
repairs actions in the maintenance plan, and
the opposite case.

is the total number of components,
is the total number of
if the
component is repaired at the year while
in
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Table 2. Adopted preventive maintenance Measures and Their Respective Cost per component.

3.5.2 Objective Function
The objectives of bridge managements are keyed around functionality, safety, sustainability, environmental effect,
aesthetics, best monetary allocation to mention but a few. This studies objective (Objective/Fitness function) is to
identify a preventive maintenance strategy represented here as repair time that has WLC as low as possible while
maintaining the life time system safely index of the bridge system with respect to its components above the target value.
The optimisation formulation is described by the following minimisation problem:
Given:

(2)

Find:

(3)

To minimise:
(i)

or

(ii)

(4)
(5)

Such that:
(6)
(7)
Where;
are the limit state functions associated with the structural failure modes,
is the cost of repair of the
system components, is the annual money discount rate,
is the total number of repairs,
is
the vector of the repair times,
is the system reliability index at time ,
is the target system reliability index
(3.0 adopted in this study) and
is the total cost of the preventive maintenance plan, evaluated by Equation 1.
Equation 4 has been defined in terms of the inverse of the reliability index at time (t) so that a minimisation problem is
obtained with respect to both objectives.
3.5.3 The preventive maintenance Plan.
The preventive maintenance plan involves prioritising those components which experience higher capacity loss, which
in this case are deck and piers since they have the highest effect on the recovery of the system reliability. The
preventive maintenance measures are time-based and their application will either slow down the rate of deterioration or
delay corrosion by renewing the corrosion initiation time. This does not bring about a change in the reliability level but
ensures that the reliability index remains at the same level over the effective period of the action.
3.6 Parameters of the Genetic Operators Used in the GA process
The parameters of the genetic operators used in the GA methodology which include: population size, selection method,
crossover method and crossover rate are given in Table 3.
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Table 3. Parameters of the Genetic Operation
Parameter

Value or Method

Initial Population Size
Population Size in every generation
Selection method
Crossover method
Crossover rate
Mutation rate
Maximum generation

475
475
Tournament selection
Single point crossover
Constant 100%
Constant 6%
Until convergence

3.7 The Program PREMOPT.
PREMOPT (Preventive Maintenance Optimisation) is a MATLAB coded computer program developed to optimise the
preventive maintenance strategies with respect to total life cycle cost using the genetic algorithm (GA) approach. The
program is designed to calculate the system reliability of the bridge at a particular point in time and compare it with the
given target. At any given period if the calculated value falls below the target value the program selects from the
available preventive maintenance options based on their cost and effective period of application, the combination of
actions which gives optimum cost while ensuring the attainment of the prescribed performance level during the service
life of the bridge.
4.0 RESULTS AND DISCUSSION
4.1 Results.
This study implemented structural reliability analysis for the investigation of the time variant reliability of reinforced
concrete bridge components and system subjected to chlorides induced corrosion. A procedure for optimising
preventive maintenance measures which ensures that bridge system performance is not compromised throughout its
service life was also carried out. The results are presented in Figure 1 to 5 and Tables 4 to 6.

4.1.1 Component reliability Results.
The performance of the bridge components subjected to varying corrosion rate is presented in Figure 1.

Figure 1. Capacity Loss of Reinforced Concrete Bridge Components at Different Corrosion Rates with Growth Rate of
0.005.
Figure 1 shows the capacity loss of the bridge components under different conditions of corrosion exposure with load
growth rate of 0.005. With the exception of the pier base which experience insignificant capacity loss compared with
the other components, the loss in load capacity (structural performance) of the components increase generally as the
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corrosion rate increase. This is an indication that a structure located in a highly corrosive environment will require
effective monitoring and adequate maintenance if the desired level of performance is to be achieved.
4.1.2 System Reliability Results.
The performance of the bridge as a system undergoing corrosion and increase service demand is presented in Figure 2
and 3.

Figure 2. Variation of System Safety Index against Bridge Age at varying Corrosion rates for load growth rate of 0.005.

Figure 3. System Performance Loss of the Bridge at varying Corrosion rates for load growth rate of 0.005.
Figure 2 and 3 shows the loss in performance of the bridge system at varying corrosion rates at a truck load growth rate
of 0.005. The results show a system performance loss of 25.65% for corrosion rate 0.00 mm/year, 51.30% for a
corrosion rate of 0.02mm/year, 100% (at 120 years) for a corrosion rate of 0.04mm/year and 100% (at 90 years) for a
corrosion rate of 0.06mm/year. This indicates that as the corrosion rate increase the rate of deterioration and hence the
system performance loss increase, thus lowering the expected life span of the structure. Except if deliberate measures
are put in place to improve the reliability of the structural system.
4.1.3 Optimisation Results.
Optimum preventive maintenance Strategies were developed by using PREMOPT from all feasible combinations of the
options listed in table 3 for each of the components of the bridge. Using a target system reliability index
and
corrosion rate of
the structure tends to be at high risk of failure around year 35, preventive measures
must be put in place before it reaches this age. Similarly structures undergoing corrosion at the rate of
and
will be at high risk of failure around year 30 and 25 respectively. The optimum preventive
maintenance strategies proposed using the developed program are given in Tables 4 to 6.
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Table 4. Preventive maintenance strategies for the bridge components (corrosion rate =
= ).

, discount rate

LIFE TIME PREVENTIVE MAINTENANCE PLANS (YEARS)

COMPONENT
Deck
Interior beam

0
1
1

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
1 1 1 1 1 2 3 3 2 2 4 1 4 1 3 3 2 3 5 3
3
2 2
2
1 1 1 1 1 1 3 4 1 3 3 2 2 3 4 1 5 3 2 3
4
1 2
2

Exterior beam
Pier cap
Pier
Pier base
Abutment wall

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

3
2
2
4
1

2
4
4
1
2

3
1
1
4
2

1
2
2
3
3

4
3
2
4
4

1
4
2
1
1

2
1
2
2
3

2
2
3
2
3

2
3
2
3
4

2
3
3
4
1

2
3
2
1
4

2
4
3
2
1

2
1
4
2
3

2
4
1
4
2

2
1
3
1
2

3
3
3
3
3

4
2
2
2
2

1
2
2
2
2

Abutment base

1

1

1

1

1

1

3

2

4 1 2

2

2

3 2

2

4 1

4

1

3

2

2

2

3

4
2
2
1
3

Decoded action: 1-Do nothing, 2-Silane, 3-Polyurethane sealer, 4-Pm coating.
Table 4 shows the matrix of the preventive maintenance options for the various components of the bridge required to
ensure that the reliability of the bridge system remain above the target value when the structure is undergoing corrosion
at the rate of 0.02mm/year. The “do nothing” option (coded -1) is selected at the beginning of the strategy (0 – 25 years)
for all the components since the reliability of the system is above the target value. As seen in table 6 various
combination of “do nothing”, silane (coded-2), polyurethane sealer (coded-3) and Pm coating (coded-4) are selected in
the subsequent intervening periods in such a way that the overall whole life cycle cost is minimised. The available
options; silane and polyurethane sealer each have an effective period of five years while Pm coating has an effective
period of ten years. Thus each time Pm coating is selected by the program at a given period it is followed by the “do
nothing” option in the subsequent period so as to take care of the ten-year effective time.
The optimum total life-time preventive maintenance cost for this strategy is $258,400.00 and the discounted cost as a
function of time is $7,444.50.

Table 5. Preventive maintenance strategies for the bridge components (corrosion rate =
= ).

, discount rate

LIFE TIME PREVENTIVE MAINTENANCE PLANS (YEARS)

COMPONENT
Deck
Interior beam

0
1
1

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
1 1 1 1 3 3 3 4 1 4 1 2 3 3 3 3 4 1 3 3
4
1 2
3
1 1 1 1 3 2 3 3 4 1 2 3 4 1 2 2 3 2 2 4
1
3 3
2

Exterior beam
Pier cap
Pier
Pier base
Abutment wall

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

2
3
4
4
3

2
3
1
1
2

3
3
4
4
4

2
3
1
1
1

4
2
1
2
2

1
3
4
3
3

4
4
1
2
2

1
1
2
2
3

4
2
2
2
2

1
2
2
4
2

4
3
2
1
4

1
3
4
2
1

2
3
1
2
3

2
2
2
3
4

4
4
2
2
1

1
1
3
4
3

2
2
3
1
4

3
2
2
2
1

3
2
4
2
3

Abutment base

1

1

1

1

1

2

2

2

2 2 2

2

2

4 1

3

2 2

2

4

1

3

2

2

3

2
3
4
3
2

Decoded action: 1-Do nothing, 2-Silane, 3-Polyurethane sealer, 4-Pm coating.
When the structure is undergoing corrosion at the rate of 0.04mm/year, the loss of system reliability occurs at an earlier
age as shown in Table 5. Under this scenario the “do nothing” option is selected over the first twenty years followed by
a mix of the other available options over the remaining years. The resultant strategy is done to ensure optimum
maintenance cost which is $312,220.00 with a discounted value as a function of time of $8,995.00.
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Table 6. Preventive maintenance strategies for the bridge components (corrosion rate =
= ).

, discount rate

LIFE TIME PREVENTIVE MAINTENANCE PLANS (YEARS)

COMPONENT
Deck
Interior beam

0
1
1

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
1 1 1 3 3 2 3 3 2 3 4 1 3 3 2 2 4 1 2 3
2
4 1
4
1 1 1 3 2 2 2 4 1 2 3 4 1 4 1 3 2 4 1 2
3
3 4
1

Exterior beam
Pier cap
Pier
Pier base
Abutment wall

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

2
4
2
1
2

4
1
4
2
2

1
2
1
4
4

2
2
4
1
1

3
4
1
2
2

1
4
3
2
1

2
1
3
2
3

4
2
3
4
4

1
3
3
1
1

2
2
3
2
3

2
3
2
3
3

2
4
4
3
4

3
1
1
2
1

3
3
3
2
2

3
3
4
3
2

2
2
1
2
2

3
3
4
2
4

2
2
1
2
1

3
3
4
2
2

4
4
1
2
3

Abutment base

1

1

1

1

2

2

4

1

3 3 3

3

4

1 4

1

2 2

4

1

3

3

3

4

1

4
1
2
3
4

Decoded action: 1-Do nothing, 2-Silane, 3-Polyurethane sealer, 4-Pm coating.
Similarly, Table 6 shows the preventive maintenance strategies for a reinforced concrete bridge undergoing corrosion at
the rate of 0.06mm/year. Between the ages of 0-15years the “do nothing” option is selected indicating that the target
system reliability index is violated earlier than the other two cases previously discuss. Under this scenario the optimum
total life-time preventive maintenance cost for this strategy is $358,790.00 and the discounted cost as a function of time
is $10,342.00.
A look at the optimum preventive maintenance cost for the various strategies given in Table 4 – 6 shows that the total
life-time preventive maintenance cost increase from $258,400.00 - $358,790.00 as the corrosion rate increase from 0.02
– 0.06mm/year.

4.1.1 Sensitivity Analysis of Some Key Parameters
In other to test the sensitivity of the developed strategies to various key input parameters of the optimisation problem,
parameters such as corrosion rates, discount rates and target reliability index were varied.
4.1.1.1 Effect of Corrosion Rates on Cost
A look at Tables 4 to 6 shows that environmental conditions significantly affect the whole life-cycle preventive
maintenance cost. As the rate of corrosion increases from 0.02 – 0.06mm/year the cost of preventive maintenance also
increases. This is due to the fact that maintenance has to commence early and with higher number of preventive
maintenance cycles (more frequent use of preventive maintenance measures).
4.1.1.2 Effect of Discount Rates on Cost
Discount rates are quite variable between different agencies and are normally within ranges of 2% - 8% (Val and
Stewart, 2003). In this study a 3% discount rate has been taken, other cases with 0%, 2%, 4%, 6% and 8% are also
investigated. The results shown in Figure 4 indicate that the highest WLC is obtained when the discount rate is 0%
while the lowest cost is obtained when the discount rate is 8%. It is also clear that the sensitivity of the WLC results to
the discount rate is significantly higher within the lower range values.
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Figure 4. Effect of Discount Rate on the WLC (Corrosion rate =0.02mm/year,
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4.1.1.3 Effect of Target System Reliability Indices (
) on Cost
The target system reliability index is an important parameter within the context of integrity management of structures
using the probabilistic approach. Definition of target reliability indices is dependent on complex issues such as
acceptable levels of risk and social impact. The target reliability index was varied by 1.5, 2.0, 2.5 and 3.0 (adopted in
this study) with a corrosion rate of 0.02mm/year and discount rate of 3%. The results of these cases show that the target
system reliability index greatly influences the outcome of the WLC. Figure 5 indicate that as the target system
reliability index increases the cost also increases. This is expected since higher reliability requires more frequent use of
preventive maintenance measures (increased cycles of preventive maintenance applications) and hence higher overall
cost.
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4000.00
3000.00
2000.00
1000.00
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Discounted WLC

1.5

2.0
2.5
3.0
Target System Reliability Index

Figure 5. Effect of Target System Reliability Index on the WLC (Corrosion rate =0.02mm/year, discount rate =3%).
A program has been developed based on genetic algorithm (GA) principles which compares the calculated system
reliability index with a given target value and then select preventive maintenance measures with their cost in order to
provide optimum preventive maintenance strategies. The aim of the preventive maintenance strategies is to ensure that
the bridge performance does not fall below the prescribed level by delaying/preventing reinforcement corrosion in the
RC bridge components through contamination from chloride ions. Sensitivity analysis was also conducted on key input
parameters used in order to quantify their effects and identify possible trends in the optimum preventive maintenance
strategies. The precise mix and sequence of preventive maintenance measures is a function of their respective cost,
effectiveness as well as key parameters such as corrosion rate, discount rate and target system reliability index.
5.0 CONCLUSION
A system reliability based approach for the optimisation of preventive maintenance of reinforced concrete bridges using
genetic algorithm has been developed. First Order Reliability method was used in generating the reliability indices in
conjunction with the evaluated limit state functions for the bridge components. The developed algorithm was coded
using MATLAB based program COMREL (COMponent RELiability), and the process was fully automated. The
reliability of the components before and after the onset of corrosion was checked over the service life of the reinforced
concrete bridge (120years). It was shown that the load capacity loss ranges between 9.41% for the least deteriorated
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component to 100% for the most deteriorated component as the corrosion rate increases from 0.02 to 0.06 mm/year at
load growth rate of 0.005.
The system reliability of the bridge was calculated over the bridge life span of 120 years using a developed program
SYSREB (SYStem REliabilty of Bridge) also coded in MATLAB. Preliminary results show a system performance loss
of 25.65% for corrosion rate 0.00 mm/year, 51.30% for a corrosion rate of 0.02mm/year, 100% (at 120 years) for a
corrosion rate of 0.04mm/year and 100% (at 90 years) for a corrosion rate of 0.06mm/year when the truck growth rate
is 0.005. The results also show that system reliability of the bridge can be enhanced with an improvement in the safety
indices of the components in bending.
To keep in-check the deterioration of the bridge system and ensure optimum performance of the structure, preventive
measures were developed over the service life of the bridge by ensuring that its system reliability does not fall below a
prescribed minimum or target value. It was found that the commencement of preventive maintenance measures is a
function of deterioration rate and target performance level. For a target system reliability index of 3.0 and load growth
of 0.005, preventive measures had to be implemented around year 30, 25 and 20 for corrosion rates of 0.02, 0.04 and
0.06mm/year respectively.
Finally, Genetic Algorithm (optimization technique) was applied using a developed program PREMOPT to the
maintenance models to find the optimum preventive maintenance strategies in which the objectives are to minimize the
whole life cycle cost whist maximizing the asset average condition.
Based on the illustrated cases the following conclusions can be drawn:
1. The GA methodology has shown that preventive maintenance measures can help to ensure safe and efficient
operation of the bridge system. The optimum preventive maintenance strategies proposed kept the system
reliability above the target value at all times with minimum overall cost.
2. The study also shows that the GA methodology can provide a useful comparison of optimum preventive
maintenance strategies and highlights the possible benefits of this approach to bridge maintenance
management in terms of safety and cost.
3. The combination and sequence of the preventive maintenance measures is a function of their respective cost.
Effectiveness as well as key parameters such as corrosion rate, discount rate and target system reliability index.
This study has provided a good basis for the evaluation and rational selection of optimum preventive maintenance
strategies which gives best value for money.
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1.0
1.1

INTRODUCTION
General

Effective performance of a particular structure such as bridges is dependent on a routine and preventive
maintenance culture on every element of the bridge. Such maintenance consists of a combination of structural
health monitoring and testing and is regulated in country-specific engineer standards.
The inspector must be aware of bridge types to properly describe a bridge for the inspection report. The main
emphasis of the description should be on the main span. Bridges are classified according to their function,
structural type, and structural material: (Joint Departments of the Army & Air Force, 1994)
a. Function: The “function” of a bridge refers to the currently approved classification of the roadway. Some
typical roadway classifications are: interstate, freeway, principal arterial, minor arterial, collector, major,
minor, military, etc.
b. Structural type: The “type” of bridge defines both the structural framing system and the type of
superstructure: Figure 1.1 (part a) demonstrates a simple span, figure 1.1 (part b) shows a two-span
continuous structure and figure 1.1 (part c) shows a cantilever and suspended spans structure.

Fig. 1.1

c. Cantilever-suspended
Structural Framing Systemspans
(Source: Joint Departments of the Army & Air Force, 1994)

c. Structural material. The basic types of structural materials are steel, concrete, timber, stone, masonry,
wrought iron, cast iron, and aluminum. (Joint Departments of the Army & Air Force, 1994)
1.2

Objectives

After the paper presentation, attendees would have been exposed to the following:
a.

Introduction to Bridge Inspection, Maintenance and Repairs

b.

The Purpose of Bridge Inspection

c.

The Good Culture of Preventive Maintenance and Repairs in Bridge

d.

Frequency of Preventive Bridge Maintenance
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2.0

THE PURPOSE OF BRIDGE INSPECTION

Using a metaphor, the road network which serves for the national socio-economic activities such as logistics,
travels and communications, is compared to the vascular network in a human-body (Fig. 2.1). To maintain a
healthy human body, people may check their physical condition daily, and may have some advices from their
doctors periodically and then keep their body condition in well, and sometimes people may receive medical
treatment or surgery. (C-Nexco, 2018).
It is same manner for road infrastructure for logistics. Therefore, the road infrastructure is very important for
Nigeria economy (Fig. 2.2).
The Bridges are part of the road infrastructure and are important link in a road network. And they must be
very well maintained for Nigeria economy.

Fig. 2.1 Road Infrastructure and blood vessel (Source: C-Nexco, 2018).
Simply put, the purposes of Bridge Inspection are as follows:

1) To confirm the results of bridge condition inspection;
2) To confirm as built drawings and design documents.
3) To undertake additional investigations necessary for evaluation of defects including physical testing and/or
structural analysis, and documentation of the observed defects with sufficient information for future design
of required major maintenance works;

4) To determine the cause/mechanisms of damage;
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Fig. 2.2 Bridge/Road Maintenance and human health care (Source: C-Nexco, 2018).

5) To assess the current bridge structural condition, behavior and load capacity;
6) To assess the rate of deterioration and residual life expectancy; and
7) To evaluate the need for repair and rehabilitation.
8)

To investigate the damage for estimating repair cost. (C-Nexco, 2018).
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3.0

THE GOOD CULTURE OF PREVENTIVE MAINTENANCE AND REPAIRS

3.1

Preventative Bridge Maintenance Practices

Preventive maintenance is defined as a planned strategy of cost-effective treatments applied at the proper
time to preserve and extend the useful life of a bridge (Cambridge Systems Inc., 2002). Bridge maintenance
encompasses:


Cleaning activities, including annual water flush of all decks, drains, bearings, joints, pier

caps, abutment seats, concrete rails, and parapets each spring.


Preventive maintenance activities such as painting, coating and sealant applications and for

routine, minor deck patching and railing repairs.


Technical and specialized repairs, including jacking up the structures, crack repairs, epoxy

injection, repairing or adjusting bearing systems, repair and sealing of expansion joints, repair or
reinforcement of main structural members to include stringers, beams, piers, pier and pile cap,
abutments and footings, underwater repairs, major deck repairs, and major applications of coatings
and sealants.


Stream channel maintenance including debris removal, stabilizing banks and correcting

erosion problems.
3.2

Small Bridge Maintenance Activities that Can Eliminate the Need for Larger In or OverStream Work Projects

Some of the bridge project maintenance activities that was proactively done to provide the biggest benefit for
the smallest level of investment as seen in Nigeria generally include:


Repairs of damaged and exposed reinforcement of parapet. Picture 3.1, 3.2 and 3.3 shows
the level of repairs before, during and after the maintenance.

Fig. 3.1 Damaged and Exposed Condition of Parapet at Ijora-7up Bridge in Lagos, Nigeria (Before)
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Fig. 3.2 Strengthening of the Parapet (Using Special Materials for Coating the Reinforcement, Using
One Side Form with Epoxy as Support and Casting Non-Shrink Concrete) at Ijora-7up Bridge in
Lagos, Nigeria (During)

Fig. 3.3 Rehabilitated Parapet at Ijora-7up Bridge in Lagos, Nigeria (After)
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Repairing or installing new expansion joints on bridge decks

Fig. 3.4 Damaged and Exposed Condition of Expansion Joint at Ijora-7up Bridge in Lagos, Nigeria (Before)

Fig. 3.5 Repair and Installation of Expansion Joint Elements at Ijora-7up Bridge in Lagos, Nigeria (During)

Fig. 3.6 Rehabilitated Expansion Joint at Ijora-7up Bridge in Lagos, Nigeria (After)
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Maintaining Bridge Pier

Fig. 3.7 Schmidt Hammer Test Being Performed on the Piers at Isaac Boro flyover in Port Harcourt, Nigeria

Fig. 3.8 Exposure of Pier Reinforcement and Removal of Weak Concrete at Isaac Boro flyover in Port Harcourt, Nigeria

Fig. 3.9 Overlay of Reinforcement and Casting of New Concrete Layer on Pier at Isaac Boro flyover in Port Harcourt, Nigeria
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Restoring or replacing bridge bearings

Fig. 3.10 Damaged Bearing Manhole before the Repairs at Ijora-7up Bridge in Lagos, Nigeria (Before and During)



Repairing bridge Abutment

Fig. 3.11 Repair of bridge Abutment at Ijora-7up Bridge in Lagos, Nigeria (Before and During)

Fig. 3.12 Repair of bridge Abutment at Ijora-7up Bridge in Lagos, Nigeria (During and After)
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Others Include:


Repairing or replacing bridge approach slabs



Bridge painting



Resurfacing of bridge deck surface

Successful control of pollution from bridge maintenance and repair involves minimizing the potential sources
of pollutants from the outset.

3.3

Maintaining Drainage from Bridge Decks

Effective bridge deck drainage is important because deck structure and reinforcing steel is susceptible to
corrosion from deicing salts; moisture on bridge decks freezes before surface roadways, hydroplaning can
occur more easily; and drainage occurs over environmentally sensitive areas (Cambridge Systems Inc.,
2002). Bridge deck drainage is often less efficient than roadway sections because cross slopes are flatter,
parapets collect large amounts of debris, and drainage inlets or typical bridge scuppers are less hydraulically
efficient and more easily clogged by debris. Because of the difficulties in providing for and maintaining
adequate deck drainage, the following practices should be used:
·

Gutter flow from roadways should be intercepted before it reaches a bridge.

·

Zero gradients and sag vertical curves should be avoided on bridges.

·
Runoff from bridge decks should be collected immediately after it flows onto the subsequent roadway
sections where larger grates and inlet structures can be used.
3.4

Bridge Cleaning

Bridge cleaning consists of cleaning all bridge components that are susceptible to dirt, debris, bird dropping
and deicing salts. Drainage systems and components subject to dirt or bird droppings accumulation need to
be cleaned regularly by hand tools, air blasting or preferably water flushing. (Cambridge Systems Inc., 2002)
· Dust or any material that could be inhaled should be avoided by the use of a proper respirator.
· Other components such as bare concrete decks, pier caps, abutment seats, bearing systems, non-sealed
or open expansion joints, joint drainage troughs, head walls, wing walls, select beam flanges, truss joints etc.
should receive a thorough water flush every spring (after applications of deicing salts have ceased) as a bare
minimum.
· Personnel should become familiar with various types of bearing devices. Mechanical bearing devices
should be lubricated after cleaning to prevent rusting and assist in their movement.
· Clearing of weeds, float debris, brush and overhanging limbs from the vicinity of the bridge should be
performed according to best practices in channel maintenance.
Fig. 3.13
Bridge
Cleaning
(During
and After)
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4.0

PROCESS AND FREQUENCY OF MAINTENANCE

4.1

Process of Maintenance:
Structural maintenance is a series of actions which consists of inspection, identification of defect
cause, deterioration prediction, performance evaluation, determination of necessity of repair, work
implementation and record of maintenance. It should be carried out appropriately based on
maintenance plan to ensure structural performance throughout the required service. Fig. 4.1 shows
the process of bridge inspection and planning for maintenance and how it cycles back for quality
maintenance culture. (C-Nexco, 2018).

Fig. 4.1: Process of Bridge Inspection and Planning for Maintenance (Source: C-Nexco, 2018).
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4.2

Frequency of Maintenance:

1. Cyclical preventative maintenance activities
Performed on a pre-determined schedule, to preserve existing bridge conditions and keep them from getting
worse. The elements being treated may not be improved. However, continued deterioration is usually
delayed. The inherent value of this approach is that bridge managers may assign different levels of
preventative maintenance to structures that have higher or lower usage patterns or traffic volumes. (Bridge
Masters, 2017)
Example: Some typical cyclical preventative maintenance activities and how often they’re typically done
include:
 Wash and clean decking or the entire bridge: One or two years.
 Lubricate bearings: Two to four years.
 Seal and waterproof concrete decking: Three to five years.
 Zone coat steel beams and girder ends: 10 to 15 years.
 Install deck overlay on concrete decks: Approximately
every 10 to 20 years, depending on usage and wear and tear.

2. Condition-based preventative maintenance activities
Happen only when issues are identified during bridge inspections. This type of maintenance is usually done
on bridges that are in basically good to fair shape. Maintenance restores bridge elements to a state of good
repair. Similar to other cyclical preventive maintenance activities, this type of bridge work is focused on
extending the useful life of structures. (Bridge Masters, 2017)
Some typical condition-based preventive maintenance activities include sealing and replacing leaking joints;
installing deck overlays, cathodic protection systems, and scour countermeasures; and painting and sealing
steel structural elements.
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5.0
5.1

BENEFITS OF PREVENTIVE BRIDGE MAINTANANCE
Benefits Analysis

Bridge preservation/preventive tactics are actions or strategies that prevent, delay, or reduce the deterioration
of bridges or sections of them. They return bridges to working order, keep them in good condition, and
extend their lives. Preservation activities may be done to prevent deterioration or to correct existing
conditions.
Preservation is more reactive than proactive. However, maintaining and rehabilitating bridges while they’re
in relatively good condition and before the onset of serious deterioration can delay the need for costly bridge
reconstruction or replacement. (Bridge Masters, 2017)

Fig. 5.1: Reactive and Proactive Ways of Bridge Maintenance (Source: Bridge Masters, 2017)
5.2:

Rhetorical Questions
Would You Allow these to Occur?

Fig. 5.2: Genoa, Italy Bridge Collapse (Source: Google, 2019)
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Fig. 5.3: Italy Motorway Bridge Collapse (Source: Google, 2019)

Fig. 5.4: Pedestrian Bridge Collapse in Ikire, Nigeria (Source: Google, 2019)

Fig. 5.5: Tatabu Bridge Collapse with Trapped Trailer in Kwara, Nigeria (Source: Google, 2019)
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Or Would You Rather Maintain these?

Fig. 5.6: Third Mainland Bridge in Lagos, Nigeria (Source: Google, 2019)

Fig. 5.7: Third Mainland Bridge in Lagos, Nigeria (Source: Google, 2019)
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ABSTRACT:
Bridges are key elements in any transportation system that may include other road structures such as tunnels and culverts.
Environmental conditions, traffic volume increase and aging of bridges lead to deterioration of bridge conditions.
Conditions of bridges can be assessed from data collected about bridge elements. A condition rating system is needed to
assess the different conditions of bridge elements. Visual inspection and/or other types of inspection are needed for the
collection and assessment of the condition data for bridge elements. An inspection system is needed to maintain a
comprehensive database of bridge conditions overtime. Deterioration of bridge elements overtime increase their risk of
failure. Transportation authorities need to apply strategies with preventive, maintenance and rehabilitation actions to keep
their bridges in healthy conditions. A bridge management system (BMS) can be used to maintain a comprehensive
database of bridge conditions, inspection methods, and maintenance actions. The Roads and Transport Authority (RTA)
is responsible for road structures across the Emirate of Dubai in the United Arab Emirates (UAE). RTA maintains an
inventory of over 1,222 road structures of different types such as bridges, tunnels, underpasses, pedestrian subways, and
culverts. The conditions of all road structures in Dubai are collected based on their category and managed using a Bridge
Maintenance Management System (BMMS). The condition ratings for all the structural elements within each structure is
evaluated by recording signs of damage/defect/failure. This is done by assigning a degree (D), relevancy (R), urgency
(U) and extent (E) for any observed defect. A Structure Condition Index (SCI) is calculated for each sub-element, element,
and road structure based on the DRUE (Degree, Relevancy, Urgency and Extent) rating system which is used to determine
the risks associated with each recorded defect. This paper is to introduce a study using the current RTA-Bridge
Maintenance Management System (BMMS). The paper studies the BMMS approach and capabilities for evaluating the
risks associated with the observed defects in the structural elements of bridges and recommends future implementations
of smart solutions to reduce the risks and minimize future bridge maintenance costs.
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1 INTRODUCTION
Transportation authorities in the United Arab Emirates (UAE) were using paper-based inspection and
management methods to assess the conditions of their bridges. Due to the rapid expansion in the Emirates of Dubai, the
Roads and Transportation Authority (RTA) of Dubai was the first transportation agency in the UAE to use ‘digital’ bridge
management system (BMS) in 2011 (Moore and Naelini, 2017). The Bridge Management Systems (BMS) has the
capability to classify all the activities throughout the life of the bridge from design, construction, to replacement. It avails
a significant part in evaluating conditions of bridges, managing the risks and associated actions required, budget
optimization, and support in making decisions concerning servicing, rehabilitation and replacement of bridges. This paper
will show how the Bridge Maintenance Management System (BMMS) is used for evaluating the risks associated with the
observed defects in the structural elements of bridges.
2 METHOD
A. Bridge Maintenance Management System
The Bridge Maintenance Management System (BMMS) in Dubai uses different modules to manage the
structures maintenance activities. Data is collected through inspection and analysed to support decision making for
maintenance management policies. The BMMS comprises of Inventory Module, Inspection Module, Condition Module,
Life Cycle Cost & Deterioration Module, Risk Module, Maintenance Module (Prioritizing & Scheduling),
Budget/Financial Module, and Reporting Module. The different modules and their description are shown in Table 1
Table 1: Modules used in Bridge Maintenance Management System (BMMS) used in Dubai
Module
Inventory

Inspection
Condition

Description
Identification data,
Physical data,
Location,
Load capacity,
Relevant maintenance contractor details
Unique inspection form for each structure type,
incorporating the asset Elements and Sub elements
Asset condition for each element/sub-element/structure/group of structures
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Life Cycle Cost &
Deterioration

Deterioration of elements over time
Least LC cost of (Do Nothing, Reactive and Proactive) Actions selected for each
strategy over time
Matrix of elements deterioration over time with actions
Chart format of overall deterioration of the asset and costs of actions over time for
each strategy

Risk

Uncertainty (a likelihood of occurrence 1% to 99%)
Impact on the project objectives, asset performance, and/or element /sub-element
condition,
Associated Risk; can be positive (an opportunity) or negative (a threat).
Risk Matrix: plots the asset defects from highest to lowest risk, based on the
safety, criticality and extent of the defect

Maintenance (Prioritizing
& Scheduling)

Effective use of available budget for maintaining the assets healthy and functional
conditions considering the risk level of the recorded defects

Budget/Financial

Generating budget based on accurate cost estimates for 5 years’ Budget Plans

Reporting

Stock and individual structure reports
produced to the requirement of the client

These modules address asset management concerns in terms of risks associated with observed defects, budget
planning, maintenance cost minimization, asset availability and reliability and strategies for asset service life cycle
extension. BMMS eventually produces maintenance execution plans that accounts for risk management and budget
limitations. The system is integrated into GIS in order to define assets locations as part of the Inventory module. BMMS
can also issue maintenance work orders to contractors/maintenance service providers and manage their activities
efficiently. Figure 1 below illustrates an overview diagram of the BMMS modules and their correlation in the process of
the Bridges Maintenance Management System:

Figure 1. Overview diagram of all BMMS modules

70

B. Evaluation of Risk Assessment in BMMS
The Risk Module in the BMMS is responsible for risk assessment by evaluating the risk and making
recommendations for risk minimization. This process can be summarized in the following steps shown in Figure 2 below.
Step 1 •Selecting the structure and preparing the database of the selected structure

Step 2
Step 3
Step 4
Step 5
Step 6
Step 7

•Preparing for the site visit and needed tools
•Inspecting the structure using the handheld device
•Uploading the inspection data into BMMS
•QA/QC of inspection data and remedial actions
•Running the BMMS Modules
•Evaluating the Risk Module and making recommendations to minimize risk

Figure 2. Steps for Risk Assessment
B. Risk Management in BMMS
As part of the evaluation of the BMMS risk module, the Risk Management is a systematic approach to deal with
uncertainties proactively by eliminating or minimizing threats that may affect the bridge condition and increasing the
chance of improving the condition and functionality of the bridge. Table 2 below summarizes the risk management
process used in the BMMS Risk Module.
Table 2. Risk Management Process in BMMS Risk Module
Step
1

Risk Assessment &
Management Process
Planning Risk
Management

BMMS Features and Capabilities
Systematic approach for conducting risk management activities for each bridge
during the structure life cycle, considering the following:
• Automatic tool to update all the system modules, which are aiming to plan,
manage, and report the results of risk analysis.
• Continuous evaluation for the condition of all elements and sub-elements of
each bridge.
• Ensuring the presence of updated detailed database.
• Applying a combination of 6 criteria to prioritize the required
actions/responses to minimize/eliminate the risks.
• Providing accurate risk matrix based on different parameters.

2

Identify Risks

3

Performing qualitative
and quantitative Risk
Analysis

Continuous capturing to all the parameters required to identify risks associated
with structural integrity and safety issues, for all elements and sub-elements of
each structure.
By determining the Degree(D), Relevancy(R), Urgency(U), with Extent(E) of each
observed defect, the BMMS will perform the qualitative and quantitative risk
analysis reaching to determine the condition index and risk level

4

Planning Risk
Response

By determining the remedial action required and applying the criteria for
prioritization, the BMMS will plan the required response for each possible risk.
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5

Controlling Risks

By conducting the required site inspection, evaluation for existing road structures
and updating the records in BMMS on time, any old risks and / or any possible
new risks will be under monitoring and controlling after ensuring performing the
required remedial actions on time as scheduled

C. Case Study
Al Ain Interchange No. 4 Bridge in Dubai was selected, and a field visit was conducted to the structure under
study. A detailed inspection was performed on site using the BMMS Hand-Held Device which is automatically integrated
to the main system. The seven steps shown in Figure 2 were applied on the bridge. The detailed inspection was done for
all elements and sub elements of the selected bridge. Table 3 lists the elements and sub-elements of the selected bridge
and their importance to the structure being low, medium, high, or very high. The analysis of the result is presented in the
following section.
Table 3: Elements and sub-elements of the selected interchange (bridge)
Elements
Approach

Abutment

Spans

Piers

Sub-elements

Importance

Embankment
Bank Protection

Medium
Medium

Wearing Surface
Asphalt Transition Strip
Bearing Seat/Pile Cap
Back Wall
Wing Walls
Front Walls
Approach Slab
Side Wall
Protective Coating
Railing
Sidewalks/Median
Bearings (Steel Components)
Bearing PTFE (Sliding Surface)
Bearing Plinths
Bearing Protective Coatings
Cover Plates
Expansion Joints (Excl Bolts)
Expansion Joints Fixing Bolts
Wearing Surface
Deck/Top Slab
Bottom Slab
Beams
Diaphragm
Protective Coating
Railing
Sidewalk/Median
Kerbs
Deck Drainage
Pier Column
Traffic Barriers (Below)
Protective Coating

Low
Low
High
High
High
High
High
Medium
Low
Low
Low
Medium
Medium
Medium
Low
Low
Medium
High
Low
Very High
Very High
Very High
High
Low
Low
Low
Low
Low
Very High
Medium
Low
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3 RESULTS AND DISCUSSION
The Inspection Checklist referred in Figure 3 has been filled based on the actual condition of the bridge, where
all observed defects have been addressed as per the system’s DRUE (Degree, Relevancy, Urgency and Extent) rating
system and was uploaded relatively. Figure 4 below shows the Element Condition Index results for the main elements of
the inspected bridge. Figure 5 below shows the Element Risk Matrix of the bridge based on the performed detailed
inspection.
Based on results of the inspection of the selected bridge shown in Figure 3, the inspected bridge has sub elements
with different levels of risk (Low, Medium & High). Table 4 below summarizes the number of sub-elements with
associated level of risks, and recommended actions for managing the risks. Table 5 below summarizes all the parameters
that were considered by the BMMS Software to prioritize the remedial works required for each of the observed defects,
after considering the criteria of prioritization such as Urgency, Relevancy, Asset Condition Priority Index, strategic
importance of the structure, and Work Benefit-Cost Ratio (BCR) defect.
Table 6 below shows the results of 30-years life cycle cost analysis for the three (3) strategies of maintenance
(Do Minimum, Reactive, and Proactive) using the method of Net Present Value (NPV) with discount rate of 5 % , for the
selected bridge, which was inspected by the project team (Al Ain Interchange No. 4). The lowest total discounted cost is
the reactive strategy considering that there is no big difference in the LCC of the three strategies for 30-years span of
analysis and therefore it is up to the organization to decide which strategy should be adopted, after considering the yearly
available budgets and the acceptable terminal serviceability of and individual road structure. Noted that the overall risk
level associated with Do Minimum, Reactive, and Proactive strategies are High, Moderate, and Low, respectively.
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Figure 3. Completed inspection checklist

Figure 4. Condition of the main elements of the inspected bridge.
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Figure 5. Element Risk Matrix for Inspected Bridge
Table 4. Risk Levels of the Inspected Bridge Sub-Elements
Risk Level
High

No. of Sub elements
8

Medium
Low

1
10

Recommended Actions For Managing the Risks
Conduct the required testing with installation of Monitoring
Devices for determining the reasons and required remedial
action
To be monitor and re-assessed in next inspection cycle
To be scheduled for corrective maintenance
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Table 5. Risk Levels Associated with Prioritization Parameters for Inspected Bridge

Table 6. 30-Year LCCA for the inspected Interchange

4 CONCLUSIONS AND RECOMMENDATIONS
The risk module in BMMS is an important part of the system to ensure that risk to the public safety is managed
and minimized through focused maintenance planning. The inspection methodology in the BMMS ensures that sub
element risk of failure can be quantified and presented to the management team at network level, at structure type level
and at individual structure level. As with normal risk colour coding, the red colour represents high risk issues and the
amber and green represent medium to low risk issues. The grey colour in between the amber and the red represents the
combinations of Relevancy R, Degree D, and and Extent E, that are not allowed. This is a good way of identifying any
defect data that incorrectly has been recorded. During the inspection of structures, integrity checks are carried out to
ensure that unacceptable defect data are not added. However, this check is elevated to the risk matrix to act as a second
safety net for all inspections done by all inspectors.
The risk matrix shows how structures are distributed across all three risk groups, giving the management team
the ability to cross-examine the underlying data and make informative maintenance decisions. The risk matrix core data
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is shared across all modules and in a consistent manner, ensuring consistency wherever in the BMMS the user may be.
The risk matrix can represent defects, sub element conditions or associated works. It can also be cross-examined cell by
cell or in colour bands.
A digital BMMS integrated with other ‘smart’ infrastructure that is intelligently connected can enhance relevant
functionality. In the future, Bridge Management Systems can be an integrated part of the ‘smart cities’ concept. Realtime monitoring of structures using smart sensors through the Internet of Things can provide more information on the
current and future performance of the structure and reduce the time it takes to discover and solve problems. Bridge
Maintenance Management System can be integrated into a wider network of ‘intelligent’ infrastructure, which will
eventually be playing a key role in the maintenance of our smart cities.
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ABSTRACT:
One of the main concerns in designing bridge structures is evaluating the foundation settings. Reinforced concrete
piles are widely used as a traditional method in designing deep foundations; however, applying Micropiles as an
alternative method can facilitate the process of the bridge construction by addressing the limitations such as variations in
soil layers and site restrictions. Therefore, geometry of the construction area, such as limited overhead access areas, or
the existing structures in the adjacent designed foundations would not affect the process of applying these piles. In this
regard, battered (inclined) pile are applicable based on the geometry criteria. Moreover, applying Micropiles is a
proffered method in remedial and maintenance procedure of existing foundations. This study deals with the effect of
applying Micropiles on soil stabilization by enhancing the bearing capacity of the existing soil layers. Variations in soil
properties before and after piles implementation were analyzed by drilling none boreholes, and measuring corrected
SPT values.
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1 INTRODUCTION
Implementation of micropiles, which were known in the past as mini piles or root piles (Sierant, 2014) is extended
considerably in North America and other parts of the world in recent years. Applying micropiles, as a soil remediation
method, deemed as a widely used and beneficial technique in that not only does it consider as a time saving and an
alternative noise reduction method by exploiting lightweight equipment, but also it decreases practicing cost. Moreover,
utilizing of micropiles addresses the issue of implementing stabilization methods in geometrically confined areas, and
in proximity to existing structures. In addition, it restricts soil settlements. Micropiles, as a foundation setting, should
have ample strength to carry and transfer the applied loads from the structures and control stress concentrations such as
punch shear forces (Haghighy, 2017), (M. Fesharaki, 2016), (M. Fesharaki and T.-L. Wang, 2016), (J. S. and M.
Fesharaki, 2013).The following considerations in sections 1.1 to 1.3 briefly describe the design and implementation of
micropiles.
1.1 Vertical and Lateral Capacity
One of the merits of micropiles is their high load carrying capacity (Liew & Fong, 2003). Applying micropiles as an
alternative to the traditional piles such as reinforced concrete piles enhances the overall stability of the foundations
against uplift (tension) and compression forces. The considerable vertical capacity of micropiles and their resistant
against downdrag forces is another merit of using such a stabilizing foundation system. Utilizing a group of micropiles,
instead of single element of piles will enhance the both vertical and lateral capacity of the earth structure. Settlement of
the soil after implementation of the micropile increases the applied vertical load to the micropile elements and leads to
an additional side friction between the existing soil and micropile. The downdrag force is a negative shear resistance of
the micropile relative to the downward settlement of the soil. Another concern is tension (uplift) forces due to the
settlement occurs in expansive soils. As aforementioned, the uplift issue of the foundation is addressed by applying
micropiles in that the load transfer of load to the expansive soil from the relatively small surface area of the micropile
element decreases the potential downward movement in the soils with expansive layers. Moreover, adding to thickness
of the steel casing of the micropile is another approach to reduce the settlement of the micropile installed in expansive
soil. One important note to be taken into the conisation is avoid to use inclined instalment of the micropiles, battered
micropiles, which will increase the settlement in expansive soil layers
1.2 Buckling Control
If the steel casing of the mircopile is placed in weak soil layers, such as the ground in the Karstic zone, the
buckling design consideration is required (Sabatini, 2005). In the sedimentary and weak soil layers, the reduced bond
between the casing and adjacent soil provides risk of potential buckling (Lahuta, Aldorf, Hrubesova, Rubisarova, &
Janicek, 2016). Considering the length to the base (thickness) ratio of the micropile, this potential risk decreases the
allowable compression load capacity of the mircopile significantly. The buckling potential risk is less in more densified
hard layers. If such a layer were not existing, the grouting is useful for having the available soil densified, specifically
in poorly graded coarse soil layers such as poor-graded gravel and sand.
Moreover, adding the thickness of the pile casing as well as utilizing reinforced steel bars (either as a single bar or as a
group of bars) reduces the potential buckling risk.
Scouring and liquefaction are other factors that enhance the potential of buckling in that a part of the micropile length
interacts with a washed or saturated soil. Enhancing the soil properties by remedial and stabilizing techniques and
grouting will add the SPT values. This will decrease the potential risk of the liquefaction that in respect reduces the
potential of the buckling in micropiles.
1.3 Corrosion Protection
The complicated design and practice procedure of micropiles require robust analysis and innovative approaches
in addressing the potential issues. For instance, in hazardous environments such as coastal cities, which are prone to
corrosion, the design of micropile components are based on the corrosion protection criteria (S. Atashband, 2012). The
project of this study is located near coastal cities in the proximity of the Caspian Sea. The highly densified salt water in
the sea provides a corrosive environment.
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In the practice of micropiles, the grouting is an important which effects the vertical and lateral capacity of the
micropiles. The appropriate selection of the water to cement ratio is recommended by the FHWA between 0.4 and 0.5,
and the study was chosen as 0.45 to meet the criteria. Moreover, the water used in the grouting was potable to decrease
the risk of corrosion when the reinforcement of the micropile faces the water for the short period in the procedure of the
mircopile implementation. In the meantime, the placement of the grout enhances the micropile strength against the
corrosion in that the grout surround the steel reinforcement of the pile in the long term.
The selectin of grout material, such as appropriate Portland cement is an important factor against the corrosion.
Moreover, the aggressively of the corrosion environment is essential in design of steel casing of the micropiles.
The defined criterial for the thickness of the steel cases of micropiles is based on both compression capacity and
corrosion protection measures. Specific coating application, such as epoxy coating adds the protection of the micropiles
against the corrosion and minimize the required grout cover thickness. In a word, both thicknesses of the micropile
casing and grouting are essential factors in protecting micropile elements against the corrosion and add to the design
life of the micropiles.
1.4 Scope
One of the main concerns in design of bridge structures is evaluating foundation settings. Reinforced concrete
piles are widely used as a traditional method in design of deep foundations. However, applying micropiles as an
alternative method can facilitate the process of the bridge construction by addressing the limitations such as variations
in soil layers and site restrictions. Therefore, geometry of the construction area, such as limited overhead access areas,
or the existing structures in the adjacent designed foundations would not affect the process of applying these piles. In
this regard, battered (inclined) pile are applicable based on the geometry criteria. Moreover, applying micropiles is a
proffered method in remedial and maintenance procedure of existing foundations. This study deals with the effect of
applying micropiles on soil stabilization by enhancing the bearing capacity of the existing soil layers. Variations in soil
properties before and after piles implementation were analysed by drilling none boreholes, and measuring corrected
SPT values

2 Micropile Design and Practice Procedure
Based on FHWA guideline, micropile design application is categorized in two cases. In case number 1, the pile
reinforcement system resists the majority of directly applied load, while in case number 2 micropile is applied to create
a reinforced soil composite to sustain applied loads using both the structural components of micropiles and the
retrofitted soil body by injecting grouted material.
As aforementioned, micropiles capacity design procedure is relied on applied axial tension and compression forces, and
both buckling and corrosion controls. In the most cases the ability of the soil to bear the existing load is either neglected
or be considered as small portion of the whole stabilization procedure. In the most cases, the contribution of the soil
body is less than thirty percent in bearing the loads, however, this share could be extended by conducting more research
by improving the soil mass capacity and assuming it as a reticulated pile network.
In order to design methodology for soil stabilization and earth retention, as mentioned in the sixth chapter of
FHWA-SA-97-00 (Sabatini, 2005), there is a deficient in consensus design procedure. There is no specific approach
available for solely use of the retrofitted soil by applying micropiles instead of considering both micropile structure and
the soil as a bearing foundation system. By gleaning and analysing the appropriate data this gap can be filled. This case
study research deals with analysing the effects of applying micropiles as a remedial method for enhancing the bearing
capacity of the foundations of the bridge structures. All the axial and lateral loads were transferred to the artificial
bedrock created by jet grouting through micropiles' elements. The goal was to improve the bearing capacity of soil
layers in potentially high-risk seismic zones. Regarding this, the acquired results from experimental results were taken
into the consideration. The structural capacity of micro pile elements was neglected where the grout/ground bond
capacity was chiefly considered.
2.1 Methodology
In this research, the Micropile effects on soil stabilization and improving soil's physical and mechanical properties
were evaluated based on comparing Corrected SPT values - which were calculated in accordance with (CFEM) code in both distributed and undistributed samples at various depths before and after the process of Micropile installation and
cement grout injection. Throughout excavation processes, samples were taken in standard maintaining condition.
Determining factors such as water table level, layers categorization are determined, and design and implementation of
Micropiles are checked against theoretical guidelines due to obtain more reliable outcomes.
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In-situ inspections and sampling processes were conducted in Bandar-E- Anzali and Rasht cities of Guilan,
Northern part of Iran. Micropiles' elements consist of porous steel tubes with approximately 61mm inner and 80mm
outer diameters. Grout injecting pressure determined as 12 to 15 Atmosphere.
For specifying properties of soil layers, approximately boreholes were excavated to the length of 18 m length in two
distinct areas by applying rotary drill equipment; where the chief portions of embedded layers based on USCS were
categorized as (SP) and (SC) with the sporadic thickness of (CL) and inorganic (ML).

The procedure of stabilizing of the current soil project was based on measuring the variation of soil properties before
and after implementation of micropiles. In this regard, physical and chemical characteristic of soil layers were recorded
in both stages of preinstalling and post installing of the micropiles. Since the steel casing of micropiles are porous, the
grouted material expands around the installed micropiles. The penetration of the grouted material depends on the
applied pressure and porosity of soil layers. In this regard, analyse of outcome were categorized into two groups of
coarse and fine grain material. Furthermore, the application and control of the applied grouting pressure was based on
the Pecker Integral method. Utilizing this method, leads to creation an artificial unibody bedrock beneath and around
the structure of micropiles.
The changes in soil properties before and after micropile installation and application of grouting using pressure, as a jet
grouting procedure were measured Standard Penetration Test (SPT).
Nine boreholes were drilled and stratigraphy of the soil layers for each borehole were recorded. For each of the soil
layers, the changes of corrected SPT values were measured. For instance, Table 1 shows the variation of SPT values of
the first borehole before and after application of micropiles.
Table 1. SPT and Corrected SPT Values, Before and After Installation OF Micropiles
SPT AND CORRECTED SPT VALUES, BEFORE AND AFTER
INSTALLATION OF MICROPILES
Depth
N values
N values
Corrected N
Corrected N
(m)
values
values
(Before
(Before
(Before
(After micropile
micropile
micropile
micropile
installation)
installation)
installation)
installation)
2.5
18
34
14
26
5
25
38
21
32
7.5
29
36
24
30
10
31
58
24
45
12.5
33
38
25
28

Figure 1. Corrected SPT values before and after of applying micropiles for fine-grain soil layers
Figure2 depicts the corrected SPT values in pre-installation and post-installation phases compared to the depth of soil
layers in the second borehole.
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The resulted graphs for coarse and fine grains show the variation of changes for coarse-grain soil layers is considerably
higher than the soil with fine-grain soil layers. This outcome is justified based on the porosity of the coarse grain layers,
which allows more injection of grouted material into the soil with coarse particles, especially poorly graded sand and
gravels.
In the next step, the bearing capacity of the bridge foundation before and after installation of micropiles were analysed.
Variation in soil layer, overburden pressure, water table and other aspects of measuring procedure of end bearing
resistance were taken into the consideration

Figure 2. corrected SPT values in pre-installation and post-installation phases compared to the depth of soil layers in the
second borehole
In the same fashion, the variation of SPT values for other boreholes, borehole-3 up borehole-9 were measured. Trend
line equations and terms such as Standard Deviation, Correlation Coefficient, and Variance were analysed, and related
graphs were depicted for both coarse and fine-grained soils based on the corrected SPT values, before and after
micropile installation and grout injection. Figure 1 and 3 illustrates the changed of corrected SPT values before and
after of applying micropiles for fine-grain and coarse-grain soil layers respectively.

Figure 3. Corrected SPT values before and after of applying micropiles for coarse-grain soil layers
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Corrected SPT results, before micropile installation, illustrate that soil layers lower than 6m are loose sand, and
there was a direct relation between increasing depth and compacting level. The following graph depicts changes of
corrected SPT values for fine-grain soil layers:

Figure 4 shows the improvement of allowable bearing capacity in foundation of bridge structure in nine boreholes.

Figure 4. Comparison of allowable bearing capacity in foundation of bridge structure.
Depicting logarithmic curves and stipulating trend line equation, based on corrected SPT results before and after
of micropile system execution, illustrates that this remedial method enhances soil properties but also strength soil and
end bearing capacity of the foundation, significantly. In addition, allowable bearing capacity (q a) were obtained by
Bowel's theory. Comparing obtained results demonstrate that SPT and (q a) were improved notably after micropile
execution process.
3 Conclusion
In a word, practicing micropile system can consider as a reasonable method by enhancing the bearing capacity of the
soil layers. It proves that there is a direct relationship between SPT values and ameliorating soil properties.
Due to the considerable soil porosity in coarse -grain layers compared to the fine-grain soil layer, the alternation rate of
soil property and some parameters like correlation coefficient were boosted comparing with fine layers. These outcomes
were evaluated as an approbation of exploiting this method in soil stabilization.
For future investigations, the effects of this method on limiting soil settlement and enhancing slop stabilization with
various injecting pressure can be taken into the consideration. Moreover, the effects of the grout density and resulted
accumulative soil stiffness on seismic resistance can be investigated.
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ABSTRACT:
This paper presents a project, completed in October 2018, which was developed for an approximately three-year period
by a French-Portuguese Consortium. Its main purpose was to assist the Algerian National Body for Technical Control of
Public Works (CTTP) in the implementation of a decision support system for the management of the national road
network and bridges. It was a “twinning project”, i.e., a cooperation instrument made available by the European Union
through an Association Agreement Program with Algeria. Moreover, this paper reports from the perspective of the
Portuguese partner, the National Laboratory for Civil Engineering (LNEC), the main results obtained and the lessons
learnt from this interesting opportunity for cooperation and for exchanging technical knowledge.
Within the project, three main interrelated subject areas were addressed: 1 – A data-base and a maintenance
management system for road pavements; 2 – A data-base and a maintenance management system for bridges; 3 – A
traffic counting and vehicles weighing system. It involved around 40 experts from the partners, as well as technical staff
from CTTP, and comprised not only local missions, but also training actions and technical visits to Europe. The overall
result was considered to be highly positive as recognized by the project supervision bodies and by the local authorities
engaged.
Since large investments in road construction were made during the last few decades in Algeria, attention is now being
increasingly directed to the maintenance and rehabilitation of these assets, with a view to ensure the provision of an
adequate service to road users.
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1 INTRODUCTION
Economic growth of Algeria during the last few decades has led to territorial developments and
consequently to an increased demand for mobility of people and goods, which in turn has justified the large
public investments made in transport infrastructures, mainly in the road sector. The following Section 2
presents a brief overview of the country’s main features and particularly of its road environment.
The existing road patrimony constitutes therefore a very important asset, which implies a thorough
knowledge of its condition and a permanent care to ensure its maintenance at adequate service levels. This is
a policy currently followed by the Algerian Government that, apart from completing the main links of the
road network, is increasingly allocating resources to the preservation and rehabilitation of those
infrastructures.
The National Body for Technical Control of Public Works (CTTP), as a public institution, plays an
important role in this context, by providing technical support to central and local administration bodies, in
several areas, among which the regular assessment of the condition of the road network based upon data
collection and analysis.
Furthermore, a step forward was envisaged by the Algerian administration, which consisted in the
implementation of a decision support system, upon which sound decisions on the interventions in the road
network could be made and priorities could be duly justified, on the basis of technical ground and taking into
account the available resources. CTTP was entitled to conduct this process, for which external knowledge
exchange was deemed useful, by taking advantage of the experience of other countries where these
developments have already attained a mature state and are currently in use. For this purpose, a cooperation
instrument, financed by a European Union (EU) program was found to be particularly suitable: the
“Twinning Project”. Section 3 characterizes the main aspects of this tool for international technical and
scientific cooperation, as well as the French-Portuguese consortium that won the call for offers to develop the
said project, in conjunction with the beneficiary Algerian institute (CTTP).
The work ahead proved to be hard and challenging. Indeed, the project was developed for an
approximately three-year period, as described in Section 4, and covered the three main objectives defined as
activity areas: 1) To implement a road data base and a decision support system for pavement maintenance
management of the Algerian national road network; 2) To implement a data base and a management system
for the maintenance of road bridges in the national road network; 3) To extend the traffic counting system to
the whole Algerian national road network, and to master the technical domain of a vehicle load control
system, including the weigh-in-motion of heavy vehicles.
As considered by the stakeholders, the main objectives of the project were reached, as mentioned,
for instance, in the project closing Seminar held in Algiers in October 2018. The results obtained, together
with the experience gained by all the partners constitute a valuable asset to be explored, which is expected to
contribute to the continued improvement of the management system. Section 5 presents the overall
conclusions not only as refers to those results and lessons learnt but also to the relevance and added value of
pursuing this form of technical cooperation among different countries.
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2 ALGERIA AND ITS ROAD NETWORK
Algeria, whose territory occupies an area of 2.4 million km2, is presently the largest country in
Africa (Figure 1). Its population, of around 42 million inhabitants, presents a high annual growing rate
(2.2%), with predominance of young age groups. This population is very unevenly distributed, presenting a
high density on a stretch less than 200 km wide, along the 1000 km Mediterranean coast, where all the main
cities are located, among which the capital city of Algiers, with a population of around 8 million living in its
metropolitan area (Macedo, A et al. 2018).
The motorization rate in Algeria has been steadily increasing, with over six million vehicles in
circulation. Alongside the growing traffic volumes there is a high accident rate, which poses a serious road
safety problem, even though currently presenting a decreasing tendency; from 3000 reported deaths in 2015
to 1700 in 2017 (CNPSR 2018).

Figure 1.Algeria road map (MTPT 2017)
The total length of the Algerian road network is around 114000 km and comprises 29573 km of
national roads, 24109 km of provincial (Wilayas) roads and 60420 km of local community roads and paths
(MTPT 2017). The motorway network, totalizing approximately 2500 km, is included in the first group. In
the national road network, 4815 bridges and tunnels are in operation.
The medium and long term development of the national network has followed the National Master
Plan for Roads and Motorways 2005-2025, presently under revision. This strategic plan has contemplated,
for example, the construction of the 1216 km long East-West motorway, parallel to the Mediterranean coast,
as well as the strategic North-South traffic links connecting the Southern interior and border sub-Saharan
countries to important Mediterranean ports in the North. The same Plan also foresees the strengthening of the
road maintenance at the network level.
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3 A TOOL FOR INTERNATIONAL TECHNICAL COOPERATION
3.1The EU Twinning Project
Various cooperation instruments are available for financing joint initiatives between the European
Union and neighbourhood policy countries, namely through association agreements, as those established with
some African countries of the Mediterranean basin, which is the case of Algeria. Among those instruments
are the so-called “Twinning Projects”, which provide a framework for partnership cooperation between the
public administrations of the Member States and of a Beneficiary country, with a view to achieve mandatory
results/outputs jointly agreed with the Commission, and in connection with policy objectives.
Twinning projects were launched by the European Commission in 1998 in the context of the
preparation for enlargement of the EU and are still an important institution building instrument. According to
the “Common Twinning Manual” (EC 2018), Twinning is a joint project of a grant nature, and not a one-way
delivery of technical assistance from a Member State to a Beneficiary country. Each partner assumes
different responsibilities: the Beneficiary commits itself to undertaking and funding reforms to which the
project contributes; and the Member State to accompanying the process for the duration of the project. The
partners sign a Twinning work plan at the beginning of the implementation of the project work. Following
the completion of the Twinning project the Beneficiary administration is expected to have achieved
significant progress in the identified area of the project.
In brief, this instrument delivers public sector expertise from EU Member States, with a view to
upgrade the administrative capacities of a partner country. For each project, a Resident Twinning Adviser
(RTA) is seconded from a Member State to the beneficiary administration for the entire duration of the
implementation action. The work plan usually foresees short-term expert missions, training events in the
partner administration and awareness-raising visits to the Member States.
Within the scope of the Algeria-EU Association Agreement Support Program (P3A) a call for offers
was launched in 2014 to develop a Twinning project with the overall objective of strengthening the Algerian
governmental policy of road infrastructural patrimony preservation by means of adequate management
methods. Its specific objective was to assist the “Organisme National de Contrôle Technique des Travaux
Publics” (CTTP), as Beneficiary, in the implementation of a decision support system for the management of
the national road network, including its bridges.
In response to this call, a proposal was submitted by a French-Portuguese consortium. This proposal
was afterwards selected and a contract was signed by all parties for the project execution, which started in
January 2016. To this project, under the designation CTTP1 – DZ/20 (Figure 2), a 1,6M euros funding was
allocated, for a two-year period. The deadline was subsequently extended for further 10 months.

Figur 2 Heading of the Twinning Project DZ-20
The project by being financed by EU grants was hence managed according to EU’s financial
regulations. The P3A Program Management Unit (UGP), under the Algerian Ministry of Commerce,
coordinated the twinning operations, acting as a communication point between the European Union
Delegation in Algeria, the National Contact Points of the Member States and the Algerian beneficiary
administration.
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The contracting parties agreed upon the appointment of a Resident Twinning Adviser (RTA) for the
duration of the project, which was indicated by the French partner. A local counterpart of the RTA was
appointed by CTTP.
Expertise France, the French public agency for international technical assistance, assumed the
responsibility for all the administrative and financial management of this Twinning project, as mandated
body designated by the leading partner.
3.2 The Beneficiary body (CTTP)
CTTP, created in 1997, is under the supervision of the Algerian Ministry of Public Works and
Transport. Among its main assignments are the technical control and expertise of public works; the issuing of
technical regulations; the technical assistance to the provincial directorates for public works (DTP –
Directions des Travaux Publics des Wilayas); the conduction of related studies and research projects; the
assessment and follow up of the condition of public infrastructures, involving the creation of data bases; as
well as the preparation of standards for the management and operation of road networks. Its competence
domains include roads, bridges and tunnels, soils and materials, road safety, road management, metrology,
maritime infrastructures and airports. Presently its staff has around 500 employees, 34% of them holding an
engineering degree.
CTTP is installed in Algiers. In the same campus, central offices and laboratory buildings are
located (Figure 3).

