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Abstract. In determination of flexible pavement layers moduli using Falling Weight Deflectometer (FWD), the pavement 
depth temperature should be determined and then the moduli should be corrected into a reference temperature. As direct 
measurement of pavement temperature is time consuming and is difficult to be determined in trafficked roads, some mod-
els are developed to predict temperature of asphalt layers through pavement depth, including BELLS model. The objective 
of this research is to determine correlation between actual measurement and prediction of temperature variations through 
asphalt layers with applying BELLS model. Ten new and rehabilitated pavement sites were selected in hot climate regions 
in Khuzestan and Kerman provinces in southern part of Iran. In typical hot summer days, pavement temperatures were 
measured at half and at one-third of the depth of asphalt layers and FWD testing were performed. Results indicated that 
a linear regression analysis of BELLS predicted temperatures versus measured values, provides very good correlation with 
actual field measurements of temperatures through the asphalt layers. Furthermore, predictions were more precise in re-
habilitated pavements rather than in newly constructed pavements. Finally, using multi parametric linear fitting analysis, a 
new model was developed to accurately predict the temperature of asphalt layers in new pavements.

Keywords: asphalt layer temperature, BELLS model, Falling Weight Deflectometer (FWD), hot climate areas.

Introduction

Determination or prediction of surface and depth tem-
peratures of asphalt pavements is necessity for pavement 
analysis, design and construction purposes. In laying and 
constructing asphalt layers, the cooling rate of the layer 
through its depth and the required time for compaction 
are determined based on the viscosity of binder in the mix, 
the mix temperature and environmental conditions (Vase-
nev et al. 2012). Surface temperature of the pavement is 
generally affected from solar energy absorption and reflec-
tion of the asphalt layer, and also from thermal properties 
of the mix (Petersen, Mahura 2012). For pavement analy-
sis and design, it is important to know the minimum and 
maximum depth temperatures of the asphalt layer over 
the year. Maximum pavement temperature is usually de-
termined from air temperature and also temperatures at 
half and at one-third of the depth of asphalt layers; while 
minimum pavement temperature is recorded as the mini-

mum surface temperature which is typically assumed to 
be equal to the minimum air temperature (Everitt 2001; 
Korczak et al. 2012).

With the application of Falling Weight Deflectometer 
(FWD) on pavements, deflection is measured. Due to vis-
coelastic behavior of asphalt layers, this varies with vary-
ing temperature in the pavement. Hence, for pavement 
analysis purposes, deflection data are converted to a ref-
erence temperature using either a Mechanistic-Empirical 
(e.g. ELMOD method) or Empirical (e.g. AASHTO meth-
od) conversion processing. Therefore, the depth tempera-
ture of the asphalt layer should be determined when per-
forming FWD testing. Mechanistic Empirical Pavement 
Design Guide (MEPDG) uses a climatic model called the 
Enhanced Integrated Climatic Model (EICM). This model 
is a one-dimensional coupled heat and moisture flow pro-
gram that simulates changes in the behavior and charac-
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teristics of pavement materials considering climatic condi-
tions over several years. The main purpose of EICM is to 
predict thermal stresses to feed into the pavement perfor-
mance prediction models (ARA 2004).

Although generally temperatures predicted with the 
EICM model satisfy pavement design needs, there have 
been some errors when comparing with measured pave-
ment temperatures. To overcome this problem, some new 
models were developed and validated in several climatic 
conditions. A one-dimensional mathematical model was 
developed by Gui et al. (2007), based on the fundamental 
energy balance to calculate the pavement surface tempera-
ture using hourly measured solar radiation, air tempera-
ture, dew-point temperature, and wind velocity data. This 
study evaluated the effects and sensitivities of the thermo-
physical properties on the pavement surface temperatures. 
The results indicated that both albedo and emissivity have 
the highest positive effects on pavement maximum and 
minimum temperatures, respectively; meanwhile, increas-
ing the thermal conductivity, diffusivity, and volumetric 
heat capacity help in mitigating the maximum (daytime) 
but not the minimum (nighttime) pavement near-surface 
temperatures. Based on heat-transfer fundamentals, Han 
et  al. (2011) developed an improved one-dimensional 
model, coupled with methods to obtain model-required 
climate data from available databases and optimization 
of site-specific pavement parameters to calculate hourly 
pavement temperatures. This provided a general tool for 
obtaining accurate hourly pavement temperatures as a 
function of depth at any desired pavement site for various 
applications, especially for calculations of pavement oxi-
dation where accurate results are required.

