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ing comparative costs for the various zone-
to-zone movements. One hundred per cent of
the trucks were found to be using the favored
facility when savings were $2.70 or greater.
As was the case with automobiles, approxi-
mately 50 percent of the trucks went each way
when costs were equal. The curve was found
to be accurate within four percent when
checked against present zone-to-zone move-
ments.

It is our opinion that motorists will con-
tinue to place the same values on time and
distance as they do at present when deciding
whether to use the proposed Hampton Roads
Bridge and Tunnel System or the James
River Bridge System. The derived curves
were used, therefore, to allocate traffic between
these two facilities. Time, distance, and their
monetary values were computed for the al-
ternate routes for all zone-to-zone movements.
Cost differentials were then computed, per-
centages determined, and individual alloca-
tions made. The allocations indicated that the
proposed Bridge and Tunnel System would
divert about 360 vehicles per day at 1954
traffic levels from the James River Bridge
System while retaining all of the 3,720 vehi-
cles per day now carried by the ferries. In the
traffic assignments, toll schedules on the two
facilities were assumed to remain approxi-
mately the same as the present schedules.
(Trucks tolls on the ferries are based on length
which would not be a desirable basis for tolls
on the proposed Bridge and Tunnel System.)

Benefits for motorists using both U.S. 460
and Virginia 10 destined to the Norfolk metro-
politian area were compared with the benefits
for motorists traveling via the peninsula. See
Figure 1 for the location of the alternate
routes. Vehicles using the southern route cross
the James River at Richmond. Vehicles using
the peninsula route cross on the James River
Bridge or Chesapeake Ferries. Since compari-
sons here were mainly between a route with
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tolls and a toll fee road, the derived curves
were similar, but not identical with curves
used in comparing two toll facilities. It was
possible, however, to analyze these potential
trips in much the same manner as that used in
comparing trips between the two systems
having tolls.

Of the motorist now traveling southbound
via the southern routes, U. S. Route 460 and
Viginia Route 10, only those having an origin
in Richmond or points north or west thereof
are potential users of the proposed Bridge and
Tunnel System. There are 1,610 of these po-
tential daily trips at 1954 traffic levels now
traveling via U. S. Route 460 or Virginia
Route 10. There are 1,070 corresponding
trips traveling via the peninsular routes, U. S.
Route 60 or Virginia Route 168.

The proposed Bridge and Tunnel System
would provide additional time and distance
benefits over the present peninsular route. The
value of these additional benefits would vary
between $0.26 and $0.91 for automobiles, and
between $0.96 and $2.28 for “‘average’ trucks,
depending upon the zone of destination in the
Norfolk area. It has been estimated that the
overall effect of these additional benefits would
be to divert 220 automobiles and 70 trucks
per average 1954 day from the routes south
of the James River Bridge to the proposed
Bridge and Tunnel System.

It has been the experience elsewhere that a
new facility such as the one now under con-
struction across Hampton Roads generates
traffic volumes greater than can be accounted
for by diverted traffic plus subsequent natu-
ral increases. The additional traffic is termed
“induced traffic.” The induced traffic for this
new facility has been estimated at 25 percent
of the diverted traffic. If the proposed Bridge
and Tunnel System had been in operation for
the year ended August 31, 1954, the average
daily traffic would have been approximately
5,500 vehicles.
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Tai1s 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 applied stress on the deformation of
partially saturated specimens subjected to 50,000 to 100,000 applications 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
pavements requires an understanding of the
effects of repeated loads on the strength and
deformation of soils. The soil underlying a
pavement is subjected to a continuous series
of rapidly applied and rapidly released stresses
of varying magnitudes and frequencies, and a
satisfactory design requires that the soil de-
formation under these stresses shall not exceed
a tolerable limit. The duration of stress appli-
cation to the soil depends on the speed of the
moving vehicles; the interval between stress
applications depends on the frequency of
traffic; and the magnitude of stress application
depends on the vehicle weight, number of
wheels, and tire pressure. A satisfactory design
method therefore involves a determination of
the magnitude of soil deformation due to vari-
ous vehicle speeds, traffic frequencies, and
stress magnitudes, and hence a determination
of the effects of the various factors which
might influence the deformation of soils sub-
Jected to repeated stress applications.

