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Abstract: Temperature distribution and the deformation behavior under temperature are important
parameters in the design and evaluation of concrete pavements. In this paper, in order to study the
horizontal distribution of the temperature effect on rubberized concrete pavement (RCP), the distri-
bution differences of temperature, temperature gradient and strain at different horizontal locations
were analyzed based on fiber Bragg grating test technology. The relationships between temperature
and strain and between temperature gradient and strain were also investigated. The results show
that within a cycle of temperature or temperature gradient change, the time of temperature increase
or temperature gradient increase is only 1/4 of the whole cycle, significantly less than the time of
the temperature or temperature gradient decrease. Comparing the center, edges and corner of the
pavement, the horizontal distribution of temperature and temperature gradients in the RCP is uneven,
and the greatest negative temperature gradient is experienced at the corner of the pavement, which is
25 °C-m~! greater than the temperature gradient at the center. The negative temperature gradient at
the corner of the concrete pavement exacerbates the bottom deformation at the center and edge of the
pavement, especially in the X-axis direction at the center and in the Y-axis and Z-axis directions at
the edge. The relationships between temperature and horizontal strain at the center and edge of the
RCP have a significant hysteresis effect and are markedly stronger than those at the corner. Moreover,
when the temperature gradient is less than —23.4 °C-m~!or greater than 14.5 °C-m~1!, the curling
effect at the edge of the RCP is more obvious.

Keywords: road engineering; rubberized concrete; temperature effect; distribution characteristics;
fiber Bragg grating senor

1. Introduction

As a structure in direct contact with the external environment over a large area,
concrete pavement is susceptible to environmental factors such as temperature, solar
radiation, rainfall, etc. This can lead to changes in temperature and humidity in the concrete
pavement, which can cause volume changes in the concrete pavement [1,2]. However,
due to the constraints of the subgrade and surrounding pavement slabs, curling and
warping stresses will inevitably occur within the concrete pavement [3-5]. Additionally, the
temperature distribution inside the concrete pavement is very uneven, and the variation is
complicated, causing the distributions of the stress and deformation inside the pavement
to also be very uneven [6,7]. It is easy for the pavement to form more significant upward
or downward curling deformations at the corner and edge of the pavement so that the
pavement loses the support of the base layer at the corners or edges and forms voids under
the pavement slab. Under the coupling effect of the traffic load, this is prone to lead to
cracking, breaking, pumping, etc., affecting its service life [8-10]. Consequently, the stresses
induced by temperature are of the same importance as those induced by heavy loads.
Temperature distribution and the deformation response under temperature are important
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parameters for the design and evaluation of concrete pavement and are reflected in many
national design and evaluation specifications [11,12].

Many studies have been conducted on the temperature distribution and temperature
effects in concrete pavements based on theoretical and empirical methods. Westergaard [13]
assumed a linearity of temperature variation, with depth and obtained temperature bending
and curling stress solutions for concrete pavements based on theoretical calculations. These
laid the foundation for pavement temperature stress calculations. However, Teller and
Sutherland [14] later reported the non-linearity of the actual temperature distribution with
depth. If the temperature distribution is assumed to be linear, it will affect the pavement
stresses obtained from calculations, which may not match the actual stresses occurring in
the pavement, thus allowing the pavement stresses to be overestimated or underestimated.
Thominson’s study noted that stress development due to nonlinear temperature distribu-
tion can be divided into an axial stress component due to uniform temperature changes,
the equivalent linear bending stress and the self-equilibrating stress [15]. Choubane [16]
evaluated the effect of temperature gradients on the behavior of the concrete pavement and
specified that the temperature distribution along the depth direction should be expressed
by a binary equation. Liang [17] proposed an analytical solution for the temperature dis-
tribution of concrete pavement and calculated the curling stresses and bending moments
based on a thermal analysis and the plate theory with the Winkler foundation. The results
demonstrated that the frequency of temperature change had the greatest influence on the
temperature distribution of the concrete pavement with depth. Therefore, the curling
stresses must be calculated based on a nonlinear distribution model. In recent years, with
the development of pavement monitoring, researchers have gradually found that the tem-
perature is not only non-linearly distributed along the depth direction but also unevenly
distributed in the plane. Kim [18] investigated the temperature distribution of concrete
pavements in longitudinal, transverse and vertical directions, and the results showed that
the temperatures within the pavement were similar at the same depth but were larger than
those obtained near the edge. Tian [19] and Quan [20] found the same inhomogeneity in
the horizontal distribution of temperature effects in concrete pavements by monitoring the
temperature and strain in concrete pavements at different locations and depths. Therefore,
the temperature distribution within the pavement is diverse, and simply using the current
theoretical calculations or empirical formulas without appropriate corrections will lead to a
large gap between the temperature stresses and the actual stresses in concrete pavements.
It is therefore necessary to further investigate the horizontal distribution characteristics of
concrete pavements in depth.

