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Asphalt pavement temperatures greatly influence on the bearing capacity and performance, especially in high-temperature season.
The variation rules of pavement temperatures under the high-temperature range affect the design and maintenance management
of the asphalt pavement, as well as the accurate prediction for pavement temperatures. However, asphalt pavement temperature is
greatly affected by various strongly correlated environmental factors and cannot be measured directly or predicted effectively. In
this project, temperature sensors were embedded in the pavement of in-service road to collect temperature data by continuous
record measurement, and regression model was conducted by the partial least squares method through comprehensive analysis on
the pavement temperature data and synchronously environmental data from local weather station measured in July 2013, July
2014, and July 2015. The quantitative relationships in high-temperature season between environmental factors and pavement
temperature were determined, and a model was established to predict the temperature of asphalt pavement based on envi-
ronmental data. The model was verified by the recorded data from July 1, 2016, to July 31, 2016, and the results indicated that the

pavement temperature can be predicted accurately and reliably by the proposed model.

1. Introduction

The performance of asphalt pavement is highly sensitive to
temperature [1]. In recent years, temperature in summer in
China tends to be higher than ever due to global warming. In
many provinces, it has been beyond 35°C in several days of
July. The highest temperature in Beijing in summer generally
appears in mid-July [2]. In other words, temperature in July
achieves its maximum level. According to statistics released
by China Meteorological Administration, not only does
scorching weather rarely seen in summer of Beijing appear
but precipitation has also been extremely low for the past few
years. Such a phenomenon exerts a direct influence on
asphalt pavement in service. To be specific, rutting can
be formed in quantities as pavement temperature rises.
Therefore, in-depth research on variation rules of asphalt
pavement temperature in high-temperature seasons together
with efficient prediction to pavement temperature is of great

significance for design and maintenance management of the
asphalt pavement.

Current research methods for the temperature field in
asphalt pavement can be divided into two categories. One
category refers to the theoretical analysis methods, in which
the forecast models of pavement temperature field are
mainly built based on the basic principles of heat transfer. In
2004, American MEPDG (mechanistic empirical pavement
guide) continued to follow the basic principles of heat
transfer, in which CMS (climatic materials structural) model
utilized one-dimensional finite difference method to de-
termine the temperature distribution of pavement. Based on
the heat balance equation, Huber [3] established a deter-
ministic formula for the maximum temperature of pave-
ment. Christison and Anderson [4] put forward a model to
predict the temperature of asphalt pavement based on one-
dimensional heat conduction equation. Qin and Hiller [5]
proposed an improved one-dimensional heat conduction
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model to predict the temperature distribution of pavement.
The main advantage of this kind of model is that the effects
of air temperature on the temperature of rigid pavement
slab with various depths can be obtained conveniently.
According to different methods and theories, Thornes [6],
Thornes and Shao [7, 8], Shao and Lister [9], T. Feng and
S. Feng [10], and Elwakil et al. [11] proposed various factors
affecting pavement temperature in different prediction
models. Zuoren [12] and Wu [13] were both important
pioneers of such theoretical analysis methods. Besides, in
2014, Gang [14] also used the finite difference method to
analyze the distribution of asphalt pavement temperature
field in Ganzhong area. The other category mainly involves
the statistical analysis methods, which employ the statistical
correlation method to analyze the intrinsic law between
pavement temperature, external environment, and other
measured data. The first large-scale application of such
methods was in 1987, by the US, in the SHRP Program
(Strategic Highway Research Program). Mohseni and Symons
[15, 16] presented a statistical model for predicting the
temperature of asphalt pavement, and their most valuable
conclusion was that the maximum and the minimum tem-
peratures in different depths of the pavement varied linearly
with the changes of surface temperature and air temperature.
Later on, Diefenderfer et al. [17] and Wang and Roesler [18]
adopted the monthly mean temperature as a correction co-
efficient to extend the application scope of this model and
thereby improved its prediction accuracy. Further, Marchetti
et al. [19] proposed a model based on principal component
analysis (PCA) and partial least squares (PLS) regression that
used air temperature to predict temperature of road surface.
In the past decade, many similar studies have also emerged in
China, such as the reports from Cao et al. [20] and Kang et al.
[21]in 2007, Bai et al. [22] in 2011, Xu et al. [23] in 2013, Dong
et al. [24] in 2014, and Zeng et al. [25] in 2016.