Most methods of pavement design now in
use are based on an index of soil strength de-
termined by some type of test in which the
total load is slowly applied over a period of
several minutes. These indices of strength have
been correlated empirically with the perform-
ance of soil underlying actual pavements and
thus provide a fairly reliable index for design.
It does not, however, necessarily follow that a
strength index determined under conditions of
slow stress increase will satisfactorily indicate
the performance of the soil under conditions
of repeated loading. If soils having the same
strength index behave in similar fashions
under repeated loading, then any difference
between the effects of repeated loads and grad-
ually increased loads will be taken into account
in the empirical correlation with pavement
performance. If, however, soils having the
same strength index are affected to different
extents by repeated loading, then the corre-
lation of strength index with pavement per-
formance can be only approximate.
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Figure 1. Triaxial compression cell.

Figure 2. Loading frame and repeated-loading equip-
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Th(.e purpose of the investigation described
here. 18 to determine the effects of repeated
logdmg. on the strength and deformation of
soils. Time has not permitted an investigation
of_all phases of the subject, but the results ob-
tained to date may be of sufficient interest to
warrant presentation. The paper presents
therefore, test data to show a comparison 01’"
the effects of sustained and repeated loads on
the strength and deformation of test speci-
mens, some effects of magnitude of applied
spress on the compression and rebound oceur-
ring during repeated stress applications, and
the effect of frequency of loading and magni-
tude_ of applied stress on the deformation of
partially saturated specimens of silty clay in
triaxial compression tests.

INSTRUMENTATION
Triazial Compression and Loading Equipment

All the tests in the investigation were per-
!‘ﬂrmecl on specimens having a diameter of 1.4
inches and a height of about 4 inches, As the
tests continued over long periods of time it was
necessary to protect the specimens against loss
0( moisture. After a specimen had been
trimmed to the required size, it was placed he-
tween a lucite cap and base and surrounded by
two thin rubber membranes with a layer of
grease between the membranes. The mem-
branes were sealed against the lucite cap and
basg by means of neoprene “0” rings and the
entire specimen was placed under water in the
triaxial compression cell, as shown in F ig. 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 meus-
ured by a dial indicator placed over the loading
yoke directly in line with the piston applying
load to the specimen, Y

Repeated Loading Unit

The type of loading desired for this study
was a repeated load rapidly applied and rap-
idly removed with negligible impact effects
and with suitable controls to regulate the du-
ration of load application and the interval be-
tween applications. It 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 hour, 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 traf-
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-
ability.

The apparatus finally developed was a sim-
ple, lever-type loading frame, with a movable
carriage for applying and removing 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 raise and lower the carriage after the
appropriate 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 carriage 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-
seription 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 pre-set timer closes a relay in the elec-
tronie 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 re-
striction valve allows some control over the
rate of loading and can be adjusted to give 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-
g 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 start-
ing another 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 travel of the pis-
ton during any cycle is dependent on the
stiffness of the specimen and the lever ratio
used in the loading frame. In this investiga-
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544 SOILS

Figure 4. Repeated-loading apparatus, hydraulic system and carrlage.

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 operation.
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 contro] 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 microswiteh 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 electronic
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 be 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.
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4. Discriminator Alternate Relay. This relay
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 mostly of relays, minor failures
in their operation could easily occur due to
dust particles settling between the contacts.
In order to prevent such minor failures from
stopping the entire operation of the apparatus
permanently, an automatic reset system has
been incorporated. Whenever there is a stop-
page in the apparatus, 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 resetting to only four cy-
cles, so that in case of serious trouble or when
a sample fails, the unit will stop operating.
This automatic reset 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 record 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
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of oil is required to cause such rapid movement
of the piston. For negligible impact effect, the
minimum time of load application is approxi-
mately 14 second; this corresponds to traffic
traveling at about 12 miles per hour. If 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 applications was
recorded on a Sanborn Strain Amplifier. A
typical load vs. time recording is shown in
Fig. 5. It will be noted that there is a short
period of stress increase, a longer period in
which the stress is sustained and then a short
period of stress removal followed by a suitable
interval before the same stress cycle is re-
peated. However, there is no evidence of any
significant impact effects during the applica-
tion of stress.

SOIL USED IN INVESTIGATION

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

Figure 5. Typical oscillogram showing load-versus-t_l;rne relationship for repeated load applications.
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Dry Density ~1b percu ft

Water Content— percent

®  Sample after kneading compoction

o Sample after exudation -used 10 study
the effects of sustained and repeated loading
during slow rates of increose in siress

Figure 6. Density versus water-content relationship
for silty clay.

