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Flexural Fatigue Strength of Lime-Soil Mixtures 
T. E. SWANSON, Research Assistant of Civil Engineering, and 
M. R. THOMPSON, Assistant Professor of Civil Engineering, University of lliinois 

Flexural fatigue tests were conducted with four selected lime-
soil mixtures. The test results presented show that the fatigue 
response of cured lime-soil mixtures is similar to such ma-
terials as lime-fly ash aggregate mixtures and concrete. 

Statistical techniques were employed to establish relations 
between S (fraction of ultimate flexural strength) and log N 
(number of applications to failure). The S log N plots dis
played the same general form, but the same fatigue response 
curve was not obtained for all of the four mixtures studied. 

Flexural fatigue should be considered in pavement design 
when lime-soil mixtures are utilized, but this does not limit 
the effective utilization of lime-soil mixtures for subbases 
and base courses. 

•THE addition of small amounts of lime (3 to 7 percent by weight) to fine-grained soils 
produces a marked improvement in engineering properties. Plasticity is reduced, 
workability improved, and with reactive soils substantial strength increases are 
obtained. 

A strength-producing pozzolan1c reaction occurs between the lime and soil silica 
and/or alumina. This reaction forms various cementing agents, primarily calcium 
silicates and aluminates, which greatly increase the strength of the lime-soil mixtures 
after curing. The pozzolanic reaction occurs to varying degrees and those soils which 
develop a substantial strength increase are termed "lime reactive" (1). 

Thompson (2) has shown that the shear and compressive strength of reactive lime
soil mixtures is not the limiting factor in their application as subbase and base course 
material. In pavement applications, these materials will be subjected to repeated 
flexural stresses and therefore their flexural strength and fatigue response are im
portant considerations. McDowell (3) has indicated that fatigue should be considered 
when evaluating tensile strength properties, and Ahlvin and Brown (4) have recently 
emphasized the importance of stress repetitions in pavement design:-

Fatigue is the progressive failure of a material produced by repeated stresses 
which are less than the ultimate strength of the material. Fatigue response, generally 
defined as the reaction of a material to repeated loading at various stress levels as 
indicated by the number of load applications required to cause failure, is usually shown 
on scatter diagrams of stress level vs number of cycles to failure. The plot of the best 
fit line through the points on the scatter diagram can be linearized by plotting the stress 
level vs the log of the number of cycles to failure. The slope of this line is a measure 
of the fatigue response of the material. The susceptibility of the material to fatigue 
failure increases as the slope of the line becomes steeper. 

Fatigue strength is defined as the greatest stress whi.ch can be sustained for a · given 
number of stress cycles without fracture (5). Because of the scatter inherent in fatigue 
testing, the fatigue strength of a material at a given number of load applications is beat 
represented as a range of stress levels. This range can be represented by different 
fatigue response curves for selected probabilities of failure. 
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In this initial study of the fatigue response of lime-soil mixtures, the 50 percent 
probability response curve was used as a measure of the general fatigue response of 
each material tested. 

OBJECTIVES 

The primary objectives of this investigation were: 

1. Evaluate the general flexural fatigue response of selected lime-soil mixtures. 
2. Determine if the fatigue response will limit the use of these materials in sub

base and base course applications. 

METHODS AND PROCEDURES 

Materials 

The study was limited to four soils typical of the reactive soils in Illinois. The test 
soils were: Champaign County till; Bryce B; illinoian till, Sangamon County; and 
Sable B. A hydrated high-calcium lime containing 96 percent available Ca(OH)2 with 
95 percent passing the No. 325 sieve was used in all test mixtures. 

Table 1 summarizes the natural soil properties and the properties of the lime-soil 
mixtures used. As indicated in Table 1, the natural soil properties showed substantial 
variation. 

T.AllLE 1 

SOIL AND IJJ4E-SOII. MIX'l'URI! PROPER'l'IP.S 

Champa.J.gn 
Soil County Till Bryce B Sable B Illinoian Till 

Sangomon County 

General Deocription: A WJ.•conaian A lllmlic -Gley (B A l!um.t.c-Gley Typical 
lnc till. Very hor1t011) derived {B horizon) Illinoio.n Till 
typical through- traa thin loeoo derived tran 
out the M:t.dwe•t. aver W1•conainan loeaa. 

drit't. 

