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IMPROVED MODEL TO PREDICT FLEXIBLE PAVEMENT TEMPERATURE
PROFILE

ABSTRACT

The performance of asphalt pavements is greatly influenced by environmental conditions.

One of the most important environmental factors th at significantly affect the mechanical
properties of asphalt mixtures is temperature. Thus, accurate prediction of the
temperature distribution within the pavement structure is important.

This paper proposes regression models to predict flexible pavement temperature profile
by means of the least square method and measured values for air temperature, humidity,

wind speed and calculated solar radiation at different pavement cells located at MnROAD

accelerated pavement facility.

A total of 13869 average meas urements of pavement temperature at different depths
collected over the past 1lyears were used to develop regression models. Linear and

polynomial regression models are presented to predict the maximum and minimum

pavement temperatures independently. Forma 1 statistical analysis of the residuals of the
models proposed is presented to verify the assumptions of normality and

homoscedasticity. Additionally, the Akaike information criterion (AIC) is used to

quantify the relative goodness -of-fit of the models and to discourage over fitting.

It was found that the interaction terms proposed in full linear models are not adding

important information to the models and therefore can be removed. Moreover, binder

type does not strongly affect the prediction of the maxim um and minimum pavement
temperature.

Finally, the models were verified with a finite difference heat transfer program that

calculates temperature in asphalt pavements. Five different locations in the United States

were used to compare the results. The pred icted temperatures of the numerical model
reasonably agree with the predictions from both maximum and minimu m temperature
regression models .

INTRODUCTION

The properties of asphalt mixtures changes drastically with temperature. Asphalt
concrete is hard, brittle and susceptible to cracking at low temperatures and soft and
prone to permanent deformation at high temperatures.

Accurate prediction of the asphalt pavement temperature at different depths based
on air temperatures and other simple weather statio n measurements can help engineers in
performing backcalculations of asphalt concrete modulus and in estimati ng pavement
deflections. Pavement temperature is very important in evaluating frost action and fr ost
penetration as well as in the selection of the asphalt grade in the pavement structure.

Many of the models available in the literature predict the temperature in
pavements using regression and probabilistic methods developed based on weather and
pavement data collected through the Long-Term Pavement Performance Program
(LTPP). These methods wusually underestimate high pavement temperatures and
overestimate low pavement temperatures due to the inappropriate selection of the
predictor parameters of the regression models. This paper investigates what terms of the



regression models (including polynomial and interaction terms) contain valuable
information for the prediction of the pavement temperature, using formal statistical
analysis.

LITERATURE REVIEW

Pavement temperature prediction has been extensively investigated by many
researchers. Most of the methods available in the literature are based on either models
that use energy balance equations and finite difference , or purely empirical regressions .

The Enhanced Integrated Climatic Model (EICM) (NCHRP 1 -37A [1]) is used in
the mechanistic empirical pavement design guide (MEPDG) for pavement temperature
prediction. The EICM consists of three parts: the CMS (Climatic -Materials-Structural)
model originally developed at the University of Illinois (Dempsey [2]), the CRREL Frost
Heave and Thaw Settlement Model and the Infiltration and D rainage Model (NCHRP 1 -
37A [1]). The CMS is a forward finite difference one -dimensional heat transfer model
that determines the temperature distribution and the frost penetration wi thin the
pavement. The model considers radiation, convection, conduction and latent heat. Heat
fluxes due to transpiration, condensation and precipitation are neglected in this model
(Dempsey [2]). The inputs used in this model include heat capacity and th ermal
conductivity of the asphalt mixture, pavement surface absorptivity, air temperature, wind
speed and incoming solar radiation. Some of these input parameters were not measured
directly but were estimated using empirical correlations.

Other research on pavement temperature prediction using energy b alance
equations include studies performed by Hermansson [3], Christison and Anderson [4],
Straub et al. [5] and Yavuzturk et al. [6].

Several empirical models based on linear regression analysis have been dev eloped
to predict maximum and minimum temperatures in the pavement. Barber [7] proposed a
model to correlate pavement surface temperatures an d temperatures at 3.5 in. depth with
weather station information. Barber [7] observed that the changes in pavement
temperature measured in Hybla Valley (Virginia ,USA) roughly followed a sine curve
with a period of one day. The analyses showed that when solar radiation and air
temperature was included, the sine approximation provided reasonable estimates of
surface temp eratures.

