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Abstract

One of the most commonly observed distress in asphalt pavement is shrinkage cracking, which has a significant negative
impact on the service life of asphalt pavement. The primary purpose of this study is to evaluate the effects of shrinkage or
transverse cracking of asphalt pavement on the load transfer efficiency (LTE) by using data obtained from the portable fall-
ing weight deflectometer (PFWD) device. So, the pavements of two roads, which were different in thickness, asphalt mix
design, and service life, were chosen. The deflections of about 800 different transverse cracks were then measured by the
PFWD device. After the evaluation of the collected data, a new equation was proposed for the calculation of the LTE, which
is expected to be more accurate than previous equations. A Finite Element (FE) model was then developed by ABAQUS
to investigate the LTE of transverse cracks with high accuracy. After the comparison between the developed model and the
collected data, the correctness of this model was verified. Also, the effects of some important factors, including the asphalt
concrete thickness, and asphalt concrete and base course modulus on the LTE, were investigated in the FE model. The results
of field data and FE analyses indicated that the LTE of transverse cracks in asphalt pavement depends on both cracks' widths
and the asphalt layer's thickness. The results revealed that when the cracks' widths and the thickness of the asphalt layer
increase, the LTE value decreases. Moreover, the results of the FE model analysis for the asphalt concrete and base course
indicated that the effect of the asphalt concrete modulus on the LTE was negligible; however, the base course modulus had
a considerable impact on the LTE. Hence, the LTE values can be estimated by using the developed model, transverse cracks'
widths, and the thickness of asphalt pavement without using the PFWD device.

Keywords Load transfer efficiency (LTE) - Portable falling weight deflectometer (PFWD) - Transverse crack - Finite
element method - Asphalt pavement

1 Introduction

One of the most important operations performed by pave-
ment management systems (PMS) is the evaluation of the
distress of road pavement and the determination of pavement
quality. The obtained data are used for different purposes,
such as the prediction of the distress extension and the ser-
vice life of the pavement, asphalt maintenance and rehabili-
tation, the estimation of the required budget, and prioritizing
the maintenance and repair operations [1].

Mostly, asphalt pavement is one of the most common
types of pavements for roads and highways, which is dam-
aged due to different factors. One of the distresses observed
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transverse cracks are common, which can have significant
negative effects on the service life of asphalt pavement.
Transverse cracking is created by different factors includ-
ing, thermal-stress accumulation, variations of pavements'
temperatures, and daily temperature fluctuations. Transverse
cracks usually originate from the asphalt's upper layer and
extend toward the lower levels. These cracks can increase
the roughness of asphalt and decrease the quality of road
vehicle movement and the load bearing capacity of asphalt
pavement. Transverse cracks can also increase water pene-
tration into asphalt pavement layers. As a result, they reduce
the service life and performance of asphalt pavement [3].
Hence, different experimental methods have been used to
enhance the mechanical properties and load bearing capacity
of pavements [4—10]. However, these methods have limita-
tions in terms of costs and time, and new non-destructive
and numerical methods are necessary to reduce pavement
construction and evaluation costs.

Although some methods, such as visual surveys or cor-
ing, are usually used for the evaluation of pavements' cracks,
coring is a limited, expensive, and destructive method. Also,
the visual survey is not accurate due to the lack of discrimi-
nation of the full depth and the partial depth of cracks.
Therefore, it is essential to use, meticulous, inexpensive,
and non-destructive methods for the prediction and evalua-
tion of cracks in asphalt layers [11]. It has been necessary to
enhance the quality assurance procedures and quality control
for pavement design. For this purpose, some different non-
destructive methods, including the multi-channel analysis
of surface waves (MASW), the falling weight deflectometer
(FWD), the infrared thermography, the ground-penetrating
radar (GPR) [12, 13], fuzzy networks [14], CT scan methods
[15] the Texas mobile load simulator (TXMLS) [16] and
plate load test (PLT) [17], have been employed to investigate
the asphalt pavement structure. Nevertheless, these methods
and devices are not practical due to their limitations during
the pavement construction process. For instance, accessibil-
ity issues were reported for the FWD during the road con-
struction procedure. Regarding the PLT, it usually demands
a loaded truck which may be an obstacle on roads, and it has
a slow process, causing a few hours of delays. These kinds of
limitations encouraged the researchers to develop new pave-
ment assessment devices which have fast measurement pro-
cesses and they are easy to move and operate, one of which
is the PFWD [17]. This is a portable and light device that
provides the measured data quickly [18]. Some important
features of this device, including low price, accessible and
fast measurements, lower costs, and higher quality evalu-
ations provided acceptable and reliable quality assurance
programs for transportation agencies [19].