Soil Pro~l "" 

AASHO Claaoification A-If (6) A-7-6(18) A-7-6(16) A-6(6) 

< 2µ Clllir, ~ 16 52 36 14 

Liquid Limit, ~ 22 . 5 53.1 50.7 25 .5 

Plaatici ty Index, ~ 7 28 .8 23.5 u.o 

Carbonateo Calca.reoua Nonc&l.ca.reoua Noncalcareoua 18 .~ 

pH 8.3 7.4 7.8 8.3 

Predominant Clo;y Mineral Ill1te-Chlor1te Illite Mixed Lllir•r 1111 te-Chlori te 

I.Im, Soll Hi xtu:rc hol!:!!rt ico 

Lime Treatment, ~ 3 3 3 

Opti11111m \later Content, ~ 11.5 25.8 20.1 13.0 

Maximum Dry Den•ity, pct 120 97.3 100 121 

Caapo.ction, mav• /~er 
(Top-Middle-:sattao 1'0-25-10 50-35•20 65-40-15 35-23-8 

InJ. tial CUre 48 hr• e 120°F 24 hr• e 120'7 24 hr• e 120'7 24 hr• e 120°F 

7atigue Bpecimena ~•ted 32 52 43 34 
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Mixtures Design and Preparation 

Only that portion of the soil passing the No. 4 sieve was used in the test mixtures. 
The optimum percentage (dry weight basis) of lime, as determined from previous stud
ies (1), was added to the soil and then dry-mixed until the lime was evenly distributed. 
Water was added to bring the mix to optimum moisture content and the materials were 
mixed mechanically for approximately 3 min. After mixing, the lime-soil mixture 
was tightly covered to prevent moisture loss and allowed to mellow 1 hr before 
compaction. 

Compaction of Test Specimens 

Test specimens were prepared by compacting the lime-soil mixtures into 2 x 2 x 7-
in. steel molds in three equal layers. The surface of each layer was scarified before 
placing the next layer to insure bonding. Compaction was accomplished through a ham
mer with base dimensions of 2 x 7 in. The compactive effort was applied by a 7-lb 
weight free falling 12 in. The water content and dry density of each specimen were 
carefully controlled to produce as nearly identical specimens as possible. 

The specimens were rotated before testing so that the load was applied perpendicu
lar to the direction of compaction, thus minimizing the effects of bonding between 
layers. Density studies revealed that with an equal compactive effort on each layer 
unequal densities were produced. The difference in strength of the layers as indicated 
by the unequal densities was undesirable as load eccentricities and a tendency to crack 
first on the weak side would result. This problem was minimized by using a different 
compactive effort, as indicated in Table 1, on each layer to achieve a uniform density 
throughout the specimen. The compactive effort required was greatest on the top 
layer and least on the bottom layer. Average densities of the specimens were equiva
lent to those obtained from AASHO T-99. 

Curing Procedures 

Immediately after compaction the specimens were wrapped in plastic food wrap and 
sealed with cellophane tape. This proved to be an effective way to maintain the opti
mum moisture content of the lime-soil mixture for the duration of the curing and test
ing periods. 

The specimens were fully supported on rigid boards to prevent cracking or warping 
and then placed in an oven at a constant temperature of 120 F. The high temperature 
was used to accelerate the curing of the lime-soil mixtures. Curing the Champaign 
County till for 48 hr and the other soils for 24 hr at 120 F produced strengths approxi
mately equivalent to a 30-day cure at 70 F. This length of cure was assumed to be 
representative of field conditions. 

After removal from the oven, the specimens were stored in a constant temperature 
room at 70 F. The specimens were tested at ambient room temperature and no attempt 
was made to control the temperature during the fatigue testing period. 

Static Flexural Strength Studies 

The stress level in a fatigue test is commonly defined as the ratio of the applied 
stress to the static ultimate strength of the material. It is thus very important to be 
able to predict the static strength of the material during the fatigue test. A strength 
study was statistically designed to determine the mean static flexural strength of each 
lime-soil mixture immediately after the accelerated cure and for curing periods of 1, 
3, 5, and 9 days after the accelerated oven cure. 

The flexural test specimens were tested under third-point loading using a system of 
balls and rollers to prevent eccentricities. All test specimens were loaded at a con
stant rate of O. 05 in. /min. Stress in the specimen was calculated assuming a constant 
cross section and a linear stress distribution. 

The static flexural tests showed that the lime-soil mixtures continued to gain strength 
at a decreasing rate after the accelerated oven cure. The test results also indicated 
variations in static strength for "identically prepared" specimens with the coefficients 
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Figure 1. Flexural strength-curing study. 

of variation ranging from 8. 4 to 13. 3 percent. This amount of variation can be ex
pected even though the preparation, curing, and testing of the specimens are carefully 
controlled. Figure 1 shows the average static flexural strength vs curing time curves 
for each lime-soil mixture. 

