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FOREWORD

The research presented herein was for the purpose of developing

equipment for investigating the static and dynamic stress-strain

properties of large-sized granular materials. In addition a limited

number of static and dynamic test results are presented on various

general backfill materials frcn three missile sites in the Un'ted

States. The purpo- of this research was to define the stress-strain

properties of large-sized granular materials which are frequently

used to backfill around protective structures such as missile silos

or launch control centers.t 'This work is in conjunction with research

on propagation of ground sh dk through soils being conducted by the

Soils Division, U. S. Arzy Engineer Waterways Experiment Station, for

the Defense Nuclear Agency.

This report was prepared under Contract No. DACA 39-67-C-0023

with t'ie Department of Civil Engineering, University of Illinois.

Project monitors were Mr. J. G. Jackson, Chief, Impulse Loads Section

and Mr. E. B. Perry.

Directors of the Waterways Experiment Station were COL John R.

Oswalt, Jr., CE, COL Levi A. Brown, CE, and COL E. D. Peixotto, CE.

Technical Directors were Mr. J. B. Tiffany and Mr. F. R. Brown.
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ABSTRACT~

A testing device which is capable of testing one-dimensional

compression specimens 48 inches in diameter and up to 14 inches in

height was developed as a part of this study. The device is capable

of developing static axial pressures of 1600 psi and dynamic axial

pressures of at least 800 psi with pressure-rise times as fast as 3

msec with cold gas used as the loading medium. The load is applied

to the test specimen by mans of a flexible diaphragm, and deflections

are measured by monitorirg the movement of the top surface of the

test specimen relative to the bottom surface with a slide wire gage

which is mounted below the test specimen. The pore water pressures

may be measured and the water content of the test specimen may be

altered c.uring a test if desired.

The testing device was proof-tested following construction by a

series o" calibration tests and a series of static and dynamic tests

employing Ottawa sand as a standard.

Subsequent t o the proof-testing of the testing device, an experi-

mental study was conducted to investigate the effects of the variation

of certain paraoters on the mne-dimensional compression characteristics

of granular materials and Included tests on Ottwa sand, crushed lime-

stone, Wbash River gravel, and North Dakota river gravel. The study

was, in general, limited to a stress rt.ne of tram 0 to 500 psi, rtlthmth

some tests vero carried to 10,0 psi. The variation of parmeter study
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included investigation into: 1) the effect of variation of particle

shape and composition; 2) the effect of variation of particle size; 3)

the effect of variation of gradation; 4) the effect of saturation prior

to and subsequent to load application; and 5) the effect of rate of

loading.

Soil samples were also collected from three missile sites in

the United States. Specimens which simulated in situ conditions

were prepared from the samples collected and subjected to both

static and dynamic loading.

A
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CHAPTER 1

INTRODUCTION

1.1 STATEMENT OF PROBLEM

Granular materials are used for backfill in the construction of the

vast majority of structures which extend below the ground surface more than

a few feet. In particular, granular materials have been used as backfill

for many of the buried missile structures and will most surely be used for

any future system of shallow cut-and-cover structures built for the protection

of personnel during a nuclear attack.

The design of such underground structures as mentioned above

necessitates an evaluation of the possible ground motion of the surrounding

granular material, which, in turn, necessitates a systematic study of the

stress-strain behavior of large-sized granular material such as is commonly

utilized for backfill. Ground motions resulting from blast loading are

generally separated for the purpose of investigation of the effects into two

separate categories, viz., air-blast-induced motions and direct-induced

motions. This separation is utilized for the simplification of computation

of ground motions; however, for pressure levels lower than 100 psi, the

direct-induced motions do not generally govern the design and usually only

the air-blast-induced motions are significant. Under such conditions, the

direction of propagation of the disturbance is nearly vertical, and if the

soil strata may be assumed to be laterally confined, the problem Wy be

approximated by a one-dimensional model. Therefore, the soil property of



2

interest for predicting ground motions is the stress-strain relation

observed in a one-dimensional compression or uniaxial strain test.

Presently in the United States, there are a number of devices

which have been developed for testing specimens which are composed of

granular materials in one-dimensional compression. These devices inclutle

those developed by Zaccor, et al. (1965), Schindler (19,7), Taylor (1954),

Durbin (1964), Hendron (1963), and others. In all of these devices, the

specimen size is limited to a diameter of 10 inches or less and a thick-

ness of 3 inches or less. Several devices have been developed for the

testing of specimens composed of gravel-sized particles in one-dimensional

compression. These include those developed by Bjerr-im (unpublished),

Marsal (1965) and Fumagalli (1969). A review of existing laboratory de-

vices is given by Feese (1970). However, these testing devices are

limited in that they are only capable of static testing, and therefore,

to date, there has been no device developed which can measure the one-

dimensional dynamic stress-strain properties of gravel-sized materials.

1.2 OBJECTIVES OF STLUDY

The objectives of this study were 1) to develop a device capable

of testing granular materials with particle sizes up to 3 inches in

diameter in one-dimensional ocpression under static and dynaic loading

conditions; 2) to test backfll materials trom certain selected missile

sites; and 3) to conduct a variation of parameter study on granular ma-

terials comonly used as structural till throughout the midwestern United

States.



The variation of parameter study was conducted using samples of four

materials. These materials were: Ottawa sand, crushed limestone, Wabash

River gravel and North Dakota river gravel. The samples were used to

investigate the effects on the one-dimensional compression characteristics of

the variation of particle shape, mineralogical composition, particle size,

particle gradation, rate of loading, and specimen saturation prior to and

subsequent to load application.

The testing device was developed as a modification to the University

of Illinois Dynamic Load Generator (DLG) which is capable of developing

static overpressures of up to 1600 psi and dynamic overpressures of at

least 800 psi with pressure-rise times as fast as 3 msec. The specimen

size for which the DLG was designed was 8 feet in height and 4 feet in

diameter. The modification for these tests included the design and con-

struction of a pedestal to allow the testing of a specimen 1 foot high and

4 feet in diameter and the design of a deformation monitoring system to

measure the compression of the top surface of a specimen with respect to

the bottom surface during testing.

After the testing device was designed and constructed, the deforma-

tion measuring system was proof-tested for accuracy and the entire device

was proof-tested by a series of static and dynamic tests. Subsequent to

proof-testing, specimens of the backfill obtained from three missile sites

were tested at densities and water contents simulating as nearly as pos-

sible in situ conditions.



1.3 SCOPE

In the following chapter the design and construction of the equipment

used to modify the DLO for determining the one-dimensional stress-straLn

behavior is presented. The pressure and deformation meuring systems utilized

for static and dynamic tests are d4scribed. Also, the factors considered in

the design of the equipment are discussed in detail.

Chapter 3 describes the proof-testing of the deformtien measuring

system and of the device with a test specimen. The procedure folloved for

specimen placement is described and the results of the proof-teeting progrm

are presented. The results of the proof-testing with Ottea sand awe

cpared with the results on Ottamm sand obtLaned with other devices.

Incidental problem vhich were discovered are reperted in detail. The

effect of seating error and an analysis of the pressure distribution ever

the top surf&.; of the test specimen are also discussed.

Chapter 4 describes the variation of parameter stu coadeted on

samples of the two river graves and the crushed lismetme In eddition to

the standard Ottm sand. The granular materials tested ae described in

detail And the effects of particle shave, mineralegical capeoiitem, particle

else, particle gradatie, rate of la4ing, end the effects of specimi. ge-

ration prior to and subeequent to load application we discused in detail

atillsing the test results obtained.

halpter 5 preeste a simumm or this Gtd* "d ote elueiown z "arding

the performnce of the om-dimasiaml compression deviee md the variation

of paameter at%*. 8uastioe are uase for fut reseerch Whiah appeas

justifiable in view of the test rewlts obtained i thin studk.

4;



Appendix A presents the results of the dynamic tests on the samples

from the missile sites. Appendix B presents a brief description of the

DLG and describes the operation of the loader.

iI
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CRAPTE 2

D18! AND DWVLOP OF UrPI

2. 1 A=& IW J

The @' mQ Load Generator (DL) vw constructe4 pimarily for

the stuVy of static and dynamic response. of structural models aemied

in soil specimens, arching in soil, soil-stracture interaction, and stress-

ways propegation. To facilitate oich Investigations, the soil container

vas constructed to accommodate a test specim 4 feet In diameter ead 8

feet deep. Me utilisation of the IG for investigation of the stress-

@train behavior of compauted soils sad rockfill materials in one-dimensional

comWession reuire the design sad eonstruction of a defbrmtion maesuring

syatm capable of mitorin the deftrutIon of a test specan during

dynamic or static loading and the modification of the specimen container

to permit tosting of a specimen vith a ratio of diamotr to height of

reater tu ON.

Ihe modification of the specimen oonaner to test a specimen of

we" eo lee thema oet memestate the c0or ertion of tour prima

factorst via., * idevall friction Ceti"g on the Specimen, sufficient am*e

long*h to Ie~ boeds"ead seiiltruui of specime effect, #Dyamlc

reepms e, ad elAetrical We" to and bowlag or Imetrt etatios .o-

trt 1s stem won seigmad In seco'rs with crteria, seta-

liebed br the settcipsat behewles of .. il andmS A s~k pecimens wingS

4 %tting. e eriteria VOe W tolA : 1) tbe delfMIuom moowri

'S C
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system must accurately meaw*r the deformat ion of the top surface of the

test specimen relative to the bottom surface; 2) the pressure moesr-S Ag

system must accurately measure the pres sure acting over the surfact -f the

test specimen; 3) the detonation and pressure measuring systemi must be

alectronic to enable recording during dynamic testing; I.) the deformation

and pressure measuring system must be prot 'eted fromt moisture In the

test specimen; 5) the deformation sesuring system must be capable, of

measuring deformations as lange as 2 Inches with a threshold of approxi-

mately 0.001 Inches; wan 6) the Instrumntation system must not signifi-

cantl.y affect the stress-strain behavior of the test specimen.

The modification of the or~ -a container vas accomplished by

the eig and construction of a reinforced concrete pedestal with a

top plate of 2-inch-thick steel wAd a bottom plate of 1-Inch-thick steel.

I*overali. pedestal height was 82.25 Inches, thus permitting a test

specimen thikws of approuimtely 12 Inches, and, couseqoetly, a speci-

man Papset ratio (ratio of speim 41iamter to WSW~t of approziustely

tn. fte lerp ampoet ratio served to minimise 3idew.Ill friction effects

end permitted tetUI of specimew with peAtcle *s"e of Mhe ordwcr of

3 Iftbe. The 4ymmie iMPOoser the peftetel vas quah that the prowsin.-

ise tUm oqev In Wei stuf could be ecesidered as stti. e

Venta is Ashs to plaft In the 110 specimen comiteiner io ?ie. MJ.

Soe pnee. asutag systen uttis ed t, this Wt-V was the
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the DLG. During static testing the pressure acting on a test specimen

was monitored by a Bourdon-type gage connected to the expa ion chamber.

The deformation meAsuring system employed consisted of a slide

wire gage mounted in the top plate uf the pedestal and actuated by

thq movement of a steel deformation pl.ate which rode on the top sur-

face of the test specimen. The movement of the deformation plate was

transmitted to the slide wife gage by an actuating rod which served

as a mechanical link between the deformation plate and the electrical

pickup of the slide wire gage. The slide wire gage had a threshold of

0.0003 inches and was capable of measuring deformations of up to 4.5 inches.

The repeatability of the gage was shown to be better than 99%. The de-

formation plate, which was constrvcted of 1/8-inch steel, was very

flexible compared to the stiffness of the test specimens so that the

Atress dirtribution acting on the top surface of the test specimens

was nearly unaffected by the presence of the deformation plate.

The actuating rod was protected from frictional forces, which

could be imposed upon it by the soil specimen by a 1-inch-diameter bellows

which was flexible in the axial direction and stiff in the radial direction.

The bellows i shown installed in Figure 2.2 and a working drawing of a

segment of the bellows is presented in Figure 2.3. The bellows completely

encased the actuating rod from the top plate of the pedestal to the bottom

side of the deformation plate. The actuating rod was protected from con-

tact with the bellows by a rigid stainless-steel tube which was enclosed

by the bellows. Sta stainless-steel' tube was rigidly mounted in the top

plate of the pedestal and enclosed the actuating rod to a height such that

the antgcipated deformation of the soil specimen could occur without contact

"I
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between the deformtion plate and the tube. The deformation measuring

system is shown in place in the sil container in Figure 2.2.

2.2 Pedestal Design and Construction

2.2.1 Design Consideration

2.2.1.1 Introduction

In order to obtain a more favorable aspect ratio for one-dimensional

compresion tests, a pedestal vas designed and constructed to reduce the

effective height of the soil container. In the design of the pedestal,

four considerations were of primary importance. These design considerations

were as follows: 1) the test specimen must be thick enough that boundary

effects at the top and bottom of the test specimen are minimized, even

when testing materials vith particle sizes approaching 3 inches, and to

ensure that vertical deformation of the surface of the specimen may be
accurately measured to the nearest 0.001 inch, and thin enough so that

the sect ratio (D/R) of the test specimen will be as large as possible

in order to miniwize sidewall friction effects; 2) the pedestal must be

constructed such that the dynamic response of the pedestal does not

significantly influence the behavior of the text specimen during loading;

and 3) the nedestal must provide a means for housing deformation measuring

instrumentation as well as access ports to allow hydraulic comeunication

to the specimen and outlets for wires connected to transducers within

the specimen.

