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Abstract: The bituminous material performance is affected
basically by the prevailing temperatures. The mechanical
properties of these materials can vary significantly with
the changes in the temperature magnitude. Hot mix asphalt
(HMA) is a visco-elastoplastic material, so the pavement
structural capacity is affected by the temperature variations.
To determine the characteristics of the strength of the flexi-
ble pavement rationally, the prediction of the distribution
of temperature in HMA pavement layers is a must. Heavy
loadings subjected to highways and roads can cause serious
deterioration to the HMA pavements. In this research, the
temperature for three thicknesses of asphalt pavement
structure was measured, and the air temperature to predict
a model explains the relationship between the tempera-
ture and the depth of the pavement structure. The sug-
gested model was successfully validated utilizing the
data from three depths of asphalt pavement structure
and the temperature on the surface of the asphalt pave-
ment. The developed model consists of two independent
variables, which are the depth within the pavement and
ambient air temperature. The predicted model will be
useful for the pavement designers those in need to predict
the temperature of the profile of pavement to determine
the engineering characteristics of field pavement.
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1 Introduction

From the initial Strategic Highway Research Program
testing, the models of pavement temperature had been
developed to support the selection of the adequate per-
formance grade of asphalt binder to be used in a selected
location [1-4].

Pavement temperature can be briefly defined as the
changes in pavement surface temperature with the varia-
tion in weather parameters over time as influenced by the
paving materials and direct solar reflectance, thermal
conductivity, specific heat, and surface convection [5,6].

The temperature distribution is the most contributing
environmental factor that affects the mechanical proper-
ties of flexible paving mixtures and the asphalt pavement
structure’s bearing capacity [7].

The asphalt pavement performance is highly tem-
perature sensitive [8]. Recently, summer temperature
intends to be higher than any time before because of
global warming, so different types of damages could
occur in flexible pavements.

It has also been observed that the temperature in one
section of an asphalt pavement varies due to several
reasons. To better understand, pavement responses are
affected primarily by ambient temperature, followed by
solar radiation (during the hot season); the effect of wind
speed and relative humidity, however, is less significant
[9]. Thus, these parameters are considered as the neces-
sary parameters in a pavement temperature prediction
model [10]. Furthermore, extensive research on tempera-
ture prediction models has been conducted in several
regions with different climates to formulate pavement
temperature prediction models that provide the highest
accuracy [8].

Several researchers have also raised their concern about
temperature algorithms’ precision and the consequences of
using predicted values by emerging technologies of deep
learning-based regression models for calculating asphalt
pavement temperature [11].

Solaimanian and Kennedy [12] predicted pavement
temperatures through an analytical approach by using
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the theory of energy and heat transfer. Bosscher et al. [4]
predicted models based on regression data sets. Marshall
et al. [13] and Park et al. [14] also used the regression
method to predict pavement temperature models. Her-
mansson [15,16] predicted a computer simulation model
pavement temperatures in the summertime by using the
heat transfer theoretical models given by Solaimanian
and Kennedy. Some of the asphalt pavement temperature
layer models can be predicted on an hourly/daily basis by
using the statistical method [7].

Mohseni and Symons [17,18] predicted the tempera-
ture of asphalt pavement using a statistical model, and
they concluded that minimum and maximum tempera-
tures at different depths of asphalt pavement layer change
with the variation of air and surface temperature linearly.

Diefenderfer Brian [19] determined the pavement
temperature profile and the effects of cooling and heating
trends within the pavement structure could be quanti-
fied; and showed that it could model the daily pavement
minimum and maximum temperatures could be modeled
by knowing the minimum or maximum ambient tempera-
tures, the solar radiation, and the depth at which the
temperature of pavement is desired, and extend the
model to show that verification of the temperatures of
pavement calculated by using the daily solar radiation
could be applied to any location accurately.

Chao and Jinxi [20] used the method of partial least
square to present a regression model by analyzing the
collected data of the pavement temperature as well as
the environmental data provided from the local weather
station. As a result, the temperature of pavement can be
estimated and predicted by the proposed model accu-
rately and reliably.

Diefenderfer et al. [21] predicted models for the
minimum daily and maximum daily pavement tempera-
tures, which were developed and validated by using data
from the Virginia Smart Road and two long-term pavement
performance seasonal monitoring programs (LTPP SMP)
test sites. The calculated pavement temperatures using
the daily solar radiation could be applied to any location
accurately.

