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Fatigue-Based Criteria for Seasonal Load Limit Selection 

JAMES H. HARDCASTLE, ROBERT P. LOTTMAN, AND TRI BUU 

During spring thaw, restrictions on allowable axle weights (load limits) are 
often applied to flexible pavement sections in seasonal frost areas to prevent 
premature failure of thaw-weakened pavements. Currently, load limits are 
selected on the basis of experience. An approach to load limits that is based 
on controlling seasonal rates of fatigue consumption is described. Fatigue con
sumption can be determined from fatigue curves that relate critical tensile 
strains in the pavement section to the number of load repetitions causing 
fatigue failure. By using a layered-i!lastic computer program, strain is deter
mined for the traffic loads applied to the pavement while it is in various sea
sonal states. Seasonal values for elastic-response parameter& (resilient modulus 
and Poisson's ratio) are determined in laboratory tests on appropriately condi
tioned spe~imens. By relating the fatigue damage produced to the number and 
magnitude of loads applied during each of the seasonal pavement conditions, 
the effects of alternative load limit policies on remaining pavement life can be 
compared. In an application of the method to an existing pavement it was de
cided that the maximum axle load permitted during the spring-thaw period 
should be one that produced th9 same rate of fatigue consumption as the 
normal summer-fall legal maximum of 18.9 kips. Using this criterion, the maxi
mum spring-thaw load for the pavement would be 11.5 kips. Comparisons in
dicated that the remaining service life under the posted 14-kip load limit would 
be 80 percent of the life remaining if the 11 .S·kip load limit were imposed. If no 
special spring.thaw period load limit is imposed, the remaining service life of 
the pavement will be reduced to 40 percent of the life remaining under the 
11.5-kip limitation. 

Highway managers recognize that the load-carryinq 
capability and the rate of decrease of useful ser
vice life of flexible pavements vary during the 
year. Under uniform traffic, these variations re
flect seasonal changes in the physical state (e.q., 
temperature and water content) of the materials 
within the pavement structure. In areas of seasonal 
frost, the critical period in the annual cycle of 
temperature and moisture changes occurs during the 
spring-thaw (spring breakup) period. The increased 

water content that results from melting of accumu
lated ice in the subgrade soil and in the unbound 
granular layers within the pavement section can 
cause reductions in both the strength and stiffness 
of the materials (1). The application of normally 
acceptable, heavy -axle loads while the pavement 
materials are in the moisture-weakened condition 
leads to an accelerated deterioration rate and pre
mature permanent failures. 

Two general approaches are currently available to 
the pavement manager to account for seasonal var ia
t ions in pavement performance. For a new pavement, 
anticipated variations in pavement condition may be 
account.ea for by using design paramctcro based on 
measurements of materials conditioned to reflect an 
average or a worst in-service condition instead of 
the immediate post-construction condition. Examples 
of this approach are the 4-day soaking period to 
which California bearing ratio (CBR) test specimens 
are subjected before testing and the compression of 
compacted stabilometer (R-value) test specimens at 
higher than immediate post-construction degrees of 
saturation. In addition to special conditioning of 
materials, regional factors also may be used to 
account for adverse climatic and environmental con
ditions (,!) • 

In recognition of the markedly increased vulner
ability of flexible pavements to unusual damage 
during the spring-thaw period, highway managers in 
many northern states impose special temporary re
strictions on vehicle speeds and maximum axle 
weights (load limits) for selected highway sections. 
Seasonal load restrictions are usually limited to 
older routes designed for relatively low traffic 
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Figure 1. Seasonal surface Dynaflect deflection and Dynaflect SCI of a 
Minnesota pavement (~_). 
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Figure 2. Relation of peak to normal Dynaflect deflections for 24 Minnesota 
and Illinois pavements (I). 
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volumes. In current practice, decisions concerning 
the magnitude of seasonal load limits, the dates of 
their imposition, and the duration of the restricted 
period are usually made on the basis of local expe
rience. In Idaho, for example, load limits are 
selected by the district hiqhway engineers. 

Empirical methods of quantifying local experience 
based on observations of seasonal pavement surface 
deflections have also been used to select load 
limits. The surface deflection method described in 
National Cooperative Highway Research Program 
(NCHRP) Report 76 (1_) is typical of these approaches. 

The enforcement of load limits estahlished on the 
basis of sound engineerinq iudqment and experience 
has unquestionably prolonged the life of many pave
ments. Recently developed methods of pavement
response analysis and materials testing sugqest that 
a new approach could be applied to the problem. 
This paper describes an application of the 
mechanistic models of pavement behavior and fatigue 
theory to the problem of selectinq spring-thaw 
period load limits. The NCHRP surface deflection 
method is also briefly reviewed. Comparisons of the 
load limits computed for an in-service Idaho pave
ment are made and an evaluation of the effects of 

alternative load limits on pavement 
presented. 