Fatigue Testing Machines 

Two testing machines of the constant displacement type were used to apply repeated 
flexural stresses to the specimens. The displacement was produced by an adjustable 
motor-driven eccentric operating a series of levers. Figure 2 is a schematic drawing 
of the testing machine. 

The specimen was placed on the test cradle which was oscillated vertically by the 
testing machine. A loading head for applying load at the specimen third points was 

Adjuatablo 
Crank 

Motor 

Steel Bar Oynamometer 

LoadinQ Hood 

Figure 2. Schematic drawing of fatigue testing machine. 
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placed between the specimen and the calibrated steel bar dynamometer. The loads ap
plied to the specimen were equivalent to the force required to cause a deflection in the 
steel bar equal to the vertical movement of the oscillating shaft on the test machines. 

Two SR-4 strain gages were attached to the top and bottom of the steel bar dyna
mometer and the gages were connected to add both the tensile and compressive strains 
of the bar as it was bent. The bar was then calibrated so the load applied to the speci
men could be determined by reading the difference in strain as the bar was deflected. 
Using these calibrated bars, the stress in the sample could be adjusted to ±0. 5 psi. 

The loads were applied at rates of 730 cpm and 690 cpm by the two machines. Based 
on Murdock and Kesler's work (6) on fatigue of concrete, it was assumed that this small 
difference in loading rate would have no effect on the fatigue reslX)nse of the lime-soil 
mixtures. 

Mechanical cqunters were used to record the total number of load applications on 
each specimen. When a specimen failed it fell on a microswitch which turned off the 
machine. The counters stopped with the machines and indicated the number of cycles 
to failure. 

The testing machines were set to apply a given load under static conditions. Tests 
revealed that the loads applied under dynamic loading were about 6 percent greater than 
those indicated by the static adjustment. The static loads were adjusted to correct for 
the dynamic loading effects. 

Figures 3 and 4 show one of the testing machines and a close-up of the loading ap
paratus and test specimen. 

Fatigue Testing Procedures 

The specimens were tested at stress levels ranging from 95 to 40 percent of their 
ultimate strength. Several specimens were tested at no less than three different stress 
levels for each lime-soil mixture. 

A stress level was chosen for a given test specimen. The test specimen was placed 
in the machine and the load adjusted using a strain indicator. Load adjustments were 
made carefully so the required load was approached from the low side. A minimum 
stress of 10 percent of the ultimate strength was maintained on the specimens during 
all tests in order to avoid the dynamic effects caused by complete stress removal and 
subsequent reloading. Since range of stress has an effect on the fatigue reslX)nse of 
the materials (7), the minimum stress level was held constant for all tests so compari
son between tests could be more easily made. Figure 5 presents the typical sine wave 
loading cycle used in the tests. 

After the load had been adjusted, the automatic counter was set on zero and the test 
machine activated. The load was adjusted at least every 24 hr to correct for changes 

Figure 3. Fatigue testing machine. Figure 4. Test specimen and loading apparatus . 
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Figure 5, Typical loading pattern. 

in stress level due to the effects of creep and curing of the specimen. As the load was 
applied, the test specimens sagged slightly due to creep in the material. The effect of 
this sagging was a reduction in the stress level due to reduced deflection of the steel 
bar dynamometer. Each day of testing was assumed to be equal to one day of curing 
at 70 F, and as the test specimen became stronger the stress level decreased. By 
frequent readjusbnent of the load on the specimen the stress level was held nearly uni
form. The maximum reduction in the stress level, due to the effects of creep and cur
ing of the specimen, was 4 percent; however, the average reduction over the 24 hr be
tween adjustments was less than 1 percent. 

The results of the flexural fatigue tests are presented on scatter diagrams, Figures 
6-9, of stress level, S, vs the log of the number of cycles to failure N. 

Runouts, specimens which did not fail during the test, are shown on the scatter dia
grams as a point with an arrow. It was necessary to terminate a test when the curing 
period of the specimen was longer then the curing periods used in the static strength 
study. If the test specimen did not break after five million stress cycles (5 days of 
load repetitions), the test was stopped if other specimens were ready for testing. 

For stress levels above 90 percent about one-half of the specimens failed on the 
first load application. This is to be expected because of the difference between the 
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Figure 7. Fatigue test results. 

actual specimen strength and the estimated average strength of the material. Speci
mens which failed on the first load application were plotted at N equal to 1 and S equal 
to the estimated value even though it was apparent that the actual strength was less than 
estimated. These specimens were as significant statistically as those which withstood 
several stress applications. 