I[/
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2.2.1.2 Height of Pedestal

The height of the pedestal was determined by the height of the

test specimen required and the height of the DLG soil container. The

diameter of a soil test specimen vas fixed by the diameter of the soil con-

tainer (48 inches); therefore, the height of the test specimen was deter-

mined by consideration of sidewall friction and the accuracy required for

deformation measurements of the top of the specimen.

The larger the test specimen thickness, the larger the axial de-

formation under a given axial pressure and the greater the possible accuracy

in measuring the deformation with a given deformation measuring device.

However, the greater the specimen height, the less favorable th, aspect

ratio of the test specimen with respect to sldevall friction. The effect

of aspect ratio on the transmission of static stress through sand in

cylindrical tenks has been invest4 gated by Albott (1967). Abbott's re-

search shoved that with an aspect ratio of four, one could expect at

least a transmission of 85%, and that if a greased liner is used between

the specimen and the tank wall, the minimm transmission increases to

approximately 90% for a steel tank. Further, analysis of work done by

Rohmaller (1968) and Paul and Goal (1968) indicated that the transmission

of static stress with an aspect ratio of one should be greater than 90% if

a neoprene tank liner is used with Lubriplate grease between the steel

wall and the neoprene liner. Lubriplate &ease used in conjunction with

a neoprene liner were determized to be the most efficient tank liner

and lubricant in a study conducted by Prendergast (1968). Thus from the

standpoint of sidewall friction with a steel container, an aspect ratio

...... -T ...
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of approximately four used in com$uctiou with a tank liner and Lubriplete

grease resulted in static stress transmission of at least 90% and probably

great.r than 95%.

Assuming a soil specimen aspect ratio of four and a constrained

modulus of 50,000 psi, the deformations vhich vould result from an axial

stress of as low as 100 psi can be demonstrated to be of sufficient magni-

tude to be accurately measured by a deformation measuring device with a

resolution of 0.001 inches. If an instrumentation resolution of 0.001

inches is asumed, the deformation resulting fron an overpressure of 100 psi

can be measured to within 4%. This is a conservative estimate of the

accuracy attainable in the study conducted, since typical constrained

moduli of interest were on the order of l0,O0C to 30,000 psi.

Based on the considerations of sidewall friction and magnitude of

axial deformation as discussed above, a specimen height of 12 inches was

selected. A test specimen of 12 inches provided sufficient thickness to

virtually eliminate boundary effects which might have been induced by

too thin a specimen and to preclude any significant nonuniformity in test

specimens.

An additional consideration affected the design height of the

pedestal. The successful completion of a static or dynamic test on a

given specimen is dependent on the integrity of the loading diaphragm. If

the loading diaphragm were to bear directly on test specimens such as

crushed limestone, the diaphragm a. certainly be ruptured by

the sharp particle@ or would exceed its tensile strength in being extruded

into the voids near the surface of the specimen. In order to preclude
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such a failure of the loading diaphragm, the height of the pedestal re-

quired for a test specimen was reduced by 2 inches. The additional 2

inches was filled with Ottawa sand which functioned as a cushion for the

loading diaphragm. Invasion of the Ottawa sand into the test specimen was

prevented by a cushion-specimen interface membrane. The interface membrane

was retained against the soil specimen container iiner by a clamping ring.

The placement procedure is described in Section 3.3.2. The general

features of the soil specimen container are illustrated in Figure 2.2.

2.2.1.3 Dynamic Response of Pedestal

The testing program performed under this study included tests

which were to determine the one-dimensional behavior of soils under dynamic

conditions as discussed in Section 1.2. Thus, the loading rates varied

from static to pressure-rise times of 25 msec. The dynamic tests usually

employed a pressure-rise time of approximately 25 msec, a dwell time of

25 msec, and a decay time of 300 macc.

Because of the dynamic character of the imposed load on the soil

specimen and pedestal, the dynamic response of the pedestal was a factor

which influenced the pedestal design. The incident pressure pulse on the

top of the pedestal is probably best treated as a step pulse having a

versed sine or cycloidal pressure-rise shape. Examination of the response

of a systen with respect to maximax displacement reveals that if the ratio

of the pressure-rise time to the fundamental period (n/T) is greater than

two, the system will behave as if the pressure were applied statically,

Figure 2.14; thus, dynamic considerLtions dictated that the pedestal be

constructed such that the fundamental period would be less than about

10 msec.

(

.J
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Assuming the pedestal to be composed of reinforced concrete, the

natural period of the pedestal was computed assuming the pedestal to be a

spring-mass system and assuming the pedestal to be a solid cylinder,

Timoshenko (1955). The computations of the natural frequency of the pedestal

by both methods axe presented in Figures 2.5 and 2.6.

2.2.1.4 Housing of Instrumentation and Access to Test
Specimen

The position of the test specimen relative to the lo0er of the

DLG and the decision to use a slide wire type gage to monitor the deformation

of the test specimen required that for dynamic tests, the slide wire gage

be located within the pedestal. This location was particularly favorable

because if a deformation gage were to be mounted to any part of the system

other than the pedestal, such as the forging, then the movement of the top

plate of the pedestal relative to the gage mount would have to be monitored

during a test. The deformation of the test specimen would thea be computed

as the difference between the apparent deformation as indicated by the

slide wire gage and the movement of the top plate of the pedestal. Thus,

the top plate of the pedestal was designed with a central port to accept

a plug which served as a mount for the slide wire gage. Also, the central

portion of the pedestal, Imnediately below the top plate, was designed with

a c&7ty to house the slide wire gage.

The existence of the void beneath the center of the top plate of

the pedestal and the discontinuity in the top plate led to deflection of

the center of the top plate , i.e., the central Instrumentation port. The

deflection of the Instrumentation plug under static loads can be computed

by making certain simplifying asPumptions. The lip of the top plate of

A,
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the pedestal, vhich the instrumentation plug rests upon, vas supported by

the pedestal at a diameter of 7.650 inches. A conservative assumption

regarding support conditions is that the plug is simply supported at its

edge. The deflection of the plug is computed in Figure 2.7, emplaring

expressions for the deflection of a simply supported circular plate as

presented by Timoshenko (1959).

Assuming that a test specimen has a secant modulus of 100.000 psi,

an axial pressure of 1000 psi yields an axial strain of 1%, and, vith an

initial specimen thickness of 12 inches, an axial deformation of 0.12

inches. The resulting error caused by deflection of the Instrumentation

plug mounts to less than 0.5%, and is insignificant. Further, the de-

flection of this central plug during testing vas reduced by arching.

Electrical access ports yore provided in the bottom of the MA

soil container. A 3-inch-diameter pipe leading from the slide vire ge

housing through the pedestal and matching the position of one of the ports

in the soil container served as passage for the electrical leads from the

slide vire gage.

In order to permit other Instruentation vithin the soil specimen,

four additional small-disater Instrumntation ports were included in

the design of the top plate of the pedestal. The ports vere located to

match the access ports in the bottom of the soil container. All ports

and plugs were designed for 0-rings so that, if desired, airtight Integity

of the specimen could be maintained. Bpecial purpose plugs and blwk plugs

were designed and constructed to be fitted into the instr mntation ports.
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Tvo plugs were designed and constructed to alloy saturation of

speclmens. A vorking drawing of these plugs is presented in Figure 2.8.

When these plugs were employed, copper tubing vas passed from a water source,

through the concrete pedestal, and cc .ected to the plugs. When Hydro-al

was used on the top plate of the pedestal to prevent seating errors with

coarse-grained smples, the water inlet holes were covered with tape

prior to the pouring of the W'droeal and the placesent of the first lift

of the specimen. After the Rdrocal hardened, the material immediately over the

inlet holes vas removed and the Hydrocal and tape over the water inlet

holes removed. The placement of the additional lifts of the specimen

was then completed.

One plug was designed and constructed to provide a means to relieve

the air pressure built up during saturation of test specimens. A working

drowing of this plug is presented in Figure 2.9. As the water invaded the

test specimen being saturated, the pore air pressure increased since the

top of the specimen va s' iled by the loading diephragn. The de-airing

line, which vas a copper tube passing throu& the test specimen and open

at the top was connected to the bottom of the de-airing plug and passed

through the concrete pedestal and was vented to the atmosphere with the

open end at the same elevation a the top of the test specimen within

approximately 1 inch. This line also served to miintain the level of the

water at the top of the specimen.

1nally, a third special purpose plug was desiged to moaitor

the pore air pressw inside the test specimens xhich were tested in an

air-ftY state. This special purpose plug was deiped with e vorow stoe

SW
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exposed to the test specimen and connected to a Bourdon-type gags external

to the test specimen chamber. A working drawing of this plug is presented!

in Figure 2.10.

2.2.2 Construction Details

Based on the design considerations presented in Section 2.2.1,

the pedestal v'as constructed of reinforced concrete with top and bottom

steel bearing plates. The pedestal in shown In place in the 1. soall

container In Figure 2.1 and a detailed. working drawing of the pedestal is

presented in Figure 2.11.

The top plate of the pedestal was constructed of 2-inch-thick 212

Grade B firebox steel. The plate was machined to a diameter of 41.955

Inches with an 0-ring groove Cut to facilitate a watertight seal betwee

the top plate and the soil container wall. Instrumentation access holes

andL lift holes ware cut in the top plate. inree-irch-dimvter electrically

welde.! pipes centered an the instrwmentatica access holes and eantinvaus

bet"ee the top van bottom plates were provided as conduits for electrical

and lqraulic leads to the specium. Lifting nuts (1-8, Cus, 'th-kip-proot

load) were welded to 4-z h-4nch mild! steel plates which were welded to

tba bn'ttm side of the top plate aeatered aver the lift holes. The liftng

ruts were amassed in cappd 16-pug., 3-inob-dismater * electrically wel4d

!mntsiate cna No. h reinforeings raf ve welded to the

botto side or the top plate an to the bottom plate 3 *1A id to slohw

sias of the esetel 11wv or the liftimg poaW fee te Pehete. Uia% later-

ilmvtte raft st 3 uetatem red. as a &paetag or lie me a teda of 20.
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Inches were velded to the bottom of the top plate and to the top of the

bottom plate with intermediate grade No. 2 reinforcing rods used as tie

bars at the third points at the longitudinal stee.'. Finally, eight 12-inch

lengths of intermediate grade No. 3 reinforcing rods were velded to the top

plate on a radius of 11. Inches to serve a anchar studs for the top plate.

A form for the pouring at the concrete pedestal was constructed

of 10-gauge steel. The form vasn force" Into a groove cut into the bottom

side of the top plate and welded into place. The top plate wan Uti]42ed

as a temporary base; the instrinentation conduits and reinforcing rods

were positioned with a template;and the pedestal form wasn filled Vith con-

crete. After the concrete was poured, the bottom plate was placed and

welded to the reinforcing rods leaving a 3/ 1.-inch void between the ccncret2

and the bottom plate. The void was filled with non-shrink Moeco grout

after the Initial shrinkage of the concrete. The bottom plate was con-

structed of 1-inch-thick firebox steel.

Two concrete test cylinders (6 x 12 Inches) were pourud during

the placing of the concrete for the pedestal. The 28.-4m strengths of the

cylinders vere 1.280 ad 5W22 psi. The stress-strain curves for these

cylinder* are presented io Figures 2.12 an6 2.13.

To order to eliminate, the necessity o:! provi"a a pout bed for

the pedestal each tims It wa- plae In the *oil cont~iner to level the

top plate, the bottom plate was machimed parallel to the top plate. The

coter lins of the top anid bottoi platesi did not and need not hav'e the

sem center lise since the bottom plate -I t0e pedestal form are 15 inches

In diem~e ad the *il container 1iide iater ts k8 inces". veore
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pouring concrete for the pedestal, the form wa fixe such that the eylin-
drical van did not deviate more than 0.25 inches from the vertical over

the entire height. Thus, Ahen the pedestal van in the soil container, the

top plate was e*xtly centored in the soil container and the bottom plate

was not; hoevr, the top and bottom plates vere parallel.

2.3 OfUU? =10 AND O OST CON

2.3.1 Pressure Mesauring System

The pressure measuring systeu employed in this study vas Identical

to that originally demloped for the DLO. During dynamic testing, the

pressure acting over the top surface of the test spaci= vas sensed by

Kistler quarts pressure transducers. Noftl So. 601-A and 60a. T h trns-

ducers were installed in thdir respective muts and placed in the seal

ring ports of the DL. The presure traducere produce an electrical

eharg* proportional to the chmap In pressure to hich tb are sbjeoted;

terefOre, by gromMaig the trnadsers ism atly prior to the application

of the ftnmde overpri see d stbseeqnuet to the SPlication of the stati,

preload, the memnued I ,ee, V o"TPonded to the #$noe iint 4maw.

