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Low-temperature shrinkage cracking of pavements in Ontario and in 
other provinces or states has serious implications with respect to ac
celerating losses in serviceability of these pavements. To date, most 
research efforts have concentrated on the causes of the problem with 
little attention to any practical design methodology. A number of flex
ible pavement sections in Ontario with widely varying degrees of crack
ing were examined. Previously developed laboratory techniques to de
termine the low-temperature properties of the bituminous layers were 
extended and modified. Relatively simple, reliable, and low-cost ap
paratus for this purpose was developed and appears to be usable for 
routine design. The case studies indicated that high cracking fre
quencies were associated with stiff bituminous surfaces at low tem
peratures and that cracking could be correlated with the predicted frac
ti_1re tempP.r:iturP. of the mixture. They also indicated that the most 
dominant variable affecting fracture susceptibility was asphalt source 
and that, in order to achieve a certain cracking frequency, a "hard" 
asphalt from one source could be equivalent to a "soft" asphalt from 
another source, depending on their low-temperature stiffness prop
erties. The use of information from this study in refining a previously 
developed design subsystem for low-temperature response has been 
indicated. 

•SHRINKAGE CRACKING of flexible pavements, due primarily to thermal effects, Oc
curs in varying degrees in most parts of Canada and in much of the United States. That 
such fracture can markedly acceleratP. the loss in serviceability of a pavement is well 
known and documented. Studies initiated in Alberta in early 1963 (1, 2) and others, 
such as those in western Canada (3, 4, 5, 6) , Wyoming (7, 8) and Connecticut (9), dem
onstrated the importance of this problem. -The problem waA also P.xplicitly rP.cognized 
in a symposium in 1966 (10) and as a firs t-priority road research need in Canada in 
1965 (11). More recentlY";- a project on developing a rational design system for heavy 
wheel loads has included shrinkage cracking as one of its major design subsystems (12). 
The economic importance of the shrinkage-cracking problem has not been detailed, but 
an approximate analysis (13) has indicated that the annual cost to Canadians is in the 
multimillion dollar range:-Fracture in bituminous surfaces can occur from causes 
other than low-temperature shrinkage. These causes are not well understood. A sum
mary of all external and internal factors that may be significant to low-temperature 
cracking has been presented elsewhere (14). 

The objectives of the project were as follows: 

1. To test with field samples the validity of previously developed laboratory tech
niques for evaluating low-temperature rheological behavior of bituminous materials; 

2. To evaluate with these field samples the validity of these previously developed 
techniques in predicting fracture susceptibility; 
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3. To develop simple, low-cost apparatus and instrumentation for testing bitumi
nous materials over a low-temperature and time range; and 

4. To extend or refine a previously developed design subsystem for the response of 
flexible pavements at low temperatures and to use the results of this investigation as 
feedback information. 

BEHAVIOR OF FLEXIBLE PAVEMENTS AT LOW TEMPERATURES 

Thermal Stresses in Bituminous Surfaces 

The calculation of thermal stresses in a bituminous surface can be approached in a 
rigorous or in an approximate manner. 

A simple and approximate method for determining stresses has been used by Hills 
and Brien (15), Lamb (7), and others, and extended to a range of thermal and stiffness 
gradient conditions by Haas and Topper (16). They basically used an approximation of 
the following equation for an infinitely long, narrow, and completely restrained strip: 

where 

unit tensile stress in the longitudinal direction; 
average coefficient of thermal contraction; 
initial temperature; 
final temperature; and 
stiffness modulus, which varies with temperature and rate of loading. 

The approximation involves the determination of stiffness modulus, either directly or 
indirectly as subsequently discussed, at the midpoint of small temperature intervals 
(using a loading time corresponding to the cooling time for the temperature interval). 
In effect, the integral is replaced by a summation. 

Mechanisms of Shrinkage Fracture 

The actual mechanisms of shrinkage fracture have received little attention except 
for a crack initiation and propagation hypothesis by Haas and Topper (16). They pointed 
out that an understanding of the fundamental mechanics of such fracture could have 
some practical implications. Their hypothesis covered only the condition of simple 
thermal shrinkage, but in a subsequent effort Haas and Anderson (14) have presented 
qualitative categories of other possible, pertinent conditions. 