The prediction of asphalt pavement structural responses
and mechanical performance has been investigated with
the finite element (FE) method in different studies [20—24].
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Indeed, a wide range of pavement technical problems can be
solved with the Finite Element Method (FEM), and realis-
tic predictions for asphalt pavement responses, which could
meet the requirements, were provided with this method
[25-27]. The ABAQUS software package has the capabil-
ity of linear, nonlinear, static, and dynamic FEM modeling
which has been used for pavement engineering in recent
years. Indeed, large-scale 3D solid models have been devel-
oped for pavements considering different materials’ behav-
ior, including hyperelasticity, linear elasticity, viscoelastic-
ity, and elastoplasticity. Hence, the developed pavement
models with these responses have been loaded in different
conditions, which can save a lot of time and costs and reveal
beneficial results [20].

The purpose of this study is to evaluate the effects of
transverse cracking of asphalt pavements on the load transfer
efficiency (LTE) of asphalt pavement by using data obtained
from the PFWD device. So, the pavements of the two routes,
which were different in thickness, asphalt mix design, and
service life, were investigated. A FE model was then devel-
oped by ABAQUS to investigate the LTE of transverse
cracks with high accuracy. The effect of different important
factors, including the asphalt layer thickness, asphalt con-
crete, and base course modulus, were also examined on the
LTE. After the comparison between the developed model
and the collected data, the correctness of this model was
verified.

2 Literature Review

According to the current methods for the determination of
the LTE of pavements, cracks can transfer half of the loads
to other sides. If an equal amount of stress and deflection is
observed on both sides of the cracks, the crack system can
transfer the load completely [28]. If cracks have low per-
formance in transferring loads, different deflections can be
seen on each side of the cracks, which can reduce the ratio
of deflections on each side of the cracks. However, if cracks
transfer a considerable amount of load, equal deflections are
observed on each side of the crack. Thus, the ratio of deflec-
tion on each side is around 1 (LTE=100) [29].

Many factors can affect the LTE, including the position
of the loading plate, the temperature of pavement and vari-
ation of temperatures, traffic loads, and asphalt mix design
[29-31].

The LTE can be calculated with Eq. 1 [29-32].

LTE = Wunloaded/Wloaded’ (1)

where the deflection of the unloaded edge of cracks is Wun-
loaded (mm), and the deflection of the loaded edge of the
crack is Wloaded (mm).
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Lin et al. (2006) found that transverse cracks had nega-
tive effects on the performance of pavement structures. A
new parameter was also proposed called "Pavement Struc-
ture Condition (PSC)", which was directly obtained from
FWD data. This parameter could determine the conditions
of different transverse cracks. PSC was also beneficial to
investigate the LTE of transverse cracks in semi-rigid pave-
ments. Compared to LTE, PSC was considered a more accu-
rate factor because it showed a higher level of sensitivity
[33]. In another study, a new mechanism was suggested to
evaluate the real LTE of highways and airports. Indeed, the
amount of LTE is measured under wheels with non-zero
speeds. The main objective was to investigate the effects of
dynamic loads on rigid pavements. The results revealed that
the LTE increased because of the higher velocity of dynamic
loads and higher levels of damping of pavements [34].

Moreover, in another study, strain gages were utilized to
evaluate the effects of cracks on the LTE values. The results
showed that the peak of strain gages could be performed
to investigate LTE when cracks form in rigid slabs [35].
Another method was using both coring and FWD. For this
aim, the cracks were assessed by FWD on a stabilized base.
Coring was then performed to determine the types of cracks
by the K-nearest neighbor (KNN) method. This approach
was based on the widths of cracks, and the results showed
that thermal cracks had higher widths [36].

Transverse cracks were also investigated with other
approaches in other studies. In a study, a new indicator called
transverse crack condition index (TCCI) was calculated by
the distance and width of cracks. The range of TCCI was
between 0 and 100, and this indicator was reported to be a
suitable parameter for the estimation of pavement conditions
[37]. Furthermore, ultrasonic technology was applied for the
evaluation of longitudinal cracks in flexible pavements. This
is a fast and simple technology that has been used earlier
for concrete and could show distress in flexible pavements
[11]. Besides, Zhang et al. (2015) utilized novel statistical
methods such as least squares regression and binary logistic
regression to create a model for the evaluation of cracks
in pavements. The results indicated that the initiation and
expansion of cracks are attributed to predictor variables.
So, the structure of pavement, variation of temperatures,
traffic loads, and pavement mix design can play important
roles in the expansion of cracks [3]. Moreover, Park et al.
(2014) used Layered Viscoelastic Pavement Analysis for
Critical Distress (LVECD) program to evaluate cracks in
pavements. The capability of the LVECD model for the ini-
tiation, expansion, and intensity of cracks was confirmed by
the comparison of the simulation and field coring results.
Overall, the consistency of field observations and predic-
tions was about 78 percent [38].