The electrtcal cargme pre4w %W the pressure trsue er ee oseVerte"

to Velte ty Kiestler electrostatic charg a1.inme, MIA go.

The .UPate of the chwargeeqftese Vera, reorde6 ob top. bmndatils

P-ior to the test, a cali'bration *tep onespwing to the satiipsAte

dy ouepeeuve -- m reecwed a e atillsles %be Cetler charg

@"Ufre we Kistler Ibde) $A eharg ealibitore
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The seal ring yms tapped at tvelve locations to provide ports for

the installation of pressure measuring devices. These tvelve locations

were such that the pressure measuring devices could be located directly

beneath or in between loading machines Nos. 1, 2, 3, 5, 6, and 7. The

loading machines are described in Appendix B. The location of the pressure

measuring devices as described above provided a means for evaluation of

the time of tiring of the machines relative to one another vith the ex-

ception of ma&hine No. 4, and provided a means for an evaluation of the

uniformity of pressure at least along the periphery of the expansion

chamber. A study of the uniformity of pressure over the surface of a test

specimen by the evaluation of acceleroeter records and pressure-time traces

has been made and reported by Prendergast (1968). The results of this

stu4y indicated that for very fast rise times on the order of 3 muec, the

maxima preasure variations are less than 20% of the peak murface pressures.

An analysis of the pressure variation over the surface of a test specimen

Is presented in Section 3.3.4.4.

During static testing, the Kitler transducers vere emoved and

the parts plugpd. 'e pressure acting on the sp*ecoim vu mmnC,4rod by

a Bwadn-type Sp vhch was connected to the exVaiou chber.

2.3.2 Deftrmation *souring System

23-2.1 mign Conideratons

2.3.2.1.1 Introduction

So doeign of the h4 did not leave suich latitu" for the destga

of the feformation measuring system. The exeaion chamber %w designed

to be as mn s poeslble to reotce the exputnion of the loading edltum and
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thereby maintain a large ratio of final pressure to charging chamber pressure

without making the expansion chamber so small as to result in large pressure

gradients over the surface of the test specimen. Because of the small ex-

pansion chamber volume, the location of a deformation meeauring system in

the expansion chamber was impractical, if not impossible, for dynamic tests.

Also, because of the relative movement between the DLO forging and the soil

container, a deformation measuring device mounted anywhere except to the

top plate oz' the pedestal would require a correction for the movement of

the gage mount relative to the top plate of the pedestal. Therefore, the

design of the DLG required that the deformation meesurlng device, at least

for dynamic tests, be mounted to the top plate of the pedestal. The move-

ment of the t-3p surface of the test specimen relative to the top plate of

the pedestal was transmitted to the gage by a mechanical link between a

deiormation plate resting on the top surface of the specimen and the gage.

2.3.2.1.2 Selection of Gage Type

The selection of the type of gage to be built to monitor deforma-

tions was based primarily upon consideration of the magnitude of the de-

formations to be measured. Based on the results obtained by other researchers,

strains of the order of 10 to 15%, or deformations of the order of 2 inches,

were anticipated. Moreover, because of the S-shaped stress-strain be-

havior typical of soil materials in one-dimensional compression, a threshold

of the orde .of 0.001 inches was required to enable the stiffer portions

of the stress-strain curves to be defined.

Two types of gages are commonly used which are sensitive to small

displacements over fairly large total distances, vie., linear variable

differential transformers (LVDTI') and slide wire gages. LVDTS are rela-

------

. b
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tively delicate and expensive and slide wire gages are frequently quite

sensitive to dynwc effects. In an effort to prevent unnecessary expendi-

tures of time and money, the decision vas made to construct a slide vire

gage as the primary deformation measuring device with a detactlable LVDY

mounted on the frane of the gage. Then, if the slide wire gage did not

function satisfactorily, the LVDT could be utilized, and if the slide wire

gage did function satisfactorily, the LVID could be detached from the mount.

Because of the experse of a long-travel LVDT, a surplus short-travel LVDT

wa mounted on the slide wire gage frame for proof-testing and subsequently

detached vhen the slide wire gage proved satisfactory.

2.3.2.1.3 Threshold and Repeatability of
Measurements

The repeatability of measurements made with slide wire gages Is

primarily dependent upon the precision of construction of the various com.

porent parts of the gage. Particular attention must be focused on the

travel of the pickup over the slide vires. The pickup must be constrained

to inhibit movement in any direction other than that in vhich measurements

are to be ade. In addition, all slack must be eliminated in the mechanical

link vhich transmits the deformation to be measured to the slide wire gage.

Another factor affecting the repeatability is the pickup-slide

vire point-of-contact. This contact must be firm to prevent loss of contact

during dynamic tests and yet must not be so firm as to cause significant

straining of the wire during movement of the pickup. Also, the contact

should be as nearly a point-contact as possible. A prime requisite of high

repeatability to a highly finished slide wire and pickup. Periodic re-

finishing oft the slide vire and pickup are essential for maintaining

repeatability.
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As a me as of reducing the wear as wAoh as possible and, therfore,

prolonging the life of the slide vire, the slide wire should be hard resl-

tive to the slide wire pickup. For this reason, the slide wi.* were

cmposed of 214-gmw Nickel-aromiu wire and the pick were comomed of

brass.

A sid. wre aS is basically a potentiomter which can be direct

mcited by a voltage s uce; displacements of the pickup are measured 'y

reading the changes in voltage drop between the pickup and either end of

the slide wire. Altho* such a system will fumtion, the atthient

of a reasonable thrshold requires a hii-voltage DC power source and a

precision voltmeter. To attin a reasonable threshold without the use of a

bigh-voltage sotree, the slide wire was Incorporated in a Wheatstone bridge

circuit as shown in Figure 2.l4. The function of the null slide wire,

which is shown in Figure 2.1)1, va to null ay inbalance in the bridge

tiediately prior to a dynamic test to simplify the reduction of test date.

The null slide wire served no function and required no adjustment during

a static test.

2.3.2.1A. Coection letween Deformation Plate
and Slide Wire Gage

Because of the location of the slide wire gae below the test

specim in the pedestal, a moeanical connection between the deformtion

plate which rests on the top surface of the test specimen and the slide

wire gape es required. In the design of such a mechaniOal connection, four

considerations were of primary Importance, via., the connecting rod must

be sufficiently free from frictional effects so that the behavior of the

test specimen is accurately measured; the dynaoic response of the link must

.'
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be such that inertial effects are minimal; the connection. to the deforma-

tion plate mut be such that the actuating rod need not Ie normal to the

deformation plate; and, finally, it must be possible for the soil specimen

container to remain watertight.

Frictional effects san arise fromn two different sources. In the

passage of the actuating rod through the test opecimen, the actuating rod

must be protected from contact with the specimen. In protecting the actuating

rod from the test specimen, the rod must be enclosed in a sleeve which

will deform axially with the test specimen and yet be of the same order

of radial stiffness as the soil specimen. Several researehers.have

utilized segmented rings to contain test specimens. These rings are slightly

separated hen the test specimen is unloaded and can move together as the

specimen is loaded and deformed axially. This method has proved satis-

factory and is reported by Zaccor et al. (1965), Fuagalli (1969), and

others. This segmented ring idea was -onsidered to provide protection for

the actuating rod from the soil specimen; however, this concept was found

to be impractical because of the small diameter and the difficulty of holding

the rings in place during placement of a specimen.

The second possible solution is a bellows which is soft in the

axial direction and ntit L* the radial direction. Such a system is less

difficult to set up and invasion of soil into the void around the actu-

ating rod is prevented unless the bellows ruptures. Further, bellows

are commerially available while segmented rings would have to be machined

to order and, therefore, would be considerably more expensive than the

bellows. Thus, a bellows device was selected as the protective method to

be employed. Since the bellon is flexible, the actuating rod could still

I.
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suffer from frictional effects if, during specimen placement, the bellows cam

into contact with the actuating rod. Enclosure of the actuating rod with

a stainless steel tube vhich in turn vas enclosed by the bellovs provided

an adequate solution to this problem.

Another source of frictional forces resulted from the passage

of the rod through the top plate of the pedestal. Since the slide wire

gage was mounted inside the pedestal, at some point along the actuating

rod, there was the opportunity for frictional forces to develop. Several

methods for reducing these forces to a minimm were considered such as

teflon coating or machining to a high finish. The latter method was

selected and a testing program was employed to determine the magnitude of

the resulting frictional forces. These forces were shorn to be negligible

as described in Section 3.2.1.

The dynamic characteristics of the actuating rod-pickup system

are probably best examined by the method suggested by Jacobsen and Ayre

I. (1958). By this method the natural frequency fn of the system is

computed as shown below:

11 2
fn

where k n u /L

A = cross-sectional area of rod

2 a Young's modulus for rod

L a length of rod

m a mass of pickup

s mass of rod
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The use of either stainless steel or aluminum for the actuating rod and

a relatively lightveight material for the pickup body results in a funda-

mental period of the order of less than 1 msec, and is, therefore, not

subject to inertial forces during loading of test specimens when rise times

of the order of 20 to 30 msec are employed. During proof-testing, ac-

celerometers were attached to the slide wire pickup and the deformation

plate. An SR-4 wire strain gage was mounted on the actuating rod just

above the slide wire pickup to measure any inertial effects. The analysis

shoved the actuating rod-pickup system to be virtually free from inertial

effects. This analysis is presented in Section 3.3..2.

The top surface of any given test specimen could not be placed

so as to be perfectly flat. Therefore, the connection between the actu-

ating rod and the deformation plate was required to swivel in order that

the actuating rod could pass axially through the test specimen along the

specimen center line and the deformation plate could be rigidly fixed to

the actuating rod and yet not be perfectly normal to the rod. Several

possible methods Involving ball joints were considered but the easiest

and most economical proved to be the use of spherical washers in the

connection.

Finally, a means to achieve watertight integrity van required.

The passage of the actuating rod throuh the top plate to the slide vire

gage gave rise to a breach in the watertigt integrity of the specimen

container. An 0-ring seal systas was designed to provide a seal between

the top plate and the actuating rod without inducing large frictional

forces on the actuating rod. In addition, this seal system was designed
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such that the close tolerance pieces, which could induce large frictional

forces, could be completely removed when watertight integrity van not

required.

2.3.2.1.5 Deformation Plate

The deformation plate was required to move with the top surface

of the test specimen and yet not influence significantly the stress-strain

behavior of the test specimen. The size of the plate had to be sufficient

to portray the deformation of the test specimen, flexible enough to not

significantly alter the uniform stress distribution over the surface of

the test specimen imposed by the gas pressure acting on the loading diaphragm,

and sufficiently light so as to not impose significant stresses on the

test specimen because of inertial effects. In addition, the deformation plate

had to be small enough in diameter so that It did not extend over that por-

tion of the surface of the test specimen most affected by sidewall friction

and va sufficiently stiff over the central portion to reduce the over-

stress originating from the passage of the bellows through the specimen.

The influence of the stiffness of the deformation plate on the

stress distribution over the surface of the test specimen y be approxi-

mated by assuming that the test speciea is a helf-pace and that linear

elastic conditions prevail. A solution to the distribution of pressure

between a plate and a linear elastic half-space has been presented by

Borovicka (1936). s Borovicka's method and assuing a plate diameter

of 2 inches end a thickness of 1/8 inch, the relative stiffness K of

the deformation plate-soil spetimen system aw be approximated as illMtrated

in Figure 2.1. A K-valu of infinity indicate* an Infinitely stiff plate

b~1
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relative to the soil specimen, while a K-value of zero indicates a completely

flexible plate. Stress distributions corresponding to various K-values

are presented by Scott (1963). The relative stiffness computed for the

deformation plate corresponded to an almost completely flexible plate.

Therefore, the stress distribution over the top of the soil specimen may

be assumed to be unaffected by the presence of the deformation plate.

Thee inertial forces which would be imposed on the top surface of

a test specimen during a dynamic test were estimated employing the static

stress-strain behavior of Ottawa sand as determined using the device de-

signed by Hendron (1963). Ottawa sand was placed at densities of ap-

proximately 100 and i10 pcf and loaded to 1000 psi. The resulting stress-

strain behavior was assumed to be identical to the dynamic stress-strain

behavior and pressure-time curve was assumed to be linear with a rise time

of 25 msec. Utilizing these assumptions, the maximum acclerationa and

decelerations were estimated to be on the order of 100 g's.

Assuming that accelerations of the order of 100 g's were reasonable

and that the deformation plate was composed of 1/8-inch-thick steel, the

inertial sJtresses which could be induced on the top su ace of a test

specimen by the deformation plate were computed to be less than 5 psi. Thus,

even if the maxium accelerations were to ran. up to 200 gas, the imposed

inertial stress would still not exceed 10 psi. Measured accelerations are

presented in Seotion 3.3.4.2.

