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THIS paper presents results of tests made to determine some effects of repeated loading 
on the strength and deformation of compacted specimens of a silty clay in triaxial 
compression tests. Apparatus for applying repeated loads of varying periods and fre­
quencies to test specimens is described. Test data to compare the effects of repeated 
loads and sustained loads on the strength and deformation of test specimens and the 
effect of frequency of loading and magnitude of apphed stress on the deformation of 
partially saturated specimens subjected to 50,000 to 100,000 appKcations of stress is 
presented. In addition, data on the compression and rebound occurring during repeated 
load applications are analyzed. Conclusions are drawn with regard to the effects of 
frequency of loading and magnitude of loading on the deformation occurring during 
repeated stress application. 

• A RATIONAL approach to the design of Most methods of pavement design now in 
pavements requires an understanding of the use are based on an index of soil strength de-
effects of repeated loads on the strength and termined by some type of test in which the 
deformation of soils. The soil underlying a total load is slowly applied over a period of 
pavement is subjected to a continuous series several minutes. These indices of strength have 
of rapidly applied and rapidly released stresses been correlated empirically with the perform-
of varying magnitudes and frequencies, and a ance of soil underlying actual pavements and 
satisfactory design requires that the soil de- thus provide a fairly reliable index for design, 
formation under these stresses shall not exceed I t does not, however, necessarily follow that a 
a tolerable limit. The duration of stress appli- strength index determined under conditions of 
cation to the soil depends on the speed of the slow stress increase will satisfactorily indicate 
moving vehicles; the interval between stress the performance of the soil under conditions 
applications depends on the frequency of of repeated loading. I f soils having the same 
traffic; and the magnitude of stress application strength index behave in similar fashions 
depends on the vehicle weight, number of under repeated loading, then any difference 
wheels, and tire pressure. A satisfactory design between the effects of repeated loads and grad-
method therefore involves a determination of ually increased loads will be taken into account 
the magnitude of soil deformation due to vari- in the empirical correlation with pavement 
ous vehicle speeds, traffic frequencies, and performance. If , however, soils having the 
stress magnitudes, and hence a determination same strength index are affected to different 
of the effects of the \-arious factors which extents by repeated loading, then the corre-
might influence the deformation of soils sub- lation of strength index with pavement per-
jected to repeated stress applications. formance can be only approximate. 
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Figure I . Tr laxia l compression cell. 

F igure 2. Loading frame and repeated-loading equip­
ment. 

The purpose of the investigation ilesciibed 
here is to determine the effects of repeated 
loading on the strength and deforn ation of 
soils. Time has not peimitted an investigation 
of all phases of the subject, but the results ob­
tained to date maj- be of sufficient interest to 
warrant presentation. The paper presents, 
therefore, test data to show a comps.rison of 
the effects of sustained and repeated loads on 
the strength and deformation of tent speci­
mens, some effects of magnitude of applied 
stress on the compression and reboun i occur-
l ing during repeated stress applicatic ns, and 
the effect of frequency of loading ano magni­
tude of applied stress on the deformation of 
partially saturated specimens of silty clay in 
triaxial compression tests. 

I N S T R U M E N T A T I O N 

Triaxial Compression and Loading Eqitipinent 
All the tests in the investigation we re per­

formed on specimens having a diameter of 1.4 
inches and a height of about 4 inches. As the 
tests continued over long periods of tinK^ it was 
necessary to protect the specimens against loss 
of moisture. After a specimen had been 
trimmed to the required size, it was placed be­
tween a Incite cap and base and surrounded by 
two thin rubber membranes with a la\er of 
grease between the membranes. The mem­
branes were sealed against the Incite cap and 
base by means of neoprene "0" rings and the 
entire specimen was placed under water in the 
triaxial compression cell, as shown in Fig. 1. 
When the specimen was to be subjected to a 
confining pressure during the test, air pressure 
of the desired magnitude was applied to the 
top of the cell. The specimen was then loaded 
axially by placing the entire cell under the 
loading yoke of a loading frame as shown in 
Fig. 2. Deformation of the specimen was meas­
ured by a dial indicator placed over the loading 
yoke directly in line with the piston applying 
load to the specimen. 

Repeated Loading Unit 
The type of loading desired for this study 

was a repeated load rapidly applied and lap-
idly removed with negligible impact effects 
and with suitable controls to regulate the du­
ration of load application and the interval be­
tween applications. I t was originally intended 
that the minimum period of load application 
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should be 0.1 second; this corresponds approx­
imately to the time of loading of a base course 
for traffic moving at 60 miles per houi-. In order 
to simplify the apparatus, however, the mini­
mum period of duration was subsequently 
changed to 1 second. The maximum duration 
of the load application and the interval be­
tween loads are of course unlimited, as the tr'af-
fic may be stationary or very sparse. The prac­
tical limit was set at 1 hour. Some of the other 
general requirements imposed on the apparatus 
were dependability for continuous long-time 
operation (up to about one month) and port-
abihty. 