Figure 3.CTTP main office in Algiers
3.2 The French-Portuguese Consortium
The Member State Project Leader was appointed by the French Ministry for Ecology, Sustainable
Development and Energy (MEDDE), and the French participation was ensured by experts from CEREMA
(Centre d’Études et d’Expertise sur les Risques, l’Environnement, la Mobilité et l’Aménagement), supervised
by that ministry. This participation included also experts from IFSTTAR (Institut Français des Sciences et
Technologies des Transports, de l’Aménagement et des Réseaux). The project leader, together with its
Algerian counterpart, chaired the project’s “steering committee”.
CEREMA is a French public body, established in 2014, which gathers the competencies of former
eleven public services, and is, at national and territorial levels, a center for technical and scientific expertise,
giving support to both the State and the local agencies. It conducts multidisciplinary research activities and
intervenes in various domains, such as: environment, housing, cities and sustainable construction, transports
and infrastructures, mobility, road safety, risk prevention, sea, energy and climate.
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IFSTTAR is a major French public institute for science and technology, created in 2011, from the
merger of the National Institute for Transport Research (INRETS) with the Central Laboratory for Bridges
and Pavements (LCPC). It delivers applied research and expertise in the domains of transport, infrastructures,
natural risks and cities, aiming at improving life conditions and enhancing sustainable development of
society.
The Member State Junior partner was represented by The National Laboratory for Civil Engineering
(LNEC – Laboratório Nacional de Engenharia Civil), which was supervised then by the Portuguese Ministry
for Planning and Infrastructures. LNEC nominated a Deputy Project Leader and ensured the participation of
the Portuguese experts.
LNEC is a Portuguese public research institution, established in 1946, which is devoted to science
and technology and has the status of State Laboratory. Its main goals are to carry out innovative research and
development and to contribute to best practice in the various domains of civil engineering. LNEC also plays a
role in advising the Portuguese Government in technical and scientific matters in its domains. LNEC campus
is located in Lisbon (Figure 4) and its staff comprises around 450 employees and 100 research fellows; 30%
of the personnel holding a PhD or equivalent degree.
The Transportation Department is one of LNEC units. Its activity covers the areas of road, railway
and airport infrastructures, as well as traffic, road safety, and transports planning and economy. Most of the
Portuguese experts were selected from the staff of this Department and from the Structures Department.

Figure 4.LNEC campus in Lisbon
4 DEVELOPMENT OF THE DZ-20 TWINNING PROJECT
4.1 General characterization of the project
For attaining the proposed objectives and delivering the expected results, the DZ-20 project was
structured into the three main component areas (so-called “Results”) as follows:
Result 1 – Development and implementation of a road data base and a decision support system for
pavement maintenance management, for application to the Algerian national road network;
Result 2 – Development and implementation of a data base and a decision support system for bridge
maintenance management, for application to the Algerian national road network;
Result 3 – Expansion of a traffic counting system for use on the whole road network, and definition
of a heavy vehicles weighing control system, with a view to ensure the preservation of the road network.
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The work in each of these areas was carried out through a number of tasks. For each Result, one of
those tasks referred to study visits to France and Portugal by selected technical staff from CTTP.
Throughout the 34 months of the project execution, over 60 missions of experts from the Member
States partners were made to CTTP in Algiers, the logistics being provided by the beneficiary. A total effort
of 600 MD was delivered involving around 40 experts from France and Portugal, which represented an
execution rate of 96%, and corresponding, in budgetary terms, to a 93% rate. The Portuguese participation,
ensured by 7 experts from LNEC, represented around 14% of the total effort; these experts being involved in
36 missions to Algiers and having organized 3 study visits to Portugal. For these visits an important support
was given by the Portuguese transport infrastructures administration (IP – Infraestruturas de Portugal).
A total of 50 technical staffs from CTTP was mobilised for the project. Besides training, either
through local actions or study visits abroad, a number of deliverables was produced mostly as documents
(spreadsheets, manuals, guides, reports, etc.), which were intended to be used for supporting not only on
going activities and the current exploitation by CTTP of the implemented systems, but also any other
developments that may be undertaken in the future.
It is worth noticing that, contrarily to what was initially expected, CTTP decided to develop with its
own technical means, namely within its computer systems centre, the data base applications foreseen for the
project, rather than purchasing commercial products,. This decision, somehow controversial among the actors
involved, caused a delay in the project scheduling, especially as regards the tasks depending on those tools.
However, it eventually proved to be a successful choice that may bring future benefits to the organisation.
The role of the external experts in this case was to provide specifications and to follow up the internal
developments, as well as their testing.
4.2 The road data base and pavement maintenance management system
Five interrelated tasks were implemented to achieve the specific objectives of this project’s
component. The initial goal was to test the systems under development on a number of pilot sections
totalizing a 500 km length of the Algerian national road network. However that intention proved to be too
ambitious in view of several constraints found as the work progressed. Finally, a sample of pilot sections
with a total length of 70 km was used.
As a prerequisite for further developments, particular attention was initially paid to the data location
reference system to be used. A strong interaction with the experts was undertaken at this point, aiming at
defining the appropriate methodology for geo-referencing the network and on how to collect and structure the
data accordingly.
Another aspect to which significant effort was devoted by all parties since the beginning of the work
was the design and implementation of an adequate pavement data catalogue, encompassing the choice of the
data items to be included and the data collection procedures to be followed by CTTP, particularly as regards
pavement distress. The main reference for this purpose was the French data catalogue “Isidor” used by
CEREMA. The catalogue specifications were adapted to the specific Algerian environment, through real
condition assessments discussed in joint sessions involving CTTP, CEREMA and LNEC. As final results,
three deliverables were produced: a “Pavement Data Catalogue”, a “Pavement Degradations Catalogue” and
a manual for “Pavement Pathologies Survey”.
The local contact with CTTP premises and laboratory facilities provided a sound knowledge on its
capabilities not only in terms of laboratory characterization of pavement materials, but also as refers to
equipment for on-site survey of structural and functional behaviour of pavements. Some examples are shown
in Figures 5 and 6.
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Figure 5.Examples of CTTP equipment

a)

In-vehicle pavement cracking survey and classification device

b)

Ground Penetrating Radar

Figure 6.Examples of CTTP in-vehicle devices and equipment for pavement surveys (Bakour, M. 2017)
Furthermore, the implementation of the envisaged decision support system for pavement
management required the definition of pavement condition indicators (functional, structural, comfort and
safety) and criteria for the classification of the overall state of pavements and for the allocation of available
resources to current maintenance and to big repair interventions, in order to produce a decision matrix.
The methodology followed, and agreed upon by all parties, was defined considering the proposals
from the experts, which were based on the procedures adopted in France by its regional road directorates and
by the Portuguese road administration. This methodology was applied on the 70 km pilot sections of the
Algerian national road network, mainly located in or near the Algiers region. Some conclusions were drawn
from these tests, for instance regarding the pavement degradation surveys, which implied the need for
adaptations in the relative weights given to the importance of the degradations, and in the path to obtain
global quality indicators.
The whole activity described above enabled the computer center of CTTP to develop the software
system that was intended to support the Road Management System SAGER (Système de Gestion des Routes).
The SAGER system is composed of 8 moduli that incorporate the cartographic reference system
management, the data validation and the road sectioning procedure, the collected data treatment and the road
data base integration (Figure 7), the calculation of the pavement condition indicators, and, finally, the
decision matrix application.

92

Figure 7. The framework for the constitution of the SAGER data base (Bakour, M. 2017)
The partner expert team mobilized in this project component organized several training actions for
the technical staff of CTTP at their premises. Moreover, a number of study visits, focused on this subject
area, were held in France and Portugal, aiming to providing a close contact with similar systems in operation
in both countries. In Portugal, for instance, the body most involved in this activity was the transport
infrastructures administration (IP) which actively collaborated in the organization of a visit (Figure 8).

Figure 8.Study visit to IP in Portugal
The main results obtained as regards this component area of the project, can be summarized as
follows:
• A road data base was implemented, associated to a cartographic representation of the road
network, and to a reference system, which were installed in compliance with GPS technology;
• This data base serves a decision support system that was developed as a tool for the
implementation of a rational road maintenance government policy;
• Guidelines, manuals and best practice procedures were established for the current operation of
the system and as contributions to its regular improvement.
Some recommendations were drawn for the future:
• The need to update, on an yearly basis, the reference and cartographic support of the system,
following very precise operational procedures;
• The interest to extend the system to other road authorities (i.e. motorway administrations) in
order to encompass all the national road assets;
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•

The need to implement a more secure computer system, for both the functioning and the storage
of data.

4.3 The bridge data base and the maintenance management system
Similar to the pavement management area, this component area of the project required a dedicated
data base for storing data files. These files were completed with selected data items related both to the
infrastructure administrative and constructive characteristics and to its condition data, to be collected during
scheduled surveys. The design of the data base and the respective information system were also developed at
CTTP, with significant intervention of its computer center. The Member State experts followed up and gave
advice in the various stages of this process.
It was foreseen that a sample of 24 bridges, representing different types of structures in the Algerian
national road network, would be tested within the scope of the project.
Besides the data base implementation task, the work carried out was intended to contribute to the
definition of the administrative framework and the management model to be adopted for the whole network.
For that purpose, a choice was made regarding the use of the French model as reference (Figure 9).
Accordingly, for current inspections, the IQOA procedure (Image de la Qualité des Ouvrages d’Art) was
followed and, for detailed bridge inspections, the practices of the French departmental road directorates and
of CEREMA were adopted; the proposed model becoming the one used for the same kind of interventions to
be undertaken in Algeria by the DTP and the CTTP.

Figure 9.The French framework for bridge management (Ditchi, H. et al. 2016)
As one of the tasks of this project component, a training scheme was prepared for bridge inspection
and various training actions were delivered to a number of selected CTTP technical staffs. These actions
included the acquaintance with the inspections method and the criteria for condition classification of
inspected bridges, as well as with the procedures for identification of distresses, that may require structural
repair interventions. In this context, comparisons were made between the methods used in France and in
Portugal, and their differences, advantages and disadvantages were discussed. The Portuguese bridge
management system (SIGOA), a tool that is currently in use by the national transport infrastructures
administration (IP), was presented to CTTP technicians during a study visit to Portugal dedicated to this
subject area.
Moreover, a specific training action in the field was carried out in Algeria, which involved the site
inspection of three selected bridges of different types: a steel bridge; a steel-concrete mix bridge; and a
concrete bridge (Figure 10). The external experts followed closely the development of this action by giving
advice on the correct procedures and assessing the inspection reports submitted by the trainees.
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Figure 10. Inspected bridges: Viaduct El Mohammadia; Pont de Cinq Maisons; Pont Baraki (Macedo, A. et
al. 2019)
Finally, a draft legal document was prepared for supporting the official implementation of the
proposed bridge management system, which established the competencies that should be assigned to the
Ministry of Public Works, the CTTP and the DTP from the 48 provinces (Wilayas).
The main results obtained as regards this component of the project, can be summarized as follows:
• The existing competencies at CTTP for the diagnosis of road bridges were strengthened;
• A bridge data base was initiated;
• Descriptive files, operation mannuals, guides for bridge data collection and lexicon were
delivered;
• Special competencies were acquired by ten staff members of CTTP for the analysis of structural
pathologies of degraded bridges;
• A complete operational preventive maintenance procedure was set forth for the entire national
road network.
Some recommendations were drawn for the future:
• Implementing an organisational scheme, decentralised under the DTP, with a view to ensure
permanent bridge monitoring over the whole territory of Algeria;
• Updating the competences detained on bridge survey, by means of continuous training;
• Establishing a network for the main actors involved in bridge management, to be promoted by
the Ministry and involving the CTTP and the DTP.
4.4 The traffic counting and vehicle weighing system
Two main objectives were pursued within this project component: 1) to contribute to the setting up
of a traffic counting system that could be used systematically over the entire length of the national road
network (30000 km); b) to contribute to improve the knowledge, on a statistical basis, of heavy vehicle
overloading, using 10 stations for weigh in motion. It was envisaged that the traffic counting system would
be managed in a centralized way, including the installation and maintenance of counting and weighing
stations.
These objectives required a methodology for sectioning the road network, in order to adequately
assign the traffic volumes registered using both fixed and mobile traffic stations. Since a preliminary
sectioning already existed (1689 road stretches), the latter was reviewed and several improvements were
proposed as the work progressed, namely as regards the consideration of urban boundaries, the suppression
of some stretches within urban limits, the identification procedure to assign an unique number to each stretch,
and the geo-referencing of the location of every counting device installed. A manual was afterwards
produced for the sectioning of the road network, which included a method for macro-sectioning by linking
stretches with similar traffic characteristics. The application of this manual by CTTP made it possible to
section the Algerian national road network into 2200 elementary sections and 700 macro-sections.
CTTP had already several types of counting equipment, but only a few were operational. Therefore,
interventions were made in order to recover most of them, and also to prepare updated versions of the
respective operation manuals.
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A pilot road (RN11), connecting Algiers to Oran, was chosen for testing the systems. Its 52
interurban stretches were used for assessing the application of guidelines for network macro-sectioning, and
the overall traffic counting method, which required data collection during 3 days in each stretch. An existing
weigh-in-motion station, after repair, was also installed in a stretch of the pilot road (Figure 11).

Figure 11. Devices installed in RN11 for weigh-in-motion testing (Macedo, A. et al. 2019)
Training and dissemination were important issues included in this component area of the project. In
this respect several actions were carried out. An international Seminar was held in Algiers in 2018, covering
the main issues that were dealt with in the project. A training action specifically on heavy vehicle weigh-inmotion and equipment was also delivered to technical staff of CTTP. Furthermore, CTTP staff performed
study visits to France and Portugal to become acquainted with the respective systems. In Portugal, this visit
was organized with the support of the motorway company (BRISA) and the traffic unit of the Portuguese
National Guard (Figure 12).

Figure 12.Aspects of the study visit to Portugal on traffic subjects (Macedo, A. et al. 2019)
The main results obtained as regards this component area of the project can be summarized as
follows:
•
•

•
•

The necessary conditions were established for having a vehicle counting system extended to the
entire Algerian national road network;
Progresses were made for mastering heavy vehicle counting and weigh-in-motion procedures
and the use of dedicated equipment;
The consequences of heavy vehicle overloading were highlighted and measures were proposed
for controlling the problem;
Technological contributions and knowledge transfer made it possible to recover and put into
operation several existing equipment that was out of order in CTTP premises.
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Some recommendations were drawn for the future:
To integrate the heavy vehicle weight data into the general traffic volume counting system;
To establish a communication channel to provide data from the centralized traffic counting
system to other stakeholders (DTP, police, road safety agents, etc.);
• To take full advantage of the whole capacities of the equipment that was repaired and put into
operation.
•
•

5 OVERALL CONCLUSIONS
Partial conclusions have been already presented in previous sections, in relation to the objectives of
each of the three main project areas of Twinning project DZ-20, which were followed by recommendations
for future developments.
Furthermore, it can be stated that the overall objective of the said project was reached. Indeed, it was
recognized that DZ-20 had a valuable contribution to foster the implementation of the Algerian policy for the
preservation of the road infrastructures patrimony by means of advanced management practices and tools.
This recognition was forwarded namely by the Algerian Ministry of Public Works and Transport, through its
General Directorate for Infrastructures, the President of CTTP, the management structure of the Association
Agreement Program Algeria-EU, and by the supervision ensured by the European Commission.
Nevertheless several difficulties were encountered during the project development, which required
the search for alternative solutions and adaptations, within the constraints dictated by the twinning contract
and also by the need to comply with external and local conditions. For example, delays in early phases of the
project, caused, among other factors, by the decision of the Beneficiary to develop by itself the data base
software, had to be compensated in other tasks, being one of the reasons for the significant reduction in the
total length of the pilot road stretches, and for the need to extend for further 10 months the duration of the
project, as proposed to and accepted by the EU.
As regards conclusions and lessons learnt, the following was deemed to be important to retain:
• It was worthwhile to undertake an ambitious comprehensive approach to the management of the
country’s road asset network, by incorporating the road, bridge and traffic components into the
same project, which made it possible to profit from the advantages of common procedures and
interdisciplinary actions; the development of the location reference system being one example.
• The solution that was chosen by the Algerian administration and the beneficiary body as a tool
for international cooperation in this domain (Twinning Project), proved to be adequate to fulfil
the underlying objectives. In fact, besides a means to provide financial support, it helped creating
a suitable work environment, of mutual respect, enabling the exchange of information and
experience and the acquisition of capabilities, while ensuring a clear commitment from all
parties involved.
• It must be mentioned that the regular exploitation of the management system deployed, with the
new competencies acquired by the beneficiary body (CTTP), is not deemed to succeed without a
sound commitment from the supervising Ministry in ensuring on a consistent and perennial
basis, the necessary resources and other conditions (legal framework, definition of
responsibilities, etc.).
• Finally, throughout this almost three years’ experience, special links were established among all
the parties involved, facilitating future interactions and the setting up of other collaborative
initiatives, not only in the same domain but also regarding different scientific and technical areas
of common interest. As an example, at the end of 2018, a Memorandum of Understanding was
signed between CTTP and LNEC for cooperation in several areas of Civil Engineering.
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ABSTRACT:
Recent research results have shown that in sustainable asset management, based on proactive pavement maintenance, it
is critical to detect early asphalt fatique before visual crack appear to the pavement surface. Annual paving costs of the
new pavement can be 60% lower compared to the case when new pavement is overlaid over visual cracks. This
presentation will summarize how new NDT methods can be used alone or integrated in detecting the microcracking
phase of the asphalt fatique. The presented technologies are Ground Penetrating Radar, thermal cameras, laser scanners
(lidars) and traffic speed deflectometers.
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1 INTRODUCTION
When describing pavement lifetime as a function of stress and strain, after the linear elastic phase two phases
can be identified (figure 1). In the microdamage phase microcracks are increasingly grown in the pavement and at the
same time permanent strain develops to the pavement which can be seen as increasing rut growth rate.
Currently, a common approach in pavement asset management in many countries is that the decision for a new
asphalt overlay is based on pavement distress data and/or roughness survey results. However, the big problem with this
is that asphalt, that is already cracked, has already lost its strength and with a new overlay all the shear stresses will be
focused exactly on the points with cracks beneath the new asphalt. According to the calculations made in the Finnish
PEHKO project this can reduce the lifetime of the new asphalt and calculated annual paving costs can be 60% lower in
comparison if a new overlay has been made before cracks have appeared (figure 2). In addition, microcracks will be
expose a pavement to water infiltration and then the pavement will become susceptible to freeze-thaw related
deterioration. This is why new cost effective proactive pavement asset management requires information concerning
early phase microcracking in the asphalt.

Figure 1. Description of micro-crack phase and macro-crack propagation phase as a function of stress and strain at the
end of pavement lifetime. Figure has been modified from Birgisson 2018.
The problem however is that there have not been any field survey techniques to detect microcracking in
asphalt. Over the last decade, Roadscanners Oy in Finland has been testing different theories and techniques to map
early phase microcracking before cracks become visible and the pavement loses its strength. Techniques that utilize
Ground Penetrating Radar (GPR), thermal cameras (IR), laser scanners (lidar) and deflection surveys using Traffic
Speed Deflectometer (TSD) have been tested. These techniques have been tested in various projects and in a larger
scale in PEHKO 2015-2025 (Tapio et al. 2016), a cooperation project between Roadscanners, the Finnish Transport
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Infrastructure Agency and Centres for Economic Development, Transport and the Environment of Lapland, CentralFinland and Uusimaa.

Figure 2. Development of asphalt pavement strain during the last 10 million axles before pavement failure according to
the Finnish asphalt design guide. Figure also shows areas where microcracking and macrocracking are initiated. In
addition, figure shows the calculated lifetime of a new 40 mm overlay if paving has been done in the microcracking
initiation phase (17 million axles) or if it is done after macro cracks have appeared (3.5 million axles).
2 NDT METHODS IN CRACK DETECTION
2.1 Ground Penetrating Radar
A ground penetrating radar (GPR) survey is a non-destructive test method that provides continuous
information of road structures and subgrade soils. It has been used since the mid 1970´s initially mainly in tunnels and
on bridge decks (Morey, 1998) and later to survey roads, railways and airports. One of the main benefits of the GPR
method in road surveys is that it provides a continuous profile over the studied target and that it does not interfere with
other traffic using the road (Saarenketo et al. 2012a, Saarenketo 2017)
The method is based on transmitting short pulses of electromagnetic energy through materials using either an
air coupled or ground coupled antenna. The GPR transmitter/receiver antenna, which is usually mounted on the front of
the car or on a special trolley, transmits an electromagnetic pulse into the media (asphalt and road structures). When an
electromagnetic wave hits a boundary between different structural substances or differences in moisture content and
with different electric properties, part of the energy is reflected back and the receiver antenna registers the time and
amplitude of the reflection. The rest of the wave either carries on into the underlying substance or scatters in multiple
directions. The reflected waves are collected by the receiver. The control unit measures the time difference between the
transmitted and received pulse (travel-time) and its amplitude. The amplitude is displayed as a function of the travel
time. The continuous profile of the structure can be displayed, when the measurements are made over subsequent points
(Saarenketo 2006, Saarenketo et al. 2012a).
In road surveys the GPR method has traditionally been used to measure the thickness of the pavement structure
layers. Recently however, GPR systems have been improved and their data analysis has also enabled that material
properties such as moisture content and susceptibility to permanent deformations can be calculated (Saarenketo 2006,
Saarenketo 2016). High frequency GPR systems have also been used in crack detection from asphalt pavement and
concrete structures. A new application is to use this technique to detect microcracks that cannot be seen by the human
eye. In this technique Roadscanners has tested two different methods, a) using deviation of the surface reflection
amplitude or deviation of surface dielectric value calculated from the air coupled GPR antenna data, or b) calculating a
special microcrack parameter from the frequency response of the ground coupled GPR data. The first amplitude method
have been used for years in defining dielectric value of the asphalt surface (Saarenketo 2006), but in this case high
deviation, due to changes in refraction and diffraction of the GPR data, has proven to indicate well potential
microcracking in an asphalt surface. Figure 3 presents examples of the use of this method in microcrack detection.
The second technique is based on the fact that microcracks in pavement material affect certain frequency
components of the GPR spectrum in the asphalt and by measuring these changes it is possible to detect whether material
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has suffered microcracking. Figure 4 presents a GPR cross section over an asphalt pavement from highway 4 in Finland
and shows clearly how microcracking is concentrated in the wheelpaths of both lanes.

Figure 3. Example of pavement structure moisture and microcrack diagnosis from New Zealand using Road Doctor
software. Top field present moisture analysis, the second field presents moisture damage index analysis results (Arnold
et al. 2017), third field 2.0 GHz GPR data, fourth field pavement rutting data base on laser scanner survey, fifth field
pavement roughness data based on GPR antenna bouncing data and lowest field asphalt crack analysis data showing
potential microcracking 0-250 mm, section with macrocracking (250-300 m) and sound asphalt from 300-430 m.

Figure 4. Frequency based GPR microcrack analysis from a cross section of highway 4 south of Kemi in Finland. Top
field presents 1,5 GHz ground coupled GPR data and bottom field present frequency analysis.

2.2 Thermal cameras
Thermal cameras record electromagnetic infrared (IR) waves and are therefore also to be considered a nondestructive survey method. Thermal cameras have been used in traffic infrastructure surveys for several decades but
recently the quality of new digital thermal cameras has increased so much that interest in this technology has started to
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grow. Currently, new high precision thermal cameras can measure small changes in surface temperatures, even at the
range of 0.05oC (Saarenketo et al. 2012a).
Tests have shown that a thermal camera effectively reveals cracks in pavement that cannot be seen with the
naked eye. Figure 3 presents a case where a top down crack can be seen in the asphalt in thermal camera data but not in
the digital video. This also indicates that top down cracks generate slightly beneath the pavement surface and, only after
breaching the pavement surface, start to penetrate downwards through the pavement (Saarenketo et al. 2012). In
addition, thermal camera data can also show water pumping through the pavement structure, which, with new heavier
trucks, is becoming a bigger problem on the Finnish road network.
The problem with thermal camera surveys is that the results are very sensitive to solar radiation. To overcome
this influence, it is recommended that thermal data be collected after sunset in order to avoid the effects of direct
sunlight.

Figure 5. Thermal camera data from a sound asphalt (left) and asphalt with microcracking and macrocracking problems
(right) from highway 4 in Jyväskylä Finland. Sound asphalt can be seen as homogenous image while image of asphalt
with micro-cracks is inhomogeneous due to refraction and diffraction of thermal waves.
2.3 Laser scanner (lidar)
Laser scanning is a technique where distance measurement is derived from the travel time of a laser beam from
the laser scanner to the target and back. When the laser beam angle is known, and beams are sent to a range of
directions from a moving vehicle with a known position, it is possible to make a 3D surface image, or ‘point cloud’, of
a road and its surroundings. The point cloud can have millions of points, with every point having x, y & z coordinates
and additional reflection or emission characteristics. The accuracy of a laser scanner survey can be affected by factors
that reduce visibility, such as dust, rain, fog or snow. High roadside vegetation can also prevent the capture of
information from the hidden ground surface (Saarenketo et al. 2012b, Herronen et al. 2015, Saarenketo 2016,
Saarenketo 2017).
A laser scanner is composed of three parts: a laser canon, a scanner and a detector. The laser canon produces
the laser beam, the scanner circulates the beam and the detector measures the reflected signal and defines the distance to
the target. The distance measurement is based on the travel time of light, or phase shift, or a combination of both. The
great advantage of laser scanner data compared to, for instance, profilometer data is that data can be collected outside
the pavement area. This allows the connections between drainage defects and pavement failures to be shown visually.
The idea of detecting early phase microcracking from laser scanner data is based on the idea that during the
microcracking phase annual rutting rate also starts to increase due to increased strains, i.e. asphalt gets softer. This
information cannot be used alone in detecting microcracking but is a good supporting tool in asphalt diagnostics when
used together with other methods.
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Figure 6. Potential areas with high micro-crack initiation in Karstula PEHKO area in Central-Finland. In the coloured
sections, annual rut growth has increased more than 50% from the previous years.
2.4 Traffic Speed Deflectometer
Deflection measurements have a key role in evaluating the structural condition of a pavement structure and the
fatigue level of the asphalt. With the help of deflection surveys, it is possible to locate road sections that are still
visually in good condition but will become distressed very soon if appropriate measures are not taken (Saarenketo 2016,
2017)
Traditionally deflection surveys have been carried out with falling weight deflectometer systems but their
limitation is that they are point measurements and are traffic intrusive. A new solution to this problem is the traffic
speed deflectometer (TSD) that measures continuous deflections from a pavement under a moving 10 tonne axle load
using Doppler laser sensors. The normal survey speed of this truck is 80 km/h. At this speed it does not require any
special protection during the survey. The result is a deflection bowl, similar to that of a FWD, which can be used to
calculate all the bearing capacity indexes and moduli values needed for diagnostics and design (Herronen et al. 2015,
Saarenketo 2017).
In Road Doctor software, pavement strains are calculated using the TSD data deflection bowl information and
GPR pavement thickness data. Figure 7 shows still images taken from video of road sections with different asphalt
strains. Figure shows that anomalous rutting starts after 300 microstrain and macro-cracking starts after 400 microstrain
in Finland. With soft bitumen asphalt the corresponding values are 450 and 600 microstrain.

Figure 7. Photos of different asphalt section with increasing strain values measured with TSD.
Figure 8 presents a map of pavement strains from the Central Finland PEHKO project test area in 2015. In this
map orange color represents alarm values indicating that asphalt strains are so high that macro-cracking can be expected
in the next 1-3 years if a new overlay is not paved. These road sections, shown with arrows, were then paved even
though they did not have any visual distress and they have been performing well after the paving. When comparing this
strain map with map presented in figure 6 it can be seen that increased annual rutting values are located in other
sections than those with the alarm values shown in the map 8.
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Figure 8. Pavement strain analysis map of Central Finland PEHKO area asphalt and soft bitumen asphalt paved roads in
2015. Arrows point to critical sections that were paved in 2015 and 2016.
2.5 Integrated pavement strain analysis
Reliable analysis of pavement strains is critical in proactive pavement asset management, which is why
decisions on whether sections should get new overlays should not be based on a single survey result. Integrated analysis
of a variety of survey data should always be the basis for the decision. High pavement strains are often due to old and
fatigued asphalt but the root cause can be related to problems with the unbound pavement structures (mode 1 rutting) or
weak subgrades (mode 2 rutting) (see www.roadex.org). Therefore, the new design should not be focused only on a
new overlay but the root cause for the strains should be addressed at the same time – otherwise the lifetime of the new
pavement can still be short. Figure 9 presents an integrated analysis of a problem road made using Road Doctor
software. It shows that, in this case, high pavement strain correlates well with BCI values calculated from TSD data and
the root cause of the problem is that the road structure cannot spread the load well enough over weak subgrade soil. The
rut depth map from this timber transport route also shows that problems are greater in direction 2, which is used by
loaded trucks.

Figure 9. Road Doctor analysis of road 924 in Finnish Lapland showing that high pavement strain (3rd field) correlates
well with anomalous rut depths (2nd field) and high BCI values (4th field). First field presents pavement structure info
from GPR data.
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3 CONCLUSIONS
Treating the road pavement before cracks become visible is the most critical thing in a modern and cost
effective proactive asset management. Mapping cracks in the pavement means that, in practise, you are only measuring
how late you are with pavement measures. This paper presents a short summary and experiences with NDT
technologies that can be used in the pavement strain analysis. According to the experiences from Finland, the decision
for a new overlay or related pavement measure can be based on 1) the strain measured using TSD and GPR data, 2)
GPR data high asphalt surface reflection deviation or new asphalt strain analysis (figure 4) and 3) increase of annual rut
depth growth values measured with laser scanner. At least two of these four options should confirm the decision for a
new measure. In addition, high dielectric deviation values indicate areas where surface dressing should be used to
prevent water from infiltrating the pavement. This paper also provides information about the critical strain values as
action limits. It should however be kept in mind that these are valid only with relatively thin Finnish pavements. Each
country should define their own limit values.
Moving towards pavement strain and root cause based diagnostics in pavement asset management can be
challenging in the beginning because road users as final clients have become used to the fact that engineers only fix
poor quality roads. That is why, based on the Finnish experience, this new method should also be presented to the
public, i.e. “taxpayers”, and inform them how much of their money it saves.
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ABSTRACT:

This paper describes the development of Jalan Kita (JAKI) application, the first mobile application in
Indonesia that allows road conditions to be reported using a smartphone. It has functions for reporting the
condition of a road, including damage, flooding, congestion and accidents. The information reported by the
public is forwarded to the road manager for action. JAKI is not only as a solution for road condition
reporting. The reporting of road conditions during a natural disaster, for example, is crucial, because JAKI
can report road conditions in real time using photographs, notes and the coordinates of the disaster site. This
makes it easier for rescuers and decision-makers to take further action. This paper will discuss the concept,
design, architecture, implementation, and how this application could change the way of road manager handle
the road condition reporting from public in Indonesia.
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1 INTRODUCTION
Indonesia has a large number of roads which separate in a large of area. This makes difficulty problem for
government to informs road conditions quickly and accurately to public. When the location of damage road is not
immediately known, minor failure could change to major damage. In some cases, roads in poor condition can cause
vehicle accidents. For that reason, the government needs some support from community to take part this campaign.
Community can report roads condition before accidents occur or if a natural disaster has occurred which has changed
the condition of a road.
The mechanism for reporting road conditions in Indonesia is complicated and government bureaucracy results
in the public being reluctant to report local road conditions, preferring to report problems to the mass media or NGOs.
This can lead to mis-communication and conflict between the government and the public. As a result, response times
are not as fast as they could be.
Reliable information technology is needed to encourage the community to report road conditions. One such
technology is the use of a mobile application on smartphones. The development and implementation of a mobile
application will make reporting easier, faster and cheaper and allow the government and the community to collaborate
in achieving a better standard of road.
To meet this challenge, the Ministry of Public Works and Housing (PUPR) Indonesia, took the initiative to
create an application (app) which makes it easier for the public to report the condition of roads. The Jalan Kita (JAKI
(in English, ‘Our Way’) app has functions for reporting the condition of a road, including damage, flooding, congestion
and accidents. The information reported by the public is forwarded to the road manager for action.
2 MOBILE APPLICATION FOR ROAD CONDITION REPORTING

Road Development and Smart City Development
Whilst classified as a developing country, Indonesia is developing rapidly, focussing on the development of
infrastructure, including roads. On the other hand, as the number of roads increases so does the demand for road
maintenance. The government needs to ensure that roads are maintained in good condition throughout the year.
Normally the government would conduct conditions surveys twice a year, normally at the beginning and the end of
year. However, under certain conditions – such as natural disaster – the government needs to check the condition more
often in order to avoid failure of critical infrastructure.
Some cities in Indonesia have been implementing the ‘smart city’ concept for several years as a means of
improving the service to the public. The expression ‘smart city’ refers to the application of systems to integrate the
operation of urban infrastructure, including services such as infrastructure, transport, electrical and water distribution,
and public safety (Harrison & Donnelly 2011). One aspect of road management which can benefit by the application of
the ‘smart city’ concept is road infrastructure maintenance. Using this concept, the government can monitor, report and
evaluating the condition of road infrastructure and use this information to optimise their road maintenance plans.
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An application such as a smartphone needs to not only address the acceleration of road construction in Indonesia
but also the development of ‘smart cities’. It must be easy to use, cheap and efficient. Smart city services are also
available through wireless mobile devices. They are enabled by service-oriented enterprise architecture such as web
services, the extensible mark-up language (XML) and mobilized software applications (Hao et al. 2012).

Mobile Applications for Road Condition Reporting
The development of the digital world has made everything simpler, easier and faster. All work activities can
transform into an application with similar function with the real world. On average, there are more than 30,000 new
apps submitted to the iTunes App store each month and still more are written for competing platforms such as Android
and Windows. By mid-2016, about 130 billion apps had been downloaded from the Apple App store worldwide and
approximately 65 billion apps had been downloaded from Google Play.
At the moment, there are many mobile applications for road condition reporting available on the Internet. The
most popular app is Waze, which collects traffic reports from drivers. Sometimes the drivers also report road
conditions such as damage to the road causing traffic jams. Another example is Road Report BC, an application which
allows users to report road conditions in British Columbia. Whilst the share feature can be used to share with any other
app, it is primarily designed for posting to Twitter via the share feature. The Road Surface app can be used to survey
the condition of a pavement. This app contains fields for documenting the road segment, surveyor information, date,
etc. This app can also be used to collect photos and distress information; it can also calculate the pavement condition
index (PCI).
There are not many applications available in Indonesia for reporting road conditions. However, some cities are
implementing ‘smart city’. For example, local governments use social media to receive reports from the public;
however, they do not specifically report road condition. In addition, local government has not implemented special
mechanisms for handling reports from citizens. One example of mobile application for surveying road condition that
was once used by the Institute of Road Engineering (IRE) of the Ministry of Public Works and Housing is Roadroid, an
application developed by a Swedish company. It has the ability to collect IRI (International Roughness Index) data
using an android-based phone. This is the first application in the world particularly related to IRI data collection
(Forslof & Jones 2015); however, this application does not need community participation

Benefits of Road Condition Reporting by the Community
The efficiency of public services requires community participation. As reported in Public Service
Commission, Republic of South Africa (2008), public participation is a mechanism for entrenching democracy; it
promotes social cohesion between government and the community, particularly in the provision of quality and
sustainable services.
If the public reports examples of poor pavement condition, then this will assist the government department to
respond quickly and thus minimize the severity of the damage. It can also lead to a reduction in traffic accidents that
occur as a result of poor conditions. Cooperation between government and public will increase the quality of service,
and indirectly increase the public’s satisfaction with the level of service provided by the government.
Another benefit associated with the public reporting poor road conditions is a reduction in survey, maintenance
and construction costs. Survey costs can be reduced due to the utilisation of information technology by the public while
maintenance costs can be reduced if repairs are carried out before the condition of the road deteriorates to the extent that
major rehabilitation is required. Construction costs can be saved because the budget for new construction can be
reduced if an adequate level of routine maintenance is conducted.
3 JAKI APPS
Jalan Kita (JAKI) is a mobile smartphone application that is used to report damage to roads and bridges. The
concept is built around the user reporting road condition information to the authority that has responsibility for
responding to the report.
The concept of JAKI is illustrated in Figure 1. The user can lodge a report using either the mobile application
or social media (twitter). After the road authority receives the information, they will follow up, e.g. by carrying-out a
quick treatment to minor damage or a temporary treatment for more extensive damage. When the reparation is finish,
the road authority then sends a report to the user when the repairs have been completed.
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Figure 1: Concept of JAKI
The user interface of JAKI is simple and friendly. Three different modules were used to develop the
application: front-end, back-end and mobile. JAKI can be accessed from smartphones or desktop browsers. When
inputting data and sending a report, the user should access JAKI on a smartphone. If the user wants to access visual
data such as maps or statistics, then the account is accessed using desktop browser. Although JAKI was developed for
public access, it is also connected with the government server, so any report submitted by the user must be valid and
can be accounted for; the user must register before they make a report.

Figure 2: User interface of JAKI on smartphone
The user interface of JAKI on smartphone is shown in Figure 2. The user first installs the application then
creates an account verifying their identity, then reports the road condition. If the user clicks a button ‘Lapor’ (means
Report), JAKI automatically turns on the smartphone camera to capture the road condition. The user enters some text
to explain the condition of road and then sends it. This module has maps so the user can see the location related to the
report. All information that has been report to JAKI can be access freely, so it is easy for the user to use the data with
this application.
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Figure 3: Report Viewer from Desktop Browser (yellow point : report came in last 7 day, blue point : data before
yellow point, green point : data has been response)
Figure 3 shows the report accessed from a desktop browser. Whilst the mobile application allows the user to
input and send the report, a summary of each report is accessed using the desktop browser. The report included the
location of the site, a photo which is attached by the user and the text the user wrote to explain the condition of the road.
A summary of a report sent by the user to the road authority is shown in Figure 4. The summary contains all the
information provided by the user. The road authority should respond to this report as soon as possible after receiving it.
The road authority responds to the user after remedial action has been taken (see figure 5).

Figure 4: Summary of User Report (Column 1 – 6 left to right ; Number of Report, Date, User Name,
Type of Report, Coordinate, Location)

Figure 5: Before–After road damage treatment (left ; user report, right ; result of road treatment)

112

4 IMPLEMENTATION OF JAKI
JAKI first users were three local government authorities: Badung – Bali Province, City of Bandung – Jawa
Barat Province, and Pekalongan – Jawa Tengah Province. At this stage, the impact of the development of JAKI is not
significant. The Institute of Road Engineering (IRE) is continuing to develop these applications, by adding new
features, such as additional categories of reporting types, such as pedestrian bridges. July 2019 JAKI has been
downloaded more than 5.000 times by users. JAKI has received over 9.000 reports from all over Indonesia, and
continues to grow day by day.
JAKI has also been used in road surveys and disaster surveys. For example, following a landslide and flood
disaster in Garut in September 2015, the surveyor team used JAKI to captured the condition of the road that had been
closed following the landslide, and sent the report to the Ministry of Public Works and Housing so they could plan
future action (see Figure 6).

Figure 6: Flood and landslide disaster report
Since two years ago, JAKI has been used by Directorate General of Highway, Ministry of Public Works and
Housing for road report in National Road all over Indonesia. Directorate General of Highways itself has committed to
follow up reports on national roads immediately. At the latest three days from the date of receipt of the report, there
must be a handling of the repair of the damaged road.
Directorate General of Highways through the Directorate of Road Network Development decided to utilize
JaKi to collect road damage conditions. JaKi is used to collect reports on road conditions inputted by road inspectors in
the national road corridor. JAKI management is carried out under the control of the Sub Directorate of Data Analysis
and System Development (ADPS). ADPS is operating the JaKi system that it can be used by road inspectors from all
P2JN in Indonesia.
The road inspector is required to report road conditions through JaKi. Reports from road inspectors will send to
system administrator at ADPS who will sort reports from the public or road inspectors. Reports addressed to regional
road operators will also be separated. After the report is validated, it will be forwarded to the road authorized.
JaKi has a facility for recording and monitoring the status and response times of road operators in handling
reports. Figure 7 shows the status of the report that has been included in the JaKi system. In the dashboard are the
number of reports entered into the system, the number of reports that have been forwarded to the Road Manager, the
number of reports that have been forwarded to the Road Contractor, both those that have been responded to and those
that have been completed.
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Figure 7: Response report
Figure 8 shows a graph of the Road Manager performance summary in response to reports. Performance is
calculated from the accumulation of time from receipt of reports to completion of handling by the Road Manager. The
red color is worth less, the orange color is medium and the green color is good. From all Road Manager, the
performance values will be juxtaposed.

Figure 8: Performance report
6 CONCLUSIONS
This paper has described the development and application of the Jalan Kita (JAKI) app. It has functions for
reporting the condition of a road, including damage, flooding, congestion and accidents. The information reported by
the public is forwarded to the road manager for action.
JAKI is the first mobile application in Indonesia that allows road conditions to be reported using a smartphone.
It utilises information technology to meet the needs of both the community and the government. The use of information
technology can also be interpreted as a part of the development of smart city’ to assist in the development of efficient
road infrastructure.
JaKi can be used by road operators to get reports of road conditions from the community or road inspectors.
Reports received by road operators must be responded to immediately and carried out handling related to the
implications for the fulfillment of road standard. The response time from receiving reports to handling can be measured
as the performance of road operators in handling road damage. The JaKi system can measure the performance of road
operators in handling road condition reports. The faster responding to incoming reports, the better the performance
value of the road organizer. However, JAKI is not only as a solution for road condition reporting. The reporting of road
conditions during a natural disaster, for example, was crucial, because JAKI can report road conditions in real time
using photographs, notes and the coordinates of the disaster site. This makes it easier for rescuers and decision-makers
to take further action.
The challenges associated with implementing JAKI are the users’ level of confidence in the system because
Indonesia is still in the process of improving the government bureaucratic system. However, convincing the public to
increase their use of applications such as JAKI is not easy and public awareness of the need to maintain the road
infrastructure in a good condition also needs to be improved. The community needs to be encouraged to voluntarily
install JAKI so they can report adverse road conditions ,knowing that action will be taken to address these problems.
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The successful implementation of JAKI will increase the level of cooperation between government and the public.
However, a strategy will need to be developed to encourage the public to use the this application. The government also
needs to improve its service so it can quickly respond to reports when they are received.
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ABSTRACT:
Although road condition data, e.g. visual distress and ride quality, provide a good indication of the overall network-level
road condition, it does not give a direct measure of structural integrity and capacity of a road pavement. To address this
issue, the pavement structural condition parameters based on the Falling Weight Deflectometer (FWD) measurements
are evaluated in this study. This paper highlights the comparison between the FWD deflection measurements and the
numerical analyses as well as the evaluation of the pavement structural condition parameters on the basis of FWD
measurements. The measured surface deflection data obtained from the FWD were close to the finite-element analysis
(FEA) and the multi-layer linear-elastic analysis (LEA) results, while the calculation based on elastic solution tended to
underestimate the surface deflections. Finally, the pavement structural condition parameters e.g. modulus ratio (MR)
and structural condition index (SCI) could be considered as the indicators at the project level and possible adoption by
Thailand DOH at the network level in the near future. Comprehensive study and further data collection are still
underway.
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1 INTRODUCTION
A road pavement has four major functions: (1) to distribute load from tires to subgrade (load bearing capacity),
(2) to seal roadbed from moisture, (3) to smooth surface for comfortable ride, and (4) to provide friction with tire for
safe ride. Road pavement performance, which is generally described as the function of road serviceability to meet the
traffic demands and environmental conditions during its service life, is becoming a crucial issue and major concern for
the road administrations and agencies to efficiently maintain, rehabilitate, and preserve road networks and their assets.
The evaluation of road pavement performance (e.g. distress, roughness, friction, and structure) is certainly an integral
part of pavement management.
One of the key road pavement performance is the structural integrity (i.e., strength and deflection) and its load
bearing capacity needed to accommodate projected traffic. Deflection measurements have long been used to backcalculate the elastic moduli of pavement layers and to evaluate the structural integrity and load bearing capacity of
pavement structural condition. The device that measures deflections and is being adopted by several road authorities
and agencies is the Falling Weight Deflectometer (FWD). The FWD is an effective and practical approach for
determining pavement responses. It applies a uniform circular load through a 300-mm diameter loading plate and the
corresponding surface deflections are measured using a linear array of nine geophones. The objectives of this study are
(1) to investigate structural responses of a typical flexible pavement structure in Thailand under the FWD and then
compare their responses with the finite-element analysis (FEA), the multi-layer linear-elastic analysis (LEA), and the
elastic solution, and (2) to evaluate pavement structural condition parameters from the FWD deflection measurements
for possible adoption by Thailand Department of Highways.

2 DEFLECTION MEASUREMENTS BY FWD
The FWD has been commonly used in Thailand by the Department of Highways (DOH) and the Department of
Rural Roads (DRR) for the structural condition evaluation of road pavement, where the back-calculation of the
subgrade and the pavement layer moduli and thicknesses are employed to characterize the structural condition. In
particular, the Bureau of Road Research and Development (BRRD), DOH, has been using the Dynatest Model 8000
FWD system from Denmark for almost 20 years as shown in Figure 1. A number of DOH projects involved the
practical implications of the FWD deflection measurements for road maintenance and rehabilitation.

Figure 1. Deflection measurements by the FWD.
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The FWD measured the surface deflections through geophones (e.g. velocity sensors). A deflection bowl was
generated by the impulse force, which was created by varying the drop height and weight. The sensors were located at
0, 200, 300, 450, 600, 900, 1200, 1500, and 1800 mm distance from the centre of the loading plate. The FWD applied a
uniform circular load of approximately 756 kPa, which was transmitted to the road pavement through a 300-mm
diameter loading plate. The magnitude of load was measured by a load cell. The corresponding surface deflections were
measured using a linear array of nine geophones.

3 PAVEMENT STRUCTURAL CONDITION PARAMETERS
To estimate the pavement structural condition, one needs the existing and the required structural condition. The
modulus of elasticity (E) and structural number (SN) can be calculated from the FWD deflection measurements. By
comparing between the existing and the required structural condition parameters (e.g. E and SN), the structural integrity
and capacity of the road pavement can be estimated. Two methods of estimating the structural condition parameters are
presented as follows:
(1) Modulus Ratio (MR)

MR = Ep/Ereq

(1)

where
Ep
Ereq
EN
HN

=
=
=
=
=

existing (estimated) pavement modulus of all layers above the subgrade
required pavement modulus of all layers above the subgrade
(E1H1+E2H2+E3H3+… ENHN) / (H1+H2+H3…+ HN)
modulus of elasticity of pavement layer N
thickness of pavement layer N

and (2) Structural Condition Index (SCI)

SCI = SNeff/SNreq

(2)

where
SNeff
SNreq

=
=

existing (effective) structural number (SN)
required structural number (SN)

Rohde (1994) suggested that the existing (effective) SN can be estimated from the deflection data. The
deflection bowl as measured by a peak deflection under FWD load represents a combination of the deflection in the
subgrade and the elastic compression of the pavement structure. By comparing the deflection measured at an offset of
1.5 times the pavement thickness with the peak deflection measured under FWD load, one can estimate the amount of
deflection that originated within the pavement structure only. If the total pavement thickness and the deflection within
the pavement structure are known, the SNeff can be calculated using the following regression equation (Rohde 1994).

SNeff = 0.4728 SIP-0.4810 Hp0.7581

(3)

where
SIP
1
1.5Hp

=
=
=
=

Hp

=

structural index of pavement (microns or 1/1000th of a millimetre)
1 – 1.5Hp
peak deflection measured under a standard 5,000-kg (50 kN) FWD load (microns)
deflection measured at an offset of 1.5 times of Hp under a standard 5,000-kg (50 kN) FWD
load (microns)
total pavement thickness, e.g. all layer thicknesses above the subgrade (millimetre)

It is noteworthy that the required SN (SNreq) is usually calculated for the estimated traffic (ESALs) of the next
20 years (AASHTO 1993). This is the case when the pavement is newly built. However, for the maintenance of an
existing pavement, it is up to the road authorities and agencies to determine the time period for which the accumulated
ESALs are to be estimated (Zhang et al. 2003).
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4 DESCRIPTION OF TRIAL SECTIONS AND PAVEMENT STRUCTURAL ANALYSIS
Two conventional flexible pavement trial sections in Thailand were selected for this study including (1) a
section of national highway No. 4 at STA 88+770 (South Bound) and (2) a section of national highway No.32 at STA
121+250 (South Bound). The first site was situated in Potaram district, Rachaburi province. Its pavement structure
consisted of four layers including 200-mm asphalt concrete (AC) surfacing, 200-mm crushed rock base, 200-mm soilaggregate subbase, and 250-mm selected material above subgrade. Another site was situated in Suppaya district,
Chainat province. Its pavement structure consisted of three layers including 200-mm asphalt concrete (AC) surfacing,
200-mm crushed rock base, and 200-mm soil-aggregate subbase above subgrade. The trial section at both sites had a
minimum length of 250 m with a 3.5 m wide.
Each layer material was assumed to be homogenous, isotropic, and linear-elastic. The material properties for
pavement structural analysis e.g. modulus of elasticity (E) and Poisson’s ratio () along with their layer thicknesses are
summarized in Table 1. It should be also noted that those E values in Table 1 were determined from the FWD’s backcalculation analysis.
Table 1. Material properties for Potaram’s and Suppaya’s pavement sections

_________________________________________________________________________
Layer
Modulus
thickness
of elasticity, E
Poisson’s
(mm)
(MPa)
ratio, 
Potaram
Suppaya
Potaram
Suppaya
site
site
site
site
________________________________________________________________________________________
AC surfacing
200
200
1,508
1,745
0.35
Crushed rock base
200
200
127
170
0.35
Soil-aggregate subbase
200
200
149
249
0.35
Selected material
250
149
Subgrade
98
163
0.40
________________________________________________________________________________________
Pavement
materials

Finite-element analysis (FEA) was performed to examine the structural responses of flexible pavement under
the FWD. An axisymmetric and a 3-D finite-element models were respectively developed for Potaram’s and Suppaya’s
pavement sections. A general 4-node isoparametric element was selected for axisymmetric model, while an eight-node
linear brick solid element was selected for 3-D model. The geometry of axisymmetric model was selected to be 12 and
50 times of applied loading radius (a = 150 mm) in width and in height as suggested in Kim (2007). The calculated
domain size of FEA model was therefore equal to 12a x 50a (1,800 mm x 7,500 mm). The geometry of 3-D model was
2,000 mm wide, 2,000 mm long, and 1,000 mm high. Detailed FEA models were described in Sawangsuriya et al.
(2019a) and Sawangsuriya et al. (2019b). The axisymmetric and 3-D models are shown in Figure 2.

4-NODE ISOPARAMETRIC ELEMENT
AXISYMMETRIC MODEL

8-NODE LINEAR BRICK SOLID ELEMENT
3-D MODEL

Figure 2. FEA models.
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In addition to the FEA, the multi-layer linear-elastic analysis (LEA) and the calculation based on elastic
solution were conducted to determine the surface deflections of flexible pavement under the FWD. Noted that all the
analyses were based on the assumptions that the layered materials were homogenous, isotropic, and linear-elastic. The
applied vertical load was uniformly distributed over a circular area. The input parameters for the LEA and elastic
solution including material properties, layer thickness, and load geometry were identical to the FEA.
The calculation based on elastic solution can be referred to Boussinesq’s formula, which describes the
relationship between surface deflection () and modulus of elasticity (E) in a half space and can be expressed as:

E (0) =

2(1 − 2 )  0 a
 (0)

(4)

E (r ) =

(1 − 2 )  0 a 2
r  (r )

(5)

where E(0) = modulus of elasticity of an equivalent single layer system, which would give the same deflection
at the center of load application (MPa); E(r) = modulus of elasticity of an equivalent single layer system, which would
give the same deflection at distance r from the center of load application (MPa);  = Poisson’s ratio; 0 = applied stress
(MPa); a = radius of loading area (mm); r = distance from the center of load application (mm); (0) = deflection at
center of load application (mm); (r) = deflection at distance r from the center of load application (mm).

5 RESULTS AND ANALYSIS
A number of FWD deflection measurements were taken from Potaram and Suppaya sites. The average
deflections were calculated and compared with the results from the FEA, LEA and elastic solution. Again, all the
analyses and calculations were based on the assumptions that every layered material exhibited linear and elastic. The
surface deflections determined from the FEA, LEA, and elastic solution were compared with the FWD measured data.
A plot of surface deflection as a function of the offset distance is shown in Figure 3. It was found that surface
deflections from FWD measurements were close to both FEA and LEA with some exceptions for those obtained from
the 3-D FEA model. Such deviation could be due to the boundary effect caused by the geometry of 3-D FEA model.
Although the surface deflections from the 3-D FEA were underestimated, both 3-D FEA and LEA gave appreciably
responses in terms of stress and strain under the load application as shown in Figure 4. In case of the elastic solution,
Boussinesq’s close-form equations gave the smallest surface deflections. The comparison results suggested that the
surface deflections from the FWD measurements could be reasonably estimated based on the linear-elastic analysis,
however the elastic solutions tended to underpredict the surface deflections.

(a) Potaram site
Figure 3. FWD deflections at different offsets.
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(b) Suppaya site
Figure 3 (cont.). FWD deflections at different offsets.

Figure 4. Comparison between 3-D FEA and LEA responses.
In this study, the FWD deflection measurements were made at every 25 m over the wheel paths (about 0.80 m
offset from the shoulder line). Three replicated drops of a 750-kPa target loading stress were applied at each test point.
A series of FWD deflection data set were collected at different periods as shown in Figure 5. Every measurement was
carefully made on the same test point consistently marked on the road surface. The FWD deflection data over different
measurement periods were presented in Figures 5(a) and (b) for Potaram and Suppaya sites, respectively.
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(a) Potaram site

(b) Suppaya site
Figure 5. FWD deflection data over different measurement periods.
For the preliminary study, only FWD deflection data at Potaram site were selected herein. The pavement
structural condition parameters MR and SCI were calculated from equations (1) to (3) are presented in Figures 6 and 7,
respectively. Both MR and SCI values along left and right wheel paths which were monitored over different
measurement periods were higher than 1.0, indicating that this pavement section was in a sound structural condition
(e.g. strengthening is not required). However, when the MR and SCI was less than one, rehabilitation work that will
strengthen and increase the structural capacity of the pavement should have been considered. It is noteworthy that in
practice, the variability in pavement structures can also affect the FWD deflection readings for the same section. Such
variability would yield significant variation in the estimated E and SN and thus caution must be taken into consideration
in order to minimize its impact when calculating the parameters MR and SCI. Nonetheless, these parameters could be
considered as the pavement structural condition indicators at the project level and possible adoption by Thailand DOH
at the network level in the near future. Comprehensive study and further data collection are still underway.
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Figure 6. Modulus ratio (MR) calculated from equation (1) over different measurement periods at Potaram site.

Figure 7. Structural condition index (SCI) calculated from equations (2) and (3) over different measurement periods at
Potaram site.
6 CONCLUSIONS
The concluding remarks can be made as follows:
•

•

•

Road condition data, e.g. visual distress and ride quality, do not provide a direct measure of structural integrity
and capacity of a road pavement. This study investigated the FWD deflection measurements by comparing
with the numerical analyses and evaluated the pavement structural condition parameters based on the FWD
measurements. Such pavement structural condition parameters were suggested in the past publications for road
rehabilitation and preservation at the project and network levels.
A comparison of the surface deflections determined from the numerical analyses e.g. FEA, LEA, and elastic
solution with those obtained from the FWD measurements suggested that the FEA and LEA results were close
to the FWD deflection measurements, while the calculation based on elastic solution tended to underestimate
the surface deflections.
A preliminary study of the pavement structural condition parameters MR and SCI on basis of the FWD
deflection measurements were evaluated on one site where the FWD measurements were monitored over
different measurement periods and the data were taken at almost the same test points every time. Both
parameters could be considered as the pavement structural condition indicators at the project level and possible
adoption by Thailand DOH at the network level in the near future. Comprehensive study and further data
collection are still underway.
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ABSTRACT:
Moisture increase in pavement subsurface layers has a significant influence on granular material properties (resilient
modulus (MR)) that affect the expected pavement performance. Moisture variations in the unbound base layer over time
significantly depend on water infiltration after precipitation and pavement surface conditions (i.e., surface
discontinuities on rigid pavements). Subsurface moisture data obtained through the Seasonal Monitoring Program
(SMP) time domain reflectometry (TDR)—part of Long-term Pavement Performance (LTPP)—are an excellent source
to quantify the moisture-related damage in rigid pavements located in different climates. It was observed that the lengths
of longitudinal and transverse cracking for rigid pavements SMP LTPP section were very low, as compared to the
lengths of damaged joints seals. Thus, damage joints are the primary cause of water infiltration into rigid pavements.
The data analysis results show that higher levels of joint sealant damage will lead to an increase in moisture levels
within the base layer that, in turn, leads to a significant decrease in the base MR. In rigid pavements, the maximum
reduction in base MR may vary from 10% to 125% for the pavement sections located in dry and wet regions,
respectively. As a result, the performance of pavement sections located in wet climates is adversely affected. The
findings imply that an adequate and timely preservation treatment such as resealing of damaged joints can enhance the
pavements service life significantly. The results suggest that pavement joints should be resealed when the damaged joint
sealant length exceeds 50 to 75 meters for the entire section length of 150 meters.
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1 INTRODUCTION
Pavement preservation is a widespread practice among agencies interested in extending their service
life cost-effectively. Delaying maintenance and repairs until a major rehabilitation or replacement can cause
extensive and disruptive construction work that increases the potential for accidents among motorists and
road workers and higher user costs (Davies and Sorenson 2000; Galehouse et al. 2003; Geiger 2005).
Highway agencies have learned that if preservation treatments are applied at an appropriate time, this can
help in improving and slowing the deterioration rates for the existing pavements. While pavement
preservation is not expected to increase the structural capacity of the existing pavement substantially, it
generally helps in improving pavement performance and extending service life (Haider and Masud 2018).
One of the most influential factors affecting rigid and flexible pavement performance is the moisture
variations within the pavement system, primarily caused by the infiltration of rainwater through surface
discontinuities (cracks and joints). Many properties of unsaturated soils such as shear strength, permeability
and volume vary significantly with change in moisture content (Fredlund et al. 2012; Hedayati and Hossain
2015; Khoury et al. 2012; Vanapalli et al. 1996). Crack and joint sealing help keep the cracks and joints clear
of debris and prevent infiltration of rainwater; two potential causes of joint failure (Su Jung et al. 2008). This
study presents the Long-term Pavement Performance (LTPP) data analyses for quantifying the effect of
moisture infiltration through surface discontinuities on rigid pavement performance. The LTPP Seasonal
Monitoring Program (SMP) experiment was designed to investigate and quantify moisture-related damage in
rigid pavements.
The primary objectives of the paper are to (a) evaluate the effect of surface discontinuities (cracking
and joint seal damage) on the aggregate base moisture changes due to infiltration, (b) quantify the impact of
moisture change on aggregate base modulus, and (c) develop guidance for optimum timings of joint and
crack seals for different climates. These objectives were accomplished by analyzing the subsurface moisture
variations and rigid pavement performance data in the SMP pavement sections.
2 BACKGROUND
This section describes the potential sources of water, causing moisture variations in the pavement
systems. Also, the impact of moisture infiltration on rigid pavement performance is documented.
Sources of Water Infiltration into Pavement Layers
Water can enter the pavement unbound layers through many sources and subsequently affects the insitu moisture content of the materials. The primary sources of moisture variation within a pavement system
include external elements such as precipitation and the groundwater table. Also, pavement surface conditions
(cracks/ damaged joints), drainage, shoulders, edges, and pavement cross-section can also facilitate the
moisture infiltration (Masud 2018; Petry et al. 2006).
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Moisture Related Damage in Rigid Pavements
One of the most influential factors affecting pavement performance is the moisture content (MC)
within the pavement system. As early as 1820, John MacAdam noted that regardless of the strength
(thickness) of the pavement structure, many roads in Great Britain prematurely deteriorated due to saturation
of pavement subgrade (Cedergren 1994). An increase in moisture of unbound granular materials considerably
reduces the back-calculated modulus of base layers (Salour and Erlingsson 2013). Various field monitoring
studies suggest that change in moisture can occur after rainfall, and it can increase up to 50% in addition to
the natural seasonal variations (Hedayati et al. 2014). Moisture damage in pavements manifests itself in the
form of moisture caused, and moisture accelerated distresses. Moisture caused distresses are essentially
induced by the presence of water, such as asphalt stripping in flexible pavements and durability cracking in
rigid pavements. Moisture accelerated distresses are those caused by other factors (traffic loading, etc.), but
get accelerated with an increase in moisture (NCHRP 1-37A 2004).
The sealing and resealing of cracks and joints are considered important components in rigid
pavement maintenance, provided their application timings are appropriately selected. The unsealed cracks
and joints can lead to accumulation of free water under the slabs. Consequently, causing distresses such as
corner breaks, faulting, and loss of support. Additionally, the incompressible entering into unsealed joints and
cracks can significantly affect the normal expansion and contraction movements of the slab, thus potentially
generating higher compressive stresses than the compressive strength of the concrete. The resealing of joints
in PCC pavements is necessary if an existing sealant has deteriorated to the extent that incompressible
materials and water can infiltrate the pavement structure (Haas et al. 1994; Hand et al. 2000).
3 DATA SYNTHESIS
This section presents the background of the Seasonal Monitoring Program study and the description
of data elements used in current research. Further, it explains the methodology adopted to obtain subsurface
moisture content [(i.e., Gravimetric Moisture content (GMC)] within pavement base layers.
Seasonal Monitoring Program (SMP) Background
Previous research highlighted that moisture variation within unbound layers is one of the leading
factors for premature pavement deterioration (Hedayati and Hossain 2015; NCHRP 1-37A 2004; Salour
2015). Therefore, this study hypothesizes that moisture variation in unbound layers, i.e., base layer, can be
related to the extent of surface discontinuities (cracking and joint seal damage) in different climatic zones. To
validate this hypothesis, a significant challenge was to identify the data set documenting the subsurface
moisture levels in the base layer. Only SMP experiment in the LTPP has TDRs installed at different depths in
several pavement sections. Also, the performance monitoring data were collected for those pavement
sections.
The SMP study was designed to characterize the magnitude and impact of temporal variations in
pavement response and material properties due to the separate and combined effect of moisture, temperature,
and frost/thaw variations. It also includes higher monitoring frequency of deflections, longitudinal profile,
and distress surveys on 64 SMP LTPP test sites, which were selected from GPS and SPS studies.
In addition to performance data, other measurements—including subsurface moisture, temperature,
rainfall, and surface elevations—were also recorded at these sites. The SMP study has a comprehensive
database for subsurface moisture and temperature records. Because of its uniqueness, SMP data were
identified as the best available source to quantify moisture-related damage in rigid pavements. The focus of
this paper is on surface discontinuities (cracking and joint seal damage), precipitation levels, and subsurface
moisture (gravimetric moisture content) data. Whereas, gravimetric moisture content (GMC) is the mass of
water per mass of dry soil in a given sample (Elkins et al. 2003).
Pavement Performance Data
Monthly surface distress data were obtained for all the PCC SMP pavement sections. The distress data
included the extent and severity of unsealed longitudinal/transverse cracking and joint sealant damage. It was
observed that longitudinal and transverse cracking magnitudes were very low in PCC pavements; therefore,
only the length of joint sealant damage was analysed in detail. While calculating the length of the damaged
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transverse joint seal, 5%, 25% and 50% of the joint seals were considered damaged for low (less than 10%
damage), medium (10% to 50% damage), and high (more than 50% damage) severity transverse joint seal
damage, respectively. The total PCC joint sealant damage length in meters was calculated by using Equation
(1).
JSDTotal = NDJTrans lowWSvy  0.05  NDJTransmed WSvy  0.25  NDJTranshigh WSvy  0.5  LDJ Long

(1)

Where;

NDJTrans low

=

Number of low severity transverse joints with damaged joint sealant

NDJTrans med

=

Number of medium severity transverse joints with damaged joint sealant

NDJTranshigh

=

Number of high severity transverse joints with damaged joint sealant

LDJ Long

=

Length of longitudinal joints with damaged joint sealant (m)

WSvy

=

Survey width (m)

Subsurface Moisture, and Precipitation Data
Moisture data at the middle of the base layer were estimated from TDRs for each site. Unique
section IDs were matched with TDR numbers to obtain the exact depth of subsurface moisture
measurements. For example, if the base layer mid-depth is at 30 cm from the surface (a=30 cm), then the
average moisture content measured using TDRs located within ± 10 cm (b=10 cm) to the reference point was
calculated; i.e., moisture content was calculated by averaging the values measured by TDRs between the
depths of 20 to 40 cm. However, often, only one TDR was encountered within the base layer for obtaining
subsurface moisture data. This approach represents the moisture variations within the base layer. Figure 1
shows the schematic of these calculations. Pavement performance temporal data were matched to the total
monthly precipitation (i.e., rainfall and snow) data.