1969 NCHRP DEFLECTION METHOD 

life 
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The purpose of the 1969 NCHRP study was to find a 
simple, nondestructive means of measuring seasonal 
variations in flexible pavement performance and to 
develop criteria for imposing load limits to protect 
pavements from being overloaded durinq critical 
periods. Measurements of seasonal chanqes in sur
face deflection were made on 24 in-service pavements 
located in Illinois and Minnesota. Devices used 
were the Benkelman beam, Dynaflect, and static 
plates. Deflected pavement surface curvature was 
also measured with the Dynaf.lect and the McCullouqh 
curvature meter. Strong linear correlations were 
observed between Dynaflect surface curvature index 
(SCI), Dynaflect deflection, and Benkelman beam 
deflection. Because bending. stresses and strains in 
the asphalt-bound layers of a pavement are more 
closely related to the radius of curvature of the 
deflected pavement than to deflection itself, SCI 
was chosen for the load-limit criterion. 

A typical relationship between time and hoth 
Dynaflect SCI and maximum surface Dynaflect deflec
tion obtained in the NCHRP-study is shown in Figure 
1. From such plots normal and peak values of SCI 
and deflection could be identified at each location 
for which observations were made. Normal SCI for a 
pavement section was defined as the average value of 
the SCI observed during August, September, and 
October. Peak SCI (or deflection) was defined as 
the largest value observed during that vear. 

Load Limit Criteria 

In the 1969 NCHRP study, measurements were made only 
on pavements for which local policy permitted (but 
did not require) the imposition of seasonal load 
limits. It was found that, of the roads with 
normal-period SCI values greater than 0.35 
milli-in., an average of only one road in three was 
actually restricted on the basis of local 
experience, whereas 11 out of 12 roads with 
normal-period SCI greater than O. 38 milli-in. were 
restricted. Based on these observations the 
criterion in NCHRP Report 76 for determining whether 
critical-period load limits are needed was stated as 
follows (1_) : 

In areas with a mean freezing index exceeding 
about 200 (degree-days) , a road should be re
stricted to light axle loads during the critical 
season if the average normal SCI measured during 
the previous fall exceeded 0.35 (milli-in.). 
Pavements having SCis less than that value neer'l 
not be restricted provided, of course, they are 
constructed of frost-resistant materials. 

The normal-period SCI (or deflection) instead of 
the critical-period (peak) value was selected as a 
criterion for load limit because it was desirable to 
establish the need for axle load limits in advance 
of the critical period itself. Moreover, a strong 
correlation existed between peak and normal SCI or 
deflection values. Figure 2 shows the observed 
relationship between peak and normal values of 
Dynaflect deflections. 

Given the strong correlation between Dynaflect 
deflections and Benkelman beam deflections shown in 
Figure 3, it is also possible to state the 1969 
NCHRP er i ter ion as follows: In areas with a mean 
freezing index exceeding about 200 degree-days, a 
road should be restricted to light axle loads during 
the critical season if the average Benkelman beam 
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Figure 3. Relation of Benkelman beam deflections to Dynaflect deflections 
for 24 Minnesota and Illinois pavements(£) . 
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In addition to the criterion for determining the 
need for load limits, the 1969 NCHRP Report provides 
an equation for selectinq the magnitude of the al
lowable spring-thaw period load limit. The equation 
is based on the hypothesis that the maximum safe 
axle load, Ls, that can be applied to a qiven 
highway during the critical period is inversely 
proportional to the peak SCI measured durinq that 
period, i.e., 

L, = k/maximum SCI (!) 

The constant of proportionality, k, can be evaluated 
hy nn~inq ~h~~ if ~he m~ximum SCI is less than 0,70 
milli-in. (maximum SCI equals 2. 0 times the normal 
SCI) , no restriction is necessary durina the 
critical period. The safe axle load that can be 
applied with no restrict ion is equal to the leqa l, 
maximum axle load of 9 tons (18 kips). The constant 
of proportionality is thus 6.3. By aqain makinq use 
of the strong correlations between SCI, Dynaflect 
deflection, and Benkelman beam deflection, the equa
tion for the maximum allowable axle load, in tons, 
during the critical period can also be expressed as 
follows: 

L, = 346/maximum 6B 18 

where 0818 
deflection, 
axle load. 