Ordinary concrete pavement has the advantages of high durability, good stability
and low construction costs. However, it also has problems, such as many joints and poor
flatness. In addition, the joints are prone to mud pumping, cracking and other diseases.
Rubber particles have excellent elasticity, toughness, shock resistance and damping proper-
ties. These particles can be added to concrete to replace a certain volume of aggregates to
form rubberized concrete. The addition of rubber particles can not only solve the environ-
mental pollution problem of waste tires but also effectively improve the toughness, impact
resistance, fatigue resistance, frost resistance and permeability of the concrete [21-23].
Meanwhile, the addition of rubber particles can reduce shrinkage deformation and im-
prove the crack resistance of concrete. It is expected to build large-size concrete pavement
and slow down the problem of facing the frequent joint diseases of ordinary concrete
pavement [24,25]. Therefore, rubberized concrete has good prospects for application in
airfield pavements.

The temperature distribution of pavements is largely controlled by the interacting
thermal properties of the pavement materials, such as thermal conductivity, specific heat
capacity, density, albedo and thermal emissivity [26,27]. Stemphiar [28] found that reduc-
ing the thermal conductivity and volumetric heat increased the maximum temperature of
the pavement but reduced the minimum temperature at night. Phelan [29] investigated
the effect of the material emissivity on pavement surface temperature and found that for
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every 0.1 unit increase in emissivity there was a reduction in the surface temperature of
approximately 0.4 °C. Compared to ordinary concrete, the addition of rubber particles
changes the concrete mixing ratio, aggregate composition, microstructure, and thermody-
namic parameters, affecting the temperature distribution of rubberized concrete pavement
(RCP) and changing the temperature response of the concrete pavement surface [30,31].
Ocholi [32] found that the thermal diffusivity of concrete decreased by 65.1%, thermal
conductivity by 29.4%, heat capacity by 29.7% and heat exfiltration rate by 37.6% when
rubber particles replaced 25% of the mineral aggregates. This indicated a decrease in the
ability of rubberized concrete to withstand temperature changes, an increase in heat storage
capacity, and a decrease in the rate of heat exchange with the surrounding environment.
Ferretti [33] found that Westergaard’s theoretical approach was not applicable to simulate
RCP by comparing the vertical stress response of RCP and ordinary concrete pavement
because rubberized concrete, unlike rigid pavement, transferred loads to the soil base and
absorbed them instead. Xue [34] investigated the mechanical response of RCP under the
effect of a temperature gradient by numerical simulation and found that rubber particles
reduced the maximum tensile stresses at the bottom of the concrete pavement at the middle
of the longitudinal joint edge, the middle of the transverse joint edge and the corner and
center of the pavement. Combined with the above results, it can be concluded that the addi-
tion of rubber particles changes the thermal properties of concrete. In practice, this change
may lead to different temperature field distribution characteristics of the RCP compared
to ordinary concrete pavement. The incorporation of rubber particles also changes the
mechanical properties of the concrete, which makes the concrete behave between rigid and
flexible; it therefore responds differently to loads from the same environment. At present,
there is no field test to study the temperature effect of RCP to further analyze the horizontal
temperature distribution and temperature deformation response of RCP. An in-depth study
of the temperature distribution characteristics and temperature effect of RCP can provide a
real data support for the monitoring, analysis and evaluation of RCP and provide engineers
and researchers with sufficient design input criteria related to the temperature field of RCP.

Therefore, in this paper, an RCP footprint test section was established, and the temper-
ature and strain of RCP at different horizontal positions were monitored using fiber Bragg
grating test technology. Based on the measured data obtained, the horizontal distribution
characteristics of temperature, temperature gradient and temperature strain of the RCP
were studied, the relationship between the temperature field and strain was analyzed
and the influence of the horizontal distribution characteristics of temperature field on the
temperature deformation of RCP was discussed.