The apparatus finally developed was a sim­
ple, lever-type loading frame, with a movable 
carriage for applying and i-emoving weights 
from the hanger of the frame. The loading 
frame and carriage are shown in Fig. 2. An 
electronically- controlled hydraulic system was 
used to I'aise and lower the can'iage aftei' the 
appropi iate time intervals. This system, which 
is shown schematically in Fig. 3, consists es­
sentially of a pump supplying oil through a 
four-way solenoid valve to apply pressure to 
either the top or bottom of the piston on which 
the caniage is mounted. A second solenoid 
valve shuts off the return line to hold the car­
riage in any one position. A step-by-step de­
scription of the complete cycle is as follows: 

Starting on the down stroke, which lowers 
the weights on to the hanger of the loading 
unit, a pi-e-set timer closes a relay in the elec­
tronic circuit which in turn opens the four-way 
solenoid valve to the top of the piston. At the 
same time the relay operating the shut-off 
valve or normally open solenoid valve opens to 
allow the oil in the cylinder below the piston to 
return to the reservoir through an adjustable 
restriction valve. The adjustment of the I'e-
striction valve allows some control over the 
rate of loading and can be adjusted to g i v e a 
.slow enough flow to eliminate impact loading 
effects. When the weights are transferred from 
the carriage to the hanger, the microswitch 
mounted on the carriage is actuated and 
causes the electronic circuit to close the relay 
for the normally open solenoid valve, thus 
stopping further movement of the carriage. 
This actuation also sets into operation a timing 
unit which, after the pre-set time has elapsed, 
starts the up-stroke, during which the carriage 
removes the weights from the hanger. The tim­
ing unit closes the relay controlling the four-

way solenoid valve and at the same time opens 
the relay operating the normally open solenoid 
valve. Thus flow is allowed into the cylinder 
below the piston, and the oil on top of the pis­
ton returns to the reservoir. The restriction 
valve has a free flow feature on the up-stroke, 
since there is no danger of impact in unloading. 
As the weights are picked up by the carriage, 
the microswitch is compressed, and the elec­
tronic circuit closes the relay operating the nor­
mally open solenoid valve, stopping any fur­
ther movement of the carriage. At the same 
time a timing unit is set into operation stai-t-
ing anothei' complete cycle. 

Whenever the shut-off or normally open 
solenoid valve is closed, a bypass valve opens 
at 100 psi fluid pressure, and oil is pumped di­
rectly back to the reservoir; thus the pump 
operates continuously. 

The feature of stopping the carriage as soon 
as the load is applied or removed from the 
hanger allows the piston, which has a total 
travel of 3 inches, to adjust to the level of the 
hanger. The total operating tra\-el of the pi.s-
ton during any cycle is dependent on the 
stiffness of the specimen and the lever ratio 
used in the loading frame. In this in\-estiga-
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Figure 3. Schematic diagram of a repeated-loading 
apparatus . 
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Figure 4. Repeated-loading apparatus, hydraul ic system and carriage. 

tion the operating distances were approxi­
mately 1 inch. This automatic adjustment is 
important, especially if the deformation of the 
specimen is large. 

Fig. 4 shows the hydraulic unit in o{)eration. 
On the left is the motor for the pump and the 
reservoir. The bypass valve and the pump it­
self are located within the reservoir. On the 
right, the hanger passes freely through the 
slots of the weights. 

Electronic Controls 

Basically, the electronic unit receives the 
signal from the microswitch mounted on the 
carriage and starts the timers and relays used 
to control the two solenoid valves. 

The main features of the electronic unit are: 
1. The Momentary Sensing Unit. Essen­

tially this unit consists of the sensing micro-
switch mounted on the carriage and a circuit 
to convert the switching action into an elec­
trical pulse. The use of different timing units 

to control the up and down periods of the car­
riage required a pulse to initiate the timing 
units. Although the microswitch would still be 
required, the circuit of the momentary sensing 
unit could be eliminated if equal up and down 
timings were used, since the same switch could 
be used for reinitiation of the timing unit. 

2. Timing Units. Three General Electric 
timing units were employed in the elecitronic 
circuit. The ranges of the units were 0 to 12 
seconds, 0 to 120 seconds, and 0 to 1 hour. Two 
selection switches allow the use of any combi­
nation of time intervals within these three 
ranges for the periods following the up and 
down strokes of the piston. 

3. Variable-Resistance Delay. The purpose 
of this delay is to ensure that the piston has 
sufficient travel for the load to l)e completely 
removed or applied. The variable resistance 
permits adjustment of the delay between the 
activation of the timing unit and the activa­
tion of the relay operating the normally open 
solenoid valve. 



S E E D , C H A N , M O N I S M I T H : R E P E A T E D L O A D I N G 545 

4. Discriminator Alternate Relay. This relaj-
sends the power to operate the four-way sole­
noid valve in the correct alternating sequence. 

5. Automatic Reset. Since the electronic sys­
tem consisted mostlj- of relays, minor failures 
in their operation could easily occur due to 
dust particles settling between the contacts. 
In order to pre\-ent such minor failures from 
.stopping the entire operation of the apparatus 
permanently, an automatic reset system has 
been ineorpoi-ated. Whenever thei-e is a stop-
j)age in the ajiparatus, a relay closes and a 
thermal delay switch resets the unit. The ther­
mal delay is necessary in order to allow the 
system to adjust to the starting position before 
resetting. A telecron motor with a worm gear 
is used in conjunction with a microswitch to 
limit the automatic I'esetting to only foui- cy­
cles, so that in case of serious trouble or when 
a sample fails, the unit will stop operating. 
This automatic i-eset is especially convenient 
in cases where the apparatus operates over­
night. 

6. Minor Accessories. These include: safety 
limit switches on the top and bottom of the 
range of the piston to stop the apparatus when 
the specimen fails and a counter to I'ecord the 
number of cycles. 

