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ABSTRACT 

This dissertation is concerned with the development 

of a periodic loading apparatus for testing soil specimens 

under triaxial loading conditions. To attain this objec¬ 

tive an intensive survey of the literature has been conduc¬ 

ted in order to evaluate the characteristics of similar 

apparatus developed in the past. In the light of the ex¬ 

periences of others, a new design is proposed which will 

enable most effectively the study of the behavior of soil 

specimens under periodic loading conditions. The proposed 

apparatus is quite versatile. It is possible to apply a 

periodic deviator stress as well as a periodic confining 

stress and to vary the pattern of stress applications quite 

readily. The same apparatus could be utilized to test soil 

samples under static triaxial loading conditions also. 
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I. INTRODUCTION 

In a broad sense a foundation consists of structural 

elements that transfer the loads from the superstructure to 

the underlying soil. These structural elements are propor¬ 

tioned in such a manner as to transmit the applied loads with 

an adequate factor of safety. In view of the type and usage 

of structure it is also important to realize the necessity of 

independently assessing the order of magnitude of the result¬ 

ing deformations and when necessary to modify the design to 

keep the deformations within tolerable limits. 

In this process of selection and proportioning, it is 

necessary to determine the loads for which the foundation 

element will be proportioned and also to evaluate the perti¬ 

nent physical strength characteristics of the underlying soil. 

The applied loads are divided into two major categories. 

First, those which are of permanent nature (dead loads) and 

act at all times on the foundation, and second, those which 

are of temporary nature (live loads) and act periodically on 

the foundation. 

The variation of intensity of ordinary live loads occurs 

so slowly with respect to time, that for all practical pur¬ 

poses they are treated as static loads. Under these circum¬ 

stances, the foundation contact stresses are always balanced 
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with the applied loads and the physical strength character¬ 

istics of the underlying soil are determined by means of con¬ 

ventional static laboratory testing procedures. 

However, when the live loads are applied very rapidly it 

is no longer possible to neglect the time dependency of the 

applied live loads and it becomes necessary to introduce prin¬ 

ciples of dynamics in the analysis of the foundation. The 

physical strength characteristics of the underlying soil can 

no longer be determined by conventional static tests and it 

becomes necessary to study the influence of periodic stresses 

and the accompanying strain rate effects on the strength 

characteristics of the underlying soil medium. 

Among a gre&t variety of problems of this latter cate¬ 

gory it will probably suffice to mention only few typical 

examples* For instance, the dynamic effect of the applied 

live load cannot be neglected in the design of pavements sub¬ 

jected to rapidly moving wheel loads, in the design of foun¬ 

dations supporting vibrating machinery> in the design of all 

kinds of foundations in regions of intense earthquake activi¬ 

ty and in the design of foundations for structures which are 

subjected to blast loading conditions. 

It is apparent that the time dependent loads mentioned 

in the above examples do not all belong to the same category. 

For instance, an earthquake disturbance produces impulses of 

random intensity and frequency, while the rotating parts of 

a vibratory machine will produce periodic impulses of uniform 

intensity and frequency. In contrast the disturbance pro- 



dueed by a blast consists only of a single transient impulse. 

The purpose of this dissertation is to design a labora¬ 

tory apparatus for studying the influence of periodic loads 

on the stress-strain characteristics of soil samples under 

triaxial loading conditions. 



II. SCOPE 

Prior to the application of a foundation load the 

state of stress at any point within the underlying subsoil 

consists of a vertical stress equal to the overlying ef¬ 

fective weight of soil and an all around confining stress 

which is a function of the vertical stress. 

The shear strength of the soil is determined by ex¬ 

tracting a representative soil sample from the field and 

testing it in the laboratory by simulating the same Initial 

state of stress and providing drainage conditions that are 

likely to prevail and result in the most conservative 

strength assessment. While the confining stress is main¬ 

tained constant, the axial stress is gradually increased, 

until the sample either fails or exhibits large amounts of 

axial deformation. The duration of such a conventional 

test ranges anywhere between 5 to 30 minutes. The stress 

strain relationship obtained from such a test is utilized 

to determine the shear strength of the underlying soil. 

The foundation is proportioned on the basis of an allowable 

shear strength which is obtained by dividing the ultimate 

strength by an adequate factor of safety. 

The factor of safety is so chosen to provide an ample 

margin of safety against uncertainties in regard to loads 

and local variations in the subsoil as well as to safe¬ 

guard against progressive deformations due to creep under 



constant sustained shearing stresses. When this principle 

is utilized in proportioning a foundation the vertical 

stress in the soil underlying the foundation is increased 

only by a certain fraction of the ultimate shearing strength 

of the soil. Ordinarily the all around confining stress is 

assumed to be equal to the effective vertical stress, and 

the increase of the axial stress in excess of the confining 

stress is designated as the deviator stress. 

The utilization of the above principles is quite satis¬ 

factory in evaluating the stability of a soil under static 

loading conditions but the stability of the underlying soil 

under periodically applied load3 such as vibratory machinery, 

earthquakes and moving loads is not as readily apparent. If 

it is assumed that under periodic loads it is possible to 

calculate the shear stresses that are induced on the under¬ 

lying subsoil, then the problem of evaluating the stability 

of the soil can be resolved by performing laboratory tests 

where the shear strength of the soil is determined under an 

Identical periodic state of stress. 

The pattern of stress application depends on the nature 

of the periodic load. The term periodic load as used In this 

dissertation will be defined as a load of constant magnitude 

that is periodically applied and removed from the underlying 

soil* For instance, a soil element under the foundation of 

a vibratory machinery, prior to the excitation of the machin¬ 

ery is subjected to a constant all around confining stress (Tg 

and a sustained deviator stress <TS. After excitation of the 
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vibratory machinery the soil element is subjected to periodic 

impulses of constant frequency and intensity. This addition¬ 

al periodic deviator stress is designated as <T^. It can 

possess both a positive and negative phase thus creating a 

pulsatory effect around the sustained stress axis. The nega¬ 

tive phase of the additional periodic deviator stress re¬ 

duces the sustaned deviator stress to cTg as shown in FIG. 1. 