By comparing the above two categories of research
methods, it can be found that although the theoretical
analysis methods have a strong universality, their prediction
accuracy and application scope are greatly restricted due to
the complexity of analysis models, the complicated process,
the great number of input parameters, and the difficulty in
obtaining accurate results. With the development of in-
formation acquisition technology and the maturity of sensor
technology, more and more research tends to use the sta-
tistical analysis methods to explore the distribution of
temperature field of road surface. Hence, the statistical
analysis methods are the focus point of this paper. However,
according to existing research results in this field, the sta-
tistical regularity of pavement temperature field has not been
tully exploited because of the large variability of measured
data and the complexity of influence factors. In 2013, Tan
et al. [26] pointed out that a piece of floating cloud, a gust of
wind, or a spatter of rain could all cause the fluctuations of
road surface temperature. Luo et al. [27] reported that wind
speed, daily maximum and minimum temperature, cloud
cover, radiation, road surface reflectivity, sunshine time, and
precipitation factors would all affect the mode of heat
transfer between road and external environment. Sreedhar
and Biligiri [28] suggested that pavement temperature was
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a function of various climatic and thermal properties, in-
cluding wind speed, relative humidity, air temperature, and
so on. Tan et al. [29] pointed out that most pavements were
exposed to harsh natural environments so that their internal
temperature was often affected by local climate and hy-
drological and meteorological factors (such as air temper-
ature, air humidity, solar radiation, rainfall, and wind
speed). These above results indicate that it is of great sig-
nificance to study the influences of meteorological factors on
pavement temperature.

For the in-service road, the density, heat capacity, and
thermal conductivity of pavement materials are fixed, so the
pavement temperature is mainly determined by environ-
mental factors. On the other hand, many scholars have
studied the pavement temperature field using the full-scale
experiment pavement, but the working conditions of full-
scale experiment pavement are still different from those of
in-service pavement. In addition, some scholars also studied
the prediction methods for surface temperature. In fact, the
internal temperature of pavement is significantly different
from that of road surface, which makes the former have
a greater impact on pavement performance. Therefore, by
embedding sensors in actual highways, this paper carried out
regression analysis on the collected pavement temperature
data and synchronously measured environmental data from
local weather station, and established a prediction model
with high accuracy for asphalt pavement temperature field in
high-temperature season. It was verified that the proposed
model could completely and comprehensively reveal the
influences of environmental factors on the asphalt pavement
temperature and the distribution regularity of temperature
field in asphalt pavement in high-temperature season.

2. Data Acquisition

2.1. Acquisition of Pavement Temperature Data. The sensors
were embedded in K89 + 330 of the outer ring road of the
Six-Ring in the south of Beijing. Because of the heavy traffic
volume and a considerable amount of heavy-load vehicles,
the pavement breakage and rutting distress are very serious.
Maintenance and repair work of the construction was
carried out in September 2012. The maintenance plan was to
cut the middle and top layers and then repave the middle and
top layers to the same thickness as that before damages.
Table 1 shows the pavement materials and structure of the
road before and after pavement.

Temperature sensors were used as the monitoring
equipment in this study, as shown in Figure 1. DTMCU80G-
20 remote monitoring unit was used for data collection and
storage, as shown in Figure 2. All sensors were arranged
right below the wheel-path area. Figure 3 shows the vertical
section layout of the sensors. As can be seen, the sensors
were embedded at the bottom of the top layer, the bottom of
the bottom layer, and 5cm below the base, respectively. T';
denotes the pavement temperature at 5 cm below the surface
(the bottom of the top layer), ‘C; T4 denotes the pavement
temperature at 19 cm below the surface (the bottom of the
bottom layer), °C; and T,, denotes the pavement temper-
ature at 24 cm below the surface (5 cm below the base), °C. In
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TABLE 1: Pavement structure of the test road.

