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An effective stress absorption layer can reduce the reflection crack. It can help to extend
the service life of road. In this research, an enhanced stress absorption layer of slow
crack (ESALOSC) is proposed and compared with the ordinary SBS modified asphalt
stress absorbing layer. The strain data of two stress absorption layers under different
loads, speeds and temperatures are collected by embedding sensors in the road, and
the dynamic response laws of the two stress absorption layers under different conditions
are analyzed. The results show that the asphalt pavement is a viscoelastic body and
the measured results are consistent with the theoretical solution of layered elasticity:
both stress absorbing layers are subjected to pressure. According to the comparison
between dynamic overload test and static overload test, the strain deviation between the
two sections increases from 11.6% of static load to 25.2% of dynamic load (40 km/h).
It indicates that the reinforced effect of geogrid is more obvious under dynamic load. By
establishing the relationship between vehicle speed and dynamic response, a vehicle
speed and dynamic response model for the ESALOSC is proposed. Based on the
test data measured at four temperatures, a model of the temperature and dynamic
response in the ESALOSC is proposed. The accuracy and effectiveness of the two
models are verified by comparing with other experimental results. The ESALOSC is of
great significance for improving the crack resistance of road. The research results provide
technical support and theoretical model for the development of long-life pavement
in China.

Keywords: stress absorbing layer, geogrid, dynamic response, vehicle load, vehicle speed

INTRODUCTION

With the rapid development of Chinese economy, the demand for transportation is increasing, and
the country ’s requirements for road service levels are increasing. At present, most of the domestic
transportation roads use semi-rigid bases (Sha, 2008). Investigations show that no matter in the
south or the north of China, there will be a lot of cracks after 2 years of opening to traffic. After
studying these cracks, it was found that more than half of the cracks was reflective cracks caused by
temperature shrinkage and dry shrinkage (Zeng et al., 2013). The development of these cracks not
only affect driving safety, but also shorten the road life. This shows that the existing domestic stress
absorption layer can no longer meet the daily use needs, and the problem of reflective cracks on
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asphalt roads is becoming increasingly serious (Geng et al.,
2012). Under this background, domestic and foreign
scholars have proposed different methods to delay the
occurrence and expansion of reflective cracks (Tschegg et al.,
2007; Doh et al., 2009; Schlosser et al., 2013; Zhang et al., 2018;
Ouyang et al., 2020).

The stress absorption layer has always been a research
hotspot of asphalt pavement. Scholars have mainly studied
the crack resistance mechanism of the stress absorption layer,
the application performance of the material and the testing
methods utilized to evaluate reflective cracking (Yoon et al,
2017). Iowa State University’s Ceylan successfully simulated the
stress intensity factor of crack propagation with neural network
(NN) method, and studied the crack propagation mechanism
(Ceylan et al, 2011). Zhao and Baek analyzed the reflection
crack propagation mechanism under dynamic load through
ABAQUS and found that increasing the vehicle speed could delay
the development of reflection cracks (Baek and Alqadi, 2008;
Zhao and Ni, 2009). Huang Xiaoming of Southeast University
applied discrete element software to establish a crack model for
a composite pavement structure with a semi-rigid base. It was
found that a normal load could generate a horizontal stress
concentration at the crack tip. The stress decreased around the
crack tip (Wang et al., 2016). Sun Yazhen of Shenyang Jianzhu
University used finite element software to simulate reflective
cracks and found that under different loads, reflective cracks
would expand in different ways (Sun et al., 2012).

Geogrid and various asphalt materials are the research focus
of stress absorbing layer materials (Keller, 2016; Zornberg,
2017). Xue Yongchao of Southeast University designed a stress
absorbing layer composed of epoxy asphalt and glass fiber
geogrid, and tested it by drawing test, shear test and fatigue
test. The results showed that the optimal ratio of epoxy asphalt
was 2.0 L/m?(Xue et al., 2016). Silva used four-point fatigue
test and rutting test, and found that the high proportion of
ultra-fine rubber granule asphalt mixture prepared by drying has
better fatigue resistance and the crack growth rate was slower
(Silva et al., 2018). Khodaii Ali recommended that the maximum
service life could be provided by placing the geogrid one third
from the bottom of the covering layer (Khodaii et al., 2009).
Zamora found that the geogrid has good crack resistance. High
modulus geogrid had better performance (Zamora et al., 2011).
The focus of these studies is to evaluate the actual properties of
materials, and there is a lack of research on the mechanism of the
action of materials in the road.