PFWD is reported to be a practical device for pave-
ment deflection evaluation. This device is vastly utilized

for concrete pavements. However, it can also be used for
asphalt pavements. For example, this device was used to
investigate asphalt pavement in a study [12]. One impor-
tant reason for using this device is its non-destructive
mechanism. Hence, the deflection of asphalt concrete in
longitudinal cracks was examined. Moreover, the structural
strength of asphalt pavement was examined by PFWD, and
the results revealed that this could be a practical way for
the asphalt pavement assessment [39]. The other applica-
tion of PFWD was the prediction of the asphalt pavement
master curve. Therefore, the quality of the asphalt pave-
ment was examined [40]. More importantly, this device
was used to evaluate the load transfer efficiency (LTE) in
transverse and longitudinal cracks in asphalt pavements.
The results showed that the behavior of these cracks is
different for load transfer, and they should not be catego-
rized in the same group for maintenance and rehabilitation
[41].The surface deflections of cracked pavements were
also evaluated by the data obtained from FWD in a few
studies. These data were used for the simulations with the
FEM [33, 42-45]

Deng and Yang (2019) investigated the semi-rigid pave-
ment transverse cracks by FWD. Dynamic FE models were
developed to model the semi-rigid pavement when FWD
loads are applied. For this simulation, the loads' location
and crack widths were taken into account. As a result, load
transfer efficiency (LTE) indexes were calculated which
were useful to distinguish between reflective and thermal
cracks [23]. Besides, the deflections of asphalt pavements
were evaluated by FWD. Different specifications of cracks,
including crack widths, crack types, and cracks' locations,
were used to develop 3D FE models. Among all these speci-
fications, the locations and widths of cracks were believed to
be influential on deflection [22]. This kind of assessment is a
practical in-situ method by which the pavement performance
can be predicted, or the modulus of layers can be obtained
by back-calculation approaches [46].

3 Introduction of Equations
for the Calculation of LTE

Some equations for the estimation of LTE are as follows:
e The Westergaard relationship can be calculated with

Eq. 2 [28]:

LTE = {1 — (dji — dju)/(dzi — dzu)} % 100, )
where dj; and dj, are the measured deflection on the
unloaded edge and loaded edge (mm), respectively, and dz;

and dz, are deflections recorded in the same position (mm)
(if the joint has no capacity for LTE).
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e Sharp et al. proposed a relationship for the LTE which
can be calculated with Eq. 3 [28]:where dlj and duj are
the measured deflection on the unloaded edge and loaded
edge (mm), respectively. dl,, and du,, are similar deflec-
tion (mm) in the mid-slab position for which the same
measurement sensors (d/; and du;) are used.

LTE = (dl,, — du,,)/(dl; — du;) X 100, 3)

e The LTE can be determined based on the stress and strain
with Eq. 4 [29, 30]:where 6,,,;,,404 a0 6,444 ATE Stress
on the unloaded and loaded slab (N/m?), respectively.
Eunloaded AN €jpaq04 aT€ strains on the unloaded and loaded
slab (m/m), respectively.

LTE(O-) = O-Unloaded/o-loaded = 6Unloaded/“"‘lnaaled’ (4)

e The LTE can also be defined with Eq. 5 [29-32]. It
should be mentioned that the parameters are similar to
previous equations.where 6,,;, 4.4 a0d 6},,404 L€ Stress
on the unloaded and loaded slab(N/m?), respectively.
Emivaded A4 €]paq04 ar€ strains on the unloaded and loaded
slab (m/m), respectively.

LTE(S) = O-Unloaded/o-loaded = eUnloaded/eloaded’ (5)

4 The Specification of the PFWD Device

PFWD is used to apply a certain falling load on the pavement
surface for deflection measurement in the pavement. This
device consists of a few different parts, including a frame
with buffers and sensors, a sliding hammer, sensors and elec-
tronic device, and a loading plate. Regarding its mechanism,
the major geophone sensor is located at the center, and other
geophones are located at a certain distance from the loading
plate. After applying loads, the deflection of the pavement
is measured. In this study, the PFWD device made by TML
Construction Company is utilized. The properties of this
device are shown in Table 1. Different diameters from 100 to
300 mm can be selected for the loading plate, and a 100 mm
plate was used in this research.