Pavement structure before M&R

Pavement structure after M&R

Structure

Pavement materials Thickness (cm) Pavement materials Thickness (cm)
Top layer SMA-16 5 SBS SMA-16 5
Middle layer AC-201 7 SBS AC-25 7
Bottom layer AC-251 7 No change —
Base course Cement-stabilized gravel 30 No change —

4
Ficure 2: DTMCU80G-20 remote monitoring unit.
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FIGURE 3: Vertical section layout of the sensors.

this study, two sets of temperature sensors were embedded
along the traveling lane with 12m apart to improve the
accuracy of the monitoring data, and the temperature of
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FIGURE 4: Temperature field diagram of interaction between asphalt
pavement and environmental factors.

asphalt pavement in the test road was continuously moni-
tored for 5 years since September 27, 2012.

2.2. Data Acquisition of Meteorological Factors. All data of
meteorological factors (including temperature, T; cloud
cover, N; humidity, U; wind speed, Ff; and precipitation,
RRR) in this study were from the China National Weather
Service 54,511 (Beijing) Observation Station. The station
belongs to base station and is located in Beijing, 39.8°N,
116.47°E, with an altitude of 31.3 m. For the meteorological
data, T,;, is the air temperature 2 m above the ground, ‘C;
N is the total cloud cover, %; U is the air relative humidity
2m above the ground, %; Ff is the average wind speed
10-12m above the ground 10 min before the observation,
m/s; and RRR is the precipitation, mm.

3. Analysis on Meteorological Factors and
Pavement Temperature

3.1. Effects of Meteorological Factors. Asphalt pavement is
generally exposed to natural environment, and its internal
temperature is greatly affected by environmental factors. A
variety of complex heat exchange processes happen between
the subgrade and pavement and the external environment,
as shown in Figure 4. Figure 5 illustrates the influences of
local meteorological factors (such as temperature, relative
humidity, cloud cover, wind speed, and precipitation) on
pavement temperature. Figure 5(a) shows the temperature
and meteorological factors of the pavement at 2 o’clock on
July 1 and July 5, 2013. As can be seen, the pavement
temperature is different at the different depths, and the air
temperature, relative air humidity, cloud cover, wind speed,
and precipitation may affect the internal temperature of
the pavement. What is more, the combination of different
meteorological elements presents different weather char-
acteristics and also has different effects on the internal
temperature of the pavement. Even under the same air
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temperature, the internal temperature of pavement is also
strikingly different due to the differences in other meteo-
rological factors. Figure 5(b) shows the temperature and
meteorological elements of the pavement at 5 o’clock and 17
o’clock on July 25, 2013. It can be observed that dramatic
changes of the internal temperature of the pavement occur
within 24 hours. The farther the measuring point is away
from the road surface, the smaller the range of variation is.
Under the combined action of some meteorological factors,
the variation of T's can sometimes exceed that of T;; the
internal temperature of pavement is not always lower than
T.ir; and T'scan be as high as Ty;,. That is to say, T'5 can exceed
35°C in summer in Beijing. Hence, the problem of high-
temperature stability is not only limited to road surface.

3.2. Variation of Pavement Temperature. Figure 6 shows the
pavement temperature in July 2013. As can be seen, although
the pavement temperature decreases with the increase of
depth from road surface, the overall temperature of asphalt
pavement in Beijing is very high in summer, and the max-
imum temperature can reach 35°C at the depth 5 cm from the
road surface. In each day, the pavement temperature presents
an approximately periodic fluctuation. The farther the
measuring point is away from the road surface, the smaller the
fluctuation is. However, because of the influences of mete-
orological factors, the daily temperature shows very huge
differences. Figure 7 illustrates the temperature condition
within an arbitrary continuous 72-hour period. It can be
seen that the internal pavement undergoes two stages every
24 hours, namely, the heating stage and the cooling stage. The
heating stage is from 5:00 a.m. to 2:00 p.m., and the cooling
stage is from 3:00 p.m. to 4:00 a.m. of the next day.