The temperatures of asphalt pavement influence
greatly the performance and bearing capacity, espe-
cially in the season of high temperature. The variation
of pavement temperatures during the high temperature
affects the structural design and the management of
maintenance of the asphalt pavement layers and the
estimation of pavement temperature models accurately.
The temperature of asphalt pavement is affected greatly
by many environmental factors and cannot be measured
directly or predicted precisely.

A model for variation with time of flexible pavement temperature

— 177

The objective of the present work is to suggest a
model for the prediction of pavement temperature in
terms of pavement thickness and air temperature. The
predicted model will be used by designers to predict
the temperature of the profile of pavement to determine
the engineering characteristics of field pavement. In this
research work, sensors of temperature were buried or
embedded in the pavement of a selected road to collect
the data of temperature by continuously recorded mea-
surement for 10 months. Then a model was predicted by
using the regression analysis method using the SPSS pro-
gram throughout a complete analysis on the recorded
data of pavement temperature; the results showed that
the temperature of pavement could be predicted by the
model accurately and reliably.

2 Pavement temperature
monitoring

Sensors of temperature were buried in the pavement
structure to collect data of temperature for 10 months
period from April 2018 till February 2019. The selected
road is located in Baghdad city, which is used for col-
lecting the data. The pavement structure of the selected
site is composed of a surface layer, binder layer, base layer,
sub-base layer, and subgrade, as shown in Figure 1(a). Data
were collected by using a temperature data logger device
that has high-quality thermostat sensors from —40 to +85°C
and it is composed of four channels; three of them were
used for collecting the temperature data of the three depths
of asphalt pavement for model development: 2.0, 7.0, and
10.0 cm below the pavement surface, and the fourth one for
air temperature. All three depths were located within the
hot mix asphalt (HMA) layer. The accuracy of the memory of
the device is 0.25% for 12 bit resolution, and 8 bit or 10 bit
resolution can also be set to maximize memory usage.
Temperature data are recorded in the device daily and
hourly in EXCEL sheet and could be drawn from the device
for each desired period as presented in Figure 2, which shows
the temperature values for 13-25 May 2018 each hour of the
day for the three depths and the air temperature values.

2.1 Effect of air temperature

Figure 3 presents the relationship between the air tem-
perature and time measured on Friday, 15 January 2019.
The figure shows that during the daytime, the temperature
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Figure 1: (a) Pavement structure layers. (b) Data logger device.

rises until it reaches a maximum value with time and
decreases during the night till reaching a minimum value.

2.2 Effect of temperature on asphalt
pavement layers

Figure 4 presents an example of the relationship between
the temperature and time measured at different asphalt

Themistor Type 1°C

(b)

pavement layer depths; 0, 2, 7, and 10 cm from the sur-
face during Friday, 15 January 2019, whereas Table 1 pre-
sents the maximum and minimum values of temperature
for all layers during that day. As shown in the figure, the
temperature rises during the day and decreases during
the night because of the heat of the sun. As presented in
the figure, it is clear that at midnight (i.e. time = 0) the
value of temperature at the surface has the lowest value,
whereas at 10 cm below the surface the value of tempera-
ture is the maximum value. The values of temperature at

islogger label 1s testing

T T
13-May-2018 15-May-2018 17-May-2018

Ch1 Ch2 Trial Chd

T T T T
19-May-2018 21-May-2018 23-May-2018 25-May-2018

Figure 2: Relationship of temperature values with time from data logger software.
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Figure 3: Relationship between air temperature and time.
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Figure 4: Relationship between the temperature and asphalt pavement thickness.

all the layers decrease at night and continue to decrease till
they reach the minimum value before the rise of the sun. The
value of temperature will increase at the surface layer when

Table 1: The minimum and maximum values of temperature (°C) for
all layers on Friday, 15 January 2019

Layer depth (cm) Temperature value (°C)