Figure 1. Subsurface moisture measurements obtained from TDRs
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Data Cleaning
Since time series of all desired variables (cracking/joint seal damage and moisture) had to be
matched every month, a considerable amount of data points were not used in the analysis because either the
time series did not match or data were not available at the required depths. Also, SMP sections with treated
bases were eliminated from the database. As a result of data cleaning, 11 rigid LTPP sections were identified
with an adequate amount of data. Figure 2 shows the total and selected number of pavement sections in
different climates. Table 1 documents the descriptive statistics for performance, climatic, and moisture data
for the selected pavement sections. Figures 3 and 4 show the surface cracking, joint seal damage,
precipitation, and moisture content extents of the selected sections located in different climates. Data shows
that cracking, joint seal damage, precipitation, and moisture variations were significantly higher in wet than
in dry climates.
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Figure 2. Climatic distribution of SMP LTPP rigid pavement sections

Table 1 Summary of regional climatic and performance data

DF

Long and transverse Joint seal
damage length (m) (Max)
40

DNF

159

3

12

1

WF

172

37

28

1684

WNF

215

32

21

32

Climate

Monthly Precipitation
(rainfall + snow) (cm) (Max)
3

Gravimetric moisture
content (%) (Max)
9

Freezing index degree
(˚F) degree-days (Max)
214
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Figure 3. Cracking and joint seal damage with age in rigid pavements sections
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4 DATA ANALYSIS
Effect of Surface Discontinuities on Base Layer GMC
Previous research highlighted that moisture variation within unbound layers is one of the leading
factors for premature pavement deterioration (Haas et al. 1994; Haider et al. 2018; NCHRP 1-37A 2000; Su
Jung et al. 2008). Therefore, the hypothesis of this study is that moisture variation in unbound layers, i.e.,
base layer, can be related to the extent of surface discontinuities (cracking and joint seal damage) in different
climatic zones. Initially, total cracking lengths for the rigid SMP sections were obtained by adding the
lengths of damaged joint sealants and longitudinal and transverse cracking. It was observed that the lengths
of longitudinal and transverse cracking for these sections were very low, as compared to the lengths of
damaged joints seals. Figure 5 shows the base layer moisture content relationship with damaged joints and
longitudinal and transverse cracking. It can be observed from these relationships that damage joints are the
primary cause of water infiltration into rigid pavements.
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Figure 5. PCC surface discontinuities relationship with base layer moisture
Relationship between Base Moisture and Base Resilient Modulus
The unbound base and subbase layers are integral parts of a pavement structure. The change in the
moisture content of subsurface layers can have an impact on the material properties (i.e., MR) of these layers.
Consequently, the difference in material properties will affect the structural capacity of the pavement
structure. The Pavement-ME Design Guide uses the Witzack moisture-modulus model (Equation 2) to
determine the variation in MR of the unbound layer with moisture changes (NCHRP 1-37A 2000).

log

MR
 a
M R (opt )

ba

b


1  exp  ln  km .(S  Sopt ) 
 a


(2)

where;

MR

=

Resilient modulus at the degree of saturation S (decimal)

M ROPT
a
b
a, b, and km

=

Resilient modulus at the maximum dry density and optimum moisture

=
=
=

S  SOPT

=

Minimum of log (MR/MROPT)
Maximum of log (MR/MROPT
-0.5934, 0.4 and 6.1324 for fine grained materials
0.3123, 0.3, and 6.8157 for coarse grained materials
Variation in the degree of saturation expressed in decimal

The estimated MR values for base materials with a change in moisture levels based on Witzack
model are shown in Figure 6. The results show that as the moisture increases, the MR decreases. For the
pavement sections located in dry climates, the reduction in base layer MR is small, i.e., approximately 4 to10
percent [see Figure 6(a)]. The main reasons for the lower change in MR are lower levels of cracking/joint
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seal damage coupled with low precipitation levels in dry climates. For the sections located in wet climates,
the maximum reduction in base layer MR was approximately 112 to 127 percent [see Figure 5 (b)]. This
higher variation in MR can be associated with higher precipitation and cracking/joint seal damage levels in
wet climates. Table 2 provides a summary of the percent reduction in estimated MR based on all the rigid
pavement SMP sections located in different climates.
Due to limited data for rigid pavements, the results may not represent the exact quantifiable moisture
variations in these regions.
Table 2 Summary — Change in rigid pavements MR due to moisture change
Climate region
DF
DNF
WF
WF
WF
WF
WF
WF
WNF
WNF
WNF

Maximum MR (MPa)
283.2
257.3
283.0
304.8
260.7
224.3
142.0
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227.0
304.1
277.6
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300
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250
MR (MPa)

Minimum MR (MPa)
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246.4
198.9
255.8
247.5
105.7
79.2
290.6
213.4
280.8
122.5

Reduction in MR (%)
10%
4%
42%
19%
5%
112%
79%
5%
6%
8%
127%
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y = -0.2078x2 - 4.2392x + 329.59
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Figure 6. Impact of moisture variations on PCC sections base MR
Resealing Timings for Damaged Joints
Based on the rigid pavements sections data analyses results, it can be concluded that PCC joints
should be sealed when the length of damaged joints is between 50 to 75 meters. Because within this range,
the variations in base layer moisture are small and may not significantly affect the stiffness properties of base
material [see Figure 5 (b)].
5 CONCLUSIONS
The paper presents LTPP data analyses for quantifying the effect of moisture infiltration through
surface discontinuities on rigid pavement performance. PCC SMP sections data analysis show that moisture
significantly affected the PCC base layer MR. The observed reduction in MR was up to 10 % and 127% for
the PCC sites located in dry and wet climates, respectively. Based on the data analysis, it was concluded that
damaged joint sealant length is the main cause of moisture variation in PCC pavement sections base layers.
Therefore, damage joints should be sealed when the extents are between 50 to 75 meters. The joint sealing
guidelines for pavement preservation presented in this study can be further improved by including more data.
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ABSTRACT:
Fatigue cracking has been identified as the most expensive to repair distress mode of asphalt concrete (AC) pavements.
The cracks in the existing AC pavement tend to reflect through the AC overlay at the rate of 25 mm per year. This issue
limits the rehabilitation options for fatigue cracked AC pavements to cold in-place recycling or re-construction, which are
bot expensive strategies. The ability of the AC mix to resist fatigue cracking is directly related to its flexibility under the
combined actions of climate and traffic loads. Polymer and tire rubber modifications of the asphalt binder have been shown
to improve its flexibility. This research evaluated the resistance of unmodified, polymer modified, and tire rubber modified
AC mixtures to fatigue cracking. The AC mixtures were designed following the Superpave volumteric mix design method.
The engineering property of the mixtures were evaluated in terms of the dynamic modulus master curve. The performance
characteristics of the mixtures were evaluated in terms of their resistance to moisture damage, rutting, and fatigue cracking.
Mechanistic analysis of a typical AC pavement was conducted to evaluate the impact of the three AC mixtures on the
performance life of the AC pavement. The analysis of the mechanistic analysis data indicated that the combination of tire
rubber and polymer modifications offers slightly better resistance to fatigue cracking than the tire rubber alone while both
tire rubber mixtures offer superior fatigue performance than the unmodified mixture. In general, the fatigue life of the
tire/polymer modified AC pavements were 5 to 7 times better than the fatigue life of the unmodified AC pavement. In
addition, the tire rubber modified mixtures maintained resistance to moisture damage similar to the tire and polymer
modified mixtures and adequate resistance to rutting.

134

Fatigue Characteristic of Tire Rubber Modified Asphalt Mixtures
Dr. Peter E. Sebaaly1
Dr. Elie Y. Hajj1
Mr. Murugaiyah Piratheepan1
1
University of Nevada, Reno, Nevada, USA
psebaaly@unr.edu
1 INTRODUCTION
As asphalt pavements are subjected to repeated traffic loads, tensile strains are generated at the bottom
of the asphalt concrete (AC) layer. The repetitive nature of the tensile strains leads to fatigue cracking of the
AC layer. The ability of the AC mix to resist fatigue cracking is directly related to its flexibility under the
combined actions of climate and traffic loads. Polymer and tire rubber modifications of the asphalt binder have
been shown to improve its flexibility and therefore increase its resistance to fatigue cracking.
Fatigue cracking is the mechanism of crack initiation at the bottom of the AC layer that quickly
propagates to the surface. Fatigue cracking is a distress mode that occurs during the latter part of the AC
pavement life. During the first 5 years of the pavement life, the asphalt binder is highly flexible and is capable
of resisting fatigue cracking. After the first 5 years, the asphalt binder starts to oxidize and becomes more
brittle; this process is referred to as long-term aging. The long-term aged asphalt binder significantly reduces
the ability of the AC mix to resist fatigue cracking. Therefore, any modification process that slows down the
long-term aging of the asphalt binder and maintains the flexibility of the AC mix would greatly improve the
performance of the AC pavement.
2 BACKGROUND
Several research studies have been conducted to assess the performance of tire rubber modified AC
mixtures compared with unmodified or polymer modified mixtures. Some investigations used Long-Term
Pavement Performance (LTPP) and Accelerated Pavement Testing (APT) sections in addition to the laboratory
evaluations of mixtures properties.
The National Center for Asphalt Technology (NCAT) and the Alabama Department of Transportation
(ALDOT) conducted an experiment to compare the performance of ground tire rubber (GTR) modified asphalt
mixtures to that of a polymer modified asphalt mixture in both laboratory and field (West et al 2018). Based
on laboratory results, the GTR modified mix had an equivalent or better performance than the polymer modified
mix for rutting and cracking resistance. The performance of test sections on the NCAT test track showed no
cracking or rutting after 10 million Equivalent Single Axle Loads (ESALs) and after 20 million; both sections
showed minimal rutting and no cracking.
The California Department of Transportation (Caltrans) conducted a full-scale experiment on nine
pavement test sections with various gap graded tire rubber modified AC mixtures and a control section of dense
graded AC mix (Holikatti et al 2012)). The tire rubber modified mixtures included both the on-site process to
produce asphalt rubber (AR) and the terminal blend process to produce the rubber modified binder (RMB).
One of the RMB sections had a dense graded AC mix. The Caltrans study reported that, after seven years of
traffic, the tire rubber modified sections outperformed the unmodified sections in reflective cracking, fatigue
cracking, and rutting.
Life cycle assessment of a pavement structure with tire rubber modified asphalt binder indicates that
this technology reduces life cycle cost by about 30% when compared with one built with neat asphalt binder.
This reduction is due to the smaller thicknesses needed, the longer service life of the structure, the lower number
of maintenance operations needed, and the environmental contribution due to the recycling of the tires
(Holikatti et al 2012).
A cost-effectiveness analysis conducted by Souliman et al. showed that AR mixtures exhibited
significantly higher cost-effectiveness (longer cycles per cost of one mile) compared to unmodified AC
mixtures. The AR mixtures had 4.1 times higher cost-effectiveness ratio than unmodified mixtures, while the
polymer modified mixtures were 2.6 times higher than the unmodified mixtures (Souliman et al 2017).
3 ASPHALT BINDERS
Three asphalt binders were used to produce the laboratory AC mixtures evaluated in this study. The
pre-blended asphalt binders were supplied by the U.S. Polyco Inc., Ennis, TX. The two modified binders are
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classified as RMB, which fit under the category of terminal blend asphalt binders. The Rapid Digestion Process
(RDP) was used to produce the two RMB’s. The RDP is a digestion process in which the whole scrap tire is
infused into a homogeneous solution that will not phase separate and meets AASHTO/ASTM solubility
requirements of 99%. The tire rubber particles are smaller than 6 mm with typical loading of 5 – 50%.
The overall objective of the study was to evaluate the impact of RMB’s on the fatigue cracking
resistance of AC mixtures. In order to maintain the performance of the mixtures at the high pavement
temperature, the formulations of the RMB’s targeted a high Performance Grade (PG) of 70. Table 1 summarizes
the formulations of the three asphalt binders used in this evaluation. The impact of the tire rubber and the
polymer resulted in performance grades of the two RMB’s of PG70-16 and PG70-28. In both cases, an RDP
material consisting of 50% asphalt binder and 50% tire rubber was used. In the case of the PG70-16R, the RDP
was used as is, which resulted in tire rubber content of 50%. In the case of the PG70-28TR, the RDP was
diluted to achieve 10% tire rubber content and was later modified with 3% styrene block copolymer (SEC).
The nomenclature shown in Table 1 was used in the evaluation for ease of identifying the three binders.
Table 1. Characteristics of the asphalt binders
Asphalt Binder Grade
PG70-16R (RDP50)
PG70-28TR
PG70-10

Tire Rubber Content
(%)
50
10
None

Polymer Type

Polymer Content
(%)
None
3
None

None
SEC
None

4 MIX DESIGNS
Three AC mixtures were evaluated in this study manufactured with the three binders listed in Table
1: PG70-16R, PG70-28TR, and PG70-10. All mixtures are dense graded with 12.5 mm nominal maximum
aggregate size as shown in Figure 1. All mixtures included 25% reclaimed asphalt pavements (RAP) with a
binder content of 4.6%. The aggregates were treated with 1.5% hydrated lime. The Superpave volumetric mix
design method was used to identify the optimum binder contents for a 20-year design traffic of 6 million ESALs
with number of gyrations of Ninitial = 8, Ndesign = 100 and Nmax = 160. Table 2 summarizes the mix designs for
the three AC mixtures.

Percent passing

100
90
80
70
60
50
40
30
20
10
0
0.075

0.60 1.18

Control Points

2.36

4.75

Sieve (mm)
Max. Density Line

9.5

12.5

19.0

Lab Mix Gradation

Figure 1. Gradation of the evaluated AC mixtures.

136

Table 2. Mix design properties
Mix Type

Optimum
Binder Content
(%)1
6.3
5.9
6.0

Properties at Ndesign = 100
Air Voids
VMA
VFA
Dust Ratio2
(%)
(%)
(%)
(%)
4.0
14.4
72
1.0
4.0
14.0
71
1.1
4.0
14.2
72
1.1
4.0
≤ 14
65-75
0.6-1.2

PG70-16R
PG70-28TR
PG70-10
Specifications
1
by total weight of mix (twm)
2
ratio of passing 0.075mm sieve over effective binder content

%Gmm
at Ninitial

%Gmm
at Nmax

86.7
86.6
86.8
≤89.0

96.6
96.2
96.4
≤98.0

All three mixtures met the Superpave specifications for a 20-year design traffic of 6 million ESALs.
The PG70-16R mixture resulted in the highest optimum binder content, which is expected due to the higher
content of tire rubber at 50%. With RAP content of 25% at a 4.6% binder content the average binder
replacement of the mixtures was around 18.5%.
5 RESISTANCE TO MOISTURE DAMAGE
The resistance of the mixtures to moisture damage were evaluated following the AASHTO T283;
“Resistance of Compacted Asphalt Mixtures to Moisture-Induced Damage” as briefly summarized below:
• Compact six samples in the Superpave Gyratory Compactor (SGC) to 6.5-7.5% air voids.
• Separate the compacted samples into two groups with similar air voids: unconditioned and moistureconditioned.
• Measure the tensile strength (TS) of the unconditioned group at 25oC.
• Subject the moisture-conditioned samples to the following:
o 75% saturation
o Subject the saturated samples to a freeze-thaw cycle consisting of freezing at -16oC for 16
hours followed by 24 hours thawing at 40oC and 2 hours at 25oC
o Measure the TS after the freeze-thaw cycle at 25oC
• The tensile strength ratio (TSR) is calculated as the ratio of the average moisture-conditioned TS
over the average unconditioned TS times 100.
Figure 2 presents the tensile strength properties and the tensile strength ratios of the AC mixtures. The
bars represent the averages while the whiskers represent the 95% confidence interval. Overlapping confidence
intervals among mixtures indicate that the measured TS are statistically similar. Typical specification requires
minimum unconditioned TS at 25oC of 1000 kPa and the Superpave minimum required TSR is 80%. All three
mixtures exhibited tensile strength properties that are higher than the minimum requirements. The two modified
mixtures exhibited similar tensile strengths, which are lower than the unmodified mixture. However, all three
mixtures exhibited similar TSR values. The tensile strength properties of the three mixtures indicate excellent
resistance to moisture damage, which has been enhanced by the lime treatment of the aggregates.
6 ENGINEERING PROPERTY: DYNAMIC MODULUS
The AASHTO Mechanistic-Empirical Design (M-E Design) uses the dynamic modulus (E*) master
curve to evaluate the structural response of the asphalt pavement under various combinations of traffic loads,
speed, and environmental conditions. The dynamic modulus of the three mixtures were measured according to
“AASHTO T378: Determining the Dynamic Modulus and Flow Number for Hot Mix Asphalt (HMA) Using
the Asphalt Mixture Performance Tester (AMPT).” The E* tests were conducted on 100 mm diameter by 150
mm cylindrical specimens cored from the center of sample compacted in the SGC to 6.5-7.5 air voids. The test
is conducted at frequencies of: 25, 10, 5, 0.5, 0.1 Hz and at temperatures of: 4, 21, 40, and 54oC. Using the
visco-elastic behavior of the asphalt mix (i.e. interchangeability of the effect of loading rate and temperature)
the master curve is constructed and can be used to identify the appropriate E* for any combination of pavement
temperature and traffic speed.
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Figure 2. Tensile strength properties of AC mixtures.
Figure 3 presents the dynamic modulus master curves of the three AC mixture at a reference
temperature of 20oC. The unmodified mix exhibited the highest E* property at all loading frequencies followed
by the mix with 50% tire rubber while the mix with 10% tire rubber exhibited the lowest E* property. It should
be noted that lower loading frequencies represent higher pavement temperatures. The E* properties of the two
tire rubber modified mixtures as compared with the unmodified mixture indicate that they may be softer at
higher temperatures but more flexible at intermediate temperatures. These characteristics would suggest that
the tire rubber modified mixtures may offer lower resistance to rutting and higher resistance to cracking than
the unmodified mixture. These observations will be checked in the next sections.
7 RESISTANCE TO RUTTING: FLOW NUMBER
Asphalt mixtures are expected to resist rutting during the first 5 years of their service life while the
asphalt binder is still un-aged. Rutting is typically formed by the permanent strains in the asphalt mix caused
by heavy loads during hot weather. The resistance of the AC mixtures to rutting were evaluated using the Flow
Number (FN) test according to “AASHTO T378: Determining the Dynamic Modulus and Flow Number for
Hot Mix Asphalt (HMA) Using the Asphalt Mixture Performance Tester (AMPT).” The FN tests were
conducted at 52oC on 100 mm diameter by 150 mm cylindrical specimens cored from the center of samples
compacted in the SGC to 6.5-7.5 air voids. The mixtures for the FN test were only short-term aged (loose mix
aged for 2 hours at compaction temperature) since rutting is an early pavement life failure. The samples are
subjected to a dynamic deviator stress of 600 kPa and zero confining stress. The number of load repetitions at
the start of the Tertiary Zone represents the FN of the mix. A higher FN value indicates higher resistance to
rutting.
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Figure 3. Dynamic modulus master curves of the AC mixtures.
Figure 4 presents the measured FNs for the three AC mixtures. It can be observed that the two tire
rubber modified mixtures exhibited lower FNs than the unmodified mixture, which is consistent with the
observations based on the E* master curves. However, the average FNs of all mixtures are greater than 190
(the red line in Figure 4), which is the minimum threshold established in AASHTO T378 for a 20-year design
traffic of 3 – 10 million ESALs. It should be noted that all three mixtures were designed for 20-year traffic of
6 million ESALs. Therefore, even-though the tire rubber modified mixtures exhibit lower FNs, their resistance
to rutting will be adequate for their 20-year design traffic.
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Figure 4. Flow number of the AC mixtures.
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8 RESISTANCE TO FATIGUE CRACKING
The resistance of the various mixtures to fatigue cracking was evaluated using the flexural beam
fatigue test according to ASTM D8237: “Standard Test Method for Determining Fatigue Failure of AsphaltAggregate Mixtures with the Four-Point Beam Fatigue Device.” The 50x64x381mm beam specimen is
subjected to a 4-point bending with free rotation and horizontal translation at all load and reaction points. This
produces a constant bending moment over the center portion of the specimen. The mixtures for the fatigue test
were short-term and long-term aged since fatigue is a latter pavement life failure. The short-term aging
consisted of aging the loose mix for 4 hours at the compaction temperature. The long-term aging consisted of
aging the compacted samples for 5 days at 85oC.
In this research, constant strain tests were conducted at different strain levels; using a repeated
haversine load at a frequency of 10 Hz, and a test temperature of 20oC. Initial flexural stiffness is measured at
the 50th load cycle. Fatigue life or failure is defined as the number of cycles corresponding to a 50% reduction
in the initial stiffness. The following model is used to characterize the fatigue behavior of the mixtures:
𝟏𝟏 𝐤𝐤𝟐𝟐
𝐍𝐍𝐟𝐟 = 𝐤𝐤 𝟏𝟏 � �
𝛆𝛆𝐭𝐭

Where, Nf is the fatigue life (number of load repetitions to fatigue damage), εt is the applied tensile
strain in units of mm/mm, and k1 and k2 are experimentally determined coefficients. Figure 5 shows the
schematics of flexural beam fatigue and typical fatigue curve for asphalt mixture.
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Figure 5. Flexural beam fatigue test and a typical fatigue curve.
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Figure 6 presents the fatigue characteristics of the three mixtures evaluated in this study and Table 3
summarizes the parameters of the fatigue models. The higher the fatigue curve, the more resistant the AC
mixture to fatigue cracking. It can be seem that the tire rubber modified mixture (PG70-16R) exhibited slightly
lower laboratory fatigue resistance than the unmodified mixture (PG70-10) while the tire rubber and polymer
modified mixture (PG70-28TR) exhibited a significantly higher fatigue resistance than the unmodified and tire
rubber modified mixtures. However, the slope of the PG70-16R fatigue model is lower than the slope of the
PG70-10 fatigue model, which indicates that the two models will cross over at a strain level around 200 microstrain. This behavior indicates that the PG70-16R will exhibit better fatigue resistance that the PG70-10 mixture
at strain levels below 200 micro-strain while the reverse is true at strain levels above 200 micro-strain.
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Figure 6. Fatigue cracking models for the evaluated mixtures.

Table 3. Parameters of the fatigue cracking models
Model
Parameter
K1
K2
R2-Value

PG70-16TR
1.9E-16
6.239
0.99

AC Mixture
PG70-28TR
6.7E-15
6.014
0.93

PG70-10
4.6E-13
5.267
0.93

It should be noted that a noticeable difference in the laboratory fatigue resistance of AC mixtures does
not necessarily mean that the same difference in the fatigue life of AC pavements will be observed in the field.
The magnitude of the modulus of the AC mixture directly impacts the level of the tensile strain at the bottom
AC layer. The generated tensile strain is then input into the fatigue model of the AC mixture in order to
determine the fatigue life.
A mechanistic analysis was conducted in order to capture the interaction of the impact of stiffness and
fatigue characteristics of the AC mixture on the fatigue life of the AC pavement. Figure 7 shows the
characteristics of the typical AC pavement used in the mechanistic analysis. The mechanistic analysis modeled
three pavement structures where the AC layer of each structure was varied to represent the PG70-16R, PG7028TR, and PG70-10 mixtures. The modulus (E*) of the AC layers were selected from the dynamic modulus
master curve of each AC mixture at a loading frequency of 10 Hz and a temperature of 20oC. The selected
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loading frequency represents truck loading at 95 km/h and the selected temperature represents the typical
critical fatigue temperature for AC pavements. The modulus of the crushed aggregate base (CAB) and subgrade
layers were fixed at 200 and 70 MPa, respectively.

Figure 7. Characteristics of the AC pavement used in the mechanistic analysis.
The AC pavement was loaded with a standard dual tire single axle load of 80kN and tire pressure of
700 kPa. The mechanistic analysis calculated the tensile strain the bottom of each AC layer of the three
pavement structures. The calculated tensile strains were input into the corresponding fatigue model, with the
coefficients summarized in Table 3, to determine the number of load repetitions to fatigue failure. The
calculated tensile strains at the bottom of the 150 mm AC layer were below 200 micro-strains for all three
pavements. It should be noted that the number of load repetitions to fatigue failure determined based on the
laboratory-produced fatigue models must be shifted in order to correlate to load repetitions in the field. In this
analysis, the field shift factor used by the Nevada DOT for PG76-22NV mixtures (i.e. shift factor of 0.005)
was used to convert the laboratory cycles to failure to the field cycles. The following field equivalent cycles to
fatigue failure were determined for each of the three AC pavements:
•
•
•

AC pavement with PG70-16R mixture: 3.87 million field repetitions to fatigue failure
AC pavement with PG70-28TR mixture: 4.80 million field repetitions to fatigue failure
AC pavement with PG70-10 mixture: 0.71 million field repetitions to fatigue failure

9 SUMMARY AND CONCLUSIONS
This research effort evaluated the resistance of three AC mixtures to fatigue cracking. The evaluated
mixtures included one mix with 50% tire rubber, one mix with 10% tire rubber and 3% SEC polymer, and one
mix without modification. In addition to the resistance to fatigue cracking, the mixtures resistance to moisture
damage and rutting were also evaluated. The analysis of the data generated from the laboratory evaluations and
mechanistic analysis led to the following conclusions:
• All three mixtures showed excellent resistance to moisture damage, which was greatly improved by the
addition of hydrated lime.
• The PG70-10 unmodified mix showed higher dynamic modulus property and better resistance to rutting
than the two tire rubber modified mixtures. However, the rutting resistance of the two tire rubber
modified mixtures were still significantly higher than the required resistance for their 20-year design
life.
• The analysis of the fatigue cracking data indicated that the tire rubber significantly improved the fatigue
performance of AC pavements. The AC mix modified with 10% tire rubber and 3% SEC polymer
exhibited the highest number of field cycles to fatigue failure closely followed by the AC mix modified
with 50% tire rubber while the unmodified mix showed extremely lower fatigue life than the two
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modified mixtures. In general, the fatigue life of AC pavement with tire rubber modified mixture ranges
between 5 and 7 times the fatigue life of the AC pavement with the same structure but with unmodified
AC mix.
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ABSTRACT:
A discussion on the use of multiple innovative technologies to support enhanced design approaches for Portland Cement
Concrete Pavements (PCCP) in highway applications is presented. Using an example from an Interstate Highway in
Colorado, USA, the paper demonstrates the use of mechanical stabilization in an aggregate base layer using a multiaxial
geogrid, the means of incorporation into AASHTO design methodology, and how this technology can enable the use of
recycled materials in lieu of virgin raw materials. The subject project reduced the required thickness of subbase and base
layers by 80 percent and used Recycled Asphalt Pavement (RAP) in the aggregate base layer, which saved raw
materials, site preparation effort, carbon emissions, construction impacts on the surrounding community, construction
time, and cost. During construction, the design was validated using in situ Automated Plate Load Testing (APLT), which
demonstrated that the mechanically stabilized aggregate layer using RAP delivered an improved resilient modulus,
enabling a reduction in the required materials. In addition, the geogrid mechanically stabilized layer provided a
construction platform assuring that surface deformation would be minimized during placement of the PCC Pavement.
This approach is broadly applicable to both flexible and rigid pavement designs. The paper discusses appropriate
guidelines for ensuring that enhanced designs are reliable and compliant with AASHTO methodology, and the need for
performance validation to ensure that expected design life is achieved.
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1 INTRODUCTION
The implementation of innovative design approaches and construction materials on public infrastructure
projects can be an arduous process. There are multiple reasons for this difficulty, including bureaucratic procedures,
bidding rules, and limits on the use of proprietary technologies. At their roots, each of these is related to risk aversion,
which is reasonable and prudent given the scale of these projects, the potential impact of failures on the public, and the
length of their design lives.
At the same time, there is a desperate need for innovation in all aspects of public infrastructure delivery,
because the needs far outstrip the funding required to meet them using conventional approaches. Therefore, it is critical
that we identify ways to introduce innovative approaches to design and construction which are feasible within the
current structure while addressing the risk of change. Pavement design and construction is an area where innovation can
provide significant benefits, but the perceived risk of change is high. Addressing risk successfully is best accomplished
by following best practices in three areas:
•
•
•

design methodology
construction materials
performance validation

When each of these areas is addressed, the chances of success are significantly higher, because the associated
risk to stakeholders is reduced.
Rigorous design is fundamental to mitigating the risk of failure. When considering alternate approaches, it is
essential that the original design assumptions and methodology be understood. If a proposed alternative uses different
assumptions or methodology, these should be thoroughly documented for all parties involved in evaluating the
proposal.
The advent of mechanistic-empirical pavement design (M-E) has created opportunities for innovation, due to
increased design precision. However, even where M-E has not yet been adopted, optimizing the design of pavement
structures can offer significant benefits in performance, cost, construction schedules, and reduced carbon emissions.
Achieving these benefits requires a rigorous approach that works within the design methodology, to provide assurance
that performance will not be compromised.
Using the United States as an example, the overwhelming majority of pavement design is performed using
methodologies developed by the American Association of State Highway and Transportation Officials (AASHTO).
Whether the design uses the older empirical methods or M-E, AASHTO provides extensive guidance regarding proper
design practice.
When geosynthetics are to be used within the pavement design, AASHTO Standard R50-09 enumerates best
practices to ensure successful outcomes. This guidance focuses on the use of empirical data that are derived from fullscale testing. AASHTO states that ‘Because the benefits of geosynthetic reinforced pavement structures may not be
derived theoretically, test sections are necessary to obtain benefit quantification.’ It also states that design procedures
‘use experimentally derived input parameters that are often geosynthetic specific’ and ‘users of this document are
encouraged to affirm their designs with field verification of the reinforced pavement performance.’ While R50-09 was
written under the assumption that the associated pavement design methodology would be empirical, the use of M-E
design also requires extensive data to quantify the benefit associated with the use of geosynthetics.
Like many other innovative construction products, geosynthetics have great potential to improve pavement
constructability and performance. While these materials have known benefits, the key to successful deployment is to
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accurately quantify the benefits for the specific application and conditions in question. It is not enough to know that a
product “makes the road last longer”: there must be sufficient data and experience for the entire project team to
understand and agree on how much longer, and at what cost. Compliance with AASHTO methodology, as discussed
above, is key to this understanding.
To ensure acceptance, it is essential that the project owner has access to information that provides assurance
that the design will provide adequate performance. There must be agreement among all the project participants
regarding the requirements for performance validation. It is critical that the distinction between quality control testing
and performance validation testing is clear, as stated above.
For the use of geosynthetics in pavements, there are two categories of performance validation testing:
• Accelerated Pavement Testing (APT) or other test sections under known conditions that can be related to
the design inputs
• Actual in situ testing on the project at hand, verifying compliance with expected performance
APT apparatus applies a constant load to a rolling wheel mounted on a load frame. The magnitude of the
wheel load is typically identical to that of a loaded standard-axle haul or freight truck. Deflection measurements are
taken at the surface of the pavement and instruments within the pavement structure and subgrade can be used to monitor
stresses and strains within individual layers. APT is the most reliable form of pavement testing. It is undertaken in a
well-controlled environment and the trafficking loads are very similar to those encountered in working pavement
structures. Another principal benefit of this type of testing is that the data obtained can generally be extrapolated and
applied to pavements of various thicknesses constructed over a range of subgrade support conditions. Such data serves
as one of the key elements in the development of M-E design models. This is the approach adopted by AASHTO. For
the project discussed herein, the initial development of the alternative design was based on extensive APT conducted
over many years on pavements incorporating geogrids.
In recent years, new methods have been developed that allow in situ validation of performance parameters that
relate directly to pavement design methodology using geosynthetics, specifically the resilient modulus and modulus of
subgrade reaction. By documenting performance in this manner on the actual project at hand, one can provide the best
possible assurance that the proposed approach will deliver the promised performance. The project discussed herein
made use of an in situ technology known as Automated Plate Load Testing (APLT), developed by David J. White,
Ph.D., P.E., of Ingios Geotechnics, Inc. The use of this technology is discussed in more detail below.

2 MECHANICAL STABILIZATION OF AGGREGATE BASE LAYERS IN PAVEMENTS
The use of geogrids to optimize the performance of pavement structures was first introduced in the United
States in the late 1980s. The principal mechanism of the geogrid in an optimization application is the lateral restraint of
the unbound aggregate layer, resulting in an enhanced modulus of this mechanically stabilized layer (MSL) and
improved maintenance of this modulus over the life of the structure. Secondary but also important benefits are the
prevention of downward migration of the aggregate into the subgrade, which over time would result in a reduction of
the effective thickness of the layer, and (with proper design) the prevention of migration of fine-grained subgrade soils
into the aggregate layer. These secondary benefits are not discussed further in this paper.
In order to quantify the performance of a geogrid stabilized roadway, research in full-scale is required to
replicate representative loading conditions and accumulated damage of the pavement system. The vast majority of fullscale pavement research studies over the past 25 years have been undertaken using Tensar's punched-and-drawn
geogrids. Significant evidence exists to apply engineering judgment to the performance of these products.
The predominant historical use of geosynthetics in roadways has been for the purpose of stabilizing unsuitable
subgrade conditions. However, the use of geogrid for the stabilization of unbound aggregate base layers in permanent
pavements offers both performance advantages and design options that allow the pavement engineer to optimize the
roadway section to the requirements of each specific project. The design of pavement sections using geogrid is based
on the increase in stiffness of a mechanically stabilized aggregate layer and reduced deterioration of stiffness over the
design life of the pavement, as compared to a conventional unbound aggregate layer. The resulting performance
improvement can be used by the designer to optimize a pavement design to the specific needs of the project by
maximizing the design life for a given construction budget or section thickness
The quantification of the performance of the mechanically stabilized layer (MSL) is the primary challenge in
the development of appropriate methodologies for the use of geogrid in pavement design. Because of the complexity of
pavement design and the extraordinary number of variables which can impact pavement performance, the reliable
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quantification of the performance of pavements in general, and geogrid stabilized pavements in particular, is highly
dependent on full-scale accelerated pavement testing.

3 APPLICATION OF MECHANICAL STABILIZATION IN RIGID PAVEMENTS
Historically, the predominant application of MSLs for improving pavement performance has been in flexible
pavement sections, because the structural enhancement provided by the MSL as compared to an unbound aggregate
layer translates directly into increased traffic capacity in the AASHTO design methodology. In rigid pavement
structures using Portland Cement Concrete Pavement (PCCP), the PCCP layer is usually assumed to provide all of the
structural capacity to carry the traffic load.
More recently, the potential performance contribution of MSLs in rigid pavement structures has been better
understood. There are two primary performance benefits. First, because mechanical stabilization increases the stiffness
of an aggregate layer as compared to an unbound layer, an MSL may be used to provide the required support condition
for a rigid pavement using less granular material. Second, the uniformity of support for a rigid pavement structure has
been shown to be critical to the lifespan of the pavement. MSLs provide a significant reduction in the variability of
support from the aggregate layer, which reduces the occurrence of multiple types of distress in the PCCP layer,
including faulting, roughness, and corner breaks.

4 PROJECT EXAMPLE
A recent project on an urban interstate highway in Colorado provides an excellent example of the successful
use of these concepts. The project was a widening of the existing freeway.
The original design called for a pavement section as shown in Figure 1: 300-330 mm (12-13 in) of Portland
Cement Concrete Pavement (PCCP), over 150 mm (6 in) of aggregate base course, over 610 mm (24 in) of subbase
material with an R-value of 24, over 300 mm (12 in) of scarified and moisture conditioned subgrade. This design
required the importation of large quantities of granular material to construct the subbase layer. Because the existing
freeway would remain open during construction, the number of access points to the work area was limited. This meant
materials coming into the site would have to be hauled across the subgrade on which the pavement was to be
constructed, creating additional disturbance of the surface with each trip. The contractor and Colorado DOT sought
alternatives which would provide equivalent performance while reducing the quantity of materials to be imported to the
site.

Figure 1. Original Specified Pavement Section
An alternative section was designed, using M-E methodology, that provided the same traffic capacity as the
original section. The alternative section used a multi-axial geogrid and reclaimed hot mix asphalt (HMA), usually
referred to as Recycled Asphalt Pavement (RAP), to replace the aggregate base course and subbase layers.
The alternative pavement section is shown in Figure 2.
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Figure 2. Alternative Pavement Section

5 PERFORMANCE VALIDATION
The M-E transfer functions for the geogrid were developed based on extensive, multi-year APT testing that
was specific to the multi-axial geogrid used. Quality control testing was performed as it would be on any geosynthetic
product to ensure that the product delivered to the job was the same as included in the design.
In addition to the APT testing that supported the design, the actual performance of the alternative pavement
section was validated in ground using Automated Plate Load Testing (APLT). This procedure uses repeated load
applications and precise measurements of the associated response to determine the actual, in situ strength of the section,
so that it can be compared to the design assumptions. The APLT system was developed to perform fully automated
static and repetitive/cyclic plate load tests in accordance with AASHTO, ASTM, and European test standards. Cyclic
tests are performed up to 100,000 cycles per test. The system is designed to directly measure and develop the confiningstress-dependent Mr input values used in M-E design.
Figure 3 shows the plate load test equipment mounted on a trailer unit and Figure 4 is an example of the data
output including the stress cycles, cyclic and permanent deformation, stress-displacement relationship, number of load
cycles, and in situ resilient modulus. The APLT unit is automated using electric-hydraulic control systems.

Figure 3. APLT test system

148

Figure 4. Example of output from APLT test system

Testing was performed at six locations using the APLT rig to determine in situ values for the design inputs for
both the original and alternative pavement sections. These data included the modulus of subgrade reaction, k, of the
unimproved subgrade and also after placement and compaction of the original 610 mm thick subbase layer; and the
resilient modulus, Mr, for the subgrade, base layer, and in place composite.
Figure 5 shows the APLT test locations on I-25 north of Lincoln Ave. in Centennial, CO. Figure 6 shows the
placement and compaction of RAP as aggregate base course over multi-axial geogrid as a mechanically stabilized layer.

Figure 5. APLT test locations
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Figure 6. RAP base course
This testing confirmed that the alternative pavement section would deliver equal performance to the original
design. The two designs were compared using the values collected using APLT as inputs to the M-E design
methodology. The original design was evaluated as an unbound aggregate base layer with Mr of 20,000 psi over a
subgrade with a k value of 240 pci, equal to that obtained at the top of the subbase layer. The alternative design was
evaluated as a MSL with Mr of 30,000 psi over a subgrade with a k value of 75 pci, equal to that obtained at the top of
the prepared subgrade. These values resulted in a composite Mr of approximately 83,000 psi, which was verified by in
situ testing using the APLT.

6 CONCLUSIONS
The alternative section was accepted and implemented, resulting in a reduction of approximately six months in
the construction time for the project. The contractor was able to continue work during poor weather conditions, and the
impact to the public in the form of traffic delays was dramatically reduced. In addition, much less aggregate material
was required, reducing the environmental impact of the project. The trucking that would have been associated with the
original material quantities was reduced, so there was less impact on the surrounding communities and less damage to
existing roads. Finally, the change delivered savings of approximately $2 million to the citizens of Colorado.
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ABSTRACT:
Concrete is considered a composite with conventional components such as cement, aggregate, and water. The tendency
of using unconventional components in the concrete mix has been increased over the last few years. Maintenance of
concrete is one of the most significant concerns for all Departments of Transportation (DOTs) across the nation for
concrete pavement prone to crack propagation. With periodic advances in nanotechnology, nanomaterials have captured
more attention from researchers (Isfahani et al. 2016) and (Etemadi et al. 2018). Carbon nanotubes (CNTs) is one of the
best nonconventional additives to reduce roadway maintenance due to low permeability, low shrinkage, and high
mechanical properties. This paper briefly reviews the impact of using CNTs in cement paste for road maintenance
application, as well as mechanical properties and other attributes that make it a versatile alternative for coating and
rehabilitation purposes. Additionally, this paper summarizes Colorado DOT results on using CNTs by the City and
County of Denver Maintenance Department.
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ABSTRACT:
Concrete is considered a composite with conventional components such as cement, aggregate, and water. The
tendency of using unconventional components in the concrete mix has been increased over the last few years.
Maintenance of concrete is one of the most significant concerns for all Departments of Transportation (DOTs) across the
nation for concrete pavement prone to crack propagation. With periodic advances in nanotechnology, nanomaterials
have captured more attention from researchers (Isfahani et al. 2016) and (Etemadi et al. 2018). Carbon nanotubes
(CNTs) is one of the best nonconventional additives to reduce roadway maintenance due to low permeability, low
shrinkage, and high mechanical properties. This paper briefly reviews the impact of using CNTs in cement paste for
road maintenance application, as well as mechanical properties and other attributes that make it a versatile alternative
for coating and rehabilitation purposes. Additionally, this paper summarizes Colorado DOT results on using CNTs by
the City and County of Denver Maintenance Department.
1 INTRODUCTION
Over the last century, significant effort has been made to increase concrete performance and strength by adding
or replacing various components. Many studies have been conducted on adjusting major concrete elements such as
cement, coarse and fine aggregate. However, little to no research has been performed on the replacement of water with
carbon nanotubes (CNTs) as an admixture, especially for highway materials (M. M. Patel et al. 2016). Currently, all
nanomodified materials for the construction industry are in the laboratory stage. However, application of nanomaterial
products is a growing market to address a variety of concrete issues (if not all) in terms of durability and performance.
Recently, applications of CNT are more feasible due to a reduction in the cost of CNTs in recent years to as low as
$0.20/g (TimeNano, China) (X. Yu and E. Kwon, 2012). According to BCC Research Market Report, “The global
market for CNT primary grades was $158.6 million in 2014. This market is projected to reach $167.9 million in 2015
and $670.6 million in 2019, with a compound annual growth rate (CAGR) of 33.4% from 2014 to 2019.”. The CNT
composites market is rapidly growing, but the knowledge of CNT usage is developing more gradually.
The first time CNTs were used by the construction industry was in 2011; e.i. EdenCrete produced CNT
additive to increase concrete strength. The Colorado DOT in the county of Denver used CNT-mixture from EdenCerete
to solve the maintenance issues faced in a specific road and published initial satisfactory results. The pioneer practice of
CDOT demonstrated CNT mixture as a promising nanomaterial. The CDOT also provided limited suggestions to
introduce CNT as an alternative solution for concrete pavement repair. However, the long-term impact of CNTs haven’t
been investigated yet (M. M. Patel et al. 2016).
2 CARBON NANOTUBES DEFINITION
A CNT is a miniature cylindrical carbon structure with hexagonal graphite molecules attached at the edges.
CNTs are very thin and long. The diameter is one nanometer (one billionth of a meter) and the length is up to several
nanometers. Nanotubes look like powder or black soot, but they are in fact rolled-up sheets of graphene that form
hollow strands with walls that are only one atom thick (X. Yu and E. Kwon, 2012). Nanotubes with an aspect ratio >>1
are an alternative to reinforce and improve the mechanical properties of concrete (Nadiv et al. 2016).
3 MAIN TYPE OF CNT
The two main types of CNTs are Multi-Walled Carbon Nanotubes (MWCNTs) and Single-Walled Carbon
Nanotubes (SWCNTs). SWCNTs are tubes of carbon atoms and came into production less than two years after the
discovery of MWCNTs (Siddique, R., & Mehta, A. 2014), (Nojoomizadeh, M., & Karimipour, A. 2016), and (Yoo, D.,
You, I., & Lee, S. 2018). The MWCNTs can consist of up to ten shells of carbon. “The diameters and length of CNTs are
1~20 µm, and 0.2~5 μm, respectively (X. Yu and E. Kwon, 2012).
According to the US National Library of Medicine (NLM) and the National Institute of Health (NIH), the tensile
strength of SWCNT is, amazingly, one hundred times greater than steel. SWCNTs perform very well, even under
enormous amounts of pressure. When SWCNT is under a high compressive load, it bends, twists, kinks and buckles, but
returns to the original structure because of high SWCNT elasticity (R. Jazaei, 2018). However, among all nanoparticles,
multi-walled carbon nanotubes have outstanding mechanical properties, such as a Young's modulus of 0.45 TPa and
tensile strength of approximately 3.6 GPa (Xie et al. 2000 & Styonski 2015).
4 GRAPHENE ROLLED METHODS
Three distinct ways in which graphene can be rolled into tube are known: Armchair, Zig-Zag and Chiral
(Eftekhari, M.et al, 2016). Multi-Walled Carbon Nanotubes can be rolled using two different structural methods: The
Parchment model and the Russian Doll model in Figure 1. When a carbon nanotube has an interior carbon nanotube
nested inside, the outer tube has a larger diameter, referred to as the Russian Doll model. The other structural method is
like rolling up paper. The Parchment model is shown below (Etemadi, A. 2014).
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Fig. 1. Structural Rolling Graphene sheet methods (Etemadi, A. 2014).

5 CNT POTENTIAL IN CONSTRUCTION INDUSTRY
CNTs were discovered by S. Iijima in 1991(X. Yu and E. Kwon, 2012), and have been used in a variety of
applications because of their superior mechanical, thermal, and electrical properties compared to other reinforcements
that are compatible with concrete. Additionally, CNTs have the ability to bridge nano-scale cracks, while other
reinforcements such as microfibers poorly binds cement crystals to provide strong paste for concrete (R. Jazaei, 2018).
Current applications of carbon nanotubes are varied in other fields. Among many applications, CNTs are used in
water purification, air pollution filters, solar cell production, fire protection, polyethylene, sports equipment, synthetic
muscles, gene therapy, tissue regeneration, cancer treatment, and textiles, and have the potential to be used in the tether of
a proposed space elevator. Due to the high strength-to-weight ratio of CNTs, they are extensively used in the aerospace,
military, medicinal and automotive industries. The use of CNTs has extended to become an alternative for rehabilitation
of existing construction, bridges, cellular phone antennas as well as repairing damage, fatigue or loss of cross section due
to corrosion, for both concrete and steel structures. CNTs are cost-effective solutions in the preceding fields but are not
currently applied to cement composites. This is due to a lack of research in this area. Thus, the benefits of CNTs are
currently out of reach. Potential applications of CNTs could be innumerable if combined with typical cementitious
products (R. Jazaei, 2018).
However, there are some drawback to fabricating CNTs into cementitious materials. The tendency of CNTs to
bundle and adhere together due to Van der Waals forces is problematic. The second problem is that CNTs are
considered hydrophobic material, and water is the main contributor of all types of cement-based composites. Thus,
CNTs do not disperse well in water because they are not capable of generating adequate interfacial bounds with cement
matrices (Konsta-Gdoutos et al. 2010). Therefore, the challenging part of producing cementitious nanocomposite is
dispersion of carbon nanotubes in water, so that water and carbon atoms create a homogeneous liquid for the cement
matrix (R. Jazaei, 2018). The contemporary method to achieve high quality dispersion and deagglomeration includes
the ultrasonic technique (Konsta- Gdoutos et al. 2010 & Musso et al. 2009) and use of functionalized CNTs (Li et al.
2005 & Muss et al. 2009). However, excessive use of ultrasonic energy may damage the carbon nanotube structure and
decrease the beneficial properties of CNTs (Rausch et al. 2010).
Many researchers used Carboxylate acid functionalized carbon nanotubes; various solvents; stirring CNTs in a
centrifuge, and heating after sonication of CNTs to increase dispersion effectiveness and enhance dispersion quality. In
fact, covalent bonds between CNT sidewalls and chemical functionalization increases bonding with CNTs and the
composite matrix. Cementitious nanocomposite is an emerging field with limited laboratory research. Thus, the
procedure for dispersion of CNTs has not developed yet. CNT fabrication is conducted with various methods and
sonication processes (Li et al. 2013 & Bhari et al. 2014 & Wang et al. 2013 & Jiang et al. 2003)
Overall, CNTs considerably increase mechanical, thermal, and electrical properties of cement-based composites.
This review paper objective is only to shed a light on two major applications addressing DOT’s issues; strength and
structural health monitoring in highways and bridges.
6 CNT APPLICATION AS WATER REDUCER
All Departments of Transportation (DOT) are seeking a cost-effective sustainable solution for street/highway
material maintenance. Colorado Department of Transportation (CDOT) conducted a research on the effect of carbon
nanotube admixture as unconventional repair material for concrete pavement deterioration in Denver (M. M. Patel et al.
2016).
Continuous cyclic load in highway structures including concrete pavements and bridges has resulted in cracking
and other concrete pavement deteriorations. It causes low service life and major delay in traffic flow due to repairing
strategies. However, non-conventional materials such as CNT additives with as low a dosage as 1% CNT by weight of
cement offers promising enhancement in concrete mechanical properties (X. Yu and E. Kwon, 2012) and (M. M. Patel et
al. 2016). CNT contributes as a water reducer due to quick setting time and low permeability. Therefore, the CNTconcrete products are more durable and long-lasting as highway materials or repair materials (R. Jazaei 2018). G. Y. Li et
al. 2005 research demonstrated that adding 0.5% CNT by weight of cement resulted in a 19% increase in compressive
strength and a 25% increase in flexural strength.
CNTs were first used by the construction industry in 2011 (A. Al-Dahawi et al. 2016). The CNT-admixture was
from EdenCrete. The Colorado DOT in the county of Denver used CNT-mixture from EdenCerete for the maintenance
issues faced by a specific road and published initial satisfactory results (Figure 2). The pioneer practice of CDOT
demonstrated CNT mixture as a promising nanomaterial. Additionally, limited suggestions were provided for CDOT to
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introduce CNT as an alternative solution for concrete pavement repair. However, the long-term impact of CNTs hasn’t
been investigated, yet (M. M. Patel et al. 2016).

Fig. 2. Site location and condition of concrete pavement to be replaced by City and County of Denver Maintenance
Department (M. M. Patel et al. 2016).

The CDOT report presented that CNT-admixture reduces required water-to-cement ratio, provides low
permeability, decreases shrinkage, and, most importantly, decreases freeze-thaw resistance. Freeze-thaw resistance is a
major issue for the Wisconsin Department of Transportation (WisDOT) and other states in similar severe environments.
The highest priority of WisDOT is to complete road repair with minimal interruption for traffic flow and lane closures,
which is 6-8 hours of nighttime. Consequently, CNT-admixture might be a good alternative due to its rapid setting and
durability (Wisconsindot website, 2019).
7 CONCRETE MIX SAMPLES
CDOT research addressed three major deteriorations specific to cracks in concrete pavement; heavy loads from
running vehicles, freeze-thaw cycles, and de-icing salts with MgCl2 component. The mix design is presented in Table 1
(M. M. Patel et al. 2016).
Table 1. Mix design of CDOT Class E 12 h mix (reference mix) (M. M. Patel et al. 2016)
Material

Source

Description

ASTM

Spec. Gravity

Coarse Aggregate

Aggregate Industries

C-33

2.64

1690

Sand

Aggregate Industries

C-33

2.62

1225

Cement
Air Entrainer
Type C
Water Reducer
Class F Fly Ash

Mountain Cement
BASF
BASF
BASF
Boral

Aggregate Industries
Morrison 57/67
Aggregate Industries
Platte Valley Sand
Mountain Cement Type I/II
MB-AE 90
Pozzolith NC534
MASTER GLENIUM 7920
Boral Class F Craig
Water

C150
C 260
C 494
ASTM C

3.15
1.00
1.00
1.08
2.225
1.00

4500
3.00 To 6.00
4.00 To 8.00
5.0

PSI
In.
%
%

C-94

Oz/cwt

0.40
30.00

Total
Speciﬁed F’c:
Speciﬁed Slump:
Speciﬁed Air:
Designed Air:

Designed Unit Weight:
Designed W/C + P Ratio:
Designed Volume:

144.0
0.35
27.45

Weight (lb)

600
0.2
14.7
2.2
150
263
3945
lbs./cu.ft.
cu.ft.

A compressive test with a 4-in and 8-in diameter cylinder was performed, and the results reported. As seen in
Figure 3 from CDOT, the data for three samples including a control sample, 2GPY (9.9 l/m3), and 3GPY (14.85 l/m3)
were presented. GPY is acronym for gallon per yard of CNT mixture that was purchased from EdenCrete. The trend
indicates that 3GPY compressive strength is 8.9% more than 2GPY, while 2GPY compressive strength is 19.9% greater
than the control sample with zero CNT-admixture (M. M. Patel et al. 2016). As other experimental research on the effect
of CNT additive has demonstrated, small dosage of CNTs dramatically increases mechanical properties of concrete. On
the other hand, after a specific amount (that is still debatable in the progressive current research) (R. Jazaei 2018) and (M.
M. Patel et al. 2016). M. Mayank at el, 2018 suggested 3 GPY mix for Colorado department of transportation due to
higher slump for GPY (Figure 4). The low workability of CNT-admixture is due to strong Van der Waals forces among
CNTs (M. M. Patel et al. 2016) (R. Jazaei, 2018) and (Yin X., et al. 2018). In Figure 5, the field observation of test mixes
shows the quality of concrete pavement before and after six months in the County and City of Denver (M. M. Patel et al.
2016).
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Fig. 3. Compressive strengths using carbon nano-tube replacements (M. M. Patel et al. 2016).

Fig. 4. (28 day) Compressive strength versus Slump (M. M. Patel et al. 2016).

Fig. 5. Field observations of test mixes: Reference mix after ﬁve years (left), sample mixes after six months, and one winter (right).
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8 CNT APPLICATION AS SELF-SENSING SENSOR
Research was conducted by University of Minnesota Duluth and was funded by Federal Highway
Administration (FHWA) of the U.S. Department of Transportation (USDOT). The main objective of this research was to
evaluate CNT as a self-sensing material for Pavement Structural Health Monitoring. CNT has piezoresistive property
that allows stress and strain (crack development inside the pavement is monitored or detected). Therefore, CNT not
only increases concrete pavement strength, but also provides the stress/strain level with periodic change in electrical
resistivity of the cement-based composites (X. Yu and E. Kwon, 2012).
Highway structural health monitoring is a crucial issue because progressive cracks result in damaged
infrastructure and are a risk to public safety. At the present, some common methods use embedded sensors inside the
concrete pavement such as electric-resistance strain gauges, optic sensors and piezoelectric ceramic sensors. However,
these sensors are not a cost-effective or durable solution. Another drawback for using such sensors is low compatibility
with concrete, while CNT-admixture is highly compatible with cement (X. Yu and E. Kwon, 2012) and increase the
compressive and flexural strength (G. Y. Li et al.. 2005). CNT cost has been extremely high since their discovery due to
advanced manufacturing process (R. Jazaei 2018). However, the cost of CNTs has rapidly dropped in recent years to as
low as $0.20/g (TimeNano, China) (X. Yu and E. Kwon, 2012). Therefore, CNT has high potential to be an alternative
for current sensor products with development of the mix procedure for DOTs. The MWCNT (X. Yu and E. Kwon,
2012) physical and electrical properties is presented (Table 2). Figure 6 illustrates the process of fabricating MWCNT in
water with one of the methods discussed by X. Yu and E. Kwon, 2012, then mixing the CNT-admixture with cement.
Two sets of tests were performed in the lab and in the field. For the lab test setting, two electrodes were positioned in the
specimen to measure the electrical conductivity due to applied compressive load (Figure 6). For quality control of proper
CNT dispersion in the sample, a Scan Electron Microscope was used (X. Yu and E. Kwon, 2012) and (R. Jazaei, 2018).
CNT-to-cement ratio was 0.05%, 0.1%, and 1% in three samples with constant water-to-cement ratio of 0.45. CNTadmixture needs higher w/c ratio compared to conventional cement-based composites (R. Jazaei, 2018).
Table 2. Properties of carboxyl multi-wall carbon nanotubes (X. Yu and E. Kwon, 2012)
Parameters
Values
Outside diameter

<8nm

Inside diameter

2~5nm

-COOH content

3.86 wt.%

Length

10~30μm

Purity

>95%

Ash

<1.5 wt.%

Special surface area

>500 m2/g

Electrical
conductivity
Density

>102 s/cm
~2.1 g/cm3

Fig. 6 Illustration of the CNT/cement fabrication process based on the acid treatment of CNTs (X. Yu and E. Kwon, 2012)

In the first picture of lab test setting, the CNT/cement composite sample and electrode are illustrated. In the
second picture of the lab test setting, the applied compressive load and resistivity was measured continuously. In the
third picture of field test setting, road testing of self-sensing CNT concrete is shown (Figure 7-8) (X. Yu and E. Kwon,
2012).
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Fig. 7. Lab test setting and field test setting (X. Yu and E. Kwon, 2012).

Fig. 8. Schematic self-sensing concrete pavement tested by traffic flow (Baoguo Han et al.., 2009)

The change in amplitude of electrical resistance as compressive load was applied on samples described the
effect of CNT/Cement verses resistance (Ω). The result depicts in Figure 9 indicates that 0.1% (sample#2) performed the
best under a compressive stress of 6 MPa. Other experimental research presented the same phenomena in CNT cementbased composites.

Fig. 9. Comparison of electrical resistance changes of CNT/cement composites with different MWNT concentration levels
(#1: 0.05 wt. %, #2: 0.1 wt. %, #3: 1 wt. %) (X. Yu and E. Kwon, 2012)

H. K. Kim et al, 2014, reported that adding 0.1, 0.3, 0.5% CNTs to cement mortar and decreasing water/cement
ratio will improve the stability of piezoresistivity (conductivity resistance) under a cyclic load. The mixture included
cement, silica fume, crushed sand, water, super-plasticizer and CNTs (Figure 10).
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Fig. 10. Conductivity test (H. K. Kim et al, 2014)

G.M. Kim et al, 2016, investigated the effect of CNT additive to cementitious composite in terms of heating
element. In this study, 0.1, 0.3, 0.6, 1 and 2% CNT, silica fume, and poly-carboxylic acid base super-plasticizer were
mixed. The results showed up to 0.6% of CNTs improves heating conductivity. Additionally, the electrical resistivity of
CNT-embedded cementitious materials related to heat generation capacity. Beyond 0.6% of CNTs, additive electrical
resistivity rapidly decreased (Table 3).
Table 3. Summary of test results in previous studies on electrically conductive concretes (G.M. Kim et al, 2016)

Conductive filler

Steel
fibers and
steel
shavings

Steel
fibers

Carbon
products

Stainless
steel fibers
and
graphite

CNT
0.6%

CNT
2%

Electrical resistivity (Ω cm)

7500

748.33

5100

400

145.2

68.1

TI (°C)⁎

38.7

41.3

47

25

34.6

67.8

Heating rate (°C/min)

0.83

1.8

1.2

0.41

2.41

7.98

TI (°C): temperature increase from ambient temperature to terminal temperature within 1 h

Heyong-Ki Kim, 2015, indicated that use of CNTs in cement composite and RC decreases chloride
penetration. The mixture included cement, water, silica fume, super-plasticizer and 0, 0.3 and 0.6% CNT tested in
saturated and dry conditions. The results showed that 0.6% CNT mixture in dry conditions has minimum conductivity
(Figure 11-13) (Heyong-Ki Kim, 2015).

Fig.11. Conductivity ranges of various types of water and cement composites (Heyong-Ki Kim, 2015).

Fig. 12. Specimens for evaluating the effect of reinforcement on conductivity of CNT/cement composites in concrete structure: (a)
schematics and (b) actual shapes (Heyong-Ki Kim, 2015).
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Fig. 13. Relative conductivities of CNT/cement composites embedded in cement mortar with reinforcement (Heyong-Ki Kim, 2015).

H.K. Kim, 2014, conducted research on the effect of improving dispersion of CNTs by adding silica fume.
The findings indicated an enhancement in mechanical and electrical properties in cement composite. The mixture
contains CNTs that were 0, 0.15, 0.3% wt of cement and 0, 10, 20 and 30% silica fume by weight cement (H.K. Kim,
2014).
9

SUMMARY AND CONCLUSION
The aim of using CNTs in concrete pavement is to provide a safe and durable surface which is subjected to
traffic load and severe environmental conditions. Application of CNTs increase not only longevity and performance of
concrete pavement, but also sensitivity of concrete pavement to load or environmental changes. The objective of this
review is to shed light on two important types of CNT application in civil engineering infrastructure. The usage of
CNTs was discussed with emphasis on DOT applications and the need to invest in such research.
CNTs improve mechanical properties of concrete pavement under heavy traffic loads as well as resistance to
damage caused by environmental factors such as moisture and temperature. Therefore, concrete consisting of CNTs has
better resistance to applied load in severe environments. The unique properties of CNTs enable them to be a
multifunctional material. Low doses of CNTs (<1%) improve mechanical, electrical properties of concrete pavement
considerably.
• improve the compressive and flexural strength of concrete significantly and improve concrete ductility. CNTs
• reduce the short-term and long-term shrinkage of fresh and solid concrete.
• are water reducers, offering lower permeability.
• can be used as a compatible sensor due to binding strongly with cement.
• can sense traffic flow and collect data as needed.