3.3.  Correlation Analysis of Meteorological Factors.
Meteorological factors refer to the physical quantities that
are used to describe the physical state and phenomena re-
lated to weather conditions. Common meteorological fac-
tors mainly include air temperature, air humidity, cloud
cover, wind speed, precipitation, etc. These factors can be
directly obtained from observation, and they mutually in-
fluence and constraint one another as time varies. Hence,
different combinations of meteorological elements can
present different meteorological characteristics. In order to
quantitatively analyze the correlations between various
meteorological factors, the meteorological data in July 2013
were selected and correlation analysis was carried out in the
heating stage and cooling stage, respectively. The results are
shown in Tables 2 and 3 and Figure 8.

According to Tables 2 and 3 and Figure 8, the air
temperature is negatively correlated with the cloud cover, air
humidity, and precipitation and positively correlated with
the wind speed; the cloud cover is positively correlated with
the humidity and precipitation; the air humidity is nega-
tively correlated with the wind speed and positively corre-
lated with the precipitation; and there is a positive
correlation between the wind speed and the precipitation.
Overall, most of the meteorological elements are highly
correlated. Therefore, if these variables were directly used to
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FIGURE 6: The pavement temperature in July.
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FIGURE 7: Variation of pavement temperature in any continuous
72-hour period.

TasBLE 2: Correlation coeflicients between meteorological factors in
the heating stage.

Toir N U Ff RRR
Toir 1.000 —0.321***  -0.894***  0.409***  —-0.147
N -0.321"*" 1.000 0.486"** -0.215*" 0.073
U —0.894"**  0.486™"* 1.000 —-0.515***  0.172*
Ff 0.409"** -0.215**  -0.515"*" 1.000 0.001
RRR —-0.147 0.073 0.172* 0.001 1.000

Note. The symbols “***,” “**)” and “*” indicate that the correlation co-
efficients between two variables go through significance testing at the
significant levels of 1%, 5%, and 10%, respectively. Obviously, Table 2 shows
that there is a different degree for the correlations between explanatory
variables at different significant levels.

conduct traditional least squares regression for establishing
the prediction model of asphalt pavement temperature, there
must be multiple collinearity in the regression model. As
a result, the traditional multiple regression method fails to
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TaBLE 3: Correlation coefficients between meteorological factors in the cooling stage.
Toir N U Ff RRR
Toir 1.000 -0.237*** —-0.887"** 0.484*** -0.272%**
N —-0.237*** 1.000 0.4317** -0.130 0.112
U —-0.887*** 0.431 1.000 —0.447*"* 0.225**
Ff 0.484"** —-0.130 —0.447"** 1.000 0.039
RRR -0.272"** 0.112 0.225"" 0.039 1.000

Note. The symbols “***,” “**,” and “*” indicate that the correlation coefficients between two variables go through significance testing at the significant levels of
1%, 5%, and 10%, respectively. Obviously, Table 3 shows that there is a different degree for the correlations between explanatory variables at different

significant levels.
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FiGure 8: Correlation diagram between meteorological factors. (a) Heating stage and (b) cooling stage.

obtain the explanatory variables that influence the pavement
temperature. In view of this, we need to use the partial least
squares regression method to conduct regression analysis.

4. Partial Least Squares Regression

4.1. Introduction of the Partial Least Squares Regression
Method. Partial least squares regression is a new method for
multivariate statistical data analysis. In recent 20 years, it has
developed rapidly in theories, methods, and applications.
The importance of partial least squares regression in sta-
tistical applications can be summarized as follows:

(1) Partial least squares regression is a regressive
modeling method by multiple dependent variables to
multiple independent variables.

(2) Partial least squares regression can solve many
problems that cannot be solved by ordinary multi-
variate regression, for example, multiple dependencies
between arguments. In partial least squares re-
gression, an effective technical approach is developed
to decompose and filter the data information in the
system, so that it can extract the most explanatory

synthesis variables of dependent variables, identify
the information and noise in the system, and thus
overcome the adverse effects of multiple correlations
between variables in the system modeling.