The presence of the void throu~b the center of the test specimen

to aecamodate the passage of the mehanical link between the deformation
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plate and the slide wire pickup produced an overstress of the soil in the

immediate vicinity of the void. If no provisions were made to stiffen the

plate in the vicinity of this void, excessive deflection of the slide wire

pickup would have resulted as a consequence of the overstress acting on the

specimen in the imediate vicinity of the void and deflections of the

deformation plate over the void. An aluminum stiffener 6 inches in diameter

was designed and mounted on the center of the deformation plate. The

stiffener served to distribute the overstress over a larger area. If the

overstress is assued to be limited to the area of the stiffener, then the

overstress mc,'nts to less than 3%.

The relative stiffness of the deformation plate to a test specimen

vas such that the plate is flexible and the pressure distribution was very

nearly =11orn as demonstrated above. However, this computation assumes

intimate contact between the test specimen and the soil specimen. In most

instances, the placement of a test specimen did not result in a perfectly

flat top surface; rather, there were slight undulations over the surface.

If no seating masures vere taken, the deformation plate rode on the tops

of these undulations and tended to flatten the surface and to bend to coo-

form to the surface. This bending and flattening constituted seating error

which resulted In an apparent stress-strain behavior which was not as

stiff as the true stress-strain behavior. Also, vben testing large ganular

materials, the potut contacts between the particles and the steel plate

resulted in excessive strain due to crushing of point contacts on the steel

deformation plate. Vith. large granular materials, an identical seating

error resulted at the bottom of the test specimen. In an effort to overcome
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this seating error without modifying the design of the deformation plate,

a seating compound vas placed on the deformation plate prior tc placing

the plate on the surface of the teat specimeni. When testing large granular

mtral. thm seating compound was also placed on the top plate of the

pedestal prior to the placement of the first lift. This method, whtich

is discussed in greater detail in Section 3.3.24.3, proved to be quite

satisfactory in eliminating point crushing at the boundaries of test

specimens.

2.3.2.2 Construction Details

The slide wire gage itself wan constructed of aluminum. A photo-

graph of the gage with the auxillary LVDT mount is presented in Figure 2.16

and detailed working drawings of the individual components comprising the

gage are presented in Figures 2.17 through 2.21. The fram of the gage

was first zonstructed and assembled and then the pickup bolly van con-

structed such that a close tolerance fit existed between the pickup and

the gage fram. This close tolerance was required to eliminate error

resulting frost play of the pickup in the gage frame.

The pickup itself wan threaded on both the top and the 'bottom suoh

that connection could be made to the actuating rod and also to a rod

extending from the bottom of the slide wire gage to which an LVVT care

could be fixed. The LVYM body was mounted In the micarta mount which

could be attached to the bottom of the slid, wire gape. 'The LYDT is shown

mounted In the photograph presented In Figure 2.16, epd a detailed working

drwing of the uicarta LYPT mount Is presented In k~gure 2.22.

Movemit of the pickup contact relative to the slide wire was

prevented b7 boring the mounting boble for the costact slightly under ulse
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and then pol shing the contact with emery cloth until the contact could

barely be forced into the pickup body. Opposite the face of the contact,

a spring-load3d bumper was mount -a to ensure intimate contact between

the slide wire and the pickup contact.

Tvo slide wires and two pickups were incorporated into the gage.

The two slide wires were mechanically linked and electrically independent.

This system precluded any variation between measured defor"ation by the

two slide wire gages unless, because of wear, the pickup body could move

in ay direction other than axially in its track. To inhibit wear, the

aluminum guides and the micarta pickup body were heavily impregnated with

powdered graphite. After six months of use, the pickup body shoved little

sign of war, and any wear that had occurred was not sufficient to present

a detectable error in the readout of the gage.

The slide wires were -omposed of 24-gauge Nickel-Chromium wire.

Prtor to affixing the slide wires on the Sa, the wires vere stressed

nearly to yield and then polished, first with emery cloth and then croeus

cloth. This preparation was nemssnry in order to provide a smooth su-

ftw for the pickup to ride oe The pickup cnntact was also finished

to a hi& dsgree with emry cloth and crocus cloth. T po assembly of the

slide vire gags. a esplet calibration of the gat was required to

ascertair that noallnarity of the gae did not exist besuae of local

rield in of the slide vires or other problems. To prevent frequent

chaning of the slide wires because of wear, the piekup* vere cpo* of

brass. The exceesive veritg of the brase necessitated frequent reracing

or the pickupe but g atly lengthen the satisfactory life of the slide

Vires.

I

"II
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The pickup actuating rod employed vas a 3/16-inch-dismeter steel rod

threaded on either end. The connection to the pickup bo4 was madc y

threading the rod Into the body wa fixing It in place by a lock nut. The

connection to the deformation plat: io shown in' .gure, 2.23. The spherical

washers used In the deformation plate mount 6&fowed a deviation from the

normal of the actuating rod to the plate of approximately 40. In order

to prevent the actuating rod from being acted upon by frictional forces

In case the protective bellows should be displaced laterally, the actuating

rod vax enclosed In a stainless steel tube with an Incide diameter of

5/16-inch. The tube was mounted In a recess In the central instrumentation

plug and could be easily remved o'd replaced. The length of tube used

for a given teat was determined based on the initial hei&%t of the test

apecien and the anticipated awdal deformation. The stain!,-is steel

tube also acted to prevent awy significant bowing of the actuating rod

during loading. The stainless steel tubt Is shown in place in Figure 2.2.

Protection of the actuating rod and stainless steel tube wee

provided by the bellows which completely enclosed the rod and tube and

extended from the top plate of the pedestal to the deforLation plate.

The bellows assmbly was :c, 4oed of fiv: Fulton Sylphon, 2-ply, 5/16-inch -

diameter, bytrwalie bellows. The iodividual, bellows were silver Wl -red

together to form the siesshly. Thes connection of the assembly to the top

plate of the pedestal was aeftplahed by a threaded section which was

silver soldered to the bottom-nust bellows of the asesOly, and the top-

anst bwllows vex fixed io place by the taper on the bottom side of the

Ge format! on pLate.
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The deformation plate was constructed of 10-gauge mild steel

(thickness of 0.1345 inches). The diameter of the deformation plate was

224 inches. An aluminum stiffener 6 Inches in diameter was mouted on

the center of the deformation plate. The stiffener served to distribute

the overstress initiast e by the void for the actuating rod through the

center of the test specimen over a larger area. A working drawing of e

deformation plate is presented in Figure 2.24.

The watertight seal around the actuating rod was achieved by 4

special insert vhich could be removed Ahen testing dry materials. Th

details of the seal are presented in Figu-e 2.25. The seal increased*

the friction acting on the actuating rod by a factor of approximately

two but thi- still amounted to only approximately 0.2 lb and was insig-

nificant.

iV

!,(
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Decoy Chiomber
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FIGURE 2.1 CROSS SECTION OF DYNAMIC LOAD GENERATOR WJTH

SPECIMEN CONTAINER AND PEDESTAL IN PLACE
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Material: Pbouphorus-bronze

I I Wall thickness: 0.023 in.

FIGURE 2.3 WORKING DRAWING OF INDIVIDUAL BELLOWS
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Basic relation T - 21d -q/k

where k - p/d

Definitions:
T - fundamental period of pedestal
s mass of pedestal
p -imposed load on pedestal
d - deflection induced by imposed load p
& Young's modulus for concrete
Es Youngs modulus for steel
A,- area of concrete
As- area of pteel
W - weight of pedestal
g - acceleration due to gravity
L - height of pedestal

k - p/d - AsEs + AE€
L

-(Oin.)(30xlO lb/in) + l.55x1' in.)(4xlO lb/i.)
82 in.

m w/g -P12ERID O FG00 lbT ASR

£32 lb-sec
in,

T21r6-a 2 132 lb-see./in.
"v10 lb/in'.

S4 msec.

FIGURE 2.5 FUNDAMEi TAL PERIOD OF PZDES'£AL ASSUMING SPRING-
MASS SYSTEM



38

Basic relations c - 51-p and r - 2L/c

Definitions:
T - fundamental period of pedestal
c - velocity of stress-wave propagation through pedestal
E - Youngb modulus of pedestal
L - height of pedestal
p - mass density of pedestal
W - weight of pedestal
V - volume of pedestal
g - acceleration due to gravity
E,- Young's modulus for concrete
Es- Young's modulus for steel
Ac- area of concrete
A%- area of steel
A - total area of pedestal

p - W/Vg - 12,400 lb
95bftf. ) 032.2z t,/see!.)

- 450 lb-secZ/ft .

E = &.E$ As + & 
- (401i) (30xlO' lb/In. ) + (I 55x10' in.) (4x06 lb/in )

1.59x10.5 gIOl
46.5xlOs 

psi

c W -E _pOlb/in.
1450 lb-secL./ft.

- 1 2xl10ft/sec.

T - 2L/c -0)(821n.)
S.x~wt/sec.

& 1.1 usec.

FIGURE 2.6 FUNDAMENTAL PERIOD OF PZDESTAL ASSUMING STRESS-
W&VE PROPAGATION VELOCITY GIVEN BY c -

!I I
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Instrumentation plug 1000 psi

Top plate
of

pedestal2.0 n

Concrete of o---

pedestal

Housing for -- 7.650 in.- .- -

slide wire
gage

Basic relation (5+wq
64(1 +v)D

where D~ - i/1 2 (i--J)

Definitions

E - Young's modulus of steel
a - radius of plate
b - thickness of plate
qj - applied load
v -Poisson's ratio

(5 + 0.28) (1000 lbin . 2
) (3.825 in .) 4 (12) (1- (0.28)2]

(64) (1 + 0.28) (30 x 106 lbin . 2
) (2.0 in.) 3

w =0.00064 in.

FIGURE 2.7 COMPUTATTON 0F DEFLECTION 0F INSTRUMENTATION PLUG
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PLAN VTEW

S CTTON A-A

Full Scale

FIGURE 2.8 WORKING DRAWING OF SATURATING PLUGS
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PLAN VIEW

/7/1 6-2ONF

SE(rTION A-A

Full Scale

PIGURE 2.9 WORKING DRAWING OF DE-AIRING PLUG
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PLAN VIEW

Recess for Porous Stone
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Full scale

7IGUKIF 2.10 WORWIXC VWAWING OF PLUG W5IT" POROUS STONE
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FIGURE 2.11 VORKINC DRAWING OF CONCRETE PED)ESTAL
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FIGURE 2.12 STRESS-STRAIN CURVE FOR TEST CYLINDER A
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FIGURE 2.13 STRESS-STRAIN CURVE FOR TEST CYLINDER B
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A

Null Slide Wire,,\ 
Slide Wire

BB

pickup \Pickup

A

Contacts A: Input
Contacts B: Output

FIGURE 2.14 ELECTRICAL SCHEMATIC OF SLIDE WIRE GAGE
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Basic relation

K =(1/6) (14,) /(1--e,) (E,/F) (hla

where

K = relative rigidity of deformation plate
to test specimen

Vs = Poisson's ratio for test specimen
-p= Poisson's ratio for deformation plate
Es= Young's modulus for test specimen
E0 = Youn2's inodulus for deformation plate
h = thickness of deformation plate
a = radius of deformation plate

ass ame

E = 30,000,000 psi
E = -0,000 psi

then

K = (1/6)(1/1)(30,000,000/10,000)(1/8)(1/12)
= 0.0005

FIGURE 2,15 COMPUTATION OF RELATIVE RIGIDITY OF
DEFORMATION PLATE
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FIGURE 2.16 PHOTO OF SLIDE WIRE DEVICE
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Electrical
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Details of Slide
Wire Connections
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Electrical I
Insulation

F'A

FIGURE 2.17 DETAILED DRAWING OF SLIDE WIRE GAGE
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-

FIGURE 2,18 VORKING DRAWING 01 TOP OF SLIDE WIRS GAGE
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FIGUE 2.19 WOIKI3IG ,.AWXNG 0? RIB OF SLIDE WIE GAGE
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1.00"---b

FIGURE 2.20 WORKING DRAWING OF BOTM OF SLIDE WIRE GAGE
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iA Spring-loaded contact

Brass Contact

ILT 1 II

FIGURE 2.21 WORKING DRAWING OF SLIDE WIRE PICKUP
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SFCTION A-A

FIGURE 2.22 WORKING DRAWIN4G OAVDT MOUNT
FOR SLIDE WIRE GAGE
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PLAN VIEW

SBCTION A-A

FIGURE 2.*24 WORKING DRAWING OF DEFORMAT ION PLATE
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Groove for O-ring 11-00 Actuating rod

O-ring inser ' /
bearing ' i. 4- ,- .200washer ,-- "/"""_ '

Groove for " .
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.100 F
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FIGURE 2.25 WORKING DRAWING OF SEAL FOR ACTUATING ROD
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CHAPTER 3

PROOF-TESTING OF EQUIPMNT

3.1 INTRODUCTION AND SUMMARY

In order to determine the accuracy with vhich granular materials

could be tested in one-dimensional compression in the DLG and to define

and resolve problems associated with such testing, a proof-testing program

was conducted on the slide wire gage without a soil specimen and on samples

of Ottawa sand and crushed limestone.