Table 1 The specification of PFWD

Specifications Amount
Loading weight S5kg
Loading plate diameter 10 cm
Falling height 50 cm
The weight of the device 15 kg
The Maximum load 10 KN
Maximum deflection 2.5 mm
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5 Experimental Methods
5.1 Testing Procedure

The PFWD device was situated at distances of 15, 25, and
50 cm of the crack to investigate the impact of transverse
cracks on LTE. Two geophones (D1 and D2) were fixed on
each side of the crack's edge. Then, the loading process was
performed in the distances mentioned above by the PFWD
device, and geophones determined deflections. This process
is depicted in Fig. 1.

After data analysis, it was concluded that the distances of
25 and 50 cm were not suitable because of large distances
and low loading, and the accuracy of deflections was not
high with these distances. Hence, the best distance of load-
ing was 15 cm from the cracks. LTE can then be calculated
by Eq. 5. Although these equations are theoretically cor-
rect, they may cause significant errors practically, which is
illustrated in Fig. 2.

As can be seen in Fig. 2, considering the current equa-
tions for LTE calculation, D1 and D2 on each side of cracks
are the primary factors for the calculation of LTE (LTE=d2/
dl). As is shown in the left side of Fig. 2, for asphalt pave-
ment without any cracks, the deflection of d3 and d4 are not
equal. The reason why this measurement is not accurate is
the difference caused by the radius of geophones (3.75 cm).
Therefore, in this study, the positions of geophones were
chosen based on Figs. 3 and 4. In these positions, the dis-
tance of geophones and the amount of deflection for each
side are equal for asphalt pavement without cracks. So, Eq. 6
is proposed to calculate the LTE with the measured deflec-
tions in these distances.

Fig. 1 The position of geophones and the PFWD device for data col-
lection
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Fig.2 The positions of the
loading plate and geophones for

data collection 7.5cm

15cm

7.5cm

Fig.3 The positions of geophones and the loading plate in this study

The data were collected by the PFWD device and the
location mentioned above for geophones. In this study, two
asphalt pavements were selected to investigate the effect of
transverse cracks on LTE. The LTE can be calculated with
Eq. 6.

LTE =d,/d, x 100 (6)

where LTE is the percent of load transfer efficiency, d, is the
deflection measured by the geophones D2 on the edge of the
crack (mm), d, is the deflection measured by the geophone
D1 on the other side of asphalt without cracks (mm).

Fig.4 The distance of geo-
phones and the loading plate in
this study

5.2 The Collection of Data

Two routes were investigated in this study, one of which was
the asphalt pavement of a main road between two cities, and
the other one was the asphalt pavement inside the university
campus. The thickness of the studied road was about 20 cm
with higher traffic loads, a 15-year life span, and more trans-
verse cracks. Regarding the asphalt pavement of the univer-
sity route, its thickness was about 7.5 cm with lower traffic
loads and an 8-year life span. In this study, the deflections
of transverse cracks were measured by the PFWD device.
Overall, 500 spots on the main road and 300 spots on the
university route were evaluated.

6 Data Analysis

After the data collection by the PFWD device, LTE was
calculated by Eq. 6. The LTE of the studied road and the
university route are shown in Fig. 5. Also, the comparison
between the LTE of the road and the university route is dem-
onstrated in Fig. 5.

According to Fig. 5, when the width of the crack
increased, the LTE decreased. Also, regarding Fig. 5,
although the thickness of the university route was lower than
the studied road, its LTE was higher for cracks with the same
widths. This can have two reasons, the first of which is the
involvement of the base layer of the university route due to
its lower thickness. Because if cracks occur in an asphalt
layer with low thickness, loads can be transferred to the base
layer. However, when the asphalt layer is thick, loads are

15CM
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Fig.5 The LTE for the studied road and the university route with dif-
ferent crack widths

mostly transferred by the asphalt layer rather than the base
layer, which can cause a reduction in LTE.