Rvaluation 

is the peak perioo 
in milli-in., mcaourcd 

(2) 

Benkelman beam 
with an 18-kip 

The 1969 NCHRP approach is essentially a method for 
quantifyinq local experience qa inea from in-service 
pavements in Minnesota and Illinois that had pre
viously demonstrated poor sprinq-thaw period per
formance. The method uses rapid nonrlestructi•re 
field tests and provides a specific criterion for 
<'letermininq where load limits are needed as well as 
the maqnitude of the allowable load limit durinq the 
spring-thaw period. The method directly accounts 
for seasonal chanqes in pavement performance. 

For the pavements studied, critical-period peak 
SCis and deflections were 1 inearly related to 
normal-period values. As a result of differences in 
the response of materials to freezinq and moisture 
changes, it is likely that there are pavements in 
other regions of the country for which 

c ritical-period 
exces sive even 
a re less than 
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peak SCis and deflect ions are 
though the normal-period SCI value s 

0.35 milli-in. Refore the NCHRP 
approach can be applied to pu"..,"'ement~ con~t::-uctea on 
s oil types other than those of the oriqinal study, 
appropriate correlations between normal- and 
peak-period deflection parameters need to he 
established. A limitation of the NCHRP surface 
deflection approach is that it does not ilirectlv 
relate the criteria for establishina load limits to 
p avement damage. Hence, the method does not provide 
a means for evaluating the effects of alternativP. 
load-limit decisions on pavQment lifP. e~PE'r.t~nr.v. 

Such knowledqe is e s sential if the economir. 
ramifications of hiqhway load-limit policies are to 
be consic'lered. 

PROCEDURE FOR SELECTING RATIONAL LOAD LIMIT 

The essential premises of the procedure for select
ing the rational load limit suggested here are the 
following: 

1. Flexible pavement damaqe is due to fatique 
cracking of the asphalt-bound layers. Fatique 
cracking occurs as a result of repeated bending of 
the layers uniler traffic. The service life of the 
pavement depends on its fatique life, where fatique 
life is the cumulative number of repetitions of 
var i ous loads that cause the pavement surface to 
crack (_l,_!) • 

2. The parameter for critical pavement response 
that determines the number of repeated loads re
quired to cause fatigue failure is the horizontal 
tensile strain, E, developed at the bottom of the 
asphalt-bound layer (4,5). 

3. Fatigue curves- ~elating the magnitude of the 
critical tensile strain, E, to the numher of repe
titions of this strain to cause failure, Nf, can 
be developed. Examples of fatigue curves are shown 
in Figure 4. 

4. The magnitude of the critical tensile strain, 
Eij• produced by various axle loads (designaterl 
by subscript i) while the pavement is in its various 
seasonal conditions (designated by subscript j) can 
be computed using layered-elastic theory and sea
sonal values of the pavement's elastic-response 
parameters. The necessary response parameters are 
the resilient modulus, MR, and Poisson's ratio, 
v, Seasonal values of these parameters can be 
determined using well-established laboratory proce
dures and appropriately conditioned test specimens 

<.!·~·2>. 
5. The cumulative damaqe, D, produced by a vari-

ety of axle loads, i, applied to the pavement while 
it is in its various seasonal physical conditions, 
j, is stated by Miner's hypothesis of the linear 
summation of cycle ratios (_!,_!!). 

(3) 

where ni · is the number of appl i cations of the ith 
load white the pavement is in the jth condition, and 
Nj.j is the number of applications of the ith load 
that would produce fatigue failure of the pavement 
while it is in the jth condition. Ni j is a func
tion of the critical tensile strain, ci j• and is 
obtained from fatigue curve s such as those shown in 
Fiqure 4. A pavement is considered to have failed 
in fatigue when the cumulative damage under repeti
tive loading reaches 100 percent of its original 
fatigue life. 

6. Pavement ilamaqe produceil hv alternativP load
limit policies, A and B, can be evaluated by r.ompar
ing the fatique life remaininq or the cumulative 
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Figure 4. Fatigue curves for asphalt mixes (1!!.}. 
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damage produced by each alternative. Such compari
sons could take the following form 

Critical tensile strain, Eij• can be computed 
for a large number of traffic loads, i, appl ied to 
the pavement in its various seasonal states, j. In 
practice, pavement loads can be grouped into a few 
load ranges or equivalent axle loads. Seasonal 
variations in pavement response can also be grouped 
under two or three physical states such as the 
spring breakup condition, the normal summer-fall 
condition, and the winter-frozen condition. 

APPLICATION OF THE RATIONAL APPROAC~ 

In order to evaluate the approach to establishinq a 
rational load limit, a trial application was carried 
out on a section of an Idaho highway for which 
spring breakup load limits have been imposed. A 
section of State Highway 3, 4.5 miles north of 
Bovill, Idaho, was selected. The pavement is sub
jected to heavy logging and chip truck traffic 
throughout the year. At the location selected, the 
pavement is constructed on approximately 4 ft of 
decomposed granite fill material placed over flooil 
plain deposits. 

