
Research, Univ. of Texas, Austin, Aug. 1975. 
2. H. M. Westergaard. Computation of Stresses in 

Concrete Roads. Proc., HRB, Vol. 5, Ft. 1, 
1925, pp. 90-112. 

3. A. Nadai. Die Biegungsbeanspruchung Von Plat­
ten Durch Eingelkrafte. Schweizerische Bau­
zeitung, Vol. 76, 1970, p. 257; Die Elastischen 
Pladen, Berlin, 1925, p. 308. 

4. R. W. Hudson and H. Matlock. Discontinuous 
Orthotropic Plates and Pavement Slabs. Center 
for Highway Research, Univ. of Texas, Austin, 
Res. Rept. 56-6, May 1966. 

5. J. J, Panak and H. Matlock. A Discrete-Element 
Method of Analysis for Orthogonal Slab and Grid 
Bridge-Floor Systems. Center for Highway Re­
search, Univ. of Texas, Austin, Res. Rept. 56-
25, May 1972. 

6. S. Timoshenko and S. Woinowshy-Grieger. Theory 
of Plates and Shells. McGraw-Hill, New York, 
2nd Ed., 1959. 

7. F. Endres and H. Matlock. An Algebraic Equa­
tion Solution Process Formulated in Anticipation 

39 

of Bonded Linear Equations. Center for Highway 
Research, Univ. of Texas, Austin, Res. Rept. 
56-19, Jan. 1971. 

8. L. D. Childs, B. E. Colley, and J. W. Kaper­
nick. Tests to Evaluate Concrete Pavement Sub­
bases. Journal of the Highway Engineering Divi­
sion, Proc., ASCE, Vol. 83, No. HW3, July 1957, 
paper 1297. 

9. L. D. Childs and J. W. Kapernick. Tests of Con­
crete Pavement on Gravel Subbases. Journal of 
the Highway Engineering Division, Proc., ASCE, 
Vol. 84, No. HW3, Oct. 1958, paper 1800. 

10. A. Abou-Ayyash and R. Hudson. Analysis of 
Bonding Stiffness Variation at Cracks in Continuous 
Pavements. Center for Highway Research, Univ. 
of Texas, Austin, Res. Rept. 56-22, April 1972. 

Publication of this paper sponsored by Committee on Rigid Pavement 
Design. 

Procedure for Predicting Occurrence 
and Spacing of Thermal-Susceptibility 
Cracking in Flexible Pavements 
Samuel H. Carpenter, University of Illinois, Urbana-Champaign 
Robert L. Lytton, Texas A&M University 

The inability of previous models to accurately predict transverse crack­
ing in pavements in the southwestern United States has led to the labora­
tory validation of the concept of thermal susceptibility of unstabilized 
base-course material. Thermal susceptibility is the volumetric con­
traction of a granular base-course material when it is frozen. This con­
traction produces cracking in the base course that is highly dependent 
on the environment in the general area. This paper presents the re-
sults of a study that attempted to quantify this mechanism and to 
predict crack spacings and the rate of crack appearance. The procedure 
used involves the combination of linear viscoelasticity and linear visco­
elastic fracture mechanics. Crack spacings in the base course are calcu­
lated by using the results of a finite-element study of the frozen proper­
ties of the base course. The effect of these cracks (i.e., the rate at which 
they propagate reflection cracks through the asphalt surface layer) is de­
termined by using a fracture mechanics approach. Intensity factors are 
calculated for the viscoelastic thermal stress in the asphalt caused by a 
temperature cycle and for the stress caused by the deformation of a 
crack in the base course caused by a freeze. The integration of these dis­
tributions in the Paris equation for crack growth gives the number of 
cycles to failure. These calculations were assembled into a computer 
model that uses daily climatic data and appropriate material properties 
to calculate the damage caused by daily temperature cycles. The be­
havior of asphalt and of sulfur asphalt are contrasted when placed over 
several base-course materials in two different environments, Abilene and 
Amarillo, Texas, to illustrate the effects of material-property variation 
and environmental influence. This model represents an initial theoreti­
cal approach to the problem of combining the effects on flexible pave­
ments of environment and traffic to more accurately predict perform­
ance. Implications concerning reflection cracking can be drawn directly 
from the analysis of the effect of thermal susceptibility of the base course 
on the rate of reflection crack appearance. 

To the driving public, cracked pavements are merely 
uncomfortable and, at worst, may become an irritation. 
To the engineer, however, the presence of cracking in­
dicates that severe problems are present that will be 
accelerated by the presence of the cracks. Loss of 
load-transfer ability, weakening of subgrade stability, 
debonding, and accelerated rutting are common results 
seen after cracking is first noticed. 