COMPARISON OF EFFECTS OF REPEATED AND
SUSTAINED LOADS ON SOIL DEFORMATION

At the outset of the investigation it was con-
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 929 to 97 %,.

The specimens thus prepared were pro-
tected from loss of water and mounted in the
triaxial compression cell as previously de-
setibed; 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 oné'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 1b per cu ft; 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,

It 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 1.259%,
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 g
water content of 14.19%, a dry density of 119.5
1b per cu ft and a degree of saturation of 929,
are shown in Fig. 7b. Using a normal rate of
loading, three specimens were loaded to 609,
of their unconfined compressive 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 spécimens on
which this load was repeatedly removed and
re-applied, both deformed additional amounts
of 614 %, in the same period.

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

THE EFFECTS OF REPEATED LOADING DURING
SLOW RATES OF INCREASE IN STRESS

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, M
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Figure 7. Stress-versus-strain relationships for specimens s ubjected to sus talned 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
normal unconfined compressive strength every
hour until failure occurred; the applied load
was sustained throughout the periods between
load inerements.

3. Slow rate of loading, repeated load tests, in
which the specimens were loaded by applying
a stress increment equal to one tenth of the
normal unconfined compressive strength every
hour until failure occurred, but with the entire
load being repeatedly removed and applied
throughout the test; each application lasted
for 1 second and the period between applica-
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
909, and then subjected to static pressure un-
til 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.

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 performed on specimens
trimmed from the same compacted sample.

The compressive strength 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 stress 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 for
which the soil is to be used; for pavement de-
sign it is usually considered to be of the order
of 5% or 109%.

The stresses required to cause 59, strain in
each of the three types of test are shown in
Fig. 8. Throughout the range of densities of
the samples investigated, that is, densities
varying from 959, to 1059 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 1009, 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.

2400
2000 '\
1600

1200}

Degree of Saturatwon
of all Samples— 95%

Modulus of Resilient Deformation-kg per sqcm

Mad AASHO
Max Densify Rel Comp=957%
800 f *
" 1
— ]
H 1
i g :
1
400 = — L
T —
N4 “
-~
T ~—ae
p ! —f e
128 26 24 22 120 s 176 "nq

Dry Density—Ib percu ft

Axiol stress 25 psi
©  Axiol stress 50 ps/
L] Axiol stress 100 ps:
——Initial tangent moduli (normal unconfined
compression test)

Figure 11. Relationship between modulus of resilient
deformatlon 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 609, to 709, of this stress was
required to cause the same deformation in a
“slow 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

which occur under repeated loading conditions
as compared with sustained load conditions.

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 different loading conditions
the deformation oceurring under this stress
may be appreciably 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 1009, the strain is approximately the
same in either the normal unconfined compres-
sion or the “slow rate of loading—sustained
load” test; however the specimen would de-
form approximately 609% 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 rebound occurring after each
application and removal of the load was re-
corded. In general, after the loads had been
repeatedly applied for about three minutes the
compression and rebound for each application
appeared 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 was
increased in the “slow rate of loading-—re-
peated load” tests is shown in Fig. 10. It 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 stiffer with increasing magnitude of
repeated stress. At a water content of 169 and
a dry density of 115 1b per cu ft, corresponding
to approximately 959%, of the maximum den-
sity determined by the Modified AASHO com-
paction procedure, the modulus of resilient
deformation was almost doubled when the
stress was increased from 1 to 3 kg per sq cm.
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. It 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-
siderably less than that indicated by a test
conducted with a normal rate of loading, For
example, at a relative compaction of 959%, the
modulus of resilient deformation for a stress of
25 psi in the repeated load test was 5009
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 159, of that indicated by the initial
tangent modulus determined by a normal un-
confined compression test.