However, further research should be performed to confirm the results in different application. The optimum percentage of
CNT is still varied. The procedure of dispersion of CNT has not been developed fully. The mechanical tests manual needs to
be approved by civil and mechanical engineering associations with the proper scale for CNT composites.
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ABSTRACT: Crumb rubber use in asphalt mixtures using wet process technology has been in practice for years in the United States with good
performance history; however, it has some drawbacks that include the need for special blending equipment, high rubber-binder temperatures,
and longer waiting time at mixing plants. Pre-treated crumb rubber technologies are emerging as a new method to produce asphalt rubber
mixtures in the field. A new crumb rubber modifier known as Reacted and Activated Rubber (RAR) is one such technology. RAR (industrially
known as “RARX”) acts like an Enhanced Elastomeric Asphalt Extender to improve the engineering properties of the binder and mixtures. It
is intended to be used in a dry mixing process with the purpose of simplifying mixing at the asphalt plant. The objective of this research study
was first to perform a Superpave mix design for determination of optimum asphalt content with 35% RAR by weight of binder; and secondly,
analyse the performance of RAR modified mixtures prepared using the dry process against Crumb Rubber Modified (CRM) mixtures prepared
using the wet process by conducting various laboratory tests. PG64-22 binder was used to fabricate RAR and CRM mixtures and PG70-10
binder was used to fabricate Control mixtures for this study. Laboratory tests included: Dynamic Modulus Test, Flow Number Test, Tensile
Strength Ratio, Axial Cyclic Fatigue Test and C* Fracture Test. Observations from test results indicated that RAR mixes prepared through the
dry process had excellent fatigue life, moisture resistance and cracking resistance compared to the other mixtures.
KEYWORDS: Superpave mix design, Reacted and Activated Rubber, RAR, Crumb Rubber, dry process, wet process
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1. Introduction
In 1990, over 1 billion of scrap tires were in stockpiles in the United States. The scrap tires in 2010 were estimated to be about
111.5 million of tires. This is about 90% reduction in 20 years. This was achieved thanks to the extended markets for scrap tires
that include: the automotive industry, sports surfacing, moulded products or playgrounds and animal bedding, civil engineering
applications such as rubberized asphalt pavements (Rubber Manufacturers Association 2011). About 12 million scrap tires are
used for crumb rubber modified asphalts (Willis, et al. 2012).
The primary purpose of using Asphalt Rubber (AR) in Hot Mix Asphalts (HMA) is that it significantly improves engineering
properties over conventional paving grade asphalt. Asphalt rubber binders can be engineered to perform in any type of climate.
Asphalt rubber binder designers usually consider climate conditions and traffic data in their design to provide a suitable asphalt
rubber product. At intermediate and high temperatures, asphalt rubber binder's physical properties are significantly different than
those of conventional paving grade asphalts. The rubber stiffens the binder and increases elasticity over these pavement operating
temperature ranges; which decreases pavement temperature susceptibility and improves resistance to rutting and fatigue
(Caltrans, 2003). However, despite the proven advantages of AR hot mix asphalts, there is still no breakthrough or significant
development in the global practical use and implementation of this technology (Sousa et al, 2000-2009). Some reasons for this
stagnation can be listed as follows:
•
•
•
•

The tedious wet process of producing the asphalt rubber binder, involving very high temperature (over 180℃) and
long blending and reaction time (45 min. up to one hour).
The complexity and cost of the blending unit that must be installed in every asphalt mixing plant.
The necessity to re-heat and agitate the hot asphalt rubber binder after longer rest periods.
The high cost of the asphalt rubber paving mixes as compared to conventional HMAs (ranges between 20-100% higher).

In view of the proven advantage of AR technology, an effort was made to overcome the main disadvantages listed above. One
solution that was developed is the new Reacted and Activated Rubber (RAR). It was designed as a rubber modifier that can be
directly added to the pugmill at the end of the batching process in a mixing plant and generated superior quality rubber-modified
asphalt mixes (Ishai et al. 2011).
The objective of this study was to perform a Superpave mix design on RAR modified asphalt mixtures and compare the
performance characteristics of mixtures prepared using crumb rubber technologies namely Reacted and Activated Rubber (RAR),
as described above, and Crumb Rubber (CR) using wet process.

2. Background
RAR is composed of soft asphalt (bitumen), finely ground scrap tire rubber and fillers reacted at optimal proportions and
temperatures as reported in (Ishai et al., 2011). Generally, RAR consists of about 62 to 65% crumb rubber, 20 to 25% soft asphalt,
and 15 to 20% filler. During the production of the RAR material, the asphalt used will be softer to enable an improvement in the
viscosity and ensure the workability of the binders even at higher rubber contents.
The rubber particles used in the composition of RAR are of the maximum size of 600 μm. The fillers used in the RAR
conglomerate are microscale additives to reduce moisture sensitivity of the asphalt mixes. When the elastomeric part of rubber
in the RAR blends uniformly with the liquid asphalt binder, the charged molecules of the filler form an interconnected network
with the rubber particles, thereby, forming a cohesive blend of asphalt, rubber, and the stabilizer. RAR is also coated with a
special layer of fillers that is dispersed into the mixture, which latches onto the aggregate improving the moisture sensitivity
response (Sousa et al., 2012; Sousa et al., 2013).
Sousa (2016) described how RAR is produced from raw constituent materials. The implementation of RAR in several types
of asphalt mixtures is discussed, and demonstrative examples of test results are provided. Tests on mixtures in wheel tracking
and fatigue demonstrate how the binder performance tests translate into mixture performance. In all cases evaluated, the RAR
mixtures outperformed non- modified and even conventional rubber modified equivalent materials.
Ishai et al. (2013) summarized further successful research effort in the laboratory and in the field, where actual road tests were
performed and monitored in Israel, using RAR HMA mixes under hot climatic conditions. The RAR HMA mixes (Dense and
Superpave "S" graded) were produced using Marshall method in conventional batch asphalt plants with the use of the regular
SMA fiber-feeder for feeding the RAR directly to the pugmill without any additional heating or setting. The road tests included
a residential street and highly trafficked industrial road in the city of Tel Aviv, and an access road to a very busy aggregate quarry.
The performance and results after more than two years have strengthened the advantages of RAR Asphalt Rubber mixes achieved
in the first phase of the research. This also led to other paving jobs, and new modified specifications for asphalt rubber in Israel.
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Presti (2013) reported the results of a literature review upon the existing technologies and specifications related to the
production, handling and storage of RTR-MBs. Considering that RTR-MBs technologies are still struggling to be fully adopted
worldwide, Presti’s work aimed to be an up-to-date reference to clarify benefits and issues associated to this family of
technologies and to provide suggestions for their wide-spread use.
Sousa et al. (2016) conducted a research study for binder characterization of the Reacted and Activated Rubber (RAR)
modified asphalts with varying dosages and compared these materials with two virgin binders and one commercially available
rubber modified binders. RAR modification raised the upper Performance Grade temperatures to a higher grade than the base
binder making these binders well suited to reduce rutting. Non-recoverable creep compliance decreased, and recovery increased
with increasing RAR contents. RAR modified asphalts were highly resilient in nature since they had substantially lower strains
than the virgin and C60 binders attributed to the presence of RAR additive that provided enduring viscoelastic characteristic.
Overall, it was recommended that at least 15% RAR be used as minimal dosage in designing an asphalt mixture to obtain an
effective material with an improved performance than a mixture produced using commercially available asphalts, including the
rubber-modified ones.
Sampat (2016) in his study aimed at characterization of seven dense graded asphalt mixtures using VG-30 and VG-40 (Indian
specifications) base virgin binders along with commercially available CRMB60 for comparison purposes. In total, thirteen
conventional and RAR modified asphalt binders, and seven conventional dense graded and RAR dense graded asphalt mixtures
were evaluated and analyzed. Asphalt binders’ evaluation encompassed fundamental and advanced rheological characterization
while the asphalt mixtures were characterized to understand the viscoelastic properties, fatigue cracking resistance, and moisture
sensitivity.
3. Mixing Processes
The mixing of asphalt and rubber presents the user with two choices: RAR dry mixing and wet mixing. In the wet process
(Figure 1), the fine crumb rubber is mixed with asphalt at high temperatures. This bitumen becomes partially modified by the
rubber particles after a controlled time of digestion. In the RAR dry process (Figure 2), the RAR particles are used as filler and
blended with the warmed aggregates, before the addition of the hot bitumen binder to make the asphalt–rubber mixture
(Herna’ndez-Olivares, 2006).

Figure 1. Wet Process Method (Hassan et. al 2014)

Figure 2. Dry Process Method (Hassan et. al 2014)

3.1. Wet Process
The process in which the crumb rubber is added to the asphalt binder to act as a modifier is called the wet process. This
process has been used since the 1960’s in crack sealing, chip seals and other surface treatment; and in the late 1980’s in hot
mix asphalt pavements (Way 2012). Overall, results from pavements around the United States have shown that the wet process
for rubberized asphalt pavement outperforms both conventional pavement mixes and the old dry process (not the RAR
technology).
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3.2. Old Dry Process
In the old dry process, the crumb rubber is added to the aggregates at a proportion of approximately 1-3% by weight of the
aggregate in the mix or 0.9% to 2.7% by weight of the mix before the asphalt binder is added. In the dry process, crumb rubber
is added to the hot aggregates similar to reclaimed asphalt pavement (RAP) at the plant and then mixed with binder. Dry
process rubber introduction included use of engineered crumb rubber designed to reduce mix stickiness, improve workability
and ease the introduction of rubber into the asphalt production process.
4. Materials Used
4.1. Binder:
For this study, a PG 64-22 binder was used to prepare RAR modified mixtures and CRM mixtures. Since rubber
modifications usually bump up the grade of binder, a PG 70-10 binder which is a stiffer binder was used to create unmodified
Control mixtures. All the binder was provided by HollyFrontier Refinery Terminal in Glendale, Arizona.
4.2. Aggregate:
For this study, the aggregates were obtained from Southwest Asphalt El Mirage Pit and the materials used for composite
gradation consisted of Blended sand, Crusher Fines, 3/8-inch aggregate and 3/4-inch aggregate.
4.2.1. Aggregate Gradation:
A Gap Gradation NMAS of 12.5mm (1/2-inch) was used to prepare RAR and CRM mixtures. Gap Graded refers to a
gradation that contains only a small percentage of aggregate particles in the mid-size range. The curve is flat in the mid-size
range. This facilitates the addition of RAR particles and creates a better bond with the aggregate and the binder. The aggregate
stockpiles obtained from the pit were heated in an oven at 110°C overnight to remove all the moisture before sieving them
into different sizes. (AASHTO T 2). The specification bands are taken based on type of gradation and NMAS described under
Superpave specifications from AASHTO MP 2. Figure 3Error! Reference source not found. shows the gap gradation for
RAR modified and CRM mix with Superpave control limits.
A Dense gradation with NMAS of 19mm (3/4-inch) was used to prepare control mixtures. The gradation was selected
following City of Phoenix specifications limits. Figure 4 shows the dense gradation for Control mix with Superpave control
limits.

Figure 3: RAR Mix Gap Gradation with Specification Bands
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Figure 4: Control Mix Dense Gradation with Specification Bands

4.3. Reacted and Activated Rubber (RAR):
RAR is composed of soft asphalt cement (bitumen), fine crumb tire rubber (usually #30 mesh) and an Activated Mineral
Binder Stabilizer (AMBS) at optimized proportions as shown in Figure 5 below. RAR (commercially known as “RARX”)
was generously provided by Consulpav, Portugal.
By mass, a typical RAR is made of 56% crumb rubber, 20% bitumen, 20% AMBS and 4% hydrated lime. The composition
by volume of RAR, assuming typical specific gravity values from crumb rubber, hydrated lime, bitumen and fine silica
(AMBS) are as follow: 65% of crumb rubber, 23% soft bitumen, 10% AMBS and 2% hydrated lime.

Figure 5: Composition of RARX (Source: Consulpav 2013)

4.3.1. RAR Mixture Composition:
For this study, 35% RAR (by weight of binder) was added to the aggregate prior to mixing with the neat binder. The
optimized percentage of 35% RAR was suggested by Consulpav (Portugal) based on ongoing projects at the time. Figure 6
represents a phase diagram example of a 1000g RAR mixture with 10% total binder content and 35% RAR for better
understanding of the mixture composition.
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Figure 6: RAR Mixture Composition

4.4. Crumb Rubber
The crumb rubber for this study was provided by Crumb Rubber Manufacturers, Mesa. A #30 mesh maximum particle size
is preferred. Cryogenic or ambient ground crumb rubber can be used. The particle gradation was similar to RAR.
4.4.1.

Crumb Rubber Modified Binder (CRMB) Preparation:

CRMB was prepared by adding 20% CRM (by weight of total binder) to PG 64-22 Binder. The binder was heated at 177°C
for 1 hour to liquefy it before setting it up in the mixing apparatus. As part of the wet process, CRMB was prepared using a
High Shear Mixer set at 7000 RPM and a temperature of 177℃ for 45 mins to let the crumb rubber swell.
4.4.2.

CRMB Mixture Composition:

For this study, 20% (by weight of binder) of crumb rubber was added to binder prior to mixing with the aggregate. To make
true comparison between RAR mixtures and CRM mixtures, 20% CR (by weight of binder) was selected since RAR consists
of 56-58% crumb rubber by weight. Thus, for 35% RAR, the CR amount equals to 20% which is also what is conventionally
used in the US.
4.5. Hydrated Lime:
Type N Hydrated Lime was used as a filler added to the aggregates in preparation of Control mixtures obtained from Lhoist
North America (LNA), USA.
5. Superpave Mix Design
The Superpave (SUperior PERforming Asphalt PAVEments) mix design procedure was developed as part of the first Strategic
Highway Research Program (SHRP) in the early 1990s to “Give highway engineers and contractors the tools they need to design
asphalt pavements that will perform better under extremes of temperature and heavy traffic loads.” Superpave (as a whole) was
created to make the best use of asphalt paving technology and to present a system that would optimize asphalt mixture resistance
to permanent deformation, fatigue cracking and low temperature cracking. The key parts of the process are the Performance
Graded (PG) system for specifying the properties of the asphalt binder and the volumetric and densification characteristics
determined by the Superpave Gyratory Compactor (SGC). The system was developed and calibrated for a wide range of
applications. The Superpave mix design system integrates material selection and mix design into procedures. The SGC can
provide information about the compactability of the particular mixture by capturing data during compaction.
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5.1.

RAR, Crumb Rubber and Control Mix Preparation:

Three Asphalt Binder content 8.5%, 9.0% and 9.5% were selected with 35% RAR for RAR mixes. Three Asphalt Binder
content 7.0%, 7.5% and 8.0% were selected with 20% CRM for CRM mixes and three Asphalt Binder content 4.5%, 5.0%
and 5.5% were selected for Control mixtures for optimum asphalt binder percent selection using Superpave Mix Design. Two
samples of 150 mm (6-inch) diameter cylinder approximately 115 mm (4.5 inches) in height and 4700 g in weight were
compacted for each asphalt binder content. Servopac Gyratory Compactor was used for compaction. A flat and circular load
was applied with a diameter of 149.5 mm and a compaction pressure of 600 kPa (87 psi). For traffic level 3 to < 10 million
Design ESALs, Ninitial = 8, Ndesign = 100, Nmaximum = 160. For each binder content, one mix batch was prepared to determine
the maximum specific gravity (AASHTO T-209).
For RAR mixtures, the aggregates were heated to 190 °C for 6 hours then hand mixed with RAR kept at ambient
temperature for 30 seconds to ensure a homogenous mix just before mixing with the binder. The PG 64-22 binder was heated
at 175°C for 2 hours. To compensate for the fact that RAR is added at regular ambient temperature, it is recommended that
the heating of the binder is 5°C above the normal temperature used for this kind of mixtures but not exceeding 195°C. After
the temperature of aggregates reached 175°C after addition of RAR, the binder was added to the mix. This mix was then
subjected to short-term aging of 4 hours at a temperature of 135°C. Before compaction, the mix was placed into moulds and
heated for 1.5 hours at 165°C before compaction. During this time, RAR coatings activate the binder and aggregate surfaces.
The samples were released from moulds after 30 mins.
For CRM mixtures, the aggregates were heated to 175 °C overnight. The CRMB was heated at 175°C for 2 hours before
mixing. This mix was then subjected to short-term aging of 4 hours at a temperature of 135°C. Then the mix was placed into
moulds and heated for 1.5 hours at 165°C before compaction. The sample was released from mould after 30 mins.
For Control mixtures, the aggregates were heated to 163 °C for overnight. The PG 70-10 binder was heated at 160°C for 2
hours before mixing with the aggregates. This mix was then short-term aging of two hours at a compaction temperature of
150°C.
The samples for performance testing were compacted and short-term aged for 4 hours at 135°C, and then placed into moulds
for 1 hour at 165°C before compaction.
5.2. Optimum Binder Content:
Superpave mix design was performed using the asphalt binder contents stated above for each mix. Optimum binder content
of 9.25% was achieved for RAR mix. Optimum binder content of 7.60% was achieved for CRM mix. Optimum binder content
of 5.10% was achieved for Control mix. Summary of volumetric properties for optimum binder content of each mix is
summarized in Table 1 below.
Table 1: OBC Volumetric Properties
RAR Mix

CRM Mix

Control Mix

9.25%

7.6%

5.1%

% Air Voids

4.0 %

4.0%

4.0 %

4.0 %

% VMA

22.1 %

18.3%

14.6 %

14 % Min

% VFA

81.7 %

78.0%

73.0 %

65 – 75%

Dust Proportion

0.7

0.6

1.0

0.6 – 1.2

% Gmm @ Ninitial

86.4 %

87.6 %

88.7 %

89 % Max

% Gmm @ Nmax

97.3 %

97.2 %

97.0 %

98 % Max

Property

Criteria

VFA represents the portion of the voids in the mineral aggregate that contain binder. This represents the volume of the
effective asphalt content. The criteria for VFA is a function of traffic level and the current specifications do not take into
consideration mixtures modified with crumb rubber. VFA is a somewhat redundant term since it is a function of air voids and
VMA (Roberts et al., 1996). VFA is inversely related to air voids; as the air voids decreases, the VFA increases. The Gap
Graded RAR mix and Gap Graded CRM mix were compacted to 4% air voids and both the mixes had high volume of effective
binder which resulted in high VFA values to ensure the density of the mixture. If not, the interlock of aggregates would not
have been sufficient.
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6. Laboratory Tests Performed
After performing the Axial cyclic fatigue test on RAR samples with the determined optimum 9.25% total binder, it was
observed that the samples looked too dry and deficient of binder (aggregates not fully coated). On further investigating the issue
along with the supplier of RAR and some literature review, the following points were concluded as key factors in producing a
RAR mix deficient of binder which ultimately led to early failure in the Axial cyclic fatigue test.
•

The Mix design gradation was closely replicated to the gradation provided by the supplier of RAR based on an actual
project. However, it was later found that the coarse aggregates used by the project’s supplier had almost no absorption
whereas the coarse aggregates used for this study had high absorption that contributed to the observed dryness or
deficiency in binder content.

•

The RAR particles absorb 5 to 10% binder to an interconnected network with the rubber particles, thereby, forming a
cohesive blend of asphalt, rubber, and the stabilizer. This was not considered during the mix design process as well.

•

The RAR mix was subjected to a short-term aging of 4 hours at 135°C followed by 1.5 hours of heating at 165°C after
placing the mix into moulds before compaction. During this aging process and bringing up the mix temperature from
135°C to 165°C, the high absorption of coarse aggregates along with the absorption of binder by RAR particles resulted
in a product deficient of binder.

To account for the loss of binder based on the points stated above, a new RAR mix was created to primarily improve the
performance in Axial cyclic fatigue test. This deficiency was rectified by computing the absorbed binder amount taking into
consideration the high absorption of the aggregate as well as the absorption from RAR and adding it to the existing optimum
asphalt content of 9.25%. This amount was calculated as 0.7% and the asphalt content was rounded off to 10% for the RAR mix.
This new RAR mix with 10% binder content was prepared without the short-term aging of 4 hours but was heated for 1 hour
at 165°C after transferring the mix into moulds before compaction. The laboratory test results of this RAR mix along with all
other mixes are presented below.
6.1. E* – Dynamic Modulus Test
The AASHTO T 342 was followed for E* testing. For each mix, three replicates were used. For each specimen, E* tests
were conducted at -10, 4.4, 21.1, 37.8 and 54.4 °C and 25, 10, 5, 1, 0.5 and 0.1 Hz loading frequencies. A 60 second rest
period was used between each frequency to allow some specimen recovery before applying the new loading at a lower
frequency.
6.1.1. Results:
The E* values of all mixes were compared for 6 frequencies and 5 temperatures along with the new modified RAR mix.
The master curve below ins Figure 7 shows that RAR modified mixes have lower moduli at lower temperatures which is
desirable for better resistance to thermal cracking whereas CRM mix had higher moduli value at higher temperatures
indicating resistance to permanent deformation. In general, the new RAR mix exhibited lower moduli across all temperaturesfrequencies combinations. This was attributed to the preparation method followed by not including the 4 hours short-term
oven aging.
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Figure 7: Master Curve – Average E* Values of All Mixtures

6.2. Flow Number Test
Flow number tests were conducted using two replicate test specimens for all mixtures. All tests were carried out on
cylindrical specimens, 100 mm in diameter and 150 mm in height. Thin and fully lubricated membranes at the test specimen
ends were used to warrant frictionless surface conditions. All tests were conducted within an environmentally controlled
chamber throughout the testing sequence (i.e., temperature was held constant within the chamber to ±0.5 °C throughout the
entire test). The tests were conducted unconfined at 50 °C and at a stress level of 400 kPa (58 psi).
6.2.1. Results:
Test samples for all the mixes were tested unconfined at a deviator loading stress of 400KPa and a temperature of 50°C.
The 10% Unaged RAR mix was added to the summary Flow Number test results as well. Keeping in mind that the new
modified 10% RAR mix was unaged and had more binder, thus resulting in lower Flow Number values. However, these
samples also showed much better resistance to deformation compared to other mixes. This is indicative by the higher strain
at failure compared to the other mixtures. The results for the Flow Number test are summarized in Table 2.

Figure 8: Flow Number Result for All Mixes
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Table 2: Summary of Flow Number Test Results

Mix

CRM

Flow

Flow

Average

Number

Number

Flow

Rep.1

Rep.2

Number

Axial

Axial

Resilient

Resilient

Permanent

Permanent

Modulus

Modulus

strain at

strain at

(psi) at

(psi) at FN

failure

failure

FN Rep.1

Rep.2

εp (%)

εp (%)

Rep.1

Rep.2

6879

5823

6351

111490

162496

1.19

1.27

2639

2343

2491

108874

102098

1.76

1.84

1919

1575

147

87582

92420

2.24

2.24

1311

959

1135

107331

118489

1.56

1.20

RAR
(9.25%
Binder)
RAR
(10%
Binder)
Control

6.3. Tensile Strength Ratio
This test involves comparing the indirect tensile strengths of moisture conditioned and unconditioned asphalt samples. The
conditioning of the asphalt samples is achieved by keeping the asphalt samples submerged under water in an environment
control chamber maintained at 60 °C for a period of 24 hours. After the temperature conditioning, the samples are brought to
the room temperature by conditioning at 25°C for 2 hours. The unconditioned samples are kept in room temperature during
the conditioning period of the samples and the temperature is normalized by submerging in a water bath for 2 hours maintained
at 25 °C. Both the conditioned and unconditioned samples are tested for indirect tensile strengths by loading cylindrical
samples along their diameters.
6.3.1. Results:
Tensile strength ratio was performed to determine the moisture resistance of mix. The test was conducted by following
AASHTO T-283. The load was applied on the test samples at a rate of 50 mm/min. The results for the RAR, CRM and Control
mixes are tabulated in Table 3, Table 4 and Table 5 respectively. The tables give information about the average air voids of
the subset, tensile strength of each specimen and tensile strength ratio of mix.
Table 3: Tensile Strength Ratio Results for 10% RAR Mix (Unaged)
10% RAR Mix

Conditioned

Dry (Unconditioned)

Average Air Voids

6.481 %

6.396 %

Tensile strength (kPa)
Average tensile strength (kPa)
Tensile Strength Ratio (%)

717.1

775.8

795.4

933.2

762.7

830.7

985.6

916.5
83
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Table 4: Tensile Strength Ratio Results for CRM Mix
CRM Mix

Conditioned

Dry (Unconditioned)

Average Air Voids

6.608 %

6.610 %

Tensile strength (kPa)

682.7

Average tensile strength (kPa)

740.7

752.6

815.4

872.4

725.3

1010.3

899.4

Tensile Strength Ratio (%)

81
Table 5: Tensile Strength Ratio Results for Control Mix

Control Mix

Conditioned

Dry (Unconditioned)

Average Air Voids

6.326 %

6.350 %

Tensile strength (kPa)

1219.7

Average tensile strength (kPa)

1245.8

1274.4

1561.1

1246.6

Tensile Strength Ratio (%)

1516.0

1518.8

1532
81

A minimum tensile strength ratio (TSR) of 0.70 (70%) to 0.80 (80%) is often specified. Actually, even a lower TSR
value (65%) is considered acceptable for gap graded rubber mixtures (Nadkarni et al, 2009). In either case, all the mixes
had a TSR value above 80% indicating good resistance to mositure damage. The 10% RAR mix achieved a TSR value
of 83% indicating good resistance to moisture susceptibility.
6.4. C* Fracture Test
For multiple specimens tested at different displacement rates, the data are collected as load and crack length versus time
for a constant displacement rate. The load value is adjusted taking into consideration the sample thickness by dividing the
load value by the sample thickness; then the load and crack length versus time are plotted for each displacement rate. The
load and the displacement rates are plotted for each crack length. The energy rate input U* is measured as the area under the
curve in step above. The areas under the curve is calculated by end area method. After that, the U* values are obtained and
plotted versus crack length for each displacement rate. The slope of these curves is C* value for each displacement rate. The
crack growth rates are calculated for each displacement rate as the total crack length divided by the time. The crack growth
rate versus the displacement rate values are plotted for all the mixtures. The C* versus the crack growth rate are plotted for
the mixes to compare the performance of each mix through the slope of this relationship where the higher the slope the higher
the resistance of the mix to crack propagation.
Table 6: Displacement Rates used for all mixtures
Displacement Rate, Δ* (mm/min)

Displacement Rate, Δ* (mm/sec)

0.38

0.0063

0.51

0.0085

0.64

0.0107

0.76

0.0127

0.89

0.0148
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Figure 9: Schematic and Actual C* Sample Using RAR

6.4.1. Results:
The Crack Growth Rate versus the C* are plotted for the mixes to compare the performance of each mix through the slope
of this relationship where the higher the slope, lower the resistance of the mix to crack propagation. Figure 10 shows almost
similar slope values for both 10% RAR mix and CRM mix indicating better resistance to cracking. The new RAR mix at the
higher binder content was somewhat equivalent in performance to the CRM mix.

Figure 10: Crack Growth Rate vs C* Comparison

6.5. Axial Cyclic Fatigue Test
Ideally, only one temperature and one strain level condition are required to obtain the damage characteristic curve (C-S
curve), which relates material integrity to microstructural damage. The C-S curve has been shown to be a unique material
property of asphalt concrete that is independent of temperature and strain conditions. A fingerprint dynamic modulus (|E*|)
test is performed before initiation of the fatigue testing; this not only checks the variation of the replicates but also obtains
the machine compliance. The Axial Cyclic Fatigue Test is controlled by actuator displacement, which is determined from the
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target on-specimen peak to peak strain level (entered by the user) and the machine compliance factors.
The current AASHTO TP-107 protocol recommends an initial on-specimen peak-to-peak strain level of 300 με, with
adjustments for the second and third specimens depending on the number of cycles to failure of the first specimen. Although
the 300-με strain could be appropriate for some asphalt mixtures, it may not work for others. Trial and error is usually needed
to identify the actuator displacement amplitude that results in failure at either 1,000 cycles or 10,000 cycles, corresponding
to high strain and low strain, respectively.

6.5.1. Results:
Figure 11 shows the Material Integrity (C) versus the Damage (S) curves for all the mixes and Figure 12 shows the Strain
level (100th cycle) versus Nf at 300 μs.

Figure 11: C vs S Curves for all mixes

Figure 12: Nf vs Stain Level (100th cycle)

The construction of C-S curves in this report followed the most updated procedure developed by Underwood et al. (2010)
to calculate S. The damage accumulation serves as a sort of "damage counting". As the asphalt mixtures present different
stiffness and damage curves, higher values of material integrity for a given value of damage accumulation do not mean more
resistant materials. Material integrity at failure was also higher for Control mix and CRM mix than for RAR mix. This means
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that the material in Control mix and CRM mix failed for less evolved damaged conditions (with less damage tolerance)
compared to RAR mix. Based on values of Nf at 300 μs, 9.25% RAR mix showed a similar trend in faigue life to CRM mix.
Both the 9.25% RAR mix and CRM mix showed an improvement of two times in fatigue life compared to Control mix. Based
on the values of Nf at 300 μs, the unaged 10% RAR mix showed an improvement in fatigue life of 64 times over control
samples and an improvement of 30 times over CRM samples indicating excellent fatigue life of new modified RAR mix.

7.

Film Thickness Consideration
The minimum voids in the mineral aggregate (VMA) requirement property has been proposed since the late 1950s for use
in asphalt mix design specifications. The conventional definition of the average film thickness was given by F. Hveem as a
ratio of asphalt volume (not absorbed into the aggregate particles) to the surface area of the aggregate.
Kandhal (et al, 1998) proposed that rather than specifying a minimum VMA requirement based on minimum asphalt content
and adopted by Superpave, a more rational approach would be to directly specify a minimum average asphalt film thickness
of 8 μm. They also pointed out that the term film thickness is difficult to define. To calculate an average film thickness, the
surface area is determined by multiplying the surface area factors by the percentage passing the various sieve sizes. However,
they could not find the background research data for the surface area factors in the literature. Therefore, Kandhal concluded
that further research is needed to verify these surface factors and the concept of film thickness.
7.1. Film Thickness Calculation for All Mixes:
An ExcelTM sheet was setup with all the surface area factors and was used to calculate the film thickness of the all the
RAR mixes based on their gradation. The Film Thickness calculated for all RAR mixes are presented in Table 7 below.
Table 7: Film Thickness Calculation for All RAR Mixes
Film Thickness

Film Thickness with no filler consideration

(in micron)

(in micron)

RAR – 9.25%

11.3

25.8

RAR – 10%

12

28.2

Mix

RAR acts as a very rough dry filler thus it becomes extremely important to verify the film thickness and incorporating it
in the mix design for the specific project. The supplier, when contacted, recommended a minimum film thickness of 10
microns based on previous RAR paving projects and a surface factor of 10 for RAR. In previous projects, pavements laid
with RAR and film thickness less than 10 microns developed early distresses such as cracking and raveling.
In this study, it was observed that the 9.25% RAR mix satisfied the 10 microns minimum film thickness level; however,
insufficient binder coating was observed after the axial fatigue tests which lead to the preparation of another RAR mix with
10% asphalt content. The film thickness for the 10% RAR mix was verified to be 12 microns. Based on the performance
test results, and specifically the axial fatigue, it is realistic to state that a difference of 0.5-0.7 microns in film thickness
could have a big impact on the performance of the mix. Based on this study’s limited testing and findings, a minimum film
thickness level of 12 microns is recommended to specify when using RAR in future mixtures and paving projects.
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8.

Summary, Conclusions and Recommendations:
8.1. Summary
A testing program was initiated and completed to evaluate the laboratory testing of Reacted and Activated Rubber (RAR)
modified asphalt mix prepared through a dry mixing process. It was compared with a traditional Crumb Rubber Mixture
(CRM) mix prepared through the wet process and a reference Control mix. A modified RAR mix was created and later added
into the testing program to re-address some issues encountered with the original RAR mix. All the RAR mixes were modified
with 35% RAR by weight of binder and the CRM mixes were modified with 20% of Crumb Rubber (CR) by weight of
binder. A Superpave mix design performed to arrive at the optimum binder content for all the mixes. This RAR Superpave
mix design is believed to be the first ever completed as part of a research study or field production. The asphalt mixtures
characterization tests included: Dynamic Modulus Test for stiffness evaluation, Flow Number Test for rutting evaluation,
Tensile Strength Ratio to evaluate moisture susceptibility, C* Fracture Test to evaluate crack propagation and Axial Cyclic
Fatigue Test for fatigue cracking evaluation. A short study on the asphalt film thickness was done and a recommendation
was made for minimum asphalt film thickness when using RAR.
8.2. Conclusions
8.2.1. Dynamic Modulus Test
Low E* values at lower temperatures are desirable for resistance to thermal cracking, whereas high E* values at higher
temperatures indicate resistance to permanent deformation. The Unaged 10% RAR mix had the lowest moduli at lower
temperatures followed by the CRM mix, then the 9.25% RAR mix and finally Control mix whereas the CRM mix had the
highest moduli values at higher temperatures followed by 9.25% RAR mix, then the Unaged 10% RAR mix and finally the
Control mix. The Unaged 10% RAR mix had low moduli values throughout the temperature range, but that was attributed
to skipping the short-term aging. In general, both the RAR mixes showed better resistance to low temperature cracking
whereas the conventional CRM mix showed high resistance to permanent deformation compared to all the mixes.
8.2.2. Flow Number Test
The results showed that the CRM mix had the highest average FN value indicating a stiffer mix and high resistance to
rutting followed by the 9.25% RAR, then the Unaged 10% RAR mix and finally the Control mix. This was consistent with
the Dynamic Modulus test results obtained for high temperatures. On visual inspection, both of the RAR mixes showed very
little deformation with a slight bulge on top and no visible signs of cracks. To understand this phenomenon, the post-tertiary
flow was investigated, and it was found that both of the RAR mixes reached Flow Number at a higher % of accumulated
strain and showed a gradual rise in % accumulated strain post-tertiary flow; whereas the CRM and Control mixes showed a
sharp rise for the same. A more comprehensive study needs to be undertaken to explore and understand this phenomenon.
8.2.3. Tensile Strength Ratio
As discussed in the results section, a TSR value of 65% is acceptable for Gap graded rubber mixes and 80% for dense
graded mixes to suggest good resistance to moisture susceptibility. The Unaged 10% RAR mix had the highest TSR value
of 83%, followed by CRM mix and Control mix both with TSR value of 81%. The E* Stiffness Ratio (ESR) (substitute for
TSR) for the 9.25% RAR mix also had a value of 80%.
8.2.4. C* Fracture Test
Relationships between C* fracture values and crack growth rates for all mixtures were presented. The CRM mix had the
highest power release rate immediately followed by the Unaged 10% RAR mix; however, the crack growth rate was slightly
higher for the CRM mix. The 9.25% RAR mix has least power release rate and crack growth rate. The slope of Control mix
was roughly 3 times higher than the CRM mix and both RAR mix indicating least resistance to crack propagation. Both the
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Unaged 10% RAR mix and the CRM showed excellent resistance to crack propagation.
8.2.5. Axial Cyclic Fatigue Test
The Number of cycles to failure were computed for a strain level at 100th cycle and compared for each mix. The Unaged
10% RAR mix showed excellent fatigue life with an improvement in fatigue life of 64 times over Control mix, an
improvement of 33 times over 9.25% RAR mix and an improvement of 30 times over CRM mix.
8.2.6. Asphalt Film Thickness
A minimum film thickness of 10 microns was recommended by the manufacturer of RAR based on already completed
projects and the distresses observed in the field. However, not all information such as the climatic conditions and traffic
level were provided to justify the recommended minimum film thickness. Based on the asphalt film thickness analysis
conducted in this study, the 9.25% RAR mix yielded a film thickness of 11.3 microns and showed binder deficiency. The
Unaged 10% RAR mix yielded a film thickness of 12 microns and showed satisfactory results. Thus, based on the few
mixtures evaluated in this study, a minimum film thickness level of 12 microns was recommended to be used or specified
when using RAR in future mixtures and paving projects.
8.3. Recommendations for Future work:
The following are some recommendations for future follow up work related to work in this research study:
•

Conduct additional RAR Superpave mix designs and consider incorporating aggregate absorption and RAR film
thickness as part of the specifications.

•

Conduct a study to evaluate the effect of aging duration and temperatures on the stiffness of RAR mixtures.

•

Conduct confined Flow Number and Dynamic Modulus testing for the Gap graded mixes to accurately simulate the
state of stress under field conditions.

•

For the Flow Number test, further investigation into the post-tertiary flow would be of interest to quantify and analyse.

•

A more comprehensive study on Axial Cyclic Fatigue Test for Gap graded mixtures since none is reported in the
literature.

•

Perform studies to evaluate the impact of different RAR percentages and different gradations.

•

Conduct a detailed study on factors affecting the asphalt film thickness calculations such as climatic conditions and
traffic level along with latest methods to calculate the asphalt film thickness.
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ABSTRACT:
The road network in Seoul Metropolitan Government has been damaged because of frequent excavation works and
damaged sewer pipes, utility lines, and other facilities located underneath the asphalt pavement. Recently, several road
depressions and cave-in accidents due to subsurface cavities have been occurring frequently and caused the road
collapse in Seoul Metropolitan Government. The risk assessment method for road collapse due to depression and cave-in
caused by subsurface cavity in the asphalt pavement is developed in this study. A 3D finite element analysis was
conducted to calculate critical pavement responses in asphalts pavement with the subsurface cavity using cavity
depth/length, asphalt layer thickness, and asphalt modulus. To assess the degree of risk for asphalt pavement with the
subsurface cavity, a procedure in determining the risk factor using critical pavement response was proposed in this
study. It is found that the predicted risk factor using the proposed procedure shows a good agreement with the Japanese
risk criteria over a wide range of cavity depth and length. However, the proposed procedure consistently underestimates
the degree of risk in asphalt pavements with 1.5–2.5 ratio of normalized cavity depth and greater than 1.5 m of cavity
length. This observation demonstrates that the application of the cavity expansion model in this procedure is needed to
improve the prediction quality of risk factor.
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1 INTRODUCTION
The road network in Seoul City has been damaged because of frequent excavation works and damaged sewer
pipes, utility lines, and other facilities located underneath the asphalt pavement (SMG 2017). Recently, several road
depressions and cave-in accidents due to subsurface cavities have been frequently occurring in Seoul Metropolitan
Government (SMG). To solve these problems, the several researches has been conducted to figure out main causes and
mechanism of road cave-ins (Lee et al. 2016; Park et al. 2017). The SMG has conducted the ground penetrating radar
tests on a 600 km of road network to identify the location and size of road cavities (Yoon et al. 2016). It is found from
field investigations that road depressions and cave-ins are mainly caused by the deterioration of existing water and sewer
pipes installed under the pavement, insufficient compaction during excavation and restoration, reclamation of low quality
material in earthwork, and loss of soils in the construction area (SMG 2017). Figure 1 shows the pictures of depression
and cave-in accidents occurred in SMG.

Figure 1. Depression and cave-in accidents caused by subsurface cavity.
The objective of this paper is to develop a systematic procedure in determining the degree of risk for depression
and cave-in accident in asphalt pavement. The procedure for determining the risk factor was proposed using critical
pavement responses of asphalt pavement with subsurface cavity at a given cavity depth and size, asphalt layer thickness.
The risk criteria for road cave-in used in Japan was used to verify the proposed risk assessment method.
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2 PROCEDURE FOR DETERMINING THE DEGREE OF RISK FOR DEPRESSION AND CAVE-IN
A procedure for determining the degree of risk for road cave-in in asphalt pavements was proposed and presented
in Figure 2. The following are the detailed descriptions of each step for this procedure. First, the multi-channel GPR
testing will be conducted to identify the locations of road cavity in the field. After identifying the cavity location, confirm
the cavity location and measure the actual cavity depth and size by coring. Using the pavement response model developed
in this study, the critical pavement response such as tensile strain at the bottom of AC layer can be calculated for intact
and cavity asphalt pavement. The cavity depth and cavity length measured in the field, asphalt layer thickness, and AC
modulus are used in the pavement response model developed in this study to calculate the critical pavement response.
The critical pavement responses calculated using the regression model can be changed with varying cavity depth (D) if
the cavity expansion model is applied. The degree of risk for asphalt pavement cave-in can be evaluated through the risk
factor concept. The relationship between cavity depth and length at given risk factor established in this study is used to
determine the risk factor.

Figure 2. Flowchart for determining degree of risk for road cave-in in asphalt pavements
3 RISK FACTOR CONCEPT
The performance life of asphalt pavement with subsurface cavity can be estimated using following equations by
considering the expansion of cavity. It is noted that Ni is the required number of load repetitions where the cavity depth
propagates from di to di+1. The Nn is the number of load repetitions where dn is equal to zero which mean that the cavity
propagates to the bottom of asphalt layer.

Figure 3. Number of Load Repetitions by Considering Cavity Expansion
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The damage of asphalt pavement (D) is defined as following equation according to Miner’s Rule.







+
+
+ ⋯+
+
=
 
  
=

(2)
(3)

Nfi = the allowable number of load repetitions where the cavity depth is di
It is assumed that the asphalt pavement is in failure condition when the damage of asphalt pavement is equal to 1.
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When the cavity depth, di, reaches to zero, ∑
  will be zero and Nf(cavity) will be Nfn. In order to calculate the
Nf(cavity), the relationship between number of load repetitions and cavity depth should be established. Since this
relationship has not been established, the Nf(cavity) can be underestimated.
The risk factor (RF) concept was adopted to evaluate the degree of risk due to occurrence of subsurface cavity in asphalt
pavements. The RF can be defined as one minus ratio of number of load repetitions to failure in cavity and intact section.
 =

 ( )
 ( )
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Nf(cavity) and Nf(intact) are the allowable number of load repetitions to failure in cavity and intact sections, respectively.
The allowable number of load repetitions to failure due to fatigue cracking can be calculated using the following equation.
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Using equation (10), the risk factor can be calculated based on the tensile strain at the bottom of asphalt layer in cavity
and intact pavements.
4 FINITE ELEMENT MODELING FOR ASPHALT PAVEMENT WITH SUBSURFACE CAVITY
A 3D finite element model was developed to simulate the subsurface cavity underneath asphalt pavement. The
finite element analysis was conducted for asphalt pavement sections with different asphalt layer thickness/modulus and
cavity depth and length. The critical pavement response considered in this study is the tensile strain at the bottom of
asphalt layer because the fatigue cracking is the main cause for road cave-in. The tensile strain at the bottom of asphalt
layers will be used to determine the risk factor mentioned in previous chapter.
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Figure 4. Finite Element Model for Simulating the Subsurface Cavity

Figure 5. Distribution of Pavement Deflection in Cavity Section

Figure 6. Distribution of Pavement Deflection in Intact Section
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5 RISK FACTOR FOR ASPHALT PAVEMENTS WITH SUBSURFACE CAVITY
The risk factor due to subsurface cavity determined using the proposed procedure is compared to the risk rank system
developed by the Japanese Road Authority (Kuwano 2015). Figure 7 shows the comparison between the risk factor
developed in this study and the Japanese risk criteria for asphalt pavement depression and cave-in. This risk criteria
used in Japan are categorized into three levels (Rank A, B, and C) in accordance with cavity depth and length.
Generally, the predicted risk factor using the proposed procedure shows a good agreement with Japanese risk criteria
over a wide range of cavity depth and length. Although the Japanese risk criteria are based on field experiences, it is
found that it is quite reasonable to use according to comparison with the proposed approach. It is also found from this
comparison that the risk factor greater than 0.7 belongs to Rank A, meanwhile those between 0.2 and 0.7 is Rank B, and
those less than 0.2 is Rank C. However, the proposed procedure underestimates the degree of risk in asphalt pavements
with 1.5–2.5 of normalize cavity depth and greater than 1.5 m of cavity length. This observation demonstrates that the
cavity expansion model should be included in this procedure to improve the prediction quality of risk factor.

Figure 7. Risk Factor for Road Depression and Cave-in
6 CONCLUSIONS
This research effort focused on the development of a risk assessment procedure for road depression and cave-in caused
by the subsurface cavity in asphalt pavements. The risk factor concept was adopted to evaluate the degree of risk due to
the subsurface cavity in asphalt pavements. Based on the comparison with Japanese risk criteria, it is found that the
proposed procedure is capable of predicting the degree of risk in asphalt pavements with subsurface cavity.
7 ACKNOWLEDGEMENTS
This research was supported by a grant [15TLRP-C099511-01] from Transportation & Logistics Research Program
(TLRP) funded by Ministry of Land, Infrastructure and Transport of Korean Government.

REFERENCES
Kuwano, R., (2015). Ground depression/cave-in caused by subsurface cavities. 2015 Korea society of earth and
exploration geophysicists conference. Seoul, Korea.
Seoul Metropolitan Government, (2017). A technical white book of road management. Korea: Seoul.
Lee, J. K., et al., (2016). Finite element analysis of the behavior of asphalt pavements with cavity. Proceedings of
2016 Korea society of road engineering conference. Korea.
Park, H. M., et al., (2017). Use of accelerated pavement testing for degree of risk due to road cavity. Proceedings of
the 10th international conference on the bearing capacity of roads, railways and airfields (BCRRA 2017). Athens,
Greece.
Yoon, J. S., et al., (2016). Signal pattern analysis of ground penetrating radar for detecting road cavities.
International Journal of Highway Engineering, 18 (6), 61–67.

187

IRF GLOBAL R2T Conference
November 19-22, 2019 – Las Vegas, NV USA

PAPER TITLE

Investigation of Aged RAP binder Properties using Toughness

TRACK

Innovative Materials and Technology

AUTHOR
(Capitalize Family Name)

POSITION

ORGANIZATION

COUNTRY

Yu, Sangmin

Graduate Student

Chonbuk National University

Republic of Korea

CO-AUTHOR(S)
(Capitalize Family Name

POSITION

ORGANIZATION

COUNTRY

Lee, Jaejun
Kwon, OhSun
Lee, Jongsub

Associate Professor
Researcher
Researcher

Chonbuk National University
Korea Expressway Corporation
Korea Expressway Corporation

Republic of Korea
Republic of Korea
Republic of Korea

E-MAIL
(for correspondence)

dhshdjdj@naver.com

KEYWORDS:
RAP(Recycled Asphalt Pavement), Toughness, Mortar, Aging

ABSTRACT:
Recycling of construction waste is becoming important worldwide due to resource depletion and environmental
problems. In Korea, there is a rule to use construction waste obligatory to recycle resources and in the case of road
construction requires the use of more than 40 percent of aggregate materials as circulating aggregate. If RAP(Recycled
Asphalt Pavement) aggregate is used, rejuvenator or new soft binders shall be used according to the aged binders
remaining on RAP aggregate. Therefore, the aging evaluation of binders remaining in circular aggregate is very
important. Absolute viscosity test and DSR are currently used after extracting binders for evaluation of aging binders.
Recently, research on the aging level evaluation of waste asphalt binders without extracting them has been drawing
attention.
In this study, Toughness, the result of indirect tensile strength test as mortar, is used to evaluate the aging characteristics
of waste asphalt without extracting aged binders. The RAP mortar was constructed using RAP aggregate that passed
through #4 and the indirect tensile strength and toughness were measured by temperature and thickness. And a
toughness assessment was performed according to the RAP additive rate. As the RAP content increased, the toughness
was able to identify the tendency to decrease and identify the differance in toughness according to absolute viscosity.
Through this method, it is expected that domestic asphalt plant will be able to easily and conveniently accomplish
mixing design according to the amount of RAP.
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1 INTRODUCTION
The amount of waste asphalt concrete has been increasing recently as road-related maintenance and new construction
has increased. Accordingly, in Korea, more than 40 percent of the aggregate required for road maintenance and repair
work in addition to new and expanded work is regulated as a RAP (Recycled Asphalt Pavement). (2017 Ministry of
Environment in Korea) This increased use of RAP has also made quality control of RAP important. Depending on the
aging degree, RAP is used as a method such as field heating regenerative technique, which heats or mixes ageing
packaging with new material by using rejuvenator, soft binders, etc. In this process, quality control is needed, such as
the amount of relief binders contained in waste asphalt, the degree of aging, and the determination of the improvement
of rejuvenator according to the degree of aging. Currently, there are absolute viscosity tests, DSR, and penetration tests
to determine the degree of aging of the RAP. Penetration testing has been used a lot due to its simplicity, but many
problems have been pointed out that the test results are not reliable due to the large individual error, so recently the
level of the RAP aging is assessed based on the absolute viscosity test. However, it is suggested that the residual TCE
used in the extraction and recovery of asphalt binders for absolute viscosity testing exists inside recovered asphalt
binders, and that the solution itself is classified as a carcinogen, causing harm to the human body through breathing and
skin contact. In this study, the degree of RAP aging is evaluated through toughness, the result of indirect tensile
strength test, by producing a RAP mixture without extracting and recovering binders.

2 MATERIALS
RAPs from four domestic roads with different public years and environmental conditions were used for used materials.
Mortar is an asphalt mixture made of aggregate that passes through #8 and in this study mortar was produced using
aggregate that passes through #4. The reason for this was that it was difficult to prepare enough #8 passed aggregate for
the experiment and both types showed the same tendency, as shown in the graph below, so use #4 passed aggregate.

Figure 1. Four types of Recycled Asphalt Pavement
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Figure 2. Toughness of Mortar by passing #4 and #8 sieve

3 EXPERIMENTAL METHODS
3.1 Fabrication method
To evaluate the aging degree of RAP on behalf of absolute viscosity and intrusion degree, the toughness results should
always show the same tendency under various conditions. The performance of asphalt mixture is greatly affected by
temperature. Thus, in this study, the toughness of mortar was measured under three conditions: -20°C, 4°C, and 25°C.
The specimen used in the experiment was heated to 160°C of the RAP aggregate that passed through #4 in a
circumferential mold with an internal diameter of 101.6mm, and was compacted both sides 75 times with a Marshall
compactor at 145°C. According to Evaluation of the Properties of a Hot In-Placement Recycled Asphalt Mixture as an
Adding Mixer(2018), the results of the experiment on additional mixing under the same conditions are incorrect, That's
why we didn't do mixing when we make mortar.

Figure 3. Mortar temperature conditioning
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3.2 Absolute viscosity test
The mixture of TCE and asphalt binders separated in accordance with Method off sampling asphalt paving mixtures
(KS F 2350) was recovered with a standard test method for recovery from asphalt from solution by Abson (KS F 2381).
The recovered binder conducted Standard Method of test for absolute viscosity of asphalts (KS M 2247) to assess the
level of RAP aging in four places.
3.3 Penetration test
Based on the domestic standard Testing Method for Penetrating of Bituminous Materials (KS M 2252), a RAP binder
was left at 25°C for two hours at 60°C for three hours before measuring the depth of saliva introduced for five seconds.
3.4 Indirect Tensile Strength (IDT Strength) Test
The indirect tensile (IDT strength) test is an experiment replicating stress state of tension zone under an asphalt concrete
layer at the time of traffic loading or in an area where the temperature of the surface layer is drastic. The test used in
this study was carried out by applying a static load on the side of cylindrical specimen. A metallic loading platform with
a width of 12.7mm and with a concave surface having the same curvature as radius of the specimen with diameter
(101.6mm) was used so as to obtain a uniform stress distribution. At this time, the load was measured with a speed of
50mm/min and the temperature was 25℃.

Figure 4. Indirect tensile strength tester

4 TEST RESULTS
4.1 Absolute viscosity test result

Figure 5. The result of absolute viscosity
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The results of the absolute viscosity test of the RAP binder collected from four locations in Korea are as shown above.
To minimize test errors, all samples were tested three times, and the ageing degree was shown in A>B>C>D, and the
absolute viscosity of the soft binder AP5 was 2000poise, so the A RAP was considerably older than other RAPs.
4.2 Penetration test result

Figure 6. The result of penetration

Penetration test result is measure the depth of penetration into the specimen in mm and mark it 10 times the number. As
one of the criteria used to evaluate asphalt aging in Korea, the higher the value, the less advanced the aging process, so
it tends to be the same as the absolute viscosity result, and the degree of aging is presented in A>B>C>D.
4.3 Toughness result

Figure 7. Toughness according to the three temperature conditions
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Table 1. Toughness according to the three temperature conditions
Toughness

-20℃(N/mm)

4℃(N/mm)

25℃(N/mm)

A RAP

1,962.40

4,625.00

7,624.42

B RAP

2,479.28

6,712.89

11,596.70

C RAP

2,842.02

10,433.02

15,556.58

D RAP

5,725.16

10,558.84

20,769.37

In indirect tensile strength experiments conducted by temperature, Toughness showed the same tendency as in the graph
above. Toughness is represented by the energy per unit volume added to the destruction. According to the existing
literature, the increase in RAP content in asphalt reduces destructive energy. (Mnrod, 2013) When building a mixture
using an soft binder and an RAP increased absolute viscosity, the overall absolute viscosity also increases as the RAP
content increases, so the higher the absolute viscosity, the less toughness is in making mortar. Thus, the experimental
results show a tendency to match absolute viscosity in all temperature conditions.
KS F 2382 states that the thickness of the test specimen is about 63.2mm (weight 1,200g) during the indirect tensile
strength test. The above temperature-specific toughness was made to be about 5cm (weight 850g) and to determine if
the thickness does not comply with the regulations is used to influence the experimental results, the toughness was
measured by making #4 through mortar with a thickness suitable to the criteria. As a result, as shown in the graph
below, the 6cm thick toughness increased from A to D, showing the same tendency as the 5cm thick toughness
condition.

Figure 8. Toughness according to the 6cm thickness conditions

5 CONCLUSION AND FUTURE RESEARCH WORKS
In this study, the temperature sensitive asphalt mixture was made from aggregate passing through #4 and the RAP
mortar was made from three temperature conditions to measure toughness. The conclusions obtained from the above
experiments are as follows.
1. Absolute viscosity test, which is the criterion for aging assessment, and penetration also indicated the same tendency
as toughness of mortar, and it was possible to distinguish the degree of ageing of A to D RAP.
2. Toughness is affected by temperature, strain velocity and material thickness. If the same conditions are met, it tends
to be like absolute viscosity in three different temperature conditions, and so does the other thickness condition, 6cm
toughness. Thus, it is possible to estimate the aging degree of the RAP through the toughness.
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3. However, I don't think this alone will replace the absolute viscosity test. In the future, we will compare more types of
RAPs to confirm the determination of the amount of rejuvenator for the final use of RAPs.
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1 INTRODUCTION
The 3-D printing technology has been widely used in different industrial, medical, and
aviation applications for more than three decades. The 3-D printing technology depends on the
fabrication of scale model using three-dimensional computer aided design software. This manufacturing
concept is known as rapid prototyping; and is widely used by research and development (R&D) divisions
of large companies and manufacturing facilities. The global 3-D printing materials market share was
$165 million in 2013, and it is expected to grow to $410 million by the end of 2018. Recently, large 3-D
printers were developed with sufficient capabilities of printing full-size construction projects, including
residential, commercial, and heavy construction projects in local and international construction markets.
Currently, 3-D printing technology utilize additive manufacturing technique in different applications.
Additive manufacturing technique depends on the consecutive placement of printed material layers using
robotic arms (3-D printers), according to a predesigned three-dimensional computer model. To-date,
successful 3-D printing of construction projects utilizes additive manufacturing technique through the
placement of successive layers of optimized concrete mixes using mega-size printers, with sufficient
footprint to cover the construction project floor plan.
The automated construction process provided by the additive manufacturing 3-D printing technique is
advantageous in different construction projects, including the following:
1.
2.
3.
4.

Construction projects with similar and repetitive units, where minimal computer modelling
is required,
Construction projects in remote locations, where skilled construction crews may not be
available,
Army construction in battle ground, where labor safety represents a major concern,
Construction of space habitat for astronauts,

The afore-mentioned advantages of 3-D printing using additive manufacturing techniques
resulted in increased attention to its incorporation in the construction industry (Buswell et al., 2006).In a
recent study, the use of 3-D printing in concrete construction projects resulted in significant reduction in
project budget. (Holt et al., 2016). The significant budget reduction is attributed to the elimination of
formwork, which contributes up to 80% of the cost of concrete construction. In a different research
project, the implementation of 3-D printing technology in construction resulted in the reduction of project
waste material. The reduction of waste generated by different construction activities around the globe is a
major advantage of 3-D printing techniques given that construction activities represent 80% of waste
products on a global level (Llatas, 2011). Current research projects investigate the advantages of building
information modelling (BIM) in construction industry (Meadati, et al., 2011), and to-date research
projects explore the potential coupling of BIM and 3-D printing techniques (Sakin and Kiroglu, 2017).
Given the new trends and research advancement, the market share of 3-D printing in construction is
expected to multiply within the next decade, given the progress attained in the United States, China, and
the European Union.
2 HISTORY AND DEVELOPMENT OF 3-D PRINTING TECHNIQUES
Initial attempts to produce large scale models of 3-D printed objects started in early 1980s
when the initial 3-D printing technology, known as stereolithography or SLA, was invented.
Stereolithography technique uses laser beams to solidify liquid substance placed in sequential layers to
create a predesigned 3-D object. The SLA technique successful use in 3-D printing is highly dependent
on the efficiency of the laser beam in curing the liquid substance. SLA is well-known as a successful and
cost-effective 3-D printing technique. The SLA technique was successfully used in producing different
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small-sized components used in the construction industry as decorative shapes, plumbing shapes, and
ceramic three-dimensional parts (Hinczewski et al., 1998). Upon the successful implementation of SLA
technique in 3-D printing applications, a different type of 3-D printing technology evolved; and referred
to as fused deposition modelling (FDM). The FDM technique depends on printing materials as polymers
through a printing head that moves in two directions (horizontally). The printed material is deposited to
print the first layer of the CAD model and is kept intact by a supporting material. Upon completion of the
first layer, the base on which the printed model rests, moves downwards to allow for the printing of the
second layer through the moving printing head. Once printing process is finished, the support material is
removed. The FDM technique is shown in Figure 1

Figure 1: Components of 3-D printing FDM technique (Wu et al., 2016)
Another type of 3-D printing process is referred to as inkjet powder printing process. The
inkjet powder printing technique depends on printing a powdered metal in one layer followed by a layer
of sprayed binder, which is heated and dried by a lamp. When all layers are printed, the final product is
cured in an oven (De Gans et al., 2004). In the 1990s, a different 3-D printing technique, known as
selective laser sintering or SLS was introduced by researchers at the University of Texas. The SLS
techniques depends on turning loose powder into a solid model, instead of liquid shaping process utilized
by stereolithography. Currently, a new 3-D printing technique, known as contour crafting or CC, is
developed and introduced to construction industry to be used in rapid construction of projects that are
modelled using 3-D computer modelling software or introduced to the computer via 3-D scanning
technique. The implementation of contour crafting, presents a revolutionary, expedited, and highly
accurate construction technique. Contour crafting technology is presented in detail in the following
sections.
3 CONTOUR CRAFTING 3-D PRINTING APPLICATIONS IN THE CONSTRUCTION INDUSTRY

The implementation of contour crafting method in construction has been exponentially
increasing during the last decade. Modern construction applications utilize contour crafting techniques to
exploit its advantages of successful placement of construction materials on a layered sequence, with high
accuracy and smooth finished surface (Khoshnevis, 1998). Researchers at the University of
Loughborough conducted a detailed investigation to study and optimize the mix design and properties of
fresh high-performance concrete (HPC) being printed using contour crafting technique (Le et al., 2012).
The same research team conducted a relevant research that investigated the hardened properties of highperformance printing concrete (Le et. Al., 2011). Finally, a significant change in construction using
contour crafting technique was accomplished when a group of small robots where synchronized and used
to 3-D print the same structure, while applying the same extrusion technique. The use of multiple robots
(3-D printers) simultaneously increased the efficiency of 3-D printing; and resulted in expedited
execution and increased project sustainability. Currently, contour crafting is successfully used in different
construction projects including residential, commercial, and heavy construction application. The
following provides a list of recent successful projects constructed using contour crafting technique:
1.

Construction of residential building (400 square meter, two story house) in China:
This residential construction project was built by Chinese company HuaShang Tengda
using contour crafting technique. The project duration was reduced to 45 days, as compared to an
estimated duration of 7 months, should conventional construction techniques were followed. In this
residential project, the construction company followed a non-traditional contour crafting sequence. First,
the company erected formwork with reinforcing bars, utility ducts, and required plumbing pipes. The
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concrete skeleton was printed afterwards using gigantic 3-D printer. The construction company used 20
tons of concrete in printing the house, which is designed to withstand an earthquake as strong as 8 on
Richter scale (3dprint.com, 2016)

Figure 2: Two story, 400 square-meter, house built by Chinese contractor using contour crafting
2.

Construction of barracks hut or B-Hut by the US Army Corps of Engineers:
The US Army Corps of Engineers launched a research program to investigate the
possibility of using contour crafting technology in rapid construction of army facilities. The three-year
program, called Automated Construction of Expeditionary Structures (ACES), successfully used contour
crafting technology in printing complete barracks, also known as B-Hut, using a patented concrete mix,
to be used as dormitories for army personnel in battle grounds. The full-scale B-Hut, shown in Figure 3,
was printed in less than 24 hours (3dprint.com, 2018)

Figure 3: Barrack Hut (B-Hut) constructed by the US Army Corps
3.