In addition to conventional mixtures, Luca and Mrawi-
ra (2005) developed a new laboratory procedure for the 
determination of thermal properties of Superpave asphalt 
concrete specimens. In this study, the researchers investi-
gated correlation between thermal and physical properties 
of asphalt concrete. Key physical properties tested for cor-
relation include resilient modulus, Marshall Stability and 
flow, and also bulk density. They concluded that there was 
no correlation between asphalt concrete thermal proper-
ties and physical properties. Another attempt was done by 
Deluka-Tibljaš et al. (2015) to identify potentially favora-
ble pavement surface materials that are suitable for the use 
on surfaces in urban areas. For this purpose, an extensive 
analysis of in-place material temperatures was conducted.

Finite Element Method (FEM) was utilized to model 
pavement temperature as a function of some other param-
eters. Energy exchange at the surface of newly laid asphalt 
pavements was modeled as a function of time and weather 
conditions by Wang et al. (2014). Thermodynamics anal-
ysis based on FEM was used to model and simulate the 
cooling process in different weather conditions. Field vali-
dation of the theoretical analysis indicated that the mode-
ling and simulation results match the observations reason-
ably well. FEM was also used by Dakessian et al. (2016) to 
assess the benefits of asphalt solar collectors in predicting 
the temperature profile of the pavements.

As discussed earlier, one difficulty with analyzing as-
phalt pavement deflection data is the dependency of the 
deflection on the asphalt layer temperature. Several studies 
have been focused on the effect of pavement temperature 
on the deflection data produced by nondestructive testing 
devices. García and Castro (2011) investigated this effect 
by establishing a methodology to define the experimental 
pavement temperature adjustment factors for deflection. 
Measurements have been carried out at different tempera-
tures on a road in Spain using the curviameter equipment. 
In another study, Dawson et  al. (2016) presented a sim-
plified procedure based on the Long-Term Pavement Per-
formance (LTPP) Seasonal Monitoring Program that can 
be easily used to adjust the measured pavement deflection 
data routinely collected during FWD testing to the desired 
temperature.

Wang (2016) developed an infinite series solution to 
predict the time-dependent temperature profile within the 
pavement surface layer on the basis of measured pavement 
surface temperature data during FWD testing. The mod-
el approximates a pavement surface temperature history 
by using temperatures measured at different times dur-
ing FWD testing. Comparison of the temperature profile 
predictions with the measured pavement temperatures, 
showed that the proposed solution can rapidly and accu-
rately predict the transient temperature profile within the 
pavement surface layer during the short time period of 
FWD testing with limited inputs.

Manual measurement of layer depth temperature is 
very time consuming. This results in decreased work ef-
ficiency and safety concern to the evaluation personnel. 
Each temperature measurement takes at least 25 minutes. 
Using developed prediction BELLS model makes it pos-
sible to perform FWD testing without interruption for 
measuring temperature. The main objective of this study 
is to determine correlation between actual measurements 
and prediction of temperature variation through asphalt 
layers with applying BELLS model for new and rehabili-
tated pavements. Since this model has been developed 
based on seasonal data collected in LTPP program, most 
of the temperature data in developing the model belong to 
the rehabilitated pavements. Also, according to the model 
assumptions, the pavement surface temperatures in the 
model database were within 0 °C to 40 °C ranges. Hence, 
multi parametric linear fitting (regression) statistical anal-
ysis was conducted and a new model with modifying orig-
inal BELLS model was developed to accurately predict the 
depth temperature of asphalt layers in new pavements for 
hot climate areas.

