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─────────────────────────────────────────────────────── 

Abstract: Low temperature cracking is a distress mode of particular concern for asphalt pavements in cold regions. Traditionally, 

research regarding pavement low temperature cracking has mainly focused on surface-initiated transverse cracking. However, cracks in 

underlying base course can reflect through asphalt pavement layers under thermal stresses. In this study, a new approach (refined mesh) to 

describe crack tip stress singularity was introduced to study the low temperature cracking behavior with cracked base course using the 

Finite Element Method (FEM). Fracture toughness of one asphalt mixture that is commonly used in the northern part of China was 

measured under three temperatures, 0˚C, -10˚C and -20˚C. Sensitivity analysis was performed on stress intensity factor at crack tip to 

determine critical factors on surface course cracking behavior. Meanwhile, cracking behavior of surface course was evaluated by 

comparison between stress intensity factors at crack tip and mixture fracture toughness. Results indicated that surface course thickness 

has little effect on stress intensity factor at crack tip, and that the crack propagation in asphalt pavement surface course can be divided 

into two stages, stable and unstable.  
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Low temperature cracking is a major distress mode for asphalt 

pavements in cold climates. Traditionally, research regarding 

pavement low temperature cracking has mainly focused on 

surface-initiated transverse cracking with various lengths and widths 

[1-5]. However, little research has been done on reflection cracking 

caused by thermal stresses when the underlying base course was 

cracked. Fracture mechanics was commonly used to characterize 

pavement cracking because traditional solid mechanics only ensures 

either stress or strain remains below the design limits, namely the 

pavement strength. However, flaws or defects, which are inevitable 

in all materials, can greatly reduce the pavement stress or strain 

bearing capacity. To evaluate crack initiation and propagation, the 

Finite Element Method (FEM) was often employed to calculate 

stress intensity factors at crack tips. Most FEM approaches use 

singular elements to capture crack tip stress singularity, which often 

involves tedious and non-straightforward work [6-8]. In this study, a 

new approach using refined regular elements at crack tip to describe 

stress singularity was proposed and verified using laboratory testing 

results. 

 

Model Development and Verification 
 

To capture stress singularity at crack tip, finite element size near 

crack tip is usually selected to be 1/1,000 to 1/10 of the crack length. 

In this study, 1mm×1mm element size (1/10 of 10 mm notch) was 

chosen. The FEM model of half the test specimen is shown in Fig. 1. 

All materials in the model were assumed to be homogenous, 

isotropic, and elastic. Half of the peak load employed in the actual 
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testing was applied on the model (See Fig. 1). Plane stress 

quadrilateral isoparameter elements with refinement near crack tip 

were used in the analysis to capture the crack tip region stress 

distribution. The stress intensity factor can be calculated using Eq. 

(1). Stress intensity factor KI for three points with distances 2 mm, 

3 mm, and 4 mm from crack tip were calculated and used to predict 

the stress intensity factor at crack tip as presented in Fig. 2.  

KI = σx × √2πr                                       (1) 

where,  

KI = stress intensity factor, MPa√mm 

σx = tensile stress perpendicular to crack, MPa 

r = polar coordinate with respect to crack tip as origin, mm 

 

Model Verification 

 

Three point bending beam tests were conducted on one type of 

asphalt mixture under three temperatures 0˚C, -10˚C, and -20˚C. 

The mixture is commonly used in the northern part of China and 

identified as AC13-110 [9]. The dimension for beam specimens is 

50mm×50mm×250mm and the loading rate is 50mm/minute. All 

specimens are pre-notched to 10mm deep. To reduce specimen to  

 

  
Fig. 1. 1/2 FEM Model of Test Specimen. 
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Fig. 2. Calculation of Fracture Toughness KIC. 

 

Table 1. Peak Load Under 0˚C, -10˚C and -20˚C. 

Number 00-1 00-2 00-3 00-4 00-5 

P(N) 2779 2854 2620 2550 2925 

Number 10-1 10-2 10-3 10-4 10-5 

P(N) 3054 3361 3134 3057 2771 

Number 20-1 20-2 20-3 20-4 20-5 

P(N) 2933 2463 3018 2337 2835 

Note: 00=0˚C; 10= -10˚C; 20= -20˚C. 