EFFECT OF TREQUENCY OF STRESS APPLICATION
ON SOIL DEFORMATION

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 909, of the
maximum density obtained in the Modified
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-
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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 & number of such
fests are shown in Tig. 12. In general it was
found that, for frequencies in the range 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 I per
cu ft. 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 applied for periods of 1 second, buft
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 stress 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 increased
to 4.29, after 100 applications and 4.8%
after 10,000 applications. It is interesting to

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
ocecasionally showed small differences in de-
formation 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 applications 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.
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INCREASE IN STRENGTH DUE TO REPEATED
STRESS APPLICATION

In the tests to determine the effect of
frequency of loading, the specimens were
loaded to failure after the desired number of
repetitions 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 inerease 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 pressure of 1 kg
per sq em and found to have a strength of
6 kg per sq em. The other two specimens
were subjected to the same lateral pressure
and then to repeated applications of a 60 psi
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Figure 13. Effect of repeated loading on the strength of partially saturated silty clay.




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 359% 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 0.559 and
0.89% 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 c¢m and the specimen with the
highest deformation during repeated loading
had a strength of 8.75 kg per sq em, 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 respectively.

The increase in strength of the specimens
due to repeated load application 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, it is interesting to note the
considerable increase in strength of the soil
after a large number of repeated stress applica-
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%,

It is also interesting that such large strength
increases can oceur in compacted soils. The
samples were compacted by 125 tamps, using
a tamping pressure of 225 psi, to a relative
density of 909 based on the Modified AASHO
test. Presumably, as evidenced by the data in
Fig. 13a, a series of applications 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.

EFFECT OF APPLIED STRESS ON SOIL
DEFORMATION DURING REPEATED
LOADING

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 application was used and the
period of stress application 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
pattern 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
numnber of applications 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, it 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.

It is interesting to note that a specimen may
support a considerable number of stress apph—
cations without any apparent sign of excessive
deformation and then fail relatively suddenly
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Figure 14. Effect of applied stress on soil deformation during repeated loading.

after a small number of additional applica-
tions. For example, a specimen with a water
content of 15.1%, and a density of 110 1b per
cu ft deformed only 3.59%, after 20,000 repeti-
tions of a 100 psi stress but failed completely
after 23,000 repetitions.

+¥Within the range of water contents investi-
gated and for samples with approximately
equal densities, the lower the water content

the lower was the deformation under 1 applica-
tion of a given stress. This may be seen from
Fig. 16 which shows the deformation of the
various specimens after 1 application of stress.
A similar pattern of curves is obtained if the
deformation after any constant number of
applications of stress is plotted against stress,
as shown in Fig. 17 for 100,000 stress applica-
tions. Thus it would appear that a general
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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, it is possible to establish a rela-
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Figure 16. 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
applications 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. For example, the equiva-
lent effects of different numbers and magni-
tudes of repeated stress applications for
sample 3161, having a water content of 15.1%
and a density of 110 1b per cu ft are shown in
Fig. 18; the curves in this figure were deter-
mined from 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 possibly more convenient form;
the curves in this figure were determined from
the curves in Fig. 18,

Trom a series of curves such as that shown
in Fig. 19 the deformation 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.
An equivalent number of repetitions of a
standard axial stress could be determined for
any number of repetitions of any axial stress,
if desired.
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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 years 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, by means of the chart shown in Fig, 20,
to an equivalent number of repetitions of a
5,000-1b wheel load; this equivalent number of
repetitions is included as a factor in the deter-
mination of the required pavement thickness.
The curves for determining equivalent wheel
loads in Fig. 20 were indicated by test-track
studies.

It will be seen that there is some similar-
ity between the curves in Fig. 19 and the
design curves shown in Fig. 20. It would not
be reasonable to expeect 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
pressures on subgrades will 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 repeated loading on soils
may lead to a more rational method of pave-
ment design, It also provides support for the
concept of equivalent wheel loads as a means
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of determining the influence of intensity and
frequency of traffic on the desirable thickness
of pavement, and indicates that laboratory
tests may ultimately provide more data on
which to base the determination of the effects
of different traffic intensities.

From the results presented in Figs. 14 and
15 it appears that equivalent numbers and
magnitudes of stress applications established
for one soil condition will not necessarily
apply to other soil conditions. Furthermore,
equivalent numbers and magnitudes of stress
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applications may be quite different for dif-
ferent soils. It is hoped that further investiga-
tions will throw some light on these subjects.

CONCLUSIONS

The main conclusions presented in the pre-
ceding pages may be summarized as follows:

1. The deformation of specimens of silty
elay subjeeted to repeated stress applications
at the rate of 10 per minute, was considerably
greater than that of similar specimens sub-
jeclted to a sustained stress of the same magni-
tude.