(3) Partial least squares regression can simplify the data
structure during model construction, so the features
of multidimensional data can be observed in the two-
dimensional planar graph, thus realizing the di-
mensionality reduction of the data [30, 31].

4.2. Modeling Process of the Partial Least Squares Regression
Method. Suppose that there are p interpreted variables
recorded as Y,Y,,---,Y, and m explanatory variables
recorded asX;, X,,---,X,,. Assume that n variables from
each set are selected for observation. Before conducting
partial least squares regression, it is generally necessary to
standardize the variables. That is, each variable value is
subtracted by the mean value of all variables and then di-
vided by the standard deviation. The processed independent
variables and explanatory variables can be expressed by the
following matrices:
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X1 X ottt Xim
Xo1 Xy vt Xy
X, = "
Xl Xm0 Xum (1)
Yu Yz o Vip
Yo Yo o0 N2
Yy= . .o .P
Yl Ym2 = Vup

This method can be implemented through the following
several steps:

(1) The first pair of principal components of the in-
dependent variables and explanatory variables is
extracted respectively, and the correlation of the
principal components is maximized.

The first principal component extracted from
X=(X,,X,,-++,X,,) is T}, and the first principal com-
ponent extracted from Y = (Y,Y,,---,Y,) is Uy, that is:

T, =w Xy =w;X; +wpX, +++w, X

m>

(2)
U, = V{YO =v Y +v,Y, 4+ leYP.

In order to enable T and U, to extract the information of
their own group as much as possible and maintain the highest
relevant degree of T, and U, two groups of weight vectors w,
and v, can be obtained by the main component regression
and canonical correlation analysis. w; and v, can satisfy
wyw, = 1,v{v; = 1, and the realization of T is recorded as ¢,.

(2) The regression models of X, X,,...,X, and

Y,Y,,...,Y, to T, are established respectively as
follows:
X, = t,&) + Ey,
, 3)
Yy =t +F),
where o' = (&), 4155 05,,), 8 = (Br1>Bras - > Byp)  are

the regression coefficient vectors of a plurality of dependent
variables to an explanatory variable respectively, and E, and
F, are the corresponding residual matrices. The parameters
obtained according to ordinary least squares (OLS) are
estimated to be [29, 30]:

@ = (tit)) 't X,

By =(eht)) 4, ©

The residual matrices E, and F, are estimated as follows:
E, =X,-t,q,

Fi =Yyt (5)

Then, use E, and F, to substitute X, and Y, in the first
step and extract the second pair of principal components T,
and U,. The corresponding weight vectors w, and v, can
satisfy whw, = 1,v4v, = 1, and the realization of T, is
recorded as t,. Next, the regression is carried out.

The above process shall be carried out constantly until r
pairs of primary components are obtained, of which
r = min(n—1,m). At this moment, it can be obtained as
follows:

Xy =t +t,& +---+t,a. +E,
51 51 i
Yo=t8+t,8,+ - +tB, +F,. (6)
Introduce t, =wiX, k=1,2,...,r, and the re-

gression model of certain normalized dependent variable Y

can be obtained as follows:

X, j=12...,p
(7)

where the symbol “*,” which indicates the variable processed

by centralization, can be introduced to obtain the regression

model of primitive variables.

* * *
Y. =a]-1X1 +a]<2X2 +oee+

j @ jm

(3) Determine the number of the extracted main com-
ponents. In general, not every single one of the
primary components can be extracted. A certain
method is often adopted to determine the number of
the extracted primary components. The commonly
used ones include “leave-one-out cross validation,”
“group cross validation,” “split-sample cross vali-
dation,” and “random sample cross validation.”
Among them, “leave-one-out cross validation” is
more commonly used. In this method, one obser-
vation (e.g., the no. i observation) is left out each
time, and the remaining n— 1 observations are used
to complete the principal component extraction,
thereby obtaining an estimation model; then, the
estimation model is employed to estimate the no. i
observation. When k principal components are used,
the predicted value of y;; is ¥;(; (k), and the pre-
dicted residual of the no. j dependent variable after
leaving out the no. i observation is y;;—;(; (k).
Therefore, the residual squares of all observations
and all dependent variables are predicted to be as
follows:

PRESS (k) = (3= 7500 ()" (8)

n
j=1i=1

The determined number of principal components is
selected to minimize the result of [ = mkin (PRESS (k)).
1<k<r

5. Prediction Model of Pavement Temperature

5.1. Data Preparation. In order to quantitatively study the
influences of air temperature, cloud cover, air humidity,
wind speed, precipitation, and other environmental factors
on asphalt pavement temperature and to predict the tem-
perature situation in pavement in hot weathers, in this paper,
internal temperature data and meteorological element data
of the pavement measured in July 2013, July 2014, and July
2015 were selected. The data were collected at 2, 5, 8, 11, 14,
17,20, and 23 o’clock in each day, that is, eight groups of data
each day. Thus, a total of 744 samples were obtained. These
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TaBLE 4: Correlation coefficients of all variables.

Tair N U Ff RRR Ts Tio Tsy
Tair 1 -0.237 -0.887 0.484 -0.272 0.615 0.468 0.380
N -0.237 1 0.431 -0.130 0.112 0.053 0.068 0.066
U —0.887 0.431 1 —0.447 0.225 —0.509 -0.393 -0.325
Ff 0.484 -0.130 —0.447 1 0.039 0.329 0.204 0.149
RRR -0.272 0.112 0.225 0.039 1 -0.163 -0.179 —0.149
Ts 0.615 0.053 —0.509 0.329 -0.163 1 0.913 0.833
T 0.468 0.068 -0.393 0.204 -0.179 0.913 1 0.985
Toy 0.380 0.066 -0.325 0.149 —0.149 0.083 0.985 1

samples included 248 samples in the heating stage and 372
samples in the cooling stage, upon which the prediction
model for pavement temperature can be established. A
detailed description of the cooling stage is as follows.

T N, U, Ff, and RRR represent the variables of air
temperature, cloud cover, air humidity, wind speed, and
precipitation, respectively; 15,19, and T,, represent the
temperature (°C) at the depth of 5cm, 19 cm, and 24cm
from road surface, respectively. The observed data matrix of
the independent variables is recorded as A = (a;;),5.5 and
that of the dependent variables is recorded as B = (b;;),45.3-
Finally, various observed values a;;;; are converted into
normalized values.

5.2. Correlation Matrix. The correlation coefficient matrix of
all variables is shown in Table 4.

As can be seen, not only the independent variables are
strongly correlated with each other but also the dependent
variables are closely correlated with each other. These results
again confirm that it is necessary to choose partial least
squares regression for establishing the model.

5.3. Determination of the Number of Principal Components.
The number of principal components is determined by
means of leave-one-out cross validation. Table 5 provides the
deviation percentage caused by partial least squares factors.
As can be seen, the second principal component can explain
that the deviation of model effects is 18.41% and that the
variance of dependent variables is only 4.84%. Obviously, the
explanation of the second principal component to de-
pendent variables is rather weak. Hence, the number of the
extracted main components is 2.

5.4. Determination of Regression Model. The regression re-
lationships between normalized index variables and those
between primitive variables obtained by SAS/STAT software
are shown in Tables 6 and 7, respectively.

From Table 7, the prediction models of temperature at
different depths in pavement during the cooling stage can be
expressed as follows:

Ty = 4.48 + 0.63T;, + 493N - 0.08U + 0.52Ff — 0.15RRR,
T\o = 1225+ 0.36T,;, + 3.17N — 0.04U + 0.24Ff — 0.08RRR,
T,, = 13.96 + 0.26T,;, + 2.39N — 0.03U + 0.16Ff — 0.06RRR.

)

TABLE 5: Percent variation caused by partial least squares factors.

Dependent
Number of extracted Model effects variables
factors
Current Total Current Total
1 47.30 47.30 23.20 23.20
18.41 65.71 4.84 28.04

TABLE 6: Regression relationships between normalized index
variables.

Ts Tio Toy4
T 0.37 0.30 0.25
N 0.28 0.25 0.22
U ~0.24 -0.19 -0.15
Ff 0.08 0.05 0.04
RRR -0.10 -0.08 -0.06

TABLE 7: Regression relationships between primitive variables.