The repeated loading apparatus developed 
has a practical limitation of about 0.2 second 
on the minimum time required for reversal of 
the direction of movement of the carriage. This 
is due to the time necessary for the mechanical 
movements of the piston and the activation of 
the many electronic switches. If this minimum 
time interval is used, there is some impact ef­
fect during loading, since an unrestricted flow 

of oil is required to cau.se such rapid movement 
of the piston. For negligible impact effect, the 
minimum time of load apphcation is approxi­
mately )^ second; this corresponds to traffic 
traveling at about 12 miles per hour. I f a 
faster rate of loading were desired to simulate 
more rapidly moving traffic, some other type 
of loading system would be required. 

Recording of Rate of Stress Application 
For checking the timing of repeated loads 

and ensuring that there was no impact effect 
during loading, a dynamometer was installed 
between the loading yoke and the piston ap­
plying load to the specimen. Bonded SR-4 
electrical resistance strain gages were mounted 
on the dynamometer and the response of these 
gages during repeated stress apphcations was 
recorded on a Sanborn Strain Ampfifier. A 
typical load vs. time recording is shown in 
Fig. 5. I t will be noted that there is a short 
period of stress increase, a longer pei'iod in 
which the stress is sustained and then a short 
period of stress removal followed by a suitable 
interval befoi-e the same stress cycle is re­
peated. However, there is no evidence of any 
significant impact effects during the applica­
tion of stress. 

S O I L U S E D I N I N V E S T I G A T I O N 

All the tests reported in this paper were 
made on a silty clay from Vicksburg, ^lissis-
sippi. The soil had a liquid limit of 37 and a 
plastic limit of 23. The density vs. water con­
tent relation.ship for the soil, as determined by 
the modified AASHO compaction test, is 
shown in Fig. 6. 

Direction of Recording 

l.O sec. 

Mas 

One Cycle 8.0 sec 

FIftureS. T y p i c a l osdUoftram showlnS road.yer8U..tlme relationship for repeated load applications. 
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Figure 6. Density versus water-content relationsiiip 
for silty clay. 

COMPARISON O F E F F K C T S O F R E P E A T E D AND 
S U S T A I N E D L O A D S ON S O I L D E F O R M A T I O N 

At the outset of the investigation it wus ron-
sidered desirable to determine if there was any 
significant difference between the effects of 
sustained loads and repeated loads on the de­
formation of soils. For this purpose identical 
specimens were trimmed from the same block 
of compacted soil, and observations were made 
of their deformations when subjected to sus­
tained and repeated stresses of equal magni­
tudes. 

The soil was compacted in a 6-inch diameter 
mold using the Triaxial Institute Kneading 
Compactor. The compacted sample was then 
subjected to static pressure until moisture was 
exuded, the pressure was released and identi­
cal test specimens were trimmed from the sam­
ple. This method of preparation enabled sam­
ples to be prepared with degrees of saturation 
ranging from 92% to 97%. 

The specimens thus prepared were pro­
tected from loss of water and mounted in the 
triaxial compression cell as previously de­
scribed; however, in these preliminary tests 
they were loaded without lateral confinement. 
Axial stress was applied in equal increments to 
the specimens, as in a normal unconfined com­
pression test, until the applied stress was equal 
to some predetermined proportion of the un­
confined compression strength. This stress was 
then sustained on one specimen while on the 

other specimen it was repeatedly removed for 
a period of 5 seconds and reapplied for a period 
of 1 second. 

Typical results obtained in such a test are 
shown in Fig. 7a. The sample was compacted 
at a water content of 13.2 percent to a dry 
density of 122.3 lb per cu f t ; the degree of satu­
ration was 93%. The deformations of similar 
specimens loaded to 60% of the normal uncon­
fined compression strength and then subjected 
to sustained and repeated loads are shown in 
the figure. In this test, three specimens were 
used, two of which were subjected to sustained 
stress and one to repeated stress applications. 

I t will be seen that the three specimens had 
similar stress vs. strain characteristics during 
the initial loading period. However, the in­
creases in strain occurring in a period of 9 days 
for the two specimens under a sustained load 
of 10 kg per sq cm were each about 1.25% 
while the specimen under a repeated load of 
the same magnitude, deformed an additional 
7.5%; repeated loading thus caused consider­
ably more deformation than a sustained load 
of equal magnitude. 

Similar test data for specimens having a 
water content of 1 4 . 1 % , a dry density of 119.5 
lb per cu f t anfl a degree of saturation of 92% 
are shown in Fig. 7b. Using a normal rate of 
loading, three specimens were loaded to 60% 
of their unconfined compi-essive strength. 
During this period the specimens deformed 
approximately equal amounts. The specimen 
on which this load was sustained deformed an 
additional 1.25% in 2 days. Two specimens on 
which this load was repeatedly removed and 
re-appMed, both deformed additional amounts 
of 63'̂ ' % in the same period. 

The marked increase in deformation of the 
specimens subjected to repeated stress appli­
cations appears even more remarkable when i t 
is considered that the load was actually only 
applied to these specimens for one sixth of the 
time it was apphed to the specimens under 
sustained load. 