1. Determination of asphalt layer depth 
temperature

There are three common methods for determining the 
temperature of an asphalt layer through its depth, namely; 
in-situ direct measurement, AASHTO method and BELLS 
model. In the direct measurement method, the tempera-
ture of an asphalt layer is measured using a thermometer 
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at every 1 to 1.5 hours upon drilling a hole up to half 
depth of the layer during FWD testing. In this method, if 
the pavement temperature varies due to presence of clouds 
or shadows, additional measurements will be necessary 
(Inge, Kim 1995). Drilling the hole imparts some heat 
and for this reason temperature measurements should be 
conducted at least 20 minutes after drilling. On the other 
hand, stopping FWD testing in order to measure tem-
perature of pavement layers will reduce the efficiency of 
the test. Another disadvantage of the direct measurement 
method is measuring temperature at a single point and 
extending that to a road section which results in severe 
uncertainties (Dynatest International A/S 2014). In addi-
tion, usually the pavement layers’ thicknesses vary along 
the road, thus creating a hole for measuring the tempera-
ture in the middle depth of the asphalt layer resulted in 
another source of error. Kavussi et al. (2016) and Solatifar 
et al. (2017a, 2017b) used direct measurement method to 
determine pavement temperature during FWD testing for 
developing dynamic modulus master curves of asphalt layers.

For determining the temperature of an asphalt layer in 
AASHTO method, the pavement surface layer tempera-
ture is measured. This is determined either by measuring 
temperature at the depth of 25 mm or using FWD device 
measurement of infrared thermometer. In addition, the 
previous 5-day mean air temperature (i.e. before the FWD 
testing) and the total thickness of the asphalt layer are re-
quired, too. By knowing these data, the surface tempera-
ture is measured and the temperatures at half depths and 
the bottom of the asphalt layer are determined using the 
AASHTO graph (AASHTO 1993). The depth temperature 
of the asphalt layer in this method is defined as the average 
of the three above temperatures.

A notable disadvantage of AASHTO method is the cli-
matic variations of the last five consecutive days before the 
testing that can affect the final temperature of the asphalt 
layer. Also, there is no difference between the positive 
temperature gradient (surface temperature greater than 
the depth) at the beginning of the day and the negative 
temperature gradient (depth temperature greater than the 
surface) at the end of the day (Fernando et al. 2001).

Finally, BELLS model uses the mean air temperature 
of the previous day, eliminating the error associated with 
AASHTO method of weather changes. This model was 
developed by Federal Highway Administration (FHWA) 
based on LTPP Seasonal Monitoring program (FHWA 
1994). BELLS is acronym for the names of its five devel-
opers; Baltzer, Ertman, Larsen, Lukanen and Stubstad 
(Stubstad et al. 1994). It is described in detail as a standard 
method in ASTM D7228-06a:2015 (2015) and AASHTO 
T317:2009 (2009) standards. To predict temperature of an 
asphalt layer, BELLS model uses four parameters accord-
ing to Eqn (1):
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where: Td – pavement temperature at depth d within the 
asphalt layer, °C; IR – surface temperature measured from 
the infrared temperature gauge, °C; d – depth at which the 
temperature is to be predicted, mm; T(1–day) – average of 
the high and low air temperatures of the previous day, °C; 
and, hr18 – time of the day in the 24-hour system, calcu-
lated using an 18-hour asphalt temperature rise and fall 
times as explained by Stubstad et al. (1994). Coefficients 
of the two models, BELLS2 and BELLS3 are presented in 
Table 1 (AASHTO T317:2009).

Table 1. Coefficients of BELLS2 and BELLS3 equations

Coefficient BELLS2 BELLS3

β0 +2.780 +0.950

β1 +0.912 +0.892

β2 –0.428 –0.448

β3 +0.553 +0.621

β4 +2.630 +1.830

β5 +0.027 +0.042

BELLS3 is used in routine FWD testing (3 or 4 times 
loading at each point), where each loading is performed in 
less than 30 seconds. Therefore, the cooling of pavement 
surface due to shadow effects of FWD device is consid-
ered to be negligible. It should be noted that LTPP assesses 
the structural condition of pavements with applying 19 
FWD loadings at each point. Stopping FWD at any point 
will take more than 3 minutes. This will reduce the sur-
face temperature to some extent. Hence, BELLS2 model 
was proposed to consider the shadow effect of FWD de-
vice, too.