Solaimanian [8] developed a quadratic model that determines the maximum and
minimum surface pavement temperature based on the latitude of the location of the
pavement. Lukanen et al. [9] developed an empirical prediction model based on
regression analysis and data from the Long -Term Pavement Performance Program to
estimate the seven-day average maximum pavement temperature using the seven -day
average maximum air temperature. More recently, Diefenderfer et al. [10] developed and
validated models for daily maximum and minimum pavement temperatures based on data
obtained at the Virginia Smart Road and two LTPP test sites. The models proposed
incorporated the depth within the pavement, calculated daily solar radiation and
maximum or minimum air tempera ture.



VARIABLES USED IN THE MODEL S

The temperature distribution of flexible pavements is directly affected by the
environmental conditions to which it is exposed. The heat transfer between the surface of
the pavement and the environment is affected by i ncident solar radiation, thermal and
long-wave radiation between the surface and the sky, convection between the pavement
surface and fluids like air or water, and conduction inside the pavement (Figure 1).
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Figure 1. Energy ba lance on the surface of the pavement

Incident solar radiation is an important factor that needs to be included in
pavement temperature models for reliable and location independent predictions . Solar
radiation at any location (latitude) and day of the year can be calculated using the
equations proposed by Igbal[11]:

H, :Msmf sind(;‘,wv“p - tanwsg (1)
ep a

where,

H, = daily solar radiation on a horizontal surface (kJ/m ?)
Isc = solar constant = 4871 kJ/m?
f = latitude (deg)
E, = eccentricity factor, calculated using (2)
=1.00011+0.034221cos C+0.001280 sin G+ 0.000719 cos 2C + 0.000077 sin 2C  (2)

2pd
G= day angle (rad), calculated with: G= Py

365
d,= day number of the year from 1 to 365

d = solar declination (deg), calculated as follows:
=(0.006918 - 0.399912 cos C+0.070257 sin G- 0.006758 cos 2C +

180
0.000907 sin 2G- 0.002697 cos 3G+ 0.00148 sin 3G) — 3)
p

W= sunrise hour angle (deg), calculated using (4):
w, =cos”' (- tanf tand) “4)

N



The wind velocity is a nother factor that influences the pavement temperature . It
greatly affects the convection heat flux. For example, a relatively high wind velocity
produces a cool down of the surface.

The regression models proposed in this paper are based on air te mperature,
calculated solar radiation using (1) -(4), depth, wind speed, and humidity . Data collected
over the past 11 years at MnROAD was used to fit the models. A total of 13869
measurements from four asphalt mixtures at different depths were used. The following
table shows the asphalt binder and the sensors location f or each of the cells used at
MnROAD.

Table 1. Description of MnROAD cells used for data collection.

Cell # Asphalt Binder Depth (mm)
19 PG 64-22 24,79 and 131
20 PG 58-28 27,82 and 131
33 PG 58-28 25 and 76
34 PG 58-34 25 and 76
35 PG 58-40 25 and 76
SUMMARY STATISTICS

Table 2 shows the mean, standard deviation, median, minimum and maximum for
all the variables used in the regression models. It is observed that the maximum and
minimum pavement temperatures are 22.6 °C and 6.8°C warmer than the maximum and
minimum air temperature, respectively.

Table 2. Summary statistics for all variables .

Variable Average | Std Dev | Minimum | Median | Maximum
MaxPavTemp 18.626 17.407 -17.600 16.925 58.450
MaxAirTemp 10.951 13.096 25490 | 10.527 35.824
MinPavTemp 6.625 12.747 -26.500 5.280 34.320
MinAirTemp 0.869 12.171 -33.340 1.037 25.533

Humidity 75.881 12.759 35.828 | 76.410 104.630

Depth 0.0538 0.0298 0.024 0.076 0.131

Solar rad. 25304 11092 10214 24990 41498

Wind 2.422 1.131 0.101 2.264 8.267

Correlation matrices for the daily maximum and minimum pavement temperature
are presented in Table 3 and 4, respectively. The correlation factors that are significant
are presented in bold in Tables 3-4. Positive correlations are observed between the
maximum pavement temperature and the maximum air temperature (0.94) and s olar
radiation (0.86). This positive correlation indicates that as solar radiation and air
temperature increases the pavement temperature increases as well . It is observed that the
correlation between maximum pavement temperature and depth is -0.20, indicating that
as depth increases the maximum temperature of the pavement decreases. On the other
hand, the minimum pavement temperature is not greatly affected by the depth as it is
observed from the low correlation factor ( -0.028) in Table 4.