Similar reasoning was used to justify the use of runouts in the analysis of the test 
data. It is clear that runouts cannot be ignored in the analysis of the test data, but a 
question arose as to what value of N should be assigned to them. It was decided that 
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Figure 9. Fatigue test results. 

the runouts should be treated as failures at N values equal to those recorded when the 
test was terminated. This method of interpretation will give a conservative estimate 
of the fatigue response of the material. 

The test data were analyzed statistically using linear regression techniques. Linear 
regression lines were plotted on the scatter diagrams and were used to represent the 
general flexural fatigue response of the lime-soil mixtures tested. The regression 
lines were analyzed statistically and all were found to be significant (ex = 0. 01). Cor
relation coefficients, R, for the linear regression lines are recorded on the scatter 
diagrams. Figure 10 shows the fatigue response of the four lime-soil mixtures tested. 
The average fatigue strength at five million stress applications was approximately 54 
percent with the values ranging from 66 to 41 percent of the ultimate flexural strength. 
The slopes of the linear regression lines of the different lime-soil mixtures were sta
tistically compared to determine if they were significantly different. The comparisons 
indicated that the slope for the Sable B lime-soil mixture was significantly different 
from all the others, ex = 0. 05, but there was no s ignificant difference (ex = 0. 05) in the 
slopes for the other three soils. 

DISCUSSION 

The cementitious materials in portland cement concrete, lime-fly ash-aggregate 
mixtures and lime-soil mixtures are similar. Because of this similarity, it was ex
pected that the fatigue response of the lime-soil mixtures would compare favorably with 
the other materials. Figure 10, a plot of the general fatigue response for the three 
materials, indicates the close resemblance of the S-log N plots. 

The length of cure of the materials tested was limited to the equivalent of 30 to 40 
days at 70 F. Lime-soil mixtures continue to gain strength for long periods of time 
and the ultimate strength is a function of the curing period and temperature. Under 
actual field conditions lime-soil mixtures may continue to gain strength for several 
years. The magnitudes of the stress repetitions applied to a lime-soil mixture used 
as a paving material are relatively constant throughout its design life. Therefore, as 
the ultimate strength of the material increases due to curing, the stress level (as a 
percent of ultimate strength) will decrease and the fatigue life of the lime-soil mixtures 
will be increased. This would suggest the possibility of increasing the fatigue design 
stress level to take advantage of the increase in ultimate s trength over long curing 
periods. 
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Figure 10. Flexural fatigue response curves. 

SUMMARY AND CONCLUSIONS 

The general flexural fatigue responses of four typical reactive lliinois soils mixed 
with lime were determined. The fatigue response was represented by a linear re
gression line on a scatter diagram of stress level, S, vs the log of the number of cycles 
to failure, N. The S-N plots were typical of fatigue in general and of similar materials, 
specifically portland cement concrete and lime-fly ash-aggregate mixtures. 

The slopes of the regression lines representing the fatigue response of the four lime
soil mixtures were statistically compared. There were significant differences between 
the lime-soil mixtures and, therefore, it cannot be concluded, based on this limited 
study, that the fatigue response of all lime-soil mixtures are equivalent. 

If lime-soil mixtures are to be used in subbase and base course construction, the 
flexural fatigue response of these materials should be considered in selecting a design 
stress. The stress used for design must be low enough to allow the design number of 
load applications before fatigue failure. Consideration of the flexural fatigue response 
will limit the design stress, but the limitation does not make the use of these materials 
impractical for subbase and base course construction. Flexural fatigue response tests 
to be used for design purposes should include provisions for determining a range in 
fatigue response for various probabilities of failure. 

The loading conditions in the field are different from those used in this study in the 
following respects: First, the random loads applied in the field by heavy trucks in
terspersed with passenger vehicles are not equivalent to the uniform loads applied in 
the laboratory. The second difference is in the range of stress applied to the materials. 
In the field the minimum stress level will be zero, whereas in the laboratory, the mini
mum stress was 10 percent of the ultimate strength. A decrease in the range of stress 
increases the number of load cycles required to cause failure. The third difference in 
applied stress between field and laboratory conditions is the constant loading in the 
laboratory as compa.red to the rest periods which can be expected between loads in the 
field. Hilsdorf (~) has shown that rest periods have beneficial effects on fatigue strength 
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of concrete. Under actual service conditions, paving materials are subjected to stress 
reversals (compression-tension), but this feature was not present in the laboratory 
testing program. Further studies to determine the effects of these factors on the flexu
ral fatigue response of lime-soil mixtures may be desirable. 
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