Observations from a recent, extensive field experiment in Manitoba (5, 6) have 
tended to support this theory in part. However, they have also indicated- that a more 
complete phenomenological model of flexible pavement shrinkage cracking is required, 
especially to incorporate varying subgrade effects. 

Low-Temperature Response of Bituminous Materials 

The response of bituminous binders and bituminous mixtures over a time and tem
perature range has been investigated fairly extensively. The principle of time
temperature superposition has been found applicable and has been used for low
temperature work on both thin films of binder and on bituminous mixtures (17). This 
work demonstrated that the fracture temperature for a restrained, bituminous mixture 
could be calculated from its stiffness characteristics. 

Relationships Between Binder and Mixture Stiffness 

Because the stiffness of an asphalt mixture is a fundamental parameter in evaluat
ing its low-temperature properties, predicting stiffness from the properties of the 
binder would be very useful. 
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Considerable work in this regard has been summarized by Heukelom and Klomp (18) 
and by Heukelom (19). They describe how the stiffness of the binder can be determined 
from van de Poel'snomograph, then related to mixture stiffness. This relationship 
has been developed for well-compacted mixtures with about 3 percent air voids . When 
the air voids are greater than 3 percent, a "corrected" mixture stiffness can be cal
culated according to van Draat and Sommer (20). 

Because the stiffnesses of the asphalt and the mixture are related and because the 
fracture strength of the mixture is related to its stiffness, relating the tensile or frac
ture strength of the mixture directly to the stiffness of the asphalt should also be pos 
sible. Heukelom {19) has shown such a relationship for 2 types of mixtures, and cer
tainly an agency, say, a highway department, should be able to develop these curves for its 
own materials. However, the estimates are approximate. Furthermore, the stiffness 
of some binders (those of a more "complicated" nature) can be in error if determined 
by the nomograph. To correct this, Heukelom (21) has recently developed a bitumen 
test data chart with a consistency scale for use with the nomograph. Kopvillem and 
Heukelom (22) have shown how it can be applied to determine the stiffness of some 
Canadian asphalts with high-wax contents. 

EXPERIMENT AL PROGRAM 

Purposes 

The general purpose of the experimental program was to test the validity of pre
viously developed laboratory techniques for predicting fracture susceptibility, as de
scribed elsewhere (13, 14, 17), to actual field evaluation. An attendant purpose was 
to develop simple, low-cost apparatus and instrumentation for design purposes. It was 
b-1tended that the results be applicable to extending and r efining a shrirJ{agc fractur e de 
sign subsystem. 

Selection of Test Sections 

Test sections wer e selected in consultation with the Ontario Department of Highways 
(DHO) and were based on geographic dispersion in the province, varying properties and 
conditions, and varying degrees of cracking. They represent a variety of experience 
that the Department has with this problem. Table 1 gives a list of the sections with 
some general descriptive information regarding year of construction, type of subgrade, 
and freezing index for the location. Table 2 gives a listing of more specific informa-

T ABLE 1 

GENERAL INFORMATION ON TEST SECTIONS 

Test Highway 
Average Freezing Subgrade 

Location Crack Index Construction Dates 
Section Number Indexa (deg days) Type 

41 Napanee to Roblin 115 Clay May 1953, base 
June 1953, surf 

17 Agawa 265 Clean granular Sept.-Oct. 1959, 
base 

May-July 1960, 
surf 

17 Heyden to Haviland Bay 13 175 Clean granular, Oct. 1960, base 
boulder , and June 1961, surf 
rock fill 

17 Sault Ste . Marie to Heyden 165 Clean granular Oct .-Nov . 1960 
and May 1961. 
base 

May-June 1961, 
7 Arkona surf 

Section A 21 65 Clay 1960 
Section D 1 
Section C 1 

6 Orangeville 
Section A 23 145 Silty sand Oct.-Nov . 1961 
Section B 6 

11 Val Albert i 345 Clayey, silt, Oct . 1964 
and sand fill 

11 Val Alber t Easterly 32 345 Deep sand fill July 1964 

aFrom OHO crack surveys in 1966 and 1967. 
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TABLE 2 