Table 3. Correlation matrix for maximum pavement temperature .

MaxPavTemp | MaxAirTemp | Hum Depth Solar Wind
MaxPavTemp 1
MaxAirTemp 0.9397 1
Hum -0.2487 -0.1541 1
Depth -0.2061 -0.1062 | -0.0063 1
Solar 0.8606 0.7797 | -0.2258 | -0.0975 1
Wind -0.3090 -0.2581 | -0.0925 | 0.0316 | -0.1715 1

Table 4. Correlation matrix for minimum pavement temperature .

MinPavTemp | MinAirTemp | Depth Solar Wind Hum
MinPavTemp 1
MinAirTemp 0.9634 1
Depth -0.0281 -0.1062 1
Solar 0.8098 0.7647 | -0.0975 1
Wind -0.2594 -0.2231 0.0315| -0.1707 1
Hum -0.0604 -0.0034 | -0.0061 | -0.2264 | -0.0927 1

An insight of the relationship between daily maximum air temperature and daily
maximum pavement temperature is presented in Figure 2. It is observed that a linear
model is inappropriate for the prediction of maximum pavement temperature at low air
temperatures. On the other hand, a quadratic model improves the prediction of pavement
temperature for the ranges of air temperature where the linear model is inadequate .

Marked by Binder: 58-28+ 58-34x SEB-—-40+ g4-22+
. Quadratic
Linear —> model

model

Figure 2. Daily maximum pavement temperature vs. daily maximum air temperature

Investigation of the statistical significance of variables such as humidity, wind speed,
precipitation, binder type and interaction terms is required to obtain an appropriate model
for pavement temperature prediction .



LINEAR MODEL FOR MAXIMUM PAVEMENT TEMPERATURE

A linear model which includes all the variables described before and the
interaction terms was fitted to the MnROAD data. In this model , the aspha It binder t ype
is included and treated as a dummy variable to study the effect of different binders on the
pavement temperature prediction. The proposed linear model is as follows:

TMAXiPAV :a+bTMAX7A]R +cD +dS +eH + fW + gB, + hB, +iB, +jDTMAX7A]R +kSTMAX7A]R +
IB,D +mB,D +nB,D 5)

where:

Thux 4k = Maximum air temperature (“C).
D= depth (m).

S = Calculated solar radiation (kJ/m? day).
H=Humidity (%).

W = Wind speed (m/s).

B =PG 58-34 binder.

B, =PG 58-28 binder.

B3 =PG 58-40 binder.

The constants of the model described by (5) can be estimat ed using the least
squares method. Table 5 shows the parameters obtained with their standard errors. From
this table, statistical tests can be done to identify which independent variables are
significant for this linear model.

Table 5. Estimated parameters for maximum pavement temperature model.

Term Estimate | Std. Error
Constant (a) 13.32 0.34
MaxAirTemp (b) 0.83 0.01
Depth (¢) -36.01 2.79
Solar (d) 3.58E-04 | 5.80E-06
Humidity (e) -0.12 2.46E-03
Wind speed (f) -1.30 0.03
{F}Binder[58-34] (g) -0.73 0.29
{F}Binder[58-28] (h) -0.11 0.27
{F}Binder[58-40] (i) -1.07 0.29
Depth* MaxAirTemp (j) -3.09 0.08
MaxAirTemp* Solar (k) 9.16E-06 | 2.82E-07
Depth* {F}Binder[58 -34] () -13.41 3.78
Depth* {F}Binder[58 -28] (m) -8.11 3.29
Depth* {F}Binder[58 40] (n) 13.53 3.71

It is observed from Table 5 that the intercept of the linear model does not change
significantly if different binders are used ; the intercept a will change -0.73 °C, -0.11°C
and -1.07°C if PG 58-34, PG 58-28 and PG 58 -40 binder is used instead of PG 64 -22,



respectively. Moreover, Figure 2 shows that the trend of maximum pavement temperature
against maximum air temperature does not change signifi cantly with binder type. Thus,
the dummy variables that represent the binder type includ ed in the first general model can
be removed.