A comparison of BELLS model and the direct measure-
ment method in determining the middle depth tempera-
ture of a typical sample asphalt layer taken from a general 
Pavement Management System (PMS) implemented by 
the authors is shown in Figure 1. Since it is not feasible to 
measure the depth temperature of any single testing point 

Figure 1. Layer depth temperature determination using BELLS 
model compared with direct measurements



Journal of Civil Engineering and Management, 2018, 24(7): 516–525 519

of FWD using direct measurement method, the recorded 
temperature in a single loaded point is normally extend-
ed to all the next points. In contrast, BELLS model allows 
to assign a unique depth temperature at all FWD testing 
point due to the automatic recording of surface tempera-
ture with FWD machine. This results in time savings and 
the allowance of performing more tests during a day. Hav-
ing good correlation with the direct measurement, BELLS 
model can be considered to be more advantageous rather 
than the other two methods. It does not require the time-
consuming works of manually measuring the depth tem-
perature, the laborious works and the needed temperature 
data in AASHTO method. This results in increased accu-
racy and efficiency of determining the depth temperature 
of asphalt layers in pavement evaluation operations.

2. Experimental program

Ten asphalt pavement sites were selected in Khuzestan and 
Kerman provinces in south of Iran to determine depth 
temperature of asphalt layers. All these sites suffer from 
severe summer temperatures. According to the last sixty 
years climate records from Iranian Meteorological Organi-
zation, in Khuzestan, the highest air temperature varied 
from 28 °C in January to 54 °C in July. In Kerman, it var-
ied from 21 °C in January to 42 °C in July (IRIMO 2016). 

Figure 2 shows the site locations and their general climatic 
conditions.

Table 2 reports the general characteristics of the sites 
that were taken into consideration in the above two prov-
inces. The sites were selected from different roads so that 
they would include pavements with different characteris-
tics with regard to their thickness, age and previous day 
mean air temperature. As it can be seen in this table, for 
both of the new and rehabilitated pavements, the thickness 
of their asphalt layers varies from 75 to 400 mm. The age of 
the pavement sites varied from 2 weeks to 25 years.

In these sites, temperatures at half and at one-third 
depths of the asphalt layers were measured manually us-
ing three digital thermometers. The surface temperature 
was also determined from the infrared sensor of FWD 
machine. The test was conducted during July and August, 
2014 period. Figure 3 shows a typical FWD testing on a 
pavement surface and depth temperature measurements 
of asphalt layers. The details of configuration of the three 
thermometers, placed at different depths of asphalt layers 
is shown in Figure 4.

To consider the variations of temperature gradient 
during a day and also the performance of BELLS model 
in predicting the depth temperature of asphalt layers, site 
measurements were conducted at half an hour intervals 
during a full working day (i.e. from 6:00 a.m. to 6:00 p.m.). 

Figure 2. Location and general climatic conditions of the selected sites in Khuzestan and Kerman
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Therefore, 20 to 26 sets of temperature data were obtained 
at each testing site. To determine the mean air tempera-
ture of previous day that is required in BELLS model, min-
imum and maximum air temperatures of the day before 
testing were taken from local agencies (IRIMO 2016). In 
order to increase the amount of data, additional data were 
taken from the general PMS database that was gathered 
by the authors from the above two provinces. It should be 
noted that the total number of data used in the study were 

Table 2. General characteristics of the pavement sites

Location Road name Site ID Pavement type Pavement age Thickness of asphalt 
layers (mm) T(1–day) (°C)