COMPONENT PROPERTIES OF TEST SECTION 

Asphalt Cement Lift Properties 
Reccmpaction 

Teat Vlscoa-
Asphalt 

Section 
Supplier Penetration lty Thick- Voids 

Content Stability Voids VMA Aggregate Prime 
and at 275 F Type ness, (per-

(per- (lb) Flow {per - (per-
Refinery Grade at 77 F (cent!- (In.) cent) cent) cent) 

stokes) cent) 

la 85 to 100 HL3 11/, 7.2 5.8 2,916 11.9 5.5 19.1 Quarr. Yes 
HL8 1(? 7.1 5.0 2,872 12.7 4.8 16.8 L.S.C. 
HL8 1y, 7.7 4.9 2,774 12.9 4.3 16.2 aggr. and 
Gr.A 8 scr. min. 
Gr.B 18 filler 

2 2a 150 to 200 161 256 HL4 1(? 5.0 5.2 2,500 9. 3 2.6 Granitic Yes 
HL4 1'/: 5.0 5.3 2,480 11.9 2.1 gravel 
HL4 1 y. 6.8 4.9 2,210 9.7 2.9 
Gr.A 9 
Gr.B 31 

2b 85 to 100 96 211 HL4 11/, 4.6 5.7 2,994 10.1 2.9 Granitic No 
HL4 11/, 5.4 5.5 3,600 13.2 2.3 gravel 
Gr.A 7 
Gr.B 8 

2a 85 to 100 89 331 HL4 2 5.3 5.9 3,659 11.0 3.6 17 .9 Granitic No 
HL4 1'/. 8.7 4.9 3,438 10.1 6.3 18.0 gravel 

la 85 to 100 98! 211 HL4 2 8.5 5.4 3,685 10.5 5.1 18.l 
Gr.A 8 
Gr.B 9 

5A 2c 85 to 100 95 205 HL3 1(? 4.3 6.0 3,107 14. 5 1. 7 16.4 L.S. No 
HL6 2y, 4.2 5.2 2,582 13.2 2.3 15.1 gravel 
Gr.A 4 
Gr.B 18 

5B la 85 to 100 95 336 HL3 1 /,· 3.5 6.3 3, 200 14.2 2.0 17 .4 L . S. No 
HL6 2y, 5.6 5.1 3,071 10.9 3.2 15.6 gravel 
Gr.A 4 
Gr.B 18 

5C 3a 85 to 100 95 427 HL3 1{? 4.2 6;5 3, 188 12.7 2.0 17.7 L.S. No 

( HL6 2y, 5.4 5.3 2, 562 9.7 3.1 16.0 gravel 
Gr.A 4 
Gr.B 18 

6A 2c 85 to 100 84 205 HL4 2 3.1 6.7 2,382 14.7 1.3 17.7 L.S. No 
Gr.A 9 gravel 
Gr.B 12 

6B 2c 150 to 200 157 142 HL4 2 3.1 7.0 2,145 12.5 1.6 18.5 L.S. No 
Gr.A 9 gravel 
Gr.B 12 

7 4a 150 to 200 153 223 HL4 2 6. 5 5.0 2,600 10.6 3.2 15.4 Granitic No 
Gr.A 8 gravel 
Gr.B 12 

8 4a 150 to 200 153 226 HL4 2 5.4 5.1 2,718 9.6 3.1 16.0 Granitic No 
Gr.A 8 gravel 
Gr.B 37 

tion regarding the structural components and their properties. Many of these charac-
teristi.cs and their differences, as they relate to variable degrees of cracking, were 
largely responsible for the choice of test sections. 