Aiming at the practical problems of reflection cracks, many
testing methods were introduced into the experiments. Saride
et al. used digital image correlation technology (DIC) to record
the crack growth failure pattern and corresponding tensile strain,
but DIC was very sensitive to moisture and dust in the air, which
could lead to large errors (Kumar and Saride, 2017; Saride and
Kumar, 2017). Ling Jianming invented Joint Motion Simulation
System (JMSS) using sensors, which considered the influence
of both traffic and thermal load. The test results showed that
the performance of geotextile was better than stress absorbing
layers, and polypropylene modified linoleum (Ling et al., 2019).
Wang Huaping embedded fiber sensors in the interior of the road

TABLE 1 | Pavement structure layer.

Location The structure layer Corresponding thickness (cm)
1 AC-13 4

2 AC-16 6

3 AC-25 8

4 Stress absorbing layer 1

5 5% cement stabilized gravel 18

6 4% cement stabilized gravel 18

7 Graded crushed stone 18

and collected a wealth of strain data. The corresponding strain
transfer theory and temperature error correction formula were
put forward, and it was suggested to use low modulus asphalt
as protection layer (Wang et al., 2018, 2019). Therefore, it is a
developing trend to explore the strain law of road interior by
using sensors, and it has good effect.

According to the current research status of stress absorption
layers and reflective cracks at home and abroad, it is found that
the currently designed stress absorption layers cannot meet the
development needs of China’s long-life pavement (Fan, 2015),
and hinder the modernization of transportation in China. At
the same time, there is a lack of systematic research on the
action mechanism and performance evaluation of geogrids. In
order to better solve the above problems, this paper uses sensors
to collect the strain information in the road. The objective of
this paper is to propose an enhanced stress absorption layer of
slowing crack (ESALOSC) and summarizes the strain laws of
ESALOSC. This stress absorption layer is composed of geogrid
and rubber modified asphalt. The road performance of ESALOSC
is verified by comparing with the performance of the ordinary
SBS modified asphalt stress absorbing layer (OSMASAL). In this
paper, sensors are arranged on two types of stress absorption
layers to collect strain information under different loads, speeds
and temperatures. This paper establishes the corresponding
mathematical model based on the experimental data, which
provides strong support for the follow-up research. The accuracy
and effectiveness of the two models are verified by comparing
with other experimental results. The research results provide
theoretical support and technical guidance for the design of
long-life roads, and have important engineering value.

ENGINEERING DESCRIPTION

The project locates on Cangshan Road, Fuping County, Hebei
Province. Fuping County is a mountainous region, with high
temperatures and high humidity in summer, concentrated
precipitation, cold and snow in winter. The minimum daily
temperature is —15°C. The road is laid out from west to east. The
roadbed is silty clay. The driveway is designed as a two-way four-
lane road. The ESALOSC and the OSMASAL are, respectively
laid on Cangshan east road. The section of K14-200-k1+400 is
selected to lay ESALOSC, which is composed of geogrid and
rubber modified asphalt, and this part is called “Section A.”
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TABLE 2 | The gradation composition of asphalt mixture.

The percentage of mass through the following screen (%)

31.5 26.5 19.0 16.0 138.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
AC-13 100 95 77 53 37 27 19 14 10 6
AC-16 100 95 84 70 48 34 25 18 13 9 6
AC-25 100 95 85 74 67 55 38 30 23 16 11 9 5
FIGURE 1 | (A) Two strain sensors, (B) strain collecting instrument, and (C) pictures of field tests.
The section of K0+930-k1+070 is selected to lay OSMASAL  TABLE 3| The location of the surviving sensors.
and compares with “Section A,” which is hereinafter referred to " : - Serial M : - Serial
« . » . . easurin oimn eria easurin ol eria
Section B.” The pavement structure is shown in Table 1. The g p 9P
. - . . . location number location number
gradation composition of asphalt mixture is shown in Table 2.
Figure 1 shows photos of the test system, where Figures 1A,B k14330 A2 K1+030 B2
are photos of the sensors and strain gauge, respectively, and k14300 A3 K1-4001 B3
Figure 1C is a photo of the test process. K1+270 Ad KO-+970 B4

