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Abstract: The pavement deflection measured by falling weight deflectometer (FWD) detection
equipment can be used to determine the bearing capacity of a pavement structure through modulus
backcalculation to provide suggestions for pavement structure maintenance. However, because
asphalt mixtures are temperature-sensitive materials, they are greatly affected by temperature, and
changes in temperature can cause their mechanical properties to vary and affect the structural bearing
capacity. Therefore, this paper conducts a pavement deflection test on an in-service highway asphalt
pavement at different temperatures in different seasons. The representative temperature of the
asphalt layer was determined through comparative analysis. The temperature’s effective influence
distance on the deflection basin was found, and a more suitable temperature correction model for
the deflection basin of asphalt pavement was established. The results showed that the temperature
at the middle layer depth of the asphalt layer is more suitable as the representative temperature of
the asphalt layer. The effective influence range of temperature on the deflection basin is 90 cm. The
deflection change rate before and after the temperature correction at a radial distance of 20 cm is
more appropriate for the temperature correction of the deflection basin.

Keywords: FWD; asphalt layer; representative temperature; temperature effective influence distance;
deflection change rate

1. Introduction

Falling Weight Deflectometers (FWD) are increasingly being used in pavement mainte-
nance management to determine the structural load-carrying capacity of asphalt pavements
by simulating traffic loads to detect surface deflections [1,2]. FWDs have been widely used
in assessment of the whole life cycle of pavement structures. For example, during the
use of pavement, the backcalculated structural layer modulus based on the deflection
basin can be compared with the initial modulus value to determine the structural bearing
capacity, thus providing guidance on the best timing for preventive maintenance and the
reconstruction and repair of the pavement structure [3,4]. Normally when performing
comparative analysis of the initial modulus, it is necessary to correct the backcalculated
layer’s modulus to a uniform standard temperature [5].

Deflection is influenced by load factors (applied load size, load bearing plate size),
pavement structure (pavement type, number of structural layers, thickness of each layer
and structural layer modulus) and asphalt mixture temperature [6,7]. However, asphalt
mixtures are temperature-sensitive materials, and both long-term seasonal changes and
short-term daily temperature differences can lead to changes in their stiffness [8-10]. As the
temperature rises, the deflections also increase, and for the same road section, the measured
deflections in summer are significantly larger than the deflections detected in winter.
When using the deflections to assess the structural performance of pavement, deflections
should be corrected for temperature and adjusted to the same reference temperature [11,12].
Then, the corrected deflection can better reflect the structural strength of the pavement by
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backcalculation. We refer to this temperature correction method as first-correction [13,14].
Usually, the deflections should be normalized at first so that other factors (humidity, asphalt
layer damage, asphalt aging, etc.) have minimal influence on the deflection-temperature
correction model [15].

To better model the deflection temperature correction, an accurate representative
temperature of the pavement should be obtained. The temperature of the asphalt layer
varies with depth. For changes in temperature with the depth of the pavement, the tem-
perature’s influence on the stress state is more significant when the pavement’s thickness
is deeper. Usually, the temperature at a certain depth is selected to represent the asphalt
layer temperature. Different researchers have different opinions on which depth to choose.
Baltzer and Stubstad et al. took the temperature of the top third of the asphalt layer as the
representative temperature of the asphalt layer and achieved good fitting results [16,17].
Noureldin et al. found that the temperature at near the center of the asphalt layer can rep-
resent the actual temperature of the entire asphalt layer [18,19]. Kim and Park investigated
the effect of different load magnitudes on the deflection temperature correction factors and
obtained a linear relationship between the deflection and the temperature in the middle
asphalt layer in semi-logarithmic coordinates [20]. These analyses are mostly based on
flexible pavements. However, semi-rigid asphalt pavement is widely used in China. The
temperature in the middle asphalt layer is used as a representative temperature in most of
the temperature correction model studies [13,21].

Current asphalt pavement temperature prediction models can be divided into two
categories: mathematical statistical methods and theoretical methods [22-25]. The mathe-
matical statistical method refers to the use of the actual measured pavement temperature
combined with the meteorological data at that time to determine a pavement temperature
calculation formula through regression analysis. The theoretical method derives the ex-
pression of the pavement temperature through the principle of heat transfer based on the
thermodynamic properties and meteorological data of the pavement material. Comparing
the two methods, the mathematical statistics method is relatively simple, while the theoret-
ical method is too complicated. Although the mathematical statistics method has certain
regional characteristics, it is still effective for regions with similar climates.