San Francisco Apis Cor construction projects using mobile units
The San Francisco based start-up company Apis Cor reported its success in launching
a mobile unit that could print an entire house in record timing. The company used its mobile unit in an
experimental construction project in Russia, where it successfully printed a house in less than 24-hours.
The Russian house, shown in Figure 4, is one of multiple projects built by the San Francisco-based
company. Currently, Apis Cor is trying to utilize the 3-D printing technology to construct astronauts
space habitats for NASA applications (weforum.org, 2018)
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Figure 4: Apis Cor 3-D printed house in Russia

In year 2018, the Dutch engineers announced the successful construction of the first 3-D
printed bridge in the world. The constructed bridge used steel as a construction material. Different
companies in the United States, United Kingdom, China, and Israel announced that they are developing
mega-sized robotic arms (3-D printers) to be used in the construction of multi-story buildings. In a recent
announcement, the government of Dubai, UAE, announced that 25% of the emirate’s new building in
year 2025 are expected to be 3-D printed using contour crafting technology. This target was set to
achieve a 70% labor saving, and 90% cost saving, given the successful implementation of 3-D printing in
Dubai. Contour crafting technique has the potential to solve the looming global housing crises due to the
tendency of new generations to live in big cities. According to the United Nations, the world will have
more than 40 megacities, with more than 10 million inhabitants, by year 2030. The increased application
of 3-D contour crafting (3-D printing) in construction project may present a potential solution for any
future housing crisis.
4

ADVANTAGES OF CONTOUR CRAFTING OF 3-D PRINTING
The contour crafting, as a successful 3-D printing technique, has displayed significant
advantages upon its implementation in the construction industry. Recent studies include the following
advantages for concrete crafting techniques:
1. Improved quality of construction projects: as contour crafting procedure depends on the
mechanical extrusion of concrete through a robotic arm according to a given computer model.
The automated execution of construction projects results in project increased quality
2. Expedited project execution: given the high productivity rate of robotic arms. Robotic arm
placement of concrete will not be affected by different factors/parameters that might hinder the
productivity of labor crews
3. Increased job site safety as a result of the significant reduction in labor size, and the lack of lead
accident causes in construction sites, as large construction equipment, high scaffolding and false
work, and other potential threats as electrocution, and falling objects (Nadhim et al., 2016)
4. Increased creativity in projects: mainly from an architecture stand point due to the use of the
computer programs in modelling the project
5. Higher project sustainability: due to the reduction in materials waste, and improved project
quality. Improved quality results in lowered maintenance during project life-span
5 CHALLENGES AND LIMITATIONS OF CONTOUR CRAFTING TECHNIQUE
The contour crafting technologies used in 3-D printing of structures currently face different
challenges that limits its market share in the construction industry within the United States and global
market. The main impediments to the widespread of the contour crafting 3-D printing techniques include
the following:
1. Space and construction site limitation: as 3-D printing using contour crafting technique is
dependent on stable and levelled project site for placement of concrete layers, without any
failure in poured surface.
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2. Effect of adverse weather conditions on 3-D printing process: which may result in retardation of
concrete setting of placed layers. Adverse weather, as high-speed wind, may result in 3-D
printer sway during its printing path, which may result in lowered quality of printed structure
3. Concrete mix design challenges: present a major impediment to the widespread of 3-D printing
in different construction projects. First, concrete mixes to be poured using 3-D printing contour
crafting are required to have sufficient flowing ability to be extruded through the robotic arm (3D printer). However, the concrete mixes are required to attain sufficient viscosity to stay inplace once extruded to form the predesigned structure. In addition, 3-D printed concrete should
have early initial setting to be able to withstand the next layers to be poured.
4. Potential problems due to lack of formwork: when openings or cantilevered parts of the structure
is poured.
Discussion
Contour crafting technique is successfully used in 3-D printing of structures through the 3dimensional modeling of the structure using computer modelling software and robotic arms, known as 3D printers, for construction material placement. Construction companies in the United States, China, and
European Union have implemented this technology in constructing residential, industrial, and heavy
construction projects. Contour crafting technique is advantageous in expedited construction projects built
in remote sites where skilled labor crew availability is questionable. Examples of successful contour
crafting projects include the construction of army personnel in battle grounds, construction of space
habitats for astronauts, construction of emergency shelters for the evacuees of hurricanes and tsunami
affected areas, in addition to other conventional construction applications. The main advantages of
incorporating 3-D technology in construction include labor and material savings, improved construction
quality, increased site safety, and reduced construction time and cost. Additional research is required to
face the current challenges that face 3-D printing technology implementation in construction industry as
3-D printing material properties adjustment for printing process, adverse weather conditions, and
problems related to site conditions. Current studies show that the market share of 3-D printing in
construction will exponentially increase within the next decade given the population growth and the
increase in mega cities construction.
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ABSTRACT
Stabilizers have been used for many years to improve the engineering properties of base course
materials. Calcium-based stabilizers including cement, lime, and fly-ash are the most common
stabilizers. The stabilization of sulfate-rich base course materials has been a challenge using
traditional calcium-based stabilizers because soluble sulfates present in soils can induce chemical
reactions between cement or lime and residual soils, resulting in significant loss of strength and
heaving. Categorized as non-traditional stabilizers, polymers have become popular due to cost
efficiency, ease of application, and fast curing times. In this study, a series of unconfined
compression strength tests were performed to explore the feasibility of using polymer-based
products for the stabilization of high sulfate soils. A sulfate concentration of 20,000 parts per
million (ppm) was used in the laboratory testing program. As compared to the strength without
soluble sulfate present in the soil, the results revealed a loss of strength in cement and lime treated
specimens but an increase of strength in polymer treated specimens.
INTRODUCTION
Research findings over the years consistently revealed that cement and lime treatment produces a
significant increase in strength and durability of treated soils (NCHRP 144, 2009 and TxDOT
09/2005). However, the stabilization of sulfate-rich base course materials has been a challenge
using traditional calcium-based stabilizers because soluble sulfates present in soils can induce
chemical reactions between cement or lime and residual soils, resulting in significant loss of
strength and heaving. Research on high sulfate soils revealed that significant amounts of calciumbased stabilizers are required for an effective treatment. Kota et al. (1996) proposed procedures
for the mitigation of soils including the double application of lime or use of geotextiles depending
on the sulfate levels in the soil. Sarkar and Little (1998) presented a stabilization case study on
high sulfate soils where around 19% stabilizers including Type V cement and Class C fly ash were
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used. Puppala et al. (2003) also used very high stabilizer levels (ranging from 8 to 20%) on high
sulfate soils in Arlington, Texas.
Although much research has been conducted on traditional (calcium-based) stabilizers
during the past several decades, non-traditional (non-calcium based) stabilizers have been recently
recommended as alternative base stabilization products for high sulfate soils because sulfates
cannot be efficiently removed from the soil. The effectiveness of non-traditional stabilizers for
base course materials has been studied by various researchers. Some of the recommended nontraditional stabilizers include barium hydroxide and barium chloride (Ferris et al. 1991), sulfonated
naphthalene to enzymes and bioenzymes (Scholen 1995 and Marquart 1995), potassium stabilizer
(Addison and Petry 1998), hydrogen ion exchange chemicals (Sarkar et al. 2000), low pH solutions
of sulfonated limonene (Katz et al. 2001), lignosulfonates, petroleum emulsions, polymers, and
resins (Santoni et al. 2002), and chemical stabilizers (Petry and Das 2001). Harris et al. (2005)
reported that soils with sulfate concentrations up to 20,000 ppm can be treated in a timely manner
without having to remove the high sulfate soil and replace it with a select material. However, for
non-standard stabilizers, Jones et al. (2010) pointed out that only a very few properly controlled
independent comparative tests on the effectiveness of these products from different producers and
suppliers have been carried out in full-scale field trials.
Cement or lime treated soils can show a brittle behavior which is often the reason for
shrinkage cracks in the stabilized layer. Reflection cracks through the asphalt surfaces typically
follow the same patterns as the cracks in a cement or lime treated base (Wayne and David, 2004).
Recent research has revealed that polymer-based products prevent base failure, dust pollution and
soil erosion, increase soil shear strength, and reduce permeability (Mohan et al. 2013 and Yildirim
2014). Field-testing with the Texas Department of Transportation (TxDOT) has revealed that the
strength after polymer treatment is comparable to that of cement stabilization. Other tests have
shown that its resistance to moisture significantly exceeds Environmental Protection Agency
standards.
Polymer based stabilizers show promise to provide economic, performance and
constructability benefits over traditional stabilizers; however, the effectiveness of non-traditional
stabilizers for sulfate-rich base course materials has not been sufficiently studied. Saygili and
Yildirim (2018) performed a laboratory testing program on treated and untreated specimens using
polymer percentages of 0.25%, 0.5%, and 1% by weight. The test program included compaction,
unconfined compression (UC), California Bearing Ration (CBR), and penetrometer tests. The
results revealed that (i) UC strength of treated soils with 1% polymer was 7.6 times, with 0.5%
polymer was 5.7 times, and with 0.25% polymer was 3.7 times the UC strength of untreated soils,
(ii) CBR values of treated soils with 1% polymer was 240, with 0.5% polymer was 200, and with
0.25% polymer was 177, and the he average CBR on two untreated soils was 123, and (iii)
penetrometer tests showed a decrease in penetration with an increase in polymer percentage. This
study; however, did not include high-sulfate base course materials. The objective of this study is
to assess the strength performance of treated high-sulfate base course materials in the laboratory
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using a range of controlled parameters including the type of flexible base course material, type of
stabilizing agent, and stabilizing agent treatment level.
MATERIALS
Two types of crushed limestones (i.e. CL-A and CL-B) were tested throughout the
laboratory testing program. Following the ASTM D422 standard, the sieve analysis was performed
to determine the percentage of different grain sizes contained within each of the aggregates. As
shown in Table 1, the percentages passing 40-mesh (i.e. soil binder) were around 49% and 23%
for CL-A and CL-B, respectively. It was not possible to roll both soils into 1/8’’ diameter threads
(i.e. Non-plastic).
Table 1 Particle size distribution of crushed limestones
Sieve Number

Sieve Diameter

#4
#10
#40
#200

4.75 mm
2.00 mm
0.43 mm
0.075 mm

Percentage Passing by weight
CL-A
99.8
87.0
48.6
18.2

CL-B
92.4
59.4
22.7
4.7

Portland cement Type I/II was used for the cement stabilization. The cement had a
compression strength of 24.1 MPa and met the requirements of ASTM C 150 specifications. White
Portland lime blend type N was used for the lime stabilization. The lime met the ASTM C 270 and
ASTM C 91 specifications. The producer of the cement and lime was Martin Marietta Materials
(formerly TXI).
A water-based TS-SS liquid polymer was used. The polymer was in the form of aqueous
dispersion. The pH value was around 4.5 – 5.5 and the density was around 0.9982 g/cm3 (68 °F
(20 °C)) (data for Water (7732-18-5)). The specific Gravity (Relative density) was around 0.95 1.10, Water=1 (liquid). The polymer was provided by Terra Pave International which is located at
the University of Texas at Austin.
The sulfate minerals are a class of minerals including sulfate ion (SO4-2) within their
structure. Calcium Sulfate is a common laboratory and industry chemical and Gypsum is a soft
sulfate mineral composed of Calcium Sulfate Dihydrate with the chemical formula CaSO4⋅2H2O.
Gypsum was used in this laboratory testing program as it is the most common natural form of
sulfate in Texas.
SPECIMEN PREPARATION
In this study, unconfined compression tests were performed on treated and untreated
specimens compacted at optimum moisture contents. Following standard proctor procedure
Method B (ASTM D1557), crushed limestones were first compacted in a standard mold having a
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capacity of 944 cm3 and having an internal diameter of 101.6 mm and a height of 116.4 mm in
three layers with 25 blows per layer from a 2.5 kg hammer dropped from a height of 304.8 mm.
TxDOT typically requires 3% cement or lime for optimal stabilization. In this study, the
cement or lime treatment was achieved using 3% cement or lime admixtures by weight whereas
the polymer treatment was achieved for three polymer environments (i.e. 0.25%, 0.5%, and 1%
polymer by weight).
Compaction test results in terms of the optimum moisture content (wopt) and maximum dry
unit weight (dry,max) were summarized in Table 2. The table showed that wopt increased with cement
or lime admixtures for both crushed limestones. It was assumed that the compaction curves without
admixtures were applicable for all polymer treated specimens. The rationale behind this
assumption was that the polymer was also in liquid form and similar to water the polymer – water
dilution also would act as a lubricating agent during compaction.
Table 2 Compaction tests results
Mix Name
CL-A
CL-A with 3% Cement or Lime
CL-B
CL-B with 3% Cement or Lime

wopt (%)
11.0
12.8
5.9
9.0

dry,max (kN/m3)
19.01
18.54
19.79
20.11

Based on the experience of contractors and TxDOT personnel, soils with sulfate
concentration in excess of 7000 ppm are considered as high-sulfate soils (Harris et al. 2005). In
this study, a sulfate concentration of 20,000 ppm was used. Calcium Sulfate Dihydrate (i.e.
Gypsum) was used as it is the most common natural form of sulfate in Texas. The sulfate was
added to the soil in solid form and left to cure overnight before addition of the stabilizers.
LABORATORY TESTS
The type of soil (e.g. CL-A and CL-B), type of stabilizing agent (e.g. cement, lime, and
polymer), and stabilizing agent treatment level (various % by weights) are considered as critical
variables for the assessment of sulfate-induced shear strength loss.
Test procedures
Strength tests were performed on specimens compacted at optimum moisture contents. To
evaluate the load bearing capacity of specimens, unconfined compression (UC) tests were
performed using a Tinius Olsen 400 kip Super “L” universal tension-compression testing machine.
Following the TxDOT specifications (TxDOT Tex-117-e, 2005), the loading rate for UC test was
selected as 0.1 in/min (i.e. 2.0% strain per minute). The specimen sizes did not meet the typical
UC test H : D ratio of 2.0; however, the strength results were not directly compared to other
databases, and the same specimen size was consistently used throughout the laboratory testing
program. It’s therefore assumed that the specimen size did not have a significant effect on the
observations and interpretation of the results.
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Results using traditional (calcium-based) stabilizers
To assess the performance of calcium-based admixtures (i.e. cement and lime) on sulfaterich soils, 10 specimens were prepared using 3% cement or lime by weight with and without sulfate
present in the soil. The results summarized in Figure 1 revealed that soluble sulfate present in soil
resulted in the loss of strength in cement and lime treated specimens.

(a) Crushed Limestone (CL-A)

(b) Crushed Limestone (CL-B)
Figure 1 Performance of calcium-based stabilizers
Results using polymer stabilizers
10 specimens were prepared using 0.25%, 0.5%, and 1% polymer environments to assess
the performance of polymer admixtures on sulfate-rich soils. The results summarized in Figure 2
revealed that soluble sulfate present in soil resulted in an increase of strength in polymer treated
specimens.
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(a) Crushed Limestone (CL-A)

(b) Crushed Limestone (CL-B)
Figure 2 Performance of polymer stabilizers

DISCUSSIONS
The stress-strain plots of CL-A specimens displayed in Figure 3 revealed that the UC
strength increased with cement, lime, and polymer treatment. It was observed that the UC strength
of treated CL-A specimens with 1% polymer was 5.1 times, with 3% cement was 4.3 times, and
with 3% lime was 2.0 times the UC strength of untreated soils. With the inclusion of sulfate, the
change in the UC strength with 1% polymer was +9% (UC strength increased), with 3% cement
was -22% (UC strength decreased), and with 3% lime was -25% (UC strength decreased).
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Figure 3 Stress-strain plots of CL-A specimens
For the given conditions, the stress-strain plots of CL-B specimens displayed in Figure 4
revealed that the UC strength of treated CL-B specimens with 1% polymer was 10 times, with
0.5% polymer was 6.4 times, and with 0.25% polymer was 3.4 times, with 3% cement was 3.5
times, and with 3% lime was 2.1 times the UC strength of untreated soils. With the inclusion of
sulfate, the change in the UC strength with 1% polymer was +4% (UC strength increased), with
0.5% polymer was +15% (UC strength increased), with 0.25% polymer was +18% (UC strength
increased), with 3% cement was -92% (UC strength decreased significantly), and with 3% lime
was -37% (UC strength decreased).
A comparison of the performance of the cement and polymer treated CL-B specimens
revealed that the UC strength with 0.25% polymer treatment (i.e. 1731 kPa) was comparable to
that of the 3% cement treated specimen (i.e. 1669 kPa).
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Figure 4 Stress-strain plots of CL-B specimens
It was assumed that crushed limestones mixed with Gypsum (a common natural form of
sulfate) was representative of naturally occurring sulfate-rich soil. In essence, the naturally
occurring soil may include less sulfate which would impact the performance of calcium-based
stabilizers (cement and lime). The validity of this assumption needs to be verified by repeating the
same testing program on naturally occurring sulfate-rich soils. Sulfate-induced heave was beyond
the scope of this paper as the research focus in the study was the sulfate-induced strength loss.
However, further research is essential to determine the effects of sulfate on the heaving potential
of stabilized base course materials with high soluble sulfate.

CONCLUSIONS
In this study, the feasibility of using polymer based products for the stabilization of high
sulfate soils was tested in laboratory conditions. Results of a series of UC tests carried on cement,
lime, and polymer treated specimens were presented. Parametric sensitivity analyses were carried
out on critical variables including the soil type, stabilizing agent type, and stabilizing agent
treatment level. For the given conditions, a comparison of UC strengths of treated specimens with
a sulfate concentration of 20,000 ppm showed (i) UC strengths of cement and lime treated
specimens decreased and (ii) UC strengths of polymer treated specimens increased as compared
to UC strengths of the corresponding specimens without sulfate.
These results show that polymer based admixtures have the potential to improve the
performance and lengthen the life of existing stabilized base course materials with high soluble
sulfate. The repeatability of the presented results is required to be verified on naturally occurring
sulfate-rich soils.
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ABSTRACT:
In Japan, many students go to elementary school and junior high school by walking, and transportation by
bus is extremely rare. For that reason, public schools do not provide school bus ownership. In junior high school
students, schoolchildren from the range beyond the walking area are allowed to go to school by bicycle. In the suburban
schools, the school district is wide and there are cases where more than half of the students come by bicycle.
In Japan, from a generational perspective, among the traffic accidents involving bicycles, the most frequent
age of victims is the generation of junior high and high school students. Therefore, securing traffic safety of bicycles at
school is a social issue.
In the position of Yamaguchi Prefecture School Safety Advisor, the traffic safety education that I carry out
explains the 7 rules of traffic safety and 5 rules of bicycle safety use in the 50 minutes lecture, confirms the
implementation situation. In the future, we will confirm the intention of observing the rules.
Among 5 rules of bicycle safety uses, there is little recognition that adherence to temporary stops at intersections
is low and consciousness to strive to protect is low. In the survey by video observation, it turned out that there are
several stages of things, just stopping the bicycle, stopping and checking the left and right and so on. In order to make
safer traffic behavior, I explain these differences in the lecture and encourage change of behavior.
In this paper, I will consider the following through examples of implementation at two junior high schools in the
local city of Shunan city in Japan. First, as behavioral change of the pause itself, in three years, the implementation rate
of temporary suspension has changed from 14% in advance to 41% in the future, further 75%, furthermore 95%,
introducing cases and considering the reasons . The other is a case where almost 200 bicycles are temporarily stopped, I
introduce that contents of pause can be divided into 3 stages, and consider the change of stopped contents.
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1 INTRODUCTION

1.1 The Situation of the General Means of Commuting to School in the World
In general, school buses are used to commute by primary and junior high school students. Buses are used as a
means of transportation for commuting to school for various reasons.(Photo.1)
However, in Japan, going to school by bus is not common. Rather, a school bus is a special case. In the case of
an elementary school, it is often within walking distance in Japan. It is usual that communities are formed around the
elementary school district unit.(Photo.2)
In addition, regarding the setting of elementary schools, we go back to the school system announcement of
1872 (beginning of the school education system in Japan). Many primary schools were created, with old temples and
the places of private lessons. When there were multiple elementary schools in the community, along with the correction
of the school system, consolidation was repeated, and one primary school was set up in one community, as is the case
today.

1.2 Characteristics of the Means of Commuting School in Japan
1.2.1 It is Common to Go to School by Walking
In elementary schools that tend to be built in walking areas, walking to school is common. Therefore, because
there is an elementary school within walking distance, we go to school by walking.
1.2.2 Two Types of Primary School Students, Walking Alone and Group Commuting
There are group commutes and individual commutes for primary school children. In group commutes to school,
a cross-school grade school commuting group is formed by people who live close to each other, and students commute
with the group. Individually commuting to school means that a child walks alone and goes to school without going in a
group.
Because the population density of the community is relatively high, there is a primary school within walking
distance, and there is a mutual surveillance system of local residents.

Photo.1 School Bus

Photo.2 Commuting by walk

Photo.3 Volunteer activities
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1.2.3 Some Junior High School Students Have a Bicycle Commute to School
In general, school districts for junior high schools consist of several elementary school districts. As a result, it is
common for school attendance areas to be necessarily wide and for school commuting distances to be long. Some
schools allow some students to go to school by bicycle, and encourage them to do so.(Photo.4, 5)
As a result, bicycles and pedestrians will be mixed in the space along the school route. The school route in Japan
has that how to arrange the mixture of these pedestrians and bicycles.
1.2.4 Monitoring Children’s Commute to School by Members of the Community
In Japan, the community has been formed around primary school units, and it is characteristic that many primary
school district units have events and activities that are seen by the community. It is also customary that primary schools
are regarded as the core of community facilities.
Therefore, posting volunteers to primary schools is often performed for the observation of the local community,
and members of the community are often systematically working on observation at schools as a volunteer
activities.(Photo.3)
As a result, primary school students can go to school by walking alone. There is also a problem that as the aging
of the community progresses, these observation volunteer members are aging and losing.

1.3 Eighty Percent of Sidewalk Pedestrians on a Major Road are School Children
When I investigated a certain main road, approximately 400 people used this road to commute to a nearby
primary school. There were a total of 800 people traveling to and from school. The total number of pedestrians in this
section of road was about 1000, and 80 percent of all pedestrians were commuting to or from school.
In other words, if you consider pedestrian safety measures, it would be possible to cover up to 80% of the issues
if you think about safety measures at this school.

1.4 Safety Measures for Roads Used for Commuting to School Lead to Safety and Security of Major Walking Spaces
Eighty percent of pedestrians in the walking space of the main road were commuting to or from school, and
there is also an issue with separating the bicycle and the pedestrian's passage space.
By pursuing safety measures for commuting on school roads, it is possible to cover most pedestrian safety
measures in walking spaces, and it can be understood that this leads to the separation of bicycle and pedestrian passing
spaces. From the above, it is thought that the safety measures for commuting on school roads leads to the safety and
security of the main walking space.

Photo.4 Bicycle Commuting to School

Photo.5 Bicycle Commuting at the Intercross
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2. EFFORTS AS A STUDENT SCHOOL SAFETY MEASURES ADVISOR FROM 2015

The author has been appointed by the Yamaguchi prefecture government as a security adviser for school
commute routes for five years from 2015. Through this position, the school, the local community, the governmental
agency and I work together to improve the safety of school routes. Here are some of the things that have been noticed
as a result of that effort.

2.1 Accidents of Bicycles and Pedestrians on the National Road No. 2 Sidewalk in the Katsuma District of Shunan City
In 2012, there were two bicycle and pedestrian contact accidents on the national road No. 2 sidewalk in the
target area. In each case, the bicycle went downhill and was in contact with a pedestrian. The width of the sidewalk was
only 1.5m, and the bicycle rider is supposed to get off for a section where the bicycle should be pushed by hand.
Why did this accident happen? Is it the fault of the pedestrian or the fault of the bicycle rider? I speculate that
both sides did not follow the correct rules. If the pedestrian was on the correct side of the road, the bicycle was passing
through the road, and if the pedestrian approached and the rider got off the bicycle, no accident should have occurred.
From the situation of this accident, it was decided that we should prepare traffic safety education to be conveyed
to the students.

2.2 Traffic Safety Education: A device to prevent students from being victims or perpetrators
In 2015, the supervisor of the Shunan City Board of Education pointed out that the roads in this area have a lot
of passing traffic and also that the percentage of large vehicles is high. He complained that it was necessary to devise
ways to prevent junior high school students from being victims of traffic accidents and also from being perpetrators of
traffic accidents for walking children. These recommendations were from a former junior high school teacher in the
target area. Five years have passed, and he is now the principal of this school, focusing on traffic safety.
We thought that it was necessary to make children and students recognize the correct rules again and to urge
them to change to safer traffic behavior.

Fig.1

Location

of

Yamaguchi

Prefecture

Fig.2

Location

of

Sunan

City

in

Yamaguchi
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3. JAPAN’s FIVE SAFE BICYCLE RULES

The Five Rules of Safe Use of Bicycles are those known by the National Police Agency, which set the following
five rules for bicycle traffic.
Rule 1: In principle, cyclists should ride on the street and sidewalks only in exceptional cases
Rule 2: Cyclists should ride on the left side of the street (In JAPAN, Cars go left side of street)
Rule 3: Cyclists must reduce speed on sidewalks and give pedestrians the right of way.
Rule 4: Cyclists must obey safety rules. Specifically, there are the following seven rules.
Riding double is prohibited.
Riding side by side is prohibited.
Cyclists are prohibited from riding under the influence of alcohol.
Cyclists must use bicycle light at night.
Cyclists must obey traffic lights at intersections and check for safety after coming to a full stop.
Cyclists must not use umbrellas or talk on mobile phones when riding.
Parents and guardians must ensure that children wear a bicycle helmet in the following cases:
When a child under the age of 6 is riding in the children`s seat of a bicycle.
When a child under the age of 13 is riding a bicycle.
Rule 5: Children must wear a bicycle helmet.

4. SUMMARY OF EFFORTS IN TWO DISTRICTS OF SHUNAN CITY, YAMAGUCHI PREFECTURE

Since 2013, I have implemented traffic safety education for both primary school students and junior high school
students in three districts of Shunan City, Yamaguchi Prefecture. Before and after that, we grasped how the traffic
safety awareness and traffic behavior at the time of school commutes of children and students changed.
In this paper, the Kumage district was surveyed for four years from 2014 to 2017 and is referred to as the A
district. The Kikugawa district is currently surveying continuously from 2015 as the B district. We then organized the
results and. The activity in the Heta district is limited to 2015, so it is not used here as a comparative material.
The survey was assembled by combining traffic safety education for primary school children (45 minutes for
lecture time, 50 minutes for junior high school students), questionnaire surveys before and after, and traffic observation
surveys before and after. These are repeated every year, and the change of danger awareness of children and students
and the change of traffic behavior are evaluated.
In addition, these results were reported to the school operation councils of each district before and after the
implementation of traffic safety education etc., and the opinions of local residents and administrative agencies were
sought to make necessary adjustments. Among these, the results that lead to the improvement of traffic safety by the
local community, such as the change of the school route and strict rules of the passage position, have been decided.

5. SUMMARY OF ACTIVITY RESULTS

5.1 Change in Risk Awareness by Traffic Safety Education
5.1.1 Change in Risk Awareness by Traffic Safety Education in the A district (2015-2017)
The risk awareness improved by traffic safety lectures as a whole can be continued as the student progression
through the grades. The risk awareness of current third graders is low at any grade level. However, the only exception
is in the sixth grade of primary school. It is thought that the awareness as the top class student made the risk awareness
higher.
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In addition to this, it was found that while they tended to increase their risk awareness during primary school
children, once they became junior high school students, their risk awareness tended to decrease significantly. It was
confirmed that the sense of danger is high when looking at Katsuma alone, and that the traffic safety lecture is effective
as the student progress in grades.
From these things, it is necessary to carry out a traffic safety lecture in cooperation with primary schools and
junior high schools.

Map of
Commuting Route

KATSUMA ELEMENTARY SCHOOL

North Side

South Side

KUMAGE JUNIOR HIGH SCHOOL

Fig.4 Location of Katsuma Primary School and Kumage Junior High School in the A district
5.1.2 Change of Risk Awareness by Traffic Safety Education in the B district (2016-2018)
Primary school children are more aware of danger as their grade level goes up, but when they become junior
high school students, it turns out that risk awareness suddenly drops. It was also found that the risk awareness
immediately after the traffic safety lecture was not continued until the next year's lecture.

Fig.5 Location of Kikugawa Primary School and Kikugawa Junior High School in the B district
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5.1.3 Change in Safe Traffic Behavior Intention by Traffic Safety Education (2015-2018)
In both A district and B district, at the preliminary stage, recognition to "limited to what bicycle traffic in the
sidewalk is exceptionally permitted " was as low as about 50%, but after the class, the recognition rose to about 80%. In
addition, when a bicycle passes along the sidewalk, it is "from the roadway", and the recognition that "bicycles must
ride slowly" also rises after the course.

5.2 Changes in Compliance and Intention to Improve Junior High School Students in the Pre-Post Survey

5.2.1 Changes in Junior High School Students' Compliance Status and Intention to Improve in the district A
Among the junior high school students in the district A, "Cyclists must reduce speed on sidewalks and give
pedestrians the right of way" was about 65% in advance, but increased to about 80% after attendance. Although 77%
had "Cyclists must obey traffic lights at intersections and check for safety after coming to a full stop" in advance, it
increased to approximately 88% after the course. About 81% of children had to wear helmets in advance, but had
increased to 89% after the course. "Waiting for the traffic signal" was about 90% in advance, but increased to 90% after
the course.

Fig. 6 Compliance of Five Rules for Safe Use of Bicycle, Kumage Junior High School, 2016

5.2.2 Changes in Junior High School Students' Compliance Status and Intention to in the district B
In district the B, “Cyclists should ride on the street and sidewalks only in exceptional cases” increases by about
38% compared to before the class, and in terms of all items, there was nearly 86% intention to change.
“Cyclists must reduce speed on sidewalks and give pedestrians the right of way” increases by about 20%
compared to before the class, and in terms of all items, there was nearly 86% intention to change.

Fig.7 Compliance of Five Rules for Safe Use of Bicycle, KIkugawa Junior High School, 2016
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5.3 Examples of the Suspension of Junior High School Students Commuting to School by Bicycles and the Compliance
Status of Passing Locations as Seen from Observation Survey
5.3.1 Situation of Suspension of Bicycles in the district A and Changes after Traffic Safety Education
As a result of observation survey in the district A, the following was found.
There was sidewalk widening work in 2016, and it is easy to go to point B. In this case, junior high school
students are walking by pushing a bicycle, and when comparing 2016 and 2017, the percentage passing through the
correct passing position increased from 58% to 82%. The increase was 24%.
Point D is the point where primary school students and junior high school students using bicycles cross each
other. The crossing guards may cooperate with you, and they are considered to be able to pass safely. Here too, junior
high school students are walking by pushing their bicycles. At intersections, you must stop temporarily and check left
and right before passing. In response to this, 2017 was classified into four levels of suspension. As a result, the bicycles
that follow all the rules have grown from 29.6% before the course to 43.5% after the course. The increase was 13.9%.
5.3.2 Situation of Suspension of Bicycles in the district B and Changes after Traffic Safety Education
We organized video observation for the situation that the bicycles of the junior high school students comply
with stopping at the intersection. The results of the survey were organized in five stages: stop, get off the bike, stop at
the left and right, stop at the bike, get off the bike and stop at the left and right, stop.
In the 2015 preliminary survey, only 14% of the pauses were observed in the rules, but in the ex-post survey of
that year, 41% came to obey the rules. In 2016, 45% of the rules followed the rules in advance, and 72% later. In 2017,
59% followed the rules in advance, and 95% follow it.
One bicycle that did not stop was considered to be late because it passed through the intersection at the very last
moment of morning time. If you are in a hurry, there is a high possibility that you will cause an accident when not
observing the traffic rules, so it may be necessary for safety to go to school in the morning with some time to spare so
that rushing is not necessary.

Fig.8 Point C, Intersection Bicycle Paused

5.4 Problems on the Sidewalk Traffic of Bicycles from the Observation Survey
5.4.1 Sidewalk Traffic Rules for Bicycles Originally found in the district A
In district A, Route No. 2 (2 lanes, some dorms have sidewalks) is used as a school route. In the section where
sidewalks are installed on both sides, primary school children and junior high school students on foot walk on the
sidewalk on the north side and junior high school students on bicycles walk on the sidewalk on the south side. The
passage space was properly separated.
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A contact accident between a junior high school student riding a bicycle and a walking primary school child
occurred in a section where a sidewalk was installed on only one side.
5.4.2 Maintenance of Bicycle Traffic Spaces in the district A and Changes in Manners Thereafter
In the district A, there are traffic safety issues during two school hours.
The first is to prevent the crossing of bicycles and pedestrians on the sidewalk in advance.
As the width of 1.5m was expanded to 3.5m by the sidewalk maintenance of 80m, the passage position in this
walking space came to be protected. In the future, it is an issue to maintain the situation here.
The second is the reliable implementation of a temporary stop at the intersection. This means that there is a lot
of car traffic during commuting hours, and the time when elementary school students go to school and the time when
many school bicycles go to school overlaps, and it is easy to get crowded around the crowded area of the intersection. It
can make things difficult. .
5.4.3 Progress of Maintenance of Bicycle Lanes in the district B and Change of Manners Thereafter
In the district B, the maintenance of bicycle lanes on major roads is in progress, and the traffic environment of
the whole area is about to change greatly.
Therefore, after maintenance of the bicycle passage, separation of bicycle and pedestrian's passage space is
expected by adherence to the passage position.
In the district B, at point E, 100% of pedestrians and bicycles changed to follow the passing position after
attending classes, but at point B, 79% of pedestrians and 75% of bicycles followed the correct passing position. At point
C, 80% of pedestrians and 86% of bicycles came to follow the correct traffic position, but did not reach 100%.

Fig.9 Pre- and Post-Survey: Allowance of Traffic Rules
5.4.4 Studying Direction of Future Bicycle Route Change in the district B
By expanding the network of bicycle lanes in the future, we believe it will be possible to reorganize school
routes, including a review of bicycle routes. It is expected that the risk will be greatly reduced if bicycles and
pedestrians are separated from situation where cars, bicycles and pedestrians coexist in a narrow road space of about 6m
at present.
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6. CONCLUSION

6.1 Changes in the Status of Compliance with Suspension Regulations by Traffic Safety Education

Through the cases in two districts, it was found that traffic safety education has definitely improved the
compliance with the suspension rules.
However, only half of them have been completely shut down and their safety has been confirmed. This number
should be close to 100% to eliminate the risk of traffic accidents at intersections.

6.2 Consideration of the Relationship between Behavior Intention and Actual Behavior Change

Although the recognition of the correct bicycle passing position and the intention to comply with the traffic rules
have been improved to 80% from the pre- and post-surveys, in reality, it can-not be said that the traffic rules are
sufficiently adhered to.
On the other hand, as in the case of the intersection in district B, 95% of the actual behavior maintained the
suspension while the intention to comply with the traffic rules was only about 80%. By raising awareness of compliance
with rules, I would like to promote change to correct behavior.

6.3 Consideration of Relationship between Road Infrastructure Maintenance and Compliance with Regulations

In district B, according to the sidewalk maintenance (maintenance of the bicycle passage with section extension
0.68km) of the main road, the compliance situation of the passage position of the bicycle was observed.
In the section where the bicycle lane was maintained, the compliance with the rules was surely improved, and
the compliance rate exceeded 80%. On the other hand, in the section where the traffic zone was not developed, the
compliance rate was only 40%. What does it mean that there is a big difference in bicycle passing manners in adjacent
sections depending on the presence or absence of colored pavement in the passing zone?
It means that the rule is not observed where there is enough road infrastructure, and where it is not.

6.4 Road Maintenance First, or Improvement of Manners First

If possible, I would like to improve manners together with road maintenance. As a practical matter, since
infrastructure development takes time and money, it will be to measure manner improvement while sharing wisdom in
the area as a software measure.

6.5 For the Continuation of Future Activities

We would like to continue our efforts to provide traffic safety education for both primary and junior high school
students.
I would like to continue study and coordination at the school management council as a means to share issues and
solve problems in schools and local communities.
Depending on future social changes such as the market opening of Japan and the acceptance of foreign workers,
as with other countries, the form of attending school by school bus may become more common. However, for the time
being, there is no alternative but to solve the problem of commuting to school with community involvement. As part of
these activities, I would like to continue to be involved for further improvement.
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Predicting Crashes by Applying Machine Learning on New Sources
of Driver Behaviour Data*
Gareth Robins, Salvador Hernandez, and Jason C. Anderson

Abstract — A key component of Vision Zero is identifying and
understanding the user attributes and needs that contribute to
the incidence of deaths and serious injury in road crashes. As
traditional observational methods reach their limits it is
inevitable that results should stagnate, and we have to start
looking toward new techniques and applications to address the
large number of traffic-related crashes that occur each year. In
this study, a number of geospatial and machine learning
techniques such as DBSCAN, Principal Component Analysis
and a modified three-dimensional hausdoorf distance
calculation to determine the similarities between clusters of
harsh braking locations and crash locations where utilized. The
resulting similarities were classified using a machine learning
model combining publicly sourced data sets and driver
behaviour data from EROAD, a global regulatory telematics
company. When applied to the New Zealand road network, the
result is a targeted list of specific locations that are susceptible to
experience crashes, and a new method for evidence-based
interventions that the road controlling authority can use.

I. INTRODUCTION
A key component of Vision Zero is identifying and
understanding user attributes and needs that contribute to the
incidence of deaths and serious injuries in road events;
therefore, these attributes and needs must be considered when
developing and implementing solutions [1]. Understanding
such attributes is dependent on observations and
measurements to support scientific analysis, so it is inevitable
that results are expected to stagnate as existing observational
methods reach their limits.
Traditional methods to identify potential crashes can
therefore have a limit in terms of their ability to produce
results. As a result, researchers will need to consider new
techniques and applications to address the large number of
traffic-related crashes that occur each year.
For example, New Zealand has experienced a substantial
increase in the number of deaths and serious injuries in recent
years. In 2017, 378 people died as a result of a traffic collision,
higher than any of the previous seven years [2]. Of those 378
deaths, 35 were attributed to distracted driving, 33 were fatigue
related, 70 involved trucks, and 87 listed speed as the issue.
This is not an anomaly, as the five years prior to 2017 had
increased deaths year-on-year. This same study also illustrates
*
Research supported by EROAD, Oregon State University and Portland
State University.
G. Robins is with EROAD, Level 3, 260 Oteha Valley Rd, Albany,
Auckland, New Zealand (corresponding author to provide phone: +64-21682-111; e-mail: gareth.robins@eroad.com).

that deaths are increasing at a higher rate than vehiclekilometers-traveled (VKT), gross domestic product (GDP),
and the population [2]. Deloitte determined that approximately
one-third of the increase in deaths was related to an increase in
activity on the roads, one-third was related to higher
motorcycle registrations, and one-third was unaccounted for
[3].
Although Deloitte identified relationships for increased
deaths on New Zealand roadways, the impact of freight
activity and specific driver behaviour on deaths is unknown.
Of particular interest is truck driver (both heavy- and lightvehicles) behaviour as it pertains to harsh braking. Harsh
braking can serve as a sign of aggressive driving behaviour or
evasive behaviour, which in turn may be a precursor to a crash
occurrence. However, to study the impact of harsh braking of
vehicles on crash occurrence, traditional data sources do not
offer the required information [4].
Vision Zero is an ambitious initiative, and the first steps that
transport authorities take will have the highest return on
investment in terms of lives saved vs initiative spending. But
as we close in on ‘zero’, the cost to save that last life becomes
much higher, and perhaps conflicts with the transport
authority’s desire to reach zero at any cost.
To overcome this limitation, road controlling authorities
must look to new data sources and innovative methods to move
from a descriptive analysis of historical crashes to a predictive
program of risk management. Identifying areas of concern
before they result in more deaths and measuring the efficacy
of interactions to ensure that spending decisions are evidence
based are vital components for mitigation strategies.
As such, the goal of this research is to use a new GPS data
source that allows the study of driver behaviour to be
conducted in detail with a high level of accuracy, to determine
the associations between harsh braking and crashes, and
identify specific locations on the road network that are likely
to experience crashes.
II. DATA DESCRIPTION
Two datasets were considered for the current study, New
Zealand Crash Analysis System (CAS) data and EROAD
data. CAS is a publicly available dataset populated by the
New Zealand Transport Agency and includes details on all
S. Hernandez is with Oregon State University, Corvallis, OR 97330 USA.
(e-mail: sal.hernandez@oregonstate.edu).
J.C. Anderson is with Portland State University, Portland, OR 97201
USA. (e-mail: jason.c.anderson@pdx.edu).
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crashes where police were in attendance [5]. The dataset
contains the location of each incident along with a number of
quantitative and qualitative attributes. The dataset covers a
variety of severities from no injury to fatalities.
Crash locations in the CAS data are in the New Zealand
Transverse Mercator coordinate reference system
(EPSG:2193). For the purpose of this study, the CAS data was
converted to the WGS84 (EPSG:4236) coordinate reference
system to align with the harsh braking data from the EROAD
dataset. The publicly available dataset was filtered from 2015
to 2018 to correspond to the period for which harsh braking
data was acquired from EROAD. All crash types, ranging from
no injury to fatality, were included in the spatial analysis.
The second data source as previously mentioned was
collected from EROAD. EROAD is a regulatory telematics
company that builds devices to enable its customers to meet
their regulatory requirements such as Road User Charges in
New Zealand, and ELD in the US. The EROAD devices
continually monitor the driver’s actions, and if harsh braking
is determined, it creates an event with the exact location, start
speed, end speed, maximum deceleration, and the direction of
travel. EROAD's coverage in New Zealand is pervasive with a
good split between heavy and light vehicles.
The EROAD data is comprised of harsh braking events
with the following attributes: event_timestamp,
vehicle_weight_type (light or heavy), direction of travel,
speed, posted speed limit, the speed at which the HB event
started (i.e., speed when the driver applied the brakes), the
speed at which the event ended (i.e., speed when the driver
stopped decelerating harshly), and the maximum
acceleration felt during the HB event. The dataset used
comprised of 31,016 HEAVY (GVM > 3500 kg) and 28,798
LIGHT (GVM < 3500 kg) vehicles. Additional metrics
were obtained by comparing the HB event with the next
event generated from the device, and the event indicating the
start of the current trip. From this, the drive time before the
HB event was derived.

The DBSCAN parameters (epsilon of 0.0005 radians
and a MinPts of 50) were derived experimentally by creating
concave hulls around each cluster, and deriving the area of
these hulls. Larger values of eps resulted in clusters that
extended along an entire road, encompassing several
intersections. Visual inspection of the resulting clusters
determined the optimal parameters.

Figure 1. Illustration Showing the Effect of DBSCAN's Two Parameters,
Eps and MinPts

To achieve spatially similarities between the crash clusters
and harsh braking clusters a boundary was drawn around the
events in the cluster to obtain a polygon (see Fig. 2). A convex
hull where a polygon is fitted to encompass the entire area was
rejected due to the inclusion of areas between roads that
perpendicularly meet, and instead a concave hull was selected
which minimizes the total polygon area while encompassing
all points.
For each cluster in the harsh braking dataset the following
aggregates were created:
•

Count or harsh braking event.

•

Proportion of heavy-vehicles.

•

Average time-of-day.

III. METHODS AND EXPERIMENTS

•

Driving time before the event.

In order to determine the associations between harsh
braking and crashes and identify specific locations on the road
network that are likely to experience crashes, harsh braking
was first partitioned into distinct clusters using the densitybased spatial clustering of applications with noise (DBSCAN)
algorithm [6]. DBSCAN requires two parameters; epsilon (the
distance to search) and minPts (the number of points required
before a cluster is created) (see Fig.1). DBSCAN works by
arbitrarily selecting a start point and expanding a search from
that start point to neighbouring points that haven’t been visited
and are within the epsilon value. When no more points are
within the epsilon distance and the minPts has been reached, a
cluster is created. Points that are not included in a cluster are
deemed ‘noise’ and fall into their own cluster which can be
excluded at a later stage [6].

•

Start and end speed.

•

Mean deceleration.

•

Mean vehicle age.

•

Proportion of left/right/straight turn decisions.

•

Speed limit.

•

Road functional classification.

•

Cluster area.

•

Cluster perimeter.

•

Area to perimeter ratio.

While other clustering algorithms exist to achieve the same
result, such as ordering points to identify the clustering
structure (OPTICS), DBSCAN is more customisable, but as
such requires some tuning [6].

The same methodology was applied to the CAS dataset
with the same eps value, but a minPts of 5 (see Fig. 3).
The association between harsh braking and crash clusters
was found spatially using a polygon-intersects-polygon
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algorithm where at least one vertex on the crash cluster falls
within the corresponding harsh braking cluster, and vice-versa.

Figure 2: Harsh Braking Events at a Single Intersection Encompassed by a
Concave Hull Geometry

dimension surfaces, a modification of the commonly used
Hausdorff distance was used.

Figure 4: Illustration Representing the Overlapping Nature of Two Planes in
Both 2D and 3D Space

V. THREE DIMENSIONAL HAUSDORFF DISTANCE
The Hausdorff distance is the maximum distance of a set to
the nearest point in the other set and can be defined as [7], [8]:
(1)
.
where a and b are points of sets A and B respectively, and d(a,
b) is the distance between these points; for simplicity, we'll
take d(a, b) as the Euclidean distance between two points Pa
= (xa, ya, za) and Pb= (xb, yb, zb) in three dimensional space
and can be given by the following distance formula
(2)

Figure 3: Concave Hull From Harsh Braking Cluster Overlapping With
Concave Hull From Crash Cluster

IV. SPATIAL-TEMPORAL SIMILARITY
Once the association between harsh braking and crash
clusters were made, a temporal connection was then explored
to capture the spatial-temporal association between the harsh
braking event and the crash. In exploring the temporal
connection, harsh braking events occurring after a crash can
then be ruled out by comparing both the spatial distance and
the time difference.
For this a topographical similarity model was
developed, treating the clusters as a series of planes in three
dimensional space, with time as the 3rd dimension. This is
illustrated in Fig. 4, where x represents the longitude, y = the
latitude, and z = the timestamp.

In this example, x is the longitude of the event, y is the latitude
of the event, and z is the timestamp of the event. The result is
a unitless measure of the distance between two points.
A brute force algorithm was then implemented to calculate
the Hausdorff distance between each harsh braking cluster and
its corresponding overlapping crash cluster, or set of
individual crashes. The modification used centered around
dismissing distances between harsh braking events and crashes
where the crash occurred first. The implementation thus is as
follows:

Fig. 4 shows that for any one point on surface A, there are
some points on surface B that occur after A and some points
that occur before A.
In the discovered overlapping clusters with sometimes
thousands of events, the geometry is significantly more
complex. To calculate the similarity between these two three
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VI. DIMENSION REDUCTION
This yielded a large number of attributes for each cluster
from which dimension reduction using principal component
analysis (PCA) was applied to reduce these dimensions into
the set that offers the most explanation for the variation in the
dataset.
The goal of using PCA was to define a set of attributes
describing harsh braking that can be used to determine the
likelihood of new crashes occurring in other similar clusters.

VII. CLASSIFICATION MODEL
The variables resulting from dimension reduction have a
high degree of dependence. As such Support Vector Machine
(SVM) was chosen as the classification model to predict harsh
braking clusters that have an associated crash cluster [9].
However other models were considered such as Naive Bayes.
This was disregarded due to the lack of independence and
normality of the input variables.
SVM provides a hard border defining the hyperplane
between two groups. In an effect to provide better fitting
models, two hyperparameters were adjusted between 16
combinations of C or the cost and epsilon which provided the
optimal values of C= 10 and ζ = 4 and can be seen in
(3)
where ζ refers to the ‘buffer’ by which we move the hard
border created by SVM to include or exclude observations. A
second hyperparameter C is used as a cost of using this buffer.
Finally the dataset was split into 60% for the training set and
a prediction used for the remaining 40%. The final results used
the entire dataset without the response variable.

By removing any temporal overlap of less than 10% the
dataset reduced to 7589 harsh braking clusters to feed into the
SVM model.
Greater than half (55.89%) the crash clusters have a
corresponding harsh braking cluster (Table 3). This high
association gives weight to the hypothesis that crash locations
are preceded by harsh braking. Harsh braking clusters are
typically larger than the crash clusters and encompass the
entire intersection. The average area of a harsh braking cluster
is 4936.8 m2 whereas the average area of a crash cluster is
1334.7 m2. Some harsh braking clusters overlapped multiple
crash clusters where DBSCAN was not able to successfully
segment the harsh braking cluster further with the given
parameters.
The PCA analysis reduced the original 23 variables to 10
(see Fig. 5, the red dashed line on figure indicates the expected
average contribution) and accounted for 62.1% of the variation
in the data.
The resulting measures included two related to the vehicle,
(vehicle age and type), one related to the road (speed limit),
three related to turn choices, and three relating to the event
itself. Fig. 6 illustrates the correlation of these variables as a
variable factor map for the PCA analysis. Here positively
correlated variables are grouped together while the negatively
correlated variables are positioned on opposite sides of the plot
origin (opposed quadrants), and the distance between variables
and the origin measures the quality of the variables on the
factor map.
The confusion matrix (or error matrix) found in Table 3
describes the results of the SVM model.
TABLE I.
TEMPORAL OVERLAPS BETWEEN SPATIALLY
OVERLAPPING CLUSTER

Temporal Overlap
VIII. RESULTS
The Crash Analysis System data was reduced from
665,847 to 127,559 incidents by eliminating years for which
we do not have harsh braking data.
By removing the harsh braking events considered as
noise, DBSCAN reduced the dataset down by 40% and yielded
8,120 clusters.
Asymmetry was observed in turn choices from 57% of
harsh braking clusters with 23.2% of clusters having a left turn
preference, 28.1% having a right turn preference, and 43.3%
having a straight turn preference.

0%-25%
25%-50%
50%-75%
>75%

Number of Harsh Braking
Clusters
1122
419
179
195

TABLE II.
NATURE OF OVERLAPS BETWEEN HARSH BRAKING AND
CRASH CLUSTERS

Aspect
Number of Clusters

Harsh Braking
8120

Crashes
4058

Overlaps
Proportion

1915
23.6%

2268
55.9%

The three dimensional Hausdoorf algorithm resulted in the
temporal overlaps seen in Table 2 .The temporal comparison
of events showed that 245 of the 1915 harsh braking clusters
with spatial overlaps had no temporal overlap as 100% of the
crashes in the overlapping crash cluster occurred before the
harsh braking events. A temporal overlap summary is in Table
1.
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to now as our Predicted Crash Locations (see Table 4).
The original harsh braking clusters were assigned to a road
functional class (ONRC). Table 5 shows this assignment in
terms of the original harsh braking clusters, and the clusters
identified by our model as being False Positive. Functional
Class 4 roads, or collector roads show 2.4% of original
clusters showing a predicted crash location. This offers a
more targeted approach to the next steps of refining the model
to the point of intervention.
In short the results indicate that it is possible to predict
locations that could be susceptible to experiencing crashes
based on the observation of harsh braking data from a large
population of drivers.

Figure 5: Results of PCA Showing Contributions of All Variables in
Dimensions 1, 2, and 3

TABLE IV.

Figure 6: Result of PCA Showing the Correlation of Selected Variables

TABLE III.

CONFUSION MATRIX FROM SVM MODEL

n = 7589
Prediction
False
True

True
366 (FN)
1143 (TP)

Using the results from Table 4, both the specificity,
sensitivity, and false positive rate were calculated to measure
overall fit using the following equations:
Specificity = TP / (TP + FN)
Sensitivity = TN / (TN + FP)
FP Rate = FP / (FP + TN)

Functional Class

Original
Clusters

National
Regional
Arterial
Collector
Access

215
402
1423
2446
3103

Predicted
Crash
Locations
0
5
26
60
10

IX. CONCLUSION

Actual
False
5988 (TN)
101 (FP)

DISTRIBUTION OF PREDICTED CRASH LOCATIONS

(4)
(5)
(6)

The calculated specificity yielded a value of 98.34%
reflecting the number of correctly identified crash clusters.
The calculated sensitivity of 75.60% indicate the number of
correctly identified harsh braking clusters without a cluster.
Together these values were consistent between the training set
and testing set, indicating a good fit.
In addition, the false positive (FP) rate was also
determined. This FP rate is the number of predicted overlaps
when in fact there are none. The calculated FP rate yielded a
value of 1.65% and references 101 clusters which are referred

The goal of this research was to identify areas of the road
network that showed a significant level of harsh braking
activity, without a corresponding area of crashes. The 101
predicted crash areas represent this goal and offer a starting
point to evidence based interventions. Defining such
interventions are outside of the scope of this research (future
work), but should be targeted towards the driver behaviour
that results in harsh braking and subsequently crashing. By
associating the predictions to the EROAD data, the efficacy
of such interventions can be demonstrated by monitoring the
reduction of harsh braking over time and providing ongoing
reassurance that interventions are working.
This research has demonstrated the value of GPS data in
determining new ways to identify risk and target investments
into safety. When compared to traditional methods of data
collection, the use of GPS data offers unparalleled accuracy
and coverage, where the installation of loop counters for
metrics as simple as traffic counts are cost prohibitive to
achieve full network coverage. GPS data offers a costeffective method of studying the network in detail and moving
closer to saving that last life.
The next steps for this research is to incorporate other
risk models and further refine the 101 Predicted Crash
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Locations into a prioritised list for the road controlling
authority to implement mitigating measures.
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ABSTRACT

INTRODUCTION

A modern city environment needs to address and
provide solutions to handle ever-growing traffic,
while simultaneously increasing the road safety
on city roads by reducing accident and fatality
rates. Traditional ways of decision making are
not valid anymore and most entities are not able
to use the large amounts of data produced by
different systems. There is a need for a process
change in order to save lives, improve life quality
in the city and help generate a safe environment
for all citizens. Therefore, VITRONIC's Safe &
Smart City Initiative (SSCI) is aimed to provide
city governances with the required instruments to
identify and influence key safety aspects in the
city environment. The data accumulated by
VITRONIC`s intelligent and modern systems in
the traffic technology sector, such as data from its'
laser based speed observation cameras in
correlation with publicly available and
government provided data is directed into one
VITRONIC platform. This innovative platform
allows city governances to handle ever-growing
traffic by solving of traffic bottlenecks, to save
lives by decreasing the number of accidents and
fatalities and to increase efficiency in the decision
making and planning activities of government
entities. The main objective for VITRONIC as a
company is to provide solutions, which help make
the city landscape a better and safer place for all
participants.

“Every Km/h counts” [1]. That is why
VITRONIC`s intelligent and modern solutions
strive to make a safe and secure city environment
by providing innovative smart systems in
alignment with modern technology utilized in an
environment that promotes innovation, creativity
and sustainability. For this purpose, VITRONIC
is currently developing a platform called “Safe
and Smart City Initiative (SSCI)”, which aims to
provide city entities with the ability to identify
and influence key safety aspects in the city
environment. One main objective of this platform
is to increase the road safety by reducing accident
rates and by evaluating occurring risks due to
unsafe driving (e.g. Speeding above speed limit
but below enforced speed limit). Additionally,
the VITRONIC platform aims to provide
solutions to handle ever-growing traffic and
reduce traffic bottlenecks for a modern city traffic
management. Traditional ways of decision
making are not valid anymore and most
government entities are not able to effectively
evaluate, analyze and handle the accumulation of
large amounts of data provided by different data
sources. The VITRONIC platform hence will
allow decision makers to gather deeper insights
into the current situation and upcoming issues to
allow for a better planning and a safe & smart
city.

VITRONIC AS A COMPANY
NOMENCLATURE
ANPR
KPI
LIDAR
MENA
SSCI

Automatic Number Plate
Recognition
Key Performance Indicator
Light Imaging, Detection and
Ranging
Middle East & North Africa
Safe & Smart City Initiative

Figure 1: VITRONIC Logo
VITRONIC offers support to international
customers through its subsidiaries in North
America, Europe, Asia and Australia, as well as
through a global network of sales and service
partners. Consolidated sales totaled €172 million
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in 2017 with €59 million of equity across the
group. VITRONIC invested over €14 million in
research and development in 2017 and will
continue to increase its efforts in the years to
come. The VITRONIC Machine Vision Middle
East LLC (VITRONIC LLC) was founded in
2009 and has continuously grown since. With its
proximity to the Middle East Region (MENA),
VITRONIC LLC is able to provide different
solutions directly to its customers.
VITRONIC`s main focus is to supply customers
solutions in the machine vision and optical
detection field. Among other things, VITRONIC
provides intelligent and modern systems for the
traffic technology sector, which uses a laser based
detection system (Light Imaging, Detection and
Ranging – LIDAR) as a trigger for VITRONICS
speed observation cameras. The flexibility of the
system allows its usage for the determination of
speed, red-light, point-to-point speed evaluation
violations, as well as to determine number plates
of passing cars (Automatic Number Plate
Recognition – ANPR). VITRONIC portfolio also
includes solutions in regard to environmental
sensors, which record weather, pollution and
visibility range data. These sensors can be
installed in conjunction with VITRONIC`s
systems. The large amount of accumulated data
by the systems raised the need for a solution to
evaluate this data. The development of the Safe &
Smart City Initiative (SSCI) platform was hence
the next logical step to provide customers with a
solution for this problem and fits perfectly in the
portfolio of the company.

The Key Features of the VITRONIC Platform are
hence:






Tool for Management Planning
Tool for Traffic Management
Tool to increase the overall security in
the city area by e.g. finding persons of
interest in the city
Tool to evaluate Driver Behavior (e.g.
risk assessment of drivers)
Tool for Citizens to e.g. evaluating the
pollution in city areas and improving
road conditions

DESCRIPTION OF THE PLATFORM
The VITRONIC development platform for the
Safe & Smart City Initiative (SSCI) is set-up to
use different data sources as an input. One of
these data inputs can be data generated and
accumulated by VITRONIC`s systems (traffic
data & environmental data), but data from other
competitor systems can be used, as well. Publicly
available data (e.g. from a public weather station),
data from live traffic services (e.g. HERE Traffic
or Google Maps) and government provided data
(e.g. accident statistics or event plans) can also be
used as an input data source for the platform.

KEY FEATURES OF THE PLATFORM
The aim of the VITRONIC Smart & Safe City
Initiative development platform is to offer
government entities the possibility to analyze key
safety aspects and key performance indicators, as
well as to plan and forecast necessary government
activities. The overall objective in this regard is to
increase the efficiency in the decision making
process of governments e.g. for events.
Additionally, an evaluation of the traffic data via
an active traffic management system aims to
reduce the number of traffic bottlenecks. For an
increased security, the automatically recorded
license plates allow finding persons of interest in
the city vicinity. As a citizen service the platform
also provides information about high pollution
areas with aiming at reducing the pollution in
these areas through reduction arrangements.

Figure 2: Input Data Sources for the Platform
In a first step, Data arriving at the input interface
is processed by the Platform. The data is used to
determine and evaluate Key Performance
Indicators (KPIs) like e.g. the number of recorded
vehicles per time and day in a certain observed
area. VITRONIC`s systems are able to record all
passing cars including the license plate number,
car type and color. In combination with a Wanted
Car List and/or a government list, the platform
can be used to analyze, filter and alert an operator
in case of a Wanted Vehicle hit. Dependent on
customer needs and wishes, the platform is also
able to display other KPI`s.
Since VITRONIC`s systems are able to record
every passing vehicle lane-dependent in real-time,
the information can be used to enrich live traffic
data services (like e.g. Google Maps or HERE
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Traffic, which have a few minutes delay in
information). In addition, the lane dependent
traffic flow can be added as an additional feature
to the overall live traffic screen of the platform.
This feature can be also used to find person of
interest/vehicles of interest in the city vicinity.
In the live data setting, the platform uses recorded
past traffic data, live traffic data, environmental
data (e.g. visibility range) and government
provided data (e.g. accident history or accident
statistic) to identify traffic bottlenecks, show live
traffic events & dangers, as well as to investigate
an environmental impact on traffic.
In order to provide government entities with
options to handle ever growing traffic and to
reduce the number of accidents and fatalities, the
VITRONIC platform provides the user with
different predictive algorithms in regard to
different topics.
Traffic Management
For the Traffic Management, the platform is able
to:
 Propose ways to ease traffic in areas e.g.
by proposing new traffic routes/roads or
a traffic usage toll charge for certain
areas
 Propose an adaption of the speed limit in
or around traffic bottleneck areas.




improve Air Quality (e.g. by proposing
speed limits etc.)
Evaluate the conditions of the city roads
based on road usage and other data
inputs.
Propose solutions for citizens for a
“Smart Commuting” inside the city
environment.

Management Planning
To support government entities and local police
entities, the platform is able to:
 Propose the usage of Mobile Speed
Measurement Equipment in a certain
location, as well as local police resources
based on an evaluation of over-speeding
areas.
 Propose a change of location or a new
system for Speed Measurement (fixed
system) based on an evaluation of overspeeding areas.
 Either integrate or provide an active
resource management and support
government entities in event planning
activities.
The different highlighted and described
functionalities of the platform are shown in
Figure 3.

Driver Security
In order to reduce the number of accidents and
fatalities and hence increase the driver security,
the platform is able to:
 Identify Accident Hot Spots and propose
solutions to reduce the number of
accidents in these areas
 Alert government entities to an increased
risk in certain areas due to e.g.
environmental factors (e.g. low visibility
though fog) and propose an adaption of
the speed limit for these instances.
 Perform a Risk Assessment for Driver
Behavior (for individual drivers as per
ANPR result) delivering a risk factor.
This risk factor considers the number of
past violations, an overall increased
average speed (even if not fined) and the
accident history of the driver.
Citizen Service

Figure 3: VITRONIC Platform Description
VITRONICs platform can be used in its analytics
and/or predictive capacity depending on customer
wishes and requirements. An example landing
page of the VITRONIC platform is shown in
Figure 4.

As a service to its Citizen and for the city
government, the platform is able to:
 Identify the pollution of the environment
in certain areas and propose solutions to
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Figure 4: Example Landing Page

SUMMARY & CONCLUSIONS
As a service for its customers, VITRONIC offers
a Smart & Safe City Initiative development
platform in combination with its intelligent and
modern measurement systems. However, with the
ability of using different data sources, the
platform can be operated with competitor systems
independent of VITRONICs systems, as well. The
main objective of this platform is to provide
government entities with an instrument to make
the city a safe and healthy environment for all its
inhabitants.
Therefore, the platform allows the end user to
identify and influence key safety aspects in the
city environment. VITRONIC strives to help
governments with the so called “Vision 0” [1], the
road traffic safety project aiming to achieve a
highway system with no fatalities or serious
injuries involving road traffic. That is why, one of
the key functionalities of the platform include an
evaluation tool, which aims to save lives by
decreasing the number of accidents and fatalities
within the city.
Additional features of the VITRONIC platform
include an active traffic management system, a
risk assessment and a safety feature system. The
system aims to solve traffic bottlenecks and
increase the safety of drivers by identifying risks
due to environmental factors. In this context,
individual driver behavior is also analyzed by the
platform in a risk assessment aiming to provide
government entities with the ability to inform its
citizens of risks regarding their driving behavior.
Alerts regarding vehicles or persons of interest are
generated by the system in real-time to help
increase the safety inside the city vicinity.
As a citizen service, the VITRONIC platform
aims to improve life and air quality inside the
city. For this purpose, the environmental pollution
inside the city is observed and recommendations
are given to the user of the platform. By

observing the road conditions through road usage,
citizens can benefit from better roads inside the
city environment. The platform provides its users
also with solutions for Smart Commuting.
Furthermore, government entities can benefit
from an increase in efficiency in the decision
making process and planning activities by using
the platform e.g. for resource management.
Taken as a whole, VITRONIC`s Smart & Safe
City Initiative development platform (SSCI)
provides customers with the optimal instruments
to handle the challenges of a modern city
environment. Equipping customers with the
system is a first step to secure an exciting and safe
future for all.
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ABSTRACT:
Vung Tau city is a tourism city that located about 100 km east of Ho Chi Minh City, Vietnam. The city has an area
of 141.1 km² and a population of 527,025 people.
As of 2016, Vung Tau city has 128 roads, with a total length of 88.58 km. According to preliminary calculations at
128 routes, the number of unsecured routes for fire protection accounts for 75.78% (87 roads/128 roads). This is a
relatively large and risky number for transport infrastructure system when a fire occurs.
In this paper, the authors propose simulation to find out the relationship between transport infrastructures and the
fire fighting system in the city.
30/4 street is a street in Vung Tau city with high traffic density and many particularly important works. Therefore,
fire protection in the area is guaranteed and top priority. However, there are no studies on the relationship between
transport infrastructure and accessing time of fire fighting system.
In this research, the scenarios of traffic growth forecast for 5,10,15,20 years from now at the routes are simulated
based on survey data and growth model. It is shown that the actual traffic speed decreases when the traffic volume
increases. The accessing time of the firefighting operation and the road condition is simulated.
This paper analyzes and evaluates the proposed plans with VISSIM software to assess the relationship between
transport infrastructures affecting the process of fire fighting system in Vung Tau city.
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1 INTRODUCTION
Vung Tau city is a grade-I city directly under Ba Ria-Vung Tau province in the south of Vietnam. Being an oil
and gas center, a national tourist center, an important city for security and defense, especially the protection of the
maritime and island sovereignty in the South of the country; the city is located in the key economic development zone
of the South at about 100km east from Ho Chi Minh City, Vietnam.
As of 2016, Vung Tau city has 128 routes with a total length of 88.58 km. According to preliminary
calculations at 128 routes, the number of unsecured routes serving fire protection accounts for 75.78% (87/128)
according to "QCVN 06: 010 / BXD, Vietnam Standards”, Part 5, p. 34 - 36. This is a relatively large number, notable
for the transport infrastructure system when a fire occurs. This is also part of the cause of the fire and explosion. There
is an important element for the agency to manage research when planning the transport infrastructure system in the
future.
According to the report of the Fire Prevention and Fighting Police Department No. 2, in the period of 2015 –
2017, there were 8 fire cases (4 fires occurred from factories and 4 vehicles fire cases) with the loss over 60 billion
VND (approximately 3.5 million USD). This is an alarming number of fire and explosion in recent years.
Vung Tau is a tourism city with the traffic becomes denser every year, because of the increasing of residents,
and visitors every year. Also because people are getting wealthier, the families that can afford car increased. The denser
traffic is, the more slowly the fire trucks is accessed. Yu Yan, Guo Qingsheng and Tang Xinming [3] provided in 2005
an optimization of urban fire station locations based on geographical network model. Yu-xi Guan, Zheng Fang and
Tian-ran Wang (2017) [4] studies the fire risk assessment and daily maintenance management of cultural relic building
based on ZigBee Technology. In this paper the authors simulate the access time from the fire station to a fire occurred
locations considering of traffic grow in the future. The traffic modeling was used for the forecasting.