Throughout the southwestern United States, the most 
common form of cracking that is first visible is typi­
cally the transverse crack. This form of deterioration 
has, in the past, been associated primarily with low 
temperatures and, as a result, most of the research has 
concentrated on the fracture susceptibility of asphalt 
concrete under extremely low temperatures (1, 2, 3), 
which has not been very accurate for the SoufiiweSt. 
Subsequent studies have incorporated the concept of 
thermal fatigue and have increased the accuracy for pre­
dictions in the Southwest (1). 

Recent studies of environmental effects on pavements 
in the west Texas area, however, have conclusively 
shown that there is a previously unconsidered environ­
mental mechanism acting (4, 5, 6). This mechanism, 
thermal susceptibility, involves the contraction of an 
unstabilized granular base course when its tempera­
ture drops below freezing. The magnitude of this con­
traction is related to the envirorunent ('.!) and material 
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type and is an order of magnitude larger than that of 
asphalt concrete. 

The deformation, or volume change, in the unstabi­
lized granular base course is caused by particle re­
orientation in the clay-sized material (6). The reorien­
tation is produced by the drying effect that results from 
the freezing of the water held in the larger voids. Pre­
vious studies have shown this deformation to occur in sta­
bilized materials ('.O, but there its effect is greatly re­
duced because the stabilized material experiences 
shrinkage crncking during curing and drying. The ces­
sation of activity below -6. 7°C (20°F) is a result of the 
activity being confined to the clay minerals (8). 

This paper presents the results of a studythat ex­
amined the effect of thermal-susceptibility deformation 
of the base course on the rate of propagation of a crack 
through the asphalt concrete surface and included the ef­
fect of daily temperature cycles. The study alRo includP.d 
the development of a procedure to predict crack spacing 
that is based on the principles of fracture mechanics and 
the material properties of the substances studied. The 
result is a computer model that allows the study of crack 
appearance under general conditions for any area. The 
development of this model is explained in the following 
sections, and calculations for two cities in Texas are 
presented. 

FRACTURE MECHANICS 

When a stress field is applied to a material that has a 
crack or small flaws, these cracks will produce stress 
singularities near the tips. By using linear elastic the­
ory, :researchers have recently approached the p1-:oble1n 
of developing mathematical formulations to make practi­
cal application of the concepts involved in fracture me­
chanics. Attention has been focused primarily on this 
stress field near the tip of the crack, which has the form 
(l(r)Y'} for both linear-elastic and linear-viscoelastic 
materials. The magnitude of this stress is the stress­
intensity factor (K1). 

These cracks, or flaws, will grow at a rate that is 
dependent on K,~ In an elastic material, the critical 
value of K1 (K,.) represents the limit of stable crack 
propagation. If the-value of K1- by a thermal loading is 
larger than K1., failure will occur and the crack will 
propagate instantaneously to the surface of the pave­
ment. In the case of low-temperature cracking of as­
phalt concrete where temperatures are at or below the 
glass transition point, the material will behave elasti­
cally and the concept of a Ki-value must be considered. 
For thermal fatigue, however, the temperatures of in­
terest are at or above the glass transition point, and the 
material behaves as a viscoelastic material. There is 
no K-value for a viscoelastic material, and it need not 
be considered in a thermal-fatigue analysis (9); propa­
gation will -be a continuous process without catastrophic 
failure until extremely low temperatures occur. Paris 
(!Q,l!) first suggested that for fatigue-crack propagation 
in metal, the crack growth rate was almost exclusively 
dependent on the change in K1 during each cycle (LlK) 
(i.e., the amplitude of K) and only secondarily dependent on 
the mean stress and frequency. He proposed the fol­
lowing equation to describe the crack growth rate: 

(de/ dN) = A(t.K)" (!) 

where 

c = c11ack length, 
N = number of cycles, and 

A and n = material constants obtained from experi­
mental tests. 

Recent data collected at Ohio State University (12, 13, 14, 
12_) from tests on sand asphalt beams and slabsresting 
on elastic foundations indicate that the crack-propagation 
pr.ocess in an asphalt mixture can be predicted by using 
this power law relationship. The prediction of total fa­
tigue life (Nr) can then be obtained by integrating Equa­
tion 1 to obtain the number of cycles to failure: 

( Cr 
Nr= J,, [1/A(t.K)")dc 

Co 
(2) 

where C. and Cr are the initial and final crack size re­
spectively within the asphalt concrete. Once the mate­
rial constants (A and n) have been fow1d, a prediction 
of fatigue-crack p1·opagation can be made if the history 
of the loading sequence, the crnci< length, and the bound­
ary conditions are known. The previous studies of frac­
ture in asphalt concrete do not, how~ver, provide a 
means of predicting the values of A and nor of their 
variation with loading and environment, which are usu­
ally obtained as a result of the fatigue or fracture testing 
when the results are known. 