In summary, modulus backcalculation based on FWD deflection is an important part
of pavement structure maintenance, and an accurate backcalculation of the asphalt layer
modulus is affected by the temperature-sensitive characteristics of the asphalt mixtures.
However, a uniform deflection temperature correction model for semi-rigid asphalt pave-
ments has not been fully developed.

Therefore, in this paper, in order to establish an accurate deflection temperature
correction model, continuous deflection tests were performed on in-service highway asphalt
pavement in different seasons, and the detected pavement temperature was recorded. Then,
the representative temperature of the asphalt layer and the temperature’s effective influence
distance on the deflection basin were determined. Finally, a temperature correction model
of asphalt pavement deflection based on the deflection change rate was also established.

2. FWD Test

To study the deflection of asphalt pavement under FWD loads and its relationship with
the road temperature, as well as to establish the temperature correction relationship of the
deflections, this paper selected an in-service highway asphalt pavement with a service life
of 12 years in Shanghai province and conducted FWD tests under different temperatures
and seasons. The traffic volume is 499 pcu/h. The test section is a semi-rigid base asphalt
pavement, and the specific structure is shown in the Table 1.
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Table 1. Pavement structure information.

Layers Materials Thickness/cm
Modified SMA13 4
Surface layer AC20 6
AC25 8
Base layer Cement-stabilized gravel 40

The test section is 1.5 km long and has three lanes in total. Deflection measurement
points were arranged in each lane at intervals of 20 m. The measurement points were
marked to ensure that each detection was performed at the same location. In principle, the
FWD test were to be conducted once a month, but if there is a large temperature difference
in that month, two tests were conducted. FWD testing schematic is shown in Figure 1a.
The whole test lasted one year. The radial distance of each measurement point is 0, 20, 30,
45, 60, 90, 120, 150 and 180 c¢m.

SMA13 4cm

AC20 6cm

AC25 8cm

Platinum thermistor sensor
(b)

Figure 1. Illustration of the FWD test: (a) FWD testing schematic; (b) Platinum thermistor sensors’
distribution diagram.

To determine the temperature distribution in the structural layer of the asphalt pave-
ment, two temperature monitoring points were arranged in the test road section, and eight
platinum thermistor sensors were embedded in each monitoring point, which were buried
2,4,6,8,10, 12, 14 and 16 cm away from the surface. The platinum thermistor sensors’
distribution diagram is shown in Figure 1b. The temperature of the structural layer was
observed throughout the day, with temperature data being collected every 5 min and the
prevailing air temperature being recorded at the same time.

3. The Representative Temperature of the Asphalt Layer
3.1. Determining the Representative Temperature

In this paper, to determine the representative temperature of the pavement structure,
the temperature at one-third depth and the temperature at the middle depth were adopted
as the representative temperatures of the asphalt layer. Then, the surface layer moduli were
backcalculated, and the backcalculated modulus and temperature were fitted to compare
the fitting effect to choose the appropriate representative temperature.

The backcalculation software used in this study is the SA-PSO program based on the
particle swarm algorithm, which has been compared with other backcalculation software
such as MODULUS, EVERCALC and WESDEEF [26]. The comparison results show that the
backcalculation’s accuracy and efficiency are very good.
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3.2. Analysis and Results

The average modulus of the asphalt layer obtained from the backcalculation was
averaged according to the temperature, and the modulus—temperature relationship was
modeled by statistical regression. It was found that the logarithm of the modulus is linearly
related to temperature, which is shown in Equation (1):

log(Er) =a+mxT
Er = 10%""T M

where T is the test temperature in °C, Et is the backcalculation modulus at the test temper-
ature, in MPa, and a and m are different regression coefficients.