T H E E F F E C T S O F R E P E A T E D L O . i D I N G D U R I N G 

SLOW R A T E S OF I N C R E A S E I N S T R E S S 

To further compare the effects of repeated 
and sustained loads on soil deformation, a 
series of tests were made under-conditions of 
increasing stress. Identical specimens were 
subjected to three types of tests: 

1. Normal unconfined-compression tests, in 
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F i g u r e 7. Stress-versus-strain relationships for specimens subjected to s u s t a i n e d and repeated loading. 

which the specimens were loaded to failure by 
applying load increments at a constant rate 
over a period of approximately 10 minutes. 

2. Slow rate of loading, sustained load tests, in 
which the specimens were loaded by applying 
a stress increment equal to one tenth of the 
noi mal unconfined compressive strength every 
hour until failure occurred; the applied load 
was sustained throughout the periods between 
load increments. 

3. Slow rate of loading, repeated load tests, in 
which the specimens were loaded by applying 
a stiess increment equal to one tenth of the 
normal unconfined compressive strength every 
hour until failure occurred, but with the entire 
load being lepeatedly removed and applied 
throughout the test; each appUcation lasted 
for 1 second and the period between api)lica-
tions was 5 seconds. 

The tests were performed on samples pre­
pared at various water contents by kneading 
compaction to a degree of saturation of about 
90% and then subjected to static pressui'e un­
t i l moisture was exuded. The final degree of 
saturation was about 95%. The densities and 
water contents of the samples, after compac­
tion by kneading and after exudation of mois­
ture are shown in Fig. 6. The range of densi­
ties of the samples tested was from 95 to 105% 

of the maximum density obtained in the modi­
fied AASHO compaction test. li ' 

Specimens were trimmed from the com­
pacted samples and subjected to the three 
types of test described above. The results of 
these tests are summarized in Figs. 8, 9, 10, 
and 11. The results shown are the averages of 
two tests of each type perfoi-med on specimens 
trimmed from the same compacted sample. 

The compressive sti'ength of a soil is usually 
defined by one of two criteria. In soils where 
the specimen fails by developing a shear plane, 
the strength is often considered to be the maxi­
mum sti'ess which the specimen is able to sup­
port. However, the deformation of the speci­
men before the shear plane develops may be 
excessive, and in such cases the strength may 
be defined as the stress required to cause a 
specified amount of strain. The maximum per­
missible strain will vary with the purpose foi-
which the soil is to be used; for pavement de­
sign it is usually ponsidered to be of the order 
of 5% or 10%. 

The stresses required to cause 5% strain in 
each of the three types of test are shown in 
Fig. 8. Throughout the i-ange of densities of 
the samples investigated, that is, densities 
varying from 95% to 105% of the maximum 
density obtained in a modified AASHO com-
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paction test, the stress required to cause 5% 
strain of a specimen subjected to 'slow rate of 
loading—repeated load' tests was lower than 
that required to cause 5% strain of a similar 
specimen subjected to either of the other types 
of tests. Within the range of densities of prac­
tical interest, that is, samples having a relative 
compaction between 95% and 100%, the 
stress required to cause 5% strain of a given 
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Figure 10 Relationship between modulus of resilient 
deformation and repeated stress. 
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Figure 11. Relat ionship between modulus of resilient 
deformation and dry density. 

specimen in either a normal unconfined com­
pression or a *'slow rate of loading—sustained 
load" test was approximately the same; how­
ever, only about 60% to 70% of this stress was 
required to cause the same deformation in a 
*'slo\v rate of loading—repeated load" test. 
Similar results were obtained for the stress re­
quired to cause 10% strain. These data are 
further evidence of the larger deformations 
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which occur under repeated loading conditions 
as comjiared with sustained load c(mditionf-. 

In engineering practice, a factor of safety of 
about 2 is sometimes applied to the normal 
unconfined compression strength of a clay soil 
to determine the maximum allowable stress 
for use in design. At this design stress, the 
strain of a specimen in a normal unconfined 
compression test is usually relatively small; 
however, under dilTerent loading conditions 
the deiVu'mation occurring under this stress 
may be apjireciably larger. A comparison of 
the deformation of specimens caused, in the 
three types of test, by a stress equal to one half 
of the normal unconfined compression strength 
of the specimens is shown in Fig. 9. For speci­
mens having a relative compaction between 
95 and 100%, the strain is approximately the 
same in either the normal unconfined compres­
sion or the "slow- rate of loading—sustained 
load" test; howevei' the specimen would de­
form approximately 60% more in a "slow rate 
of loading—repeated load" test than in a nor­
mal unconfined compression test. 

In the repeated load tests, the amount of 
compression and reliound occui'ring after each 
application and removal of the load was re-
coided. In general, after the loads had been 
repeatedly applied for about three minutes the 
compression and rebound for each application 
appeai-ed to be constant. The ratio of the ap­
plied stress to the deformation occurring under 
each load application at this stage in the test 
has been termed the modulus of resilient de­
formation. The manner in which the modulus 
of resilient deformation varied as the load w as 
increased in the "slow late of loading—re­
peated load" tests is shown in Fig. 10. I t is 
seen that the modulus of resilient deformation 
increased as the stress was increased, except 
near failure; in other words, in spite of their 
high degree of .saturation (95%), the specimens 
became stifTer with increasing magnitude of 
rejieated stress. At a water content of 16% and 
a dry density of 115 lb per cu ft , corresponding 
to approximately 95% of the maximum den­
sity determined by the ]\Iodified AASHO com­
paction procedure, the modulus of resilient 
deformation was almost doubled when the 
stress was increased from 1 to 3 kg per sq em. 
Thus an increase in applied stress does not 
cause a proportional increase in the resilient 
deformation occurring under repeated stress 
conditions. 