The results of the testing program on the slide wire gage indi-

cate that the slide wire gage has a threshold of 0.0003 inches and a

repeatability of better than 99% as indicated by a percent deviation from

the mean of less than 1%. The results of the testing program on Ottawa

sand and crushed limestone indicated the following: 1) static test re-

sults obtained on Ottawa sand are nearly identical to those of other

experimenters using the most sophisticated one-dimensional compression de-

vices; 2) because of the variation in stresses along the axis of a specimen

at early times during a dynamic test, only that portion of the record

after 12 msec should be considered as representing an average dynamic

stress and an average dynamic strain in the specimen; 3) the dynamic stress-

strain behavior of a sample can be determined as accurately as the static

stress-strain behavior with the device developed; and 4) special seating

precautions must be exercised to prevent point crushing on the top plate

of the pedestal and the deformation plate when testing large granular

:,II
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mtterials, and when testing fine-grained soils, special seating precautions

must be exercised to provide intimate contact between the deformation plate

and the top of the soil specimen.

3.2 TESTING OF SLIDE WIRE GAGE

3.2.1 Static Testing

Prior to the utilization of the slide wire gage to measure de-

formation of a soil test specimen, the gage was tested statically to

determine the threshold and repeatability of the instrument as defined by

Cerni and Foster (1962).

The gage was first tested statically on the test stand shown in

Figure 3.1. The slide wires constituted arms of 4-arm bridges as described

in Section 2.3.2.1.3. The unbalance in the bridge induced by movement of

the slide wire pickup was read on a BUI model 120-C portable strain in-

dicator (PSI), and the movement of the pickup was measured by a 4-inch-

travel Ames dial indicator which could be read to the nearest 0.0005 inches.

Typical test results from a static proof test on the test stand are pre-

sented in Figure 3.2.

Based on the test results shown in Figure 3.2 and assuming that

the BLH strain indicator can be read to the nearest division, i.e., to

the nearest 1 pin/in, then the slide wire gage threshold was shown co be

0.0003 inches. This threshold corresponded to a strain of 0.0025% if

the specimen being tested had a gage length of 12 inches. This threshold

was demonstrated to be more than adequate for the testing of granular

materials at stresses not *xe.eding 1000 psi since 3n the first cycle of
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loading, the tangent modulus of the stiffest soils should not exceed

250,000 psi and should only approach this value at stresses near 1000 psi.

Assuming a tangent modulus of 250,000 psi and a gage threshold of 0.0003

inches, the smallest pressure increment which could be manifested in a

change in reading on a BLH strain indicator is 7.5 psi, which corresponded

to a pressure sensitivity of more than 99%.

The repeatability of tht slide vire gage was determined using a

different testing arrangement in order to preclude, as nearly as possible,

the effects of ambient temperature variation. The gage was mounted in

the pedestal and the movement of the slide vire pickup was induced and

measured by a 1-inch-travel micrometer mounted on an aluminum channel with

nominal size of 5 x 2 inches and a weight of 4 lb/ft, as shown in Figure 3.3.

The channel spanned 49 inches and some deflection and rotation of the

channel occurred as the actuating rod was forced down by the micrometer;

however, this factor vas eliminated as nearly as possible by approaching

the micrometer readings of interest in an identical fashion for each

reading. Further, prior to testing, the force required to displace the

slide vire pickup was measured and determined to be less than 0.1 lb, which

corresponds to a deflection of the channel of less than 0.0001 inches

assuming no rotation of the channel. The repeatability thus determined

vas greater than 99% as denoted by the percent deviation from the mean

value.

3.2.2 Dynatic Testing

The slide vire gae vas tested dynamically to ascertain that viper

14"+ would not occur and that the gage system could withstand dynamic forces

"*1D
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without deleterious effects such ab yielding of the actuating rod or

slide wires.

The test stand shown in Figure 3.1 was also used to proof-test the

slide wire gage dynamically. For the dynamic proof-test, the slide wire

gage was actuated by a gas-propelled pi on which was electrically actuated.

The pickup was aubjected to a displacement of approximately 2 inches with

a travel time of 13 msec. The slide wires constituted the arms of a

4-arm bridge as in the static tests, and the output wae fed to B&F condi-

tioning modules, then to Dana DC data amplifiers, and finally recorded on

tape. Acquisition and reduction of dynamic data are discussed in Section

3.3.3.

A typical displacement-time curve for a dynamic test is presented

in Figure 3.4. The trace i seen to be exceptionally clean with no wiper

lift. The travel of the piston which displaced the pickup was halted by a

rigid stop; therefore, to prevent damage to the pickup, the actuating rod

and the piston were not connected in line but rather by an eccentric.

This eccentric served as a source for some vibration at the end of the

piston movement as may be noted at times greater than T msec.

No attempt was made to investigate the accuracy of the slide wire

gage under dynamic conditions on the test stand because the inertial

forces were so much higher than those to which the p vould be subjected

to under actual testing conditions with a soil specimen. In addition,

since the slide wire gage had been tested for threshold and reliability

statically, and the slide wires were not strained any appreciable amount

as would have been Indicated by a change in tone of the slide wire when
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plucked prior to and subsequent to the rapid displacement or by a different

calibration factor upon recalibration, the dynamic characteristics of the

gage exclusive of the deformation plate and actuating rod were assumed

equivalent to the static characteristics already described. Theoretical

considerations, as discussed in Sections 2.3.2.1.4 and 2.3.2.1.5 indicate

U.at inertial effects with respect to the deformation plate and actuating

rod-pickup system are not significant.

3.3 PROOF-TESTING OF SYSTEM WITH SOIL SPECIMEN

3.3.1 Proof-Testing Program

The proof-testing program as completed is delineated in Table 3.1.

The program was designed to accomplish the following obJectives: 1) provide

stress-strain characteristics of a well-documented material such that a

comparison between the results obtainable with the DLG and the results

obtained by other experimenters was possible; 2) determine the accuracy

obtainable with a soil as stiff as that which sight be reasonably assumed

to be of usual interest; 3) dtine an problem which might arise during

the testing program; and 4) investigate the effect of *oating error.

Statis Tests 8-1 and 8-2 were conducted on 20-30 Ottava sand in

order to compare the test results with those of other experimenters.

Dnamic Test D-1 was likewise run on 20-30 Ottawa sand to investigate

the accuracy possible with a very stiff oil by comparing the resulte

obtained with those of other experimenters. Static Test 8-3 and Dbnafic

Test D-3 provided data on a very snf't granular material. Static Test

8-2, C-6 (cycle 6) provided test data on a very stiff material. Tests
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S-3 and D-3 on crushed limestone employed no seating medium to prevent

particle crushing against the deformation plate and the top of the

pedestal and Tests S-4 and D-4 on crushed limestone were run with

Hydrocal as a seating medium.

3.3.2 Specimen Placement

The specimen placement technique was essentially constant throughout

the proof-testing program; therefore, unle!ss otherwise noted, all test

specimens may be assumed to be placed in accordance with the following

described technique.

Prior to the specimen placement procedure, the slide vire gage

v*a checked electrically for proper operation, and the actuating rod was

checked for proper height so that it would not bottom out before the

specimen experienced the estimated maximum deflection. If the specimen

to be tested had been estimated to deform axially one inch, then the

initial slide wire pickup position va set such that the pickup coild move

vertically dovnvard at least one inch prior to coming to rest at the bottom

stop. The proper length of 5/16-inch-diameter stainless-steel tube vas

selected, based on thi specimen height and the predicted deformation,

and installed. The stainless-steel tube vas selected such that the

elearance betveen the top of the tube and the bottom of the deformation

plate vas equal to approximately 1.5 times the predIcted deformation for

a given test. The protective bellove together with the steel support tube

vas then installed an abon in FIgure 2.2.

The inner surface of the specimen container vms vashed with sol-

vent and wiped dry. A thin coat of Lubriplate 630-AA grease, approximately

0.006-inches thick, vms applied by hand to the inner surface of the speci-
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men container. A clean 1/16-inch-thick, fiber-reinforced, neoprene-rubber

liner was placed against the vall of the soil container and taped at the

lap; the liner was held in place by the grease. The container liner was

13.125-inches high while the container was 14.000-inchea high. Thus the

container was unlined over the top 0.875 inches; this unlined portion of

the container vas required to prevent rupture of the loading diaphragm

as will be explained below.

Placement of the soil specimen was started after installation of

the container liner. Tvo different techniques were utilized in the

placement of the soil. The first technique was utilized only with the

Ottawa sand specimens and employed a sprinkling device, more commonly

referred to as a rainer. A detailed working driving of the reainer is

presented in Figure 3.5. The rainer vas connected, by a 2-inch-dismster

hoe, to an eight cubic foot mobile storage bucket which was suspended

over the specimen container by a travelling crane. The rate of flow of

the sand va controlled by the vertical position of the 2-inch-diameter

disk on the threaded rod. The height of fall from the last sreeon to

the surface of the soil specimen was mintainmd at 22 inches for Test 8-1

sad 2 inches for Test 8-2.

The seecod placwmnt technique vs utilisad with al speeims

other than those composed of dry Ottwa sand. This tochnique euplaed a

pematic temper vith a steel root 8-1/2 inches is diameter. A photo of

the toepr ith the foot in place Is presented In Figwe 3.6. the soil

wao placed In the container in 4- to 5-lnch imcacoqte4 lifte a the

cmpaeted with the topper, the tamper movi g coa inmly aver the entire

sutee of the speocim.
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As the height of the specimen was increased by additional lifts

of material being placed, the height of the bellows was adjusted such that

after placement, the top of the bellos was flush with the top surface of

the scil specimen. With the specimens of Ottawa sand, upon attaining a

specimen height of approximately 12 inches, the surface of the specimen

was struck off to 12 inches to the nearest 1/32 inch, and the deformation

plate was placed on the surface of the specimen and attached to the actuating

rod. The remainder of the soil specimen container was then filled with

Ottawa sand and struck off even vith the tcp of the soil container. The

unit veight of the specimen vas determined by veighing the amount of soil

required for the 12-inch-high specimen and knowing the volume of the con-

tainer occupied by the specimen.

With materials other than dry Ottawa sand, when the desired height

of the specimen had been obtained, the height from the top of the specimen

to the top of the container vas determined by taking the average of at

least eight measurements made over the surface of the specimen to the bottom

of the aladnum beam, which was also employed in slide wire gage calibration,

spanning the container. The straightness of the aluain. beam wes checked

aganst the bearing plate for the DLW soil container and the measurements

to the specimen surface were made to the nearest 1/32 inch, resulting in an

accuracy In the measurement of the initial specimen huilht of about 99.7%

assaing a 12-inch-thick specimen.

The deformatioa plate was placed on the surface of the soil specimen

end attached to the slide wire agse actuating rod. An interface membrann

48 inches in diameter vs placed over the soil specimen and def.oration

plate, and thee a second interface msbrae 50 inches in dimeter was placed

over the first with the full inch of overlap carefull* turned up against
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the container wall. Ottawa sand was employed to fill the remaining height

of the soil container. The Ottawa sand used to top off the container was

utilized as cushion for the loading diaphraW since, if the loading diaphragm

were to bear directly on such materials as crushed limestone, the diaphragm

would be ruptured by the sharp particles or would exceed its tensile strength

in being extruded into the voids near the surface of the specimen.

When the container was filled and the sand cushion struck off even

with the top of the soil container, the sand was vacuumed away from the

1/2 inch round at the insi& top ege of the soil container. The round

edge and the clasping ring 0-ring groove were greased with Lubriplate 630-AA

grease, and the clasping ring 0-ring and loading diaphragm were placed

and clamped by the clamping ring. Following placement of the seal ring

0-ring, the preparation of the soil specimen and container was complete,

and the container was moved into place beneath the machine as described

in Appendix B.

3.3.3 Test Procedure and Data Reduction

3.3.3.1 Static Tests

Following placement of a test specimen as described in Section 3.3.2,

the specimen continer was moved into place beneath the loading machine;

the seal ring was bolted to the support system; and the necessary gas and

electric livs were connected. All ports in the seal ring except Nos. 4 and

8 were blocked off. Gas was fed into the expansion chamber through port

No. 8 anc Bourdon-type pressure gages were attached to a Une running from

port No. 4. Axial pressure was applied to the top of a test specimen by

manually opening a valve and allowing gas to pass into the expansion chamber

with the main valves in the closed poeition so that pressurizing of the
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charging chamber as veil as the expansion chamber was not necessary. A

detailed description of the mechanics of the DLG is presented in Appendix B.

When a given pressure was attained, the deformation of the soil specimen

was measured by noting the change in the slide wire gage readine on a BLH

Portable Strain Indi4tor. Th final strain reading at a given pressure

level was rtcorded when the rate of deformation criterion for the particular

test was satisfied. After the final strain reading at a particular stress

level had been taken, the pressure was increased to the next stress level

of interest and the corresponding deformation noted as already described.

This procedure was continued to the highest stress level of interest. The

'irloading of a test specimen was accomplished in a similar manner. The

pressure acting on a test spec!men was dacreased by bleeding off the gas

until the pressure level of interest was reached. When the rate of re-

bound criterion for the particular test was satisfied, the final strain

reading was recorded and the unloading process continued.