Minimum Time Maximum Time
0 12.6 06:48:37 20.7 17:48:37
2 12.8 10:48:37  20.7 17:48:37
7 13.2 11:48:37 19.6 18:48:37
10 14.6 11:48:37 18.3 19:48:37

the sun rises and the ambient temperature increases; also,
the temperature will be transferred to the second layer and
will continue to transfer throughout the layers during the
day. As presented in the figure, at midday (i.e. time = 12) the
surface temperature is equal to the value of temperature at
10 cm, and the values of temperature continue to increase till
reaching their maximum value at all layers. When the sun
begins to set (i.e. time = 17), the value of temperature at
the surface will begin to decrease as well as at all layers.
The figure also shows that the temperature increases as the
depth of the pavement decrease during the day, whereas
it increases with the increase of the pavement depths during
the night. That is because of temperature dispersion throughout
the pavement layers.
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2.3 Regression analysis and model
development

After data collection, the program used for predicting the
model of pavement temperature was SPSS.

2.4 Regression analysis

It is a statistical technique that attempts to explain and
design the relationship between dependent and indepen-
dent variables. The dependent variable is pavement tem-
perature (Tp,y., °C), whereas the independent variables
are the thickness of pavement (h, cm) and air tempera-
ture (T, °C).

To build the model, the number of samples must be
checked. T-test was used to determine whether to use 50
or 75% of samples make a difference in the results. Table
2 shows the T-test results for each pair of samples.

From Table 2 the ¢-test results show that using 50% of
samples or 75% of samples does not make any difference
because significant 2-tailed is greater than 0.05 confi-
dence level.

Around 75% of the collected data were selected ran-
domly by the SPSS program and used for building the
model, whereas 25% of the data were used for model vali-
dation. Table 3 presents the correlation matrix between the
dependent and independent variables.

2.5 Model limitations

Table 4 presents the limitations of the data used to build
and validate the model.

3 Measurement of fit goodness

The measurement of fit goodness is focused on the eva-
luation of how the predicted regression model is well-

Table 2: Paired samples T-test
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Table 3: Correlation matrix between dependent and independent
variables

Correlations

Tpav. h Tair
Toav Pearson correlation 1 0.014 0.971**
Sig. (2-tailed) 0.073 0.000
N 15,722 15,722 15,722
h Pearson correlation 0.014 1 -0.001
Sig. (2-tailed) 0.073 0.880
N 15,722 15,722 15,722
Tair Pearson correlation 0.971** -0.001 1
Sig. (2-tailed) 0.000 0.880
N 15,722 15,722 15,722
**Correlation is significant at the 0.01 level (2-tailed).
Table 4: Data limitations used in the model
Variable Range Min. Max. Mean
Building model data, sample size = 15,722
Toav. 55 3.2 58.2 29.142
h 8 2 10 6.330
Tair 53.5 2.6 56.1 27.6
Validation data, sample size = 5,248
Toav. 54.3 3.2 57.5 29.041
h 8 2 10 6.343
Tair 53.1 2.6 55.7 27.520

fitting the collected data. The two coefficients of mea-
sures that are presented are the determination coefficient
(R% and standard error of the regression (SER). Several
statisticians used the adjusted multiple determinations
coefficient, adjusted R, which refers to the magnitude
increase of R when a new parameter enters the model.
The SER parameter can be found by the following
relationship:
]O.S

where SSE = sum squares of error (Z(yi - yl.’)z), y; = the

SSE

n—(k+1) W

SER:[

actual response value variable for the ith case. yi’ = the

Pair of samples Paired differences

t df Sig. (2-tailed)

Mean  Std. seviation Std. 95% confidence interval of the difference
error mean
Lower Upper
50 and 75% -0.149 20.267 0.196 -0.534 0.234 -0.763 10,665 0.445
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Table 5: ANOVA results for pavement temperature model
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ANOVAP
Model Squares sum ds Mean square F Significant
1 Regression value 1909796.126 2 954898.063 131156.980 0.000?
Residual value 114443.338 15,719 7.281
Total 2024239.464 15,721

a. Predictors: (constant), T, thickness. b. Dependent variable: T,,.

Table 6: Developed model summary

Summary of model

RZ

0.943

Model R Adjusted R  Estimate std. error

1 0.971° 0.943 2.698

a. Predictors: (constant), T, thickness.

regression prediction value for the ith case.n — (k + 1) =
degree of freedom (ds). n = sample number, and k = inde-
pendent variables number.