For a porblem of this nature it is convenient to express this 

pulsatory stress as a constant funtion of the sustained 

stress. 

FIG. 1 STRESS VS TIME RELATIONSHIP OF A SOU* 
ELEMENT SUBJECTED TO, MACHINERY VIBRATION. 

The pattern of stress application on a soil element 

under a foundation subjected to earthquake loads is in es¬ 

sence similar to the one described above, but both the fre¬ 

quency and intensity of the applied impulses follow a very 
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random pattern. It is not within the scope of this apparatus 

to create random stress patterns. 

The pressure influence line (*)* for a soil element under 

a highway pavement subjected to a moving wheel load is shown 

in FIG. 2, It can serve as another example of a periodic 

stress application, provided that a series of wheels spaced 

at equal intervals move along the pavement at a constant 

speed. The periodic stress duration of the applied impulse 

depends on the travelling speed of the vehicles. The in¬ 

tensity of the periodic stress depends on the type of ve¬ 

hicle, The elapsed time between successive stress appli¬ 

cations is designated as the "interval11, This inverval is 

arbitrary and depends on the traffic density, The pattern 

of periodic stress application due to wheel loads moving on 

a soil supported pavement can be approximated by a diagram 

such as shown in FIG, 3. It should be pointed out that for 

a problem of this nature the sustained stress Is of no 

practical significance and furthermore the periodic deviator 

stress <Ta can only act in a downward direction, 

It should be further emphasised that the periodic stress 

impulses Induce an increase in the lateral confining stresses, 

For this reason it is considered desirable to design the 

periodic loading apparatus so that it would be possible to 

study the effect of periodic confining stresses on the stress 

strain characteristics of soil specimens, 

# Raised numerals in parantheses refer to similarly numbered 

items in the list of selected bibliography. 
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ELEMENT SUBJECTED TO.MOVING WHEEL LOADS. 
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It is anticipated that initially this triaxial periodic 

testing apparatus will be confined to undrained tests only. 
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ixx. 

■ *2ho static ■ strecd-alh&lf),. characteristics of soil So* 

posits are determined in .the laboratory by performing either 

direct shear tests* uncenfined: compression testa# confined 

oppression tests or bri&xi&X oppression tests, fhe choice 

among this variety of .testing techniques. depend© on. the type 

of soil, end also on the necessity'' of simulating in the labor¬ 

atory the loading and drainage conditions that mill actually 

occur in the■ field* . , ., ■• • 

. Attempts to ihfostigst© the .effects of time, dependent 

loads m the characteristics of soils have 

similarly been carried out by designing special dynamic soil 

testing equipment for all the different types of tests men¬ 

tioned above, Xt is not within the scope of this disserta¬ 

tion# however# to study the performance of equipment speci¬ 

fically designed for the purpose of applying transient loads 

ani.furthemore it is not the scope of this dissertation to 

b© concerned with ©sp&psctib that are not adequate, for testing 

coils tinder maxis! loading conditions, 

Since the basic design principles of all types of dynamic 

coll , testing equipment have exerted a certain degree of in¬ 

fluence towards the development of triaxiaX periodic loading 

devices# it is considered desirable to provide at least an 

overall perspective of the extent of available information. 

In the list of selected bibliography references ^ ^ 



have been introduced strictly for this purpose, and conse¬ 

quently no further mention to these references is antici¬ 

pated in the text of this dissertation. 

In order to simulate periodic stress applications un¬ 

der triaxial loading conditions to soil specimens in the 

laboratory, it is necessary to design a special kind of 

triaxial loading device that will possess all of the pre¬ 

viously mentioned desirable features. Towards the develop¬ 

ment of this objective advantage has been taken of the ex¬ 

periences of previous investigators. It is therefore ap¬ 

propriate to present short summaries of a few pertinent 

previous efforts in this area, 

A, First Triaxial Periodic Loading Apparatus 
developed at the University of California. 

Figure 4 shows a laboratory apparatus built at the 

University of California at Berkeley for studying the 

effects of periodic loads on the stress-strain character¬ 

istics of compacted clays The design principle 

of this apparatus is very similar to the one developed at 

Harvard University except for a few minor differences 

in operation. This apparatus is not directly applying a 

periodic load onto the soil specimen$ it removes and re¬ 

applies the weights from the hanger of a conventional tri¬ 

axial loading frame. 

The hydraulic pressure is supplied by a constant vol¬ 

ume vane-type pump and is regulated by a by-pass valve. 
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PIG. 4 First Triaxial periodic Loading Apparatus 
developed at the University of California. 

(After Seed, Chan & Monismith) 



The stroke of the carriage and the load duration are con¬ 

trolled by a combination of a four-way solenoid valve, a 

two-way shut-off valve and a flow restriction valve. A 

micro-switch is introduced on the carriage to sense the 

load application and to regulate the opening sequence of 

the four-way solenoid valve. 

The carriage of the apparatus has a total vertical 

travel of 3 inches. For most tests a one inch movement of 

the carriage is ample for many types of soil specimen. The 

initial setting of the carriage under the hanger depends on 

the stiffness of the specimen and the lever ratio of the 

loading beam. For highly deformable samples, the setting of 

the carriage becomes very critical and requires careful con¬ 

sideration. When a large amount of initial deformation oc¬ 

curs, the travel of the carriage has to be adjusted to pro¬ 

vide a consistent stroke for subsequent successive loading 

cycles* 

Most specimens tested with this type of apparatus were 

subjected to a periodic load of 1 second duration with a time 

interval of 5 seconds between successive cycles (10 cycles 

per mlntue). A typical periodic deviator stress vs time re¬ 

lationship is shown in FIG. 5. To reduce the duration of 

the tests, the periodic stress intensity was increased every 

hour throughout the test by an increment of one tenth of the 

static unconfined.compressive strength of the soil specimen. 