The second reason can be the effects of pavement life.
The asphalt pavement of the road is older than the univer-
sity route, and its traffic loads are higher. So, the depths of
cracks in the studied road can be higher than the university
route which can decline the LTE significantly. Overall, LTE
depends on many factors, including the properties of the
base layer, the thickness of the asphalt layer, the compaction
of base and sub-base layers, the quality of the prime coat, the
pavement life, and the depth of transverse cracks. These fac-
tors require different methods of investigation. Because the
width of the crack has been evaluated by common visual sur-
veys, this study mainly focused on the relationship between
the widths of the cracks and LTE.

6.1 The Determination of the Correlation Between
Variables

The main purpose of this study was to examine the correla-
tion between the width of transverse cracks and LTE. Thus,
the collected data were analyzed by SPSS. For this aim, non-
linear regression models were developed for the studied road
and the university route. Therefore, the function with the
highest accuracy was chosen as a suitable equation for the
estimation of LTE with the highest R? values, and Eq. 7 was
proposed for the estimation of the LTE of transverse cracks
for the studied road.

LTE = 110.872 X exp(—0.135 x W)R> = 77 7)

where LTE is the percent of load transfer efficiency, and W
is the width (mm) of the transverse crack.

The function with the highest accuracy was also suitable
for the estimation of the LTE of transverse cracks in the
university route with the highest R? value, which is shown
in Eq. 8.
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LTE = 113.374 x exp(—0.120 X W)R? = 84 (8)

where LTE is the percent of load transfer efficiency, and W
is the width (mm) of the transverse crack. Therefore, LTE
values for transverse cracks with different widths can be cal-
culated by Eqgs. 8 and 7.

7 The Numerical Model

In this study, a 3D FE model was developed by the finite
element method in ABAQUS to investigate the LTE of
transverse cracks. To verify the validity of this model, the
results obtained from ABAQUS were compared with the
LTE results of the studied road.

7.1 The Structure of the Model

In ABAQUS models, it is possible to define and interpret
different behaviors for the materials. The numerical mode-
ling and analysis of asphalt pavement similar to the real situ-
ation (viscoelastic and visco-plastic) demand a lot of time
for runs with supercomputers. More importantly, based on
some previous studies, linear elastic numerical modeling and
analysis of asphalt pavements revealed reliable and accept-
able results [23, 24, 44, 47, 48]. Hence, the linear elastic
method was used for numerical modeling and analysis in this
study which is popular for asphalt pavements.

Moreover, the damping effect and the mass inertia effect
were considered for the dynamic analysis. According to the
pavement materials' dynamic parameters, Rayleigh damp-
ing was utilized for the damping scheme. The damping
parameters o and § were relatively constant for the various
layers. a=100 and f=0.003 were used for the subgrade
layers, and =0 and f=0.005 were used for the base layers.
a=0 and f=0.003 were used for the asphalt layers [49].
The pavement structure was comprised of asphalt concrete,
base course, and subgrade. The specifications of layers in
the developed model, obtained from previous studies, are
shown in Table 2 [23, 24, 44, 47, 48]. The asphalt pavement
structure which was used for modeling is shown in Fig. 6.

FE simulation results' accuracy depends on the model
size. The suitable model size is associated with some vari-
ables. Two factors are reported to be important to achieve
desired accuracy and optimum analysis time. The first fac-
tor is to choose the model dimensions to be matched with
the field experiment. Secondly, applying restricted and free
vertical movements on the external side can show the cor-
rectness of the selected dimensions. Therefore, if the result
of these models is similar to the boundary conditions, the
effects of the model dimension are omitted. After a few
times trials and errors, 4 X4 X 1.95 m (width, length, and
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Table 2 The specifications of

- Elastic modulus  Thickness (cm) Density (kg/m3) Poisson’s ratio Layer
layers in the FE model (MPa)
1950 20 2400 0.3 Asphalt concrete
180 25 1900 0.35 Base course
120 150 1900 0.4 Subgrade
Crack Debonding 3310(1 PO(N) Disp Dx&u\pm
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Fig.6 The details of pavement structure for modeling

height) were chosen as the dimensions of the model in this
study.

Pavement responses during PFWD loading can be
affected by contact conditions at the interface of layers.
Because of the huge contact area and the effects of traffic
and gravity on the compressive loading, it was expected that
the pavement structure layers had complete contacts without
gap-opening. Hence, both absolute and relative motions of
interfaces' contacting surfaces were assumed to be small.
The friction coefficient of 1.5 for the HMA and base course
interface and the base course and subgrade interface was
used in this study [46, 50]. Regarding the boundary condi-
tions of FE models in previous studies, restrained bottom
nodes and roller-type lateral boundaries were selected [22,
23].