Then, the temperature correction coefficient was exponentially related to temperature.
Therefore, an exponential relationship model was used to regress the modulus—temperature
data, as shown in Equation (2):

Ap = ETo 10T )
Er
where Tj is the standard temperature in °C, E is the modulus corrected to the standard
temperature, in MPa, and Ag is the correction factor.
When the temperature at one-third depth was used for modeling, the fitted curves
and model parameters obtained were shown in Figure 2 and Equation (3):

log(ET) = 4.4066 — 0.013T
Ap = 100-013¢(T—Tp) (3)
R% = 0.741
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Figure 2. Modulus-temperature model (at 1/3 depth).

When the temperature at the middle depth was used for modeling, the fitted curves
and model parameters obtained were shown in Figure 3 and Equation (4):

log(E7) = 4.4475 — 0.015425T
Ap = 1000154256(T~To) (4)

R? = 0.855
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Figure 3. Modulus-temperature model (at middle depth).

From the above results, it can be seen that both models can achieve a better fitting
effect, but in comparison, the fitting curve of R?is larger and the fitting effect is better when
the temperature at the middle depth is chosen as the representative temperature. Therefore,
this paper uses the temperature at the middle depth as the representative temperature of
the asphalt layer.

4. Effective Influence Distance of Temperature on the Deflection Basin
4.1. Determining the Effective Influence Distance of Temperature

The research shows that the deflection is no longer affected by temperature changes
beyond a certain point in the radial distance range, and the distance from this point
to the load center is called the effective temperature influence distance. In this section,
the collected deflections were first backcalculated for the structural layer moduli, and
then the backcalculated surface layer modulus was corrected to 20 °C according to the
aforementioned temperature correction model. Next, Bisar software was used to calculate
the complete deflection basins using the correct backcalculated surface layer modulus, base
layer and subgrade moduli. Finally, the calculated deflection basins were compared with
the measured deflection basins to analyze the effective influence distance of temperature
on the deflection basin.

4.2. Analysis and Results

The deflection basins before and after correction under different temperatures at a
measurement point were used as an example for analysis which were shown in Figure 4.

According to the above comparison chart, the influence of temperature on deflection
decreases with the increasing radial distance. The deflection difference between the calcu-
lated and measured deflections when the radial distance is less than 90 cm is obvious and
increases with the increasing temperature difference. However, the deflection differences
when the radial distances are farther than 90 cm are not obvious. Then, the difference
between the measured and calculated deflection of each measuring point is calculated, and
the absolute value of the difference is averaged. The results are shown in Figure 5.
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Figure 4. Comparison of deflection basins at different temperatures: (a) 16.1 °C; (b) 25.1 °C;
(c) 35.2°C; (d) 41.6 °C.
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Figure 5. The mean of the absolute value of the deflection difference.

From the graph of the mean value of the absolute difference between the measured
and calculated deflection, the deviation first decreased and then increased and reached a
minimum value near the radial distance of 90 cm.

To further verify this conclusion, this paper adopts a method for selecting the effective
influence distance based on the minimum mean square error criterion. For the deflection at
the same radial distance of a certain measuring point, first calculate the average value of
the measured deflections at different test temperatures. Next, calculate the mean value of
the measured deflections at different test temperatures with other radial distances. Then,
the root mean squared error (RMSE) is calculated by summing the squared differences
between the measured deflection and the mean value at different radial distances. The
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distance between the load center and the point with the smallest RMSE value is the effective
influence distance of the structure. The calculation formula of the RMSE is as follows:
1oL (defimdep )
RMSE = /1 ¥ (7) x 100%
Vr&E (5)
def = 1y def;
i=1

where 7 is the number of different test temperatures selected, def; is the deflection of the
ith test temperature, and def is the average value of the different test temperatures from a
certain measurement point.

Figure 6 shows that the overall trend of the RMSE first decreases and then increases
and reaches the minimum value at 90 cm.

0.07

0.06

y=3x10%x2- 0.0007x + 0.0586
R*=0.885

Radial distance/cm

Figure 6. RMSE at different radial distances.

In summary, it can be determined that the effective radial distance of the temperature
on the influence of the deflection basin is 90 cm. The deflections from the load center to the
radial distance of 90 cm must be corrected for temperature. The deflection at further radial
distances does not require correction.