The mechanical design of the apparatus was simplified by pro¬ 

ducing only idealized rectangular pulses. 



FIG. 5 TYPICAL PERIODIC DEVIATOR STRESS VS TIME 
RELATIONSHIP. 

(After Seed, Chan & Monismith) 

The triaxial test specimens were prepared following 

standard testing procedures. Silty clay samples with a 

liquid limit of 37$ and a plastic limit of 23$ were ccanpac- 

ted in a 6 inch inside diara£er Triaxial Institute. Kneading 

Compactor. Identical test specimens were trimmed from the 

compacted sample to the size of 14 inches in diameter and 

4 Inches high. The specimens possessed a degree of satura¬ 

tion of about 95$. They were subsequently enclosed by two 

thin rubber membranes prior to testing. 

The deformation of the specimen was measured by a, dial 

Indicator and the number of load, cycles were recorded by a 

counter. The magnitude of the periodic deviator stress was 

measured by a dynamometer and was traced as a function of 

time on a Sanborn recorder. 

The test results indicated that under periodic load 

applications, less stress is required to produce the same 
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Percentage of strain than under sustained loading conditions. 

A larger deformation results under the same magnitude of 

loading when the load is periodically applied and removed. 

It was also reported that periodic load applications induce 

a certain amount of consolidation and thus result in an in¬ 

crease of the ultimate strength. 

B. Second Triaxial Periodic Loading Apparatus 
developed at the University of California. 

In order to investigate soil behavior under periodic 

loads of higher frequencies, a second type of periodic 

loading apparatus was developed at the University of Cali¬ 

fornia 1^). This second type of apparatus uti¬ 

lized compressed air instead of oil as the pressure medium. 

This is a desirable feature because the higher expansion 

and the lower viscosity of compressed air ensures a much 

faster pressure build-up and decay in the cylinder. 

Figure 6 shows the latest version of the secon type 

of apparatus. It is possible to vary the lateral con¬ 

fining pressure in the triaxial cell simultaneously with 

the repetition of the deviator stress, as well as to vary 

the sustained load during the test by adjusting the weights 

and counter weights on the loading yoke. 

For the application of a periodic deviator stress, the 

compressed air passes through a pressure regulator and is 

stored in an air reservoir. From the air reservoir the re¬ 

gulated air pressure is first delivered to a pressure cylinder 
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FIG. 6 SECOND TRIAXIAL PERIODIC LOADING APPARATUS 
DEVELOPED AT THE UNIVERSITY OF CALIFORNIA. 

(After Seed & Fead) 
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and subsequently vented by means of a three-way solenoid valve 

which is excited by an electrical timing unit. The pressure 

cylinder consists of a cylindrical vessel and a single stroke 

piston which is surrounded by a synthetic rubber Bellafram 

and guided by a ball bushing to eliminate air leakage and en¬ 

ergy losses due to friction. When the pressure cylinder is 

pressurized, it transforms the pneumatic pressure into an 

axial downward force which in term is transmitted to the 

soil specimen through a loading yoke. When the pressure 

is exhausted from the cylinder through an opening in the 

solenoid valve, the piston rebounds due to counterweights 

at the end of the loading yoke. This load application con¬ 

tinues until the electrical timing unit is disconnected. The 

load duration and the time interval between successive cycles 

is preset and adjusted by the timing unit. 

Since the loading yoke and the piston are always in 

contact during the load applications, no impact effects are 

transmitted to the soil specimen. Furthermore, since there 

is no return spring in the pressure cylinder, the piston 

can freely follow the deformed configuration of the specimen. 

The variation of the confining pressure in the triaxial 

cell is accomplished by using the same method of controlling 

the periodic deviator stress. 

When an element of soil is subjected to an increase in 

deviator stress, there is a simultaneous increase in the con¬ 

fining stress )# A typical pressure versus time relation 

obtained with this apparatus is shown in FIG. 7 which simu¬ 

lates a probable loading condition that a surface soil 
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PIG. 

O o.l 0.2 as 0.4 0.5 0.6 0.7 

TIME - SECONDS 

TYPICAL PRESSURE VS TIME RELATIONSHIP 
FOR PERIODIC CONFINING & DEVIATOR STRESSES. 

(After Seed & McNeill) 



element will experience under a single load application. The 

apparatus is so designed to be able to build up the confining 

pressure to its full value before the deviator stress is ap¬ 

plied. This ensures a principal stress ratio during the 

test which consistently simulates actual field conditions. 
.* ... . . • 

To attain this objective it is necessary to introduce a 

small time delay between the sequence of operation of the 

two solenoid valves. The curves in FIG. 7 show that it re¬ 

quires 0.05 sec. to build up the confining pressure and an¬ 

other 0.05 sec. for the deviator stress. Then, both the,, 

major and the minor principal stresses remain constant for 

about 0.40 sec. and they subsequently decrease to zero with¬ 

in 0.10 sec. The shortest load duration that can be attained 

with this apparatus is 0.10 sec. 

During the test, the confining pressure variation Is 

traced by a pressure transducer mounted at the top of the 

triaxlal cell and the deviator stress is monitored by an 

eight strain gage dynamometer which is placed between the 

loading yoke and the piston of the triaxlal cell. Both 

traces are recorded oh a Sanborn recorder. The deforma¬ 

tion of the specimen was read by a dial gage before and 

after a stress application. In some tests an Inductance 

type deformation gage was used to trace the deformation as 

a function of time (l8*20). 

Glay and sand specimens for this investigation were 

prepared using the same procedure already described in 

Section A of this chapter. 
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The conclusions derived from the test results using this 

apparatus are,very similar to those summarized in the pro¬ 

ceeding section, but further indicated that with equal period¬ 

ic deviator stress applications larger deformations occur 

when the confining pressure is periodic rather than of sus¬ 

tained nature. 