DESIGN OF TEST SCHEME
Sensor Setup Scheme

The sensor in this paper is a strain gauge, and the strain data is
collected by placing the sensors on a stress absorption layer. The
sensors are covered with fine aggregates and the same asphalt
(Wang and Xiang, 2016). The sensors in section A are placed at
5 points and collectively referred to as “Group A.” Similarly, the
sensors in section B are also placed at 5 points and collectively
referred to as “Group B.” The sensors are located at the left-wheel
track of the carriageway, and the survival rate of the sensors is
60%. All conditions meet the requirements of the test. The details
of the surviving sensors are shown in Table 3. The location of the
sensor is shown in Figures 2A,B.

Test Plan

In order to analyze the effects of load, speed, and temperature
in the ESALOSC, the test is designed at different speeds, loads,

and temperatures (Tan and Guo, 2013; Xiao et al.,, 2016). Plan 1
selects five speeds to study the effects of dynamic and static loads
on ESALOSC. The three groups of tests conduct in sections A and
B. The plans are shown in Table 4.

DATA ANALYSIS

The high-frequency strain gauge is used to collect the strain data
of the two stress absorption layers. After installing the system,
strain gauge starts to collect strain data. The above three plans
are carried out three times, respectively. The maximum strain
is extracted from the test data as the dynamic response of the
pavement structure under each test condition. It is planned
to ignore data with more than 10% deviation. The variation
coefficient of all off the test data are below 4% in the same

Frontiers in Materials | www.frontiersin.org

May 2020 | Volume 7 | Article 148


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Yang et al.

Dynamic Load Monitoring of ESALOSC

Strain gauge

Conductor
The ESALOSC

= D | | .
The base
5% Cement stabilized
gravel
Unit: mm
4

FIGURE 2 | (A) Sensor embedded position of the ESALOSC, and (B) sensor embedded position of the OSMASAL.
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working condition. The tests are performed at different speed,
load, temperature, and road structure conditions, so the size
and distribution of the wheel load are different, which will
cause the dynamic response of the pavement structure to be
very different. According to the theory of layered elasticity, both
stress-absorbing layers are affected by pressure, and the measured
strains are both negative, which is consistent with the theoretical
solution of layered elasticity (Yang et al., 2017).

Effect of Load on ESALOSC

Plan 1 prepares to study the impact of the load on the two stress
absorption layers. The scheme is divided into a dynamic load part
(5-40km/h) and a static load part (0 km/h). The two dynamic
load tests are shown in Figures 3A,B. Figure 3A is the image of
the standard load vehicle (BZZ-100) passing at the A4 pile at
a speed of 10 km/h, and Figure 3B is the image of the vehicle
(13.9t) passing at the B4 pile position under the same speed. The
results of plan 1 are shown in Figures 3C,D. The analysis of test
data is shown in Table 5.

Figures 3A,B shows that when the vehicle passes over the
laying sensor, two obvious fluctuations occur on the strain image.
The front strain is smaller than the rear strain, which indicates
that the front strain is generated by the front wheel and the rear
strain is generated by the rear wheel. At the same speed, the strain
of both sections increases with the increase of the load. This
phenomenon is caused by the increase of the load that causes
the tire stiffness to increase, and the increased stiffness of the
tire causes the dynamic response to increase on the road. The
static load test shows that the load increasing from 10t to 13.9t,
which causes the strain of section A and section B to increase by
29.2 and 40.8%, respectively. The results show that the increase
of static load has greater impact on section B than section A. In
the dynamic load test at 5km/h, the strain increases by 23.9 and
38.1% in section A and section B, respectively. The dynamic load
tests at 10 km/h shows that the strain increases by 20.3 and 38.2%
in section A and section B, respectively. In the 20 km/h dynamic
load test, the strain increases by 16.3 and 36.4% in section A
and section B, respectively, and the 40 km/h dynamic load test
show that the strain increases by 10.5 and 35.7% in section A and

TABLE 4 | Test plan.

Test Vehicle speed(km/h) Vehicle load (t) The temperature of the

plan road surface (°C)
1 [00; 05; 010; 0O20; 040 [0BZZ-100; 013.9 3
2 00; 05; 010; 0O20; 040 13.9 3
3 5 BZz-100 0-8; 0-3; 00; O3

section B, respectively. The above dynamic load tests show that
the increase in dynamic load has greater impact on section B than
section A.