2. Experiment Procedure
2.1. Pavement Structures and Materials

In this paper, the pavement structure of the test section comprised a combination
of a 20 cm lime soil subbase layer, a 20 cm cement-stabilized macadam base layer, and
20 cm of RCP. The mixing proportions of rubberized concrete used in this paper are shown
in Table 1, and the water—cement ratio is 0.4. Rubber particles (TRFA-15075) were added
according to the equal volume sand replacement method. Their technical characteristics
are shown in Table 2. The test section was constructed on 20 September 2019. During
construction, concrete specimens were formed on site for testing the compressive strength,
flexural strength, elasticity modulus and coefficient of thermal expansion of concrete at
28 days of age. The results are shown in the Table 3. In order to study the temperature effect
during the service, the test section was located in the end area to reduce the loading effect.
The dimensions of the pavement in the testing section were 5 m long and 4 m wide, the tie
bars were arranged longitudinally along the running direction, and the dowel bars were
not arranged horizontally perpendicular to the running direction, as shown in Figure 1. To
facilitate construction and the installation of monitoring instrument, one side of the test
section was a compacted earth shoulder.
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Table 1. Mixing proportion of rubberized concrete and ordinary concrete (kg/m?3).

Aggregate Aggregate Aggregate Water Reducing
(5-10 mm) (10-199 mm)  (19-37.5 mm) Agent

405 162 110 358 410 410 546 5.7

Cement Water Rubber Powder Sand

Table 2. Technical characteristics of rubber powder.

Properties Specification
Organic matter (%) 67.21
Inorganic content (%) 32.79
Rubber powder size (mesh) 30-60
Contact angle (°) 0

Table 3. Properties of rubberized concrete.

Test Items Test Value Standa.r d M.e t.h od
(Specificatioin)
Compressive strength (MPa) 36.5 GB/T 50081 [35]
Flexural-tensile strength (MPa) 5.0 ASTM C78 [36]
Elasticity modulus (MPa) 36700 ASTM C469 [37]
Coefficient of thermal expansion 9.6 x 107° AASHTO 336 [38]
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Figure 1. Schematic diagram of pavement in test area.

2.2. Sensor Parameters and Layout Scheme

Fiber Bragg grating sensors have a high sensitivity, high precision and excellent corro-
sion and water resistance. As the optical signal in the fiber is not subject to electromagnetic
interference, it is the preferred sensor for an intelligent monitoring system and is especially
suitable for high-water and high-alkali conditions in the concrete environment [39-41].
In this research, fiber Bragg grating temperature sensors (NZS-FBG-TM) and fiber Bragg
grating strain sensors (NZS-FBG-ESG) were used.

In order to ensure that the sensors were closely mosaic with the surface layer, the
sensors were pre-installed before the concrete surface layer was cast. First, the steel bracket
was placed on the base layer, according to the positions shown in Figure 1. The sensor was
then attached to the bracket, and the surface layer of concrete was finally cast. Manual
vibration was used to cast the concrete near the sensor group. The fiber Bragg grating
sensors were installed as shown in Figure 2. The fiber Bragg grating groups were placed in
the center, edge and corner of the pavement, respectively, and each group contained four
temperature sensors and three strain sensors. The center was the diagonal intersection of
the rectangular pavement slab, the edge was the midpoint of the wide side of the pavement
slab, and the corner was the intersection of the long side and wide side of the pavement
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slab. The detailed layout directions of the sensors are shown in Figure 2a. The X-axis
was the running direction, the Y-axis was the width direction of the pavement and the
Z-axis was the thickness direction of the pavement. The fiber Bragg grating temperature
sensors were placed evenly along the thickness direction, with a safety distance of 0.06 m
and 0.02 m at the top and bottom of the pavement, respectively, to reduce the effect of the
concrete casting on the sensor locations. The temperature sensors were located at 0.06 m,
0.10 m, 0.14 m and 0.18 m away from the top of the pavement slab, which were recorded
as T1, T2, T3 and T4, respectively. The temperature sensors were used to monitor the
temperature distribution at the top (T1), middle (T2), and bottom (T4) of the RCP. The fiber
Bragg grating temperature strain sensors were deployed one along the X-axis, Y-axis and
Z-axis. Along the X-axis and Y-axis, a horizontal strain sensor was placed at 0.02 m from
the top surface of the base layer to obtain the strain of the bottom of pavement, respectively.
Along the Z-axis, a vertical strain sensor was placed to obtain the strain of the pavement
slab along the thickness direction, with its lower end at 0.02 m from the top surface of the
base layer and its upper end at 0.16 m from the top of the base layer. Especially for the
fiber Bragg grating strain sensors at the edges and corners of the pavement, as shown in
Figure 2b, the end of the horizontally placed strain sensor was 0.20 m from the boundary
of the pavement slab to reduce the boundary effects during pavement casting.