The moduli of resilient deformation for ver­
tical stresses of 25, 50 and 100 psi and for 
specimens of various densities are shown in 
Fig. 11. For purposes of comparison the initial 
tangent moduli determined from the stress vs. 
strain curves obtained in normal unconfined 
compression tests are also shown. I t is inter­
esting to note that for densities in the range of 
95% to 100% of the maximum density ob­
tained in the modified AASHO compaction 
test, there was very little variation in the mod­
ulus of resilient deformation for a constant ap­
plied stress of 25 or 50 psi. However for sam­
ples having a relative compaction greater than 
100%, the modulus of resilient deformation 
increased rapidly with density. 

The moduli of resilient deformation de­
termined in the repeated load tests are con­
siderably greater than the initial tangent mod­
uli for identical samples determined by normal 
unconfined compression tests. The difference 
between the moduli determined by these tests 
is greater for the lower densities and the higher 
values of repeated stress. This means that 
under repeated stress applications, the elastic 
compression and rebound of the soil is con-
siderablj- less than that indicated by a test 
conducted with a normal rate of loading. For 
example, at a relative compaction of 95%, the 
modulus of resilient deformation for a stress of 
25 psi in the repeated load test was 500% 
greater than the initial tangent modulus ob­
tained by a normal unconfined compression 
test. In terms of deformation, the compression 
and rebound under a repeated stress of 25 psi 
was only 15% of that indicated by the initial 
tangent modulus determined by a normal un­
confined compression test. 

E F F E C T O F F R E Q U E N C Y O F S T R E S S A P P L I C A T I O N 

ON S O I L D E F O R M A T I O N 

A series of tests were conducted on par­
tially saturated samples to determine how the 
deformation of the soil was influenced by the 
frequency of stress application. Samples of 
various water contents were compacted by the 
Kneading Compactor in 6-inch diameter molds 
to densities approximately equal to 90% of the 
maximum density obtained in the IModified 
AASHO compaction test. Identical specimens 
trimmed from these samples were subjected to 
a confining pressure of 14.2 psi and then to a 
series of axial stress applications of equal in­
tensities and durations but with different fre-



550 S O I L S 

Number of Stress Applications 
2 5 10 SO 50 lOO 200 50O I.OOO lO.OOO 

Axial Stress 

Sample 3i6-C 
Dry aensily = 108 O lb per cu ft 

Stress'66 ps 

Sample 3/6-A 
Pry density = 109 3 It per Co fl 

Water confer}!' 14 0% 

Number of Stress Applicatior)s 
lOOCOO 1 2 5 10 20 50 too 200 50O I.OCC lO.OOO lOO.OOO 

1 M 1 1 
Sample 3/6-0 I 

Dry density • /0921b f. 
Water content • /3.6% 
-Axia/ Stress =66psi 

Vrcut t 

— — 

ixia Str( ss'9 Jpsi 

-

/ 1 

-

Somp/e 316-G 
Dry density -- 109.2/b per cu ll 
Water content' I4.5%\ 

I I I ' M 
[ Sample 316-K 

Dry density ' 108.7 lb per cuft w Oter conti nt=/7 3% 

—A MIOl S '40 JSI 

Note All tests conducted with lateral pressure equal to I42psi 

• Period of Stress Applicationlsec,Frequency20Applicotions permin. 

• Period of Stress Application I sec.Frequency 10 Appltcations per min. 
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Q Period of Stress Appficolion I sec,Frequency I Application per mm. 

Figure 12. Effect of frequency of stress application on soil deformation. 

quencies of application. The frequencies in­
vestigated ranged from 1 to 20 applications per 
minute. The number of stress applications 
varied from 10,000 to 100,000, and in all cases 
the duration of the applied stress was 1 second. 

Typical results obtained in a number of such 
tests are shown in Fig. 12. In general it was 
found that, foi' frequencies in the I'ange in­
vestigated, the deformation of a specimen de­
pended only on the number of stress applica­
tions and was independent of the frequency of 
the applications. 

For example, two specimens were trimmed 
from a compacted sample having a water con­

tent of 17.3% and a dry density of 108.7 lb per 
cu f t . The lateral pressure of 14.2 psi was ap­
plied and each specimen was subjected to a 
series of repetitions of a 40 psi axial stress. The 
stress was appfied for periods of 1 second, but 
on one specimen it was applied 20 times per 
minute while on the other specimen it was ap­
plied 3 times per minute. After the same 
number of sti'ess applications there was very 
little difference between the deformations of 
the two specimens. One application caused an 
axial strain of about 2.8% which was inci'eased 
to 4.2% after 100 applications and 4.8% 
after 10,000 applications. I t is interesting to 
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note the large deformation caused by one 
stress application, compared with the deforma­
tion caused by subsequent repetitions of this 
stress. 

Fig. 12 shows similar test data for speci­
mens of different water contents. Although 
similar specimens subjected to repeated loads 
of equal magnitude but different frequencies 
occasionally showed small differences in de-
foi mation after a given number of repetitions, 
these differences were in all cases quite small 
and there was no consistent difference in the 
effects of high and low frequencies of applica­
tion. 

Numerous tests were carried out in the 
frequency range of 20 applications per min­
ute to 3 applications per minute from which 
it would seem reasonable to conclude that up 
to at least 100,000 apphcations of stress, the 
specimen deformation depended only on the 
number of stress applications and was not af­
fected by the frequency of application. A lim­
ited number of tests indicated that this con­
clusion is also valid to frequencies as low as 1 
application per minute. 