5. Deflection Temperature Modelling
5.1. Temperature Correction Model at the Load Center

Through the comparative study of the load center deflection under different temper-
atures, it is found that similarly using the exponential model to correct the load center
deflection has a better effect, and the equation is shown below:

dyo = 10420-T) x g (6)

where dyg and dr are deflections at standard and test temperatures, respectively, in mm; T
is the test temperature, in °C; and « is the model parameter.

The fitting results of the load center deflection before and after the correction are
shown in Figure 7. The specific temperature correction formula is shown in Equation (7).

dyg = 100004644(20-T) o g
{ Ay = %9 _ 1000046a4(20-1) +R" =0.874 @)

where A; is the temperature correction factor.
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Figure 7. Load center deflection fitting results.

5.2. Temperature Correction Model for the Deflection Basin

In addition to correcting the load center deflection, temperature corrections for deflec-
tions are required for other points in the deflection basin that are affected by temperature.
This section finds the optimal temperature correction method for deflection at other radial
distances by comparing three different temperature correction methods.

5.2.1. Temperature Correction Based on Load Center Deflection Difference

This method looks for the relationship between the difference before and after the
temperature correction of deflections at other radial distances and the load center deflection
difference based on the difference between the measured load center deflection and the
calculated deflection at the load center after modulus correction.

The plots of the deflection difference at the load center and each point at the radial
distance from 20 to 90 cm were analyzed, and it was found that there was an obvious linear
relationship, so the proportional function was used for fitting. The fitting results at different
radial distances are shown in Figure 8. The ratio k and correlation coefficient (R?) of the
deflection difference at each point and the load center are obtained, and the results are
shown in Table 2.

Table 2. Adjustment factors for deflection temperature at different radial distances.

Radial
Distance/cm 20 30 45 60 2
k 0.4573 0.3430 0.2651 0.2148 0.1399
R? 0.8374 0.789 0.7858 0.7622 0.66

Then, the deflection temperature correction model at different radial distances in the
temperature-affected range is obtained.

dg = 1(0-004644(20—T) o dor

dog = 0.4573 x (dg — dor) + daor, R?> = 0.8374
dsg = 0.3430 x (do - dQT) +d3or, R? =0.789
dgs = 0.2651 x (do — dor) + dgsT, R? = 0.7858
deo = 0.2148 x (dg — dor) + deor, R? = 0.7622
dgg = 0.1399 x (dg — dQT) + dyor, R? = 0.66

®)

where dy, dog, d3o, dss, dgo and dgg are the temperature-corrected deflections at radial
distances of 0, 20, 30, 45, 60 and 90 cm, respectively. dor, doot, d30T, 45T, deoT and dogr are
the measured deflections at radial distances of 0, 20, 30, 45, 60 and 90 cm, respectively.
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Figure 8. Fitting results between deflection difference at different radial distances and load center
deflection difference: (a) 20 cm; (b) 30 cm; (c) 45 cm; (d) 60 cm; (e) 90 cm.

5.2.2. Temperature Correction Based on the Load Center Deflection Rate

This method looks for the relationship between the change rate before and after the
temperature correction of deflections at other radial distances and the load center deflection
change rate based on the change rate between the measured load center deflection and the
calculated deflection at the load center after modulus correction.

The plots of the deflection rate at the load center and each point at the radial distance
from 20 to 90 cm were also analyzed, and the proportional function was used for fitting.
The fitting results at different radial distances are shown in Figure 9. The ratio k and R? of
the deflection rate at each point and the load center are obtained, and the results are shown
in Table 3.
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Figure 9. Fitting results between deflection rate at different radial distances and load center deflection
rates: (a) 20 cm; (b) 30 cm; (c) 45 cm; (d) 60 cm; (e) 90 cm.

Table 3. Adjustment factors for deflection temperature.

