
 

1 INTRODUCTION  

 

In the Province of Quebec (Canada), environmental factors and traffic loads are the main 

factors influencing pavement performance (Dore and Zubeck 2009). Amongst other 

factors, during freeze-thaw, the change of moisture content and temperature play a 

significant role in pavement behavior variations. During the winter, ice lens growth in 

frost-sensitive subgrade results in frost heave. During the spring thaw period, the 

accumulated ice and snow in the pavement structure environment melts and increases the 

water content of unbound layers and soils. This excess water content causes a reduction 

of the resilient modulus and increases the accumulation rate of permanent strains and 

fatigue cracks under traffic loads (Cary and Zapata 2011, Erlingsson 2012, Salour 2015). 

Therefore, the freeze-thaw cycle influences to a great extent the deterioration rate of 

pavements in cold regions. 

 

The objective of this project was to better understand the response of pavement structures 

during thawing and to improve the prediction of the loss and recovery of the bearing 

capacity as a function of the evolution of the thaw and temperatures in the pavement. 

Two test sections with the same pavement structure and materials were used for that 

purpose: an indoor test pavement in the geotechnical laboratory at Laval University and 

an outdoor experimental pavement at the Laval University Road Experimental Site 

(SERUL). 

 

 

2 TEST SITES AND INSTRUMENTATION  

 

The indoor experimental pavement is built inside a 2 x 6 x 2 m
3 

test pit in the 

geotechnical laboratory of Laval University; the outdoor experimental pavement is 

located at Laval University Road Experimental Site (SERUL). Both pavement structures 

have a 100 mm asphalt concrete, 200 mm granular base, 450 mm granular subbase and a 

silty sand subgrade (SM). The detailed information about the sensors used to monitor 

pavement response at both sites can be found in Figure 1. In the soil and unbound layers,  
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Figure 1. Pavement structure and sensors instrumentation. 
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data on vertical strain, vertical stress and water content were collected at mid-depth 

(unbound materials) or at the top of the layer (subgrade), while only strains (longitudinal 

and transversal) at the bottom of the asphalt concrete layer were collected for the surface 

layer. In addition, the test sections were also equipped with a 2 m long thermistor string 

in the laboratory and a road weather station at the SERUL to monitor the temperature 

profile variations in the pavement structures. Besides all these sensors, a surface 

deflection sensor was also installed on the surface of the indoor experimental pavement 

to evaluate the global structural bearing capacity during freeze-thaw. The detailed 

information about the sensors used to monitor pavement response at both sites can be 

found in Figure 1. 

 

 

3 METHODOLOGY 

 

3.1 Test Section in the Laboratory 

 

In the laboratory, a heavy vehicle simulator was installed on top of the indoor test pit. A 

loading carriage with a dual tire assembly was used to simulate real traffic loading 

conditions (Figure 2). The simulator has a heating/cooling system, by which the air 

temperature under the simulator can be controlled and stabilized to a desired value. The 

insulation side panels were installed around the simulator to help for the temperature 

conditioning. During the freezing procedure, -10°C was imposed at the surface of the 

pavement using the cooling system of the simulator. Meanwhile, to represent the real 

thermal conditions in the field, a temperature of 2°C was maintained at the bottom of the 

tested pavement structure using a closed circuit cooling glycol system embedded at the 

bottom of the test pit. In order to obtain moderate frost heaving, the groundwater level 

was adjusted to -1600 mm from the pavement surface. It was found that this level showed 

great variations during the freeze-thaw procedure.  

 

In the testing process, the carriage was adjusted to apply 5000, 5500 and 4000 kg dual-

wheel weight on the pavement surface to simulate standard, winter premium and spring 

load restrictions conditions, respectively. The tire pressure was set at 700 kPa and a speed 

of 5 km/h was used for the carriage through the loading procedure. For each 

measurement, eight loading passes were applied and all the sensor readings were 

collected. The average peak values for these eight passes were used to quantify the 

structural behavior variations for the experimental pavement. At the beginning of the test, 

the measurement frequency was four times a day, which was gradually reduced to once a 

day along with the reduction of frost penetration rate. The temperature profile for the 

pavement structure was collected at each measurement to determine the frost line position 

using a linear interpolation method based on the two temperatures above and below 0°C. 

The freezing process stopped when the frost line reached 1.5 m. In the thawing 

procedure, a constant temperature of 10°C was applied to the surface until the whole 

pavement structure was thawed and a stabilized mechanical response was obtained.  