Akaike Information Criterion (AIC)

The Akaike information cr iterion (AIC) quantifies the relative goodness -of-fit of
several statistical models deve loped from the same data set. It uses the framework of
information theory based on the concept of entropy ( Akaike [12]). The idea behind the
AIC criterion is to examine the complexity of the model together with goodness of its f it
to produce a measure which balances between the two ( Akaike [12]). Overfitting is
avoided when the model selected has a low AIC value.

For least squares regression and normally distributed errors, the criterion uses the
following formula:

AIC = 2%k +n 20 (6)
én g
where:

k = number of parameters.
n = number of observations.
RSS= residual sum squares.

A plot of the AIC value with respect to the number of parameters of the linear
model for maximum pavement temperature (5) is shown in Figure 3. It can be seen that
for k> 6 the AIC does not change significantly. T herefore, the interaction terms proposed
in (5) are not adding important information to the model and can be removed.
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Checking model assumptions

It is assumed that the errors of the linear regression are random and normal ly distributed.
Both assumptions are not violated as it can be seen from Figures 4 and 5. The residuals in
the proposed model are more or less random distributed along the zero horizontal line

(Figure 4) and normally distributed as shown in the linear trend of the probability plot in
Figure 5.

Figure 4. Residuals vs fitted values for the maximum pavement temperature model

Figure 5. Probability plot of residuals for the maximum pavement temperature model

LINEAR MODEL FOR MINIMUM PAVEMENT TEMPERATURE

The model proposed for estimation of the minimum pavement temperature is as
follows:

TMINiPAV = a+bTM[N7A]R +cD +dS +eH + fW +gB, +hB, +iB, +jDTMIN7A]R +kSTMIN7A]R +
IB,D + mB,D +nB,D (7)

where:

Tvian 4 = Minimum air temperature ( °C).
D= depth (m).

S = Calculated solar radiation (kJ/m? day).



H=Humidity (%).

W = Wind speed (m/s).
B; =PG 58-34 binder.
B,=PG 58-28 binder.
B;=PG 58-40 binder.

The parameters obtained for this model are presented in Table 6. The same
conclusions obtained for the maximum pavement temperature linear model were found
for the case of low temperature. The only difference is that the intercept a is not
significant acco rding to a #-test.

Table 6. Estimated parameters for minimum pavement temperature model

Term Estimate | Std. Error
Constant (a) 0.10 0.24
MinAirTemp (b) 0.60 0.01
Depth (¢) 36.21 0.76
Solar (d) 1.61E-04 3.39E-06
Humidity (e) -3.05E-02 1.84E-03
Wind speed (f) -0.48 0.02
{F}Binder[58-34] (g) 2.74 0.15
{F}Binder[58-28] (h) 2.61 0.15
{F}Binder[58-40] (i) 2.48 0.15
Depth.MinAirTemp (j) 0.20 0.06
MinAirTe mp.Solar (k) 7.32E-06 2.21E-07
Depth. {F}Binder[58 -34] (I) 0.09 0.01
Depth. {F}Binder[58 -28] (m) 0.12 0.01
Depth. {F}Binder[58 -40] (n) 0.08 0.01

Figure 6 shows the plot of the residuals with the fitted values. This figure
indicates that the errors of the model are random and, similar to the case of the maximum
pavement temperature model, the assumption s for the residuals are not violated.

Figure 6. Residuals vs fitted values for the minimum pavement temperature model
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REDUCED MODEL FOR MAXIMUM PAVEMENT TEMPERATURE

The maximum air temperature is the independent variable that contains most of
the explanatory information for the maximum pavement temperature. Therefore,
polynomials of degree up to five are fitted using only this variable in the model and AIC
is used to estimate the degree of the polynomial to be used in the proposed reduced

model.