The specimen pore pressure was noted during testing by a Bourdon-

type prassur-e gage which was connected to the porous stone instrumentation

plug described in Section 2.2.1.4. The pore pressure did not become large

enough to measure in the unsaturated tests unless the loading diaphragm

leaked, in which case the test was stopped and the diaphragm was replaced.

In some instances test specimens were saturated prior to loading.

The specimen was saturated following placement beneath the loading machine

by addition of water through the perforated instrumentation plugs described

in Section 2.2.1.4. Water was added until the specimen was saturated to

the level of the sand cushion which was approximately the same level as

the de-airing line. The do-airing line was cemposed of a 1/8-inch-diameter
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copper tube passing from the de- airing instrumentation plug, which is

described in Section 2.2.1.4, up through the test specimen to the level

of the deformation plate. The open end of the tube was covered with a lead

plate to prevent punching through the interface membrane as shown in Figure 3T.

A copper tube was connected to the bottom of the de -airing instrumentation

plug and extended outboard of the soil container to the approximate level

of the deformation plate in order that the hycrostatic pressure level at

the surface of the test specimen was approximately zero. Prior to taking

deformation readings on saturated test specimens, the de-airing line was

checked to ascertain that the now of water from the test specimen initiated

by the deformation of the specimen had stopped. In tests in which the

specimen was saturated after loading but prior to unloading, the procedure

was similar, the only difference being the maintaining of pressure on the

specimen during saturation.

The raw data from a static test consisted of pressure readings and

deformation readings. The pressure readings required no correction as the

Bourdon-type gage was jeriodically calibrated and adjusted as necessary.

The deformation readings were converted to actual deformations by multi-

plication by the gage calibration factor which was determined prior to and

subsequent to each test using the beam and micrometer as described in

Section 3.2.1. The deformations were then converted to strains by dividing

by the initial height of the specimen. The test results were then portrqed

by plots of axial pressure verus axial strain. The computations for a

static test and the axial pressure-axial strain plot are presented in

Figures 3.8 and 3.9.

.. ... .. .. .. ..

1,
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3.3.3.2 Dynamic Tests

The test procedure for a dynamic test with respect to placement

of the specimen under the loading machine was identical to that for static

tests except that the hookup of the electrical leads and gas leads was

modified such that the application of the gas pressure and the data recording

were electrical rather than manual. The deformation and pressure measuring

systems are described in Section 2.3. During dynamic testing, a minimum of

four ports were utilized in order to obtain a measure of the average

pressure over the top of the specimen, and to preclude the loss of data

for a test in case a pressure transduci malfunctioned. The ports usually

utilized wet- 1, 3, 6, and 12, thus providing measurements directly beneath

machines 3 and 5 and in-between machines 1 and 2, and 6 and 7. The axial

pressure on the test specimen was taken as the average of the pressures

measured at the four ports. The connections to ports 4 and 8 as described

for static testing were maintained. These static connections were utilized

for the application of static preload when simulating a field specimen at

some depth below ground surface. The static connections were also used

for the determination of the axial pressure on the test specimen alter

the electrical measuring system had been shut off some time after the axial

pressure had been decayed to a value less than one-half of the maximum

peak axial pressure. In the former case, the decay was accomplished an

in a static test, and in the latter case, usually only that deformation

corresponding to zero dynamic overpressure was noted.

During dynamic testing, monitoring of the specimen deformation

was completely automated. The unbalance in the Wheatstone bridge circuit,
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of which the slide wire gage was a component part, was first nulled by

the null slide wire described in Section 2.3.2.1.3. Then, during the test,

the unbalance in the bridge brought about by movement of the slide wire

pickup was input to a B and F transducer conditioning module, Model 1-211A8-1.

The conditioning module was used to apply a vell-regulated excitation

voltage to the bridge by means of an isolated power supply and to apply a

calibration step to the tape recorder immediately prior to a test. The

output from the transducer conditioning module was input to a Dana DC Data

Amplifier, Model 3500. The amplification factor was adjusted such that the

anticipated output from the slide wire gage would be sufficiently large to

drive the recorder yet not so large as to overdrive the system. The output

from the data amplifier was input to a Sangamo. Model 4712 tape recorder.

As was described in Section 2.3.2.1.2, the deformation measuring

system was designed such that if the slide wire gage did not prove satis-

factory, the deformations could be monitored by a LVYI. The LVDT was em-

ployed during proof-testing of the slide wire gage, but because of the

satisfactory performance of the slide wire gage, the LVDT was not employed

during the testing o' soil specimens.

The LVDT was connected electrically so that it opposed an identical

LVDT mounted external to the soil container. Thus, prior to dynamic testing,

the output of the inboard LVDT could be nulled to facilitate recording

of the output during a test. The LVDT's employe4 were Schaevitz Engineering,

Type 5008-L, with a 1-inch linear travel when excited by 6 volts (rms),

at a frequency of 3,000 cp; however, for this study, the LVDT was excited

by a 3-volt (rme), 20,000-cps source. The deviation from the design

( 1
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specifications, with respect to excitation, resulted in a reduction of the

linear travel to 0.4 inches. The excitation and signal amplification were

supplied by a Consolidated Electrodynamics Corporation (CEC) Carrier

Amplifier Type 1-127. The operation of the LVTY was identical for the

static and dynamic tests with the exception of read-out. During static

testing, the voltage differences brougit about by movement of the core were

measured on a Vidar 500 integrating digital voltmeter. During dynamic testing,

the voltage differences were recorded on tape.

The raw data from a dynamic test consisted of axial pressure-time

data and axial deformation-time data recorded on tape. The data was taken

from tape and electrically plotted to scale. The axial pressure-time plots

for the different pressure transducers were averaged and then axial pressure-

strain curves were constructed by noting the pressure and deformation of

the test specimen at common times. The deformation was converted to strain

by dividing by the initial specimen height or the height of the specimen

immediately prior to application of the dynamic pressure increment if a

static preload had been applied.

Raw data from a dynamic test is presented in Figures 3.10 through

3.13. The reduction of this data is presented in Figure 3.14, and the

resulting axial pressure-axial strain curve is presented in Figure 3.15.

3.3.4 Proof-Teit Results

3.3.-4.1 Comparison of Test Results with Those of Other
Experimenters

To provide a comparison of the test results obtainable with the

DLG with those of other experimenters employing other devices, static and
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dynamic tests were performed on 20-30 Ottawa sand. This sand was selected

as a test sample primarily because a number of experimenters have published

the results of one-dimensional compression tests on the sand. Ottawa sand

is a well-rounded, even-textured, quartz sand and is readily available

from a quarry of St. Peter sandstone near Ottawa, Illinois.

A satuary of the static and dynamic tests performed on Ottawa

sand in the DLG is presented in Table 3.1. The specimens for Tests S-1 and

S-2 were placed with the rainer as described in Section 3.3.2. The initial

relative densities of the test specimens were 67.0 and 80.6% for test

specimens 1 and 2, respectively. The computed relative densities are based

on an assumed specific gravity of solids Gl of 2.65, and maximum and5

minimum relative densities of 0.739 and 0.445, respectively, as reported by

Prendergast (1968). The relative densities were determined in accordance

with methods recommeded by Bauer A. Thornburn (1962). The resulting

stress-strain curves for Tests S-1 and 8-2 are presented in Figures 3.16

and 3.17, respectively.

As standards for comparison, test results utilizing four different

devices were selected. The first results considered were those published

by Whitman (1964).

The resulte presented by Whitman we derived from a variety of

souroes and the data suffers from sidevall friction, as pointed out by

Whitman, and probably seating error and compressibility of the loading

assembly. The initial deotty of the Ottts sand vu 103.5 pet. The test

results are presented in Figure 3.18.

United fesearch Services (Ur) developed two difterent G0vices

for the testing of materials in aoe-dlinmsional coprsole. The Mirst
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device to be considered employed a fluid boundary and is reported on by

Durlin (1964). The results of three tests on Ottawa sand by Durbin are

presented in Figure 3.19.

A second device which utilized a segmented ring specimen container

employed by UR is reported on by Zaccor, et al. (1965). The results of

two tests on Ottawa sand by Zaccor, et al., are presented in Figure 3.20.

This device suffered rigid cap loading; however, the gage length of 14.3

inches was sufficiently large that with reasonable care in specimen

preparation, any error was insignificant.

The last device used for comparison of test results is that de-

veloped by Hendron (1963). Tests on Ottawa 3aand were performed by

Prendergast and Emerson and reported in part by Prendergast (1968). The

results of these tests are presented in Figure 3.21. This device suffers

from solid cap loading and sidevall friction; however, it is the one

device which employs -!ontrolled lateral strain and for the purpose of this

investigation no lateral strain was alloyed to occur.

The stress-strain characteristics as determined by all devices

cited above are presented in Figure 3.22. The results obtained using

Durbin's f.uid boundary device are obviously in error, probably primarily

because the criterion of zero radial strain was violated. Whitman's results

are seen to approximate those obtained by taking the stiffest results ob-

tained using Hendron's device, thus implying that the criterioa of zero

radial strain is approximated These test results obtained using Zaccor's

seented ring device are in excellent agreemnt with those obtained

utilizing the MA as illustrated in Figure 3.23. In Fig. 3.23. the origin

for the stress-straln curve obtained using the M-0 was shifted to that
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strain corresponding to an axial pressure of 5 psi as Zaccor, et al. (1965),

reported utilizing a seat load of from 5 to 10 si to stabilize the soil

colum with the rings in place prior to the removal of the ring holder.

Thus comparison of the one-dimensional behavior of Ottwsa sand

as meastwrd by the various devices indicates good agreement between Zaccor,

Nendron, and the DLG with the beet agreement between Zaccor and the WA.

The conclusion that the test results obtained with the DLG are valid can

also be reached by examination of the most probable sources for error.

The axial pressre vas applied to the top of the test spectm- by a gas

acting on a flexible neoprene diaphrags and was, therefore, uniform

over the top swface of the test specimen. Deformtions were monitored

by mans of a deformation plate riding on the top surface of the test

specimen, see Section 2.3.2.2. The top surface of the specimen was care-

fully smoothed prior to placement of the deformtion plate, end the

deformtion plate vas extremely flexible relative to the test specimen so

that meating error with respe t to the deformation plate va not of

conseqasnoe. P ltMr, the large gap length (12 Inchee) misixised such

erros. Radial deftrmation of the test speciaen becase of deformation

of the seil contlner in the radtal direction vat negligible becaes of

the lme specimen dimeter wa the very stiff container. Sidewall

friction Was not a siwiftiaut Poble Vith the O as discussed in Sea-

tion 2.2. Fiaelu, stittroe of the device M of no Somer beae

the deftrstion wsr-ing inetrinntatci is in ndnt of the specimen

entaLner md loadlng deice.

Test - oan Ottwa suad consisted of sIX cyces. S~eequent to

the last cycle, c-6, the X ves rigged ft sie testag sod Teat D-1

I
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was conducted. The purpose of Test D-1 was to demonstrate the ability

of the DLG to measure small total deformations and to provide dynamic

test data for a material of known stress-strain behavior in order to alloy

a comparison of results of dynamic behavior as measured by the DLG with

the knovn behavior.

Test D-1 consisted of two cycles. Cycle C-1 consisted of a dynamic

pressure increment of approximately 50 psi and an initial static preload

of 50 psi. Cycle C-2 consisted of a dynamic pressure increment of approxi-

mately 200 psi and an initial static preload of 50 psi. The pressure-

time plots for Test D-l, C-l, and D-l, C-2, are presented in Figures 3.24

and 3.25, and the stress-strain curves for these two tests are presented

in Figures 3.26 and 3.27. These stress-strain curves are presented together

with the results from Test S-2, C-6, in Figure 3.28. The origins for the

two dynamic tests correspond to a pressure of 50 psi, which was the pro-

load, and an initial axial strain which vas estimated from the cyclic

data presented in Figure 3.17. The specimen utilised in Test D-1, C-l,

ad D-l, C-2, vas the same specimen used in Test S-2; i.e., following the

completion of cycle six of Test S-2, the DLG va hooked up for dynesic

testing and Test D-1 vas run.

The agreement see" between the dynamic tests and the static test

Is good, and since tbere should not be any variation between the static

and dynic behavior of Ottwa sand, it s be concluded that the dynamic

results obtained with the DTE are or the seam order ef accu cy an the

static results.
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3.3.4.2 Investigation to Define Incidental Problem

In order to define any incidental problem which might occur with

the DLO and related equipment during the testing of typical materials,

static and dynamic tests were performed on OttM sand and crushed limestone

which represented the stiffest and the softest materials that were likely

to be encountered in our testing program. Tests 8-2, C-6, (Figure 3.17)

D-1, C-1, (Figure 3.26) and D-l, C-2 (Figure 3.n) demonstrate the static

and dynamic behavior of Ottawa sand. Tests 8-3 (Figure 3.29) and D-3

(Figure 3.30) demonstrate the static and dynamic behavior of crushed lime-

stone.

The results of the static tests on the soft specimens indicated

the existence of one major problem in that the softer specimens deformed

axially to such an extent that the loadng diaphram, vhich rested on

the top surfac of the test specimen, van ruptured. The rupturing of

the loading diaphram also occurred in the dynamic tests on the softer

specimens. The results of the dynsmic tests on the soft and stiff materiels

emontrated the ex5 'ence of nonuni ormity of stress condition& due to

wave propagation effects throu*out the test speeimsen during early time.

in th tests.