C. Triaxial Periodic Loading Apparatus 
developed by Lawre and Leonards. 

Larew and Leonards have published a paper on the 

strength criteria under repeated loads in this paper 

the authors present a new type of triaxial periodic loading 

mechanism. FIG. 8 is a schematic diagram of this new de¬ 

velopment. This apparatus is basically a combination of a 

conventional double bay triaxial testing unit and an electric 

motor driven loading device. The main shaft on the loading 

device has two opposite mounted eccentric cams which are 

linked with weights placed on hangers through cables. When 

the shaft is rotated by the motor, each eccentric cam will 

either lift or lower the weights from one hanger. Since the 

cams are mounted opposite to each other, the loading se¬ 

quence of the two hangers is alternating in opposite direction. 

With this arrangement, two periodic load triaxial tests can 

be performed at the same time while a very small torque is 

transmitted to the main shaft. This device can lift or lower a 

maximum weight of 160 Kg. from each hanger. The motor speed and 

the gear ratio in the speed reducing gear box are designed to 

have a loading application frequency of about 20 to 22 cycles 



•FIG. 8 TRIAXIAL PERIODIC LOADING APPARATUS 
DEVELOPED BY LAREW AND LEONARDS. 



per minute. The load duration can be varied by adjusting 

the length of the cables with turnbuckles. The shape of the 

pulse can be changed by adopting cams of different shapes. 

A typical pattern of periodic stress application operating 

at a frequency of 23 cycles per minute is shown in PIG. 9. 

PIG. 9 TYPICAL PERIODIC DEVIATOR STRESS 
VS TIME RELATIONSHIP. 

(After Larew & Leonards) 

The adjustment of the turnbuckles requires special 

care when testing highly deformable specimens because the 

cumulative initial plastic deformations of the specimens 

might increase the distance of the loading stroke and there¬ 

fore, alter the load duration time. 

A commercially available trlaxial cell is used. The 

size of the specimen is 1.4 inches in diameter and 2.8 inches 

high. Three types of soil have been tested - a micaceous 

silt, a limestone residual clay, and a sandy clay. The de¬ 

tails of the sample preparation procedure can be found in 

(22) 
another publication by Leonard ' '. 
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A constant confining pressure is applied by compressed 

air. Glycerine is used as a confining fluid. All tests are 

performed under undrained (quick) conditions. The deforma¬ 

tion of the specimen under the repeated load application is 

measured by a dial gage to the nearest 0.001 of an inch. The 

number of load applications is recorded on a revolution coun¬ 

ter that is connected to the main shaft. 

The test results indicate that after the first few 

periodic load applications, the.deformation vs number of 

load applications curve will approach a constant slope. 

Larew and Leonards proposed that the intensity of the 

periodic deviator stress which corresponds to the constant 

slope part of curve can be regarded as the strength of 

compacted clays under a periodic loading condition. Further¬ 

more, the ratio between this critical intensity of the peri¬ 

odic deviator stress and the static deviator stress at fail¬ 

ure, can be considered as a measure of the sensitiveness of 

the strength reduction due to the effects of periodic load 

applications. For highly plastic clays, the minimum ratio 

is usually at or near the optimum water content. This ratio 

further decreases with an increase in the compactive effort 

during sample preparation. 

X). Triaxial Periodic Loading Apparatus 
developed at Texas A. & M. University. 

Recently, the Texas State Highway Department has spon¬ 

sored a research project at Texas A. & M, University (23>24)^ 

to study the strength, deformation and fatigue characteristics 



of highway subgrade materials subjected to periodic traffic 

loads. Since the aggregates for highway subgrades can be as 

large as if inches in size* it was necessary to design a 

testing apparatus capable of handling specimens as large as 

6 inches in diameter and 12 inches high. The assembled ap¬ 

paratus is shown in FIG. 10. it occupies a floor area of 

about 40 sg.ft. and stands 6 ft. high. It is capable of 

testing four specimens simultaneously. 

The design principle of the periodic loading system 

is very similar to the first type of apparatus developed at 

the University of California with the exception of a few im¬ 

provements. First, an 800 psi. pressure accumulator has been 

added on the pressure line to store the hydraulic pressure 

which also distributes the pressure to the four testing units 

Second, in order to eliminate the loading yoke mechanism the 

pressure cylinder is placed directly above the triaxial cell. 

This arrangement does not allow the application of any sus¬ 

tained load, but subgrade materials are not subjected to 

substantial sustained loads and therefore this is not con¬ 

sidered to be a serious disadvantage. 

Each of the four loading units has a pressure regulator, 

a four way solenoid valve and a double-action pressure cylin¬ 

der to produce periodic stresses to the soil specimens. Af¬ 

ter the apparatus was built, it was discovered that the re¬ 

bound force of the specimen was large enough to push the 

piston up to its starting position. It was therefore neces¬ 

sary to block one opening of the solenoid valve and thus modi 

fy the pressure cylinder to single action only. 



. Specially designed 9 inches inside diameter and 18 in¬ 

ches high triaxial cellsy BIS* II, have been built to ac¬ 

commodate 6 inches in diameter test specimens. The triaxial 

cell is made of Plexiglass 3/8 inches thick. The stainless 

steel loading piston is 1 inch in diameter and is guided by- 

two precision ball bushings* 

Remolded specimens are prepared in a 6 inch steel mold 

using granular Subgrade materials. In this investigation, 

commercially available opaque latex membranes proved to be 

inadequate in resisting the wear caused by the granular 

materials.. A specially manufactured synthetic rubber mem¬ 

brane was adopted. It has a thickness of about 1/32 inch 

and is both air and water tight. However, the flexibility 

and adhesiveness of this type of synthetic rubber membrane 

is low and created sealing problems. 

All specimens are drained from both top and bottom. 