K
hu

ze
st

an

Ahvaz – Shirin Shahr S01 New New (2 weeks) 75 36.5
Ahvaz – Shush S02 New 4 years 95 38
Ahvaz – Hamidiyeh (1) S03 New 5 years 115 37.7
Ahvaz – Hamidiyeh (2) S04 Rehabilitated 10 years 190 37
Ahvaz – Khorramshahr S05 Rehabilitated 25 years 220 36

K
er

m
an

Sirjan – Baft S06 New 6 months 120 31.5
Sirjan Expressway S07 New 2 years 120 32
Sirjan – Shahr – e Babak S08 New Overlaid 1 years 145 33
Sirjan – Bandar Abbas (1) S09 Rehabilitated 15 years 300 33
Sirjan – Bandar Abbas (2) S10 Rehabilitated 15 years 400 31

Figure 3. FWD testing and depth temperature measurements of 
asphalt layers on a pavement site

Table 3. Data parameters taken from selected sites and general PMS database

Parameter
New pavements Rehabilitated pavements

Sites data General PMS data Sites data General PMS data
n min max range n min max range n min max range n min max range

Surface (IR) temp. (°C)

230

26.1 55.0 28.9

60

17.4 55.9 38.5

116

26.0 51.0 25.0

170

8.0 60.2 52.2
Depth temp. (°C) 30.0 58.9 28.9 18.4 54.0 35.6 30.0 48.0 18.0 8.2 49.5 41.3
Previous day mean air 
temp. (°C) 31.5 38.0 6.5 8.0 39.0 31.0 31.0 37.0 6.0 8.0 39.0 31.0

Thickness (mm) 75.0 145.0 70.0 83.0 150.0 219.0 190.0 400.0 210.0 93.0 340.0 247.0

Figure 4. Detailed configuration of thermometers in depth of 
asphalt layers

290 sets for new pavements and 286 sets for rehabilitated 
pavements. Table 3 reports the two sets of the data sepa-
rately for new and rehabilitated pavements.

3. The effects of temperature variations

Temperature variations of air, surface and half-depth of 
asphalt layers on sites S03, S09 and S01 are reported in 
Figures  5, 6 and 7, respectively. Figure  5 reports these 
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in site S03 that in a newly constructed pavement. As it 
can be seen, with day rising, the pavement temperature 
rises up gradually. The pavement temperature during the 
day is always greater than the air temperature (i.e. due 
to black color of asphalt pavement that absorbs solar en-
ergy). While the asphalt depth temperature increases with 
increasing the air temperature, the surface temperature of 
the pavement exceeds that of pavement depth during mid-
day time (i.e. from 10:00  a.m. to 15:00  p.m.). Although 
the surface and depth temperatures were the same at first, 
with increasing the air temperature and solar radiation 
at 10:00  a.m., the surface temperature increased due to 
absorption of large amounts of solar energy. The positive 
temperature gradient continued until 3:00 p.m. Then the 
surface temperature decreased (negative temperature gra-
dient) to less than the depth temperature (due to reduced 
solar radiation). According to temperature data reported 
in Figure 5, the maximum temperatures of the surface and 
the depth of asphalt layers did not happen at the same 
time during the day which is sometimes assumed by re-
searchers.

Figure 6 shows the temperature variations in site S09 
which has rather thick asphalt layers (i.e. 300 mm). Com-
pared with site S03, it can be noted that the temperature 
variations of the surface and the depth of asphalt layers 
are appreciably greater in this pavement with thick asphalt 
layers. In fact, the depth temperature of the pavement at 
the beginning of the day was greater than the surface tem-
perature (i.e. the air temperature was cooler than the pave-
ment). After 9:30 a.m. this process was reversed.

At 3:00  p.m. on the day of testing, the weather con-
dition in this site changed dramatically and for about 30 
minutes, strong showers and wind occurred. As it can be 
seen in Figure 6, the air and surface temperatures of the 
asphalt layers dropped shortly due to cooling action of 
the short heavy rain. However, depth temperature of the 
asphalt layer changed rather steadily with less variations. 
It should be noted that these temperature variations were 
not included in the temperature prediction models and the 
data in the final analysis has been removed for this site af-
ter 3:00  p.m. Site S01 was a new pavement with 75  mm 
asphalt layer. In this site the variation of the three tempera-
tures are rather uniform as it can be seen in Figure 7.