Criterion for Load Limit 

In the trial application the authors decided to use 
the following criterion as the basis for selecting 
the spring-thaw period load limit. 

The maximum axle load allowed during the spring
thaw period should be restricted to one which pro
duces a horizontal (critical) tensile strain at the 
bottom of the asphalt-bound layer equal to the 
strain produced by the maximum legal axle load that 
is allowed during the normal summer-fall period 
(18.9 kips in Idaho). If the number of heavy axle 
loads does not vary seasonally, the selected crite
rion will result in a uniform rate of damage anil 
fatigue-life consumption throughout the year. This 
criterion takes into account the existing condition 
of the pavement and does not impose unduly restric
tive limits on pavements already nearing the end of 
their service lives. 

Load Limit Procedure 

The field work, materials testing, and analysis 
necessary to apply the criterion stated above can he 
divided into the followinq four phases: 

1. Field sampling programs to define the struc
ture of the pavement section as well as the condi
tion of the materials during the normal summer-fall 
operating period and during the spring-thaw period. 

2. Laboratory resilient-modulus testing program 
to determine parameters for the pavement and suh
grade elastic response in both the normal-period and 
critical-period conditions. 

3. Calculation of the pavement's response 
(stresses, strains, and deflections) for the maximum 
axle load while the pavement is in normal operatinq 
condition. 

4. Determination (by back-calculation) of the 
maximum axle load that can be applied to the pave
ment during the critical period without exceeding 
the horizontal tensile strains induced bv the normal 
axle load during the normal operating period. 

The laboratory testing and computer analvses 
necessary to complete the procedures are all well 
established and are described elsewhere (_i,2,r2rl0). 
In the interest of brevity, only the principal re
sults for the trial application are includet'l here. 
Complete details of the procedures used and the 
numerical results are contained in a report by Hard
castle and Lottman (11). 

Results of the Field Sampling Programs 

Field trips to the study pavement were made in Octo
ber 1977 and March 1978. With the assistance of 
personnel and equipment from the Idaho Transporta
tion Department, cores of the asphalt-bound layers 
were taken at six locations across the pavement. 
The pavement was also drilled with a hand auger at 
two locations to determine the thickness of the 
unbound layers and to obtain samples for determining 
classification and water content . Suf icient quan
tities of the granular subbase and subqrade soil 
were taken from the pavement shoulders for labora
tory resilient modulus tests. During both field 
trips, pavement surface deflections were measured 
with the Benkelman beam by using the Idaho standard 
axle load for deflection of 15 kips on dual tires. 
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Measure d deflections were used as a check against 
computed values as well as for data for t he NCHRP 
loa d- l im it method . Ave rage values of the thickness , 
temperature, dry density, and water content of the 
pavement layers fo r the summer-fall condition and 
the sprinq-thaw condition are summarized in Table 1. 

Laboratory Test Proqram 

Laboratory r epeated-load tests were conducted to 
define the resilient-modulus values required for the 
pavement-response analyses. Test specimens for 
asphalt stabilized layers and unstabilized layers 
were prepared and conditioned to be representative 
of the summer-fall and sprinq-thaw conditions. 

1 . Asphalt stabilized layers. The resilient 
moduli of t he 1.6-i n.-thic k asphalt-concrete surface 
and the 1.9-in.-thick asphalt-treated base were 
determined by using the testing device for measuring 
diametral resilient modulus and the procedures de
scribed by Schmidt (10). Figure 5 shows the 
modulus-temperature relationships established from 
the tests. 

Figure 5. Relation of resilient modulus of asphalt-stabilized layers to 
temperature. 
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2 . Unstabilized (granular) layers. Resilient 
moduli of the 8-in.-thick silty sand (SW-SM, A-1) 
subbase and the sandy silt (ML, A-4) subgrade were 
determined in repeated load triax i al t<>"t"- B"'"""'"" 
it was not possible to recover undisturbed samples 
of the subbase and subqrade durinq the field sam
p ling program, resilient modu l us tests were 
conducted on specimens reconstituted from disturbed 
materials. Test specime ns representing both the 
summer-fall and sprinq-thaw conditions were com
pacted to a dry density approximately equal to the 
dry density used in the Idaho R-value tests. These 
values were also within 1.5 pcf of the maximum 
AASHTO T-99 dry density. The decision to use the 
R-value density was based on the assumption that the 
materials originally had been placed at densitie s 
near the AASIITO T-99 maximum and, s ubsequently, have 
experienced l itt l e change in void ratio. 