Recently, Schapery (9, 16, 17) has developed a com­
pletely genexal theory of crack growth l 11 viscoelastic 
media by using the power law relationship D(t) = Do + 
D1t". The result allows p1·ediction of the response of a 
viscoelastic medium by using the results of elastic solu­
tions for the K-values and also shows the relation of A 
and n to the material properties and the input param­
eters. 

The re.m:iinjn~ quantity needed to calculate crack­
p1·opagation rates is the value of LlK produced by each 
thermal load (temperature cycle). Although analytical 
solutions have been obtained, the geometrical considera­
tions are limited (18, 19, 20). The finite-element method 
is generally used becauseof its ability to handle very 
general geometries, a variety of loading conditions, and 
a range of material properties. The problem with the 
finite-element approach has been the large computation 
time that results from the use of the very fine element 
mesh configurations required to obtain acceptable ac­
curacy near the crack tip. 

A new crack-tip element that uses the complex­
variable technique and the hybrid-element concept has 
been formulated by Tong, Pian, and Lasry (21). When 
combined with a conventional finite-element code this 
technique allows the proper consideration of the ~tress 
intensity at the crack tip and also produces an extremely 
efficient computer code (22). 

During a thermal cyc1e;-K1 reaches a maximum when 
the temperature reaches a minimum. For this analysis 
it is assumed that the crack will undergo instantaneous ' 
stable propagation when the pavement reaches its daily' 
minimum tempenture (or maximum K1). Therefore., 
the calculated maximum value of K1 (Km • .J is used in the 
calculation procedure to obtain the rate of crack propa­
gation. 

The rate of crack propagation is greatly influenced 
by the stress field that is applied to the crack tip. The 
two stress fields considered here are the viscoelastic 
thermal stress and the stress produced by thermal­
susceptibility deformation in the base course. Both of 
these stresses are greatly influenced by the viscoelastic 
behavior of the asphalt concrete, which produces varying 
tensil'?- str~sses and. m.od.1.!li throughout the day, depend­
ing on the temperature and its rate of change. Both will 
influence any elastic analysis done to obtain stress­
intensity factors. Thus, it is necessary to have the 
most accurate stress values that are possible to input 
into the finite-element procedure. 



Figure 1. Comparison of prediction schemes for 
viscoelastic thermal stresses. 
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The most accurate scheme developed for prediction of 
viscoelastic thermal stress was presented in a Joint 
Army-Navy-Air-Force publication (23) and first applied 
to asphalt conc1·ete by Chang, Lyttoii;"" and Carpenter 
(22). In Figure 1 (22) the viscoelastic t hermal-st res s 
data of Monismith a nd others (24) and of Shahin a nd Mc­
Cullough (1) are compared to actual laboratory data for 
asphalt cOn.crete beams (24) and the stresses predicted 
by using the effective-modulus viscoelastic scheme dis­
cussed here. This comparison clearly shows the scheme 
used here to be the most accurate for the situation ex­
amined. 

The input data necessary to predict the viscoelastic 
thermal stresses include the following: 

1. The isothermal creep compliance and the asso­
ciated shift functions, Do, D1, and at; 

2. The coefficient of thermal expansion; 
3. The rate of temperature drop and the minimum 

temperature; and 
4. Poisson's ratio. 

Thermal-Susceptibility Stresses 

In a restrained, intact layer such as a base course be­
fore it cracks, contraction caused by the freezing tem­
perature will produce a tensile stress that is the same 
everywhere along the length of the pavement. Because 
thermal susceptibility is initiated only when the base 
course freezes, all material properties for the base 
course will relate to the frozen condition. Because of 
the inhomogeneity of paving materials, there will be 
areas of property variation that cause stress concentra­
tion or stress relief, and cracking will initiate at the 
areas of stress concentration. As it is impossible to 
predict the number or severity of these anomalies, cer­
tain simplifying assumptions must be made in lieu of any 
stochastic procedure. 

When a base course in a pavement structure has a 
preexisting crack spacing of L, the tensile stress in the 
base course will be a maximum at the center of the span, 
because of the restraint provided by the asphalt surface 
and subgrade layers. If the magnitude of this stress at 
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the midspan exceeds K1c for the frozen base material, 
which behaves elastically, the base course will crack. 
The tensile strength of the base course is a very rough 
approximation of the point at which fracture will initiate 
and is used here because no data are available for criti­
cal stress-intensity factors in frozen base course mate­
rial. In this analysis, when the tensile stress at mid­
span exceeds the t ensile strength, the base course will 
fracture and this c1·ack will deform under the effects of 
thermal susceptibility. 