A small diameter saran tube is used to inter-connect the 

porous plates from each end of the specimen. The water 

that drains out of the specimen is collected in a por pres¬ 

sure measuring burette which is utilised to determine the 

changes of pore air pressure in the specimen due to periodic 

load applications. A leakage in the system or in the mem¬ 

brane can be detected by observing the system or in the mem¬ 

brane can be detected by observing the amount of water flow 

into the burette. 
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FIG. 10 ASSEMBLED VIEW OF THE TRIAXIAL PERIODIC 
LOADING APPARATUS DEVELOPED AT 
TEXAS A & M UNIVERSITY. 

FIG.11 DETAILS OF THE TRIAXIAL COMPRESSION CELL 



The constant confining pressure in the triaxial cell 

is applied by compressed air which is stored in an air res¬ 

ervoir. The pressure in the reservoir is regulated by an 

air regulator and is measured by a Bourdon tube type pres¬ 

sure gage. 

Most of the tests are performed under a constant con¬ 

fining pressure of 11.5 psl. and a periodic axial load of 

1500 pounds which corresponds to 53 psi. on a 6 inch dia¬ 

meter specimen. The load duration is about 0.2 second with 

a 1.8 second interval between consecutive load applications 

(30 cycles per minute). A typical load vs time relationship 

is shown in PIG. 12. Since the apparatus utilizes a hydrau¬ 

lic loading system, the pressure is built up to its maximum 

value rather gradually. However, after the deviator stress 

reaches its peak intensity, it decays very rapidly within 

approximately 0.003 seconds which is an undesirable feature. 

An attempt has been made to introduce a restriction valve on 

the pressure return line but this results in an exponentially 

decaying pulse. 
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A dynamometer between the pressure cylinder and the 

triaxlal cell is used to measure the magnitude of the peri¬ 

odic deviator stress as a function of time. The dynamometer 

consists of a 1 3/4 inch diameter thin wall stainless steel 

tube with four fully bridged SR-4 strain gages. The calibra¬ 

tion of the dynamometer is done in a universal testin machine. 

Deformations are measured by a special deformation gage which 

is mounted on the piston of the triaxial cell. An adjustable 

set screw on the triaxial cell is utilized as a reference 

datum. In essence, the deformation gage consists of two pa¬ 

rallel flexible steel cantilever strips which are clamped to¬ 

gether and spaced about ^ inch apart. Four fully bridged 

SR-4 strain gages are attached on the surfaces of the two 

cantilever strips. When the strips deflect, two of the 

gages register a tensile strain while the other two register 

a compressive strain. This type of deformation gage was 

used earlier by Gasagrande and Shannon It consisted of 

a single cantilever strip and required a dummy counterpart 

for balancing the bridge. A dial defoliation gage has also 

been used for back checking the cumulative deformation of the 

specimen. 

An electronic power transformer is used to rectify, 

stabilize and step-down the 110 volts alternating current 

to a 12 volts direct current. The 12 volts direct current 

is further reduced to 7 volts by two universal balancing 

units and fed into all the four deformation gages and the 
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four dynamometers of the apparatus. The output signals from 

the gages are monitored by the eight galvanometers of a Visi- 

eorder. Later the signals are translated into light pulses 

and recorded on a moving strip of light-sensitive paper. The 

moving speed of the paper strip can be set from 0.01 in./sec. 

to 80 in./sec., so that any desirable time scale can be ob¬ 

tained. The paper strip also registers time at 0.01 sec. 

intervals which facilitates the interpretation of the traces 

of the light pulse. Since there are no amplifiers in the 

recording system, the output signal distortion is minimized. 

Since the confining pressure is kept constant, no pres¬ 

sure recording instrument is attached on the triaxial cell. 

The number of repetitive load applications is recorded 

by a panel mounted electric reset counter which is connected 

in parallel with the timing unit. 

The investigation being primarily concerned with the 

subgrade deformation rather than tl\e ultimate strength of 

the specimen, all tests are terminated after the specimen 

reaches an arbitrary strain of 5$. 

Since this apparatus is operated under a high hydraulic 

pressure, a "warm-up" period of approximately 15 minutes is 

required prior to each test in order to build up enough pres¬ 

sure in the accumulator. Prior to every test a steel dummy- 

is introduced as a substitute for the triaxial cell in order 

to adjust the opening of the pressure regulator and the timing 

sequence. After the triaxial cell is placed in position, the 

initial deformation of the specimen requires some further ad- 



justments. Otherwise, the maximum value of the deviator 

stress cannot be reached within a short period. Due to this 

difficulty it has not been possible to record the deforma¬ 

tions that occur under the first few periodic load applica¬ 

tions. 
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IV. DESIGN CONSIDERATIONS 

An assembled view of the proposed apparatus Is shown in 

FIG. 13. The main components of the apparatus consist of a 

triaxial compression cell, a pressure cylinder, air pressure 

reservoirs, an electric timer, solenoid valves, load and de¬ 

formation transducers, pressure gages and regulators, a control 

board, electric recording equipment and a steel framework for 

supporting the assembled equipment and instrumentation. 

In order to facilitate the design and to cut down on the 

time necessary to built the proposed periodic loading apparatus 

it was necessary to utilize commercially available parts as 

much as possible. From this point of view the response char¬ 

acteristics of the apparatus, as will be discussed later, are 

within the range that can be easily succeeded by readily avail¬ 

able commercial items. 

A. Triaxial Cell. 

This apparatus is' designed to utilize any conventional 

type of triaxial compression cell which accomodates 1.4 inch 

diameter specimens. However, the maximum height of the cell 

should preferably not exceed 18 inches. 