Top of pavement
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Figure 2. Schematic diagram of sensor layout. (a) Spatial diagram and (b) platform.
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2.3. Data Collection and Processing

The fiber Bragg grating demodulator (NZS-FBG-A02), which has a wireless transmis-
sion function, was used for data acquisition. The sensor was connected to the demodulator
by an optical cable to establish a real-time monitoring system for the RCP with a demodula-
tor acquisition interval of 10 min. The monitoring lasted for 70 h from 17:00 on 14 December
2020 to 15:00 on 17 December 2020. During this time, the weather was sunny and there
was no precipitation. Therefore, the effect of humidity variation on the concrete pavement
during the test period can be ignored. In addition, the test section was located in the end
area and the influence of the load was also small; therefore, the strains acquired by the
sensor were mainly caused by the change in temperature.

The wavelength information output from the fiber Bragg grating sensors was collected
by the demodulator, and a computer program was used to convert the wavelength infor-
mation from the sensors into temperature and strain according to Equations (1) and (2),
respectively, so as to obtain the temperature effect of the RCP.

T = Kr x (Pt — Po) + To 1

where T is the measured temperature, °C; Kr is the temperature sensitivity coefficient
of the sensor, which was provided by the sensor manufacturer in °C/nm; Py is the test
wavelength, nm; Py is the initial wavelength, nm; and T is the constant of the sensor, which
was provided by the sensor manufacturer.

S:st [(Ps—Po)—K/TX (PT_PTO)] (2)

where S is the measured strain, pie; Kg is the strain sensitivity coefficient, pe /nm; K’T is the
temperature compensation coefficient, Pg is the measuring wavelength of the strain grating,
nm; Py is the initial wavelength of the strain grating, nm; Pr is the measuring wavelength
of the temperature grating, nm; and Pr,, is the initial wavelength of the temperature grating,
nm. Ks and K/, are fixed parameters of the sensor, which was provided by the manufacturer.

Each sensor group consisted of four temperature sensors and three strain sensors. All
sensors were numbered to facilitate data processing and analysis. The number of each
strain sensor was the combination of its horizontal position and direction: for example,
Center-X, Edge-Y, Corner-Z. The number of each temperature sensor was the combination
of its horizontal position and vertical arrangement order, for example Center-T1, Edge-T2,
Corner-T4.

3. Results and Discussion
3.1. Horizontal Distribution of Temperature of RCP

In order to study the horizontal distribution of the temperature in RCP, the temperature
and temperature gradient at the center, edge and corner of the pavement were compared
and analyzed.

3.1.1. Temperature

Figure 3 shows the temperature time history curves of the top and bottom of the
RCP at different horizontal positions, which characterize the horizontal distribution of the
temperature in the RCP. Overall, the temperature change in the plate lagged behind the air
temperature, and the lag at the bottom is more obvious. The proportion of temperature-rise
time in a temperature cycle was approximately 1/4, which is significantly smaller than the
proportion of the temperature—fall time. This is because the decreasing temperature phase
is simply the heat exchange between the concrete and the external environment in relation
to the external temperature, whereas in the increasing temperature phase, the concrete
pavement is affected not only by the external temperature but also by the thermal radiation,
which accounts for approximately 50% of the effect.
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Temperature/°C

—#«— Center-T1 —o— Edge-T1 —— Coener-T1 —+#— Center-T4 —o— Edge-T4 —~— Coener-T4
—o— Air temperature —o— Air temperature

Temperature/°C

Figure 3. Temperature time history curve of RCP. (a) Top of pavement; (b) bottom of pavement.