The factors producing the tensile stress at midspan 
are:. 

1. Ea (the frozen Young's modulus of the base), 
2. L (the original crack spacing), 
3. AT (the drop in t emperatu1·e below freezi ng that 

initiates the thermal-susceptibility activity), and 
4. as (the freeze coefficient of the base course). 

By using the results of finite-element calculations, a 
regression equation was formulated to predict the mid­
span tensile stress by varying the above properties. 
The equation is as follows: 

a TENStLE = (5.6 16 x 10-3 )(En)(cx8 ) 0·
7886 (Lff)L4506 [-1. 868 

+ 22.899 LOG(3 .28 1L)] 0•685 96 (3) 

(This equation was developed for use with U.S. custom ... 
ary units only; values in Figure 6 are not given in SI 
units.) Whenever a combination of these parameters 
produces a tensile stress greater than the tensile 
s t1·ength, the base course will crack, producing a re­
sulting crack spacing of L/2. 

Figure 2 is a plot of Equation 3 and shows the existing 
crack spacing (L), for which a given freezing tempera­
ture (AT) will cause the base course to crack at a 
spacing of L / 2 for various levels of base-course tensile 
strength. The larger the value of AT, the higher the 
stress, and the smaller the crack spacing that will de­
velop as a r esult of the freeze. Because thermal sus­
ceptibility ceases at - 6. 7°C (8), there can be no smaller 
crack spaci ng than that which occul's at AT = -6.7°C . 

It is evident from the figure that a very small freezing 
temperature could produce cracking at a very large 
spacing when L is already long. Because of the unpre­
dictable occurrence of the inhomogeneities, the first 
crack spacing that occurs cannot be predicted. This in­
accuracy is compounded by the fact that the curve is 
nearly asymptotic at crack spacings greater than 55 m 
(180 ft). The most easily predicted spacing is the mini­
mum spacing for a AT of -6. 7°C. For simplicity, the 
initial crack spacing is assumed to be a multiple of this 
minimum spacing. 

Because cracking is most likely to occur at midspan, 
each crack spacing will be one-half of the preceding 
crack spacing, as illustrated in Figure 3. This divides 
the crack spaci.J1g curve i nto distinct intervals that re­
qufre that a defi nite freezing temperature (.6T ) be 
reached before the base course will crack further. When 
a AT of -3.4°C (26°F) occurs in Figure 3, the spacing of 
L = 13.2 m (43.2 ft) will crack, producing a resultant 
crack spacing of 6.6 m (21.6 ft). A new crack spacing 
will not occur until the temperature drops to -3.8°C 
(25°F) in the base. When this occurs, the spacing of 
L = 6 .6 m (21.6 ft) will experience an excessive tensile 
stress, c ausing a resultant crack spacing of 3.3 m (10.8 
ft) to begin. Any freezing temperature that does not 
reach -3.8°C will not produce a new crack spacing, but 
will propagate the existing cracks in the base course 
further into the asphalt concrete, as the base course 
continues to deform under the subsequent freeze-thaw 
cycles. This deformation produces a stress in the as-
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phalt that will be controlled by its modulus. A study of 
the finite-element calculations conducted to obtain Equa­
tion 3 (22) showed that, after fracture, 60 percent of the 
stress in the base course transferred into the asphalt 
concrete as a result of the deformations. This is the 
stress used to obtain the K1-values for thermal suscep­
tibility. The magnitude of the stress is directly related 
to AT andL. 

STRESS-INTENSITY FACTORS 

Viscoelastic Thermal Stress 

The distribution of K-values for viscoelastic thermal 
stress has been calculated in a previous study of 
thermal stress effect on reflection cracking (22). An 
aver age stress distribution for western Texasproduced 
the K-value versus crack length curves given in Figure 

Figure 2. Crack spacing as a function of temperature 
drop in base course that will cause existing crack 
spacing to crack at midspan. 
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Figure 3. Crack spacings as multiples of minimum 
spacing and temperature drop necessary to cause this 
spacing. 
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4 (22). The larger stress occurs at the surface, as in­
dicated by the higher value of K1. For this analysis, 
only one pavement thickness is investigated, 3 .8 cm 
(1.5 in). 