4. Evaluation of BELLS prediction model

To evaluate BELLS model in predicting the depth tem-
perature of asphalt layers, the measured half and one-third 
depth temperatures of asphalt layers were compared with 
the temperatures obtained from this prediction model. 
Using surface temperature of asphalt layer and testing 
time (both obtained from FWD machine), mean air tem-
perature of the previous day and finally the desired depth, 
predicted temperatures were obtained. In Figures 8 and 9, 
directly measured temperatures with a thermometer on 
site and BELLS model predicted values are compared for 
all new and rehabilitated pavements, respectively. In these 
figures, Line of Equality (LOE) is shown in dashed line 

Figure 5. Air, surface and depth temperature variations in site 
S03 (a new pavement)

Figure 6. Air, surface and depth temperature variations in site 
S09 (a rehabilitated pavement)

Figure 7. Air, surface and depth temperature variations in site 
S01 (a new pavement)
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and a trend line was developed for predicted temperatures 
versus measured values.

With reference to Figure  8, depth temperatures pre-
dicted with BELLS model are slightly lower than the 
measured values. This trend was observed at all the new 
pavement sites. The slope of the trend line is less than 1, 
which means that a similar trend does not exist between 
the predicted and the measured temperatures. Although 
the coefficient of determination of the trend line is high 
(R2 = 0.96), but it is not a suitable parameter to evaluate 
the accuracy of the model. Hence, to evaluate the results 
more accurately, the Root-Mean Square Error (RMSE) was 
calculated and has been shown in the figures. RMSE could 
be calculated according to Eqn (2):

( )2
1

1 n

im ip
i

RMSE T T
n =

= −∑ , (2)

where: imT  – measured temperature, °C; and, ipT  – pre-
dicted temperature, °C. As it can be seen, this error in 
new pavements is five times greater than that of the reha-
bilitated ones.

For rehabilitated pavements, most of the points are 
placed close to the LOE, which indicates that BELLS 
model predicts the depth temperature with quite signifi-
cant accuracy (R2  =  0.98). This is also confirmed by the 
low RMSE. Therefore, BELLS model could predict the 
depth temperature of the asphalt layers with an accepta-
ble precision for rehabilitated pavements. Looking at the 
data it is noted that in rehabilitated pavements at temper-
atures below 30  °C, most of the predicted temperatures 
are greater than the measured temperatures. This trend 
is reversed at temperatures above 30 °C. The other reason 
for the differences at high temperatures may be due to 
temperature constraints of 0 °C to 40 °C in developing the 
original BELLS model (Stubstad et al. 1994).

Overlay rehabilitated pavements are generally thicker 
than new pavements. Mix properties of these asphalt lay-
ers that consist of different types of aggregates and binder, 
age and volumetric properties, affect thermal properties of 
the layers. While in newly constructed pavements, various 
asphalt layers have similar properties. Although for new 
pavements it is possible to add some new parameters of 
thermal and volumetric properties (e.g. void in total mix 
(VTM) concerned with mixture type) of asphalt mixtures 
in the model, but using this model will be hard because 
of necessary laboratory tests that should be conducted 
on asphalt mixtures. This results in spending more time 
in comparison with taking direct measurements of depth 
temperature during FWD testing.