The analysis of variance (ANOVA) results and sum-
mary of the regression analysis for the model are pre-
sented in Tables 5 and 6.

From the ANOVA table results, the F statistic is the
regression mean square divided by the residual mean
square. The significance value of the F statistic is smaller
than 0.05 for the developed model; then, the indepen-
dent variables are explain the variation in the dependent
variable significantly.

The analysis of results and calculation of correlation
coefficient (R), coefficient of determination (R?), and stan-
dard regression error for the developed model are calcu-
lated and presented in Table 5. The determination coeffi-
cient (R?) is (0.943); this is the mean that there is only
5.7% of the observed variation is unexplained by the pre-
dicted model. That leads to a very good correlation

Table 7: Regression of developed model

between the measured and predicted values of pavement
temperature (Tpay.).

4 Discussion of regression analysis
results

To know the effect of the independent variables (pave-
ment thickness (h) and air temperature (T;)) on the
dependent variable pavement temperature (Tpay.), the
multiple regression analysis was used.

From the SPSS program, the model of pavement tem-
perature was predicted and the model description was as
follows and can be seen in Table 7:

Tpay. = 1.521 + 0.053 h + 0.988 Ty Q)

It is clear from the values of beta value which is the
standardized coefficient, the air temperature (Ty;,) inde-
pendent variable is highly affecting in the estimation of
the temperature of pavement which is the dependent
variable (Tp,y.) because the beta value is the highest
one (0.971), whereas for the second independent variable
the thickness of pavement (h), the beta value is (0.015)
which has the lowest effect in the estimation of the (Tpay.).
A significant level is less than 0.05 for all independent
variables, as presented in Table 7.

Model Model coefficients®
Unstandardized coefficients Standardized coefficients t-value Significant
B Standard error Beta
1 (Constant) 1.521 0.071 21.484 0.000
h 0.053 0.007 0.015 8.145 0.000
Tair 0.988 0.002 0.971 512.111 0.000

a. Dependent variable: T,,.
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Figure 5: Actual versus estimated pavement temperature (Tpa,.).

5 Predicted model validation

The validation process is to evaluate the adequacy of the
predicted model and measurement of the accuracy or
error of the estimation for the period of validation.

Excel software was used to validate the model. A total
of 25% of the data which have not been used for building
the model were used in the validation process. Figure 5
presents the relationship between the estimated (devel-
oped) and the actual pavement temperature (Tpay.). As
shown in the figure, the correlation coefficient (R) value
is 0.972; thus, the developed model is considered to be
valid.

It is worth mentioning that the properties of asphalt
binder/mixture, especially those related to temperature,
can be enhanced with the addition of polymers such
as waste polypropylene, especially for high-temperature
regions. Polymers would decrease the negative environ-
mental effects, as concluded by Abdulkhabeer et al. [22].

6 Conclusions

The following can be concluded:

1. The temperature has a relatively significant impact on
the physical and mechanical material properties of the
asphalt pavement layer.

2. A model for predicting the pavement temperature was
developed and validated using data from a selected
site in Baghdad city, the capital of Iraq. The developed
model consists of two independent variables, which

DE GRUYTER

are the depth within the pavement and ambient air
temperature as follows:

Toav. = 1.521 + 0.053 h + 0.988 Ty

3. The predicted model (Tp,y) will be useful for the
pavement designers those in need to predict the tem-
perature of the profile of pavement to determine the
engineering characteristics of field pavement.

4. The model may be applied for estimating the perfor-
mance of rutting, which is a result of heavy vehicle
loading. Also, it may be applied for estimating the
low-temperature cracking of HMA pavements.

5. The model can predict the future pavement tempera-
tures (Tp,y.) using the trends of ambient temperature
from previously recorded data, and that will be useful
for researchers in estimating the total time that pave-
ments are subjected to critical temperatures.

7 Recommendations

It is recommended to

1. Carry out additional research on this topic and include
other variables in predicting the model of pavement
temperatures like seasonal effects, amplitude, and solar
radiation to produce the profiles of real-time pavement
temperature and heat transfer between the environ-
mental and pavement temperatures.

2. Determine pavement temperature profile models for
maximum and minimum ambient temperatures with
depth.

Conflict of interest: Authors state no conflict of interest.
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