Deviotor Stress—kg per sq cm 

Sample 516-C 
'Dry Density - lOB.ZIbper cu ft 
water content: 12.2 % 
Lateral Pressure • 14.2psi 

I N C R E A S E I N S T R E N G T H D U E TO R E P E A T E D 

S T R E S S A P P L I C A T I O N 

In the tests to determine the effect of 
frequency of loading, the specimens were 
loaded to failure after the desired number of 
lepetitions of load had been applied. In all 
cases the strength of the specimens after 
being subjected to repeated loading was found 
to be greater than that of previously unloaded 
specimens. Furthermore, the greater the num­
ber of load repetitions and the greater the 
axial compression during repeated loading, 
the greater was the increase in strength of the 
specimen. 

Typical examples of this increase in strength 
due to repeated stress applications are shown 
in Figs. 13a and 13b. Fig. 13a shows the re­
sults of tests on three specimens. The first of 
these was loaded to failure in approximately 
10 minutes in a normal type of triaxial com­
pression test using a lateral pressurê  of 1 kg 
per sq cm and found to have a strength of 
6 kg per sq cm. The other two specimens 
were subjected to the same lateral pressure 
and then to repeated applications of a 60 psi 

Deiriafor Stress-kg persg cm 

Sample 316 

Ory Density : 109.3Ibper cu ft 

Water Content=l40 X 
Lateral Pressure - 14 .2 p s 

Loadeii to failure in approx. lOmin in a normal quick friOMial 
compression test 
Loaded to failure in approi. 5 mm offer 30.01X1 cycles wifit 

deviotor stress 3.3 ig/cm'. 

Loaded to failure in approx Smin.after 34,000cycles with 

deviafor stress 3.3lig/cm' 

-Stress vs strain for first application of repeated load. 

• Loaded totailure in approx.Smin after 12,000 cycles wifti 
deviafor stress l£ kg/cm* 

e Loaded to tailare in approx. 5min. after 6O,0OOcycles wifft 
deviafor stress I3kg/cm' 

m Loaded to failure in approx. Smia. after 10,000 cycles vritti 

deviafor stress 3.6 kg/cm' 

o Loaded to failure io approx. 5min. alter 65,000 cycles wifft 

deviafor stress 3.6 kg/cm* 
— stress vs strain for first opplicatian at repeated load. 

(ol (b) 

Flfture 13. Effect of repeated loading on the strenath of partial ly saturated silty clay. 
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axial stress until they had the same axial strain 
of 1.35%; on one specimen, 30,000 repetitions 
of stress were applied and on the other speci­
men 34,000 repetitions were required to cause 
the same axial strain. These two specimens 
were then loaded to failure using a normal 
loading procedure and found to have the same 
strength of 8.2 kg per sq cm, representing an 
increase in strength of about 35% over that 
of the first specimen. 

Fig. 13b shows the results of tests on four 
specimens trimmed from the same compacted 
sample. Two of the specimens were subjected 
to 12,000 and 60,000 repetitions of a 40 psi 
axial stress, causing axial strains of 0.55% and 
0.8% respectively. The other two specimens 
were subjected to 10,000 and 65,000 repeti­
tions of a 66 psi axial stress causing axial 
strains of 1.45% and 2.12% respectively. The 
four specimens were then loaded to failure. 
The specimen with the least deformation 
during repeated loading had a strength of 5.4 
kg per sq cm and the specimen with the 
highest deformation during repeated loading 
had a strength of 8.75 kg per sq cm. The speci­
mens with 0.8% and 1.45% strains during 
repeated loading had strengths of 5.9 and 
7.5 kg per sq cm respet^tively. 

The increase in strength of the specimens 
due to repeated load apphcation may be 
attributed partly to an increase in density of 
the specimens during the tests; a part of the 
measured strength increase may also be due 
to an increase in strength with time. The tests 
were conducted on partially saturated speci­
mens and it would be expected that a part of 
the axial compression would be due to com­
paction. However, i t is interesting to note the 
considerable increase in strength of the soil 
after a large number of repeated stress apphca-
tions. In the tests shown in Fig. 13a repeated 
loading caused the specimens to increase in 
strength by about 35%. In the tests shown in 
Fig. 13b an increased magnitude of repeated 
loading caused an increase in strength of 
about 60%. 

I t is also interesting that such large strength 
increases can occur in compacted soils. The 
samples were compacted by 125 tamps, using 
a tamping pressure of 225 psi, to a relative 
density of 90% based on the Modified AASHO 
test. Presumably, as evidenced by the data in 
J"ig. 13a, a series of apphcations of even a 
60 psi pressure can cause further increase in 

density and an increase in strength. These 
data would seem to demonstrate the beneficial 
effects that highway traffic may have on the 
strength of partially saturated subgrades. 

E F F E C T O F A P P L I E D S T R E S S ON S O I L 

D E F O R M A T I O N D U R I N G R E P E A T E D 

L O A D I N G 

A number of tests were conducted to in­
vestigate the effect of the magnitude of the 
axial stress on the deformation of partially 
saturated test specimens subjected to re­
peated loading in triaxial compression tests. 
Samples were compacted by kneading com­
paction in 6 inch diameter molds. From each 
compacted sample, five or six specimens were 
trimmed and subjected to triaxial compression 
tests using the same lateral pressure of 14.2 
psi. However the axial stress was varied for 
different specimens, within the range of 28 
to 114 psi depending on the stiffness of the 
specimens. In any series of tests on specimens 
trimmed from the same sample, the same fre­
quency of stress apphcation was used and the 
period of stress apphcation was 1 second. 