Radial
Distance/cm 20 30 45 60 20
k 0.5672 0.4662 0.4180 0.3867 0.3222
R? 0.8886 0.8329 0.8341 0.8204 0.7685
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From the fitting results, the fitting degree is better than that of the difference fitting
in the previous section, and the results obtained are more accurate. Then, the deflection
temperature correction model at different radial distances in the temperature-affected range
is obtained, as shown in Equation (9). The meaning of each parameter is the same as above
and will not be explained again.

dy = 100004644(20-T) o

dog = (0.5672 x W4T 4 1) x dygr, R? = 0.8886
d3p = (0.4662 x do dUT +1) x d3or, R? = 0.8329
dys = (0.4180 x do do oy 1) x dys7, R? = 0.8341
deo = (0.3867 x do dOT +1) x deor, R? = 0.8204
dog = (0.3222 x do dOT +1) x door, R? = 0.7685

)

5.2.3. Temperature Correction Based on the Deflection Change Rate at a Radial Distance
of 20 cm

This method first selects a certain distance from 0 to 90 cm at each radial distance as
the basis and then corrects other deflections in the deflection basin. The selection principle
of this radial distance is that the fitting result between the deflection ratios before and after
temperature correction and the temperature is the best. The temperature correction results
for deflections at each radial distance were obtained by fitting the deflections from 0 to
90 cm to the temperature. The fitting result at the load center is shown in Figure 7, and the
fitting results at other radial distances are shown in Figure 10.

The correlation coefficients of the fitting results at each radial distance are shown in
Table 4.

Table 4. Fitting results at each radial distance.

Radial
Distances

R? 0.874 0.964 0.938 0.883 0.831 0.741

0 20 30 45 60 90

As seen in the above table, the best fitting result was obtained for the point at a radial
distance of 20 cm, with R2 reaching 0.964. Therefore, this method looks for the relationship
between the change rate before and after the temperature correction of deflections at other
radial distances and the deflection change rate at a radial distance of 20 cm to correct the
deflection basin.

The deflection change rate at the load center and radial distance of 30~90 cm and the
deflection change rate at the radial distance of 20 cm are fitted to obtain the ratio of the
deflection change rate at each radial distance to the radial distance of 20 cm, and the results
are shown in Figure 11. Adjustment coefficients for deflections are shown in Table 5.

Table 5. Adjustment coefficients for deflections at each radial distance.

Radial
Distance/cm

k 1.6994 0.8276 0.7382 0.6793 0.5623
R? 0.9033 0.9831 0.9499 0.9024 0.8095

0 30 45 60 90
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Figure 10. Deflection fitting results at other radial distances: (a) 20 cm; (b) 30 cm; (c) 45 cm; (d) 60 cm;
(e) 90 cm.

In the above graphs, the fitting degree of this method is better than that of the correction
based on the load center deflection, and the obtained results are more accurate. The fitted
images at radial distances from 30 to 90 cm are “comet” shaped, with the comet head at the
(0, 0) coordinate and the comet tail at the third quadrant away from the (0, 0) point. The
tail’s divergence becomes higher as the distance from the measurement point increases.
In contrast, the fitted image at the load center is not “comet-like” and appears to be
more diffuse.

According to St. Venant’s principle, this is due to the stress concentration at the
load center. The load center is affected by the drop weight, and the configuration of the
pavement has a great influence on the stress distribution generated by the drop weight,
resulting in large fluctuations in the deflection at the load center due to the nearby stress
distribution, while points farther away from the drop are hardly affected by this.
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Figure 11. Deflection change ratio at each radial distance to the deflection change rate at 20 cm:
(a) 20 cm; (b) 30 cm; (c) 45 cm; (d) 60 cm; (e) 90 cm.

Then, a more suitable deflection temperature correction model at different radial
distances in the temperature-affected range is obtained, as shown in Equation (10):

deo

5.3. Validation

(
= (
(

dop = 100002625(20-T) 5 g4,
d3o = (0.8276 x % 1
dys = (0.7382 x dzod;% 11
doo—daor
0.6793 x - tar 4

_ dao—dpor
dgg = (0.5623 x Tor +1

x dagr, R? = 0.9831
X dys7, R* = 0.9499
x deor, R = 0.9024
x door, R? = 0.8095

— — ~— —

(10)

To validate the applicability and repeatability of the temperature correction model,
measured deflection data from one other road section was used for comparative analysis.
This pavement was made of 150 mm asphalt concrete (AC) and 450 mm fly ash with
a three slag base. Platinum thermistor sensors were also embedded in the AC layer to
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collect the temperature data, as previously mentioned in the FWD test sections. Deflection
measurement points are arranged in each lane at intervals of 30 m. The detailed deflection
and temperature data are summarized in Table 6.