In comparison with different horizontal positions, it can be seen that there are large
differences in the temperature of the RCP. At the top of the pavement, the temperature and
the daily temperature range (difference between daily maximum and minimum values of
temperature curve) of the RCP were the highest at the center, followed by the edge, and
they were lowest at the corner. For example, at 45 h, the temperature of the top at the center
of the pavement was 1.6 and 3.9 °C higher than that at the edge and corner, and the daily
temperature range of the top at the center of the pavement was 0.1 and 2.7 °C higher than
that at the edge and corner. At the bottom of the pavement, the daily temperature ranges
at the center, edge and corner of the pavement were similar, while the temperatures at
the center and edge of the pavement were lower than the temperature at the corner of the
pavement. Taking the temperature at 40 h as an example, the temperature at the center of
the pavement was 1.1 °C lower than the temperature at the corner. The test results show
that the temperature distribution of RCP was uneven on the same horizontal plane.

3.1.2. Temperature Gradient

With T1 as the temperature at the top of the pavement and T4 as the temperature at the
bottom of the pavement, the temperature gradients at different horizontal positions of the
RCP were calculated. The evolution of the results with time is displayed in Figure 4. The
whole temperature gradient was then divided into several intervals, and the interval was

4 °C. The frequency statistics of the temperature gradients were then carried out. These
results are displayed in Figure 5.

60

—#— Center —0— Edge —%— Corner

40 -

Temperature gradient/(°C-m™)

Time/h
Figure 4. Temperature gradient time history curve of RCP.
It can be seen from Figure 4 that the percent increase in the temperature gradient in a

cycle was much smaller than the percent decrease, accounting for only approximately 25%
of the total cycle time. The temperature gradient is the primary cause of pavement curling,
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as shown in Figure 6. Under ideal conditions, the pavement slab should be in a curl-free
(flat) condition at zero temperature differential. At negative temperature differentials, the
slab will curl upward at the edge, with the corners exhibiting the largest curling while the
center is in contact with the subgrade. Conversely, positive temperature differences result
in curling downwards at the edge and curling upwards at the center [42]. Therefore, for
RCP, it is relatively rapid to change from upward curling at the corner caused by a negative
temperature gradient to downward curling at the corner caused by a positive temperature
gradient. Internal stresses that cannot be relieved in time are more likely to occur at this
stage while the change from downward curling to upward curling is relatively slow.

35
304

—#«— Center
—o— Edge
Corner

1%

25 4

nc

Q

5,204
154
10+

Relative freq

54
RN

—-50 —40 -30 —20 =10 0 10 20 30 40 50

Temperature gradient/(°C-m™")

Figure 5. Temperature gradient frequency distribution of RCP.

T¢=top temperature
To=Dbottom temperature
T: = T»v

| |
S

no-curl (flat) condition

—1

//////////77/////////

upward curling at edge

SIS S SS

upward curling at center

T: > Tbo

Figure 6. Diagram of curling of concrete pavement.

In addition, there is a positive temperature gradient at the center and edge of the
pavement, while the pavement corners are always under the effect of a negative temperature
gradient. At the trough of the temperature gradient, the whole pavement is under the effect
of a negative temperature gradient. The negative temperature gradient at the corner of the
pavement is the largest, followed by the edge, and is the smallest at the center. Meanwhile,
the temperature gradient at the center is only 50% of the temperature gradient at the
corner. This indicates that the temperature gradient of the RCP is not uniformly distributed
in the plane. The negative temperature gradient at the corner will increase the upward
curling of the RCP caused by the negative temperature gradient, as shown in the Figure 7.
This is because the media at the center of the pavement are different from the media at
the edge and corner of the pavement. The pavement at the corner is in contact with the
earth shoulder, resulting in a higher temperature at the bottom and a greater negative
temperature gradient. Compared to ordinary concrete, rubberized concrete has better
insulating properties; therefore, the improved insulation will reduce the increased curling
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displacement (L,) caused by the corner of the RCP. This increased curling displacement is
more severe in ordinary concrete pavements [32,42]. If the assumption of uniformity in the
plane is used in the calculation of the temperature curling stress of the RCP, the obtained
temperature curling stress will be smaller than the actual value. This should be highly
regarded in the design and evaluation of RCP.

L1 = Initial curling displacement
L2=Increased curling displacement

Figure 7. Increased curling deformation of concrete pavement. (a) Spatial diagram and (b) planform.