As discussed earlier, most of the temperature data in 
developing the BELLS model collected from rehabilitated 
in-service pavements in LTPP Program. Hence, the model 
doesn’t work well in predicting the depth temperature for 
new pavements. The reason may be in different thermal 
behavior of newly constructed pavements in compari-
son with rehabilitated ones. New asphalt layers have fresh 
binder and are much darker rather than rehabilitated lay-
ers. During hot summer days the color is of great impor-
tance for surface temperature of asphalt layers, as a dark 
layer absorbs a greater portion of the solar radiation than 
does a light layer. On the other hand, temperature gradi-
ent is higher for new pavements, as a new paved asphalt 
layer transmit heat faster. So, depth temperatures are much 
greater in new pavements and BELLS model underpre-
dicts these temperatures. This issue could be seen in Fig-
ure 8. In addition, according to the model assumptions as 
outlined in the standard, pavement surface temperatures 
in the model database were within 0 °C to 40 °C ranges. 
Since in hot climate areas pavements experience higher 
temperatures, BELLS model will not be suitable for use in 
such pavements. Hence, a new model was developed by 
modifying coefficients of original BELLS model for new 
pavements in these climatic conditions.

5. Developing a new model for new pavements

As described in previous section, in case of asphalt lay-
ers in new pavements in hot climate areas, BELLS model 
exhibited relatively large errors in predicting depth tem-

Figure 8. BELLS predicted versus directly measured 
temperatures in new pavements

Figure 9. BELLS predicted versus directly measured 
temperatures in rehabilitated pavements
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peratures. To improve performance of the model in new 
pavements, a multi parametric linear fitting (regression) 
analysis was carried out in SPSS software. Multi paramet-
ric linear regression is an extension of simple linear re-
gression. This statistical technique is used to predict the 
value of a variable based on the value of two or more other 
variables. The variable which is to be predicted, is called 
the dependent variable; while other variables are called 
independent or predictor variables. The goal of multi 
parametric linear regression is to model the relationship 
between the predictor and dependent variables.

In this analysis, the measured temperatures in the half 
and one-third depths of the asphalt layers were considered 
as dependent variables and modifications were performed 
on original coefficients of BELLS model. Data used in 
modification were limited to the six testing sites and also 
additional general PMS data of new asphalt pavements in 
this study. Independent parameters, as shown in Table 4, 
were extracted from BELLS model to determine coeffi-
cients of fitting model similar to standard definitions. In 
this table, the intercept (constant β0) and five other coef-
ficients of the model (β1, β2, β3, β4, and β5) were reported. 
These values represent the slope of the line between the 
predictor variable and the dependent variable.

Values of Pearson Correlation of coefficients (associ-
ated with the model) were provided in the third column 
as dependent parameter (measured temperature). This pa-
rameter acts very similarly to a correlation coefficient. It 
ranges from 0 to 1 or 0 to –1, depending on the direction 
of the relationship. The closer the value is to 1 or –1, the 
stronger the relationship. By comparing these coefficients, 
since all of them are on the 0 to 1 scale, it is possible to 
actually compare the variables to see which ones have the 
strongest relationship with the dependent variable. In this 
analysis, it is shown that all independent parameters are 
directly related to depth temperatures and among them, 
the pavement surface temperature had greatest effect on 
the dependent variable of the model (R2 = 0.971).

After determining the correlation coefficients of the 
parameters, a linear fitting analysis was performed and 

the results were presented in two equations with the same 
coefficient of determination (R2  =  0.964). Coefficients 
of independent parameters and also three statistical pa-
rameters, including standard error of the coefficients,  
t-value and significant level (P-value) are also presented 
in Table 4. Standard error is similar to the standard devia-
tion for a mean. The larger the value, the more spread out 
the points are from the regression line. The more spread 
out the points are, the less likely that significance will be 
found. The next parameter, t-value is the test statistic cal-
culated for the individual predictor variable. This is used 
to calculate the P-value. P-value is the probability level (p). 
This tells whether or not an individual variable significant-
ly predicts the dependent variable. Typically, if the P-value 
is below 0.050, the value is considered significant.

The calculated value of coefficient β4 was 1.096 for 
Model 1; while its standard error (0.909) was high and re-
sulted in a reduction of t-value. In this model, the coef-
ficient β4, with a P-value of 0.229, indicates that there is 
no significant level with probability above 95% associated 
with the dependent variable. To avoid this, β4 was removed 
and linear fitting analysis was conducted again without 
this coefficient.