Some Characteristics of the Test Sections 

There are several characteristics of the test sections and their components that 
bear some discussion. First, the range in cracking index is from very low at several 
sections to very high at Val Albert Easterly, Orangeville section A, and Arkona sec-
tion A. The DHO cracking index is calculated as the number of full transverse cracks 
plus one half of the half transverse cracks per 500 ft of roadway length. Transverse 
cracks less than one-half width should not be included because they usually occur sub-
sequent to the formation of half or full cracks. In other words, they are not a primary 
manifestation of the inability of the pavement to withstand shrinkage stresses. These 
high indexes occur over the full range of freezing indexes encountered (from 650- to 
3,450-deg days), which would indicate that degree of cracking is not related to freezing 
index per se. 
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Second, the effect of asphalt supplier (and in turn the source) may be significant in 
some of these sections. In the Arkona section A, the cracking index was 21. The sup
plier for this section was 2c, and the suppliers for sections B and C respectively, with 
much lower crack frequencies, were la and 3a. Although 2c supplied a lower viscosity 
asphalt, the evidence :ts certainly not conclusive enough in itself to point to 2c as the 
"villain." However, it should be noted that 2c also supplied asphalt for the Orangeville 
section A, which had a similar high cracking frequency. 

Third, for the Orangeville section B, 2c supplied a softer asphalt and the cracking 
index dropped markedly. This v..Tculd support the use of softer asphalts to control crack
ing (23, 24, 25), but it should be emphasized that the softer asphalt came from the 
same source. 

The fourth point involves the question of whether cracking in Arkona section A could 
similarly have been reduced if 2c had supplied a softer asphalt. Other works (14, 17, 
6) have indicated that a hard asphalt from one source can have better low-temperature 
stiffness properties than a soft asphalt fI'Om another source. 

Fifth, the sections at Val Albert and Val Albert Easterly represent a far different 
situation in crack patterns, even though the supplier, 4a, is the same for both. How
ever, it may be noted that the Val .Albert Easterly section has a far greater depth of 
granular B (i.e., 37 in. versus 12 in. for the other section), implying a difference in 
subgrade support conditions. Consequently, it is possible that the high cracking index 
is largely associated with the subgrade rather than with the asphalt source. 

Testing Program 

The testing program consisted of slow tension tests on surface samples from the 
test sections. Apparatus and techniques used in the tests were subsequently described. 
The intenti on was to produce data for the type of analysis referred to. 

Samples were obtained by sawing blocks out of the test sections. Locations were 
random and individual specimens of bituminous mixture used (1 % by 1 % by 3 in. long) 
in the testing program were sawed from the larger blocks. They were tested in tension 
over a time and temperature range, and again random selection was used for a partic 
ular test. Time was actually recorded at various stress levels, although the nominal 
strain rate was noted. Six specimens from each section were tested at varying strain 
rates and temperatures ranging from - 30 to +50 F. 

Experimental Equipment 

The basic ideas and apparatus for low-temperature tension testing of asphalt mixtures 
and films were developed in a previous work (17). However, there were a number of 
aspects that required further development or modification, including the requirementfo1· 
low-cost and relia\Jle el!uivrneul applicable to dMign evaluations. 

Figure 1 shows the experimental equipment that was developed. There are a number 
of unique features to this equipment, and they are described in detail in a forthcoming 
DHO report on this work. 

Figure 1. Experiment equipment. 
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EXPERIMENTAL RESULTS AND THEIR SIGNIFICANCE 

Stress -Strain-Stiffness-Time Relationships 

Typical stress-strain curves for the various temperature levels are shown in Figure 
2 for the Orangeville section B. Numerous data points were plotted to obtain such 
relationships and a computer program was written to tabulate data and to calculate 
stiffness. 
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Figure 2. Stress-strain curves for various temperature levels. 
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Time was also recorded, which made it possible to plot stiffness modulus-time 
curves for each set of samples. From these relationships, it is possible to derive 
master curves of stiffness modulus versus reduced time by using the method of time
temperature superposition. A set of these is shown in Figure 3 for the 3 Arkona sec
tions. Similar master curves were derived for all the other sections. 