Thermal-Susceptibility Stresses 

The base course produces a tensile stress in the asphalt 
concrete layer when the base course cracks under a low 
temperature. Temperature cycling of the base course 
below freezing will produce cyclic deformation of the 
crack and produce a stress in the asphalt concrete with each 
cycle. This activity is identical to the process of re­
flection cracking in an overlay over a cracked or jointed 
pavement. The stress produced by the thermal­
susceptibility deformation will be greatest nearest to the 
crack. This is shown in Figure 5. The curves are dif­
ferentiated by the magnitude of the tensile stress pre­
dicted by Equation 3. The stress, rather than the de­
formation, is used in this analysis because the stresses 

Figure 4. Variation of K1 with crack length that is caused 
by average thermal-stress cycle. 
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Figure 5. Variation of K1 with crack length 
that is caused by thermal-susceptibility-induced 
stress from base course. 
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are known and directly related to the deformations that 
produce the stresses. 

PREDICTING NUMBER OF 
TEMPERATURE CYCLES TO 
CAUSE FAIL URE 

The pavement to be analyzed for thermal susceptibility 
cracking is a newly constructed :flexible pavement as 
shown in Figure 6. Each layer is characterized by the 
material p1·operties indicated, and a plane strain con­
dition is asswned for crack propagation ~). 

Thermal Stresses 

The number of cycles to failure (defined as the cycles 
for complete crack propagation) is obtained from the 
integration of Equation 2 and the proper distribution of 
K1 -values. Numerical integration of the K1 -values was 
done by using Simpson's rule. The results are shown 
in Figure 7 (22), which also shows the effect that chang­
ing the material properties (A and n) will }1ave on the 
pavement life. The values of A ,. 1 x 10-12 and n = 5 
were chosen for the complete analysis because they 
represent midrange values predicted by both experi­
ment and theory ~. ~). 

Figure 6. Cross section of 
pavement analyzed for thermal­
susceptibility cracking. 
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Thermal Susceptibility 

The K1-value versus crack length curves in Figure 5 
could be integrated separately and added to the results 
shown in Figure 7 to give the thermal stresses. The 
K1 s for both stresses can be directly superimposed, 
however, because they are both opening-mode values. 
The resulting distribution is shown in Figure 8, When 
the curves in this figure are integrated to obtain the 
number of cycles to failure, the data presented in Fig­
ure 9 result. These curves show that thermal suscep­
tibility stresses in the base course reduce the number 
of temperature cycles necessary to propagate the crack 
in the base course through a 3.8-cm-thick asphalt con­
crete surface. In a real pavement, the temperature 
cycles occur randomly, which requires the use of 
Mine1·'s hypothesis of linear cumulative damage~). 
This application is a direct consequence of the visco­
elastic theory when A, n, and .6K are constant, which. 
will be true for each cycle. For the temperature ranges 
investigated here, no significant variation in A and n 
has been reported. 

The results shown in Figure 9 have been combined 
into an equation that can be used as the damage equation 
in the computer code. The equation is as follows: 

Figure 8. Variation of K1 with crack length that results 
from combined action of average thermal-cycle and 
thermal-susceptibility stresses. 
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Nr = A(a)8 (r2 = 0.98) (4) 

where 

cr = 60 percent of stress predicted by using Equation 
3 as causing the K1 used to determine NF, 

A= antilog [1.5176 + 4.4127 x 10-6 (E,,)]1 and 
EA = effective modulus of asphalt concrete. 

The reciprocal of Equation 4 represents tbe damage 
caused by a specific temperature cycle. When this value 
sums to 1.0, the crack has propagated to the surface of 
the asphalt concrete layer. This damage equation forms 
the basis of the crack prediction code, which uses easily 
obtained stress predictions to calculate the damage for 
each temperature cycle. 

PREDICTING CRACKING IN PAVEMENT 
EXPOSED TO ENVIRONMENT 

To predict the in-service behavior of a pavement, it is 
necessary to first have temperature data for the pave­
ment. Hourly pavement temperatures are calculated by 
using Barber's equation (25) as modified by Shahin and 
McCullough (!). This p1·ocedure uses daily climatic data 
that can be obtained from the National Oceanic and Atmo­
spheric Administration on computer tapes. Tempera­
tures are calculated at the top surface, midpoint, and 
bottom of the asphalt surface for every hour. If the 
temperature at the top of the base course does not drop 
below freezing, there is no thermal-susceptibility dam­
age, but thermal-fatigue damage may occur. If the aver­
age temperatu;,·e of the surface cou1·~e drops apprecia­
bly, damage caused by the average viscoelastic thermal 
stress can be accumulated. 