The PFWD loading plate diameter was 100 mm. Regard-
ing the meshing, the circularly loaded area was almost a
square with a length of 100 mm [22, 23]. The real transient
load pulse of PFWD was utilized for the model of this study
to simulate the conditions of the PFWD test. Regarding the
time-history graph achieved from PFWD, the applied load
was 4000 N, and the loading mechanism of this study was
based on Fig. 7. In this figure, the time unit is milliseconds,
DO is the deflection under the center of loading, D1 is the
deflation in the uncracked pavement, and D2 is the deflection
in the cracked pavement.

For the simulation of cracks in the pavement structure,
a gap was created in the pavement structure [23]. Also,

Fig.7 The loading mechanism in this study: DO is the deflection
under the center of loading (mm), D1 is the deflation in the uncracked
pavement (mm), and D2 is the deflection in the cracked pavement
(mm)

according to the field data collection, the position of geo-
phones and the loading method for all models were based
on Figs. 3, 4 and Sect. 5.1, respectively. In the developed
models, transverse cracks were in the surface layer, and the
depths of cracks were equal to the asphalt concrete thick-
ness. The crack widths varied from 1.5 mm to 16 mm. Seven
different crack widths (from 1.5 to 16 mm) were used to
evaluate the impact of crack width on the deflection basin.
The developed model in ABAQUS software with the loading
process and cracks' locations is shown in Fig. 8.

7.2 Mesh Sensitivity Analysis

Regarding meshing, small meshes are used in the sensitive
sections with high-stress concentration, and large meshes in
the less important sections with less stress are used, affect-
ing the analysis time. Also, using a mesh with the struc-
tural technic can bring about reliable and desirable results.
Thus, this technic was used for the meshing of this study.
In the FEM method, smaller elements can cause more accu-
rate results. However, due to the increase in elements in the
model, the analysis time will be increased. Therefore, mesh
sensitivity analysis was used to find the optimum mesh size
for the model. For this analysis in this study, five differ-
ent mesh sizes were tested. The first number of their names
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Fig.8 The developed model
in ABAQUS with the loading
process and cracks' locations:
P is the center of loading
displacement, R and L are the
displacements of the points
with a 15 cm distance from the
center of loading

shows the smallest dimension of the element, and the second
number indicates the largest mesh seed for each model. Five
different meshing sizes are illustrated in Fig. 9.

The analysis results for these five models were compared,
and displacements for the center of loading (P) and two other
points with 15 cm distance from the left (L) and right (R)
sides of the center of loading are shown in Figs. 10, 11, and
12.

Analysis time for different numbers of elements is
reported in Table 3.

According to Figs. 10, 11, and 12, three models of Mesh-
12.5-150, Mesh-12.5-300, and Mesh-25-300 revealed simi-
lar results. As is seen in Table 3, compared to the Mesh-
25-300 model, Mesh-12.5-300 and Mesh-12.5-150 had
61% and 729% more analysis time. Therefore, Mesh-25-300
meshing was used for all models in this study.

7.3 The Verification of the Numerical Model

Transverse cracks are active, and if the widths of the trans-
verse cracks change, the edge of the cracks moves. So, for
modeling these conditions in the cracked section of asphalt
pavement, the interaction between the base and asphalt layer
was defined as a debonding. This simulation can transfer
some deformations of the base layer to the other side of the
crack. Therefore, the inconsistency of asphalt and base lay-
ers near the crack can be developed in this model.
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Based on coring samples, the interface of asphalt concrete
and the base course is commonplace for debonding [23, 51,
52]. Also, for all cracks whose width is 1.5 mm or more,
debonding length at each side of the crack for the interface
of asphalt concrete and the base course was applied for the
developed models. Full bonding for the other parts of the
interface was also assumed for modeling.

According to the above-mentioned explanations, trans-
verse cracks at the interface of asphalt concrete and the base
course caused debonding, which is applied as debonding in
the developed models. As the amount of debonding is differ-
ent for each crack, the amount of debonding for each width
of the crack was investigated in the FE model based on the
LTE values of each crack. Hence, different FE models with
different debonding were developed, and the LTE values
obtained from these models were compared with the LTE
values from the field data collection. After this comparison
and analysis, the amount of debonding was selected from
those models in which the LTE values were similar to the
real field experiment values. Also, the LTE values obtained
from the FE model were compared with the LTE values
achieved from the regression equation, developed with field
data, shown in Fig. 13.