The shift factor relationships for the curves in Figure 3 are shown in Figure 4. 
Again, similar relationships were derived for the other sections. Figure 4 shows that 
extrapolation below the base temperature of 10 deg F would have produced erroneous 
results. 

Estimating Thermally Induced Fracture 

Procedures for predicting thermally induced fracture have been previously referred 
to in this paper. Although these methods are normally applicable to design, a major 
purpose of this investigation was to study the cracking characteristics of sections al 
ready in service. Consequently, estimates of fracture susceptibility of these sections 
were made. Of course, these estimates can only be made on the basis of the physical 
nature of the material (such as age) at the time of test and apply only to restrained sam
ples. Furthermore, such procedures can evaluate only the surface; nevertheless, an 
analysis of the surface can be useful in tracing the cause of cracking, even where it 
may be subgrade associated (e.g., on the Val Albert Easterly section). 

To estimate fracture susceptibility of a restrained bituminous sample requires 
master curves of stiffness modulus (Fig. 3) and the shift factor relationships (Fig. 4). 
A relationship between tensile strength and stiffness modulus is also required, and 
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this has been derived for the test data, as shown in Figure 5. From these figures, 
thermally induced fracture as a function of temperature can be calculated for a se
lected cooling rate. An example is shown in Figure 6 for the Arkona sections. The 
point of thermal fracture, TFR• is estimated as the intersection of the stress relation
ship and the tensile strength relationship (note that only the needed portion of the 
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TABLE 3 strength relationship is shown in Figure 6). 
TFR values were determined for all the 
sections and are given in Table 3. 

ESTIMATES OF THERMALLY INDUCED FRACTURE 

Fracture Conditions and 
Section Variables 

Although it was not possible to use a sta
tistically designed experiment, the results 
of this investigation would strongly suggest 
that cracking frequency of asphalt pave
ments (or cracking index as measured by 
DHO) is in most cases related to the low
temperature stiffness of the mix. This is in 
turn reflected by the estimated fracture 
temperatures, TFR· 

Estimate of 
Test Fracture 

Section Temperaturea 
(deg F) 

-20 

-38 

-25 

4 -36 

5A -13 

8For a cooling rate of 10 F per hour. 

Test 
Section 

5B 

5C 

6A 

6B 

7 

Estimate of 
Fractu re 

Temperaturea 
(deg F ) 

-32 

-31 

- 5 

-13 

-30 

-28 

Perhaps not so apparent are the causes behind the variations in TFR and cracking 
index. These can only be postulated, but again some evidence, certainly not of a com
pletely conclusive nature, is available in the descriptive features of the test sections 
(Tables 1 and 2). There are also other possibly important factors or descriptive fea
tures that are not available. Nevertheless, several aspects of the results are worthy 
of note. 

1. The sections with fairly low cracking indexes, of 5 or less, generally have quite 
low TFR values and appear to be primarily associated with mixtures of lower stiffness. 

2. Asphalt suppliers 2a, la, and 3a were associated with the lower stiffness 
mixtures. 

3. The Val Albert sections appear to contradict the first statement, but TFR is 
very nearly equal for the mixes on both projects. Consequently, it is possible that 
some subgrade or other feature, rather than any variations in mixture stiffness, is 
responsible for the high cracking index at Val Albert Easterly. 

4 . The sections with cracking indexes greater than 5 generally had higher T FR 
values (from - 20 to - 6 F ). These were much stiffer mixes at low temperatures . 

5. Arkona section A exhibits a much higher cracking index and TFR than do sec 
tions B and C. Section A has supplier 2c 's lower viscosity asphalt. 

6. The Orangeville section A, with a cracking index of 23, which is very similar 
to the 21 for Arkona section A, has the same asphalt supplier, 2c. 

7. Supplier 2c 's asphalt was also used for the Orangeville section B but consisted 
of a softer, 150 to 200 penetration grade. The resultant mix was less stiff than that 
for section A. This would tend to support the contention that softer asphalts reduce 
cracking. However, this may only be strictly true for a single source or supplier. 1n 
fact, a hard asphalt from one supplier can actually give a less stiff mix at low tempera
tures than a soft asphalt from another supplier. 