The results of four series of such tests on 
specimens of various water contents but 
approximately equal densities are shown in 
Figs. 14 and 15. In each test series, the general 
jjattern of the curves of strain vs. number of 
stress applications is the same. 

The curve, on a semi-logarithmic plot, ex­
pressing the relationship between strain and 
number of apphcations of stress, also has a 
somewhat characteristic shape; it is relatively 
flat for a number of applications and then 
curves downwards relatively sharply. How­
ever, the number of applications at which 
this sharp curvature in the curve develops 
varies with both the magnitude of the applied 
stress and the water content of the speci­
men. From the tests conducted to date, i t ap­
pears that for two specimens exhibiting a 
similar magnitude of strain in the initial part 
of the strain vs. number of stress-application 
curves, the sharp downward curvature in the 
curve occurs at a lower number of repetitions 
for the drier specimens than for the wetter 
specimens. 

I t is interesting to note that a specimen may 
support a considerable number of stress appli­
cations without any apparent sign of excessive 
deformation and then fail relatively suddenly 
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° Period of stress application I sec, frequency 10 applications per mm ute. 

Note: All test conducted with lateral pressure equal to 14.2 psi. 

Figure 14. Effect of applied stress on soil deformation during repeated loading. 

after a small number of additional applica­
tions. For example, a specimen wi th a water 
content of 15.1% and a density of 110 lb per 
cu f t deformed only 3.5% after 20,000 repeti­
tions of a 100 psi stress but failed completely 
after 23,000 repetitions. 

Wi th in the range of water contents investi­
gated and for samples with approximately 
ecjual densities, the lower the water content 

the lower was the deformation under 1 appUca-
tion of a given stress. This may be seen f rom 
Fig. 16 which shows the deformation of the 
various specimens after 1 application of stress. 
A similar pattern of curves is obtained i f the 
deformation after any constant number of 
applications of stress is plotted against stress, 
as shown in Fig. 17 for 100,000 stress apphca-
tions. Thus i t would appear that a general 
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period of stress application I sec, frequency 20 applications per min. 

Figure 15. Efiect of applied stresa on soil deformation during repeated loading. 

relationship might exist, for all the samples, 
between the deformation after 1 application 
of a given stress and the deformation after any 
number of applications of the same stress. 
Unfortunately no such general relationship 
could be established due to the different posi­
tions at which the sharp downward curvature 

develops in the strain vs. number of stress 
applications curves for samples of- different 
water contents. 

From a series of curves showing the deforma­
tion of identical specimens under different 
numbers and magnitudes of repeated stress 
applications, i t is possible to establish a rela-
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Figure 15. Deformation after one stress application 
for specimens of various water contents. 

tionship between numbers and magnitudes 
of applied stresses causing the same deforma­
tion of the specimen. Thus, a given number of 
apphcations of any given stress can be shown 
to be equivalent, in terms of specimen defor­
mation, to a different number of applications 
of any other stress. Foi- e.xample, the ecjuiva-
lent effects of different numbers and magni­
tudes of repeated stress apphcations for 
sample 316L, having a water content of 15.1 % 
and a density of 110 lb per cu f t are shown in 
Fig. 18; the curves in this figure were deter­
mined fi'om the test data in Fig. 14 by plotting 
magnitudes and numbers of applications of 
stress causing equal amounts of strain. Fig. 
19 shows the same information in a somewhat 
different and possibh' more convenient form; 
the curves in this figuie were determined from 
the curves in Fig. 18. 

From a series of curves such as that shown 
in Fig. 19 the defoi mation of a specimen of the 
same condition and subjected to the same 
lateral pressure after any number of applica­
tions of any axial stress can readily be deter­
mined. Furthermore, by interpolating between 
the curves, equivalent numbers of applica­
tions of different stresses can be obtained. For 
example, 1,000 applications of a 90 psi axial 
stress cause the same strain, 2.3%, as 1 million 
applications of a 43 psi axial stress or about 12 
million applications of a 30 psi axial stress. 
A n equivalent number of repetitions of a 
standard axial stress could be determined for 
any number of repetitions of any axial stress, 
i f clesired. 

Axial Strain-percent 

Figure 17. Deformation after 100,000 stress applications 
for specimens of various water contents. 

The concept of equivalent wheel loads has 
been used for some j'ears in the method of 
pavement design used by the State of Cali­
fornia Division of Highways. The anticipated 
numbers and magnitudes of wheel loads to 
be imposed on a proposed highway are con­
verted, hy means of the chai t shown in Fig. 20, 
to an equivalent number of repetitions of a 
5,000-lb wheel load; this equivalent number of 
i-epetitions is included as a factor in the deter­
mination of the requii'ed pavement thickness. 
The curves for determining equivalent wheel 
loads in Fig. 20 were indicated by test-track 
studie.s. 