 

 

Cold Regions Engineering 2015 207

© ASCE

https://www.civilenghub.com/ASCE/116474719/Cold-Regions-Engineering-2015-Developing-and-Maintaining-Resilient-Infrastructure?src=spdf


 

   

 

3.2 T

 

At th

recov

used 

FWD

 

A

 

 

4 R

 

4.1 T

To he

respo

freez

follow

  

                   

Figure

Test Section a

he SERUL, e

very period (

to simulate 

D: 40, 53, and

Period

April to J

August to No

RESULTS A

Test Section i

 

elp visualize

onse values 

ing).  The 

wing equatio

(a) ATLAS 

  (

 2. Environm

at the Laval 

experimentat

(summer-au

heavy vehi

d 71 kN. Tab

Tabl

d 

June 

ovember 

AND DISCU

in the Labor

e the variatio

(stress, stra

normalized

on: 

simulator    

(c) Loading 

mental cham

University R

tions were d

utumn) of the

icle loading.

ble 1 shows 

le 1. Numbe

Number 

9 

4 (

USSION 

ratory 

ons of the me

ain) were no

d strain and

          
         

       (b) Sim

 

carriage for 

mber and load

 

Road Experi

done during t

e pavement.

. Three diffe

the number 

er of Tests at

of experim

(once a wee

(once a mon

echanical be

ormalized us

d stress in 

mulator with 

 

simulator 

ding carriage

imental Site 

the 2014 tha

. A falling w

erent load le

of tests perf

t the SERUL

mentations 

ek) 

nth) 

ehavior of th

sing the init

each layer

environmen

e for simulat

(SERUL) 

awing period

weight defle

evels were u

formed. 

L 

Se

Sp

Summer

he pavement 

tial measure

were calcu

 

ntal panels 

tor. 

d (spring) an

ctometer wa

used with th

ason 

pring 

r-Autumn 

structure, th

ement (befor

ulated by th

nd 

as 

he 

he 

re 

he 

Cold Regions Engineering 2015 208

© ASCE

https://www.civilenghub.com/ASCE/116474719/Cold-Regions-Engineering-2015-Developing-and-Maintaining-Resilient-Infrastructure?src=spdf


 

(ߪ ݎ ߝ) ݀݁ݖ݈݅ܽ݉ݎܰ = ( ఌ ೝ ఙ) (ఌ ೝ ఙ)ೌ(್ೝ ೝ)*100                                      [1] 

 

where Normalized ߝ  ߪ (%), ߝ = ,(ߝߤ) ݊݅ܽݎݐݏ ߪ =  (ܽܲ݇) ݏݏ݁ݎݐݏ

 

 

4.1.1 Strain Variations  

 

Strain variation in the pavement structure during freezing with the 5000 kg load are 

presented in Figure 3 as a function of the freezing index (FI). At the beginning, the 

temperature in the asphalt layer decreases gradually until all the asphalt concrete is 

frozen. The decrease of temperature in asphalt concrete causes an increase in the stiffness 

of the asphalt layer, which reduces tensile strains (asphalt concrete) and vertical strains 

(unbound materials).  Then, the base layer freezes which allows observing a faster 

reduction of tensile strains in the asphalt concrete and vertical strains in the base layer. 

When the frost line reaches the subbase, the strains for all layers keep decreasing and 

become constant for asphalt concrete and base when the frost front reaches around 0.62 

m and a FI of 70°C-days. The strains for subbase and subgrade become constant when 

the frost font reaches around 0.98 m and a FI of 193°C-days. Table 2 indicates the 

normalization of tensile and vertical strains at the bottom of asphalt concrete and in the 

unbound layers, respectively, for the 5000 kg load in comparison to the initial 

measurement (before freezing) as a function of frost front’s depth. 

 

 

 

 

 
Figure 3. Strain variations at 5000 kg in the pavement structure during freezing. 
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Table 2. Normalized Strain in Comparison to the Initial Measurement at 5000 kg (Before 

Freezing) as a Function of Frost Front Progress 

  Normalized strain (%) 

Frost depth (m) Asphalt concrete  Base Subbase Subgrade 

0.1 77 83 85 90 

0.3 23 33 59 66 

0.75 3 3 31 26 

0.95 4 3 19 6 

 

 

As shown in Figure 4, during the thawing process of the indoor experimental pavement, 

the temperature increase and the penetration of the thaw front significantly affect 

pavement layers behavior. The unfrozen moisture content in the different layers 

increased. When the thaw front reached a depth of around 0.9 m and a thawing index of 

90°C-days, tensile (AC) and vertical (unbound materials and soil) strains increased to 

their maximal values. Then, the decrease of water content caused a decrease of tensile 

strain at the bottom of the asphalt concrete and vertical strain in the base and subbase 

until a complete recovery of the pavement. Some technical issues with the strain sensors 

in the subgrade caused a signal loss during at the beginning of the thawing procedure. 

Table 3 summarizes the normalization of strains as a function of thaw front depth in 

comparison to the initial measurement (before freezing). 

 

 

 

 
 

Figure 4. Strain variations at 5000 kg in the pavement structure during thawing. 