Figure 7 shows clearly that a quadratic term will give balance between complexity

of the model and goodness of fit.
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The following reduced model is proposed based on the previous analy sis and by
removing the terms that are not statistically significant:

T =a+bT wux am +cT,, gz +dD+eS+ fH +gW
MAX _ PAV _

®)

Using least squares the following parameters were obtained (Table 7):

Table 7. Estimated parameters for maximum pavement temperature reduced mod el

Term Estimate Std. Error
Constant 11.432 0.268
MaxAirTemp 2 7.123E-03 | 1.958E-04
MaxAirTemp 0.743 0.0053
Depth -61.742 1.083
Solar 4.604E-04 | 4.718E-06
Humidity -0.108 0.00263
Wind speed -1.313 0.02980
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The R’ for this model is 0.953 and the stand ard error of the regression is 3.770.
Plot of the residuals against the fitted values and probability plot sof the re siduals for this
model indicated that the errors are random and normal distributed.

REDUCED MODEL FOR MINIMUM PAVEMENT TEMPERATURE

The following model is proposed for minimum pavement temperature prediction:

_ 2
TMINiPAV =a+bT "viw _am +CTMIN7AIR

+dD +eS+ fH + g 9)
Using least squares the following parameters were obtained:

Table 8. Estimated parameters for minimum pavement temperature reduced model

Term Estimate | Std. Error
Constant 2.136 0.201
MinAirTemp”2 5.353E-03 | 1.392E-04
MinAirTemp 0.902 0.0030
Depth 32.926 0.739
Solar 1.687E-04 | 3.358E-06
Humidity -0.025 0.00184
Wind speed -0.491 0.02001

The R’ for this model is 0.959 and the standard error of the regression is 2.574.
The plot of the residuals showed that for this model the errors are ra ndom and normal
distributed.

FINAL REMARKS AND VALIDATION

In summary the following are the two models proposed for the estimation of daily
maximum and minimum pavement temperatures:
Ty pay =11432 47123 %107 T2 am +0.743 T, - 61.742D +4.604 *107*S - 0.108 H - 1.313W

Ty oo = 2136 +5.353%10° T2 am +0.902T,,, 0 +32.926D +1.687 ¥10*S - 0.025H - 0.491W

The predictions for the maximum and minimum daily pavement temperature
using the regression models were compared with measured pavement temperatures at two
LTPP SMP sites. The two selected test sections are Alabama site 1-0101 and
Connecticut site 9-1803. The Alabama section is located in Lee County at latitude
32.61°N and has 33 mm of AC surface layer, 157.5 mm of AC base and 200 mm of
granular base. The data used for comparison from this site were measured from July 1995
through November 1998. Two sensors located at 25 and 85 mm provided a total of 1000
observations. The Connecticut section is located in New London County at lati tude
41.39°N and has 79 mm of AC surface layer, 109 mm of AC base and 305 mm of
granular base. A total of 1250 observations were collected from this section between
January 1994 and October 1997 at 25 and 89 mm depth.
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Figure 8 and 9 show the predicted and measured maximum and minimum daily
pavement temperature for the two LTPP SMP sections, respectively. Both the maximum
and minimum daily pavement temperature regression models predicted the measured
pavement temperature fairly well. The predictions for the Connecticut section at 25 mm
depth seems to deviate from the equality line at high temperatures. This is explaining by
the fact that daily average wind speed measurements were not available in the database .
Instead, monthly average wind speed values were used for the regression models. As it
can be seen from the proposed equation for the maximum pavement temperature, the
wind speed is an important factor especially at depths closer to the surface and thus

accurate measurements of the daily average wind speed is required for reliable
predictions.

Alabama sec tion Connecticut section
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Figure 8. Measured and predicted maximum daily pavement temperature at two
depths.
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Figure 9. Measured and predicted minimum daily pavement temperature at two
depths
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The two LTPP verification sections have different climates compare to the site

(MnROAD) used for calibration of the regression models. The good agreement between
the predicted and the measured maximum and minimum pavement temperature indicates
that the proposed m odels are independent of the location.
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