2 THE TRAFFIC MODELING
2.1 THE MODELING SOFTWARE
There are currently some simulation softwares for traffic flow analysis such as: Traffic ware Synchronal
Studio, SAVOY, VISSIM, ... In this paper the authors adopt the VISSIM software. The VISSIM (Verkehr In Städten –
SIMulationsmodell) belongs to PTV GROUP of Germany has been used in many countries to simulate the traffic flow
with MMTFS (Multi - modal micro-traffic flow simulation software). It was developed by the team of R. Wiederman of
the University of Karlruhe, then transferred to PTV Planung Transport Verkehr AG Group of the Federal Republic of
Germany. VISSIM helps simulate, analyze traffic flow, multi-threaded traffic flow, many vehicles at the same time and
feature as Vietnam. VİSSİM has a wide range of applications in traffic including: Research highways and corridors of
traffic routes; simulating mixed traffic flows including cars, trucks, motorcycles, bicycles, buses, trains, urban trams
and pedestrians; supporting regional traffic planning research, analyzing feedback data, assessing the impact of
infrastructure construction projects on traffic in big cities.
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2.2 THE LOCATION
To study of the impact of transport infrastructure on the time to approach the fire, the authors choose the
research route: Three Months Road, Vung Tau City, Ba Ria - Vung Tau Province. Reasons for choosing the route: Road
28m wide, roadbed 15m wide. Ensure at least one lane of lanes ≥ 3,5m; Vung Tau's main road connecting with National
Highway 51 has many particularly important projects such as Vung Tau Airport, Vietsovpetro Petroleum Company,
Dong Xuyen Industrial Park, factory, supermarket, treatment plant. Water, Oil and Gas College .....

Figure 1. The location for the case study, the 30-4 road in the city
3 INPUT AND CALCULATION SCHEME FOR THE ACCESS TIME
3.1 CALCULATION STEPS
We used the VISSIM software to obtain the traffic condition, also access time of Fire trucks from the Fire
station to a fire occurred place in the time after 5 years, 10 years, 15 years and 20 years. For the simulation we used the
following steps:
 Step 1: Start the program;
 Step 2: Insert the actual photo into the software;
 Step 3: Declare the routes;
 Step 4: Actual perspective model;
 Step 5: Declare the traffic volume according to the 5-years, 10-years, 15-years and 20-years’ timelines
(Table 3);
 Step 6: Declare vehicle composition and speed of vehicles (tables 1, 2, 3).
3.2. INPUT
According to the studies of Vu Van Binh (2015) [1], Khuu Minh Canh (2014) [2], Yu Yan (2005) [3], Yu - xi
Guan (2017) [4] and the field survey of the authors give the summary table as follows:
Table 1. Access time and speed of Fire Prevention Trucks for the stretch of road < 1,0 km
Access time (minutes)
Min
5

Max
10

Distant
(km)
1,00

Speed (km/h)
Normal
60

In the rush hour
30

Table 2. Access time and speed of Fire Prevention Trucks for the stretch of road < 5,0 km

Access time (minutes)

Distant
(km)

10

1,00

Speed (km/h)
In the city
Suburb
downtown
60

30

Based on the elastic modeling, we can calculate the traffic forecast data of Table 3
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Table 3. The survey and the forecast of traffic volume in 20 years

Vehicle
Motobike
Cars, trucks and
Buses
Total

(Nđto)
864

Recalculate
number
(Ntto)
1080

5
1313

10
1675

15
2138

20
2729

1238

1548

1881

2401

3064

3910

2102

2628

3194

4076

5202

6640

Survey

Traffic volume after n years

4 RESULT OF CALCULATION
Based on the fastest time and speed requirements for approaching the fire stated in Tables 1 and 2, the authors
propose simulation problems to figure out the relationship between the transport’s infrastructures serving Fire
protection in the city and the access time. The authors have done 4 experiments.
a. Experiment 1: Time to reach the fire location of a Fire Truck
The fire truck approaching time for the distance of 1.0 km according to the 20-year forecast period is
calculated in table 3. The calculation is carried out on the trucks with speed 30 km/h, 50 km/h and 60 km/h. At present
the access time is 1.67 minutes (for speed 30 km/h) but after 5 years there is a big jump to 2.67 minutes, after 10 years
the access time is 2.78 minutes, after 15 years is 2.9 and after 20 years the number is 3.15 minutes. Accordingly, the
access time for the fire trucks with speed of 50 km/h is 1.37, 1.57, 1.84, 2.44 and 2.9 minutes. For the fire trucks with
speed 60 km/h the access time will be 1.15, 1.47, 1.65, 2.08, 2.81 minutes. All the results are still lower than 5 minutes
for the distance within1km, the limit for access time.

Figure 2. The forecast access time chart of Fire Protection Trucks for distant < 1km

b. Experiment 2: Actual velocity approaching the fire of a fire truck
The actual velocity of approaching fire of fire trucks at distance of 1.0 Km according to the forecast period of
20 years is calculated in table 3 .
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Figure 3. The Forecasting of Real Speed of trucks in 20 years











Simulation results:
Speed of 30 km / h in 20 years; actual velocity decreases from 27.62 to 13.90 km / h.
Speed of 50 km / h in 20 years; actual velocity decreased from 39.32 to 14.01 km / h;
Speed of 60 km / h in 20 years; actual velocity decreased from 48.05 to 14.57 km / h;
Simulation results:
Fire Trucks Speed of 30 km / h in 20 years; actual velocity from 27.62 to 13.90 km / h.
Fire Trucks Speed of 50 km / h in 20 years; actual velocity from 39.32 to 14.01 km / h;
Fire Trucks Speed of 60 km / h in 20 years; actual velocity from 48.05 to 14.57 km / h;
Analysis and comment on simulation results:
Actual velocity when moving on the road is smaller than the theoretical speed, due to interaction with
the flow and convenient means of intersection;
Actual velocity in 20 years decreases. Velocity decreases due to increased traffic volume, while the
road does not expand.

c. Experiment 3: The delay time when Fire Trucks pass the intersection

Figure 4: Result of Forecasting the delay time when Fire Trucks pass the intersection
According to Figure 3, it is found that at:
- Speed of 30 km / h, time delay through button from 16.06 to 27.46 seconds in 20 years;
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- Speed of 50 km / h, time delay through button from 9.89 - 20.25 seconds in 20 years;
- Speed of 60 km / h, time delay through node from 7.55 - 13.93 seconds in 20 years;
As the traffic volume increases, the time of the vehicle to pass the intersection also increases, the situation of
congestion and traffic jam appears to increase the waiting time of the fire truck to pass the intersection. During peak
hours (30 km / h) of the 20th year, congestion and traffic jam occurs, which directly affects the access time of fire
trucks. In normal hours (50-60 km / h) in the first 15 years, the flow is stable, after the 15th year, the means of traveling
are difficult and the speed is low.
d) Experiment 4: The access time to the Fire and different distant

Figure 5. The access time to the Fire and different distant (speed 50km/h).

Access time of the Fire Truck with diference Distances
Forecast

< 1km

<3km

<5km

<8km

<10km

Now
Afer 5 years
Afer 10 years
Afer 15 years
Afer 20 years
Access time (min)
0

2.5

5

7.5

10

12.5

15

17.5

20

Figure 6. Forecast about access time with difference distant (speed 50km/h).
According to Figure 4, it is find that:
For the distance of 1.0 km, access time of fire trucks is from 1.37 to 2.90 minutes which is less than 5 minutes
allowance (Table 1); For the distance of 3.0 km, access time of fire trucks from 2.43 to 6.26 minutes, all are less than 5
minutes allowance (Table 1); For the distance of 5.0 km, access time of fire trucks from 5.09 to 9.82 minutes, all are
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less than 10 minutes allowance(table 2); For the distance of 8.0 km, access time of fire trucks increased 8.31 - 15.03
minutes; For the distance of 10.0 km, access time of fire trucks from 12.21 to 19.53 minutes.
From Figure 5, the author preliminarily builds the vehicle's approach over time as follows:
With 1.0 km radius: It takes 0 - 5.0 minutes for vehicle to be present at the scene, ensuring the fastest access
time is 5.0 minutes (Table 1);
With 3.0 km radius: It takes 2.5 - 7.5 minutes for vehicle to be present at the scene, ensuring the latest access
time is 10 minutes (Tables 1, 2);
With 5.0 km radius: It takes 5.0 - 10.0 minutes for vehicles to be present at the scene, ensure the latest access
time is 10 minutes (Table 2);
With 8.0 km radius: It takes 7.5 - 17.5 minutes for vehicles to be present at the fire place;
With 10.0 km radius: It takes 10.0 - 20.0 minutes for vehicles to be present at the fire place.

Figure 7: The Fire Stations and the mape of covered protecting area with access time
The access time of fire engines with a distance of 5.0 km in 20 years guarantees a maximum time of ≤ 10
minutes is shown in table 2;
With 1.0 Km radius: Vehicles need less than 5.0 minutes to be present at the scene, ensuring the fastest access
time is 5.0 minutes;
With 3.0 km radius: Vehicles need 2.5 - 7.5 minutes to be present at the scene, ensuring the access time is 10
minutes at the latest;
With 5.0 km radius: Vehicles need 5.0 - 10.0 minutes to be present at the scene, ensure the access time is 10
minutes at the latest;
With 8.0 km radius: Vehicles need 7.5 - 15 minutes to be present at the scene;
With 10.0 km radius: Vehicles need 10.0 - 20.0 minutes to be present at the scene
5 CONCLUSIONS
Through simulation, the authors can prove that the time required to reach the fire is 5.0 minutes for the
distance of 1.0 km, while the traffic volume increases after 20 years.
Simulation shows the quantitative relationship between the vehicle increase and the reduction of actual
velocity on the move and has an overall picture for the period of time that the police can control and manage the Fire
Protection System.
Analyzing and assessing the Highway Capacity Manual (2000) in accordance with the traffic at the route was
selected. The preliminary traffic simulation of the fire trucks access provide a method to analyze the access time not
only in Vung Tau but also other location.
If we can combine the VISSIM simulation result with Geographic Information System (GIS), there is a good
way to plan and to understand the strength and weakness of the Fire Protection System.
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Precise location and orientation of vehicles is a must for reliable Advanced Driver Assistance Systems. In this paper we
present a novelty method of vehicle positioning and orientation based on infrastructure adaptation called Radar
Positioning System. RPS consists in 3D land markings that encode information in a similar way of the Braille system
(the reading system for blind). As a result, a vehicle that reads this encoded line thanks to mm-wave radar sensors
installed in the underbody is able to obtain its position with 1cm accuracy in a reliable, low cost and safe manner.
Furthermore, vehicle orientation against the longitudinal axis of the lane is achieved with less than 1 degree error.
The main advantage of such precise vehicle orientation and location besides on the ability for solving the problems
related with the handover at level 3 SAE systems. When perception fails, dead-reckoning can keep the vehicle in its lane
along 200 extra meters due to a precise starting point. This extra distance can be used for reducing the speed and
provide more response time to the driver for an appropriate handover.
Furthermore, thanks to RPS, vehicle perception can be improved exponentially by enabling target-data sharing between
vehicles. RPS can also be suitable for supporting Intelligent Speed Assistance and un-manned Platooning.
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1 INTRODUCTION
Precise location and orientation of vehicles is a must for reliable Advanced Driver Assistance Systems (ADAS) and
Autonomous Vehicles (AVs). Current ADAS and AVs typically rely on stereo optical cameras, GNSS, IMUs and
LIDAR sensors for these purposes. Optical cameras can estimate the lateral displacement and the orientation of the
vehicle into the lane by detecting the land markings. Unfortunately, the reliability of optical cameras for detecting land
markings depends on a good retro-reflectivity of land markings and favorable sunlight conditions. Wet surfaces, bad
maintenance of land markings, snow, fog or heavy rain can reduce significantly the reliability of camera detection.
GNSS provides a global positioning but the lack of accuracy and the low availability due to the absence of a clear line
of sight with the satellite constellation under certain situations make them unsuitable for vehicle guidance. IMUs can
improve GNSS positioning but this enhancement is not enough for guiding a vehicle safely. Most AVs developers are
also relying on LIDAR and 3D maps for location purposes especially at urban environments. In these areas, GNSS
accuracy is typically poor but surroundings have a lot of recognizable objects like buildings or traffic signals that create
a signature which is easy to identify. Once the vehicle has scanned the environment, the computer tries to match the 3D
cloud detection with the 3D map stored in memory. When the match is achieved, the vehicle performs triangulations
with known objects on the map and can determine its position and orientation precisely.
However, generating 3D maps is very costly. The tasks of object identification and the pinpoint of these known objects
that will be used for triangulation have to be done by operators. Furthermore, maps must be updated continuously due
to a time-changing environment. As a result, these maps can only be available for a limited set of constrained areas.
Under favorable weather conditions, LIDAR positioning is a reliable technique with few centimeters accuracy.
Nevertheless, big size objects such as buses or trucks placed near the sensor can block LIDAR rays avoiding an
appropriate environment scan. Ray blocking, snow, fog or heavy rain reduce significantly LIDAR positioning
reliability.
Infrastructure adaptation by deploying magnets on the road has been explored in the past for supporting AVs
localization. This adaptation allows to measure the lateral shift from the center of the lane [1]. However, the proposed
solution has been commercially discarded due to a high cost of implementation.
In this paper we present a novelty method of vehicle positioning and orientation based on infrastructure adaptation
called Radar Positioning System. RPS consists in 3D land markings that encode information in a similar way of the
Braille system (the reading system for blind). As a result, a vehicle that reads this encoded line thanks to radar sensors
installed in the underbody is able to obtain its position with 1cm accuracy in a reliable, low cost and safe manner.
Furthermore, vehicle orientation against the longitudinal axis of the lane is achieved with less than 1 degree error.
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2 3D LAND MARKINGS FOR ENCODING THE ROADS
Nowadays, there are multiple 3D land markings deployed in many roads worldwide for improving visibility in rainy
conditions. 3D land markings have attached glass beads on their surface as shown in Fig. 1 which reflect lights in all
directions improving retro-reflectivity. They are typically 25mm in diameter and 6mm high and are made of
thermoplastic or cold plastic. Thermoplastic is a soft material and has the advantage that, when glass beads are removed
and the retro-reflectivity is degraded, new glass beads can emerge from inside when the material is getting worn out.
Cold plastic 3D paint drops are 90% plastic and 10% catalyst. When both are mixed, a chemical reaction is performed
and in less than 5 minutes the paint drop gets extremely hard and is fixed to the asphalt. They can be applied at lower
temperatures than thermoplastic ones, however, they are very hard and when glass beads are gone the cold plastic still
remains without wearing down and the glass beads from inside cannot emerge to the surface. This kind of 3D land
markings are currently printed by trucks at speeds up to 16 km/h.

Fig. 1 Cold Plastic 3D paint drops
We propose to encode the infrastructure by deploying cold-plastic 3D land markings along the center axis of the lane.
Data is encoded in a row by associating different combinations of 3D paint drops to different logical levels as shown in
Fig 2.

Fig. 2 Encoding pattern

3D paint drops will be black color remaining invisible to regular drivers. They will only perceive a slight noise when
changing the lane. Radar sensors can obtain a detailed 3D image of the surface, detect the presence of the 3D paint
drops and read the encoded track.
Earth surface, including mountains, oceans and poles, is 510.1 million of square kilometers. According to Equation 1,
every square cm of the Earth surface can be univocally encoded by using 62 bits.

𝐿𝑜𝑔2 (510,1 𝑘𝑚2 ) = 𝐿𝑜𝑔2 (5,101 ∙ 1018 𝑐𝑚2 ) = 62.1

(1)

Taking into account that roads are only a small portion of the Earth surface and a complete code can require hundreds
of square cm for being deployed, 64 bits word length can address the complete lane network worldwide. There will be
also enough spare codes available for re-asphalt tasks and future infrastructures. Considering a 5 cm gap between two
consecutive rows, a complete word code can be deployed along 3.3 meters of lane segment (including also the start and
stop bits).
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In order to simplify the deployment, a pseudo random code will be printed. Every truck will be provided with a unique
pool of codes and will print those avoiding repeated codes. Once the lane is adapted, a vehicle with calibrated odometry
will run over the track and will generate a road map storing the code sequence, the misalignment of the track respect the
central axis of the lane and the shape of the road thanks to data from the encoders of the wheel and the steering wheel,
optical cameras and a GNSS receiver. This road map information is low-weight data and the global lane network will fit
in a single flash memory. The road map will remain stable and will not change in time. If the infrastructure is modified,
new free codes will be used.
The length of European lane network, including highways, main and secondary roads, is about 5,265,000 Km [2].
Considering a printing speed of 16 km/h, 50 trucks working 24 hours/day and 365 days/year can encode the complete
lane network in less than 1 year. However, this is not a realistic number. Infrastructure adaptation will take more time
but a progressive approach can be tackled starting at principal highways and main roads.
The costs of painting the encoded track are negligible compared with the costs afforded by infrastructure operators in
maintenance tasks. Due to the encoded track is deployed along the center axis of the lane and to the extreme wear
resistance of cold plastic 3D paint drops, they will last at least more than 15 years. In this sense, no maintenance is
expected since re-asphalt tasks should be required first. Small errors on the track are not an issue due to the radar has
the advantage that is reading a known message. Furthermore, Forward Error Correction (FEC) techniques can also be
implemented.

3 mm-WAVE RADARS FOR READING THE ENCODED TRACK
mm-Wave sensors have been typically used for space exploration and security applications [3-7] due to a high cost of
components. Thanks to the technological advances in Silicon-Germanium, low cost components are available in the
millimeter band [30-300GHz]. An example of this is the low-cost frequency modulation continuous-wave (FMCW)
radar shown in Fig. 1. The radar [8] works in the 120-135 GHz band and most of its components, including also
transmitter and receiver antennas, are embedded in a single chip.

Fig. 3 Silicon-Germanium 120 GHz SoC radar

The working principle of a FMCW radar consists in transmitting a signal that changes its frequency along the time and
measuring the time of flight that this signal takes to bounce on the target and returns to the sensor. The Fig. 2 shows the
architecture of a FMCW radar and a saw tooth radar waveform with linear frequency modulation.

Fig. 4 Architecture of a FMCW radar and a saw-tooth radar waveform
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The returned signal (dotted red trace) is mixed with a copy of the transmitted signal (continuous black trace). As a result
of mixing both signals, we obtain a signal, called beat signal, whose frequency is proportional to the distance to the
target. The frequency of the beat signal is determined by equation 1 where 𝑅 is the distance to the target, 𝑐 is the speed
of light in the medium, ∆𝑓 is the total transmitted bandwidth and 𝑇 is the period of the chirp signal.
𝑓𝑏𝑒𝑎𝑡 =

2𝑅 ∆𝑓
(𝐻𝑧)
𝑐 𝑇

(2)

mm-Wave radar sensors have many advantages in comparison with optical sensors since the radar signal is reflected
over any type of surface even on those that present a low retro-reflectivity or are covered by sand or dust. Furthermore,
radar reliability does not depend on light conditions and works well under heavy rain or fog conditions. These
properties make mm-wave radars ideal for non-clean outdoor environments.
At mm-wave frequencies, plastics are permeable and, it is possible to use them for constructing lenses [9]. Fig. 5 shows
a 15 mm diameter lens attached to the SoC radar that has an aperture of 6 degrees. The typical distance from the
underbody of a vehicle to the ground is about 15 cm. At this distance, the 6 degree aperture angle results in a 1cm
diameter circular spot over the asphalt where the radar concentrates its radiated energy

Fig. 5 Plastic lens attached to the radar SoC
Radar signal is reflected on any type of material due to a different dielectric constant of the air. The accuracy of the
measurement depends on the wavelength of the transmitted signal and is better than 1mm. The radar measures every 30
µs the distance to the asphalt. This means that the radar is able to measure the distance to the ground every mm of
vehicle advance while running at 120 km/h. In this way, the radar is able to obtain a high detailed profile of the asphalt
when the vehicle runs and can detect the presence of a 3D paint drop. In order to read appropriately the encoded track,
multiple radar sensors are installed in the underbody forming a linear array along the transversal axis of the vehicle.
Hence, every time the encoded track is located between the 2 front wheels of the vehicle, the track can be read.
Radar sensors are hack free due to the following characteristics: a) there are no powerful sources at these frequencies b)
the radiation pattern of the radar is high directive and pointing to the ground. c) due to a high bandwidth transmitted,
hacking signals cannot be properly integrated in the receiver when they are mixed with a copy of the transmitted signal.
4 READING THE 3D LANDMARKINGS
A vehicle equipped with the RPS sensor that starts to run over an encoded infrastructure, reads a complete word code
after 3.3 m. Then, the onboard computer searches in its database the read code and obtains the position coordinates.
When the sensor is still pointing to the stop bit of the code, a radar SoC of the linear array is scanning with 1cm
diameter spot over a 25mm diameter 3D paint drop (meaning, the paint drop of the left that encodes the stop bit). In this
way, a precise location with 1cm accuracy in the three axis is achieved (height is measured by the SoC radar). The
database also provides the following sequence of codes and the shape of the road. It will not be necessary to run another
3.3 m to update the position since, if the following bits are in accordance with the expected ones, position can be
updated bit by bit (row by row) instead of reading a complete new code. Precise vehicle orientation is also obtained
with an accuracy better than 1 degree.
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The main advantage of such precise vehicle orientation and location is based on the ability for solving the problems
related with the handover at level 3 SAE systems. When a Level 3 vehicle is running at high speed and the perception
of the land markings fails, the driver has to take the handover immediately. However, a driver that is not paying
attention requires more than 5 seconds to identify the situation and react properly [10]. Thanks to a precise starting
point and thanks to a recorded shape of the road stored in memory, when perception fails, the encoders of the wheels
and the steering wheel in combination with IMU and GNSS data can be used for maintaining the vehicle into its lane
along 200 meters [11]. This safety distance can be used for recovering perception while reducing the speed.
Furthermore, it will provide enough response time to the driver for an appropriate handover. In worst case, it can be
used for stopping the vehicle in a safe stop area.
Odometry accuracy depends on a good estimation of the wheel effective radius. This effective radius depends on,
among others, the ware down of the tire, the temperature, the air pressure and the vehicle load. The encoded track is a
well-known reference that can act as a ruler for calibrating odometry. This calibration will impact on a longer safety
distance when perception fails beyond the 200m.
In case of land marking manipulation, a mismatch will be produced between the gathered odometry data and the
recorded roadmap. This mismatch will turn the vehicle into safe mode and odometry will be used at the last trusted
position. In the same way, the vehicle will activate the safe mode if new codes that are not stored in the database are
read. In the meantime, the computer of the vehicle will ask for new roadmap updates to the infrastructure administrator.
Snowed environments are the worst possible conditions for ADAS and AVs. When road markings are covered by snow,
optical cameras cannot detect it. Lidar rays are bounced on snowflakes generating false alarms on obstacle detection
and reference objects for triangulation in 3D maps change its shape. GNSS signals are reflected on snowed surfaces
causing loss of accuracy. Snow is also challenging for mm-wave radars for reading information encoded on the road
with 3D paint- drops. RPS sensors cannot penetrate snow and this means that they cannot read 3D paint drops covered
by snow. Although snow is challenging for ADAS and AVs and requires extra measures to deal with, fortunately, most
of the accidents that happen under these conditions are not critical since vehicle speeds are typically low. This means
that snowed environments should not be a priority when facing traffic accidents reduction at short or medium term.
However, ADAS and AVs must tackle snow issues. For dealing with RPS into snowed roads, a snow-plow robot
equipped with a circular sweeper has to be used first for removing the snow over the track. The robot will act as a
platoon leader adapting the speed of the convoy for ensuring an appropriate cleaned track and informing the rest of the
vehicles that they can follow it. In worst case, the guidance system will work safely by reading only 3 meters of the
encoded track every 200 meters which means less than 2% of the code.
RPS for railways has been successfully tested in real scenarios thanks to the collaboration of Metro de Madrid and a
RPS sensor for road transport is currently under development.
5 OTHER APPLICATIONS
In addition to solving the problem of handover, encoding the roads with 3D paint drops has numerous benefits.
Nowadays, a vehicle is able to detect a target, to measure the range and the angle of arrival and even to classify it.
However, this data cannot be shared between vehicles due to uncertainty in the position and orientation of both
vehicles, transmitter and receiver. 3D paint drops provide an absolute reference system and, when both vehicles are
properly pinpointed and oriented, the target vector can be transferred from one vehicle to another. Extending this idea,
vehicle perception can be improved exponentially by using data gathered from multiple vehicles running into its
neighborhood.
Intelligent Speed Assistant (ISA) uses GNSS and stored roadmaps as well as optical cameras for detecting speed-limit
traffic signs. In case of over speed, ISA will warn the driver. However, ISA is not reliable due to the lack of accuracy or
availability of GNSS under certain conditions or due to unread traffic signs that are blocked by other big vehicles near
the cameras. RPS can be an extra source of data for locating the vehicle enhancing ISA reliability.
RPS can be also helpful for providing synchronized traffic flows at cities. ADAS and AVs would work in a standalone
manner for warranting a fast response but, most of the time, its movements would be controlled by a central host for
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improving mobility and prioritizing public transport and emergencies. In this case, a precise positioning system will be
required for scheduling vehicle movements appropriately.
Finally, RPS can provide support to unmanned platooning. Current unmanned platooning are limited to 2 or 3 vehicles
due to the difficulties for keeping long convoys into the lane. The virtual engagement is coupled between two
consecutive vehicles and suffer of a cumulative error that can make that a vehicle placed at the end of the tail will get
out of the lane into a curve. For preventing this situation, the leader vehicle which is the first truck of the platoon, will
provide its trajectory to the other vehicles thanks to RPS reading capabilities. Then, the other vehicles of the platoon
will repeat precisely the trajectory of the leader.
6 CONCLUSIONS
Precise location and orientation of vehicles is a must for reliable Advanced Driver Assistance Systems and Autonomous
Vehicles. Current solutions based on GNSS, IMUs, stereo optical cameras or LIDAR are not reliable enough under
certain conditions. At high speed, safety may be compromised if land marking detection is not achieved. Deadreckoning techniques can guide a vehicle safely along 200 meters by using the encoders of the wheels and the steering
wheel and a pre-recorded roadmap. However, a precise starting point and vehicle orientation is required. A slight
modification of the infrastructure will enable precise vehicle positioning with 1 cm accuracy and vehicle orientation
with few degrees error in a reliable, secure and low-cost manner. It consists in deploying black color 3D paint drops
along the center of the lane for encoding information in a similar way of the Braille code (the reading system for blind)
and use mm-wave radars installed in the underbody of the vehicles for reading them. 3D road markings will remain
invisible to regular drivers. After running 3m over the encoded track, the vehicle can determine its position and
orientation precisely. Then, position can be updated every 10 cm. In case of loss of perception, dead-reckoning will
guide the vehicle along 200 meters while reducing the speed and providing enough response time to the driver for an
appropriate handover.
A low cost, single chip radar is able to concentrate all the radiated power into a 1cm diameter circular spot over the
asphalt. The radar can read the distance to the asphalt with accuracy better than 1mm at 33 kHz rate. Measurement
reliability is not affected by sunlight conditions.
Infrastructure adaptation is feasible and affordable thanks to machines able to print at 16 km/h cold plastic 3D paint
drops. Due to high durability of cold plastic, no maintenance tasks are expected since re-asphalt should be performed
first. Small errors in the encoded track are not an issue and infrastructure manipulation is easily detectable thanks to a
mismatch against the recorded roadmap. In this case, vehicle can enable safe mode and use dead-reckoning till finding
an appropriate encoded track or stop the vehicle in a safe stop area.
Precise location is also suitable for sharing target data between vehicles for improving vehicle perception, support
unmanned platooning or Intelligent Speed Assistant or provide synchronized traffic flows at cities.
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ABSTRACT
The benefits of using pricing to optimize the use of scarce resources is well documented. It is also
widely accepted in the airline, transit and ride-sharing industries, yet we continue to face challenges in
pricing our roadway infrastructure - challenges we must address.
We have the technology to do this today. We are successfully employing the concepts of dynamic
pricing on major toll roads and managed lanes. Mileage-based tolling and congestion pricing projects, though
limited in nature - especially in North America - are already proven concepts. However, we continue to
struggle with the effective implementation of wide-spread roadway pricing programs. The reasons for this are
many, including public perception of roadway pricing, socio-political boundaries, demands for crosssubsidization, and legacy legal, administrative and systems challenges.
The reported costs of collecting tolls from roadway users has varied significantly, from as low as
10% to nearly 25% of the revenue collected. Life cycle costs of the installation, operations and maintenance
of the systems required to effectively price our roadways can also approach 50% of the cost of providing the
construction and maintenance costs on smaller infrastructure projects. Toll systems and operations solutions
are also dependent on civil design aspects of each project. Yet, including toll systems and operating
requirements in initial civil design planning and design efforts is often overlooked. This can have a
significant impact on the ability to collect toll revenues in a cost-effective manner.
This paper summarizes the benefits offered by electronic toll collection (ETC) and all electronic
tolling (AET). Major legal, administrative and socio-political issues that need to be resolved to ensure a
successful automated toll program are then reviewed, from successfully managing the challenges imposed by
the multiple, administrative and political boundaries, to providing tips to overcome the public's perception
that actively pricing our roadways is just another form of taxation. Major factors that impact Toll Operations
Costs and Toll Systems Life-cycle Costs are then addressed, including how these two functions need to be
managed collectively to develop cost-effective solutions for revenue collection programs.
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1 WHY ELECTRONIC TOLL COLLECTION
Toll plazas are inherently dangerous, pose traffic and management operational issues, are not
environmentally friendly, are expensive to operate, and offer a low level of customer service.
The potential benefits of automating the toll collection process through electronic toll collection
(ETC), especially all-electronic tolling (AET), are well documented. (Fleming & McDaniel, 2000) Major
benefits include :
Increased Safety - Placing a physical barrier across the roadway, forcing drivers to slow, put their
vehicle in queue, determine the toll and physically ready the money necessary to pay the toll, and
mixing vehicular and pedestrian traffic all introduce unnecessary conflict and risk to the traffic
stream. Vehicle crashes, injuries and fatalities are common. The extent that automation enables a
reduction in the number of vehicles that must physically pay a toll in the toll plaza reduces conflict
and risk. This includes providing by-pass lanes that enable those vehicles actively enrolled in the
automated toll program (ETC) to avoid the toll plaza, to elimination of the barrier toll plaza in it's
entirely and processing all aspects of roadside transaction in an automated manner (AET).
Fewer Environmental Impacts - Toll plazas are not environmentally friendly. A reduction in the size
of toll plazas (enabled by ETC) and the elimination of toll plazas (enabled by AET) offer significant
environmental benefits, including less:
Congestion (fewer restrictions to traffic and delays from incidents)
Fuel Consumption, Emissions and Noise (vehicles are allowed to operate without restrictions avoid stopping, sitting in queue, then having to accelerate to operating speeds)
Facility Footprint (less consumptive use of land), and
Visual Blight (toll plazas do little to enhance most communities).
Lower Toll Collection Costs (toll operations, systems operations and maintenance). - Major savings
are realized through the automation of most transactions - greatly reducing per transaction costs.
Managing manual processes in a more controlled environment (the office vs. at the roadside) also
enables reductions in human error and theft (shrinkage). However, this requires aggressive
management of account receivables and collections - and at significant cost. However, if managed
properly an appropriate fee schedule is established, net losses should be minimal. Significant
savings can also be realized in systems operations and maintenance costs of automated systems due
to fewer mechanical parts and manual functions.
Enhanced Customer Service - a concept foreign to most toll plaza operations, and
Improved Public Perception - of management, the facility, and it's contribution to the community.
However, capturing many of these benefits requires management of ETC and AET toll operations in a
manner much different from managing manual toll collection programs. A few of the more significant of
these challenges are addressed below.

2 OVERCOMING LEGAL, DESIGN, INTEGRATION AND ADMINISTRATIVE ISSUES
Retaining a toll operations expert early in the planning process is necessary
to minimize ancillary and hidden costs, and avoid surprises later in the project.
Many issues are encountered early in the planning process that require the knowledge of an
experienced toll industry professional to avoid major challenges later in the project. The more significant of
these issues includes management of legislative matters that arise from application of new technology and
business processes. Integration of the systems planning and development process with civil design and
construction is also critical to minimizing toll systems deployment and operating costs.
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Early integration of the toll systems planning and development process with civil design and
construction work is necessary to avoid unnecessary costs and delays in the project. Development of the toll
systems and operations project in a silo will inevitably lead to civil infrastructure and toll systems problems
during program implementation.
Table 1. Issues on major projects from insufficient coordination during design
The Issue

The Solution

The need to provide clean power for tolling stations
overlooked

$8MM civil change order
(additional cost)

Relocation of toll gateway from bridge to dry land

$32MM change order (savings)

Relaxation of vendor specifications (toll systems
specifications limited vendor design flexibility)

$2.4MM change order (avoided)
$1MM/yr (savings) in toll
systems maintenance costs

One of the primary issues that should be addressed early in the project is verification that existing
legal and administrative rulings enable the operator to collect tolls electronically in an effective manner. Of
particular importance is ensuring that the operator has the ability to enforce toll violations and a defensible
fee structure. Since the ETC operator cannot shut off the service to those trying to scam the system, an
effective toll violations process must be established to provide a deterrent factor. The toll operator's
violations enforcement program must be on sound legal ground or it may find itself in a position where it
cannot enforce those purposely violating its operation. Several lawsuits challenging operator's violations
enforcement programs have been recently filed in the United States. (Mundahl, 2018) Most focus on fee
structures that are allegedly not defensible. However, at least one lawsuit recently dismissed challenged the
toll authority's ability to use toll funds for transit and other purposes.
The toll operator must establish an environment where those intent on defrauding
the system think they will get caught and punished.
If adequate legislation is not in place for your project, it needs to be developed and passed - a
process that can take years. It may also be appropriate for existing operators to review the susceptibility of
their violations enforcement and toll collection programs to legal challenges. Recent trends promoting the use
of toll revenue for transit and other purposes will likely lead to new legal challenges. All such efforts also
undermine the integrity of all toll operators and will make the review and approval of toll projects going
forward more difficult and expensive.
Many administrative issues with toll operations can be avoided by providing for interoperability
with nearby toll facilities (E-ZPass® and FasTrak®) and independent toll operations (e,g, BestPass®).
Providing the toll systems with sufficient flexibility to accommodate new toll technologies and operations as
they emerge can also provide extensive savings. However, not all new technologies and solutions are
appropriate. In addition to compatibility with existing systems and operations, issues such as risk and
additional costs to the operator need to be weighed against potential benefits. The operator's desire to retain
autonomy of its toll operations may also be a factor. In all such cases, the evaluation of each optional solution
considered should be conducted with a life-cycle cost analysis coupled with an evaluation of potential risks
and rewards.
Development of a Toll Operations Plan early in the project is critical.
The development of a Toll Operations Plan to define the guidelines within which the toll systems
will operate, and identify what the toll systems will definitively need to sustain toll operations as desired is
critical to the success of a toll project. (Fleming et al, 2010) In addition to identifying strategies for managing
known risks, issues that should be addressed in the initial Toll Operations Plan include:
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legislative changes required to enable automated tolling
inter-agency and other administrative issues that need to be resolved
policies to guide planning, development, and operation of the toll systems
objectives that identify operating thresholds to be sustained (systems and operations performance
criteria), and
draft formative (high-level) business rules that meet stakeholder needs.

Development of a Toll Operations Plan consistent (from the public's perspective) with other nearby toll
authorities is recommended to reduce public confusion and the costs associated with overcoming this
challenge.
Once the Toll Operations Plan has been developed and accepted as the guide for the toll program,
the document can be updated to reflect how changes in the project and external conditions can be managed to
reduce the impact on or improve toll operations. The Toll Operations Plan thus becomes a living document
that guides all management, planning, traffic and revenue estimates, civil works, systems procurement,
development, and verification, and toll operations activity.

3 MANAGING PUBLIC PERCEPTION
Most projects spend significant funds on generic marketing programs, many amateur in nature, that
are, in the author's opinion unnecessary. These often reduce toll operator's fears regarding their need to
capture estimated traffic (revenue), but may actually undermine the operator's efforts to manage public
perception. (Fleming & McDaniel, 2011) To effectively manage public perception it must first be recognized
that the project is necessary to meet mobility needs.
If there wasn't a significant need for the project, it would not be getting built.
Once this basic tenet is recognized, the focus on the use of limited financial resources can switch
from marketing the project to improving public relations through public information tools readily accessible
to the public. Active campaigns that focus on alleviating the public perception challenges (like those above)
that most operators of a new automated toll system usually face are also appropriate, including the need to
collect tolls to pay for the project.
Table 2. Public perception challenges and possible solutions
The Challenge

The Solution

"Why can't this bridge be free like other roads?"
"Tolls are just another form of taxation."
"Why should I have to pay to use the road/bridge?
That's what the gas (motor fuel) tax is for."

Public information tools &
public relations campaigns
before the facility opens

"Do you have to stop me to pay a toll?"
"How does the automated system work?"
"How can I enroll in the automated toll program?"

Public information tools (online, call-in & outreach) and
customer enrollment programs

"I can't afford to pay that extra $1.00 to get to work."
"Why are the tolls being used to provide transit
service?"
"Why does it cost $50 to collect a toll from me?"

Public information tools,
establishing a proper fee
structure, and aggressive
management of collection costs
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"There are no free roads.® " (IBTTA, 1990)
The tendency in North America has, historically, been to avoid this topic when possible. However, it
is the author's experience that most in the general public are supportive of collecting tolls once they realize
that the project would not exist without the toll revenue; and, the remaining populace will be disgruntled no
matter what you do. The public's increasing distrust of the media substantiates the premise that public
information efforts should be direct (i.e. defensible).
Active campaigns to enroll major fleets in the region can also provide major benefits. Early
coordination with and solicitation efforts to enroll major truck fleets (e.g. UPS and FedEx), rental car
agencies, public service, safety and emergency response vehicles, and other vehicle fleets in the region can
significantly reduce the risks of, surge processing needs, and operating costs, during initial 'go live'
operations. This type of customer outreach effort also clearly establishes a positive customer service
perception for the new toll operation.
Minimizing Toll Operations Costs requires effective management of the
public's perception of the project.
Most media outlets are hungry for new information they can share on the evening news. Developing
a working relationship with the management of these media outlets, structuring news releases in a sequential
manner to support public information campaign efforts, and timing the news releases to meet project specific
needs, can further promote the customer service concept and provide significant benefits for the facility
operator and public at-large. For example, a news release on how to enroll in (and capture the benefits of) the
automated toll program coupled with a physical demonstration of how to install a transponder in your vehicle
by one of the local news reporters, is an effective and low cost way to market the facility as the operator nears
going into live toll operations. This approach also provides the public with the information it needs to enroll
in and benefit from the automated toll program.

4 PROVIDING COST-EFFECTIVE REVENUE COLLECTION SOLUTIONS
Toll Collection Costs include Toll Operations Costs, Toll Systems Life-cycle Costs, and the
ancillary administrative and legal costs incurred to ensure that toll operations work as planned.
Minimizing Toll Operations Costs (Table 3) requires aggressive management of the primary factors
that impact toll operations. Toll Systems Life-cycle Costs (Table 4), which include operations and
maintenance of the toll systems, also have a significant impact on Toll Collection Costs. Since toll systems
and toll operations are interdependent, an increase in the performance of toll systems (typically at an
increased cost unless more productive technology is introduced) can result in an increase in the performance
of toll operations (resulting in a decrease in toll operations costs). The reverse situation is also true.
Therefore, a primary objective of the toll operator is to find the sweet spot where toll systems life-cycle costs
and toll operations costs, collectively, provide for minimal Toll Collection Costs - while meeting toll
operations and toll systems and operations performance criteria. (Fleming July 2012) (Fleming et al. 2012)
Automated Toll Operations Costs range from 10% to 25% of the toll revenue collected.
Where your Toll Collection Costs fall within the range of those observed will depend on several
factors, Toll Collection Costs of some of the more complex toll operations have approached 25%. (Broaddus
and Gertz 2008), emphasizing the need to keep automated toll programs as simple as possible. (Fleming
2006) As total toll revenue collection increases, the cost of collecting toll revenue as a percentage of total
revenue typically decreases. However, there are several other factors that can have a significant impact on the
cost of revenue collection, including, local policies and objectives, the Toll Operations Plan for each project,
the systems used to implement the toll collection program, interoperability agreements with other agencies,
and the extent that independent toll providers are utilized. The ability of the toll operator to effectively
collects tolls from casual users and toll violators, the manner in which this activity is approached, and the fee
schedule imposed on casual users and those that prove to be purposely attempting to fraud the system, can
also have an impact on Toll Collection Costs. Whether toll operations are retained within the public sector or
privatized can also have a significant impact on Toll Collection Costs.
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Clearly, it is desirable to keep Toll Collection Costs as low as possible to maximize the revenue
available to pay bond payments, pay for management and operation of the toll facility, set aside money in
sinking funds for systems upgrade and roadway maintenance and rehabilitation projects, and other costs that
must be covered by toll revenues. To do this requires an in-depth understanding of the Toll Operations Plan,
the toll systems deployed, and the toll systems and toll operations performance criteria that must be sustained
to support toll operations as desired.
All toll collection processes that can be automated cost-effectively should be.
Aggressive management of Toll Operations Costs requires the automation of as much of the process
as possible, including automated interfaces for customer information, enrollment and account management,
However, toll operators should avoid the desire to automate everything. As with any systems interfacing with
the public, there will always be unique situations best (and more cost-effectively) managed by human
interface.
A similar caution is appropriate regarding the pricing flexibility that automated toll collection
(especially AET) offers. Electronic road pricing (ERP) programs, pricing by time-of-day, type of vehicle, its'
level of emissions and type of propulsion, the number of passengers in the vehicle, residence or primary work
location of the vehicle owner, and other issues are all enabled by AET, as are frequent user and other rebate
programs based on socio-political desires. However, more complex toll pricing schema usually lead to higher
toll operations costs. Experience in other sectors suggests that this is particularly true with frequent user and
other rebate programs.
Just because you can do something does not mean that you should do it.
Establishing appropriate fee levels, and an escalated fee structure to manage license plate tolling
(LPT) and violations enforcement processing, is also critical. This can be a significant factor in getting users
to actively enroll in the automated toll program. This keeps operating costs down and within acceptable limits
for the level of revenue collected. When implemented correctly, this may also reduce the likelihood of an
operator losing a law suit that challenges its ability to collect tolls and fees in a violations enforcement role.
Table 3. Major factors that impact Toll Operations Costs
Planning
Program Management
Revenue Management and Controls
Accounting
Customer Services
Direct Public Interfaces (call center, storefront, mobile outreach)
Automated interfaces (web site, mobile apps, automated reminders)
Account Enrollment and Management
Public Relations
Legal, Legislative and Administrative Issues
Establishing vehicle toll and violation legitimacy
Collections processing
Legal challenges and other law suits
License Plate Tolling (LPT)
Capturing license plate information
Obtaining/verifying billing information of legal owner of vehicle
Managing Accounts Receivable
Supporting Interoperability
Other Toll Agencies
Independent Toll Agents
Electronic Transaction Fees
Enforcement
Collections
Revenue Lost
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At least 3 (three) class-action suits challenging various aspects of violations enforcement processing
have either recently been filed (or will soon be filed) against automated toll collection operators in the United
States. The outcome of this litigation is not yet known. But, given the litigious nature of society, we should
expect more class-action lawsuits of this nature. Should an operator be found violating legislative mandates,
they could be required to establish a refund program for all tolls billed where legislative mandates were not
followed. In addition to the lost toll revenue, this could be a very expensive undertaking for the toll operator.
However, even more critical is the possibility that a class-action lawsuit successfully challenges one or more
of the fundamental concepts of the automated toll collection process. Should this happen, the ability of every
automated toll collection operator in the United States to collect tolls could be in jeopardy. Therefore, in
addition to ensuring that fundamental toll collection concepts are consistent with current legislation, all such
lawsuits should be rigorously defended.
Costs of defending legal challenges to the automated toll collection process will likely increase.
Another major factor in collection costs for automated toll operations not typically mandated, but
recognized as good industry practice, is recognition of the inability to collect every toll cost-effectively.
Those tolls that cannot be collected in a cost-effective manner are written off with those tolls that simply
cannot be collected, whether it be that billing information for the legal vehicle owner cannot be costeffectively captured or the toll system simply did not capture enough information to effectively process a toll
transaction.
Supporting interoperability with other toll facilities (e.g. E-ZPass®) supports primary customer
service objectives and in most situations reduces Toll Operations Costs. Integration of third-party,
independent tolling groups (e.g. BestPass®) also enhances customer service and can reduce Toll Operations
Costs. The introduction of emerging technologies and alternative revenue collection solutions may also be
appropriate. However, the toll operator will ultimately be responsible for capturing, verifying and enforcing
each transaction, including the costs to support these activities. Therefore, additional savings in Toll
Collection Costs may be limited.

5 Toll Systems Life-cycle Costs Also Impact Operating Costs
The better the toll systems meet desired performance criteria, the more suited the tolls system are to
meeting unique local needs, and the easier the systems are to maintain. All can have a significant impact on
Toll Operations Costs. Each of these factors impacts the costs of establishing and maintaining the toll
systems. Unnecessary or overtly complex operating requirements imposed on the toll operations can also
significantly impact the costs of both toll systems operations and maintenance, and toll operations. The costs
of toll systems operations and maintenance and toll operations are thus inherently linked.
Table 4. Major factors that impact Toll Systems Life-cycle Costs
Systems Implementation
Planning
Procurement
Development
Verification
Contract Management
Systems Capital Costs
Operations Strategy
Number of Toll Stations
Toll Systems Performance Criteria
Toll Operations Performance Criteria
Automated Customer Services
Interoperability
Maintainability
Upgradeability
Systems Operations and Maintenance
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Planning and management of the toll collection systems is different from other intelligent
transportation system (ITS) program. First, and foremost, the primary function of the toll collection systems
is to collect money - reliably and accurately. This requires significantly different toll systems and operations
performance criteria than typically encountered with ITS programs. Since these systems are relatively new
and still capturing the benefits of alternative technologies, the facility owner can benefit greatly from
alternative procurement structures, such as design/build programs. This is also one way to avoid overspecification of the systems - an error that can significantly increase both Toll Collection Costs and owner
risks. Best value procurement efforts have also proven to be useful. In fact, those toll systems procurements
in North America that have utilized a low-bid process, or significantly emphasized price, have been fraught
with implementation challenges.

6 CONCLUSIONS
The possible benefits of automating the toll collection process through electronic toll collection
(ETC), especially all-electronic tolling (AET), are significant, and include 1) increased safety, 2) fewer
environmental concerns (e.g. less congestion and reduced fuel consumption), lower toll collection costs,
enhanced customer service and improved public perception. Nevertheless, effect management of the public's
perception of the project is important.
The toll systems planning and development process should be integrated with the civil planning,
design and construction process early on the project to minimizing toll systems deployment and operating
costs. This is also critical to keeping civil change orders associated with toll systems and the toll program to
a minimum, and increased costs to the civil work and construction delays later in the process.
The toll operator must develop and sustain credibility with users of the facility and public at-large.
This is critical to minimize account queries and requests for additional information, and legal challenges to
the automated toll operation process. Both can have a significant impact on toll operations costs, and the
costs of effectively meeting these concerns will likely increase.
Toll Operations Costs and Toll Systems Life-cycle costs, those traditionally considered when
reviewing toll collection costs, are clearly more significant than the costs of managing the public's perception
of the project and other such issues. However, if these issues are not properly managed, Toll Collection Costs
and, eventually, Toll Systems Life-cycle costs will be impacted.
Toll Operations Costs and Toll Systems Life-cycle Costs are interdependent. They must, therefore,
be managed together with a primary objective of the toll operator being that of operating where toll systems
life-cycle costs and toll operations costs, collectively, provide for minimal Toll Collection Costs. Toll
operations and toll systems and operations performance criteria must also be met..
Critical to all the successful management of all of these issues, and minimizing the costs of civil
works and the toll collection program, is retaining a toll operations expert and development of a Toll
Operations Plan early in the planning process. This strategy, and a bit of luck regarding on keeping elected
and appointed officials at bay during the toll planning and development effort, and it may be possible to keep
Toll Collection Costs in the range of 10 to 12% of the value of tolls collected. (Fleming et al. 2012)
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ABSTRACT:
This study summarizes research into the transformative, principally technological, urban initiatives presented under the
heading ‘Smart Transportation Technologies’ framework for the city of Istanbul. Study is also targeted to increase the
number of urban public transit trips, through adequate connectivity, and a service that is comfortable, efficient, and
accessible offering high-quality public transit.
Intelligent Transportation Systems, sustainable development and comprehensive system designs are required to improve
transport technologies in Istanbul. Moreover, it is necessary to use an elaborated and systematic approach, efficient use
of resources, coordinated and balanced application to on-the-ground and underground projects in coordination with city
councils and officials.
For increasing walking, bicycling and mass transport options, there are projects for expanding and connecting networks.
Pedestrian crossings involve high level of activity and they are marked by municipalities to provide a safer area for
pedestrians and minimize their exposure. This study suggests a ‘Smart Pedestrian Crosswalk’ for achieving pedestrian
safety with designing smart lighted crosswalks to help make public crossings safer environments. Flashing LED
Warning Sign Systems and In-Roadway Warning Lights (IRWL) devices offer the greatest design flexibility and help
overcome crosswalks with limited visibility, obstructions, curves in the roadway and where crosswalk approaches are
hidden from the motorists’ view. This paper recommends utilization of adequate lighting be provided at marked
crosswalks to enhance the safety of pedestrians crossing at night. Such lightings could be provided at pilot crosswalks
which were selected in Istanbul metropolitan area. Institutional Aspects and ITS/APTS Deployment, recommendations
for further research for developing smart transportation technologies is examined in this paper. Finally, for promoting
transit accessibility, integrated transport with seamless multimodal transfers and pedestrian accessibility to public
transport stations are suggested as future studies.
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1. INTRODUCTION TO INTELLIGENT PUBLIC TRANSPORTATION SYSTEMS AND THE
COUNTERPARTS OF INTELLIGENT TRANSPORTATION SYSTEMS
Intelligent Transportation Systems (ITS) can be defined as the application of information technology to
improve transportation system operations. It combines high technology and improvements in information
systems, communications, sensors and advanced mathematical methods with conventional surface
transportation infrastructure. While ITS alone cannot solve transportation problems, ITS does provide a new
range of tools to help address surface transportation problems through an intermodal, strategic approach to
transportation. Effectively integrated and deployed, ITS offers many benefits, including more efficient use of
existing resources and improvements in safety, mobility, accessibility and productivity.
Intelligent Public Transportation Systems (IPTS) are a subsystem of Intelligent Transportation Systems
(ITS), which aim to control public transportation networks, to maintain their performance, and to provide
users (passengers and decision makers) with up-to-date information about trips and network operating
conditions. The physical architecture of Intelligent Transportation Systems is illustrated in Figure 1.

Figure 1. ITS architecture1
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2. ITS FIELDS AND RESEARCH DEVELOPMENT AREAS
In this study, research development areas are; pedestrian crossings, transit transfer centers/hubs and
metro stations accessibility. As shown in Figure 2, the framework of ITS fields are supported by their
respective fundamental technologies such as information and communication, positioning, and sensing, and
there are numerous applications such as safe driving support services, traffic control services, and pedestrian
services for the various functions provided by the fundamental technologies in the middle layer of the
platform.

Figure 2. Framework of ITS fields 2

Pedestrian Crossings: Pedestrian crossings involve high level of activity and they are marked by Istanbul
Metropolitan Municipality to provide a safer area for pedestrians and minimize their exposure. Moreover,
those signalized intersections are also equipped with functional audible pedestrian buttons to provide highest
pedestrian access and safety.
Transfer Hubs: Plans were built for smart transfer hubs in Istanbul in 24 locations to provide seamlessly
integrated public transport and passengers’ safety.
Metro Stations: Since there is high pedestrian volume due to traffic to and from stations, station design were
done to prevent dangerous traffic movements and improve accessibility to minimize the risk of crashes
involving pedestrians.

3. SMART PEDESTRIAN CROSSWALK
Cities and municipalities with a Vision Zero strategy of achieving zero pedestrian deaths comes
through with achieving pedestrian safety with designing smart lighted crosswalks to help make public
crossings safer environments for pedestrians.
Understanding that each pedestrian crossing requires a specific design. Each situation is different
and requires a unique solution. For instance, metro/public transit station transfer areas; 2-Lane school zone
crosswalks in residential neighborhoods; 4-Lane un-controlled intersections on busy city thoroughfares;
multi-level shopping mall parking structures with interior walkways; city park trails that traverse several
roads; public venues with multi-point parking lot entrances. In following parts, smart pedestrian crosswalk
examples are examined (Figures 3-5).
2
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Figure 3. Field of Vision at Different Speeds 3

Figure 4. In-Roadway Warning Lights (IRWL) 4

Figure 5. In-pavement LED traffic calming devices 4

3.1 PROPOSED SMART CROSSING IMPLEMENTATION AREAS
There are a variety of methods available to help facilitate pedestrian crossings on busy roadways,
including marked crosswalks, enhanced crosswalks, and traffic signals. Crosswalk enhancements may
include alternative signing, pedestrian-activated warning devices that draw attention to the pedestrian and
alert motorists to their presence at a crosswalk, and physical enhancements intended to increase pedestrian
visibility and/or reduce exposure such as smart lighted pedestrian crosswalk, In-pavement LED traffic
3
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calming devices. This paper recommends that adequate nighttime lighting should be provided at marked
crosswalks to enhance the safety of pedestrians crossing at night. Such lighting should be provided at
selected crosswalks presented in Figure 6.

Figure 6. Selected Pedestrian Crosswalk Design Areas

3.2 THREE DIMENSIONAL CROSSWALKS
There is a creative crosswalk implementation in Aydın province. If there is lack of ITS technological
infrastructure and financial problems. ‘Three dimensional crosswalk’ could be a cost effective solution
(Figure 7). According to this crosswalk, drivers will slow down while pedestrians are trying to cross the road.
4 RAIL TRANSIT'S IMPACT ON URBAN STRUCTURE
As illustrated in Figure 8, the change in accessibility that results from a transit investment is only
one of a number of significant factors influencing the decision to invest in real estate. Rail transit investments
may not consistently confer an accessibility advantage on the station areas; but even where they do, the
benefits are often diminished by both public and private institutional constraints. Governments play a vital
role in helping to stimulate station-area development, through proper zoning, complementary infrastructure
improvements, assistance with land assemblage, and other pro-growth initiatives.
5. AN INNOVATIVE URBAN PLANNING CONCEPT/TRANSIT ORIENTED DEVELOPMENT
Transit-oriented development (TOD) is one such approach, and promises to add value to all public
and private stakeholders. The concept maximizes transit usage, create a sense of place and community, and
provide a vibrant mix of land uses that cater to existing and future residents. In general, TOD aims to create
vibrant communities which promote walkability and provide attractive choices in employment, housing, and
transportation choices.
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Figure 7. 3D Crosswalk on an arterial

Figure 8. Factors influencing land-use impacts of transit6

5.1 PRINCIPLES OF TRANSIT ORIENTED DEVELOPMENT
The main purpose of TOD is to decrease the private car ridership and increase the public transit
ridership. Transit ridership can be increased if people can easily walk between many destinations at the
beginning and end their trip. This can be achieved through providing increased densities, mixed land use
(housing, employment, retail, commercial), pedestrian oriented design within easy walking distances from
high quality transit. TOD aims to create healthier and more livable communities where people can live, work
5
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and shop. For a successful TOD, development should be done providing a mix of uses and densities that
complement both transit users and local community, encourage transit use, managing safe circulation of
pedestrians, cyclists, vehicles and parking. For achieving the goal of TOD, some certain should be ensured
which are given below [7].














Land Use: Ensure transit supportive land use (townhouse, apartments, childcare, hotels, medical
clinics, restaurants, affordable housing, libraries, recreational and cultural facilities, fitness club,
high school and college) within a 400 meters walking distance of a transit stop or station.
Discourage non transit supportive land use (low density residential development, generate high level
of vehicular activity, create negative impacts for pedestrians, such as isolation, wide swept walks
and numerous vehicle crossings on sidewalks) that are oriented primarily to the automobile and not
the pedestrian, cyclist and transit user.
Layout: Streets, laneways, pedestrian sidewalk and cycling connections will be made in a way to
reduce distance to transit or any other destination. Locate building (apartment, office, retail shop,
commercial) close to each other to encourage ease of walking between building and a public transit.
Ensure pedestrian safety and increase pedestrian accessibility. For example, create pedestrian and
cycling "shortcuts" that lead directly to transit. Establish a good bicycle network around the station
hub, station neighborhood and station influence area.
Pedestrian and Cyclist: Ensure convenient, comfortable, safe, easily navigable, continuous, barrier
free pedestrian connections that lead directly to transit station. For safe movement different material
such as concrete for crosswalk or treatments such as painted patterns to provide visual identification
of pedestrian routes for motorist.
Ensure pedestrian connections are maintained and operational at all times when transit services are
functioning even after building business hours. Provide weather protection (covered waiting area,
heating, electricity) to make waiting for and getting to and from transit stops more comfortable.
Ensure and increase bi-cycle facility by giving bike lane on right of way for bicycle along with
provide convenient and attractive bicycle parking that is close to building entrances, protected from
the weather, visible from the interior of the building and that doesn't impede the movement of
pedestrians.
Parking: Adequate parking lots in the station area should be provided for the car user, bicyclist.
Locate parking lots behind the building entrance to ensure no hindrance of pedestrian and vehicular
movement. Develop park and ride lots into mixed use transit or surface parking short distances away
from the station.
Street Scope and Environment: Ensure quality benches, tree guards, street lighting, bicycle racks
and garbage receptacles. Plant shade trees and shrubs to reduce urban heat and to create a more
comfortable micro climate.

5.2 INSTITUTIONAL ASPECTS NEEDED FOR SUCCESS IN TRANSIT ORIENTED DEVELOPMENT
AND ITS/APTS DEPLOYMENT
5.2.1 REGIONAL DEPLOYMENT PERSPECTIVE
The implementation of a regional perspective for ITS deployment is one of the most important
strategies for success. A regional perspective means that stakeholders view projects from the standpoint of
other project participants in their region as well as from their own. Such a perspective, which encourages a
more adaptable and integrated project vision for relevant is critical in facilitating development of ITS
products and services.
5.2.2 MULTI-ORGANIZATIONAL RELATIONSHIP
The establishment of strong working relationships should continue to be a mission to the local
administrations. Decision makers of public agencies must be willing to give up self-determination of them
and develop a regional perspective when establishing new technological projects. Institutional, financial and
decision-making mechanisms between public and private sector organizations should overcome for
cooperations. Participation and acceptance by these transport sector organizations is necessary for ITS
systems to be successful.
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The regionally-scaled institutional conditions which support TOD correspond with those of
deployment of intelligent transportation system technologies. It is advantageous that conditions deployment
of ITS be institutionally coordinated with TOD. Table.1 lists some of the critical the institutional planning
aspects for TOD and ITS/APTS deployment. Both implementation requirements are similar.

5.3 LACK OF FLEXIBILITY FOR PROCUREMENT PROCESSES
The existing procurement processes are faulted because of lacking sufficient flexibility to deal with
technological and other changes that may develop during the life of a project. These problems are occurring
mostly in long-term projects.