B. Pressure Cylinder. 

The pressure cylinder is an item of great importance and 

has been specially designed for the proposed periodic triaxial 
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loading apparatus. The main function of the pressure cylinder la 

to transform the regulated air pressure Into an axial load on the 

soli specimen, A cross-sectional elevation of the proposed pres¬ 

sure cylinder 1© shown in FIG, 14, The pressure cylinder has an 

inside diameter of 3 inches and is 5 inches high*’ The piston of 

the cylinder is sealed by means of a rolling diaphragm which is 

made out of teflon fabric and is commercially known as Bellofram, 

Vihen the piston is displaced the Bellofram rolls on or off the 

piston and provides an excellent seal with a minimum amount of 

friction between the cylinder and the'piston* ’ The vertical mo¬ 

tion of the piston in the cylinder la guided by a 3/8 inch round 

abaft of hardened steel which la specially machined to fit a 

precision ball bushing. The bushing flta Into a recess In the 

cylinder and is held in position by a retainer ring. The effec¬ 

tive pressure area of the Bellofram specified by the manufacturer 

is 6,23 square inches and the maximum volume of the pressure cham¬ 

ber is approximately 24 cubic inches, Connecting rings and a 

spacer disc have been designed for easy maintenance and possible 

adoption of different sice of pressure cylinders in order to vary 

the maximum deviator stress* Such an arrangement also provides 

an easy access for changing worn out Bellofram quite readily, 

C, Air Pressure Reservoirs, Air Pressure Regulators 
and Air Pressure Gages, 

The air pressures needed for producing a confining stress, 

a sustained deviator ©tress, a periodic deviator ©tress and a ■ 

reduced sustained deviator stress are separately stored in four 

air pressure reservoirs. Array surplus stainless steel oxygen 
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tanks will be used as air pressure reservoirs. They are 10 

inches in diameter* 18 inches long and approximately 1170 cu¬ 

bic inches in volume. These reservoirs are safe for pressures 

as high as 400 psi. 

The pressure in each reservoir is regulated individually 

by an air pressure regulator. The pressure regulator has an 

integral air relief valve and a venturi type aspirator tube 

which is able to regulate the in-flow pressure to increments 

of 1/8 inch of water and to vent instantly the excess down¬ 

stream pressure to within 0.01 psi. of the set pressure. 

The pressure in each reservoir is read by a inch, 

panel mounted, Bourdon tube type air pressure gage to an 

accuracy within 0.5$ of its full capacity range, 

D. Solenoid Valves. 

Two dual pressure selection type 3 way solenoid valves 

have been used to control the air passage between the air 

reservoirs and the pressure cylinder. The solenoid valves 

consist of two units - a solenoid (electro-magnet) with its 

plunger and a flow control valve. When the solenoid is 

energized or de-energized by an electric input, the move¬ 

ment of the plunger of the solenoid forces the flow control 

valve to select either one of the two inlet pressures and 

divert it to the Outlet opening. 

E. Electric Timer. 

An electric timer is used to actuate the opening se¬ 

quence of the solenoid valves. The energizing and de-energizing 
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period of the solenoid can be separately selected by adjusting 

the two timing dials of the timer. The minimum dial division 

is 0.10 seconds, therefore, the maximum frequency of the sole¬ 

noid operation can be set to 300 cycles per minute. When the 

timer is in operation it transmits the timed input electricity 

to the solenoid through a micro-switch. 

F. Load, deformation and pressure transducers. 

In measuring the intensity of the periodic deviator stress 

a force washer is placed between the pressure cylinder and the 

piston of the triaxial cell, as shown in FIG, 15, The size 

and shape of this force washer is similar to an ordinary bolt 

washer. With strain sensitive wire wound around it3 circum¬ 

ference, it can sense the change of the axial load just like 

an ordinary strain gage. The wiring and bridging of the force 

washer is also similar to an ordinary strain gage. 

For measuring the deformation of the specimen during the 

test, an inductance type linear motion transducer is mounted 

on the piston of the triaxial cell and the mandrel of the trans¬ 

ducer bears against a fixed datum on the triasial cell. The 

outside dimension of the transducer is about 2 inches long 

and ^ inch in diameter. The transducer has a wire wound out¬ 

side coil and a movable inside magnetized mandrel. The trans¬ 

ducer follows the movement of the piston and changes its in¬ 

ductance - thus - creates a recordable signal. The sensitivi¬ 

ty of this type of linear motion transducer is 0.0001 inch. 

To record periodic application of confining stresses, a 

gage pressure transducer is directly connected to the triaxial 
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FIG. 15 ARRANGEMENT FOR MONITORING LOAD AND 
DEFORMATION OF TEST SPECIMEN. 
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cell. This gage pressure transducer converts the change of 

confining stresses into electrical signals which are fed in¬ 

to the recording instrumentation* 

G. Recording Instruments. 

The signals transmitted from the load, deformation and 

pressure transducers can toe traced by an oscilloscope. The 

sweep speed of the oscilloscope should toe synchronized with 

the frequency of the periodic stress applications. A special 

recording camera can toe mounted on the screen of the oscillos¬ 

cope to take photographs of the traces at a suitable interval, 

A disadvantage of the ordinary dual beam oscilloscope 

is that it can trace only two signals at a time. It is, 

therefore, advisable to use a selection switch to choose 

among the three output signals. However, a Vlscorder similar 

to the one described in Section D of ChapterIII, can toe used 

for recording all three signals simultaneously, 

H. Control Board. 

All the controlling instruments will toe mounted on a 

central control board for easy operation. Besides the above 

mentioned pressure regulators, pressure gages and electric 

timer, the control board is also equipped with an electric re¬ 

set counter, a main air pressure inlet valve, a central electric 

switch and recording instrument connectors. The 6-digit reset 

counter is connected in parallel with the electric timer and 

registers the number of periodic stress applications. The main 

air pressure inlet valve and the central electric switch are 



used to supply the two energy sources, necessary for the 

operation of the apparatus. 

I. Supporting framework. 

The apparatus and Its control board are supported by a 

welded steel frame which is constructed by a combination of 

3 inch equal leg steel angles, steel plates and § inch ply¬ 

wood boards. The supporting frame is 72 inches long, 30 

inches high and 21 inches wide. Half of the table is re¬ 

served for a future extension to include a second testing 

unit. 

The four air pressure reservoirs are placed underneath 

the table in order to save space. 