 

specimen variability, 5 specimens for each temperature were 

tested,and peak load results are presented in Table 1. Moduli of 

HMA for the numerical analysis were measured at three 

temperatures, 0˚C, -10˚C, and -20˚C, and were determined to be 

1,807 MPa, 4,196 MPa, and 7,959 Mpa, respectively. According to 

Chen [10], fracture toughness for three point bending beam can be 

calculated using Eq. (2). Fracture toughness results from both FEM 

analysis by Eq. (1) and three point beam tests by Eq. (2) are 

presented in Table 2. As can be seen in Table 2, there is little 

difference between numerical and testing results on fracture 

toughness, which indicates that element refinement is an effective 

approach to capture the stress singularity near the crack tip. 
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where,  

B = Specimen width, mm 

M = P×S/4, N×mm 

P = Peak load during beam test, N 

S = Distance between points of support for the beam, mm 

W = Specimen height, mm 

 a = Notch length, mm 

 

Pavement Structure Model under Thermal Stresses 

 

As stated earlier, research regarding pavement low temperature 

cracking has mainly focused on surface-initiated transverse cracking 

with various lengths and widths. However, little research has been 

done on reflection cracking caused by thermal stresses when the 

underlying base course is cracked. In this section, one half two- 

dimensional pavement structure model, as shown in Fig. 3, was 

created to study the reflection cracking behavior under thermal 

stresses with cracked base course. All materials in the model were 

assumed to be homogenous, isotropic, and elastic. Plane stress 

quadrilateral isoparameter elements were used in this analysis. 

Parameters for thermal stress analysis are presented in Table 3. It 

should be noted that modulus of surface course mixture were 

measured at three temperatures, 0˚C, -10˚C, -20˚C, whereas the rest 

of the material properties are assumed to be constant with 

temperature. 

Temperature boundary conditions are presented in Table 4 and 

structural boundary conditions of pavement structure are as follows, 

 At Y =–(h1+ h2+ h3+ h4), uY = 0 and uX = 0, namely no 

movement allowed in either direction at the bottom of the 

subgrade; uY = displacement in y direction, uX = displacement 

in x direction. 

 At X = 0 in the range of –(h1–3mm) ≦ Y ≦0 and–(h1+ 

h2+ h3+ h4) ≦ Y ≦–(h1+ h2), uX = 0, namely no horizontal 

translation allowed in this range. Here the crack was assumed 

to propagate 3mm into the asphalt surface course to keep 

material continuity during the crack propagation progress. It 

should be noted that there is no constrain in the range of 

  

Table 2. Numerical and Testing Results of Fracture Toughness. 

Number Numerical Results  Average Testing Results Average Difference 

00-1 32.114 

31.439  

32.904 

32.221 -2.43% 

00-2 32.805 33.618 

00-3 29.486 30.243 

00-4 29.274 29.963 

00-5 33.518 34.375 

10-1 36.068 

35.399  

36.945 

36.323 -2.54% 

10-2 37.815 38.953 

10-3 35.63 36.468 

10-4 35.588 36.527 

10-5 31.892 32.725 

20-1 35.148 

31.181  

36.066 

31.959 -2.43% 

20-2 27.875 28.598 

20-3 34.188 34.974 

20-4 26.913 27.565 

20-5 31.783 32.591 

Note: 00= 0˚C; 10 = -10˚C; 20 = -20˚C.
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Fig. 3. Half Pavement Structural Model (Two Dimensional). 

 

Table 3. Parameters for Thermal Stress Analysis [11]. 

Number 
Modulus 

(MPa) 

Poisson’ 

Ratio 
α (/˚C) 

λ 

(W/(m•˚C)) 

Surface 

Course 
E1= 1807 μ1= 0.25 α＝3e-5 λ1= 1.2 

Base 

Course 
E2= 1000 μ2= 0.25 α＝1e-5 λ2= 1.3 

Subbase E3= 500 μ3= 0.25 α3＝1.5e-4 λ3= 1.3 

Subgrade E4= 50 μ4= 0.35 α4＝5e-4 λ4= 1.5 

Note: α = coefficient of thermal contraction; λ = coefficient of 

thermal conductivity; E1= 1807 (0˚C), E1= 4196 (-10˚C) E1= 7959 

(-20˚C). 