Test specimens of the fine-qrained subgrade soil 
were compacted by using kneadinq compaction to en
sure that the grain structure developed in the test 
specimens was the same as that developed in the 
field. The subbase sand was judged to be coarse 
enough to have a compacted structure independent of 
compaction method. As a matter of convenience, 
static compaction was used to prepare these speci
mens. 

The water content used for test specimens repre
senting summer-fall conditions were equal to the 
AASHTO T-99 optimums. Although the in situ water 
content of the subbase sand (as shown in Table 1) 
was slightly lower than the optimum, it was neces
sary to use the higher value to obtain a coherent 
test specimen. The results of the resilient-modulus 
tests for specimens of subbase sand and subqrade 
soil representing the summer-fall pavement condition 
are shown in the upper parts of Fiqures 6 and 7, 
respectively. 

A great deal of direct, as well as indirect, 
e v i dence indicates that the water content (and de
gree of saturation) of well-graded granular mate
rials beneath pavements in seasonal frost areas can 
increase sharply immediately followinq the thaw 
period <l,1l· Although the in situ water content of 
the subbase and subqrade during the spring-thaw 
p eriod was not known at the time the resilient mod
ulus tests were conducted, it was believed that the 
degree of saturation would be very close to 100 
percent. In order to achieve a deqree of saturation 
as close to 100 percent as practical, test specimens 
representing the spring-thaw condition were prepared 
by combining the dry material necessary to produce 
the desired dry density with an amount of water 
sufficient to completely fill the voids of the com-

Table 1. Pavement section and materials properties used in pavement response analysis. 

Summer-Fall Condition Spring-Thaw Condition 

Water Con- Water Con-
Thick- Ory tent(%) Resilient Dry tent( %) Resilient 

Pavement ness Temp . Density Modulus Poisson's Temp . Density Modulus Poisson's 
Lay er (in.) (oF) (pcf) Field Lah . (psi) Ratio (oF) (pcf) Field Lab . (psi) Ratio 

Asphalt- 1.60 78 146.0 210,000 0.40 55 146.0 480,000 040 
concrete 
surface 

Asphalt- I 90 76 146.0 600 ,000 0.40 52 146.0 1,200,000 0.40 
treated 
base 

Silty- 8.00 118.3 9 ,0 11.3 5,500 0.35 118.0 16 .1 16.0 3,000 0 .35 
sand 
sub base 

Sandy- 112.0 16 .5 IS .3 4 ,600 0.40 112 .0 19 0 18 .6 2,500 0.40 
silt 
sub grade 
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Figure 6. Resilient modulus of silty-sand subbase soil. 
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pacted material. Although a small amount of water 
was necessarily expelled along with air during com
paction, the resulting degrees of saturation of the 
test specimens were close to 100 percent. As can he 
seen from the data in '!'able 1, the water contents 
which resulted from this procedure are similar to 
those measured in the field during the sprinq. 

Evidence also indicates that freezing of soils at 
constant water content can contribute directly to 
decreases in strength and stiffness (_,!,_&). In an 
attempt to account for the effects of freezing, test 
specimens representing the spring-thaw condition 
were subjected to two cycles of freezing and thawing 
prior to testing. Each freeze-thaw cycle consisted 
of placing the compacted, membrane-enclosed specimen 
in a freezer at 4°F for 12 hr followed by 12 hr at 
room temperature ( 68°F) . The results of the resil
ient modulus tests on these specimens is shown in 
the lower parts of Figures 6 and 7. 

In Figure 8, resilient modulus of the subqrade 
soil is plotted against the number of load repeti
tions to illustrate the significant recovery of 
modulus that resulted from the application of load. 
A similar response was exhibited by the silty sand 
subbase soil. Specimens of both these materials 
tested while in the summer-fall condition exhibited 
only slight changes in modulus with repetition of 
load. Comparisons of the modulus values shown in 
Figures 7 and 8 show that the first few hundred 
post-thaw load applications can eliminate the freez
ing-caused modulus reduct ions hut not the moisture
caused modulus reductions. 

Pavement Response Analvsis 

To complete the trial application of the suggested 
approach, the pavement's response to the maximum 
legal axle load applied in the summer-fall condition 
was determined using a layered-elastic computer 
program. An axle load producing the same horizontal 
tensile strain at the bottom of the asphalt-treateil 

Figure 7. Resilient modulus of sandy-silt subgrade soil. 
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base during the spring-thaw period was then selected 
for the spring breakup limit. 