Table 1. Institutional Aspects Needed for Transit Oriented Development and ITS/APTS Deployment
INSTITUTIONAL ASPECTS
FOR TOD AND ITS
Regional perspective

TOD CONDITIONS
Regional values

ITS/APTS CONDITIONS
Regional deployment perspective

Political will and support

Transit supportive political culture

Awareness and perception of ITS
technologies and benefits

Institutional capability and
leadership

Strong, respected institutional values

Not explicitly mentioned but needed

Organizational capacity and
capability

High-quality transit service

Human resources management for ITS
operations

Transit planning that coincide
with economic planning
TOD planning design
orientation
Integration of multiple
institution policies and
strategies
Long term and sustained
commitment

Transit investments precede or
coincide with regional growth
Station areas with development
potential

-

Regional and local policies and trade

Multi-organizational relationship

Long term focus

Long-term operations and maintenance

Private Sector Role and Needs

Not explicitly mentioned but needed
when dealing with land developers

Flexible procurement process Intellectual
property rights for private sector involvement

Liability issues

-

Liability

Privacy issues

-

Privacy protection strategies

Property rights

-

Explicit ownership and use of resources

Note: ITS: Intelligent Transportation System

APTS :Advanced Public Transportation System

5.4 PRIVACY PROTECTION STRATEGIES
The connectivity of devices raises privacy issues, because services could possibly capture users
privacy at various stages of data collection, storage and analysis. Users of ITS applications must be informed
of data collected and how they will be stored and used. Users may not accept to give their individual travel
patterns.
Agencies and local authorities should develop strategies to inform their users /public about the
collection and use of data and to protect their privacy.
6 RESULTS AND RECOMMENDATIONS
Implementing new intelligent decision support and control systems is becoming necessary both to
manage public transportation and smart transportation networks, and to assist authorities, who are investing
and implementing infrastructures, information and control systems to improve public transport and
accessibility in metropolitan cities.
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There are at least three levels of stakeholders who could affect the successful deployment of ITS: As
an example for cooperation for ITS projects; From perspective of Regional transport
authorities(municipalities), Police / enforcement agencies, Owners and occupants of properties affected by
the project/technology.
For Integration of Multiple Institutional cooperations were developed for mapping out priorities in
the Intelligent Transport Services field in Turkey. The General Director of Communication of the Ministry of
Transport&Infrastructure, the Assistant General Director of Highways of the Ministry of
Transport&Infrastructure, the President of AUSDER (Intelligent Transportation Systems Association), the
head of the Economic and Social Development Section of the EU Delegation were participants. The objective
of the cooperation was to address the existing intelligent transportation systems in Turkey and to provide
future directions for the organized and structured deployment of ITS. These stakeholders worked on the
development of and ITS National Strategy Plan and a National ITS Architecture. The EU Delegation
revealed a comprehensive methodology for the formulation of specific ITS targets in Turkey based on these
studies by EU funds. The most important study activity for this study is to carry out a gap assessment related
to the national targets and the existing situation9.
When performing a gap analysis, the aim is to identify gaps of missing/necessary needs in a selected
area in relation to what outcomes are desired. In other words: one must compare what has been done in the
area, and compare this to the ambitions of what to aim for. There will probably be a gap in-between, which in
that case must be identified. When this identifying process is completed the analysis hopefully proposes a
solution of how to fill the gap. When applying some of Public Transportation Systems and Smart
Transportation Technologies, authorities can demonstrate a complete lack of understanding the problem and
choose inappropriate projects for implementation in the region.
The use of ITS and smart transportation technologies is often known as a way of easing traffic
congestion, increasing safety, improving environmental quality, and eliminating the need for construction of
new road or transit capacity by using existing capacity more effectively.
However, actual measurement and analysis of the total costs and total benefits of ITS is rarely done,
even though ITS can require a substantial capital and ongoing operating investment. For this reason,
institutions should identify the technological components carefully and do benefit-cost analysis for these
projects.
There is a national agency ‘’The Scientific and Technological Research Council of Turkey
(TÜBİTAK)’’which is responsible for promoting, developing, organizing, conducting and coordinating
research and development in line with national targets and priorities. TUBITAK projects creating
opportunities for the country in the global competitiveness would be funded. Conveying that topics such as
artificial intelligence, three-dimensional printers, unmanned aerial vehicles, robotic, embedded, intelligent
transport and grid systems, satellite, advanced communication, renewable energy, advanced and intelligent
manufacturing, next generation pharmaceutical and biomedical technologies will be priority areas.
For an example of railway technology project; TRENSIM locomotive simulator has been delivered
to Turkish State Railways Eskişehir Training center by TUBITAK. TRENSİM10 is an electric locomotive
simulator using advanced virtual environment technologies for the purpose of carrying out driver
training comprised of basic driver training, advanced driver training in varying weather conditions,
development of fault and risk avoidance techniques, and monitoring and improvement of driver performance.
Secondly, Turkish National Railway Signalization Project (TNRSP) 11 is a project funded by TUBITAK to
develop a national railway signalization system for Turkish Railways (TCDD). Main objective of a Railway
Signalization System is to control the field equipment and orientate the trains without causing an accident.
Railway signalization systems ensure safe movement of the trains on the railway territories
considering the position of the trains, states of the field equipment and the route reservation requests.
The government should reorganize and integrate Transportation Master plans and Public Transport
Master Plan decisions and carry out action plans. Municipal authorities have to be invested in ITS
communications and traffic management devices. As a sequence city councils develop an Intelligent
Transportation Systems (ITS) Strategic Plan. The goal of an ITS Strategic Plan (ITS Infrastructure Master
Plan strategies, Communications ITS Master Plan Strategies, Data ITS Master Plan Strategies and Public
Safety ITS Master Plan Strategies) is to identify strategies and tools to allow the City to manage its
transportation network and information exchange more efficiently. ITS includes communications and field
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technologies that are integrated into the transportation network such as traffic signals, cameras, fiber optic
communications, and central management software.
6.1 OPTIMIZE USE OF EXISTING TECHNOLOGIES
The Smart City concept and strategies are focused to improve the current services in cities, make the
existing infrastructure more suitable, make the citizens participating, and ultimately, to enable sustainable
development of the urban environment in the future. Implementing smart technologies into real transport
sector brings significant improvements in road safety and impact on the environment in general. The
implementation of the technologies is expected to increase in future years, depending on budgets and funding
because of higher awareness to use new and modern technologies in optimizing system performance.
Ministry of Transport&Infrastructure Strategy Development Department published national strategy
document for 2014-2023 and an action plan for 2014-2016 in May, 2014. 12
Public transport and parking management are the fields of urban mobility that have many
possibilities to implement information and communication technologies. Developing technologies such as
Internet of things, smart cards and chips, cloud computing, mobile devices, various software, data collection
software and management have various possibilities to increase possibilities, performance and attractiveness
of public transport and parking management. Smart cards have simplified and accelerated fare charging
process, and thus expanded possibilities for its users.13
Smartphone apps can be used as means of payment, but also as a source of information about realtime traffic, public transport, or parking facility status. The existing technologies which can be implemented
in public transport system are: smart card, e-vehicles, autonomous vehicles, software for planning an
organizing public transport network, data collecting devices, software for data processing, various real time
information systems, smart public transport stops, etc.
6.2 EXPAND DEPLOYMENT OF FOUNDATIONAL ITS TECHNOLOGIES
Istanbul is a unique city that faces unique challenges in comparison with other great metropolises
around the world. Over the last decades, the city’s administration has dedicated significant resources to
provide more transport options to citizens, to improve traffic conditions, to shift trips from private cars to
public transport, and to support intelligent transport solutions.
National smart transportation system plans involve high strategic level. Security and basic utilities
are generally have high priority. National transportation systems have these key technology implementations;
global navigation satellite systems, wireless networks, mobile communication instruments, infrared
communication, CCTV-Closed Circuit Television, RFID-Radio Frequency Identification, Dedicated- Short
Range Communications-DSRC, NFC-Near Field Communication, Detection Technology(vehicle, road,
weather, environment sensors).
The Ministry’s structure is expected to evolve in time to focus more on policy, legislation,
regulation and strategic planning. If transport authorities offer high service levels and quality, they should
raise service reliability of public transport, improve service standard for operators, drivers and vehicles,
develop seamless experience for the user.
Municipalities should improve route-planning and explore alternative models to ensure accessibility
to the under-served. For better understanding public needs, customer satisfaction surveys should be done. A
good recommendation for optimizing public transport infrastructure is to develop transit-oriented
development guidelines (TOD) and develop control process, monitoring process.
Local administrations should collect their own data periodically and have their own databases and these
should be fully integrated.
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6.3 DEPLOY NEWER TECHNOLOGIES
There are newer ITS technologies and services available and appropriate integrated implementation
of the ITS systems could result in improvements in safety, mobility, accessibility and productivity. It takes
time to implement development projects, but the system perspective should support the long-term goals and
expected outcomes.
ITS application deployment in developing countries is to identify the problems that could be
efficiently solved through ITS compared to traditional transportation solutions such as building new roads
which require significantly more investment compared to ITS solutions. The first task will be to identify
application areas where ITS can be a cost-effective solution. Technology application should include
identifying the stakeholders responsible for the proposed ITS applications. Among the stakeholders, an
institution must be identified who will lead the effort and how their roles and responsibilities will be in ITS.
After ITS stakeholders identified, service packages developed. Service packages provide a set of deployment
oriented ITS services. Each service package presents a set of functions and relationships between the
functions that are required to work together to provide a particular transportation service to solve a particular
problem. More service packages could be added for mid-term and long-term planning.
These experiences related with smart transportation technologies will help motivating policy makers
and planners about incorporating ITS technology for both short-term and long-term planning. Smart
transportation applications increase the capacity, safety and mobility of the overall transportation system with
relatively lower investments compared to building new roads and facilities.
Effectively integrated and deployed, APTS (Advanced Public Transportation System) , technologies
can enhance safety, transportation mobility, operational efficiency, and environmental protection. Transit ITS
technologies/services (Operations Oriented, Customer/Demand Oriented, and Emerging Technologies)
should integrate with ITS infrastructure services. The more APTS systems elements and agency implements,
the more difficult integration becomes. Public transport departments are still hesitant about deploying APTS
technologies because of costs, lack of awareness of benefits of APTS, resistance to change or absence of
personal knowledge about APTS. In addition, APTS technologies have the reputation of being difficult to
implement although technologies have become more user friendly. Often technologies can be hard to operate
and maintain for a transit agency with little advanced technology experience.
The primary elements of a separate pedestrian plan are; assessment of current conditions and
inventory, facility plans, key design guidelines and procedures, land use plan and zoning, education and
enforcement efforts, smart pedestrians technology applications and implementation strategy issues should
take into consideration for better quality of pedestrian safety. This study has a proposal for smart pedestrian
implementation methods/applications as a smart pedestrian crosswalk and 3D crosswalk.
Intelligent Transportation organization and management, governance, technology, people and
communities, policy context, transport economy, built infrastructure and natural environment are critical
characteristics for integrating smart transportation technologies to promote transit accessibility and
connectivity. These characteristics are the basis of the framework that can be employed to investigate how
local governments are envisioning initiatives for future smart cities.
Innovative services and products have the potential for competitiveness and economic progress. The
application fields of ITS/APTS technologies level need further efforts for progressing. It is beneficial to
develop approaches that are proper and smart to handle one of related issues that concern Intelligent
transportation systems. It is worth noting that improving levels of capability to assess an agency’s status and
its targets. As a general framework; performed, managed, integrated and optimized levels focuses on
continuous improvement and combines the key features of quality management, performance monitoring,
organizational development, technology deployment and well-equipped systems operations. Systems and
technology, including architecture, interoperability, standardization and documentation are supporting
processes and resources.
Improved coordination among public and private transportation providers could provide benefits in
terms of facilitating seamless connections between modes and improving user experience. New technologies,
like mobile apps, are now making these connections between public and private transportation services
easier, but there are potential issues associated with close coordination and collaboration between public and
private providers (for instance, sharing of resources or information and mixing private and public funds).
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Pilot projects represent an opportunity to try new technologies and ascertain their benefits and
drawbacks. Funding or technical support for pilot projects fosters technological advancement and supports
adoption of beneficial technologies statewide.
Funding for technology is a principal barrier to implementation, especially for smaller agencies.
Existing and emerging technologies can be costly to implement. In addition to the capital resources for the
new technology itself, implementation may require replacement of older equipment or software in associated
systems. Additionally, staff with IT skills is required to utilize and maintain many technologies. Partnerships
can facilitate pooling of resources to support adoption.
As cities adopt smart technologies, it changes the environment for transit and creates more
opportunities. Technologies specific to public transportation are changing the way people interact with transit
service, as well as increasing the efficiency of providing that service for public transportation agencies.
City transport system’s incremental improvements and technical solutions should be sufficient to
establish a sustainable and smart future transportation system. New technical innovations and other
approaches necessary for transformational change will needed.
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ABSTRACT:
The rapid pace of increase in public demand and insufficient financial resources has turned governments’
attention to public-private partnership (PPP) for infrastructure in recent years. In the last two decades, more projects
have been delivered through PPP rather than traditional or alternative project delivery methods in order to involve
private sectors in more areas, particularly financing. This partnership means sharing responsibilities, risks, and rewards
between public and private sectors, while improving project performance and quality. Considering a national overall
framework, many countries have not established PPP’s policy and framework yet although PPP has been developed and
employed there. United States as one of these countries has a more serious issue due to the growth in the number of old
existing infrastructure and shortage of fund for rebuilding them. However, despite this fact, the US is lagging behind the
other countries in the market, particularly the UK as the pioneer in this regard. The global tendency toward PPP
approach necessitates reviewing PPP’s emergence, development, and guidelines, which is the motivation of this paper.
In addition, the current status of PPP transportation projects, mainly highways in the United States as a slow adopter in
the application of PPP has been discussed. This study can serve as an up-to-date source for the scholars and construction
practitioners to expand their knowledge of PPP highway projects in the US.
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1 INTRODUCTION
National economy’s dependence on transportation infrastructure is undeniable. In other words, to have a
healthy and vibrant society it is required to prioritize infrastructure and invest on public services (McNichol & Fund
2013). This investment includes building new facilities and rebuilding old ones to meet public demand and improve
quality of life. The delivery of these projects for a long time was in the form of public-public partnership without
private agencies’ participation. In the 1800s, the first procurement method, known as design-bid-build (DBB) emerged
(Tymvios et al. 2002) with separate contracts for design and construction, in which construction starts after when the
detailed design is complete (Ibbs et al. 2003). Over time, changes in the economy resulted in defining alternative project
delivery (APD) methods to cut costs, reduce duration, and in general improve project performance (Rosner et al. 2009).
The well-known APD method, design-build (DB) with a single contract for both design and construction has been
employed widely for horizontal and vertical construction projects in the United States and many researchers have been
studied its performance (Fathi & Shrestha 2018).
Almost three decades ago, governments faced the challenge of providing public services for the growing
demand with a substantial funding gap. This was a compelling reason to welcome private firms’ involvement in
nontraditional areas of infrastructure projects to alleviate the funding problem. An estimated annual shortfall of about $
1 to 1.5 trillion between 2013 and 2030 (Airoldi et al., 2013) is itself sufficient to attract one’s attention to the current
status of global infrastructure. Obviously, the public’s need of infrastructure services is far beyond the available funds.
These contractual relationships between government and industry by virtue of value for money (VFM),
Feasibility study, accurate contract, life-cycle analysis (LCA), proper execution, and monitoring can be effective and
meet partners’ expectations (AECOM Consult, 2007, Brown et al 2009). Although, according to construction industry’s
nature, complexity, and uncertainty “no single methodology has been proved to be the best” and PPP projects are not
exception (Liyanage & Villalba-Romero 2015).
In recent years, several researchers have studied a wide range of topics associated with PPP projects, including
risk assessment, critical success factors, selecting an appropriate concessionaire (private party), roles and
responsibilities of the public and private partners, and so forth. This paper aims to review this contractual relationship
between governments and industries from the outset. It presents how countries developed PPP, the existing guidelines,
and how the US has performed thus far. Focusing on transportation infrastructure and DOTs (Department of
Transportation), mainly highway projects, this study determines market concentration in the states with enabling
legislation that have taken action in this regard.
2 THE EMERGENCE AND DEVELOPMENT OF PPP
Facing the issue of massive funding deficit and growing public demand that highlighted an urgent need of
expanding national transportation infrastructure, European countries, such as the UK, Portugal, and Spain began
reconsidering their traditional delivery methods (AECOM Consult 2007, Brown et al. 2009, Epperson & Jones 2009).
Hence, the governments were seeking for an approach to ease the traditional great burden, which eventually led to the
emergence of PPP (Zhang et al. 2016, Li et al. 2017). Subsequently PPP agencies started working in 1990s, in the UK
as the pioneer in the field, then Canada, Australia, America, and Portugal and later other developed and developing
countries such as South Korea and China. As soon as PPP was introduced it was adopted in most countries, despite the
US where a tiny number of infrastructure projects have been procured under PPP.
Attempts to develop a thorough PPP’s definition have been continued in recent years by scholars. Garvin
(2009) deemed a PPP as “a long-term contract between the public and private sectors where mutual benefits are sought
and where ultimately the private sector provides operating services or puts private finance at risk”. PPPs may be
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categorized according to roles and responsibilities of the contributing sectors, finance sources, and ownership of the
properties (Kwak et al. 2009). The determining factor in type of the PPP is the degree of private involvement (World
Bank 2007). No involvement of private sector means the public sector has all responsibilities associated with every
single aspect of delivering public services. Any increase in private involvement leads to share more portions of those
responsibilities with public sector to an extent that eventually the private sector merely accounts for all aspects. The
shared responsibilities can be Design (D), Construction (C), Finance (F), Operating (O), Maintenance (M), and
facility’s Ownership (O) and Transfer (T).
Similar to PPP definition, a strong consensus of opinion has not been reached in the area of PPP types of
agreement. Being said that, in general there are various types of PPP infrastructure: DB, the most basic type in which
the private sector is responsible only for the design and construction of a project, DBO, DBOO, DBM, DBF, DBFM,
DBOM, DBFO, DBFOM, Long-Term Concession or Lease which is O&M of an existing facility for a specified time
period, and Build-Operate-Transfer (BOT) and its variations (BOT, BTO, BOO, BOOT).
Common PPP types for highways with design and build phases in the US, are DBFOM and DBFM, and longterm concession for existing facilities with a concession period for (excluding design and construction), which is leasing
the facility for O&M. Similar cost and schedule benefits as DB as well as providing access to long-term financing
sources and transferring long-term performance risk are enough to make a project delivery method attractive to public
agencies, which is seen in DBFOM and DBFM (FHWA 2015).
3 PPP’s GUILDELINES AND AGENCIES
There are some useful guidelines to help practitioners to apply PPP more effectively, which the main ones are
summarized in the Table 1, indicating publisher, the date of publish, and what they covered. Also, global PPP agencies
are presented in Table 2. While there have been different PPP guidelines and models established, there are still many
countries without PPP’s overall policy, legislative and regulatory frameworks. Nonetheless, PPP has been developed
and employed with such an entirely or partially incomplete national framework. Being said that, due to a consensus of
opinion instead of developing a regulation by each single contract, which demands considerable time and effort a
suitable PPP framework is required to be put in place. What is found and established by one country cannot be
generalized to other countries since there is no “one size fits all” solution. In other words “what works in one country
may not work in another and even findings in specific sector or region within the same country cannot be duplicate in
other sector or region” (Commonwealth Secretariat, 2010).
Table. Selected major global PPP guidelines in the last fifteen years
1

Project
Area
Year
Guideline’ Name
Type
General
N/A
2017
Public-Private Partnership Reference Guide, v3.
World Bank, ADB, and IDB: A joint product of the World Bank Group, ADB, EBRD, GI
Hub, IADB, IsDB, OECD, UNECE, and UNESCAP*
Finance (structure, considerations, and roles); Policy (program objectives and scope); Legal
Framework (scope and laws); Processes and Institutional Responsibilities (PPP units); Public
Financial Management Frameworks (assessing fiscal implications and fiscal accounting);
Broader PPP Program Governance (stakeholder engagement and roles of legislative bodies);
Identifying PPP Projects; Appraising Potential PPP Projects (identifying priorities and
screening potentials); Structuring PPP Projects (identifying and allocating risks); Designing
PPP Contracts (payment, adjustment, and dispute resolution mechanism); Managing PPP
Transactions (procurement strategy, marketing, bid process); Monitoring and managing
(changes and asset handover); Dealing with Unsolicited Proposals.
2
General
N/A
2016
Public-Private Partnership Reference Guide, v2.
World Bank, ADB and IDB: A product of the staff of the World Bank, ADB and IDB with
external contributions. The opinions, interpretations, findings and/or conclusions expressed in
this work are those of the authors and not the views or the official policy of the World Bank,
ADB, IDB, or the governments they represent
PPP objectives and scope; Legal Framework; Institutional Responsibilities; Financial
management framework; Broader PPP Program Governance; Identifying and Appraising
projects; Identifying and Allocating Risks; Payment Mechanisms; Adjustment Mechanisms;
Dispute Mechanisms; Procurement strategy; Marketing; Bid process; Dealing with Unsolicited
Proposals; Monitoring and managing asset delivery; Dealing with change; Handover.
3
General
Australia 2016
Guidelines for Public Private Partnership – The
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Partnerships Framework
Australian Capital Territory Government
Based on Australian PPP Experience: When to consider a PPP; Planning; Procurement;
Contract Management; Governance framework; Roles and Responsibilities
4
General
Australia 2015 National Public Private Partnership – Policy Framework
Australian Government, Department of Infrastructure and Regional Development: This Policy
will be updated from time to time to reflect evolving best practices and lessons learned. The
original publication refers to 2008. With the assistance of Infrastructure Australia, the
Australian, State and Territory Governments will monitor, review and from time to time refine
the National PPP Policy and Guidelines.
Assessment of projects as PPPs including project approval, affordability; Procurement
strategy; Key principles in the application of PPP.
5
General
N/A
2015
A Guide to Public-Private Partnerships1 (PPPs): What
Public Procurement Specialists Need To Know
The NIGP (National Institute of Governmental Purchasing) Business Council: The Foremost
Authority in Public Procurement
Characteristics that make PPPs different form traditional procurement; Cautions; Main barriers
in establishing functional and effective PPPs; Best practices (organizational level and policy
level)
6
General
Asia
2014
ASEAN Public Private Partnership Guidelines
Economic Research Institute for ASEAN and End East Asia (ERIA)
Institutional Framework; Value drivers; Project planning (initial procurement decision and
option analysis); Project Implementation (bid evaluation criteria, identifying stakeholders, and
risk allocation); Marketing (bidding process, evaluation criteria, selecting the winning bid,
negotiations, unsolicited proposals).
7
General
UK
2012
PPP Units and Related Institutional Framework
European PPP Expertise Centre (EPEC), United Kingdom – England
Mainly introducing England and changes in 1997 besides providing examples of the project
cycle in England and the role of PPP units: PPP market; PPP units; Other key public sector
entities in the framework; Legal and policy framework (legislation, laws, contractual forms,
and financial structure).
8 Transport
US
2012
Establishing A Public-Private Partnership Program: A
Primer
U.S. Department of Transportation, Federal Highway Administration, P3 TOOLKIT
Development challenges (cultural changes, coordination, educating); Development strategies
(project selection, evaluation, procurement, and monitoring); Legal issues; Identifying,
evaluating, and structuring; Procurement; Monitoring (responsibilities, success factors,
engaged parties).
9
General
Developing 2010
Public-Private Partnerships Policy and Practice, A
countries
Reference Guide
Commonwealth Secretariat, UK
Development process (framework, contract management and monitoring); key issues and
constraints faced by developing countries in structuring, developing, financing and operating
PPPs.
10 General
N/A
2010 From Private Finance Units to Commercial Champions:
Managing complex capital investment programs
utilizing private finance A current best practice model
for Departments
National Audit Office (NAO), HM TREASURY
Stages of project approval; Project Affordability; Procurement Strategy; Functions of the best
practice model (Implement and influence PPP, PFI, and commercial policy; Manage PPP and
PFI projects within programs; Control the quality of PFI and PPP projects in procurement;
Support operational PPP and PFI projects to ensure they achieve their benefits; Manage the
market of operators and investors; Embed continuous improvement in PPP and PFI projects
and programs)
11 General
N/A
2008
Public-Private Partnership Agencies: A Global
Perspective
Collaboratory for Research on Global Projects (CRGP)
Comparing eight PPP agencies: Highways Agency (UK), Infrastructure Ontario (Canada),
MAPPP (France), Parpublica PPP (Portugal), Partnerships BC (Canada), Partnerships South
Australia, Partnerships UK, South Africa PPP Unit
12 General Australia 2008
National Public Private Partnership – Overview
Australian Government, Department of Infrastructure and Regional Development
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Key features; Key steps in the investment and procurement decision (suitability criteria,
procurement challenges and strategy); Delivering a PPP project (Key principles for a
successful PPP, Government approvals, Key phases,
Project development, Expression of Interest and Request for Proposal Phases, Negotiation
Phase, Contract management); Key issues to consider as part of developing the PPP (Probity
and integrity, Conflict of interest, Disclosure principles, The Interactive Tender Process,
Taxation and Accounting Issues, Risk allocation and commercial principles)
13 Transpor 9 countries 2007
International PPP Case Studies Report
-tation
U.S. Department of Transportation, Federal Highway Administration, P3 TOOLKIT
Transportation PPP Experience in England and other Countries (Australia, China, Denmark
and Sweden, India, Israel, Argentina); PPP risks; Critical success factors; Legal Issues
Associated with Transportation Infrastructure Project PPPs (Public sector borrowing
restrictions, Ability to provide performance guarantees, Existence and legal basis of cost
recovery and tolling…)
14 General
Global
2007
Best Practices on contract Design in Public-Private
Partnerships
World Bank
Each section is explained based on a case study from China (1), Colombia (1), UK (3),
Hungary (1), Australia (1), Chile (1), Portugal (1), Netherlands (1), and Ireland (1): Best
practices of risk allocation, payment mechanism, contractual Issues (refinancing, dispute
resolution, step-in rights, early termination); transparency and confidentiality in contract
design.
15 General
N/A
2007
Best Practices on contract Design in PPPs: Checklist
World Bank
Transparency; Risk allocation; Payment mechanism; Price variations; Flexibility and
Renegotiation; Contract duration; Other contractual issues; Subcontracting.
16 General
N/A
2003
Guidelines For Successful Public-Private Partnerships
EUROPEAN COMMISSION, Directorate-General Regional Policy
Successful PPPs depend on the effectiveness of the national and municipal legislative and
regulatory structures. In this regard there are two principal models of intervention exist: (I)
France and the decentralized approach which places responsibility at the regional level and
within the concerned line Ministries (II) Other countries, such as the UK and Ireland and a
more centralize approach (one dedicated national PPP unit).
Key PPP Issues (e.g., ensuring open market access and competition and timing); PPP
advantages and disadvantages; Requirements of the PPP partners; Legal and regulatory
structures; Procuring the private contractor; Institutional structures; Financial implication of
risk; Grant issues; Practical issues (e.g., selection of the most suitable PPP structure for the
local setting and project characteristics); constraints and obstacles by National Authorities,
technical and organizational issues (e.g., quality control mechanism), Political and social
considerations, Implementation conditions (e.g., performance management, project agreement,
relationship management)
Issues in BOT and DBFO types of PPP
*Acronyms
ADB: Asian Development Bank; IDB: Inter-American Development Bank; EBRD: European Bank for Reconstruction and
Development; GI Hub: Global Infrastructure Hub; IADB: Inter-American Development Bank; IsDB: Islamic Development Bank;
OECD: Economic Co-operation and Development; UNECE: United Nations Economic Commission for Europe; UNESCAP: United
Nations Economic and Social Commission for Asia and the Pacific

Table 2. Known PPP agencies in the world (CRGP, 2008)
Country
UK

Canada

PPP Agency
4Ps
HM Treasury - The Private Finance Initiative (PFI)
HM Treasury - The Private Finance Initiative (PFI)
Partnerships UK
PPP Forum
The PPP Arbiter
The Canadian Council for Public Private Partnerships
Canadian Health Coalition - PPPs (P3s)
Partnerships British Columbia
Infrastructure Ontario

Year
1996
NA
1997
2000
2001
2002
1993
NA
2003
2006
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Australia

Netherlands
Japan
South Africa
Italy
Belgium
Mauritius
USA
South Korea
Ireland
Israel
Portugal
Czech
Republic
Singapore
France

China
Slovakia
Germany
India
Greece
Croatia

Partnerships Victoria
New South Wales
Partnerships South Australia
National PPP Forum
Infrastructure Partnerships Australia
PPP Knowledge Center
PH Promotion Office
National Treasury, PPP Unit
Technical Unit for Project Financing - Italian PPP Task Force
Flemish PPP Knowledge Center
Ministry of Finance and Economic Development - PPP Unit
National Council for Public Private Partnerships
American Public Transportation Association
Federal Highway Administration - Public Private Partnership
Public Private Infrastructure Investment Management Center
The Irish Government Public Private Partnership
Ministry of Finance, PPP
Parpublica
PPP Association
PPP Center
Ministry of Finance, PPP Policies
PPP Unit of the Ministry of Economy, Finance and Industry
(MAPPP)
Club de Promotion des Contrats de Partenariats Public-Prive
Centre d'Expertise Francias pour l'Observation des Partenariats
Public-Prive
L'Institut de la Gestion Delequee - The French Institute for PPP
China Center for Public Private Partnerships
Efficiency Unit -The Government of the Hong Kong Special
Administration Region
Partnership for Prosperity
Ministry of Finance PPP
Public Private Partnership Task Force
PPP in Niedersachsen
PPP task Force Nordrhein-Westfalen
Ministry of Finance, PPP Unit
The Special Secretariat for PPPs
PPP Sector, Trade and Investment Promotion Agency

2000
2000
2001
2004
2005
2000
2000
2000
2001
2002
2002
2002
2006
NA
2003
2003
2003
2003
2003
2004
2004
2004
NA
2006
2006
2005
2005
2005
NA
2006
NA
NA
2006
2006
2007

4 PPP’s EVOLUTION IN THE UNITED STATES
Considering America, the shortage of financial resources, growing number of old infrastructure as well as
outpacing public demand, all together indicate today’s deteriorating infrastructure industry, particularly, highways,
roads and bridges (Iseki and Houtman 2012, Mallet 2008, National Surface Transportation Policy and Revenue Study
Commission 2007, Papajohn et al. 2010). It is worth mentioning that the reported annual budget deficit and backlog in
the US infrastructure were $53B and $740B, respectively (AASHTO 2015), showing a staggering funding gap.
Recently, the American Society of Civil Engineers (ASCE) Infrastructure Report Card stated that merely repairing the
old U.S. infrastructure needs $2 trillion by 2027 (ASCE Report Card 2017).
The US has been absolutely slow in the PPP market and the title of “slow adopter” can accurately define the
American’s status (PWF, 2015). While it is true that in the U.S. PPP (known as P3) has not become a “core
mechanism” in the procurement financing, it does not necessarily indicate that it is an entirely new development there
since it is deemed to be an “evolutionary development within privatization practices” even when financing’s aspect is
missing. What is worth mentioning is the fact that although both the UK, and the US contributed to privatization’s
promotion, unlike the UK, US had limited base and assets to be privatized (NIGP, 2015).
The public-public partnership between the federal and state governments has been employed for transportation
infrastructure in the US. While adding a private sector to this arrangement in some areas is challenging, the main
concern is financing (Papajohn et al. 2010). However, the private infrastructure investment refers to centuries ago for
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railroads, post roads, and canals when the PPP term was not used. The government offered land grants and franchises
and over 75-year lease agreements such as Illinois Central Railroad, Zane’s Post Road, Transcontinental Rail Road, the
Golden Gate Bridge, and New York City Subway, SR 91 express lanes in California, Dulles Greenway in Virginia,
Pocahontas Parkway in Virginia, and the JFK AirTrain (light rail transit system) among others (Papajohn et al. 2010,
McNichol and Fund 2013). Two projects that have attracted attention owing to their lengthy lease agreements with
foreign-based private sector firms are the Chicago Skyway with a 99-year lease and the Indiana Tollway with a 75-year
lease. (Papajohn et al. 2010). The federally funded project then began DBB procurement method through many laws
since 1947, which discouraged PPP from developing in the last century (Garvin 2007).
Many factors contribute to move toward PPP. In addition to population growth, increasing demand,
approximately all types of infrastructure all over the states have been deteriorated rapidly and investment shortfalls to
build and rebuild is tremendous. Old services placed the US ninth in a global quality assessment in 2010 (McNichol and
Fund 2013). According to The American Society of Civil Engineers (ASCE), an investment of $3.6 trillion is required
by 2020 to improve the quality of nation’s infrastructure (McNichol and Fund 2013).
Like the UK, the US contributed to privatization’s promotion. However, the first PPP agency came into
existence in the UK, where now has a more complicated organizational structure. With limited base and assets to be
privatized (NIGP, 2015) U.S. is known as a slow adopter (PWF, 2015) lagging behind the rest of the world. Being slow
in the PPP market, the U.S. poised to become the largest PPP market in the global infrastructure projects (McNichol
and Fund 2013). In this market, however, the experience varies from state to state since the use of P3s for transportation
is newer compared to the other countries such as the UK and Australia in which PPP’s employment goes back to almost
three decades ago (FHWA 2016).
Being said that, the U.S. has accelerated PPP’s use over time, however still the percentage of investment is low
in a way that the value of contracts over 20 years through 2012 and by 2017 is less than one percent and about two
percent of public infrastructure, respectively (Buckberg and Seltzer 2017). One of the differences with other countries is
that states at local level are allowed to borrow at lower cost than private investors thorugh inexpensive long-term debt
via tax-exempt municipal bonds (Papajohn et al. 2010, Mallett and Driessen 2016). There is no similar tax preference in
other developed countries that more widely used PPPs.
Among all contributing factors, federal and state policies have influenced the emergence and evolution of PPP
delivery method. Reviewing FHWA PPP projects including highway, tunnels and bridges, a direct positive relationship
between enabling legislation and PPP implementation has been determined through a linear regression (Maslak and
Franz 2018). Since Fixing America’s Surface Transportation (FAST) recent act an annual $40-billion has been assigned
to facilitate transportation development by the end of 2020 (FHWA 2016).
Furthermore, unlike other countries, there is no national standard in the US at the federal government level and
decisions have been made at the state and local level. Individual states have their unique enabling legislation and
priorities, which may limit the type of PPP, number or location of projects, duration, review process, toll rate controls,
rights, and so forth. Some states have broad enabling legislation encouraging PPP development such as Virginia as a
leader in the US that enacted enabling legislation in 1995 and has completed some of the most significant P3 projects in
recent years. Some other states have legislation but limited activity. For instance, Nevada enacted PPP enabling
legislation in 2011. It has not completed any P3 projects under this legislation. Its first highway project procured under
the state's P3 law was cancelled in August 2014. There are also fifteen states that lack PPP permit for any type of
construction projects (Maslak and Franz 2018).

Therefore, lack of a single national program has led to different levels of experience in PPPs.
Subsequently there is market concentration in specific states with different capabilities in identification,
development, and implementation. Considering only DBFOM as the dominant PPP transaction at DOTs, the
project value of merely four states, namely Texas, Virginia, California, and Florida that reached financial
close by June 2015 is approximately 79% of the total $24.6 billion investment in all 21 projects (Garemo et
al. 2016). By 2019, out of 25 PPP highways that opened to traffic, 66% of the projects were in four states
including, Texas, Virginia, California, and Indiana (I calculated this using FHWA website and projects’
data). These projects do not include long-term concession projects and only focused on new facilities with a
DB basis, including DBFOM and DBFM.
There are fourteen states that have built new PPP highways, including Virginia, California, Texas,
Indiana, Florida, North and South Carolina, Colorado, Ohio, Michigan, Alabama, Pennsylvania, New York
and New Jersey, and Massachusetts. Figure 1, is a timeline showing when states began their first PPP project
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from the earliest to the most recent. Different market concentration is shown in Figure 2, with the number of
U.S. DBFOM highways and bridges that has been completed by the first quarter of 2019. Being poised to
become the largest P3 market in the world for infrastructure projects, the US has improved in recent years
(McNichol and Fund 2013) as can be found by the provided statistics.

Fig 1. States’ PPP highways and bridges (including Design & Build phases) that reached their substantial completion
and opened to traffic from the outset to 2019 (FHWA 2019)

Fig 2. States’ number of PPP highways and bridges (including Design & Build phases) that reached their substantial
completion and opened to traffic by the end of 2018 (FHWA 2019)
5 Legislation

Among all contributing factors, federal and state policies have influenced the emergence and
evolution of PPP delivery method in the U.S from the outset. In 1991, PPP contracts started under the
auspices of the Intermodal Surface Transportation Efficiency Act (ISTEA) as the act that started permitting
each state to pass its unique legislation on transportation contracts. Later, through modification and extension
ISTEA was changed into Safe, Accountable, Flexible, Efficient Transportation Equity Act: A Legacy for
Users (SAFETEA-LU) and Moving Ahead for Progress in the 21st Century (MAP-21), in 2005 and 2012,
respectively. According to Maslak and Franz (2018), since 2016 approximately an annual $40-billion has
been dedicated by Fixing America’s Surface Transportation (FAST) recent act to pave the way for
transportation development till 2020 (FHWA 2016).
In addition, enactment and passing enabling legislation and policies is required by individual states.
However, not all states have taken action and moved toward PPP contract. For instance, fifteen states were
reported to lack PPP permit for both horizontal and vertical construction projects (Maslak and Franz 2018).
Also, a direct positive relationship between enabling laws and value of work in place on PPP projects
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initiated has been found by studying FHWA PPP projects including highway, tunnel and bridges, and
performing a linear regression (Maslak and Franz 2018).
States should consider PPP as one of the possible alternatives to deliver a public project and after a
cost-benefit analysis, draw a comparison between alternatives and choose the best. However, there are some
agencies that do not consider PPPs and also some that select PPPs without comparing with other delivery
methods (Papajohn et al. 2010).
To better illustrate the difference between states’ legislation some of the states DOTs with enabling
legislation are discussed below that show to what extent they are authorized to enter into P3 agreements with
a private sector party, limitations on types of P3 structures, revenue and payment mechanisms and financial
instruments. Virginia as a leader in the US P3 sector had an enabling legislation in 1995 for transportation
and in 2002 for non-transportation infrastructure. Considering transportation, Virginia is the first state and
among the most frequent users. Texas is also among the earliest and most frequent users. Nevada is among
the latest states to enact P3 enabling legislation and with not a single complete P3 project. The legislation
does not cover toll road construction. Some states has allowed various types of infrastructure facilities, such
as California where allows P3 water system, desalination plant, airport, university, rail, highway and so
forth. On the contrary, in Florida the initial statute was limited to transportation at first and later covered
more sectors. There are also some states that despite their enabling legislation for transportation, they have
limitation on the type of agreement. For instance, in Alabama only DB, DBO, DBOO, DBFOM, and
Concession are allowed (Practical law, 2016). In short, the difference is the degree of flexibility and
certainty. The wider range of PPP options provides the more flexible project for public sector and the more
certain environment for the private sector to invest.
6 CONCLUSIONS

Transportation infrastructure plays an undeniable role in national economies. Shortfall of funding,
population and demand growth, and aging public transportation infrastructure were governments’ issues in
recent years. Having difficulty in meeting public needs did necessitate taking a decisive action and
drastically cut the budget deficit to sustain economic growth. Reconsidering project delivery methods,
governments all around the world found private agencies’ participation to a great extent helpful.
Despite the UK, Australia, Canada, and the rest of European and Asian countries, America, has not
adopted PPP as soon as it was introduced and with a tiny number of infrastructure projects procured under
PPP, the U.S. is behind the leading countries in the market. The other difference between the US and the rest
of the world is lack of a national contractual framework. In addition, PPP’s employment has not been
allowed in all states. In some states legislation has facilitated, while in others has hindered PPPs. It is true
that the U.S. still lags behind the rest of the world, however, the legal environment and PPP’s acceptance has
improved which the growing number of DBFOM highways proves it.
It should be considered that there is “no single best PPP model is likely to emerge” (Iseki and
Houtman 2012) as complexity, uncertainty and risks are associated with PPP arrangements, which involving
more parties makes it more challenging that leads to incomplete contracts (Sclar, 2001; Williamson, 1996).
However, the federal government may encourage or mandate states to move toward PPPs with an effective
national contract terms and mechanisms.
Any new approach needs time to gain experience and learn lessons, which PPP’s adoption is no
exception. Experience would modify the policies and procedures and ease the burden on public and private
sectors. For instance, private sectors’ risk preference has been changed over time comparing to being risk
averse in early projects. Also, gradual changes in mechanisms to reflect flexibility and keep balance between
risks and rewards (AECOM Consult 2007, Iseki and Houtman 2012).
Being said that, all construction practitioners, either agree or disagree with transportation PPPs in the
US believe that more research is needed to better understand PPPs basics, expand knowledge, educate
involved parties, and eventually learn lessons from previous projects over time like other countries.
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1 INTRODUCTION
All industries pursue the goal of gaining profits and construction industry is no exception. The mutual goal
among construction practitioners and project parties is project completion within the pre-defined scope, budget, and
schedule. Many factors contribute to maximizing project performance including project characteristics, project delivery
method, procurement method, contract type, finance and so forth. There are various approaches to deliver projects,
however, in the last two decades there has been a growing tendency for owners to deliver projects through Public
Private Partnership (PPP).
$ 1 to 1.5 trillion annual funding gap between 2013 and 2030 (Airoldi et al., 2013) is itself sufficient to attract
one’s attention to the current status of global infrastructure. Obviously, the public’s need of infrastructure services is far
beyond the available funds. It is widely accepted that public transportation infrastructure contributes to the growth of a
nation’s economy (McNichol & Fund 2013). Over time public needs necessitate building new facilities and rebuilding
old ones, however, there is a substantial funding gap. Such a serious global issue led governments to embrace PPP
approach to deliver public infrastructure projects by virtue of more private involvement (Ke et al. 2010, Zhang et al.
2016, Li et al. 2017).
In recent years, researchers have conducted several studies on a wide range of topics regarding PPP projects,
such as risk analysis and management, critical success factors, selecting an appropriate private agency, roles and
responsibilities of the government and private sectors, and so forth. This paper aims to review major studies regarding
PPP contractual relationship between governments and industries with the focus on success factors of transportation
infrastructure.
The research is organized as follows. First a brief background and PPP’s development will be presented. Then,
PPP’s definition and types will be provided. After that, previous studies will be discussed in the fields of Risk
Identification and Allocation, Key Performance Indicators, Roles and Relationships, Finance, Legislation, Project
Performance, and Project Success Factors.
2 BACKGROUND
Growing public demand and massive funding shortage highlighted an urgent need of expanding transportation
infrastructure. According to American Society of Civil Engineers (ASCE) Infrastructure Report Card merely repairing
the old U.S. infrastructure needs $2 trillion by 2027 (ASCE Report Card 2017), which indicates today’s deteriorating
infrastructure industry, particularly, highways, roads and bridges. Hence, the governments were seeking for an approach
to ease the traditional great burden, which eventually led to the emergence of PPP (Zhang et al. 2016, Li et al. 2017).
European countries, such as the UK, Portugal, and Spain began reconsidering their traditional delivery methods
(AECOM Consult 2007, Brown et al. 2009, Epperson & Jones 2009).
PPP agencies started working in 1990s, in the UK as the pioneer in the field, then Canada, Australia, America,
and Portugal and later other developed and developing countries such as South Korea and China. As soon as PPP was
introduced it was adopted in most countries, despite the US where a tiny number of infrastructure projects have been
procured under PPP. Having the first PPP agency, UK also has a more complex organizational structure. Since the late
1990s Europe, Australia, and Canada began the better form of partnership between public and private sectors. Learning
from their own experiences, they have made required changes and modifications to legislations, assessments,
performance, as well as public opposition (AECOM Consult 2007, Brown et al. 2009, Iseki and Houtman 2012).
In 1997, the term PPP found a wider application under the new Labor government in the UK as a contractbased partnership between the private and public sectors in public facilities and services. Other terms are being used
internationally to represent this new partnership for public benefit. For instance, Private Finance Initiative or PFI in the
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UK, Privately-Financed Projects or PFP in Australia, Private Participation in Infrastructure or PPI in South Korea, and
P3 in the America.
The use of P3s in for transportation is newer in the United States compared to the other countries such as the
UK and Australia in which PPP’s employment goes back to almost three decades ago (FHWA 2016). The US is poised
to become the largest PPP market in the world for infrastructure projects, however it is a slow adopter (PWF, 2015,
McNichol and Fund 2013).
3 DEFINITION AND TYPES
Several organizations have defined PPP; nonetheless, there is still not a clear worldwide definition. In late
1990s, PPP was referred to an arrangement between at least two entities that work together towards shared or
compatible objectives in which there is shared authority and responsibility, joint investment of resources and shared
risks (HMTreasury, Partnerships for Prosperity 1998). Attempts to develop a thorough PPP’s definition have been
continued in recent years by scholars. Garvin (2009) deemed a PPP as “a long-term contract between the public and
private sectors where mutual benefits are sought and where ultimately the private sector provides operating services or
puts private finance at risk”. The United States Department of Transportation (USDOT 2004) defines P3s as
“contractual agreements formed between a public agency and a private sector entity that allow for greater private sector
participation in the delivery and financing of transportation projects.” (USDOT 2004). Considering all presented
definitions (European Commission 2003, Canadian Council for Public-Private Partnerships 2004, Kwak et al. 2009),
PPP may be defined as an arrangement between two or more parties from the public and private sectors to meet mutual
objectives, through sharing four Rs; Resources, Risks, Responsibilities, and Rewards.
PPPs may be categorized according to roles and responsibilities of the contributing sectors, finance sources,
and ownership of the properties (Kwak et al. 2009). The determining factor in type of the PPP is the degree of private
involvement (World Bank 2007). No involvement of private sector means the public sector has all responsibilities
associated with every single aspect of delivering public services. Any increase in private involvement leads to share
more portions of those responsibilities with public sector to an extent that eventually the private sector merely accounts
for all aspects. The shared responsibilities can be Design (D), Construction (C), Finance (F), Operating (O),
Maintenance (M), and facility’s Ownership (O) and Transfer (T).
Similar to PPP definition, a strong consensus of opinion has not been reached in the area of PPP types of
agreement. Being said that, in general there are various types of PPP infrastructure. As the most basic type, the private
sector is responsible only for the design and construction of a project (DB), DBO, DBOO, DBM, DBF, DBFM, DBOM,
DBFO, DBFOM, Long-Term Concession or Lease which is O&M of an existing facility for a specified time period, and
Build-Operate-Transfer (BOT) and its variations (BOT, BTO, BOO, BOOT). Table 1 shows the difference between
PPP types based on the private sector’s responsibility.
Table 1. PPP types and their different phases covered by the private sector

PPP Type
Design-Build (DB)
Design-Build-Finance (DBF)
Deign-Build-Operate (DBO)
Deign-Build-Maintenance (DBM)
Design-Build-Finance-Operate (DBFO)
Design-Build-Finance-Maintenance (DBFM)
Design-Build-Operate-Maintenance (DBOM)
Design-Build-Finance-Operate-Maintenance
(DBFOM)
Long-Term Concession (Lease)
Build-Operate-Transfer (BOT) and its
variations (BOT, BTO, BOO, BOOT)

Design
*
*
*
*
*
*
*
*

*

Build
*
*
*
*
*
*
*
*

*

PPP Phases
Finance Operate

Maintain

*
*
*
*
*

*

*

*
*

Maybe

*
*

*
*
*
*
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4 MAJOR STUDIES AND FINDINGS
Reviewing the literature, the majority of studies are in specific areas, including Risk Identification and
Allocation, Key Performance Indicators, Roles and Relationships, Finance, Legislation, Project Performance, and
Project Success Factors.
Risk identification and allocation
Under the agreement between public and private sectors, risk-sharing and risk allocation is a crucial
consideration. It needs to be clarified which party is responsible for and must cover the costs of an incident or change
(which eventually affects project’s schedule, cost, and quality) and which party receives rewards. Poor risk
management and strategies may result in disputes and litigation (Hodge and Greve 2007). Hence, first it is essential to
perceive, identify and analyze those risk areas, determine their importance and provide strategies and useful measures
for risk management.
Some researchers identified and evaluated the risks in PPP types (Lam and Chow, 1999, Zhang et al. 2007).
Studying BOT as a privately promoted infrastructure projects, Lam and Chow (1999) identified the financial risks
through a survey on pre-investment, implementation, construction, and operations phases. For example, “interest rate
fluctuation” was moderately significant in both pre-investment and construction phases, while it was slightly significant
in implementation and operations. Taking implementation and operation phase into account, results identified cost
overrun as the highly significant and time overrun as the most significant risk, while it was also ranked as the only
“extremely significant” risk among all phases.
Focusing on the same PPP type, Zayed and Chang (2002) asserted that higher level of risks are associated with
privately promoted infrastructure project due to multiparty involvement, high costs of front-end development, and longterm negotiations and commitment (Zayed and Chang 2002). A prototype model was developed with a risk index (F) to
assess the risks and rank the projects to choose the one with the lowest risk. To do so, a questionnaire survey was
conducted among 7 different projects such as power plant, tunnel, and highway which their performance was evaluated
in eight risk areas including political, financial, revenue and market, promoting, procurement, developmental,
construction, and operating.
Some researchers by the means of questionnaire studied the effective measures in risk management (Akintoye
et al. 1998, Yeo and Tiong, 2000, Shen et al. 2006). Some have also conducted surveys to investigate the risk strategies
and risk allocation preferences adopted by the public and private sectors (Tang et al. 2010).
Key Performance Indicators
Performance management plays a fundamental role in meeting the desired project’s outcomes. Several studies
focused on identifying key performance indicators (KPIs) to monitor and evaluate project’s progress towards the
desired goals (Erridge and Greer 2002, Li et al., 2005b, Yuan et al. 2011, Douglas et al. 2014, Lawther and Martin.
2014, Liu et al. 2016).
PPP’s performance and challenges of developing KPIs came to light after an international scan by FHWA in
2009 and its findings, which became researchers’ interest. Due to previous studies KIPs should be realistic, credible,
accurate, controllable (Garvin et al. 2011), pave the way for innovation and life-cycle savings (Garvin et al. 2011, Yao
and Chen 2012, Lawther and Martin 2014), be relevant and specific that can be achieved and measured (Scott et al.
2014, Sadasivam et al. 2016, US Department of Transportation (USDOT), avoid subjectivity and obscurity (Robinson
and Scott 2009, Oyedele 2013), an last but not least, be flexible (Robinson and Scott 2009, Garvin et al. 2011,
Sadasivam et al. 2016). The most recent study on PPP KPI contract language, while emphasizing on previous features,
presented dynamic quantifiable and consequently enforceable indicators through the contractual writing guidelines
containing eleven measures (Douglas et al. 2018).
Roles and Relationships
Government’s accountability is among PPP areas that have been also discussed to some extent, which
determines which party is “accountable for whom and for what?” (Grossi and Thomasson, 2015). What academicians
and practitioners are concerned with PPPs, is providing public services that are cost- and quality effective while
providing social benefits (Grimsey and Lewis, 2005), where government takes decisive steps to move toward this goal.
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Accountabilities need to be abundantly clear, otherwise obscure roles particularly that of government can affect PPP
performance adversely (McAllister and Taylor, 2015).
One of the recent studies identified government’s accountability in PPPs through a literature review and
proposed a conceptual framework (Wu et al. 2016). It was found that the government is accountable for ensuring
effectiveness and efficiency through an emphasis of value for money (VfM), which was believed that PPPs should not
utilized unless they promote VfM against the conventional procurement methods (The Treasury Taskforce of the UK
1998). In addition, it was revealed that public is defined as asset end-users and general population in which the former
do care about whether there is an effective and affordable delivery of quality services, while the latter seeks for
efficiency in using public resources. Semi-structured interviews with senior managers examined the proposed
framework on a Chinese PPP project with a contract value of 2.25 billion US dollar with 30-year concession period.
Finance
Regarding financing, it is accepted that institutional difference in developing and developed countries
contribute to different behavior of similar privatized projects (Ramamurti 2000). Devapriya (2006) developed a
theoretical PPP financing framework to study governance issues by carrying out a survey on debt and equity
arrangements with the focus on developing countries. Five private entities in different Asian countries were chosen to
examine financial contracts, debt and equity ownership, capital structure and corporate control. Finding the impact of
“guarantee, incentive, and credit support” on the loan risk, the results showed debt’s ineffectiveness in controlling
managers’ behavior.
Among all infrastructure financial sources, use of bond as an efficient tool that facilitates getting debt directly
at low interest rate within lengthy maturity has experienced a constant growth. In Europe during five years, bond
financing was assigned nine times more to project finance (Scott-Quinn and Cano, 2015). However, low credit rating
has the potential to hinder companies to have cost-effective capitals. In this regard, credit enhancement through
government debt guarantee and its risks while using bond financing was the focus of Li et al. 2017 research. The value
of such guarantees and the related fair price were measured by virtue of the credit risk modeling theory and the riskneutral valuation approach in terms of credit default swap (CDS). Furthermore, by the application of Monte Carlo
simulation it was determined how parameters such as capital structure and tax rate impact on credit risk and the CDS
price. To examine the methodology, a PPP road project in Belgium was selected as a hypothetical case study. It was
concluded that an efficacious credit enhancement approach results in a win-win scenario for bondholders, governments,
and companies that fairly priced CDS provides funds to the government for the contingent liability while keeping the
insurance program affordable for the company.
Legislation
Among all contributing factors, federal and state policies have influenced the emergence and evolution of PPP
delivery method in the U.S from the outset. In 1991, PPP contracts started under the auspices of the Intermodal Surface
Transportation Efficiency Act (ISTEA) as the act that started permitting each state to pass its unique legislation on
transportation contracts. Later, through modification and extension ISTEA was changed into Safe, Accountable,
Flexible, Efficient Transportation Equity Act: A Legacy for Users (SAFETEA-LU) and Moving Ahead for Progress in
the 21st Century (MAP-21), in 2005 and 2012, respectively. According to Maslak and Franz (2018), since 2016
approximately an annual $40-billion has been dedicated by Fixing America’s Surface Transportation (FAST) recent act
to pave the way transportation development till 2020 (FHWA 2016a).
In addition, enactment and passing enabling legislation and policies is required by individual states. However,
not all states have taken action and move toward PPP contract. For instance, fifteen states were reported to lack PPP
permit for both horizontal and vertical construction projects (Maslak and Franz 2018). Also, a direct positive
relationship between enabling laws and value of work in place on PPP projects initiated has been found (Maslak and
Franz 2018) by studying FHWA PPP projects including highway, tunnel and bridges, and performing a linear
regression.
Project Performance
Despite Europe and the UK as more mature markets, limited number of studies has focused on project
performance of PPP while targeting the U.S. market. The most extensive researches are international and there is a
noticeable lack of studies in the U.S. construction industry, mainly transportations, and specifically highways. In
addition, the majority of studies consider a combination of industry sectors, for instance transportation and building.
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Chasey et al. (2012) analyzed project performance of 12 PPP (DBFOM) transportation projects out of which
two projects located in the U.S., while 10 projects were in Canada. The cost and schedule changes of these large-scale
projects with the minimum size of US$90 million were compared to previous studies of traditional project performance,
namely, DB or DBB in order to investigate which one better controls overruns. Data of the first-generation of largescale highways under PPP were collected through interviews with project experts. Results showed that in ten out of
twelve projects cost and schedule did not exceed their contract amounts and PPP delivery method is superior to DB and
DBB’s performance. However, the research had a limitation of not directly comparing PPP and DB or DBB
performance. Furthermore, such a success ratio cannot be generalized to the U.S. based on merely two projects,
although it is widely known that the number of transportation infrastructure projects delivered under PPP in the U.S. are
greatly less than other countries (Zhenhua et al. 2015). Moreover, the method of collecting data only included a single
interview with each project’s expert.
Most studies have focused on assessment of PPP cost overruns, which highlighted more cost saving over
traditional delivery methods during comparisons (Treasury Taskforce 2000, Mott MacDonald 2002). A research
conducted in Europe, analyzed PPP projects including transportation and building to examine PPP’s cost performance
versus traditional projects (Bain 2010). Comparing 14 international projects, the cost overruns for PPPs averaged half
of those for traditional projects underlining the fact that PPP is the superior method for European infrastructures.
Allen Consulting Group (2007) carried out a research to compare the performance of 21 PPP projects and 33
traditionally procured projects. PPPs ranged from water projects to transportation in Australia. The average cost and
schedule overruns indicated PPPs’ superior cost and schedule performance. Later, same database was used for further
statistical analysis, which mirrored previous finding in terms of cost; however, schedule overruns had no significant
difference with traditional procured projects (Raisbeck et al. 2010).
Regarding key performance indicators (KPIs), Garvin et al. (2011) examined project success of eight different
infrastructure projects such as airport, tunnel, and bridge in various locations namely, Australia, the U.S., and the UK.
The investigation highlighted the agencies’ inability in realizing performance objectives associated with their KPIs,
however, KPIs are required to be defined with the project’s goals.
A study by Ramsey and El Asmar (2015) is considered as an initial benchmark of PPP cost and schedule
performance for the U.S. transportation sector. The authors examined different types of PPP U.S. transportation projects
that were completed by 2013. The collected data was verified by carrying out interviews with the involved parties in the
projects. Making comparisons with published literature including PPP projects in the international market as well as
public funded U.S. projects (Shrestha et al 2007, FHWA 2006, and Gransberg et al. 2000) emphasized the better
performance of PPPs.
Project Success Factors
It is widely accepted that project success and also efficient allocation and use of limited resources rely heavily
on identifying critical success factors (CSFs) (Kwak et al. 2009). Several researchers have developed a list of required
success factors for PPP projects. Investigating previous studies showed that vast number of studies has been conducted
in U.K. and also the great attention has been paid to BOT type of PPP.
One of the initial research efforts made emphasized on entrepreneurship factor (Tiong et al. 1992). In another
initial study, a CSF framework was identified through a literature review and examined by interviewing the project
participants in a BOOT Stadium as a case study in Australia (Jefferies et al., 2002).
Reviewing literature revealed that the most common success factor found by the majority of studies is political
support. However, there have been other prominent factors as follows: appropriate risk allocation and sharing (Qiao et
al. 2001, Zhang 2005, Abdel Azziz 2007, Jacobson and Choi 2008, Meng et al. 2011, Hwang et al. 2013), clear shared
roles and responsibilities (Jacobson and Choi 2008, Chan et al. 2010, Hwang et al. 2013), consortium structure and
strength (Tiong 1996, Jefferies et al. 2002, Jamali 2004, Zhang 2005, Jefferies 2006, Hwang et al. 2013), transparent
procurement process (Jamali 2004, Abdel Azziz 2007, Chan et al. 2010, Hwang et al. 2013), Technology and
innovation (Qiao et al. 2001, Jefferies et al. 2002, Jamali 2004, Jefferies 2006, Ng et al. 2012), financial package (Qiao
et al. 2001, Jefferies et al. 2002, Li et al. 2005, Abdel Azziz 2007, Ng et al. 2012). Some researchers pinpointed that
public and private sectors’ communication, coordination, and commitment are significant success factors (Dixon et al.
2005, Jacobson and Choi 2008, Meng et al. 2011).
Not being covered by most of the scholars, understanding value-for-money objectives also is a contributing
factor in implementing PPP project successfully (Abdel Azziz 2007). In 2014, Liu et al. developed a framework of life
cycle CFs in PPP infrastructure projects. This phase-based framework consisted of initiation and planning,
procurement, partnership phases (Liu et al. 2014).
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Chou and Pramudawardhani (2015) presented PPP profiles for Indonesia by collecting established indicators in
four other countries, including Taiwan, Singapore, China, and the United Kingdom. The indicators covered three
categories, namely, key drivers, critical success factors (CSFs), and preferred risk allocation. The data was collected
through combining the indicators of those countries, from mainly four published articles as well as a structured
questionnaire distributed in Indonesia. To verify the collected data and assess statistically, confirmatory factor analysis
(CFA) and Mean value analysis were utilized. The final list contained five key drivers (initially fifteen), and seventeen
CSFs (initially twenty), and sixty-nine risk allocation preferences. Considering risk allocation, it was found that there is
much more tendency (67%) to allocate risk to both private and public parties, while in Singapore, Taiwan, and China
this tendency is approximately half and preference of U.K. respondents to private parties is double. This comparison
revealed that whether there is similarity between these countries’ PPP profile in each category.
Some studies investigated the critical success factors for relation management (RM) in PPPs (Zou et al. 2014,
Anvuur et al. 2011). With a comprehensive literature review of the published papers, reports, as well as online public
sources Zou et al. 2014 prepared a template for collecting data through questionnaire survey and eleven interviews with
professionals in Hong Kong, and Greece, Singapore, Australia, and China. Due to findings since PPP is relatively new,
a general knowledge of RM is missing among industry practitioners, although they believe that it is required to make
improvement to current PPP’s performance.
In a review research paper (Osei-Kyei and Chan, 2015) the findings of twenty-seven studies in the period of
1990 and 2013 were summarized and all PPP CSFs were gathered. In total out of 57 factors, 37 were presented as they
were found in at least couple of studies. Regardless of the project type and phase, based on the factors’ frequency the
top five factors include appropriate risk allocation and sharing with 13 times, strong private consortium with 12 times,
political support with 9 times, community/public support and transparent procurement with 8 times. In addition, Hong
Kong, U.K., Australia, Singapore, China were ranked the top contributing countries respectively, with regards to the
number of research centers, scholars, and papers. Having 2 research centers, 2 researchers, and 4 papers, the U.S.
ranked 6 among 16 countries and scored of 1. The rest of the countries with 1 paper, scored of 1 and less. It was
revealed that “Appropriate risk allocation and sharing ” and “Strong private consortium ” were mentioned in almost half
of the studies. While 12 CSFs were addressed in 2 papers for instance, “Environmental impact”. Also, the major
research methodology for identifying CSFs was case study accounting for 41 percent. Other favored approaches were
questionnaire survey and then a mixed method, which is the combination of interviews, questionnaire survey, and case
study.
Taking the view that reasons for success are not completely clear, Li et al. (2005) determined the relative
importance of 18 potential CSFs for PPPs in the UK. A factor analysis provided a suitable factor grouping as “effective
procurement, project implementability, government guarantee, favorable economic conditions and available financial
market”. Also, the most significant factors were “a strong and good private consortium’, ‘appropriate risk allocation’
and ‘available financial market”. Liu et al. 2014, found CSFs in different project phases including initiation and
planning, procurement and partnership phases. Some studies focused on water supply projects, for instance Ameyaw
and Chan, 2016 found factors regarding commitment of partners, strength of consortium , asset quality/social support,
political environment, national PPP units.
Liyanage and Villalba-Romero, 2015, qualitatively investigated the overall success of PPP transport projects of
4 case studies in 4 European countries, UK, Spain, Portugal and Greece and determined key performance indicators and
measures quantitatively. Later, the authors analyzed more case studies in the EU (Villalba-Romero and Liyanage,
2016). Al-Saadi and Abdou, 2016 also listed the 5 most important CSFs as available and effective regulatory and legal
framework; proper risk allocation and sharing; clear project outcomes; comprehensive viability of project feasibility
study; proper value management in project life cycle.
Almarri and Abu-Hijleh, 2017 considered UAE as a case study and asked opinions of 30 participants and
compared to the results of the UK. While local financial market, macro-economic conditions, and favorable legal
framework led to some differences, out of 18 CSF, the first 9 factors were ranked similarly as “commitment of public
and private parties, appropriate risk allocation, committed and competent public agency, transparent procurement
process, strong private consortium, competitive procurement process, political support, detailed cost/benefits
assessment, and good governance”. There are articles also that mainly focused on individual phases during project life
cycle from preparation and planning to closing phase (Bayiley and Teklu 2016, Kavishe et al. 2018). Recently, Kavishe
and Chileshe, 2018 found CSFs in a affordable housing schemes by the means of case study approach in Tanzania.
Some scholars hold the view that a consensus on how to evaluate PPPs’ success has not been achieved and
success indicators and CSFs for PPPs are different (Liang and Jia 2018). In a comparative analysis, Muhammad and
Johar 2019 focused on CSFs of PPP housing in Malaysia and Nigeria. Using case studies, it was revealed that the most
important CSF in Malaysia are “action against errant developer, consistent monitoring, and house buyer’s demand”,
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whereas in Nigeria are “equitable risk allocation, stable political system, and reputable developer”. The more extensive
categories of CSFs and their references are presented in Table 2.
Table 2. PPP Success factors found by researchers and their sources
SUCEESS FACTORS
Appropriate project
identification
Strong private consortium

Appropriate risk
identification, allocation
and risk sharing

Competitive procurement
process
Commitment/responsibility
of public/private sectors
Strong government
commitment and support
Well-organized public
agency

Openness and constant
communication
Thorough and realistic
cost/benefit assessment

Project profitability
Project technical feasibility
Transparency in the
procurement process