 

Table 4. Temperature Boundary Conditions. 

Temperature 

(˚C) 
0 -10 -20 

Y Temp Tref Temp Tref Temp Tref 

0 0 

15 

-10 

5 

-20 

0 
- h1 5 -5 -15 

- (h1+h2+h3) 10 0 -5 

- (h1+h2+h3+h4) 15 5 0 

Note: Tref = Reference temperature. 

 

–(h1+ h2) ≦ Y ≦–(h1–3 mm), which represents cracked 

base course. 

 At X =–L, uX = 0, namely no horizontal translation on the 

symmetric plane. L is half the thermal cracking space. Crack 

tip stress distribution was found to be identical for L = 4 m, 8 

m and 12 m; thus, L = 4 m was used in this analysis to save 

computer run-time. 

 

Sensitivity Analysis of Stress Intensity Factors 

Under Thermal Stresses 

 

In this section, analysis was performed on pavement structure as 

shown in Fig. 3, with structural and temperature boundary 

conditions as stated in the previous section. The effects of surface 

thickness, surface modulus, coefficient of thermal contraction for  

 
Fig. 4. Effects of Surface Course Thickness on Stress Intensity 

Factor. 

 

 
Fig. 5. Effects of Surface Course Modulus on Stress Intensity 

Factor. 

 

 
Fig. 6. Effects of Coefficient of Thermal Contraction of Surface 

Course on Stress Intensity Factor. 

 

surface course, coefficient of thermal contraction for base course, 

and amplitude of temperature decrease within surface course on 

stress intensity factors at crack tip are presented in Figs. 4-8. 

Figs. 4-8 indicate that surface course thickness has little effect on 

stress intensity factor at crack tip under thermal stresses, whereas 

modulus of surface course, coefficient of thermal contraction of 

surface course, coefficient of thermal contraction of base course, 

and amplitude of temperature decrease within surface course all 

have a significant effect stresses intensity factors. 
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Fig. 7. Effects of Coefficient of Thermal Contraction of Base 

Course on Stress Intensity Factor. 

 

 
Fig. 8. Effects of Amplitude of Temperature Decrease in Surface 

Course on Stress Intensity Factor. 

 

 
Fig. 9. Effects Crack Length within Surface Course on Stress 

Intensity Factor. 

 

Crack Propagation within Surface Course 

 

The stress intensity factor at crack tip will increase as the crack 

propagates from base course into surface course. This propagation 

can be divided into two stages: stable propagation before stress 

intensity factor reaches fracture toughness, and unstable propagation 

after fracture toughness is exceeded. As seen in Table 2, fracture 

toughness of 30MPa√mm was selected as the threshold between 

stable and unstable crack propagation. Through FEM analysis on 

pavement structure as presented in Fig. 3, with parameters as shown 

in Tables 3 and 4, crack propagation within pavement structure is 

presented in Fig. 9. Fig. 9 indicates that the crack propagation is 

within the stable stage before it propagates 50mm into the surface 

course. Thereafter, it will enter unstable propagation stage under 

-20˚C. However, the crack propagation is still within stable stage 

even after the crack propagates 100mm into the surface course 

under 0˚C and -10˚C. 

 

Summary and Conclusion 

 

In this study, a new approach using refined regular elements was 

introduced to capture the stress singularity at crack tip. Fracture 

toughness results from three point bending beam tests were used to 

verify the effectiveness of this new refinement approach and it was 

found that this approach can effectively capture the stress 

singularity at crack tip. Sensitivity analysis was performed on stress 

intensity factor at crack tip to determine critical factors on surface 

course cracking behavior. Surface course thickness was found to 

have little effect on stress intensity factor at crack tip under thermal 

stress. Two stages, stable propagation and unstable propagation exist 

within the surface course crack propagation process. The lower the 

temperature, the shorter the crack length before it reaches the 

unstable crack propagation stage. 
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