The ruptring of the dis hram when testing softer specimens wim

4stermined to have basically two origin. Th first resulted from the

largp paftiale mile of the soft spetifsts rather than the stifness of

the specimsm. The large v"Is between the idividual particles aliwed

the Interface mebrso to be extruded into the voi1a sad in some ietee

to be tors. After the smbrane ws, torn, the cuhion sand trickled down

into the test op~inm atil the loading diA st ws itelsf extr d

F
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into the test specimen and ruptured. The second resulted from the dis-

continuity at the loading diaphragm-sand cushion-soil container interface.

This interface is illustrated in Figure 3.31. One probleL at this inter-

face vas the existence of sand grains between the one-half-inch round and

the loading diaphragm. These sand grains would not perforate the diaphragm

but would give rise to stress concentrations and cause excessive wear of

the membrane. The second problem at this interface resulted from the

limited area over vhich the loading diaphragm could distribute the deforma-

tion required to alloy it to follow the top surface of the test specimen.

As the test specimen deformed axially, the deformation of the loading dia-

phragm was restricted primarily to that small area where the diaphragm was

in direct contact with the steel container because the diaphragm voild not

slip on the surface of the sand cushion when under pressure. As a con-

sequence of the small area over vhich to distribute the deformation of

the loading diaphragm, the diaphrgm was often ripped in spite of its

allovable elongation of more than 500%.

The problema arising because of the discontiztuity at the loading

diaphregm-eand cuhion-eoil container interfe-e could have been sily

solved by the use of a collar underneath the loading diahra", as shown

in Figure 3.2, the coller ,ein g made from very strong, flezible, tough,

and Impermeable material. The collar vould require strength so that it

could slide over the sand cushion rather than tear, flexibility so that

the preesure distribution over the teat .pection would be uniform, toughness

so that it could rithatand punching by sand grains, and impermeattlity so

that the ga Pressure Vould not leak into %he specimen contaiie'. Such

a material yu the object of an unuccessful search. As a temporary
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measure, which proved sufficient for the materials tested in this study,

the area over which the loading diaphragm could distribute the deforms-

Aon was increased by removal of the cushion sand immediately adjacent to

the container vall down to the top of the container liner which vat cut

to a height of 13.125 inches, thus allowing 0.875 inches for the diaphragm

to distribute the deformation it experienced during axial deformation of

the test specimen. The exposed portion of the container was wiped clean

of any sand grains and coated with Lubriplate grease. In addition, two

loading diaphragms were used with the interface between the diaphragms

greased. Thus, even if the lover diaphragm ruptured, the upper diaphragm

functioned long enough to allow the test to be completed. Some sand-grain

damag- still was evident after each test; therefore, to preclude the loss

of test data, a given loading diaphragm was used only once as an upper

diaphragm, and once as a lower diaphragm, and then used :or other purposes

such as a sand cushion-specimen interface membrane. This system is

illustrated in Figure 3.33.

The difficulties experienced with the loss of cushion sand

resulting from damage to the cushion sand-specimen interface membrane were

overcome by the use of two or more interface membranes and replacement of

the bottom-most membrane when the wear became excessive.

The nonuniformity of btress conditions throughout-the test specimens

during early times in a tect resulted from using a fast rise time. A typ1cal

axial pressure-rise time curve is presented in Figure 3.25. The rise time

employed for this test was 24 mset. This rise time was approximately in

accordance with recommendation of Whitman (1963) that the rise time t

be greater than 25 times the height of the test' specimen divided by the

rj



79

wave-propagation welocity through the specimen as demonstrated in Figure 3.34.

Mploying a rise time of this general magnitude allowed a sufficient number

of passages of the stress wave through the specimen to result in a relatively

uniform state of stress throughout the test specimen. The selection of

a fast pressure-rise time was necessary to determine the dynamic stress-strain

characteristics of the test specimens; however, as a consequence of the

fast pressure-rise time, the stress-strain curves resulting from the dynamic

tests are not valid at early times during the tests because the stress levels

throughout the specimens were not uniform. This phenomeno was borne out

by the simplified computation of the transient stress levels at the top and

bottom of the test specimen as presented in Figure 3.35.

The computation of the stress levels presented in Figure 3.35 was

facilitated by three simplifying assumptions as follows: 1) the test

specimen was assumed to be perfectly elastic; 2) the ratios of ieflected

stresses to incident stresses at the top and bottom of the specimen were

assumed to be -1 and 1, respectively; and 3) the entire 14 inches from the

loading diaphragm to the top of the concrete pedestal was assumed to compose

the soil specimen, i. e., the sand cushion, interface membrane, and the

deformation plate were all assumed to be part of the soil specimen.

While the seil specimen was not elastic, as the first assumption

states, the results of the computation were sufficiently accurate to rake

an estimate of the nunber of transit times which were required for a rela-.

tively uniform state of stres throughout the soil specimen. The ratios

of the reflected stress to the incident stress for both the top and bottom

of the test specimen were computed and showed a very close agreement with

the assumed values. Finally, the third assumption was reasonable since



the modulus for the 0ttawa sand cushion was approximately 10 kai and the

difference between the acoutic impedances of Ottawa sand and the test

specimen was generally less than 25%.

The results of the overstress estimation indicated that the greatest

overstress relative to the pressure existing in the expansion chamber

oec_-urred at an elapsed time from the start of the test of 5.8 msec. and in

magnitude was 18% of average measured expansion chamber pressure. This

corresponded reasonably well with the time of occurrence of the apparent

excessive deformation in Test D-3.

The stress-strain characteristics of crushed limestone as determined

by Tests S-3 and D-3 are presented in Figure 3.36. The elapsed time from

the beginning of the dynamic test is also noted on Figure 3.36. This test

data iudicates that the overstress was on the order of 50% and occurred

between 3 and 6 msec after the beginning of the test and indicates that

at times earlier than about 9 asec, the pressure measurements do not cor-

respond to average stress conditions in the test specimen.

Therefore, if a rise time of approximately 25 msec is employed with

a specimen thickness of 14 inches in the DLG, only that data corresponding

to times later than approximately 10 msec should be used. If information

regarding lower stress levels is required, lower peak overpressures must

be employed. Thus, the behavior over the entire stress range from a pressure

slightly greater than zero to 600 psi could be obtained from a test series

as presented in Table 3.2.

In order to check the assumptions made concerning the maximum

accelerations to which the deformation plate and pedestal were subjected,

-- i
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accelerometers were mounted on the aluminum stiffener of the deformation

plate and on the bottom of one of the instrumentation plugs. The accelerometer

r:)unted on the deformation plate was monitored for two dynamic tests and

che two sets of c6ata were, for all practical purposes, identical. The

maximum accelerations to which the deformation plate was subjected occurred

during the first 5 msec of the test and in magnitude amounted to 100 g's.

After the first 5 meec had elapsed, the maximum accelerations were of the

order of 25 g's. A typical accelerometer record is presented in Figure 3.37.

The accelerometer was pressure sensitive; therefore, the base line varies

with the pressure and in order to establish a base line, it was necessary

to assume that equal accelerations occur in both directions.

The accelerometer mounted on one of the instrumentation plugs was

monitored during one dynamic test. The measured accelerations amounted

to less than the background noise of the instrumentation. Therefore, it

was concluded that with rise times of the order of 25 to 30 msec's, the

inertial effects on the pedestal could be neglected.

As a means to verify that the actuating rod was portraying the

movement of the top surface of the soil specimen during rapid testing, a

Type A-19, SR-l, wire strain gage was mounted on the deformation rod just

above the slide wire pickup and approximately 15 inches below the connection

to the deformation plate. This strain gage was electronically conditioned and

the output recorded for three rapid tests. Analys. acquired data

indicated that for a druamic test with the vatertight seal in place

around the actuating rod, the breakout friction acting on the actuating

rod resulted in an axial shortening of less than 0.002 inches. After approxi-
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mately 10 usee from the beginning of a test, the axial shortening of

the rod did not exceed 0.001 inches. In addition, the deformations of

the rod after 10 mec were oscillatory as Indicated by the slide vire gage

traces and could be averaged out in the Interpretation of the data. Strain

gaps records for one test are presented in Figure 3.38. fte breakout force

for static tests with the watertight seal for the actuating rod in place

was measured to be less than 0.1 lb, Section 3.2.1; this force resulted

in an axial shortening of the actuating rod of less than 0.0001 inches.,

The axial shortening of the actuating rod without the watertight seal in

place was negligible.

3.3.14.3 Investigation into the Effect of Beating Error

When testing granular materials with relatively large particle

sizes such as the crushed limestone tested in Test S-3, point crushing

against the top plate of the pedestal and against the deformation plate

represented a possible source of error. Also, with fine-grained soils,

seating error vas a potential source of inaccuracy because of the 5iffi-

culty in establishing intimate contact between the deformation plate and

the top of the specimen. To investigate seating error, a test series in-

eluding two dynamic and two static tests was performed on crushed line-

intone. Tests 8-3 and D-3 were conducted with no attempts made to eliminate

seating error other than leveling the top of the soil specimen carefully

before placement of the deformation plate, and Tests 8-4 and D-4 vere

conducted employing High Expansion Rydrocal, manufactured by the United

States ypem Co., on both the top plate of the pedestal nd the bottom

side of the deformation plate in an attempt to establish intimate contact

----- F
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while eliminating crushing of particles against bare metal surfaces.

Prior to the placement of the first lift of the test specimen in

the soil container, the top plate of the pedestal vas covered with a thin

coat of motor oil and then a laer of Hydrocal, which varied in thickness

between 1/16 and 1/8 inch. Before the Hydrocal hardened, the first lift

of the specimen was placed in the container and compated. After the

Hydrocal set up, the remainder of the specimen was placed. Following

measurement of the height of the specimen, a layer of Hydrocal, which

varied in thickness from 1/16 to 1/8 inch, was applied to the bbttoa

side of the deformation plate, and the deformation plate placed on the

top of the soil specimen. Immediatefly following placement of the defor-

mnation plate on the test specimen, a weight of approxiaately 180 lb

was placed n the deformation plate. This preloading of the test specimen

amounted to only approximately 0.1 psi and was inconsequential with

respect to the stress-strain characteristics of the material but vas

sufficient to cause the granular material to completely seat against

the deformation plate vhile being seated in a matrix of Hydrocal as shown

in Figure 3.39.

The stress-strain curves for Tests 8-3 and 8-4 and Tests D-3 and D-4

are presented in Figures 3.29 and 3.30, respectively. The effect of the

Eydrocal in reducing Peating error i obvious. Upon removal of the

specimens from the container subsequent to testing, the lhdrocal was ex-

saned. The areas of contact between the ganular particles and the

Hdreol were v*.1 preserved and Ismhtted that the thin layers of

4a veto ,Uaftetet to elmlate ermubd, ot poit ontacts by the

Pl' j J I l '1 i"j" ' i i~l' l I ]T[ il'illfl*ll~l 1



deformation plate and the top plate of the pedestal. Some deformation

of the Hydrocal occurred and introduced an error; however, this deformation

was slight since the maximum thickness of Hydrocal vas between 1/16 and 1/8

inch. The one-dimensional stress-stra4 characteristics of Hydrocal are

presented in Figure 3.40. Also, the granular material was in direct con-

tact with the top plate of the pedestal and the bottom side of the deforma-

tion plate; the Hydrocal merely served to eliminate high point-contact

stresses.

3.3.4.4 Analysis of Pressure Distribution over Top of

Specimen

The overpressure was applied to the top of a dynamie test specimen

by sean of gas hich was stored in the charging chamber of the DIG. Upon

firing of the DIG, the main valves of the load cells opened and the gas

flowed through two sets of grids and onto the surface of the loading diaphragm,

as described in Appendix B.

Because the operation of the load cells was an electronically

initiated mechanical operation, there was variation in the time required

for the operation. A time delay of approximately 32 moo occurred between

the time vhen the load solenoid was actuated and when the main valve opened, as

indicated by a magnetie pickup. The time requiied for each load-ell opera-

tion had a vwance from its werage time of operation ot *0.1, see.

As a coosequeuce of the individual load-cell time variance, the time for all

load cells to operate vhea set for conident tiring vwed and could exceed

1.50 ee. Prendrgast (1968) reported a maxime time delay between the

initial and final load-cell operation of 0.3 and 1.89 nae with an average

time 1, 1.12 ma for his test series utilising the MG.
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In order to investigate the effect of the noncoincident operation

of the load cells on the surface pressure profile, FP endergast installed

soil stress gages at the surface of a test specimen. The soil stress gages

were used primarily to measure the time delq between the initial arrival

of pressure below a load cell and the subsequent !-r 4 vals of peak pressure

below the other load calls, and the initial arrival of peak pressure below

a load cell and the subsequent arrivals of peak pressure below the other

load cells. Ixmination of this data indicates that the time delays between

initial snd subsequent arrival times of initial and peak surface pressures

can be correlated with the tim delays between the load-cell firings. The

time delas between initial and subsequent pressure arrivals are related

to the time &lays between the load-cell firings in a complex manner be-

cause of the pressure gradlients and consequent gas flow patterna over the

surface of the speimen.