The data of five times show that the strain difference between
the two pavements increases from 11.6 to 25.2% with the increase
of the speed. It indicates that the reinforcement effect of the
geogrid under dynamic load is more obvious than the static load,
so it can be significantly improved the road carrying capacity. All
the strains in the static load test come from the original load of
the vehicle. The area of the stress-absorption layer that directly
contact with the wheel is affected by pressure, and the area
outside the wheel load edge is affected by tension. The geogrid
can reduce the pressure and tension in the stress absorption layer,
and reduce the corresponding strain. In the dynamic load test, the
strain not only come from the vehicle’s load, but also come from
the vehicle’s additional dynamic impact load. While dispersing
the above pressure and tension, the geogrid also reduces the
strain of the additional dynamic impact load.

Effect of Velocity on ESALOSC

The purpose of Plan 2 is to study the effect of vehicle speed
on the stress absorption layer in section A. The tests on piles
A4 and B4 are shown in Figures 4A,B. Figures 4C,D are model
images of dynamic response and speed. Table 6 shows the specific
parameters of the two models in sections A and B, Table 7
lists the actual measured data of the A2 and A3 piles and the
corresponding model data. The “deviation” in Table 7 refers to
the deviation between the actual measured data at A2 or A3 pile
and the data calculated by the model in this section.
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FIGURE 3 | (A) A4 pile’s loading vehicle strain (10t, 10 km/h), (B) B4 pile’s loading vehicle strain (13.9t, 10km/h), (C) the results of plan 1 are shown in A4 pile, and (D)
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TABLE 5 | Test 1 analysis.

Speed Strain difference ratio of Strain difference ratio of Two segment

(km/h) two loads in section two loads in section difference (%)
A (%) B (%)
29.2 40.8 11.6
23.9 38.1 14.2

10 20.3 38.2 17.9

20 16.3 36.4 23.5

40 10.5 35.7 25.2

Figures 4A,B show that as the speed increases, the dynamic
response of the wheels in the two stress absorption layers
gradually decreases. When the speed increases from stationary
to 20 km/h, the strain decreases significantly. However, after the
speed exceeds 20 km/h, the dynamic response gradually flattens.
This phenomenon is caused by the increase in speed, which
reduces the amount of time that the load acts on the sensor.
This is shown in mechanics as: the increase in road strength

and modulus affects the dynamic response of the road structure,
which proves that the impact of low-speed vehicles on the road is
greater than high-speed vehicles. Therefore, the model of speed
and dynamic response is proposed in part A: ¢ = 36.63724Inv —
189.6703. Its correlation coefficient is above 0.97. At the same
time, the measured data of the A2 and A3 piles are compared
with the data obtained from the above model, and the deviation
of data is within +4.68%. The results show that the model can
accurately reflect the strain caused by vehicles with different
speeds in section A, and has high applicability. The slope “A” of
the & —vlinear equation can represent the rate which the dynamic
response change with the speed of the vehicle. Table 7 shows that
comparing with the section B, the strain in section A decreases
less than section B with the increase of the speed, which indicates
that the speed has a smaller effect in section A.

Effect of Temperature on ESALOSC

In Plan 3, four measuring times are selected to represent different
temperatures in a day (Guo et al., 2017; Ouyang et al., 2018; Guo
and Tan, 2019). The measuring time are shown in Table 8. The
tests at A2 and B2 piles are shown in Figures 5A,B. Figures 5C,D
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FIGURE 4 | (A) A4 pile’s loading vehicle strain, (B) B4 pile’s loading vehicle strain, (C) model of strain and speed in the section A, and (D) model of strain and speed in
the section B.

TABLE 6 | Speed and strain model.

TABLE 7 | Verify the speed and strain model in section A.