I t wil l be seen that there is some similar­
i ty betw^een the curves in Fig. 19 and the 
design curves shown in Fig. 20. I t would not 
be reasonable to expect any close degree of 
agreement between the design curves and 
those determined by this investigation since 
a determination of equivalent numbers and 
magnitudes of stress applications for use in 
design must take into account factors not 
included in the experimental data presented 
in this paper. For example, the tests were con­
ducted using a constant lateral pressure of 
14.2 psi; this condition is not likely to be 
realized in practice where the higher vertical 
pi'essures on subgrades wil l be accompanied 
by higher lateral pressures. Nevertheless, the 
fact that there is some similarity between the 
results of these preliminary tests and data indi­
cated by experience with actual pavements 
does lend support to the belief that investiga­
tions of the effects of I'epeated loading on soils 
may lead to a more I'ational method of pave­
ment design. I t also provides support for the 
concept of equivalent wheel loads as a means 
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80 
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Figure 18. Combinations of axial^stress and number of repetitions causing equal axial strains. 

of determining the influence of intensity and 
frequency of traffic on the desiral)le thickness 
of pavement, and indicates that laboratory 
tests may ultimately provide more data on 
which to base the detei'mination of the effects 
of different traffic intensities. 

Fi-om the results presented in Figs. 14 and 
15 i t appears that equivalent numbers and 
magnitudes of stress applications established 
for one soil condition wil l not necessarily 
apply to other soil conditions. Furthermore, 
equivalent numbers and magnitudes of stress 

Example: 50 applications of a 115 psi axial stress cause same 
axial strain, 3.5X , as ^million applications of 
a 46 psi axial stress 

AxiQlstresslps:hl20 70 60 

Sample 316- L 
Lateral pressure 14.2 psi 
Period of stress application! sec 

3 4 5 6 7 

Log. of Number of Repetitions 
Figure 19. Chart for determining equivalent number of stress applications. 
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Figure 20. Chart for converting miscellaneous dual-tire wheel loads to the equivalent number of 5,000-lb. dual-
tire wheel loads. June 1.1950. Courtesy F . N. Hveem. 

applications may be quite different for dif­
ferent soils. I t is hoped that further investiga­
tions will throw some light on these subjects. 

C O N C L U S I O X S 

The main conclusions presented in the pi-e-
ceding pages maj- be summarized as follows: 

1. The deformation of specimens of silty 
cla>- subjected to repeated stress apjjlications 
at the rate of 10 per minute, was considerably 
greater than that of similar specimens sub­
jected to a sustained stress of the same magni­
tude. 

2. The stress required to cause 5% strain 
of specimens of silty clay in ''slow rate of load­
ing—repeated load" tests was lower than that 
required to cause 5% strain of similar spec î-
niens in "slow rate of loading—sustained load" 

tests 01- normal unconfined compression tests. 
For samples having a I'elative compaction, 
based on the modified AASHO compaction 
test, of 95% to 100%, the stress required to 
cause 5% strain of a given specimen in a "slow 
rate of loading—repeated load" test was 
only 60% to 70% of that required to cause 
5% sti-ain of the specimen in either a noi-mal 
unconfined compression or a "slow i-ate of 
loading—sustained load" test. 

3. For specimens having a relative compac­
tion of 95% to 100%, the strain under a stress 
equal to one half the normal unconfined com-
jjressive strength, was about 60% greater in 
a "slow rate of loading—repeated load" test 
than in either a "slow rate of loading— 
sustained load" test or a normal unconfined 
compression test. 

4. I n "slow rate of loading—rejJeated load" 
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tests on samples of silty clay having degrees 
of saturation of about 95%, the modulus of 
resilient deformation increased as the stress 
increased, except near failure; that is, the 
specimens became stiffer wi th increasing mag­
nitude of repeated stress. 

5. The moduli of resilient deformation of 
unconfined samples of silty clay having a de­
gree of saturation of about 95% were con­
siderably greater than the initial tangent 
moduli for identical specimens determined hy 
unconfined compression tests. 
<̂  6. The results of numerous tests to deter­

mine the deformation of partially saturated 
specimens of silty clay subjected to i-epeated 
applications of a constant stress in triaxial 
compression tests indicate that up to at least 
100,000 applications of stress, the specimen 
deformation depends only on the number of 
stress applications and is independent of the 
frequency of stress application within the fre­
quency range of 3 to 20 applications per 
minute. A limited number of tests indicate 
that this conclusion is also valid to frequencies 
as low as 1 application per minute. 

7. The strength of partially saturated speci­
mens of silty clay having a relative compaction 
of 90%, after being subjected to repeated 
loading, was considerably greater than that 
of previously unloaded specimens; and the 
greater the axial compression during repeated 
loading the greater was the increase in strength. 
A series of applications of only a 60 psi axial 

stress caused an increase in strength of about 
35%. 

8. A partially saturated specimen of silty 
clay subjected to repeated applications of a 
constant stress in a triaxial compression test 
may withstand a considerable number of stress 
apjjlications without anj- appaient sign of ex­
cessive deformation and then fail relatively 
suddenly after a small number of additional 
applications. 

9. From a series of curves showing the de­
formation of identical specimens under differ­
ent numbers and magnitudes of repeated stress 
applications, i t is possible to establish a rela­
tionship between numbers and magnitudes 
of applied stresses causing the same deforma­
tion of the specimen. 

10. The fact that there is some similarity be­
tween laboratory test results to determine 
equivalent numbers and magnitudes of re­
peated loads and data indicated by experience 
wi th actual pavements suggests that further 
laboratory investigations of the effects of re­
peated loads may lead to improved methods of 
pavement design. 
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