The layered-elastic-theory computer program used 
was the CHEVSL, which was developed by the Chevron 
Research Corporation (12). The program calculates 
stresses, strains, and deflections at specific 
points in the pavement structure and subgrade caused 
by a single distributed load. Because truck axle 
loads are applied with dual tires spaced at approxi
mately 13. 5 in. between centers, pavement responses 
were calculated along a vertical line 6.5 in. from a 
single applied tire load. Computed stresses, 
strains, and deflections were then doubled (super
imposed) to account for the two adjacent tires. 
Data required for the CHEVSL proqram are as follows: 

1. Tire load and pressure applied to the pave
ment surface, 

2. Thicknesses of the component layers (up to 
SJ, and 

3. Resilient modulus and Poisson's ratio of each 
layer . 

Summer-Fall (Normal) Period Pavement Response 

The tire load applied to the pavement by the Idaho 
maximum axle load of 18.9 kips on dual tires is 
4,725 lb; tire pressure is 80 psi. Four lavers were 
used with thicknesses as shown in Table 1. Resil
ient moduli of the asphalt-bound layers were taken 
from Figure 5 corresponding to temperatures of 78° 
and 76°F for the surface and hase courses, respec
tively. As can be seen in Figures 6 and 7, the 
resilient moduli of the unbound subbase and subgrade 
<lepend on both the deviator stress, oa, and the 
confining pressure, 03. The iterative procedure 
described by Lettman <1l were therefore used to 
obtain modulus values for the subbase and subqrade 
that were compatible with the stress levels existing 
in the pavement. Table 1 summarizes the materials 
parameters used for the summer-fall operating condi-
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Figure 8. Influence of load repetitions on resilient modulus of frozen and 
thawed sandy-silt subgrade soil. 
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tion response calculations. The computed horizontal 
tensile strain at the bottom of the asphalt-treated 
base was 7.77 x 10-'in./in. 

Spring-Thaw (Critical Period) Pavement Response 

The maximum axle load for the spring-thaw period was 
determined by completing the steps of the iterative 
procedure for successively smaller tire loads until 
a pavement response was obtained in wh i cn the com
puted horizontal tensile strains at the bottom of 
the asphalt-treated base were the same as the value 
previously calculated for the summer-fall condition. 
Temperatures, moduli of the asphalt stabilized lay
ers, and the stress-compatible moduli of the subbase 
and subgrade for the final iteration are shown in 
Table 1. The mu~imum allowable spring-thaw pe.rioU 
tire load (producing a strain of 7.98 x 10- 5 in . /in.) 
was 2, 875 lb. The maximum allowable axle load for 
this condition under the equal tensile strain crite
rion is therefore 11.5 kips. 

Comparisons of Measured and Computed Deflections 

If it is assumed that the layered-elastic computer 
program accurately calculates the pavement response, 
an indication of the validity of the laboratory
measured resilient modulus values can be obtained by 
comparing the computed and measured pavement su r face 
deflections. In comparisons for both summer-fall 
and spring-thaw period deflections, pavement re
sponses were computed for a tire load of 3, 750 lb 
corresponding to the dual-tire 15-kip axle load used 
for the Benkelman beam deflections. Using stress
compatible modulus values obtained in the iterative 
procedure and superposition to account for the fact 
that Benkelman beam deflections are measured midway 
between the dual tires, computed surface deflections 
for the summer-fall and spring-thaw period condi
tions were 48. 4 milli-in. and 67. O milli-in., re
spectively. Average measured deflections were 44. 5 
milli-in. and 60.5 milli-in. for the same condi
tions. These results suggest that the resilient 
moduli and other data used in the various computer 
analyses of the study were reasonably accurate. 

COMPARISONS OF ALTERNATIVE LOAD LIMIT POLICIES 

The maximum allowable axle load limit posted for the 
study pavement during the 1978 spring breakup period 
was 14.0 kips. In the following paragraphs the 
spring-thaw load limits computed by the two methods 
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described in the paper are compared to the posted 
limit. The implications of the alternative load 
limits are analyzed in terms of their effects on the 
remaining fatigue life of the study pavement. 

1969 NCHRP Criterion 

According to the 1969 NCHRP criterion, pavements 
exhibiting normal period 18-kip axle load Benkelman 
beam deflections greater than O. 0229 in. should be 
restricted during the critical spring-thaw period. 
The deflecti on measured for the study pave me nt in 
October 1977 us{ng a 15-kip axle load was 0. 044 5 in. 
and the spring-thaw period deflection was 0.0605 
in. Using Equation 5 as modified to account for the 
15-kip axle load used in the study, the 1969 NCHRP 
load limit is 

Ls = 346/60.5 (1 8/1 5) = 4 .8 tons (5) 

In units of kips, the maximum allowable axle load is 
9.6. 