In Fig. 14, the amount of debonding in the FE model is
depicted for different crack widths. According to this figure,
for instance, the amount of debonding in the FE model for
a crack whose width is 10 mm should be around 30 cm to
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Fig.9 Five different mesh sizes for the mesh sensitivity analysis
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Fig. 10 The displacement diagram for the P point for five mesh sensitivity analysis models

have a good correlation with the field experiments. More-
over, as is seen in Fig. 14, Eq. 9 was achieved by which
the amount of debonding can be predicted for each crack
widhf (x) = —0.008x* + 0.043x> — 8.745x% + 96.49x — 128.7
(9)where f(x) is the amount of debonding (mm), and x is the
width of the crack (mm).

After the calculation of debonding for each crack width,
the LTE and deflection obtained from the FE model at the
loading point, cracked pavement, and uncracked pavement

were compared with the field data to verify the developed
model.

The time history graph for 3 mm and 6 mm cracks'
widths, obtained from PFWD and the FE model, is dem-
onstrated in Fig. 15. As is seen in this figure, the time his-
tory graph extracted from the FE model is similar to the
field experiment graph. For instance, LTE values of cracks
with 3 mm width were 82 and 70 for the field experiment
and the developed model, respectively. Regarding cracks
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Fig. 11 The displacement diagram for the L point for five mesh sensitivity analysis models
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Fig. 12 The displacement diagram for the R point for five mesh sensitivity analysis models

T?ble 3 Analysis time for Models Number of ele- Number of elements dif- Run time (S) Run time
different models ments ference (%) difference
(%)

Mesh-100-1200 450 -96% 11 —-96%
Mesh-50-600 1566 —-88% 30 —88%
Mesh-25-300 12,600 0 252 0
Mesh-12.5-300 26,268 108% 405 61%
Mesh-12.5-150 56,220 346% 2088 729%

with 6 mm width, the former and the later values were 43 LTE, maximum deflection, and the deflection pattern, the
and 47, respectively, indicating the good accuracy of the  developed model had high accuracy. However, LTE val-
simulation. Furthermore, the loading point deflection for ~ ues obtained from the field experiment and the developed
the field experiment and the developed model was almost ~ model had a slight discrepancy attributed to the reasons
equal to 0.09 mm. Therefore, according to the result of  below.
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Fig. 13 The LTE and cracks' 100
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from the field data analysis 90

80
70
60
50
40
30

LTE %

20
10

0
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1. In the developed model, the width of the crack is con-
stant on its thickness, which is equal to the depth of
the asphalt layer, but in the studied road, the widths of
cracks are not constant in their depths, and their depths
may not be equal to the depth of asphalt layer.

2. Inthe studied road, there were very thin and small cracks
around the main crack. But the impacts of these sur-
rounding cracks were not involved in the model.

3. Regarding the road, although each crack’s width was
variable all over that crack, the width of each crack is
assumed consistent in the model.

As the main goal of this study was to propose a new
non-destructive method for the pavement assessment using
the crack widths, other influential factors of the LTE had
not been investigated in this study. In the visual assess-
ment of pavements' cracks, the cracks' widths are col-
lected, and using this data for the developed model can

6 8 10 12 14 16 18
Crack width (mm)

propose a more reliable factor for pavement maintenance
and rehabilitation.

7.4 The Examination of the Effects of Asphalt
Layer's Thickness on LTE

After the verification of the model with the results of field
tests, the effects of the thickness of the asphalt layer on LTE
were evaluated in the FE model. For this aim, six different
thicknesses of the asphalt layer, including 60, 90, 120, 150,
180, and 210 mm, were modeled. Moreover, different cracks’
widths from 2 to 15 mm (W02 to W15) were used in this
evaluation. LTE values of different crack widths were then
calculated for each thickness. LTE values calculated by the
FE model for different widths and thicknesses are shown in
Fig. 16.

Regarding Fig. 16, it is concluded that when the layer's
thickness increased, the LTE decreased, which is mentioned
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Fig. 17 (a) The vertical
displacement contour for the
asphalt layer with 60 mm thick-
ness (b) The vertical displace-
ment contour for the asphalt
layer with 210 mm thickness

in Sect. 6. The vertical deflection contour obtained from the
FE model is shown in Fig. 17. When the asphalt concrete
had a higher thickness, lower loads were transferred, and
less stress was transferred to the cracked pavement compared
with the pavement with a lower thickness.

Also, according to Fig. 5, LTE values for different crack
widths of the studied road are lower than the LTE of the
university route. The thickness of the studied road was more
the university route, which may be one of the causes for
the lower LTE of the studied road. Finally, the developed
model results were in agreement with the field test in terms
of thickness.