If the temperature at the top of the base course falls 
below freezing, several calculations are made. First, 
the temperature is checked to see what crack spacing it 
will produce, as shown in Figure 3. If the temperature 
is low enough to produce a new crack spacing, the base 
is cracked and the stress in the asphalt is calculated 
based on the new spacing. The damage equation (i.e., 
Equation 4) is used to calculate the damage. that each ex­
isting crack in the base course produces in the asphalt 
concrete as a result of this cycle. If the temperature 
drop is not low enough to produce a new spacing, Equa­
tion 4 is used with the existing crack spacing to obtain 
a damage value for each existing crack for that tempera­
ture cycle. 

The damage value for each cycle is added to a storage 
register that represents a particular crack spacing. No 
damage can be accumulated for a specific spacing until 
the temperature has at least once fallen low enough to 
produce that crack spacing in the base course. At this 
time, damage will begin accumulating for that spacing. 

To illustrate the behavior of different materials when 
exposed to the environment, asphalt concrete and sulfur 
asphalt concrete were examined in two different environ­
ments when placed over different base coul'ses. Figure 
10 shows the influence of changing the stiffness of the 
asphalt layer in an Abilene, Texas, environment. The 
larger the value of the negative exponent (i.e., Di), the 
stiffer the material. 

A sulfur asphalt will be stiffer and have a lower slope 
to the log creep-compliance curve. The behavior of a 
sulfur asphalt in Abilene is shown in Figure 11. There 
is a marked increase i.a the lime for a given crack 
spacing to occur for the sulfur asphalt. The influence 
of the base course is also illustrated; decreasing the 
tensile strength and freeze coefficient reduces the 
amount of cracking at a given time after construction. 

Figure 10. Crack-frequency predictions for Abilene, 
Texas, illustrating effect of varying compliance or 
stiffness of asphalt concrete. 
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Figure 11. Crack-frequency predictions for Abilene, 
Texas, illustrating effect of using sulfur asphalt. 
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For the sulfur asphalt, a D1 -value of 10-10 completely 
eliminated cracking. This value is obtainable for a sul­
fur asphalt, but probably not for a normal asphalt con­
crete, at the reference temperature of the creep curves 
used here. 

The effect of the climatic region is illustrated in Fig­
ure 12, which shows the behavior of an asphalt pavement 
in Amarillo, Texas, a more severe environment. The 
pavement cracks in slightly less time than a similar 
pavement in Abilene. The data in Figure 12 show that 
the tensile strength of the base course has more effect 
than the freeze coefficient of the base course in deter­
mining crack appearance. The lower the tensile strength 
of the base course, the lower the amount of cracking. 

-



Figure 12. Crack-frequency predictions for 
Amarillo, Texas, illustrating effect of tensile 
strength of base course. 
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CONCLUSIONS AND RECOMMENDATIONS 

Several significant factors are presented and developed 
in this paper. First, a thermal-susceptibility mecha::'I 
nism, previously validated and related to the environ­
ment, is shown to possess the damage potential to crack 
a base course at regular intervals and propagate these 
cracks through the asphalt concrete. Second, a theory 
of viscoelastic fracture mechanics is applied to a pave­
ment system to predict environmentally induced trans­
verse cracking. This theory has accurately predicted 
fatigue-load damage in asphalt concrete and can rea­
sonably be expected to apply to environmental loadings. 
Finally, an improved method for calculating viscoelastic 
thermal stresses was incorporated into a routine that 
uses daily climatic data to calculate stresses and stiff­
ness levels in asphalt concrete. These values are im­
portant in calculating the stress intensity factors, which 
are the major factors affecting the rate of crack propa­
gation. 

The combination of these three considerations pro­
vides a mechanistic procedure for studying the effect of 
temperature on.a flexible pavement system. A broad 
range of environments can be studied; the input param­
eters for the climate are available for every portion of 
the United States. The values used here can be consid­
ered reasonable for common pavement sections in the 
southwestern United States. Actual properties for a 
frozen base course, determined in the laboratory, are 
used to predict the crack spacing and the occurrence of 
the cracks. The variation of performance with changes 
in the properties shows how critical the proper consid­
eration of these properties is. To date, there has not 
been an in-depth study of the expected variations in A, 
n, and D1 with temperature or with changes in the mix 
properties of the asphalt concrete, although these can 
be estimated from previous studies. The frozen prop­
erties of base courses have been obtained for only one 
or two base-course materials. An in-depth study of 
these properties is essential .before more precise cal­
culations of the expected crack spacings and rate of 
crack appearance can be conducted. The procedure de­
veloped here is directly applicable to the study of re-
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fl.ection cracking in overlays resulting from both traffic 
and environment. This represents the next stage in the 
development of this predictive procedure and may be a 
most promising application of fracture mechanics for the 
design and analysis of overlays. 