Criterion for Equal Surface Deflection 

For purposes of comparison and because many highway 
engineers have experience with surface deflections, 
load limits were calculated based on a criterion of 
maintaining equal pavement surf ace deflections in 
the spring-thaw and summer-fall conditio ns. Cal
culations of the spring-thaw period axle load that 
produces the same surface deflection as the lA.9-kip 
leqal load allowed during the summe r-fall involves 
essentially the same steps as described previously 
for the equal strain criterion. According to this 
criterion, the maximum spring-thaw period axle load 
should be restricted to 13.8 kips. 

Cumulative Damage and Fatigue Life Comparisons 

An essential step in making economic comparisons of 
alternative load limit policies is the determination 
of the cumulative damage to the pavement or its 
remaining fatigue life under each of the alterna
tives. As a final part of the trial application of 
the proposed method, the re la ti ve amount of remain
ing fatigue life of the study pavement was deter
mined for the 11.5-kip load limit, the 14-kip load 
limit, and for the alternative of no special re
strictions on spring-thaw period axle weights. 

Spring-Thaw Period Axle Weights Restricted to 11. '> 
Kips 

The fatigue life remaining for the study pavement 
for each of the alternatives was evaluated using 
Miner's Law (Equation 3) , computed tensile strains 
at the bottom of the asphalt-treated base, and the 
fatigue curves shown in Figure 4. In Equation 3, 
Ni· is defined as the number of repetitions of an 
ax~e load that cause f ailu re while the pavement is 
in a partic ular state. To obta i n Nt j f r om Figure 
4, use t .he horizontal tensi l e st rain, cij ' com
puted fo r t he pave me nt in t he appropriate physical 
state under the axle load. The limiting number of 
repetitions corresponding to the asphalt concrete 
stiffness in condition j is then read out of the 
graph. For a spring-thaw load limit based on the 
equal tensile strain criterion, the computed <ij for 
both the 18.9- and 11.5-kip axle loads is 77.7 x 10 6

• 

Using a weighted stiffness modulus of 420,000 psi 
for the 1.6-in.-thick asphalt-concrete surface 
course and the 1.9-in.-thick asphalt-treated base 
course, N11 for the 18. 9-kip normal-period axle 
load is 45 x 10 6 repetitions. ouring the critical 
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Table 2. Load limit and fatigue life comparisons. 

Maximum 
Spring-Thaw 

Origin of Spring-Thaw Load Axle Load, L., Critical Tensile Remaining Fatigue Relative Remaining 
Method Limit Criterion (kips) Strain , €t Lifea Repetitions Fatigue Life(%) 

This study Equal tensile strains in 11.5 80 x 10-6 44 x I 06 100 
asphalt-treated base 

Idaho Experience and judg- 14.0 106 x 10-6 35 .3 x 106 80 
Transpor- ment 
talion 
Dept 

This study Equal surface deflection 13.8 104 x 10·6 36 x 106 80 
No restriction 18 .9 157 x 10-6 I 7 .1 x 106 39 

NCH RP Surface deflection cor- 9.6 Not computed Not computed >100 
Rpt. 76 related with experience 
(Ref 9) and policy 

aJ.'or comparisons only. 

spring-thaw period, the weighted asphalt mix modulus 
is 871,000 psi, and N22 is 35 x 10 6 repetitions. 

With the assumption that the critical spring-thaw 
period lasts one month, ni1 represents the number 
of 18.9-kip axle loads applied for 11 months of the 
year, and n22 represents the number of 11.5-kip 
axle loads applied during the critical period. If 

the monthly number of axle loads remains constant 
during the year, n22 equals 1/11 ni1: and the 
total number of axle loads that can be applied dur
ing the remainder of the pavement's life is the sum 
of ni1 and n22· Substitution into E~uation 3 
yields the result that n11 i s 40. 3 x 10 repeti
tions, and n22 is 3 .7 x 10 6 repetitions . The 
total number of load repetit i ons, i ncluding both 
18.9- and 11 • . 5-kip axle loads, is 44 x 10 6

• It 
should be noted again that the true number of repe
titions (fatigue life) remaining for the study pave
ment is undoubtedly much less than 44 x 106

• The 
computed value was determined from the fatigue cur
ves of Figure 4, which are representative of new, 
initially uncracked pavements, whereas the study 
pavement has been in service for several years. 
However, the computed fatigue life remaining can 
serve as a basis for the following approximate com
parisons provided the same fatigue curves are used 
for all the alternatives. 

Spring-Thaw Period Axle weights Restricted to 14 Kips 

The computed horizontal tensile strains, € 22 , 
for the 14-kip axle loads applied during the criti
cal period was 106 x 10-•, and N22 was 10.5 x 10 6 

repetitions (weighted asphalt mix modulus of 871,000 
psi). With Ni.i still equal to 45 x 10•, Equation 3 
yields values of n11 and n22 of 32.4 x 06 and 3.0 x 
10 6

, respectively. The computed total relative 
remaining fatigue for the 14-kip axle load limit is 
35.4 x 10 6 repetitions or 80 percent of the repe
titions that remain if spring axle weights are re
stricted to 11.5 kips for one month each spring. 