As can be seen from Figure 5, the frequency distribution width of the temperature
gradient at the center and edge of the RCP is similar but larger than the frequency dis-
tribution width at the corner. The average temperature gradients at the center, edge and
corner of the pavement were —0.9, —8.3 and —25.9 °C-m™~!, respectively. The percentages
of negative temperature gradients in the center, edge and corner of the pavement were 70%,
75% and 100%, respectively. This further indicates that RCPs are mostly subject to negative,
temperature-induced curling at the corners in the winter.

3.2. Horizontal Distribution of Strain of RCP

Based on the strain data obtained from monitoring, the selected initial moment strain
was set as the reference value, and the strain data at other moments were all strain incre-
ments relative to the initial moment strain. The positive and negative values only expressed
the direction of the increment relative to the initial moment strain and did not express the
absolute magnitude of the strain. Meanwhile, the shrinkage deformation of the concrete
pavement is specified as negative, and the expansion deformation is specified as positive.
The bottom strains at the center, edge and corner of the RCP were then compared and
analyzed, and the strain distribution of the RCP was studied.

3.2.1. Horizontal Strain

Figure 8 shows the strain time history curve of the bottom of the RCP along the X-axis
and Y-axis. Overall, the temperature shrinkage deformation of the concrete pavement
developed more slowly, at approximately 3/4 of the time of a deformation cycle, in the
same proportion as the temperature gradient reduction accounted for by one temperature
gradient change cycle. The results also show that for the X-axis strain, the strain and the
daily strain range (difference between the daily maximum and minimum values of the
strain curve) of the RCP bottom gradually decreased from the center to the edge and then
to the corner of the pavement. This is the same as the temperature change law of the RCP
top. Taking the strains at 41 h as an example, the strain at the center of the pavement
was 1.40 times the strain at the edge and 2.06 times the strain at the corner. Along the
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Strain/pe

Y-axis, the peak strain wave and the daily strain range of the RCP both showed the largest
strain at the edge, the second largest strain at the center, and the smallest strain at the
corner. This phenomenon is significantly different from the temperature difference at the
same time at the center, edge and corner of the pavement. This is attributed to the fact
that the center of the pavement is affected not only by the temperature decrease but also
by the temperature gradient at the center and the temperature gradient at the corner of
the pavement. This indicates that the negative temperature gradient at the corner of the
pavement intensifies the deformation of the pavement bottom at the center and the edge of
the pavement, especially along the X-axis at the center and along the Y-axis at the edge,
resulting in an uneven deformation distribution and more severe curling of the pavement
under the same conditions.
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Figure 8. Horizontal strain time history curve of RCP. (a) X axis and(b) Y axis.
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3.2.2. Vertical Strain

The vertical strain time history curves of different locations of the RCP are shown
in Figure 9. The vertical strain characterizes the vertical deformation of the pavement
panel due to concrete pavement curling, as shown in Figure 7, with greater vertical strain
indicating more severe curling. From Figure 9, it can be seen that the vertical strain wave
peak and daily strain ranges at the edge of the RCP were the largest during the monitoring,
and that the daily strain ranges were between 19 and 20 pe. The vertical strain wave peak
and daily strain ranges at the center and corner of the pavement were similar, and the
daily strain ranges were between 9 and 14 pe. This indicates that the vertical deformation
at the edge of the RCP was most affected by the uneven horizontal distribution of the
temperature, resulting in greater curling of the RCP at the edge of the pavement.

15
—+— Center-Z —o— Edge-Z —*— Corner-Z
10
5 I q
W
= 0+
g ]
<
5 =5
m 4
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715 -
_20 ] 1 1 | 1 |
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Figure 9. Vertical strain time history curve of RCP.
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3.3. Temperature—Strain Effect of RCP

During the monitoring period, there was no influence of precipitation and less driving.
Therefore, the influence of shrinkage and creep of the RCP can be ignored, and the internal
strain of the RCP was mainly caused by the temperature under the constraints of the
subgrade and surrounding pavement. Therefore, based on the monitoring data, the effect
of horizontal position on the temperature-strain effect of RCP was investigated.

3.3.1. Temperature-Strain Hysteresis Effect

The temperature-strain coefficient characterizes the internal strain change of the
RCP caused by a unit change in temperature and reflects the sensitivity of the RCP to
temperature. The larger the temperature-strain coefficient, the greater the sensitivity of the
RCP to temperature change.