ACKNOWLEDGMENTS 

This work was performed for the Texas State Depart­
ment of Highways and Public Transportation as part of 
a joint study with the Federal Highway Administration, 
U.S. Department of Transportation. The opinions ex­
pressed are ours; this report does not constitute a stan­
dard or specification of any form. Thanks are extended 
to Terry Dossey for his help with the computer work. 

REFERENCES 

1. M. Y. Shahin and B. F. McCullough. Prediction 
of Low-Temperature and Thermal-Fatigue Cracking 
in Flexible Pavements. Center for Highway Re­
search, Univ. of Texas, Austin, Res. Rept. 123-14, 
Aug. 1972. 

2. R. C. G. Haas. Low-Temperature Pavement 
Cracking in Canada: The Problem and Its Treat­
ment. P roe., Canadian Good Roads Association, 
Montreal, 1970. 

3. N. W. McLeod. Influence of Hardness of Asphalt 
Cement on Low-Temperature Transverse Pavement 
Cracking. Canadian Good Roads Association, Mon­
treal, 1970. 

4. S. H. Carpenter, R. L. Lytton, and J. A. Epps. 
Environmental Factors Relevant to Pavement Crack­
ing in West Tex as. Tex as Transportation Institute, 
Texas A&M Univ., College Station, Res. Rept. 18-1, 
Jan. 1974. 

5. S. H. Carpenter, R. L. Lytton, and J. A. Epps. 
Pavement Cracking in West Texas Due to Freeze­
Thaw Cycling. TRB, Transportation Research 
Record 532, 1975, pp. 1-13. 

6. S. H. Carpenter and R. L. Lytton. Physicochem­
ical Considerations in Thermal Susceptibility of 
Base-Course Material. TRB, Transportation Re­
search Record 642, 1977, pp. 36-38. 

7. S. H. Carpenter. Thermal Susceptibility: Its 
Cause and Effect on Pavement Cracking. TRB, 
Transportation Research Record 616, 1976, 
pp. 89-91. 

8. A. B. Hamilton. Freezing Shrinkage in Compacted 
Clays. CanadianGeotechnical Journal, Vol. 111, 
No. 1, 1966, pp. 1-17. 

9. R. A. Schapery. A Theory of Crack Growth in 
Viscoelastic Media. Mechanics and Materials Re­
search Center, Texas A&M Univ., College Station, 
Rept. MM 2764-73-1, 1973. 

10. C. P. Paris and F. J. Erdogan. A Critical Analy­
sis of Crack Propagation Laws. Journal of Basic 
Engineering, Trans., ASME, Series D, Vol. 85, 
1963, p. 528. 

11. C. P. Paris, M. P. Gomes, and W. E. Anderson. 
A Rational Analytic Theory of Fatigue. Trend in 
Engineering, Univ. of Washington, Seattle, Vol. 
13, No. 1, 1961. 

12. K. Majidzadeh, E. M. Kauffman, andC. W. Chang. 
Verification of Fracture Mechanics Concepts to 
Predict Cracking of Flexible Pavement. Federal 
Highway Administration, Rept. FHWA-RD-73-91, 
June 1973. 

13. K. Majidzadeh, E. M. Kauffman, and D. V. 
Ramsamooj. Application of Fracture Mechanics in 
the Analyses of Pavement Fatigue. Proc., AAPT, 
Vol. 40, 1971, pp. 227-246. 



--

46 

14. K. Majidzadeh, E. M. Kauffman, and C. L. Saraf. 
Analysis of Fatigue of Paving Mixtures from the 
Fracture Mechanics Viewpoint. Fatigue of Com­
pacted Bituminous Aggregate Mixtures, ASTM, 
STP 508, 1972, pp. 67-84. 

15. K. Majidzadeh, D. V. Ramsamooj, and T. A. 
Fletcher. Analysis of Fatigue of Sand-Asphalt 
Mixtures. Proc., AAPT, Vol. 38, 1959, 
pp. 495-518. 

16. R. A. Schapery. Theory of Crack Initiation and 
Growth in Viscoelastic Media. International Jour­
nal of Fracture, Vol. 11, No. 1, Feb. 1975, 
pp. 141-159. 

17. R. A. Schapery. Viscoelastic Behavior and Analy­
sis of Composite Materials. Mechanics and Mate­
rials Research Center, Texas A&M Univ., College 
Station, Rept. MM 62-3, Aug. 1972. 