Location Regression coefficient Model Speed Other pile actual measured data Data from the
(km/h) i o . o model (jie)
Section A A 36.63724 ¢ = 36.63724Inv — A2pile  Deviation  A3pile  Deviation
189.6703 (1ee) (%) (1ee) (%)
B ~189.6703 5 —127.42 —2.51 —125.75 -3.37 —130.705
The correlation 0.97416 10 ~101.09  —401  —106.63 1.5 ~105.309
coefficient (R<)
) 20 —81.51 1.99 —79.95 0.04 —79.915
Section B A 48.80782 & = 48.80782Inv —
261.58215 40 —53.43 —3.83 —51.97 —4.68 —54.519
B —261.58215
The correlation 0.96792

coefficient (R%)

are the model images of dynamic response and temperature.
Table 9 shows the specific parameters of the two models in
section A and B, Table 10 lists the actual measured data of
the A3 and A4 piles and the corresponding model data. The
“deviation” in Table 10 refers to the deviation between the
data actual measured at A3 or A4 pile and the data calculated
by the model in this section. The strain transfer efficiency
mainly depends on the protective layer material. In this paper,

TABLE 8 | Test time and road temperature.

Measuring The temperature of the Measuring The temperature of the

time road surface (°C) time road surface (°C)
12:00 3 0:00 -3
18:00 0 6:00 -8

the two sections adopt the same protective layer material,
so the two sections have the same strain transfer efficiency
(Wang and Dai, 2019).
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FIGURE 5 | (A) A2 pile’s loading vehicle strain, (B) B2 pile’s loading vehicle strain, (C) model of strain and temperature in the section A, and (D) model of strain and

TABLE 9 | Temperature and strain model.

TABLE 10 | Verify the temperature and strain model of section A.

Location Regression coefficient Model
Section A A —1.14545 e = —1.14545¢ —
91.36591
B —91.36591
The correlation 0.97226
coefficient (R?)
Section B A —1.29545 e = —1.29545¢t —
119.49091
B —119.49091
The correlation 0.98245

coefficient (R?)

Figures 5A,B show that as the road temperature increases
during the day, the dynamic response of vehicles also increases
in the same area. Because asphalt is a temperature-sensitive
material, its stiffness and modulus decrease with increasing
temperature, which increases dynamic response. Since the
temperature difference in the four tests is not large, the growth
trend of the dynamic response is slow. Plan 3 verify the effect of
temperature on the road. Therefore, the model of temperature

Temperature Other pile actual measured data Data from the
(°C) model (ju¢)
A3 pile Deviation A4 pile Deviation
(e) (%) (ine) (%)

3 -92.61 —2.32 -98.33 3.71 —94.81

0 —90.05 —1.45 —88.92 —2.68 -91.37

-3 —90.85 3.32 —85.77 —2.46 —87.93

-8 —85.17 3.60 —83.59 1.68 —82.21
and dynamic response is proposed in part A: ¢ = —1.14545¢ —

91.36591. Its correlation coefficient is above 0.97. In addition,
the measured data of the A3 and A4 piles are compared with
the data obtained from the above model, and the deviation
of data is within 43.71%. The results show that the model
can accurately reflect the strain caused by BZZ-100 vehicles
at different temperatures and has high applicability. The slope
“A” of the ¢ — t linear equation can represent the rate which
the dynamic response changes with temperatures. As shown in
Table 10: Comparing with the section B, the strain in the section
A increases more slowly with temperature, which means that the
temperature has less influence on the section A.
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CONCLUSIONS

Laying sensors on the two stress absorption layers, the strain
data are collected under different speed, load, and temperature
conditions. After collating the above data and analyzing the
dynamic response of load, velocity and temperature in the two
stress absorption layers, the following study can be concluded:

(1) According to the overload test data analysis: under static
load conditions, the ESALOSC strain is 11.6% lower than the
OSMASAL when overloaded 39% (13.9t) on the BZZ-100 basis.
In the dynamic load test under the same conditions, as the speed
increasing, the strain difference between the two stress absorbing
layers increase from 11.6 to 25.2%. The results show that the
reinforced effect of geogrid is more obvious under dynamic
load, which can significantly improve the carrying capacity of
asphalt road.

(2) By establishing the relationship between speed and
dynamic response, the model of speed and dynamic response is
proposed in the ESALOSC: ¢ = 36.63724Inv — 189.6703. The
slope represents the rate which the strain change with the speed
of vehicle. According to the regression results of the ESALOSC
and the OSMASAL, the strains of the two stress-absorbing layers
decrease with increasing speed. However, As the vehicle speed
increases, the strain reduction rate on ESALOSC is smaller
than on OSMASAL. It means that speed has less effect on the
ESALOSC than the OSMASAL.

(3) According to the test data measured at four times: the
temperature and dynamic response model is proposed in the
ESALOSC: ¢ = —1.14545t — 91.36591. The slope represents
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