TS T19 T24
Intercept 448 12.25 13.96
T 0.63 0.36 0.26
N 4.93 3.17 2.39
U ~0.08 —0.04 -0.03
Ff 0.52 0.24 0.16
RRR -0.15 -0.08 ~0.06

Similarly, the prediction models of temperature at dif-
ferent depths in pavement during the heating stage are as
follows:

Ts = —26.21 + 1.47T,;, — 1.70N + 0.07U + 0.26Ff + 0.04RRR,
T\o = —0.55 + 0.58T,;, — 0.42N + 0.06U + 0.02Ff + 0.03RRR,
T,, = 5.32 +0.36T,;, — 0.87N + 0.05U + 0.10Ff + 0.03RRR.

(10)

5.5. Model Analysis and Test

5.5.1. Model Analysis. Figure 9 shows the regression co-
efficients drawn by the normalized index variables. As can be
seen from Figure 9(a), T,;, N, and U play an important role
in interpreting the three regression equations during the
cooling stage. That is, air temperature, T,;; cloud cover, N;
and air humidity, U, have greater influences on the
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FIGURE 10: Predicted and observed pavement temperature. (a) Cooling stage and (b) heating stage.

temperature in pavement during the cooling stage, while the
effects of wind speed, Ff, and precipitation, RRR, on the
temperature in the pavement are relatively weaker. What is
more, the influences of all these five variables decrease with
the increase of the depth from road surface. Figure 9(b)
indicates that T,;, and U play an important role in inter-
preting the three regression equations during the heating
stage, while the effects of N, Ff, and RRR are relatively
weaker. Meanwhile, the effect of T,;, on the temperature in
pavement decreases with the increase in the depth from road
surface. To sum up, the effect of cloud cover N in the cooling
stage is greater than that in the heating stage, and the air
temperature T,;, plays a more important role in the heating
stage than in the cooling stage.

5.5.2. Model Test. Since meteorological data are published in
real time, they can be used to estimate the temperature in
pavement at any time. In this study, the prediction model was
applied to predict the temperature in pavement in July 2016
(at2,5,8,11,14,17,20, and 23 o’clock on a daily basis, 31 days
in total). All variables were used to predict T's, T',9, and T',,,
and the results are shown in Figure 10. As observed, the
prediction results match well with the observed pavement
temperatures, thus validating the robustness of the model.

6. Conclusions

In summary, temperature sensors were embedded in the in-
service pavement to collect temperature data, and
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a regression model was established by the partial least
squares method through comprehensive analysis on the
pavement temperature data and synchronously measured
environmental data. Furthermore, the quantitative re-
lationships between environmental factors and pavement
temperature were determined, and a statistical model was
obtained to predict the asphalt pavement temperature with
the environmental data. Some conclusions can be drawn as
follows:

(1) Environmental factors that affect pavement tem-
perature include air temperature, relative humidity
of air, cloud cover, wind speed, and precipitation.
Different factors present different meteorological
characteristics and have different influences on
pavement temperature.

(2) The maximum temperature at the depth (5 cm) from
road surface in Beijing can reach 35°C in high-
temperature season. Since this position is also the
spot with maximum shear stress, the high-
temperature stability is not only limited to road
surface.

(3) The correlations among these factors (air tempera-
ture, relative humidity, cloud cover, wind speed, and
precipitation) are quantified and linked in these
models. The strong correlations of these factors were
observed.

(4) Air temperature and relative humidity of air have
greater influences while cloud cover, wind speed, and
precipitation have weaker influences on pavement
temperature during the heating stage. The influence
of air temperature on pavement temperature
weakened with the depth increase of testing positions
from the road surface. The effect of cloud cover in the
cooling stage is greater than that in the heating stage,
and air temperature plays a more important role in
the heating stage than in the cooling stage.

(5) The prediction model is verified based on the en-
vironmental data in July 2016, and the regression
model was developed with a desirable stability and
reliability, as well as a high accurate prediction.
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