No Special Restriction on Spring-Thaw Period Axle 
Loads 

For this alternative, n12 represents the number of 
18.9-kip axle loads applied during the assumed 1-
month long spring-thaw period and ni2 equals 1/11 of 
n11• The horizontal tens i le strains, £11 , and Nii for 
the 18 .9-kip axle loads applied during the normal 
operating condition are the same as for the two 
previous alternatives. 

For the 18.9-kip axle load during the spring-thaw 
period, computed horizontal tensile strain, £12• is 
157 x 10-•. With the weighted spring-thaw asphalt mix 
modulus of 871,000 psi, Ni2 is 2.2 x 10 6 repetitions. 

Substitution of these values into Equation 3 yields 
15.7 x 10 6 for n11 and 1.4 x 10 6 for n12 or a total 
remaining fatigue life of 17.l x 10" repetitions. 
This result indicates that if no special load re
strictions are applied (or enforced) during the 
spring-thaw period, the remaining pavement surface 
life is reduced to 40 percent of the life remaining 
with a critical-period axle load limit of 11.5 kips. 

Summary of t.he Fatigue Life Comparis ons 

The numbers used and the results of the comparisons 
of fatigue life for the three alternatives are sum
marized in Table 2. 

CONCLUSION 

The purpose of imposing special temporary restric
tions on maximum axle weights allowed on a pavement 
during the critical spring-thaw period is to orevent 
accelerated deterioration or premature failure of 
the pavement while it is in a thaw-weakened condi
tion. The objective of the study described in this 
paper was to develop a rational procedure which 
would include consideration of the effects of load 
limit policies on fatigue life as well as the ef
fects of seasonal changes in the pavement's response 
to load. The approach selected was based on the 
mechanistic methods for determining pavement re
sponse to load and fatique theory. In mechanistic 
pavement analysis, stresses, strains, and deflec
tions can be calculated for any desired physical 
condition of the pavement provided appropriate pave
ment response parameters are used. Fatigue theory 
and fatigue curves developed for the asphalt-bound 
layers make it possible to quantify the effects of 
variations in axle weights and pavement physical 
conditions in terms of the cumulative damage or life 
expectancy of the pavement for selected load limit 
alternatives. 

'!'he materials testing and analytical procedures 
necessary to apply the mechanistic approach are 
somewhat more sophisticated and expensive than those 
used in other empirical pavement desiqn or load 
limits approaches. The rational approach requires 
that resilient moduli of pavement materials be de
termined both for the normal summer-fall condition 
and for the critical spring-thaw period condition. 
Digital computers must be used to calculate the 
pavement response. In view of the exponentially 
r1s1ng costs of pavement rehabilitation and con
struction, the additional effort is believed to be 
justified. Only with the approach described is the 
pavement manager able to evaluate quantitatively the 
effects of load limit decisions and to defend high
way policies. 
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more reliable than previous designs based on the frost susceptibility classifica· 
tion of the pavement layers. 
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more than 200 variables were analyzed to determine 
their effects on pavement performance (J:). Each 
pavement was rated in terms of alligator fatigue 
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percent fracture, and in situ moisture content. 
Laboratory frost-heave rate and Hveem R-value tests 
were also performed for many of the sections. Addi
tional variables that described the environment in 
terms of climate, pavement age, and accumulated traf
fic loadings were introduced into the data base. 

The factors found to relate most strongly to the 
springtime load-bearing capacity and to the amount 
of fatigue (or alligator) cracking were the percent
a9es of particle sizes smaller than 0.075 mm in the 
base and subbase layers (1). These layers extend 
from a depth of 0 to 2 ft beneath the pavement (see 
Figure 1) • Particles passing a No. 200 mesh sieve, 
i.e., particles smaller than 0.075 mm, and fractions 
smaller than 0.02 mm are generally used as indicators 
of frost susceptibility. Other ways of expressing 
these particle sizes in this paper are P2oo sieve 
or fines, < 0.075 mm, and < 0.02 mm. 

It was also found that peak spring Benkelman re
bound deflection levels has a strong positive corre
lation with the observed severity of alligator crack
ing (Figure 2) • Relationships between alligator 
cracking and pavement age indicate that this type of 
cracking propagates rapidly once it exceeds 5 percent 
of the combined wheel path length of the test section. 
From these conclusions it was apparent that if an 
equation could be developed for maximum seasonal 
deflection levels based on soil and climatic factors, 
pavement cracking and fatigue life could be 
predicted. 