The triaxial testing bay consists of a crosswise stif¬ 

fened steel reaction plate and four 1-inch round steel sup¬ 

porting columns. The clear distance between the testing 

table and the reaction plate can be adjusted to suit dif¬ 

ferent types of triaxial cells. The pressure cylinder and 

the two 3-way solenoid valves are mounted on the reaction 

plate. Three screw type clamps (FIG.13) are placed on the 

platform of the supporting frame to facilitate the alignment 

of the triaxial cell with respect to the loading axis of the 

apparatus. 

J. Tubing. 

All compressed air tubing used in this apparatus is made 

of 3/8 inch outside diameter vinyl plastic tubing. The de¬ 

tails of the connecting arrangement is shown in FIG. 16. 
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V. TYPICAL TESTING PROCEDURE 

To perform a triaxial periodic test on either an un¬ 

disturbed or a remolded soil, the soil specimen is first 

carefully prepared according to conventional triaxial 

testing procedures. The size of speciment is 1.4 Inches 

in diameter and about 3 inches high. The specimen is pro¬ 

tected by two thin latex membranes to prevent air and water 

intrusion. SiliciQn grease may be used between the two mem¬ 

branes for extra sealing effects. 

De-aired, distilled water is used as a confining fluid. 

To avoid the possibility of compressed air being dissolve in 

the water, a thin layer of light oil is placed above the water 

surface in the triaxial cell. At least £ inch of air space 

should be left above the oil level in the triaxial cell for 

better application of confining pressure. 

Prior to placing the triaxial cell in its testing po¬ 

sition, it is substituted by a steel dummy. This dummy fa¬ 

cilitates the adjustment of the pressure regulators, the set¬ 

ting of the timer, and for checking the performance of the re¬ 

cording instruments. A toggle valve which is located at the 

entrance of the pressure cylinder is used to close temporarily 

the flow of air to the pressure cylinder while the triaxial cell 

is placed in its testing position. By following this procedure 

the stresses and strains during the first few periodic load ap¬ 

plications can be recorded. 
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The functioning of the apparatus is schematically shown 

in FIG. 16. The compressed air source is connected to the 

apparatus through a main air pressure inlet valve. By means 

of the four precision air.regulators, the main air pressure 

is regulated, diverted and stored in four air reservoirs. 

The pressure in each reservoir is regulated according to the 

required characteristics of the periodic pulse. 

Air reservoir 1 is used to supply constant confining 

pressure to the triaxial cell. A shut-off valve is placed 

on the supply line for temporary isolation of the confining 

stress whenever it becomes necessary. Air reservoir 2 con¬ 

tains a medium pressure intensity for producing the sustained 

deviator stress, (Ts. Reservoir 3 contains a high pressure 

intensity for producing the periodic deviator stress, (TJp 

while reservoir 4 contains a low pressure intensity for pro¬ 

ducing the reduced sustained deviator stress, (j-^. The air 

passage between the air reservoirs and the pressure cylinder 

is controlled by t\?o 3-way solenoid valves, connected in 

series. When the electricity is disconnected, solenoid valve 

#2 is de-energized so that the opening C is blocked, while D 

is connected to E. Therefore, the pressure in air reservoir 

2 is delivered into the pressure cylinder and simulates the 

sustained load condition. When the manual switch turns on 

the electricity, solenoid valve #2 is energized so that the 

opening D is blocked and C is connected to E. At the same 

instance, the electric timer also starts functioning. It 

first energizes the solenoid valve #1 according to the time 
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setting on dial A. When the solenoid valve #1 is energized, 

the high pressure in air reservoir 3 is diverted to the 

cylinder through openings A, G and E and creates a periodic 

deviator stress. When the solenoid valve #1 is de-energized 

according to the time setting on dial B, the path between air 

reservoir 4 and the cylinder iB opened. Since the volumetric 

ratio between the air reservoir and the pressure cylinder is 

about 50 to 1, the higher pressure in the cylinder will im¬ 

mediately compromise with the pressure in air reservoir 4, 

and the excess pressure will vent to the atmosphere through 

the relief valve in the pressure regulator 4, Therefore, a 

reduced sustained deviator stress is accomplished. The timer 

recycles this application indefinitely until it is disconnec¬ 

ted again. The result of this procedure simulates a stress 

vs time relationship like the one shown in FIG. 1, 

The number of periodic stress cycles is recorded on a 

reset counter. The pressure cylinder transforms the vari¬ 

ation of pressures into periodic axial loads and applies 

them to the soil specimen in the triaxial cell. 

The variation of axial load, axial deformation and con¬ 

fining stress are monitored by the force washer, linear motion 

transducer and gage pressure transducer, respectively and are 

traced on the oscilloscope. 
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VI. SPECIAL FEATURES 

A. Maximum confining pressure and maximum 
deviator stress. 

The proposed apparatus will be operated by laboratory 

supplied compressed air. The maximum intensity of the avail¬ 

able air pressure source is about 100 psi. The maximum in¬ 

tensity of confining stress is goverened by the type of tri- 

axial cell and normally does not exceed 100 psi. 

The intensity of the maximum deviator stress depends on 

the ratio of the cross-sectional area of the soil specimen 

and the effective pressure area of the pressure cylinder. For 

this particular apparatus, the area ratio between the 1.4 inch 

diameter soil specimen and the 3 inch inside diameter of the 

pressure cylinder is approximately 4. If a maximum air pres¬ 

sure of 100 psi. is introduced into the pressure cylinder it 

will create a maximum deviator stress of 400 psi. on the soil 

specimen. This corresponds to a total axial load of 600 pounds 

which should be adequate for most laboratory compacted speci¬ 

mens. 

B, Maximum and minimum frequencies. 

The maximum and minimum frequencies of the proposed peri¬ 

odic loading apparatus are mainly governed by the response of 

the solenoid valves and the timing unit. From a variety of 

commercially available timing units an appropriate selection 
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can easily achieve a loading frequency from a maximum of 

300 cycles per minute to a minimum of 4 cycles per day. 