According to the monitoring deployment scheme, the scatter diagram is drawn with
the data obtained from the temperature sensor T4 and the X-axis and Y-axis strain sensors
of the RCP bottom, and the results are shown in Figure 10. It can be seen that the change of
strain with temperature was not linear. The strain paths of daytime heating and nighttime
cooling did not coincide, and the temperature-strain curves show a significant hysteresis
loop phenomenon. For the temperature—strain effect along the X-axis, the hysteresis loops
became progressively smaller from the center to the edge and then to the corner of the
pavement. At the corner of the pavement, the hysteresis loops became almost band-like.
For the temperature—strain effect along the Y-axis, the hysteresis effect at the center and
edge of the pavement was similar and stronger than that at the corner. This indicates that
the deformation at the corner of the RCP was only affected by the temperature change,
while at the center and edge of the pavement it was affected not only by the temperature
change but also by the deformation of the corner, which was transferred to the center and
edge of the pavement, resulting in the superposition of the deformation. Comparing the
temperature-strain coefficients at the center, edge and corner of the RCP, it is found that
the center and edge had the highest temperature sensitivity along the X-axis and therefore
demonstrated a more obvious deformation under the same temperature conditions.
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Figure 10. Relationship of temperature and horizontal strain of RCP. (a) X axis and (b) Y axis.

3.3.2. Temperature Curling Effect

The vertical strains at each horizontal position of the RCP characterize the curling effect
of the pavement with the influence of temperature. Based on the measured data, scatter
plots were drawn with the temperature gradient and vertical strain at each horizontal
position, and a linear fit was performed based on the scatter plot. The results are shown in
Figure 11. From Figure 11, the coefficients of temperature gradient and strain at the center,
edge and corner of the pavement are —0.13, —0.37 and —0.25, respectively, which indicates
that the edge of the pavement was the most sensitive to the change in the temperature
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gradient. When the negative temperature gradient is greater than 23.4 °C-m~! or the
positive temperature gradient is greater than 14.5 °C-m~!, the vertical strain at the edge
of the pavement will be greater than the strain at the center and corner of the pavement,
indicating that the curling effect at the edge of the RCP will be more obvious when the
temperature gradient is outside the range of —23.4 to 14.5 °C-m~! [43]. Therefore, when the
RCP is set up with tie bars for the longitudinal joints and no dowel bars for the transverse
joints, the deformation caused by the temperature gradient at the edge of the pavement is
the most obvious. This should be focused on during the RCP design.
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Figure 11. Relationship of temperature and vertical strain of RCP.

4. Conclusions

In this research, the temperature and strain at the center, edge and corner of RCP

were monitored based on fiber Bragg grating sensors, and the horizontal distribution of
temperature, strain and the temperature—strain effects on the RCP were investigated. The
following conclusions were obtained.

@

@

®)

4)

The horizontal distribution of the temperature and temperature gradient of the RCP
exhibited obvious inhomogeneity, resulting in the deviation of the theoretical calcu-
lation of the temperature characteristics from the actual situation. In particular, the
larger negative temperature gradient at the corner will intensify the upward curling
of the RCP caused by the negative temperature gradient, making the theoretical value
smaller than the actual value when using the plane uniformity assumption. This
should be highly regarded in the design and evaluation of the RCP;

The negative temperature gradient at the corner of the pavement aggravates the
deformation of the pavement bottom at the center and edge, especially along the
X-axis at the center and along the Y-axis and the Z-axis at the edge, resulting in the
uneven distribution of the deformation. This leads to greater curling strain on the
RCP at these locations;

The temperature-strain effects indicate that the deformation at the corner of the RCP
is affected only by the temperature change, while the deformations at the center and
edge are affected not only by the temperature change but also by the deformation at
the corner. The coefficients of temperature gradient and strain at the center, edge and
corner of the pavement were 0.13, 0.37 and 0.25, respectively, which indicates that the
edge of the pavement is the most sensitive to changes in temperature gradient. When
the temperature gradient is less than —23.4 °C-m~! or greater that 14.5 °C-m~!, the
curling effect at the edge of the RCP is more obvious;

In this study, the horizontal distribution characteristics of the temperature effect on
the RCP were analyzed based on the field monitoring data. In the subsequent study,
numerical simulations will be carried out to further reveal the mechanism of the
differences in the horizontal distribution of the RCP.
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