 

  

Cold Regions Engineering 2015 210

© ASCE

https://www.civilenghub.com/ASCE/116474719/Cold-Regions-Engineering-2015-Developing-and-Maintaining-Resilient-Infrastructure?src=spdf


 

Table 3. Normalized Strain at 5000 kg in Comparison with the Initial Measurement 

(Before Freezing) as a Function of Thaw Front Depth 

  Normalized strain (%) 

Thaw depth(m) Asphalt concrete Base Subbase 

0.1 19 24 32 

0.3 76 91 67 

0.75 105 95 116 

0.9 119 155 208 

 

4.1.2 Stress Variations  

The evolution of normalized stress for the 5000 kg load in unbound layers and soil during 

freezing and thawing as a function of the thawing index is presented in Figure 5 and 

Figure 6. It is possible to observe that stresses decrease when the frost front progresses in 

the pavement, as it was observed for strain measurements with a stabilization of the base 

stress at 0.62 m and for the other layer at 0.9 m. For the thawing, thawing of the base 

layer leads to the increase of base and subbase stresses. When the subbase begins to thaw, 

an important stress increase is noticed in the subbase. Through this process, the base 

stress caused by the moving surface load shows only small variations.  

 

After the complete thawing, stresses gradually decrease until the complete recovery of 

the flexible pavement structure. 

 

 

 
Figure 5. Stress variations at 5000 kg in the pavement structure during freezing. 
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Figure 6. Stress variations at 5000 kg in the pavement structure during thawing. 

 

 

4.1.3 Effects of Increasing and Reducing Loads 

The 5500 kg (10% increase, winter premium conditions) and 4000 kg (20% reduction, 

spring load restrictions) loads were also applied to the indoor experimental pavement 

during the freezing and thawing procedures, respectively, to monitor the pavement 

response during these specific conditions. The variation of mechanical behavior (VMB) 

was calculated by the following equation: 

= ܤܯܸ  (ఌ ೝ ఙ)(ఱఱబబೖ ೝ రబబబೖ)(ఌ ೝ ఙ)(ఱబబబೖ) ∗ 100                                                            [2] 

 

Where VMB=Variation of mechanical behavior (%),    ߝ = ߪ ,(ߝߤ) ݊݅ܽݎݐݏ  (ܽܲ݇) ݏݏ݁ݎݐݏ=

 

During freezing, for most of the mechanical response collected (Figure 7), the 10% load 

increase induces a 10% increase of strain and stress in the pavement structure. During the 

thawing, as shown in Figure 8, it can be noted that the 20% load reduction could induces 

approximately a 10-20% decrease of stress and strain in the pavement structure. 

 

  

Figure 7. Increased mechanical response caused by 10% overload-5500 kg during 

freezing conditions. 
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Figure 8. Decreased mechanical response caused by 20% load reduction-4000 kg during 

thawing conditions. 

 

 

4.2 Test Section at the Laval University Road Experimental Site (SERUL) 

 

At the SERUL, technical issues were encountered with the pressure cells and it was not 

possible to collect stresses during the first year of experimentation. 

 

In order to improve the comparison between the indoor and the outdoor experimental 

pavement, an interpolation method based on the two FWD loads (40 and 53 kN) was used 

to determine the strains at 50 kN (≈5000 kg). The evolution of strain in the pavement 

structure during thawing in comparison with the summer values (around July) is 

presented in Figure 9. At the SERUL, the maximum strain in all unbound layers was 

recorded when the thaw depth reached 0.9 m and a thawing index of 37.5°C-days (around 

April 25
th

), with a normalized strain of  640% and 201% in the base and subbase, 

respectively. In the subgrade, the normalized strain was 110% when the thaw depth 

reached 1.19 m (May 5
th

). On April 25th, the moisture content started to decrease leading 

to a reduction in measured strains in all layers. At the beginning of the summer (around 

May 20
th

), the rise of the temperatures at mid-depth of asphalt concrete, which reduced 

the layer stiffness, led to increased normalized strains again (510%, 220% and 110% for 

the base, subbase and subgrade respectively). The complete recovery of the pavement 

was reached around July.   

 

Figures 10 and 11 show the normalized strain and the change of water content during the 

critical period in comparison with the summer value (around July). This period is 

comprised between April 25
th

 when the thaw depth is around 0.9 m and May 20
th

 at the 

beginning of the summer. It can be observed that the strain in all layers is mostly function 

of the moisture content in subbase and subgrade. For example, when the strain in the base 

increases to 640% and 510% on April 25
th

 and May 20
th

 respectively, the moisture 

content in the base is low while it is high in the subbase and the subgrade.  
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Figure 9. Strain variations in pavement structure during thawing at SERUL. 

 

 

 

  
Figure 10. Normalized strain in unbound layers during the critical thawing period. 
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Figure11. Normalized water content compared to the summer value layers during the 

critical thawing period. 

 

 

 Strains under a 4000 kg load (20% load reduction) was compared to those measured 

under a 5000 kg load using a polynomial interpolation (50 kN). The data collected at the 

SERUL are in good agreement with the indoor test pit data, as the 20% load reduction 

introduced approximately a 13% decrease of strains in the pavement structure at the 

SERUL (Figure 12). This value appears to be consistent for all the unbound layers and 

soil, as it was also observed for the indoor test pit.  

 

 

 
Figure 12. Strain variations caused by 20% load restriction-40 kN. 
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