Good governance
Effective regulatory and
legal framework

SOURCES
Qiao et al. 2001, Jefferies 2006
Tiong 1996, UNIDO 1996, Birnie 1999, Jefferies et al. 2002, Jamali
2004, Bing et al. 2005, Li et al. 2005, Zhang 2005, Jefferies 2006,
Abdul-Aziz 2010, Amponsah 2010, Chan et al. 2010, Dulaimi et al.
2010, Zhao et al. 2010, Abdou and Al Zarooni 2011, Babatunde et al.
2012, Cheung et al. 2012, Ng et al. 2012, Hwang et al. 2013, Ismail
2013, Liu and Wilkinson 2015, Osei-Kyei and Chan 2015, Kwofie et
al. 2016, Almarri and Boussabaine 2017, Osei-Kyei and Chan 2017
Grant 1996, Qiao et al. 2001, Akintoye et al. 2003, Bing et al. 2005,
Li et al. 2005, Thomson et al. 2005, Zhang 2005, Abdel Azziz 2007,
Jacobson and Choi 2008, Jin and Doloi 2008, Kwak et al. 2009,
Abdul-Aziz 2010, Amponsah 2010, Chan et al. 2010, Dulaimi et al.
2010; Abdou and Al Zarooni 2011, Meng et al. 2011, Babatunde et al.
2012, Cheung et al. 2012, Hwang et al. 2013, Ismail 2013, Liu and
Wilkinson 2015, Kwofie et al. 2016, Almarri and Boussabaine 2017,
Osei-Kyei and Chan 2017
Kopp 1997, Gentry and Fernandez 1997, Jefferies et al. 2002, Bing et
al. 2005, Li et al. 2005, Cangiano et al. 2006, Jefferies 2006, AbdulAziz 2010; Chan et al. 2010, Meng et al. 2011, Babatunde et al. 2012,
Ismail 2013, Kwofie et al. 2016, Osei-Kyei and Chan 2017
Stonehouse et al. 1996, Kanter 1999, NAO 2001b, Bing et al. 2005,
Li et al. 2005, Zhang 2005, Sengupta 2006, Abdul-Aziz 2010, Chan et
al. 2010, Dulaimi et al. 2010, Zhao et al. 2010, Ismail 2013, Kwofie et
al. 2016, Almarri and Boussabaine 2017, Osei-Kyei and Chan 2017
UNIDO 1996, Gupata and narasimham 1998, Jefferies et al. 2002, Li
et al. 2005, Jacobson and Choi 2008, Dulaimi et al. 2010, Babatunde
et al. 2012, Zhao et al. 2013
Boyfield 1992, Stein 1995, Jones et al. 1996, Finnerty 1996, Scharle
2002, Bing et al. 2005; Li et al 2005, Zhang 2005, Hemming 2006,
Sengupta 2006, Chan et al. 2010, Zhao et al. 2010, Zhang et al 2012,
Ismail 2013, Aigbavboa et al. 2014, Kwofie et al. 2016, Almarri and
Boussabaine 2017, Osei-Kyei and Chan 2017
Dixon et al. 2005, Jacobson and Choi 2008, Abdul-Aziz 2010, Meng
et al. 2011, Osei-Kyei and Chan 2015, Osei-Kyei and Chan 2017
Qiao et al. 2001, Brodie 1995, Hambros 1999, Bing et al. 2005, Li et
al. 2005, Zhang 2005, Sengupta 2006, Abdul-Aziz 2010, Chan et al.
2010, Zhao et al. 2010, Babatunde et al. 2012, Ismail 2013, Osei-Kyei
and Chan 2015, Kwofie et al. 2016, Almarri and Boussabaine 2017,
Osei-Kyei and Chan 2017
Jefferies et al. 2002, Zhang 2005, Sengupta 2006, Abdul-Aziz 2010,
Zhao et al. 2010, Meng et al. 2011,Osei-Kyei and Chan 2015, Kwofie
et al. 2016, Almarri and Boussabaine 2017, Osei-Kyei and Chan 2017
Qiao et al. 2001, Tiong 1996, Zantke and Mangels 1999, Li et al.
2005
Kopp 1997, Gentry and Fernandez 1997, Jefferies et al. 2002, Jamali
2004, Bing et al. 2005, Li et al. 2005, Abdel Azziz 2007, Abdul-Aziz
2010, Chan et al. 2010, Helmy 2011, Babatunde et al. 2012, Ismail
2013, Hwang et al. 2013, Wibowo and Alfen 2014, Kwofie et al.
2016, Almarri and Boussabaine 2017, Osei-Kyei and Chan 2017
Frilet 1997, Badshah 1998, Qiao et al. 2001, Bing et al. 2005, Li et al.
2005, Chan et al. 2010, Hayllar 2010, Helmy 2011, Ismail 2013,
Almarri and Boussabaine 2017, Osei-Kyei and Chan 2017
Boyfield 1992, Stein 1995, Jones et al. 1996, Tiong 1996, UNIDO
1996, Bennett 1998, Jefferies et al. 2002, Pongsiri 2002, Jamali 2004,
Bing et al. 2005, Li et al. 2005, Zhang 2005, Abdel Azziz 2007,
Abdul-Aziz 2010, Chan et al. 2010, Dulaimi et al. 2010, Zhao et al.
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Available financial market

Political support

Multi-benefit objectives
Government involvement
by providing guarantees

Sound economic policy /
financial package
Stable macro-economic
environment
Shared authority between
public and private sectors
Clear shared roles and
responsibilities
Strong community support
and relationship
Technology transfer
Technology and innovation
Flexible contracts
Trusting relationship and
communication between
the parties
Public (social) acceptance
/support

2010, Babatunde et al. 2012, Cheung et al. 2012, Ng et al. 2012,
Ismail 2013, Hwang et al. 2013, Ismail 2013, Zhao et al. 2013,
Kwofie et al. 2016, Almarri and Boussabaine 2017, Osei-Kyei and
Chan 2017
McCarthy and Tiong 1991, Qiao et al. 2001, Jefferies et al. 2002,
Bing et al. 2005, Li et al. 2005, Zhang 2005, Sengupta 2006, Abdel
Azziz 2007, Abdul-Aziz 2010, Amponsah 2010, Chan et al. 2010,
Zhao et al. 2010, Babatunde et al. 2012, Ng et al. 2012, Hwang et al.
2013, Ismail 2013, Kwofie et al. 2016, Almarri and Boussabaine
2017, Osei-Kyei and Chan 2017
Zhang et al. 1998, Qiao et al. 2001, Jefferies et al. 2002, Bing et al.
2005, Li et al. 2005; Zhang 2005, Jefferies 2006, Sengupta 2006,
Jacobson and Choi 2008, Abdul-Aziz 2010, Chan et al. 2010, Dulaimi
et al. 2010 Zhao et al. 2010, Babatunde et al. 2012, Cheung et al.
2012a,b; Ismail 2013, Kwofie et al. 2016, Almarri and Boussabaine
2017, Osei-Kyei and Chan 2017
Grant 1996, Qiao et al. 2001, Bing et al. 2005, Zhang 2005, AbdulAziz 2010, Chan et al. 2010, Zhao et al. 2010, Ismail 2013, Kwofie et
al. 2016, Almarri and Boussabaine 2017
Tiong 1996, Stonehouse et al. 1996, Kanter 1999, Zhang et al. 1998,
Qiao et al. 2001, Jamali 2004, Bing et al. 2005, Li et al. 2005, Zhang
2005, Cangiano et al. 2006, Sengupta 2006, Abdul-Aziz 2010, Chan
et al. 2010, Zhao et al. 2010, Babatunde et al. 2012, Ismail 2013,
Osei-Kyei and Chan 2015; Kwofie et al. 2016, Almarri and
Boussabaine 2017; Osei-Kyei and Chan 2017
EIB 2000, Bing et al. 2005, Li et al. 2005, Zhang 2005, Chan et al.
2010, Babatunde et al. 2012, Ng et al. 2012, Ismail 2013, Almarri and
Boussabaine 2017, Osei-Kyei and Chan 2017
Qiao et al. 2001, Dailami and Klein 1997, Li et al. 2005
Stonehouse et al. 1996, Kanter 1999, Bing et al. 2005, Li et al. 2005,
Zhang 2005, Chan et al. 2010, Hwang et al. 2013, Ismail 2013,
Almarri and Boussabaine 2017, Osei-Kyei and Chan 2017
Jacobson and Choi 2008, Chan et al. 2010, Hwang et al. 2013
Jefferies et al. 2002, Jefferies 2006, Jacobson and Choi 2008
NB: not included in this PPP/PFI research Qiao et al. 2001, Jefferies
et al. 2002
Tiong et al. 1992, Qiao et al. 2001, Jefferies et al. 2002, Akintoye et
al. 2003, Jamali 2004, Jefferies 2006, Dulaimi et al. 2010, Ng et al.
2012
Dulaimi et al. 2010, Babatunde et al. 2012
Ong and Lenard 2002, Jamali 2004, Susilawati and Armitage 2004,
Dixon et al. 2005, Jefferies 2006, Jacobson and Choi 2008, Karlsen et
al. 2008, Robinson et al. 2010
Frilet, 1997, Heinke and Wei 2000, Jefferies et al. 2002, Bing et al.
2005, Li et al. 2005, Chan et al. 2010, Ng et al. 2010, Zhao et al.
2010, Babatunde et al. 2012, Ismail 2013, Zhao et al. 2013, Kwofie et
al. 2016, Almarri and Boussabaine 2017

5 CONCLUSIONS

Changes in population, public demand, and governments’ capabilities in providing financial support
resulted in change in previous delivery methods to procure infrastructure transportation and subsequently
sustain economic growth. This change demands private sectors’ participation in non-traditional area,
particularly financing. Several countries have defined and employed PPPs in railroads, water plants, airports,
tunnels, highways, and etc. in which UK is the leading developer and user. Nonetheless, there are some
countries such as America that in spite of their aging public services still lags behind the rest of the world.
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According to the literature a wide range of topics associated with PPP projects have been studied,
such as risks, critical success factors, selecting the right concessionaire, roles and responsibilities of the
government, project performance, and key performance indicators. This paper covered previous and recent
studies, which can be considered as a valuable source for scholars to find gaps in the knowledge for further
studies. Reviewing literature revealed that more research is needed to investigate the relationship between
PPP contract terms and project performance regarding cost and schedule.abdel
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ABSTRACT:
With the recent rise of connected devices & big data, an abundance of geospatial temporal data (GTD) collected from
devices including personal cell phones and connected vehicles has become available for transportation analysis1. Using
GTD, journeys can be derived by following unique device IDs as they travel through the network throughout time,
providing a global scope of analysis that can use data gathered over months to year long periods, providing ground truth
over traditional speculative models and broadening the scope beyond point-level throughput analysis. GTD journeys
also provide metrics on journey characteristics, including trip time, distance, and speed. When combined with other
contextual datasets such as weather data, public transit routes, & geographical features, GTD can be used to deduce
origin, destination, transit mode and other important factors when considering transportation analysis.
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1 INTRODUCTION
This conference paper will look the use of GTD in transportation and smart mobility applications. The study of
transportation mode choice is of particular interest since it informs policy making for planners and transportation
engineers when analyzing transportation systems. Particularly, in urban areas, this involves addressing issues related to
congestion, parking, road network analysis and expansion initiatives for these systems. The use of traditional mode
choice models still enjoys a level of confidence by planners. However, Barff et al (1984) draw a distinction and suggest
that there is a constant shift from the aggregate to disaggregate models as well as a transition from focusing on physical
and economic variables to more cognitive and behavioral variables. Essentially, the disaggregate models are better able
to understand behavior of travelers vis-à-vis aggregate models which are most useful for a focus on transportation
planning initiatives. Domencich and McFadden (1975) indicate that aggregate models “replicate the results of
conditions existing at the time of the survey and provide little or no guidance to the effects on travel decisions of
changes in travelers’ circumstances or in the terms upon which they are offered alternatives in the transportation
environment.”
This is particularly relevant when one considers the current focus on defining what smart cities would look like. The
use of new technology and big data can provide a measure of insight into the possibilities of understanding the
circumstances and behaviors of commuters and the appropriate action that can be taken by policy makers to improve
quality of life.
Transity, a smart city data analytics and visualization platform, provides a framework to ingest GTD from a variety
of sources, such from Cuebiq (cell-phone GPS) or Cisco Meraki (Wi-Fi), and quickly generate journeys and dynamic
visualizations of GTD. By combining with public Columbus datasets including the American Community Survey 1, the
Central Ohio Transity Authority GTFS feeds2, & CoGo bikeshare data3, Transity generates “commutability scores” for
various modes of transportation that describes quantitatively the convenience & ease of a commute, normalized on
time. Using these techniques, Transity provides an alternative method of data-driven transportation & infrastructure
analysis.

1

U.S. Census Bureau. LEHD Origin-Destination Employment Statistics Data (2002-2015)
http://cota1974.maps.arcgis.com/home/index.html
3
https://www.cogobikeshare.com/system-data
2
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2 DATA COLLECTION AND ANAYSIS
The data collected for this research consists of both publicly accessible, free datasets from local, state, & federal
organizations, as well as data sourced from third party data resellers. These datasets focus on the Greater Columbus
Metropolitan Area, representing approximately 2.08M people, the second largest populous in Ohio4. Columbus was the
winner of the U.S. Department of Transportation (USDOT) Smart City Challenge and awarded $50 million in federal
funding in 20155, with a broad goal of developing an integrated smart transportation system that relies heavily on data,
analytics, and applications. A rich data ecosystem was the primary rationale behind the choice of Columbus for initial
work. A description of each individual dataset used for analysis is overviewed below.
A. Publicly Accessible Datasets
1) Federal Public Datasets
Data from both the US Census Bureau and US Department of Housing & Urban Development were leveraged in order
to derive work statistics and demographic data for origin-destination journey pairs for Columbus Ohio census blocks. To
reduce the scope of journey analysis, journey trends and origin destination pairs were partitioned using US Census block
groups for the eight counties representing the Central Ohio region. In total, 887 block groups were represented, each of
which could be further subdivided into approximately 13 Census blocks on average 6.
In addition to reducing the complexity of analysis, by using pre-defined US Census Bureau tracts, block groups, and
blocks, American Community Survey (ACS) and US Census data can be easily integrated. Specifically, the Longitudinal
Employer-Household Dynamics (LEHD) Origin-Destination Employment Statistics (LODES) dataset was leveraged for
the Central Ohio analysis to understand the general travel trends for residential to workplace commutes, one of the biggest
contributors to infrastructure congestion7. Three groups of data files are available on a state-level basis: origin-destination
(OD), Residence Area Characteristics (RAC), and Workplace Area Characteristics (WAC). The former sheds the most
insight for transportation analysis, as it provides on a census block level counts of individuals traveling to work in other
blocks based segmented by age, industry sector, and wages & earnings. 2010 data sourced from the US Census Bureau
was used for this particular analysis, however at the block-level data exists as recently as 2017 sourced from the ACS8.
In addition to the LODES dataset, LEHD provides additional datasets for Job-to-Job flow (J2J), metrics on worker
reallocation in the United States and Post-Secondary Employment Outcomes (PSEO), relating employment outcomes for
select post-graduate institutions to degree & education level. However, this paper only focuses on only the LODES dataset
for employment accessibility and transportation analysis.
In order to provide context on block-to-block travel in Columbus, the US Department of Housing & Urban
Development (HUD) was used to include geospatial demographic, employment, education, and housing information.
HUD provides an eGIS storefront with a publicly accessible API that allows for developers and analysts to explore and
access the aforementioned datasets9. Several key HUD developed indexes are described below:
•
•
•
•

Location Affordability Index (LAI) – Aggregates transportation and housing costs for individual neighborhoods
to provide a realistic estimate of the large majority of living costs for most American families.
Jobs Proximity Index (JPI) – provides an aggregate metric on job access based on distance for a particular
residential area.
Low Transportation Cost Index – Estimate of transportation costs for families with incomes less than 50% of
the median income for renters.
Low Poverty Index – Describes the extent of poverty in a particular area with a synthesized metric deriving from
family poverty rates and percentages of households receiving public aid or assistance.

2) Municipal Public Datasets
As the winner of the USDOT Smart City Challenge, Columbus has placed a large effort of aggregating and
consolidating transportation, environmental, energy, public health, and food access datasets into a single portal known as
the Smart Columbus Operating System (SCOS) 10. Through a combination of SCOS and other local municipal
organizations such as the local Central Ohio Transit Authority (COTA) bus system and even more specific Ohio State

4

Estimates of Resident Population Change and Rankings: July 1, 2016 to July 1, 2017
Source: U.S. Census Bureau, Population Division
Release Date: March 2018
5
https://www.transportation.gov/smartcity
6
https://www2.census.gov/geo/pdfs/reference/guidestloc/oh_gslcg.pdf
7
https://www.census.gov/library/publications/2011/compendia/statab/131ed/transportation.html
8
https://lehd.ces.census.gov/data/
9
https://egis-hud.opendata.arcgis.com/datasets?sort_by=relevance
10
https://www.smartcolumbusos.com/
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University related organizations such as the Campus Area Busing System (CABS) and OSU CampusParc, a wide range
of publicly accessible local transportation datasets were obtained for analysis.
To obtain public transit schedules, real time bus locations, and locations of public transit infrastructure, COTA provides
third party data access in partnership with SMART Columbus through General Transit Feed Specification (GTFS) feeds.
A WebSocket connection can be established to COTA GTFS that provides real-time information on bus locations, and
static bus stop locations and bus schedules could be obtained. Columbus also provides several bikeshare services,
including the CoGo bikeshare which has locations spread throughout the metropolitan area. Both CoGo stations as well
as journeys can be downloaded from the CoGo system data site11, which also provides real-time data feeds through the
General Bikeshare Feed Specification (GBFS). Historical data provides only the start and end station names, trip times
and duration, and general user demographic data, however when combined with other datasets such as Geospatial
Temporal Data sourced from cell phone GPS, additional inference on actual journey paths can be deduced. Real-time
data through GBFS provides only information on station status (i.e. available bikes).
In addition to city wide datasets, several Ohio State University specific datasets were sourced, most notably from OSU
CampusParc, the third-party parking operator that facilitates on campus garage and surface lot parking. This data provides
enter and exit times for vehicles, additional information about parking locations, and the payment type (transient or
permit) for garage and lot visits.
B. Third Party Datasets
The primary privately sourced dataset used for this analysis is also the same dataset that provides the majority of GTD
used in this analysis, also known by many in the industry as movement analytics. Cuebiq 12, a locational intelligence and
measuring company, provided anonymized tracking data for cell phones in the Columbus metropolitan area during the
dates of February 28th to March 31st 2017. Sourcing data from cell phone providers, as well as individual third-party
applications that passively collect location data, Cuebiq guarantees first-party geospatial temporal data that provides
accuracy of 30ft or less, providing an incredibly rich sample of ground truth transportation trends.
Individual Cuebiq data points represent a discrete event through an individual’s journey through Columbus, marked
with a geolocation (latitude and longitude), a timestamp, and a unique identifier stripped of any personally identifiable
information. Additional fields, including the device model & manufacturer, carrier code, and country and state code were
unused for this analysis, as the value of Cuebiq data lay mostly within its geospatial temporal nature. Using a past history
of data points for individual user IDs, derived fields including time since last reading, distance from last reading, speed
of travel (meters per second), cumulative moving average speed from a sample of the previous three data points, and a
linger flag used to determine if a particular device had become stationary were included in this analysis.
Two pipe-delimitated datasets were used primarily for this analysis, denoted cuebiq_cbus_5min and
cuebiq_osu_5min, representing datasets for the greater Columbus area and the Ohio State University campus area,
respectively.
Table 1: Cuebiq Datasets Metadata

11
12

Feature

cuebiq_cbus_5min

cuebiq_osu_5min

Location

Greater Columbus Area

Latitude Bounds
Longitude Bounds
Daily File
Compression
Uncompressed File
Size
Unique user IDs
Avg Datapoints/ID

39.775 – 40.251
-83.335 – -82.637
7%

The Ohio State University
Columbus Campus
39.980 – 40.040
-83.060 – -82.990
7%

~1 GB

~2 GB

399804
700

124240
53

https://www.cogobikeshare.com/system-data
https://www.cuebiq.com/about/
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Figure 1: Visualization of Raw Cuebiq Data

The Ohio State area dataset was generated as a subset of the full greater Columbus area dataset to focus on
several campus specific modes of transit, including the intercampus Campus Area Bus system (CABS) that provides
students & faculty of the Ohio State University a university specific public transit option.
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3 INITIAL FINDINGS
Transity’s methodology for analysis has been validated through several case studies. The first notable study was an
analysis of the effect the introduction of a new bus line (CMAX by COTA) had on job access to various hot spots along
local line 6, serving Cleveland Avenue. The primary tool used for this study was the commutability score. As mentioned
in the abstract, the commutability score is a single metric, ranging from 0.0 to 5.0, and is the combination of several
disjoint data sets. These data sets differ between modes of transportation – good commutability for a car means something
different than good commutability for a bike. For example, some of the data sets that are considered for the car
commutability score include current traffic times, congestion (calculated using data from Cuebiq), and distance. Some of
the data sets that are considered for the bike commutability score include access to bike trails, congestion (calculated
using data from Cuebiq), and distance. Some data sets are applicable across all forms of transportation, but their
importance varies. For this COTA study, Transity was used to perform analysis on the newly created CMAX Bus Rapid
Transit Line with the goal of measuring the change in job accessibility attributed to the line. The top ten most popular
work destinations were identified using LEHD Lodes data from the United States Census Bureau. There was an increase
in job accessibility across all ten of these work destinations after the introduction of the CMAX line. Using the
commutability score, Transity was able to determine that there was a 12% increase in job access via bus and 5% increase
via competitive bus (a competitive bus commute was defined as a score that was within 75% of the car score for the same
origin destination pair) to all ten of these locations.
As part of calculating the Transity Score, the raw GTD had to be transformed into actionable data. The aforementioned
individual Cuebiq data points do not provide a lot of information as standalone points but by stringing them together into
journeys better insight into ground truth movement can be gained. This was accomplished using an algorithm that
decomposed a user's location throughout the day into a series of waypoints that form a distinct journey. By looking at a
fusion of different metrics such as dwell time and distance between timestamps, current speed, and proximity to
transportation infrastructure a picture of a user's activity can be formed. By repeating this process for all the points in an
entire region, a macroscopic view of the region can be formed and used to generate novel insights for typical urban
problems such as job accessibility based on transportation options. For example, by running clustering algorithms on the
generated journey’s speed and distance they can be segmented into different mode of transportation. This enables detailed
analysis on the effectiveness of dedicated infrastructure such as bike lanes and pedestrian facilities.
A. Transity Score
The “Transity Score”, a commutability metric, was created to provide a cross modal normalized score that can be used
to compare Origin Destination pairs. From a conceptual level, this transportation metric can be thought of as the end to
end time between leaving an origin and arriving at a destination (first and last mile), including not only baseline travel
time but also factors such as time spent searching for parking (if driving), time waiting at a bus stop including schedule
delays (if taking the bus). This score is of course enhanced by the rich datasets described in the previous sections,
benefiting most notably from ground truth congestion data provided by Cuebiq. Ultimately, the Transity Score is one that
creates a cost function normalized by time, converting metrics such as distance to parking, Cuebiq congestion, or historical
travel trends to penalties in total travel time.
The score is composed of five data sources: mode-based travel time, ground truth congestion density, distance to
parking facilities, distance to bus stops, and distance to bike parking locations. The travel time and ground truth congestion
used time of day, origin, and destination to provide a more accurate picture of the commutability for a specific point of
time. Each distance metric (parking garages, bus stops, and bike parking) and the ground truth data incorporated a search
radius parameter. Defaults values were selected based upon what is reasonable for each mode of transit. Parking garages
were set at a larger search radius because you would be searching for them from a car versus public transit stops where
walking was the primary transit mode. Furthermore, GTD was utilized as proxy for local traffic. Varying the search radius
for the GTD defined the “local” area around the destination.
𝑡𝑡𝑜𝑡𝑎𝑙 = 𝑡𝑟𝑜𝑢𝑡𝑖𝑛𝑔 + 𝛼𝑝 𝑡𝑝𝑎𝑟𝑘𝑖𝑛𝑔 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 + 𝛼𝑝𝑡 𝑡𝑝𝑢𝑏𝑙𝑖𝑐 𝑡𝑟𝑎𝑛𝑠𝑖𝑡 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 + 𝛼𝑏 𝑡𝑏𝑖𝑘𝑒𝑠ℎ𝑎𝑟𝑒 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 + 𝛼𝑙 𝑡𝑙𝑜𝑐𝑎𝑙 𝑐𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒
𝛼𝑝 + 𝛼𝑝𝑡 + 𝛼𝑙 + 𝛼𝑏 = 𝑐
(1)
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Table 2: Travel Time Constants

0,
5,

𝑆𝑐𝑜𝑟𝑒(𝑚) =
{ 3−

𝑡𝑡𝑜𝑡𝑎𝑙−𝜇𝑚
𝜎𝑚

Constant

Value

𝛼𝑝
𝛼𝑝𝑡
𝛼𝑏
𝛼𝑙
𝛼𝑝
c

Parking Time Weight
Public Transit Weight
Bikeshare Weight
Local Congestion Weight
Parking Time Weight
Constant Value

𝑡𝑡𝑜𝑡𝑎𝑙−𝜇𝑚
𝜎𝑚
𝑡𝑡𝑜𝑡𝑎𝑙−𝜇𝑚
𝜎𝑚

≥ 3
≤ −2

(2)

, 𝑒𝑙𝑠𝑒

Table 3: Scoring Constants

Constant
𝑚
𝜇𝑚
𝜎𝑚

Value
Travel Mode
Average travel time for
mode m (across total
population of routes)
Standard deviation of travel
time for mode m (across
total population of routes)

Formula 1 represents how the total travel time was calculated for each transit mode basis. Four scoring modes
were had predefined weighting and search radius constants: walking, biking, bus, and car travel. A routing service that
incorporates traffic incorporates real time traffic provides the raw routing time for an O/D pair. Each time additive was
computed, and the weighting was applied to determine the total travel time. This raw time was normalized from 1 to 5 by
Formula 2. For each travel mode, the distribution of travel times was determined by drawing a random sample of journeys
and estimating the population mean and standard deviation of the travel times. The assumption that these distributions
were normal was made to allow for scoring analysis. Specific thresholds were determined for a maximum and minimum
score, whereby any travel time in the top or bottom standard deviations.
Figure 2 shows the UI created for quick visualization and customization of the radius for each POI within the
context of the destination. It also allowed for the weight of each component in the score to be varied. By changing the
weights, and search radius, scores can be created for custom transit modes and then used to compare this new mode for
an entire region.

Figure 2: The Score Configuration Screen

The score is foundationally a normalized travel time from origin to destination that approximates how this trip
compares to a typical one in the region. While routing algorithms provide an intrinsic metric on travel time, factors such
as parking access, public transit schedules, and bike parking ultimately must be converted into numerical time penalties
to create a more accurate picture of total travel time. This was addressed by computing a “time additive” for each POI
category that would be added on to the raw travel time provided by a routing algorithm. It is designed to approximate the
first mile/last mile time spent traveling between an origin and destination. The time additive, defined as K in Formula 3,
represents the worst-case time penalty if there are very few POIs near the destination and they are very far away. For car
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travel and parking garages this was defined as 10 minutes as that represents the typical amount of time spent looking for
a parking location, parking, and walking to the final destination. The factor on K varies from 0 to 1 and is determined by
both the number of a specific type of POI in close proximity and the distance to the closest one. Both the number and the
distance is modeled as exponential decay – the expected number of POIs near the destination is heavily right skewed.
Alpha and Beta sum to 1 and represent the weighting of between the distance and the quantity of the POI.
To determine 𝜇𝑛 and 𝜇𝑑 journeys extracted from the GTD were randomly sampled to construct a representative
sample of the Columbus region. Using the default search radius, the number of nearby POIs and the closest location of
each type of POI for car, bus, walking and biking trips was recorded. The average was computed and used to normalize
each trip.

𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑇𝑟𝑎𝑣𝑒𝑙 𝑇𝑖𝑚𝑒 𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒 = 𝐾𝑚 (

𝛼
𝑥 +𝜇 𝑝
( 𝑛 𝑛)
𝜇𝑛

+

1−𝛼
𝑥 +𝜇 𝑞
( 𝑑 𝑑)
𝜇𝑑

), 𝛼 𝜖 [0,1]

(3),

Table 4: Score Weighting Constants

Constant

Value

𝐾𝑚

Time Additive for Mode of
Transit (10)
The weight of each part of
the time additive
The number of the POI in
close proximity
The distance to the closest
POI
The average number of the
POIs in a unit radius from
the destination (km)
The average distance to the
POIs found in a unit radius
from the destination (km)
Cost function decay order

𝛼
𝑥𝑛
𝑥𝑑
𝜇𝑛

𝜇𝑑

𝑝, 𝑞

The weighting was customized for each mode of transit. Biking placed a much higher emphasis on the relative strength
of bikeshare locations than parking garages. Similarly, a Bus score values the proximity of public transit significantly
more than proximity to parking or bikeshares.
B. CMAX Study
According to COTA’s 2017 Short Range Transit Plan, 51% of all trips are commuting to and from work 13. With this
knowledge, COTA targets service enhancements at making commutes more efficient for all segments of the population.
A recent service enhancement was the CMAX line. The new line had three main goals: improve mobility options,
promote economic development opportunities, and promote quality and affordable housing. The alignment travels
through one of the more economically disadvantaged areas of Columbus, Linden, and is the first BRT line in the region.
It runs from downtown Columbus to the area’s largest shopping center, Polaris, connecting two hubs of economic
activity and jobs. It was estimated that the line “will link more than 211,000 residents and 170,000 workers along
Cleveland Avenue to jobs, healthcare and educational resources and encourage economic development in the corridor”.
The specific alignment was chosen to maximize job accessibility for local residents and also improve commute times
between downtown and the shopping center. The success of the line was measured in both its ridership and its fare box
recovery ratio as is typical but also in the magnitude of an improvement it in job accessibility it made. Conventional
methods could not quantitatively analyze the effectiveness of the new route – the Transity score gave COTA a new
approach to this.
When evaluating a bus route most transit agencies are limited to simple utilization measurements. The most common
of which, according to the USF Center for Urban Transportation Research, is passenger trips per hour. Typically, fare
box recovery ratio is also measured. While these provide a high-level picture of how many people use the line it provides
no insight into where riders are coming from and how well the route connects those passengers to where they are trying
13

https://www.cota.com/wp-content/uploads/2016/04/SRTP.pdf
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to go. COTA, similar to many other transit agencies, wanted to understand how effective the line was at connecting
residents to jobs and wherever else they want to travel as they launched the CMAX route. The Transity Score provided
the missing link as it allowed COTA to quantitatively measure job accessibility and general connectivity before and after
the new route.
The Transity Score is designed to be computed for one O/D pair at a time. To score the performance across an entire
transit system there are millions of possible O/D pairings. While the Transity score can be computed for every pair, this
would have made detailed analysis difficult. The LEHD Lodes dataset was used to reduce the number of O/D pairs into
a more manageable amount. By extracting neighborhoods from the data and the number of people commuting from one
neighborhood to another, commutability for the entire region could be determined. After extracting the data, the top 10
neighborhoods with the most jobs, representing a total of 40,000 commutes, were identified and examined in greater
detail. The top 10 destinations aligned with expectations as they included downtown, Ohio State University, the casino,
major shopping centers, and large office parks. The number of destinations was restricted to ease the computational
burden of scoring each commute. For each O/D pair the average commute time and Transity Score was computed for
driving, walking, biking and taking public transit. Furthermore, any extracted journeys from the GTD that fell between
the pairs could be compared to ground truth data for a typical commute. Public transit was broken into two segments: bus
travel and competitive bus travel. The notion of a competitive bus commute proved to be very valuable in evaluating the
effectiveness of the CMAX route.
An analysis of all the O/D pairs was conducted both before and after the implementation of the new line. The schedule
data was filtered to only include the month before the launch (December 2017) and the month after (January 2018).
23,435/40,000 identified commutes fell in the Downtown Columbus region. Before the launch of the CMAX, only 1950
of those jobs had commutability scores that were competitive with a car commute. Only 6,000 of the 23,435 commutes
were accessible by bus in less than 90 minutes. After the CMAX line launched, the number of commutes accessible by
bus increased from 6,000 to 7,078 and a large proportion of that increase came as competitive bus travel. The number of
competitive commutes rose from 1,950 to 2,975. A similar gain was realized for commutes to Ohio State Universities'
campus – competitive bus trips increased from 2,512 to 2,990. Across the region, and especially in transit rich areas,
significant gains were seen in competitive bus trips and in job accessibility. The route increased the proportion of
competitive bus trips from 14% to 19% and 3,773 more jobs were now accessible by bus. Two new neighborhoods were
now accessible by Bus because of the CMAX.

Figure 3: Number of Trips to the Top 10 Work Destinations in Columbus before CMAX
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Figure 3: Number of Commutes to the Top 10 Work Destinations in Columbus after CMAX
The use of the extraordinary detail of the LEHD LODES at the Census block group level and a region wide
commutability score proved to be very valuable when measuring the effectiveness of the new CMAX route. The methods
employed are easily extensible to new regions and further transit system modifications. Furthermore, they can be used to
take snapshots at different points in time of how well a transit network connects employers to employees.
C. Cuebiq Journey Analysis
In addition to analysis performed utilizing the concept of data aggregation, synthesis, and reduction into a single
quantitative score to describe the commute between two points, another major focus of analysis initially utilized the
Cuebiq movement analytics data. Cuebiq data is geospatial temporal data that has hundreds of thousands to millions of
rows of data points for 24-hour intervals for a city similar to Columbus. The data used for this particular analysis was
geofenced from a national database to the Greater Columbus Metropolitan Area, and then further processed to be
geocoded to one of the 887 Census block groups in Columbus.
The goal of the analysis with movement analytics was to turn raw data points, such as the geospatial temporal data
provided by Cuebiq that represents an individual’s cell phone location in a point of time, into actual journeys throughout
Columbus, with contextual information such as route taken, average and instantaneous i speed, total distance, and inferred
mode of transit (public bus, walking, biking, driving, etc). In order to achieve this goal, first, the movement analytics data
had to be segmented by an anonymized unique user ID (AUUID) that was sourced from device information. Once data
had been organized by user, these points were then sorted to occur in chronological order, essentially following the path
of an individual’s phone throughout the day. Next, a series of data processing techniques were used in order to filter out
noise and outliers, such as stationary points (consider a cell phone sitting on an office desk). Using a filtered subset of
valid journeys, metrics such as total distance, total travel time, average & instantaneous speed, and origin & destination
were calculated. Using features such as total distance and average speed, the journeys were then clustered into inferred
“travel modes” using a combination of unsupervised learning algorithms as well as contextual information and prior
knowledge of traffic patterns of various transportation modes.
1) Journey Generation
Teradata, one of the primary sponsors of Transity and an original sponsor of the hackathon that served as the design
forum where Transity was first conceived, provided the Cuebiq data through their Teradata Database software, a highlyscalable relational data warehouse that has been optimized for handling large loads of data at once such as the Cuebiq
datasets. To segment the raw Cuebiq data by UUID, the Teradata nPath routine was used to match the regular expression
generated by AUUIDs to rows14. Two group criteria were used to divide the data into two descriptive subsets:
1. Continuous motion – describes journeys that represent a single commute or travel path, quantitatively defined
as journeys that have no gaps greater than 10 minutes long between successive periods of movement, as well as
a minimum instantaneous speed of at least two mph.
2. Lingering – defined as multiple readings within a set distance for a set duration of time, representing either an
individual has reached his or her destination, or data from a stationary phone. This category alone reduced the
number of viable points for analysis by approximately 50%.

14

https://docs.teradata.com/reader/JtLhZxnZVIJAs8pZG1VVfg/ll85Zv8r64nBs9xKzy2oXw
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From a single day’s worth of data, approximately 80,000 journeys were generated, visualized below:

Figure 5: Visualization of Raw Cuebiq Journeys

Compared to the raw Cuebiq data included in Figure 1, after journey generation, additional insights such as travel
patterns rather than discrete events, can be understood. Example analysis includes answering questions such as “from
where are commuters traveling to arrive at a work destination in downtown” or “where do most commuters on I-270 live
and originate their journey from”.
2) Transit Mode Inference
Beyond the path of the journey taken, using the temporal aspect of GTD allows for information such as
average/instantaneous speed and total travel time to be deduced. Using two features, total travel distance (calculated as
the sum of the geodesic distance between consecutive samples for an individual) and average speed (calculate as the ratio
of total travel distance to travel time) were used in an unsupervised clustering algorithm against all previously generated
journeys. The results were then segmented into seven individual clusters that each represent a particular subset of travel
type based on speed and distance.

Figure 6: Comparison of various Cuebiq journey clusters

Low distance (<5 miles), low speed (<10 mph average) travel, for example, is highlighted in the top left blue figure,
which may potentially correspond to bus or public transit travel, corroborated by the concentration of journeys on local
roads. Contrastingly, long distance (>15 miles), high speed (>40 mph average) travel, highlighted by the top right figure
in purple, may potentially correspond to daily personal vehicle commuters who travel from local suburbs to downtown
or other commercial districts via interstate highways, such as the I-270 outerbelt that is clearly highlighted as the ring
around Columbus. Further analysis would benefit from the fusion of public transit route data and more specific highway
infrastructure data to provide a source of validation for any inferred mode of transit.
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4 FUTURE RESEARCH
GTD can be used for movement analysis at any scale, from the macro to the micro. Previously Transity has been used
solely for macro-transportation analysis, but new use case opportunities continue to emerge. Some work has been done
exploring how GTD can help solve food insecurity in various regions around the country, primarily Columbus, Ohio and
Minneapolis, Minnesota, with the analysis being on the macro and micro scale, respectively.
1) Hands On Central Ohio
Since August 2018, Students from multidisciplinary backgrounds and faculty in the Battelle Center for Science,
Engineering and Public Policy at The Ohio State University have been able to work together with several stakeholders
such as the Mid-Ohio Regional Planning Commission (MORPC), Teradata, COTA, Hands On Central Ohio (HOCO)
and Columbus Partnership. The general thrust of this collaboration is to better understand and proffer policy solutions
to the growing problem of food insecurity and how it relates to mobility in a burgeoning smart city context. Large
datasets were analyzed in the process to gain greater insight into the fundamental mobility challenges around this
problem and how it could be addressed effectively. This includes determining the best way for the vulnerable to access
food.

Figure 7: Food pantry locations around central Ohio overlaying COTA bus routes.

Columbus has several food pantries and food co-ops, agencies like Hands On Central Ohio (HOCO) to help
direct citizens to those resources (See figure 7), and an improving transit system to get citizens move commuters around
the city. It is imperative for these components to work together in order to maximize benefits to the citizens of Columbus.
A mobility analytics pilot was created to improve food security/accessibility in the Columbus area. The initial approach
for the project started with analyzing accessibility to food pantries, based on appointment data provided by HOCO. Next,
analysis was performed on the journeys to and from the food shelters, with the journeys being derived from Cuebiq data.
Transity was brought in for this portion of the analysis due to the success of previous case studies (such as the CMAX
study elaborated upon in the previous section). The final step of the project was to utilize the insights derived from the
aforementioned analysis to evaluate potential improvements to food accessibility.
HOCO determined that food insecurity in central Ohio has increased over the years, spreading from just downtown
Columbus, to across all of Columbus and its suburbs. HOCO’s survey data from 2006-2016 showed that 13% of customers
did not show up for their appointments, and HOCO hypothesized that one of the obstacles for their clients could be
mobility. A group of OSU students in 2018 decided to have their capstone project report be focused on a closer analysis
of this data and issue. Transity was used to provide mobility analytics to food pantries and from various locations around
the Columbus area, or more specifically, to help analyze the difficulty for clients to get to various different food pantries
around Columbus. A global-scope analysis similar to the CMAX analysis across all pantry related journeys was performed
for these capstone students. The origins that were chosen for this analysis were all of the block groups that current HOCO
clients live in, and the destinations were the various food pantries that HOCO worked with. 10,000 total routes were
analyzed between all of these OD pairs, for three different modes of transportation (walking, bus, and car). This analysis
allowed the students to see all the food pantries all of the HOCO clients had access to, how many routes those clients had
to get to the pantries, and how commutable each of those routes were (with commutability being defined by the Transity
Score). With this, HOCO now had the ability to suggest to their clients which food pantries were most accessible based
on their mode of transportation.
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Here, instantaneous is defined as the speed calculated between two successive samples of Cuebiq data. This can often
span as long as five minute intervals.
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Abstract
Steel rails can generate defects, such as cracks or corrugations, due to surface fatigue from a prolonged service
life. Rail deterioration presents obvious safety concerns. To promote continued safe and reliable rail operation, previous
research has explored the mechanisms of rail defect origination and developed models to predict rail health status. In
this paper, a critical review of relevant internal rail defect detection literature has been presented, including a summary
of common defects as well as defect detection methods currently employed by the railroad industry. The pros and cons
of the current technologies will be discussed in the first part of the paper. The second part of the paper will discuss a
new and novel technique currently in development, acoustic emission (AE) detection. An explanation of the need of AE
detection technology will be presented, as well as the advantages, potential applications, and current approaches to
isolate the AE signals and reduce the effect of ambient noise. Finally, the paper will detail the prototype defect
detection system and the proposed test plan for application to high-speed rail systems.
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1. Introduction
Since the railway was first built centuries ago, it has become an essential component in the global
transportation system. In recent years, rail has comprised more than 30% of the United States (U.S.) exports, carrying
approximately 85,000 passengers and hauling five million tons of freight per day (American Society of Civil Engineers,
2017). The private freight rail industry comprises the majority of the rail infrastructure in the U.S. In 2015, more than
$27 billion was invested in railway infrastructure construction. Steel rails can develop defects, such as cracks or
corrugations, due to surface fatigue from a prolonged service life. Rail deterioration presents obvious safety concerns.
To promote continued safe and reliable rail operation, numerous inspection and detection technologies have been
proposed to monitor the condition of rail health. Currently, ultrasonic inspection is widely used by the railroad industry,
while a novel acoustic emission method is under development. The advantages and disadvantages of each method will
be presented as well as a discussion about the need for acoustic technology.

2. Mechanics of initiation and propagation of defects
Rail defects are one of the dominant causes of train derailments and an essential factor affecting transportation
safety in the U.S. The causes behind rail defects are complicated and can be associated with various factors such as
hydrogen imperfection during the cooling progress, incomplete welding of rail joints, or rolling compression on the
high sides of curves (Office of Railroad Safety, 2015). Further, defects can be located anywhere along the length of a
track and in a multitude of locations within a rail cross-section, such as in the head, squat, or web. Thus, a full
understanding of the mechanics of defect initiation and propagation will provide a pivotal theoretical background for
defect detection and railway safety.

2.1 Types of rail failures
To understand how to detect rail defects, it is important to understand the types of rail defects. Failure of
modern steel rails can be divided into three groups: manufacturing defects, inappropriate installation and maintenance,
wear and rolling contact fatigue. Background on each type of defect is provided in the following sections.

2.1.1 Manufacturing defects.
Modern steel rails contain some defects from the manufacturing process, such as hydrogen imperfection, split
head, piped rail.
Hydrogen imperfections during the cooling process can cause transverse defects in high-chrome rails, known
as transverse fissures. Unfortunately, transverse fissure defects are not easy to detect. Cyclic loading from passing trains
may cause a hydrogen imperfection to grow into a fatigue crack. The crack will grow faster the longer it becomes,
thereby accelerating the failure progress. Upon reaching a critical size, a rail can suffer a complete fracture (Office of
Railroad Safety, 2015).
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During the manufacturing process, rails may also generate internal seams and segregations. The seams may
cause a split head to form. Split heads can be either horizontal (longitudinal to the rail) or vertical (transverse to the
rail). Generally, a horizontal split head will originate approximately 1/4 inches under the rail surface, while a vertical
split head will usually generate through or near the center of the head and progress to the surface. The split will grow
quickly once the seam or separation begins to spread, ultimately leading to failure of the rails (Office of Railroad
Safety, 2015).
Inappropriate cooling can also cause a longitudinal seam or shrinkage cavity in the middle of the web, which
may lead to a defect known as piped rail (Figure 1). Once development begins, the defect will grow vertically towards
the two sides of the rail. Axle loading will then cause the defect to develop in a horizontal direction, resulting in a huge
cavity inside the web (Office of Railroad Safety, 2015).

Figure 1. Piped rail originated from web split (Office of Railroad Safety, 2015)

2.1.2 Inappropriate installation and maintenance defects
During the installation process, improper handling methods such as wheelburn. A lead to rail damage. Seams
and segregations can be formed due to poor installation. Such as web defect, broken base, defective weld, flaws can
cause severe defects in joints and bases during service, ultimately leading to failure.
Rail bases at grade crossings are vulnerable to corrosion from asphalt-based acidic filled materials. Most of the
corrosion fatigue originates at the web-to-head connection which causes rail separating at the head-to-web joint (Figure
2). Further, improper canting of the rail, gravel in crossings, or excessive speeds on curves can cause accelerated defect
development. Similar cracking can also be found in the head fillet area at the jointed rail end, which is usually caused
by an extreme stress condition (Office of Railroad Safety, 2015).

Figure 2. Head and web separation moving into the web (Office of Railroad Safety, 2015)
A base break can be generated during rail installation. Base breaks can be divided into two failure types:
broken base and base fracture. A broken base commonly generates in the lower flange area, and has a curved shaped,
such as “half-moon” break (Figure 3). A base fracture is usually developed from a breach or gap, and cause a
perceptible dent. The failure is typically due to a seam, segregation, or improper bearing on the tie plate. Defect
development in the transverse direction can be relatively slow before the defect extends into the rail surface. However,
sudden rapid failure may still occur with little transverse defect development (Office of Railroad Safety, 2015).
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Figure 3. Half-moon-shaped broken base (Office of Railroad Safety, 2015)
Defective welds are discontinuities or cavities in welded connections due to insufficient penetration, slag
entrapment (Figure 4a.), shrinkage, or lack of fusion (Figure 4b.), such welding issues are possible in both field and
plant welds. Defective welds may generate in joints at the head-to-web or base-to-web joints, and extend into either or
both rail ends. Also, defects may develop longitudinally through welded joints, which may result in a split web (Office
of Railroad Safety, 2015). Plant welds generally remove excessive weld material during the shearing process to flush
the web surface while field welds will present excessive weld material at the surface of the web-to-base joint. However,
both types of welds can lead to failure in an inclined direction.

(a)

(b)

Figure 4. Defective weld: a) slag entrapment; b) lack of fusion (Office of Railroad Safety, 2015)

2.1.3 Wear and rolling contact fatigue defects
Rolling contact fatigue (RCF) is a crack-like defect which is caused at the wheel-rail contact area by recurring
loads. Typically, if a rolling component is properly installed, aligned, lubricated, and loaded, then the primary failure
mode of material will be RCF (TA Harris, 2007). Rolling contact fatigue is the primary reason for maintenance and
replacement on heavy-haul railways (Cannon et al., 2003; Office of Railroad Policy and Development, 2011). Such an
issue may generate through the formation of crack-like flaws, due to very high contact pressures, which are typically
over 1000 MPa. The dominant mechanism is rather complicated, influenced by elements such as surface condition,
lubricant, and maintenance. RCF is different from classical fatigue in the following conditions (Sadeghi et al., 2009):
1.

The state of stress in irregular contacts is complicated and multiaxial, governed by the Hertzian contact
theory.

2.

The loading diagram shows the changes at a specified location below the surface is not proportional, such
that the stresses of the point varies in a non-proportional way.

3.

Non-conformal contacts can generate high hydrostatic stress component.

4.

Occurs in a very small area of stressed material; 200–1000 um are the common contact sizes.

5.

Can result in a fatigue spall through the following stages: 1) shakedown, 2) steady-state elastic
deformation, 3) instability.

6.

Generally initiated from local plastic deformation, as well as growing residual stresses.
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Head checking, shells, flaking, burned rails are the common types of RCF, which are classified by crack
initiation region and cause of initiation. Head checking (Figure 5a) is a small separation of rail steel occurring on the
switch areas and gauge side, especially the high side of curves. Head checking is caused by the lateral force effect from
wheel displacement on the railhead; the separation can eventually result in a transverse separation. Shells (Error!
Reference source not found.) are defined as developing horizontal separations, which commonly occur on the gauge
side of the rail head. Shelling can digress into a transverse separation and is considered a detail fracture. Such
separations can result in parent metal displacing from the railway. Flaking (Error! Reference source not found.) can
be defined as a horizontal separation with small segments scaling from the parent steel. It usually initiates on the rail
surface and can be found near the rail switch joints, where concentrated force affects the rail steel. Burned rail (Error!
Reference source not found.) is a head issue, which generally caused by rail-wheel friction from slipping. The
impacted region can gradually scale and abrade with repetition. Possible defects generate from thermal cracks in the
burned area.

(a)

(b)

(c)

(d)

Figure 5. Common RCF defects: a) head checks; b) shells; c) flaking; and d) thermal cracks (Office of Railroad Safety,
2015)
Rolling contact fatigue is an inevitable failure type of the rolling contact elements. RCF defects are extremely
dangerous since cracks are typically formed at the rail surface. Fracture due to a single crack can increase the stress in
neighboring rails, which will increase the potential for of additional breaks and rail disintegration. Therefore, regular
track inspection and railway maintenance, are essentially to the rail lifetime health, and AE technology is an excellent
method to locate such defect in developing.

3. Past and present inspection technologies
Many inspection and detection technologies have been proposed to monitor rail health. The technologies
generally use imaging or sound for detection. Additionally, some unique methods have been proposed to solve the
defect detection problems, such as field hammer test measurements and electromagnetic tomography. The following
sections will briefly describe selected inspection technologies previously and currently employed, including optical
imaging technology, ultrasonic technology, and alternating current field measurement (ACFM).

3.1 Optical imaging technologies
The optical imaging method is based on a recognition technology using graphics scanning and processing. The
core rig of the testing system is a camera equipped with high processing speed and resolution. An optical encoder
performs graphics recognition and classification. Experimental research has been presented demonstrating real-time
detection at speeds over 216 km/h (Li & Ren, 2012).
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An automatic optical detecting system, which used color line-scan cameras and a spectral image differencing
procedure to detect flaws had been developed (Deutschl et al., 2004). The most significant advantage is the ability to
detect small defects, including invisible cracks. It was estimated that approximately 95% of the inspection work could
be replaced by this automatic method, thereby greatly increasing the efficiency of inspection compared to previous
techniques. However, the system is limited to only inline checking of new rails.
Advances had also been made on the software side of optical detection. A new method based on twodimensional discrete wavelet transform was employed to extract the rail surface region (Bojarczak, 2013). The
technology employs a support vector machine (SVM) and a Gabor filter bank. Test results show the classification rate
was over 93%. However, the scanning speed is below 61 km/h, restraining the technology. Similar research has been
performed in the area of image enhancement, which is aimed at creating an inverse Perona-Malik (P-M) diffusion
model for image enhancement (He et al., 2016). The advantage, compared with the previous system, is the rate of
inspection. The Perona-Malik diffusion model is capable of inspection at speeds over 240 km/h; unfortunately, the
precision is much lower, at 85.9%.
Advanced optical technologies include a 3D laser profiling system (3D-LPS) (Xiong et al., 2017). The system
contains an inertial measurement unit (IMU), a GPS (Global Positioning System), a laser scanner, and an odometer to
collect information from the surface of the rail. Results showed the algorithm could recognize a surface defect and can
locate the defect area with recognition rate at 93.78%. However, the experiment was performed at approximately 5.5
km/h; thus, further research on the application at higher speeds is still required.
While research has improved the optical detection systems, problems still exist, limiting system-wide
implementation. The main problems come from complex disturbance factors, limited recognition features, and the
requirement for real-time notification (Office of Railroad Policy and Development, 2011). For example, distribution
factors are complicated by inconsistent illumination and surface reflection variations caused by corrosion or stains.
Recognition could be extremely difficult if the rail is heavily covered with impurities such as drops of oil, dirt, soil, or
sand (Deutschl et al., 2004). Optical methods have shown potential; however, until the shortcomings are addressed,
implementation will be limited.

3.2 Non-contact ultrasonic detection method
Non-contact ultrasonic (NCU) method is a non-destructive testing technology, which utilizes ultrasonic
inspection without the sensor making direct contact with the material. NCU technology is widely used in structural
health inspections. The following discusses experimental studies of NCU for rail defect detection.
A rail inspection method using ultrasonic guided waves, developed by the University of California at San
Diego (UCSD), employs pulse-echo for rail scanning (F. L. di Scalea et al., 2005). An excitation frequency of
approximately 200 kHz was used for testing. The frequency provided acceptable surface wave mode and penetration
depth. Concurrently, a spatial averaging technique was employed to minimize the signal complexity and remove
unusable wave modes. Results demonstrated the technology worked well for both artificial and real defects. The
research was limited to low speeds.
Guided-wave defect detection in rails has also been proposed for non-contact testing (Rizzo, P., Coccia, 2009).
Defects could be detected where the energy of the propagating wave varied. The research used discrete wavelet
transform to help increasing signal reliability and improving the signal-to-noise ratio (McNamara, John, 2004; F. L. di
Scalea et al., 2005; F. di Scalea et al., 2007; Rizzo P, 2007). Testing results showed good overall detection frequency,
and high-frequency waves, approximately 200 kHz, were dominant.
A novel non-contact ultrasonic rail inspection system was developed by UCSD (Mariani et al., 2017). To
maximize the recognition of defects and minimize false positive results, the system employs a focused air-coupled
transmitter, real-time statistical algorithm, and symmetrically placed air-coupled receivers. Results demonstrated
excellent performance at low speeds, 1 to 8 km/h, and showed promise at speeds of 16 to 24 km/h.
Ultrasonic detection methods have excellent performance in detecting both surface and internal defects.
Laboratory and field tests have demonstrated a high recognition rate in field detection. However, most ultrasonic
technologies can only be employed at speeds below 40 km/h. The rate of inspection is one of the biggest obstacles
common to ultrasonic detection experimental studies.

3.3 Other methods proposed
A variety of other, less common, defect detection methodologies have been proposed. One such technology is
the ACFM, which based on the theory of generating a uniform electromagnetic field and sensing turbulence caused by
the defects in structures. Another less common method is based on electromagnetic tomography (EMT) technology
which utilizes tomography to inspect the track health.
ACFM is a non-destructive testing technology, capable of sizing surface breaking cracks through the
disturbance of measurements in the magnetic field (Papaelias et al., 2010). The technology does not require direct
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electrical surface contact, allowing it to work in many different environments. Research results from various simulated
defect conditions suggest that ACFM can be employed to reliably and accurately detect surface-breaking defects at
speeds of over 240 km/h. Results have confirmed the ACFM sensor has the capability of detecting visible crack lengths
as small as 1.2 mm long.
EMT method measures the alternating magnetic signal modulated by rail cracks by using the tomographic
approach (Liu et al., 2015). From the signal, a reconstruction of the crack distribution is produced. The disadvantages of
EMT include the expense and experience required. Compared to the conventional inspection method, EMT requires
professional knowledge to manipulate the equipment.

4. Acoustic emission technology in the detection of railway defects
4.1 Theory and advantages of acoustic emission technology
Acoustic emission (AE) is defined as an elastic wave generated by changes in the internal structure of the
material, which is caused by a sudden change of internal stress or external impact (Bruzelius & Mba, 2004;
Nivesrangsan, Steel, & Reuben, 2007). Microstructure changes are responsible for such phenomena. Changes can
include crack growths in the body and sectional displacements in material, as well as phase change, fiber breakage, and
decomposition. Typically, an AE testing system contains a sensor, preamplifier, and filter, as well as processing,
display, and storage. When AE signals are generated due to elastic deformation, sensors respond to the dynamic motion
and collect the signals. However, signals combine with ambient noises; therefore, preamplifiers are designed to filter
interference. The frequency of the AE signals collected is generally between 1KHz and 1MHz. After filtering, the
signals are transferred to the AE processing equipment for analysis and storage. During the signal processing, the signal
goes through a measurement circuit which compares the conditioned signals with a previously programmed threshold
voltage value. Finally, the signal is recorded into the storage device.
AE technology is different from other non-destructive testing technologies for a variety of reasons (Huang et
al., 1998; Bruzelius & Mba, 2004). First, the origin of the signal is different. Instead of providing energy to the object
during the examination, AE technology receives the energy released by the material passively. Second, AE technology
only responds to dynamic processes, or changes, in a material. The dynamic response is particularly important because
it can be used to trace continuous changes in the material. Through the initial research on AE technology, advantages
have been presented, such as easy installation and manipulation as well as the ability to monitor internal structural
changes (Al-Ghamdi & Mba, 2006; Thakkar, Steel, & Reuben, 2010).

4.2 Experimental study on AE technology
Research has been conducted aimed at applying AE to rail inspection for rail-track defect diagnosis (Bruzelius
& Mba, 2004; Thakkar, Steel, & Reuben, 2010). Although the research only presents simple experimental tests, the
results have demonstrated promising potential for further applications. In one study, AE technology was used to collect
raw data on train and tram wheels, preliminarily proving its feasibility in rail detection (Bollas & Papasalouros, 2010).
In similar research, AE was used to detect rail defects at high speeds using a rail–wheel test rig (X. Zhang et al., 2015).
The results demonstrated the proposed method could detect rail defects effectively at over 123 km/h. The studies
represent a basic foundation for further research in rail defect detection at high speeds. However, it is necessary to
combine the analysis with specialized software to determine the full function of the employed method. Additionally,
further work is required to locate defects accurately.
Defect location is a key objective of health monitoring of in-service railway switches. A novel technology has
been proposed in identifying and locating railroad switch joint defects (J. Zhang et al., 2016). Continuous wavelet
transforms (CWT) were used to analyze the Lamb wave propagation of an AE signal range of concentrated highfrequency AE signals is distributed in 100–150 kHz, indicating new or existing defects can be found by comparing the
AE signal characteristics in the frequency domain. The CWT is also used to analyze the Lamb wave dispersion features
of the AE signals for locating the defects. However, the study only proved the feasibility in the lab with a known defect,
while field testing with the more complicated testing environment was not presented. Further, such theories must be
developed and proven through field tests.
Other research for rail defect detection were performed on simulated AE sources having various propagation
distances, types, and depths (X. Zhang et al., 2014). In the study, three different simulated frequency AE sources were
used on the rail, and the depths of the AE sources were changed in the vertical direction. However, the method only
worked well for short distances with insignificant mode mixing and reflection, due to the limitations in propagation
distance.

4.4 Development in AE signal isolation
The key objective of AE inspection is extracting the defect signal from ambient noises. Therefore, reducing the
effect of ambient noises and extracting defect signals have been an important objective to increase detection accuracy.
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Various methods have been proposed and tested in practice. Multi-level Adaptive Noise Cancellation (ANC)
with Variable Step-Size Least Mean Square (VSS-LMS) has been proposed as a rail defect detection method (X. Zhang
et al., 2018). The study removed complex noises at high speeds by using multi-level noise cancellation, based on SelfAdaptive Noise Cancellation (SANC), and ANC. To improve the variable-step-size algorithm, the researchers proposed
a tongue-shaped curve with an index adjustment factor. The findings demonstrated a significant improvement with
respect to noise interference. However, the method can be only employed under 140 km/h; therefore, further research is
required for improved adaptability to high speeds.
A correlation technique has been researched to investigate the ability of noise cancelation in AE detection
(Sadoudi et al., 2016). A series of research studies have been conducted, including active response measurement, noise
correlation measurement, the sensitivity of detection, and application in rail defect inspection. In noise correlation
measurement, the higher correlation was observed with multiple noise-sources, which makes it possible to extract AE
signals from ambient noises. Isolation experiments demonstrated the characteristics of defect signals could be extracted
and located, proving the possibility of utilizing noise correlation to reconstruct AE signals. However, the paper did not
discuss the application in running vehicles or the extraction of defects in random ambient noises.
Ambient noise has been used as a damage indication and localization in a wind turbine blade (Tippmann, Zhu,
& Lanza Di Scalea, 2015). Reciprocity was examined in the response function. The response of the non-defective
structure should be the same in any direction of energy travel. Due to material discontinuity around defects, the signal
was interrupted in the causal and non-causal wave components, which denotes the existing of the defect in the
materials. The passive defect defection experiments were carried out on a homogeneous aluminum plate and
inhomogeneous wind turbine blade. Results indicate a promising method to passively detect defects. The paper provides
a workable method to locate defect signals, which contributes to AE passive detection. However, noise propagation in
inhomogeneous materials is still unclear.
According to previous research, ultrasonic energy and property will be changed due to discontinuities in the
rails (S Coccia & Phillips, 2011; Stefano Coccia et al., 2011; Mariani et al., 2013, 2016; Mariani & di Scalea, 2018).
Thus, the transfer function between two sensors can be reconstructed by cross-correlation operation (Weaver & Lobkis,
2002; Roux & Fink, 2003), then the transfer function which indicated the local defect could be extracted. Passive
extraction method has been used in isolating defect signals for trains running at high speeds (Lanza di Scalea et al.,
2017). Three possible options were listed to present the differences in isolating the defect signal, including crosscorrelation operation, normalized cross-correlation operation, and deconvolution operation. Through experimentation,
an AE inspection prototype was developed consisting of two arrays of air-coupled receivers designed to collect defect
signals (Figure 6). The inspection performance at different speeds needs to be fully characterized to realize real highspeed monitoring and fast data analysis, such as adjusting the bandwidth of the reconstructed transfer function.

Figure 6. Theoretical consideration of passive extraction of defect information
Wavelet Transform (WT) has been employed to extract defect signals (Ni & Iwamoto, 2002; Ping et al., 2002;
Liao Chuanjun, Li Xuejun, 2009). WT can obtain both signal time and frequency information, which is a significant
feature compared with Fourier transform. Further, wavelet scalogram can present the amplitude level of signals in
different scales and the time information. Such features will help identify the duration of the defect signal, as well as the
time step for data analysis. Both duration and time step can improve the accuracy of frequency resolution. Also,
ambient noises can be eliminated and the defect signal can be isolated during wavelet scalogram reconstruction
progress.

5. Ongoing project of AE technology in High-Speed-Rail defect detection
A prototype of an AE testing device is being developed at the University of Nevada, Las Vegas (UNLV). The
equipment is designed to detect and record AE signals for data analysis after collection. AE signals will be fused with
location data from an onboard GPS to provide accurate location information. In addition, the study aims to develop a
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signal-processing algorithm to reconstruct a transfer function for acquiring defect signals. Ultimately, the project goal is
to develop a functional product to detect rail defects at 350 km/h.
The prototype developed at UNLV will employ both air-coupled and bone-conduct sensors. Sensor frequency
ranges from 0~30 kHz and 30~300 kHz. The system will be outfitted with a GPS to provide geo-location information.
The initial goal is to test the feasibility of the system, followed by continued advancements and improvements. Multiple
methods will be used to extract the rail transfer function, and the pros and cons of each method will be evaluated. The
sensor will be evaluated initially through field testing at the Nevada State Railroad Museum in Boulder City, NV.
Tentatively, additional field validation testing is proposed at the Transportation Technology Center, Inc. (TTCI) in
Pueblo, CO and Chinese Academy of Railway Sciences. The performance of the testing device at low speeds (below
128 km/h) will be evaluated in the NV and CO, the evaluation at high speed (up to 350 km/h) will be conducted in
China. During the initial testing in Nevada, the device will be mounted to a test car and passed over rail segments with
known defects. Data will be collected to test the prototype as well as the AE signal extracting program. In addition, the
precision of the GPS information provided by the testing device will be compared to the geo-location of the defects.
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