7.5 The Asphalt Concrete and Base Course Modulus
Effects on the LTE

The base course modulus effects on the LTE are dem-
onstrated in Fig. 18. The selected range of modulus was
between 50 and 500 MPa, and cracks whose widths were

(b)

2,5, 10, and 15 mm were selected for this assessment. As
can be seen in this figure, LTE values increased by rais-
ing the base course modulus, and this trend was similar
to different cracks' widths. For example, for 15 mm-crack
widths, increasing the base course modulus from 100 to
500 MPa, increased the LTE from 10 to 38. The vertical
deflation contours in the pavement with 100 and 500 MPa
base course modulus is depicted in Fig. 19.

According to this figure, the deflection in the uncracked
pavement was high due to the lower modulus of the base
course. When the base course modulus was low, the
crack's edge in the uncracked pavement acted like a can-
tilever beam. As a result, when the load was applied, it
had high deflection due to less stiffness. Hence, a lower
load is transferred to the cracked pavement, reducing the
LTE. Moreover, when the stiffness of the base course
was higher, the LTE was also higher, which caused more
deflection in the cracked pavement.
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Fig. 18 The relationship
between different cracks' widths
LTE values and base course
modulus

Fig. 19 (a) The vertical dis-
placement contour of pavement
with 50 MPa base course modu-
lus (b) The vertical displace-
ment contour of pavement with
500 MPa base course modulus
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Besides, the deformation assessment of the loaded area
showed that increasing the base course modulus can improve
the load transfer. In stark contrast, when the base course
modulus was lower, the major deflection was observed under
the loading point due to less stiffness of the base course.

The asphalt concrete modulus effect of the LTE is illus-
trated in Fig. 20. The studied range was chosen between
500 and 5000 MPa to have a desirable accuracy, and cracks
whose widths were 2,5, 10, and 15 mm were selected for
this examination. As is seen, increasing the asphalt concrete
modulus for cracks with 10- and 15-mm widths increased
the LTE slightly. Indeed, when the modulus was raised from
500 to 5000 MPa, the LTE gradually increased from 10 to
19. This difference was much less for cracks with 2- and
5-mm widths which showed changing the modulus does not
have noticeable effects on the LTE of smaller cracks. As it
was concluded, the underneath layers have much more sig-
nificant effects on the LTE of asphalt pavements, and both
the thickness and modulus of these layers had noticeable
impacts on the LTE.

8 Conclusion and Recommendations

The main purpose of this study was to evaluate the effects
of transverse cracks on LTE by using data obtained from
field tests and numerical modeling. Firstly, the PEFWD
device was used to measure the deflections of asphalt
pavement on each side of transverse cracks in the studied
road and the university route. To examine the LTE val-
ues of different crack widths, a 3D finite element model
was developed in ABAQUS. The results obtained from
the field tests and the FE model were then verified. After
the verification of the developed model, the effects of the

Fig. 20 The relationship 90

asphalt layer's thickness, asphalt concrete, and base course
modulus were assessed by the FE model.
The main results of this study are as follows:

e A new equation was proposed for the calculation of LTE,
which is more accurate than previous equations.

e LTE of transverse cracks depends on the widths of the
cracks and the thickness of the asphalt layer. When the
width of the crack or the thickness of the asphalt layer
increase, LTE values decrease.

e The comparison between the results obtained from the
developed model and the field measurements showed that
the maximum deflection around the loading center was
almost equal in both methods, confirming the verification
of the model. Besides, the LTE values achieved by these
two methods were almost similar.

e Six different thicknesses of asphalt pavement were mod-
eled in ABAQUS. The results indicated that when the
thickness of the asphalt layer increased, the LTE values
decreased.

e Increasing the modulus of the base course raised the LTE
dramatically. However, rising the asphalt concrete modu-
lus had a negligible effect on the LTE.

e The transverse crack is active, and debonding may occur
at the interface between asphalt concrete and base course
with transverse cracks. The amount of this debonding
depends on the cracks' widths. The FE model proposed
a new model by which the amount of debonding can be
calculated for different cracks' widths.

Some recommendations for future studies, which can

broaden the knowledge of this subject and help pavement
assessment and maintenance methods, are as follows:
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The investigation of the fatigue cracking effects on the
LTE of pavements.

The evaluation of LTE values in different climate condi-
tions.

The determination of LTE limits as a criterion for pave-
ment condition and quality.
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