Table 6. Measured deflection and temperature information.

Deflection/mm o
ID 0 20 30 45 60 90 120 150 180 T/°C
1 00728 00568 00478 00451 00421 00340  0.0240 00231  0.0209 26.2
2 0.0977 00813 00704 00656 00583 00428 00312 00290  0.0275 26.8
3 00679 00521 00439 00424 00405 00331 00255 00239  0.0204 27.3
4 00720 00578 00500  0.0481 00448 00333 00248 00219 00174 27.4
5 00732 00537 00455 00439 00422 00353 00259 00255  0.0236 27.7
6 0.0835 00674 00558 00503 00435 00313 00255 00217 00191 27.9
7 0.0826 00685 00592 00556 00511 00405 00298 00292  0.0260 265
8 0.0666 00513 00434 00421 00406 00346 00253 00249  0.0226 26.7
9 00704 00529 00448 00433 00416 00339 00248 00237 00215 26.8
10 00635 00592 00511 00489 00457 00366 00270 00263  0.0245 28.9
1 01224 01050 00918 00832 00711 00498 00371 00342  0.0317 28.6
12 0.0652 00501 00419 00403 00383 00316 00231 00223  0.0203 26.4
13 0.0841 00712 00613 00566 00499 00373 00318 00276  0.0233 26.1
14 01308 01049 00924 00865 00762 00524 00381 00356  0.0339 26.9

Note: ID is serial number of the different measurement points. T means the temperature at the middle depth.

The backcalculated layer moduli based on the deflection are shown in Table 7. E; and
Es are the backcalculated surface layer and subgrade moduli based on the uncorrected
deflections, and E,t and Egr are the surface layer and subgrade moduli based on the
corrected deflections using Equation (9).

Table 7. The backcalculated layer moduli.

ID E,/MPa E,r/MPa Es/MPa Est/MPa
1 4574 5304 132 123
2 4477 5352 120 116
3 5158 6228 129 118
4 15,663 4866 161 125
5 4088 4866 115 110
6 3553 4185 154 144
7 4866 5839 114 110
8 5182 6130 111 113
9 4769 5547 123 119
10 15,663 5450 109 114
11 4574 5935 119 115
12 4963 5839 125 121
13 4769 5596 131 127
14 4185 5158 118 114

Average/MPa 4597 5450 126 119

The definition of backcalculation accuracy is the proportion of the backcalculation
moduli whose deviations are within an acceptable range. For the asphalt layer modulus,
which has a variability of 15% in general, is considered acceptable when the surface layer
backcalculation modulus is in the conventional deviation range of 85% to 115% [27]. Based
on this, the percentage of E,r within the deviation range is 92.9%, while the percentage of
E, i5 78.5%. The subgrade modulus is considered acceptable when it is within the deviation
range of 90-110%. Similarly, the percentage of Est within the deviation range was 92.9%
while the percentage of Es was 85.7%.

The base modulus in this section has a high variability, and therefore no comparison
is included. However, it can still be concluded from the comparison results of the surface
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layer and subgrade moduli that the accuracies of the backcalculation moduli based on the
corrected deflection are more accurate. According to the above analysis, it is demonstrated
that proposed deflection temperature model has good repeatability and applicability.

6. Conclusions

In this paper, the influence range of temperature on a deflection basin is studied
through long-term FWD deflection detection on in-service highways, and a temperature
correction formula for the deflection basin based on the deflection change rate is established.
The conclusions are as follows:

1.  When performing the deflection temperature correction of an asphalt pavement in
Shanghai, the temperature at the middle depth of the asphalt layer is more suitable
for use as the representative temperature of the whole asphalt layer. In other regions,
the location of the representative temperature may be different due to the different
forms of pavement structures. Further validation analysis will be conducted later to
clarify its applicability.

2. The effective influence distance of temperature on the deflection basin is 90 cm. When
the temperature correction of the deflection basin is performed, the deflection with a
further radial distance can be uncorrected.

3. Wefound that using the deflection change rate can obtain better deflection-temperature
correction fitting results than the deflection difference. Then, we obtained a new model
for deflection temperature correction based on the deflection change rate. On the basis
of the new temperature correction model, we can evaluate the structural load-carrying
capacity more precisely.
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