C. Variation of principal stresses. 

The proposed apparatus with the pressure diversion sys¬ 

tem already discussed in Chapter V will be able to simulate 

both positive and negative periodic deviator stresses by 

varying the intensity of the sustained deviator stress with 

time. It is believed that this could be a starting point in 

developing a random loading apparatus for the study of soil 

behavior under earthquake loading conditions. By further 

modifying the sequence of pressure diversion it is possible 

to vary the intensity of the confining stress simultaneously 

with the periodic deviator stress. In order to accomplish 

such an objective, the following modifications are necessary. 

A fifth unit consisting of an air reservoir, a pressure 

regulator and a pressure gage should be added to the main air 

pressure line. This additional air reservoir unit will oper¬ 

ate with unit 1 as shown in PIG. IT. Solenoid valve #3 will 

be introduced to substitute the shut-off valve shown in PIG. 

16. The tubing from air reservoirs 1 and 5 will be connected 

to the two inlet openings of the solenoid valve #3. The out¬ 

let opening of the solenoid valve #3 will be connected to 

the triaxial cell. It would be further necessary to wire 

the new solenoid valve #3 in parallel with solenoid valve 

#1 through a time delay relay to the timer. The function of 

the time delay relay is to separate the electrical signal of 

the timer into two signals with a minimum time delay of 
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0.05 second. This arrangement can secure a time delay bet¬ 

ween the build up of the confining stress and the built up 

of deviator stress in order to maintain a predetermined 

constant principal stress ratio. 

D. Static Tests. 

The proposed equipment can be directly utilized to run 

controlled stress type static tests without major modifica¬ 

tions . 

Controlled strain type tests can be performed by intro¬ 

ducing a motorized hydraulic jack under the triaxial cell. 

The motorized jacky will be placed on the platform of the 

testing frame and the pressure cylinder will be removed. 

Either a proving ring or a force washer can be introduced 

between the piston of the triaxial cell and the reaction 

plate of the loading frame for monitoring the load intensi- 



VII. RECOMMENDATIONS 

The periodic loading apparatus proposed in this 

dissertation has been so designed to possess all of 

the previously mentioned special features. Unfortun¬ 

ately, it is not possible to foresee all the unexpected 

problems that may arise when this apparatus becomes 

operational. Adjustments in the design of the apparatus 

will be undoubtedly necessary. A series of pilot tests 

will be most desirable to attain this objective. 
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APPENDIX I. LIST OP COMMERCIALLY AVAILABLE PARTS. 

The following list consists of commercially available 
parts which are recommended for building the proposed tri- 
axial periodic loading apparatus. It should be pointed 
out that this list does not represent the only brands of 
equipment that can be utilized for this purpose and further 
more does not necessarily imply that these are the only 
ones available. 

The pressure cylinder and the supporting framework will 
be specially fabricated. Detail drawings for these parts 
have already been made and are available in the Civil En¬ 
gineering Department. 

Item Manufacturer 

Triaxial Cell Clockhouse Engineering Ltd. 

Air Reservoirs 

Solenoid Valves 

Air Regulators 

Air Pressure Gages 

Electric Timer 

Time Delay Relay 

General Supply and Equipment Co. 
Houston, Texas. 

Catalog No. 83OOA9, Form ''I”, 
Automatic Switch Co., Florham Park, 
New Jersey. 

Model 10, Catalog No. IOI63, Kendall, 
Stratos Division, Industrial Products 
Branch, Fairchild Stratos Corporation, 
West Babylon, New York. 

Robertshaw Acragage, T21-367-A-4|-" 
0-100 PSI NPT Back Connection, 
Fulton Sylphon Division, Robertshaw 
Controls Company, Knoxville, Tenn. 

Model TM-6S:TM-6S, 115 Volts, 
60 cycles, Industrial Timer Corporation, 
Parsippany, New Jersey. 

Stock No. TIM-104, Electronic Controls 
Corp., The Servo System Company, 
Belleville, New Jersey. 

Electric Reset Counter Model G-Y-I-RMF-PM, 115 VAC, Durant 
Manufacturing Company, Milwaukee, 
Winsconsin. 
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Piston Shaft of the 
Pressure Cylinder 

Ball Bushing of the 
Pressure Cylinder 

Bellofram of the 
Pressure Cylinder 

Force Washer 

Linear Motion 
Transducer 

Gage Pressure 
Transducer 

Toggle Valve 

Main Air Pressure 
inlet valve 

Tube Fittings 

Plastic Tubing 

60 Case shaft, AICI 1060C, hardened 
to Rockwell 58-63C, ground to 12-24 
rms surface finish. Straight within 
.001/.002 TlVft., Diameters 3/8" 
Class L (.3745/.3740"), Lengths . 
9" ± 1/32", Thomson Industries, Inc. 
Manhasset, Long Island, New York. 

Type XA-61014, Super Precision Ball 
Bushing, Thomson Industries, Inc. 
Manhasset, Long Island, Net* Y0rk. 

Part Identification 3-300-237-DCJ, 
Bellofram Corporation, Burlington, 
Massachusetts. 

Model WR7S-0.5C, Lockheed Electronics 
Company, Los Angeles, California* 

Position/Model 139* Standard Travel 
ranges if", Resistances IK, Wire 
types Platinum, Bourns Inc., 
Instrument Division, Riverside, 
California. 

Pressure/Model 304, Range 0-100-PSI. 
Resistance: IK, Wire type: Platinum 
Alloy, Bourns Inc., Instrument 
Division, Riverside, California. 

Part No. 1GM4-S4-A, Whitey Research 
Tool Co., Oakland, Califronla. 

Part No. 600-3/8 QC-20Q-DES0, 
Swagelok, Crawford Fitting Company, 
Cleveland, Ohio. 

Swagelok, Crawford Fitting Company, 
Cleveland, Ohio. 

Model G-I33J Soiltest incorporated, 
Chicago, Illinois. 
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