Cracking Index and Estimated Fracture Conditions 

The data given in Table 3 indicate in a general manner that the estimated fracture 
temperature, TFR• for the various sections seems to vary with cracking index. A 
plot of TFR versus cracking index, shown in Figure 7, indicates that a linear relation
s hip might exist, although there is considerable scatter (one point far off the line is 
the Val Albert Eas terly sec tion) . A similar i· elationship, be lween C1'acking frequency 
and asphalt stiffness at - 40 F and 10~ sec loading time , has recently been presented by 
Young et al. (6). 

Cur1::101·y examination of data shown in Figure 7 might suggest a rather weak relation
ship, and this is supported by a correlation coefficient of 0.53 for the regression line 
shown. However, age, location, subgrade, and other variables undoubtedly influence 
the scatter. If U1e une point 1'epresenting the Val Albert Easterly section is removed 
(and this may be reasonable in that we strongly suspect a subgrade effect may be oper
ative here), the correlation coefficient goes up to 0.81. This is a remarkably high 
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value considering the "mixture" of projects and variables that underlie this general
ized relationship. Consequently, it is possible that for, say, a single subgrade class 
or age group the relationship would be better defined. If this were the case, and if 
stiffness properties or TFR were determined for mixes in the design stage, it may be 
possible for an agency to develop a well-defined set of curves like those shown in Fig
ure 7. In turn this could enable the agency to set specifications for low-temperature 
response of bituminous materials. 

A DESIGN SUBSYSTEM 

The principles of systems engineering can be used to structure a variety of engi
neering problems, including the process of pavement design and management as a 
whole (26, 17). For operational and organizational purposes, a series of component 
subsystemsmust be developed from this overall design and management process (14). 
This work also presented a tentative design subsystem and described the phases and 
components of the systems framework that was used. A forthcoming DHO report de
scribing the investigation in detail demonstrates how case study results of this sort 
are used and outlines areas requiring additional study in order to refine the subsystem. 

SUMMARY AND CONCLUSIONS 

1. Thermal shrinkage cracking of asphalt pavements can originate in the bitumi
nous layer, and perhaps does do so in most cases, but other causes of such fracture 
are also possible, including those associated with subgrade factors. Current knowl
edge about these cracking mechanisms is imperfect. 

2. Techniques for determining the low-temperature stiffness of bituminous mix
tures have been successfully adapted from previous laboratory investigations for the 
evaluation of field specimens from a number of Ontario highway projects. Relatively 
simple, reliable, and low-cost apparatus and instrumentation for this purpose has also 
been developed and is capable of being used for design. 

3. The low-temperature stiffness values were extended over a time and tempera
ture range by time-temperature superposition and used to calculate the probable frac
ture temperatures for the various field sections; we assumed that there were complete 
restraint conditions. It is subjectively apparent that the stiffer bituminous mixtures, 
with higher estimated fracture temperatures, exhibited much higher field-cracking fre
quencies than the sections with lower stiffness mixtures at low temperatures. 
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4. Although the field sections varied widely with respect to location, age, subgrade, 
soil type, and so on, cracking frequency can be correlated to the estimated fracture 
temperature. This finding has important design implications. 

5. Although the evidence is again subjective, it appears that the dominant variable 
associated with low - temperature cracking frequency is asphalt source (or supplier). 
It also appears that :for some cases, a relatively soft asphalt from one source (say, in 
the order of a 300 to 400 penetration grade) would be required to result in as low a 
cracking frequency as a hard asphalt (i.e., an 85 to 100 penetration grade) from another 
source. Only a pair of sections showed an exception to this observation. These varied 
widely in cracking frequency, but they had the same source of asphalt and exhibited the 
same mixture stiffness properties. We suspect that the high cracking frequency of the 
one section is associated with some subgrade factor. 

6. Information from case studies of the type described in this paper can be used to 
extend and refine a previously developed but tentative design subsystem. 
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