New coefficients of modified BELLS model are pre-
sented as Model 2 in Table 4. In the proposed model, the 
coefficients were modified and t-values were increased in 
all variables. According to the P-values, it is clear that the 
significant level of all coefficients of the model are above 
95%. Hence, for the structural evaluation of new pave-
ments, it is proposed to determine the depth temperature 
of asphalt layers using the new version of BELLS model, as 
presented in Eqn (3):

( )

( ) ( )181

1.725 1.022 log 1.25

0.419 0.491 0.054 sin 13.5 ,

d

day

T IR d

IR T IR hr−

 = + × + − 
 − × + × + × −  

 
 
 (3)

where all parameters were defined earlier in Eqn  (1). 
Figure 10 shows the predicted depth temperatures of the 

Table 4. Statistical parameters of new BELLS model for new pavements

Independent 
Parameter

Regression 
Coefficients

Pearson 
Correlation

Model 1 (R2 = 0.964) Model 2 (R2 = 0.964)

Coefficient Std. 
Error t-value P-value Coefficient Std. 

Error t-value P-value

Constant β0 – 2.248 0.726 3.095 0.002 1.725 0.583 2.959 0.003

IR β1 0.971 1.010 0.017 61.036 0.000 1.022 0.013 78.475 0.000

[ 10log d –1.25] IR β2 0.260 –0.392 0.041 –9.519 0.000 –0.419 0.035 –11.998 0.000

[ 10log d –1.25] T(1–day) β3 0.196 0.471 0.045 10.509 0.000 0.491 0.042 11.793 0.000

[ 10log d –1.25] 

sin(hr18–15.5)]
β4 0.583 1.096 0.909 1.205 0.229 – – – –

sin(hr18–13.5) IR β5 0.354 0.042 0.011 3.852 0.000 0.054 0.006 8.895 0.000

http://www.statisticssolutions.com/academic-solutions/resources/directory-of-statistical-analyses/pearsons-correlation-coefficient/
http://www.statisticssolutions.com/academic-solutions/resources/directory-of-statistical-analyses/probability/
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asphalt layers using this new BELLS model versus meas-
ured values in new pavements. According to this figure, 
the coefficient of determination is about 0.97, the slope 
and intercept of the trend line are close to 1 and zero, 
respectively. Hence, accuracy of the model was increased 
significantly. This model can be used for analysis of new 
pavements located in hot climate areas where the asphalt 
layers experience temperatures up to 59 °C.

Conclusions

Based on pavement temperature variation analysis that 
was performed in this research, the following conclusions 
can be drawn:

 – Temperature measurements of FWD device although 
is straight forward, has several drawbacks, including 
hole drill operation is time consuming; It may not 
measure the middle of the asphalt layer due to lack 
of knowledge of total thickness of the asphalt layers; 
Depth temperature of asphalt layers are extended to 
all sections before the next temperature measure-
ment.

 – AASHTO and BELLS methods can be used to esti-
mate the depth temperature of asphalt layers without 
interrupting FWD testing. These methods have sev-
eral advantages compared with the direct measure-
ment. BELLS model requires less data. In fact, it uses 
mean air temperature of previous day of testing in-
stead of 5-day air temperatures in AASHTO method.

 – The measured and predicted temperatures in rehabil-
itated pavements showed high correlations, exhibited 
a coefficient of determination of 0.98 and RMSE of 
1.096. Hence, reliable prediction of depth tempera-
ture can be achieved using BELLS model in rehabili-
tated pavements in hot climate areas.

 – RMSE between the measured and predicted tempera-
tures based on BELLS model in new pavements was 
five times greater than in rehabilitated pavements. 
In all new pavement sites, BELLS model resulted in 
lower temperatures than the measured ones, which 

confirm the inaccuracy of BELLS model in new pave-
ments.

 – In the developed new BELLS model, coefficient β4 
was removed because it did not have the required sig-
nificance level attributed to a high P-value. Finally, a 
new model was proposed to predict the depth tem-
perature of asphalt layers in new pavements located 
in hot climate areas with maximum temperature of 
59 °C.
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