18. D. H. Winne and B. M. Wundt. Application of the 
Griffiths-Irwin Theory of Crack Propagation to the 
Bursting Behavior of Discs, Including Analytical 
and Experimental Studies. Trans., ASME, Vol. 
80, 1958, pp. 1643-1655. 

19. D. V. Ramsamooj. Prediction of Reflection Crack­
ing in Pavement Overlays. HRB, Highway Research 
Record 343, 1973, pp. 34-42. 

20. F. Moavenzadeh. Asphalt Fracture. Proc., AAPT, 
Vol. 36, 1967, pp. 51-79. 

21. P. Tong, T. H. H. Pian, andS. J. Lasry. A 

'~ " ' /'' 

y:')/) } j 

~ \ ~~\ 
I- ' 

I'·~ 

Hybrid-Element Approach to Crack Problems in 
Plane Elasticity. International Journal for Numeri­
cal Methods in Engineering, Vol. 7, 1973, p. 297. 

22. H. S. Chang, R. L. Lytton, and S. H. Carpenter. 
Numerical Analysis of Thermal Crack Propagation 
in Pavement Overlays. Proc., 2nd International 
Conference on Numerical Methods in Geomechanics, 
June 1976. 

23. Joint Army-Navy-Air-Force Solid Propellant Struc­
ture Integrity Handbook. Chemical Propulsion In­
formation Agency, Publ. 230; Utah University Engi­
neering College, Salt Lake City, Rept. CE-72-160, 
Sept. 1972, pp. 107-136. 

24. C. L. Monismith, R. L. Alexander, and K. E. 
Secor. Rheologic Behavior of Asphalt Concrete. 
Proc., AAPT, Vol. 35, 1966, pp. 400-450. 

25. E. S. Barber. Calculations of Maximum Pavement 
Temperatures from Weather Reports. HRB, 
Res. Bull. 168, 1957, pp. 1-8. 

26. B. J. Dempsey and M. R. Thompson. Investigation 
of Description, Classification, and Strength Prop­
erties of Frozen Soils. Frost Effects Laboratory, 
U.S. Army Corps of Engineers, Boston, MA, SIPRE 
Rept. 8, 1952. 

Publication of this paper sponsored by Committee on Flexible Pavement 
Design. 

Evaluation of Increased Truck Size 
and Mass on Pavement Life and 
Uesign 'l'hickness 
R. G. Hicks, R. D. Layton, and Steve Glover, Department of Civil Engineering, 

Oregon State University 

The results are presented of an analytical study that evaluated the effects 
of increased vehicle size and mass on pavement life and thickness. The 
techniques are applicable primarily to relatively new or reconstructed 
pavements; however, an approach is also presented that shows how they 
can be used to evaluate the effect on pavements that have been in service 
for several years. An increase in legal single-axle loads from 80 to 11 O kN 
[18 000 to 24 000 lbf/in2 (18 to 24 kips)] or in tam;lem-axlo londs from 
140 to 200 kN [32 000 to 44 000 lbf/in2 (32 to 44 kips)], could result 
in a loss of pavement life of up to 80 percent if applied to the existing 
system. Tho inoromontol thiolmo91 for new construction or reconstruction 
associated with the heavier trucks would require a maximum of 65 mm 
(2.5 in) of surfacing material. Truck configuration can also substantially 
affect the number of equivalent 80-kN axle loadings. The incremental 
thickness for new or reconstructed pavements associated with the differ­
ent truck configurations can amount to approximately 40 mm (1.5 in) 
of surfacing material. 

With the changing and growing demands on today's tech­
nology, there has arisen the need to evaluate the impact 
of increasing the sizes and masses of vehicles. The 
U.S. transportation system must be responsive to any 
change in vehicle dimensions. An evaluation of the ef­
fects of changed vehicle sizes on the highway system re-

quires an analysis of the effect of increased vehicle loads 
on pavement performance: 

The objective of this paper is to evaluate, by using 
analytical techniques, the effects of increased vehicle 
loads on pavement life and pavement thickness. The 
techniques developed apply to relatively new or recon­
structed pavements. Additional work is under way to 
evaluate the effects of increased loads on pavements that 
have been in oervice for Beverul yeurs. 

The axle loadings used are within the range forecast 
in the U.S. government 1980 goals report (1); i.e., single­
axle loads of up to 115 kN (26 kips) and tandem-axle 
loads of up to 200 kN (44 kips). Results of this study 
are in three forms: 

1. An estimate of the reduction in life of existing 
pavements if no change in current maintenance practices 
occurs, 

2. An estimate of the additional pavement thickness 
that will be required to maintain the level of service 
under present legal loads, and 

3. An evaluation of the relative pavement damage 
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