2. The stress required to cause 5% strain
of specimens of silty elay in “slow rate of load-
ing—repeated load” tests was lower than that
required to cause 5% strain of similar speci-
mens in “slow rate of loading—sustained load”

tests or normal unconfined compression tests.
For samples having a relative compaction,
based on the modified AASHO compaction
test, of 95% to 1009, the stress required to
cause 59 strain of a given specimen in a “slow
rate of loading—repeated load” test was
only 609 to 709 of that required to cause
59, strain of the specimen in either a normal
unconfined compression or a ‘“slow rate of
loading—sustained load” test.

3. For specimens having a relative compac-
tion of 859 to 100%, the strain under a stress
equal to one half the normal unconfined com-
pressive strength, was about 609, 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. In “slow rate of loading—repeated load”




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 with 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 by
unconfined compression tests,
< 6. The results of numerous tests to deter-
mine the deformation of partially saturated
specimens of silty clay subjected to repeated
applications of a constant stress in friaxial
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
ag low as 1 application per minute.

7. The strength of partially saturated speci-
mens of silty clay having a relative compaction
of 909%, 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
applications without any apparent 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, it 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 Joads and data indicated by experience
with aetual 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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Consistency Limits of Clay by the Vane Method
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THE vane apparatus was investigated as a possible device for measuring the con-
sistency of remolded soils. Smaller-size vanes than those ordinarily used in the field
were used to measure the shear resistance of four different remolded clays as a funec-
tion of water content. These shear values were compared with those obtained by
unconfined-compression tests at the same water contents. Shear values and rotational
moments on the vanes were also compared for the four different soils at moisture
contents corresponding to (1) the liquid limit, and (2) the plastic limit. It was found
that: (1) vane moment at the plastic limit was fairly constant for all four samples
tested; (2) liquid limit as determined by the standard mechanical method corresponded
to a definite vane moment for three of the clays tested; and (3) shear resistance of the
remolded clays at various moisture contents computed from vane tests vary with the
length of vane and bear no consistent relationship to values obtained from unconfined-

compression tests.

@® THE vane apparatus was originally de-
veloped for the purpose of measuring the
shear resistance of a soil directly in the
ground (7). The investigation described here
was condueted in the laboratory using small
vanes and was concerned with the vane as a
possible apparatus for measuring the con-
sistency limits of remolded clays. Disturbed
clay samples from four different areas were
used in the tests. These were: Chicago, Illinois;
Rantoul, Illinois; Oklahoma City, Oklahoma;
and Point Mugu, California.

APPARATUS

The three vanes used in the tests are shown
in Fig. 1. The blades were made of stainless
steel and the vane was formed by brazing
each blade to a central stainless steel shaft.
The only differences in the vanes were the
number of vane blades and the height of
blades.

The assembly showing the vane and the ap-
paratus for applying and measuring the load
is shown in Fig. 2. The soil container (F) was
constructed from 114" dia. plastie tubing and
the specimen could be viewed while under
test. The framework immediately beneath the
vane blade was provided with a spline (P) that
fitted the corresponding groove in the soil con-
tainer. This spline arrangement prevented the
container from rotating under the action of
the applied moment. The vane (V) was cen-

tered by means of a bushing (E) mounted in
# horizontal framework (N). A G-inch brass
pulley (D) was attached to the shaft of the
vane and the vane suspended vertically. This
combination was free to rotate under the ac-
tion of any force applied to the pully.

The torque needed to rotate the vane blade
against the shear resistance of the soil sample
was applied to the vane through a flexible cord
(G). This cord was attached to a point on the
circumference of the pulley (D) and wound
around it about 270 deg. The free end was
then led through a small pulley (H) attached
to a spring balance (I) which measured the
force developed. The cord made a turn of 180
deg. through the small pulley (H) and was re-
turned, parallel to its former direction, to a
small drum pulley (J). The end of the cord
was tied to a point on the circumference of the
pulley (J) and the pulley was mounted con-
centric with the shaft of & 3 rpm. constant
speed electric motor (K).

The entire assembly was mounted on a rigid
framework with plastic material used for the
motor mount (M) and the vane mount (N).

STRESS DISTRIBUTION

In computing the vane shear ¢ from the
vane tests it was assumed that the shear stress
at failure along the vertical edges of the vane
blade was a constant and acted along the
surface of a cireular cylinder of revolution.