An estiuation of the pressure variation over the surface of the

test specimen with tim during the test was made by Prendergast by super-

imposing the surface pressure profiles obtained from the soil stress gages

whieh vare located an the surface of the test specimen. The surface pres-

sure profiles for two stress gages with relatively large tim deloys betven

load-*efl firings are presented in Figure 3.41. The maxiim Pressure

veratiom are les than 50 psi which to les then 20$ of the peak sur1ace

pressures. FurTer, these PresWe variations should dimdnish for toste

with slower rise time suCh as are wpkoWed in the testing progm :.ovored

by this report rather thin the low rise time (t U 3 mee) emlcW by

Prendergast. Vith respect to the objecttves of the imvetiption of th2
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characteristics of granular material In one-dimensional conpression as

covered by this study, the pressure distribution over the surface of the

test specimen mq be considered uniform since only the letter half, vith

respect to time, 3f the stress-strain data Is of Interest, as was discussed

In Setion 3.3.)4.2.

As was described In Section 2.3.1, the exial pressure on a dymicl

test specimen vas measured by four Kistler quartz pressure transducers,

models 601A mmd 60UA, mounted In the seml ring. The uniformity of pressure

along the seal ring vms analyzed by superimposing the "resure-time traces

frcs Tet D-1, c-2, a presented in Figure 4.2 Mhe individual pressure-

time traces ftor Teat D-l, C-2, ore presented In Figures 3.43 throuaft 3.6

fte Interpreted trames awe superimosed I mid preseted In Mogre 3.b7.T By

exaiation of that Portion of Figure 3.AT which is or interestI i .e.,

iggi mllmtely the latter half of the pmesure-tim. plot, It con be seen

that the maximm variation between wW two pessure trame Is appoimately

10 psi and that the maxima wartation fram the aemp pressure Is *5 pot,

the variation being relatve3y constant tr thes portiom of the test of
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FIGURE 3.1 MBOTO OF STATIC PROOF-TEST STAND FOR SLIDE
WI RE GAGZ

_dit
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3

10 .20
TIME (msec)

FIGURE 3.4 DISPLACEMENT-TIME CURVE FOR A DYNAMIC PROOF.-TEST
OF SLIDE WIRE GAGE
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TOP VIEW

Flexible Hose
bBucket

3/8-16 NC Steel Rod

40 1/8-inch Diameter
Brass Rods

I 3/8-16 NC Steel Nuts

-Steel Washer

Wire Screen
8 Openinqs Per Inch

____________________SCALE

7rinihes

SECTION A-A

FIGURE 3.5 DETAILED DRAWING OF RAINER
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FIGURE 3.6 PHOTO OF SOIL TAMPER WITH
FOOT IN PLACE
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Axial Check Slide Wire #1 Slide Wire #1 Deformation Strain
Pressure Gage Reading Increment

0 31787 30198 0 0 0
1 30106 92 .02556 .213
2 30045 153 .04250 .354
3 31787 30000 198 .05500 •458
1, 29945 253 .07028 •566
5 31787 29915 283 .07861 •655

10 29785 413 .11472 .956
20 31787 29640 558 .15450 1.2017

35 29495 703 .19528 1.627
50 29393 805 .22361 1.863
75 29263 935 .25972 2.164

100 31787 29075 1123 .31194 2.599
150 28716 1482 .41167 3.431
200 28275 1923 .53417 4.451
300 31787 27560 2638 .73278 6.106
4o0 26803 3395 .94306 7.859
500 26175 4023 1.11750 9.312
600 31787 25535 4663 1.29528 10.794
500 25399 4799 1.33306 11.109
400 25409 4789 1. 33028 i1.o86
300 31787 25420 4778 1. 32722 1.060
200 25437 4761 1.32250 11.021
100 25474 4724 1.31222 10.935
75 31787 25500 4698 1.30500 10.875
50 25570 4628 1. 28556 10.713
25 25785 4413 1.22583 10.215
10 25848 4350 1.2o883 1o. 069
0 31787 26190 4068 1.13000 9.417

FIGURE 3.8 TYPICAL STATIC TEST COMPUTATIONS
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Time Deformation Strain Pressure
SW I SW II 1.2 1982 16059 16379 avg.

0 0 0 0 0 0 0 0
2 .17 2.109 50 70 55 58.3
4 .225 2.791 125 i4O 110 125
6 .255 3.163 , 190 205 170 188.3
o H .280 3.473 240 260 230 243.3

10 .310 3.-45 , 295 305 280 293.3
12 -.340 4.217 1 245 350 335 3. 3 -3
1, -.370 4.589 e 35 375 285
1C o.g .100 4.962 o , 425 42o 425184.
1O k .440 5.458 465 455 46-1.7
20 4- .47o 5.830 495 .4 49o 493 3
22 o .505 6.264 520 5 515 520
24' .530 6.574 0 540 540 541.7
26 o .555 6.884 560 560 560
28 .570 7.070 575 575 576.7
30 ..590 7.318 ; 590 590 590 590
32 0.0 .605 7.504 600 600 600 600

34 .615 7.628; A 600 600 600 600
36 .625 7.-;2 W 6oc. 600 600 600

final .705 .+5 x 6oo 600 6oo 600

FIGURE 3.14 REDUCTION OF DATA FOR TEST D-5

- (-
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01 600 -

14
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FIGURE 3.16 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA BAND
IN ONE-DIMENSIONAL COMPRESSION, TEST S-1
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900
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700TEST S-2

Initial Dry Density
-~ 110.3 pcf

C Cyclel2 0

UM500 Cycle 3 a

Cycle 4 A

%_yvcle 5 *
~400 Cycle 6

300

200

100

AXIAL STRAIN M%

FIGURE 3.17 STRESS-STRAIN RELATI0NLFHIP FOR 20-30 OTTAWA SAND

IN ONE-DIMENSIONAL O'OMPRES10N, TESTr S-2
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AXIAL STRAIN (t)

FIGURE 3,18 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA
SAND IN ONE-DIME~NSIONAL COMPRESSION AS
DETERMINED BY WHITAMAN
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AXIAL STRAIN()

FIGURN 3.19 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA
SAND IN ONE-DIMENSIONAL COMPRESSIOF AS
DETERMINED BY DURBIN
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AXIAL STRAIN (1,)

FIGURE 3.20 STRESS-STRAIN REIATIONSHIP FOR 20-30 OTTAWA
SAND IN ONB-DIMZNSIONAL COMPRESSION AS
DETERMINED BY ZACCOS
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FIGURE 3.21 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA
SAND IN ONE-DIMENSIONAL COMPRESSION AS
DEERMINED BY PRENIDERGAST AND EMERSON USING
HENDRON'S DEVICE
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FIGURE 3.*23 COMPARISON OF STRESS-STRAIN RELATIONSHIPS FOR
20-30 OTTAWA SAND IN ONE-DIMENSIONAL COMPRESSION
AS DETERMINED BY ZACCOR AND EMERSON
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FIGURE 3.28 COMPARISON OF DYNAMIC AND STATIC
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FIGURE 3.29 COMPARISON OF STATIC STRESS-STRAIN CURVES
FOR CRUSHED LIMESTONE DEMONSTRATING EFFECT
OF SKATING ERROR
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Basic relations

t> 25 L/c and c = 1Mc/p

where

t = pressure rise time

L = test specimen height

M = constrained modulus of test specimen

p = mass density of test specimen

c ; propagation velocity of stress wave

then

=c I0,0f0 lb/in. 8000 in./sec
Vc/ 105 lb/ft - 32.2 ft/sec2

t > 25 L/c = 25 X 14 in.- -8000 in./sec

- 44 msec

FIGURE 3.3h COMPUTATION CF WHITMAN'S RECOMMENDED RISE TIME

I
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300-
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.2 00 -- -
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FIGURE 3.35 COKPUTID STRrBI8 VARIATION THROUGH SOIL SPECIMEN
WITH TIME
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* I

FIGURE 3.39 PHOTO OF LARGE GRANULAR
PARTICLES SEATED IN HYDROCAL
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CKAPTER 4

VARIATION OF PAATER STUDY

4.1 INTRODUCTION AND SUMMARY

Subsequent to the completion of the dynamic testing program on

the samples from the missile sites as reported in Appendix A, a variation

of parameter study wac conducted utilizing large granular materials

which were readily available locall The study was designed to demon-

strate the effects of parameters such as particle ehape and gradation

on the behavior of granular materials in one-dimensional compression.

The effects of saturation and rate of loading were also investigated.

4.2 TESTING PPOGRAM

The variation of parameter testing program was comprised of

static and. dynamic tests on three types of granular materials: Ottawa

sLnd, crushed liestone, and river gravel. The Ottawa sand was employed

primarily to serve as a standard of reference for the tests conducted

on the river gravel and the crushed limestone. A crushed 24mestone and two

river gravels vere employed as the basic materials for the test program

because of the contrast In the particle shapes; the crushed limestone was

highly angular while the river gravels were subrounded to rounded.

These materials were readily available locally and have been

used extensively throughout the midwest in construction applications.

The testing program consisted of 21 tests, 16 static,and 5

dynamic. The program was designed to demonstrate the effect on the one-

(1



137

dimensional compression behavior of granular materials of the following:

1) the elimination of point crushing at the top and bottom of a test

specimen caused by the specimen being in direct contact with a flat rigid

surtace; 2) the variation of particle shape from angular to rounded;

3) the variation in the mineralogical composition of the specimen and,

consequently, variation in the intact compressive strength of the individ-

ual particles; 4) the variation of the particle size of the specimens;

5) the variation of the gradation of the specimens; 6) the addition of

moisture before loading and after loading; and 7) the rate of loading of

the specimens.

4.2.1 Description of Samples

4.2.1.1 Ottawa Sand

The sample of sand evr.oyed was 20-30 Ottawa sand which was mined

from a quarry of St. Peter sandstone located near Ottawa, Tllinois. The

specific gravity of the sand was 2.65 and the maximum and minimum dry

densities were 114.5 and 95.2 pef as reported by Prendergast (1968). The

individual grains of the Ottawa sand were highly spherical. The results

of a mechanical grain-siz a.alysts on the sample are presented in

Figure 4.1.

4.2.1.2 Crushed Limestone

The sample of crushed limestone employed was purchased from Alpha

Material and Fuel Company, Champaign, Illinois. The limestone had been

mined and processed at the Fairmount quarry of Material Service Company,

Fairmount, Illinois. The crushed limestone was a dolomitic limestone

from the Bond formation. The sample as purchased va3 rather well graded

as demonstrated by the results of a mechanical grain-size analysis presented
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in ligure 4,2 and is referred to as vel graded in this study. The particle

shape was angular as shown by the photograph of the individual particles

presented in Figure 4.3. The average unconfined compressive strength of

an intact specimen of the rock vas 7900 psi. The hardness as measured by

a Schmidt hamer was 45.

The unconfined compressive strength of an intact specimen of

the rock was determined by running strength tests on cores taken from

block samples. Several intact samples of the limestae were obtained

from the Fairmount quarry and from these, 2-inch diameter cores were drilled

using a diamond bit. A test specimen 4 inches high was then cut from the

core and the ends lapped to a smooth finish. The specimens were then

tested in unconfined compression. Prior to the testing of the

specimens in unconfined compression, the rebound hardness of the specimen

was measured using a Schmidt hamer. The hardness value was determined

by taking the average of the higher half of the readings obtained on a

given specimen with 12 readings. taken per specimen.

4.2.1.3 River Gravels

Two different types of rivargravel were employed in the testing

program, a well-graded gravel from North Dakota and a well-graded gravel

from the Wabash River in Indiana.

The sample of Wabash River gravel was purchased from the Covington

Quarry of Interstate Sand i Grael, Covington, Indiana. The gravel was

subrounded to rounded and vas composed of a randa mixture of igneous

and sedimentary rocks. A photograph -f the individual particles is

presented in Figure 4.4. The sample was rather well graded as shown by

the mechanical grain-isie analysis presented in Figure 4.5 and is eferred
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to as w graded in this stud. The saple of river gravel from North

Dakota a obtained from a construction site In southeat North Dakota.

The gravel was subrounded to rounded and was composed primarily of

igneous rocks. A photograph showing the individual particles is presented

in Figure 4.6. The material was also fairly well graded as shown by the

results of the mechanical analysis presented in Figure 4.7.

4.2.2 Testing Program

The testing program a completed is presented in Tables 4.1 and

4.2. Specimen placement was not varied from the procedure described in

Section 3.3.2 with the exception that Hydrocal was employed on the top

plate of the pedestal and the bottom of thb deformation plate to eliminate

seating error fo- all tests in this program except D-1, D-2, and D-3.

During specimen placement, ne materials were placed in uncompactkd

lifts which varied from 3-1/2 to 4-1/2 inches in thickness. The compaction

effort viA varied by the force applied to the tamper by the operator.

Light compaction was achieved by the operator applying no downward force

to the tamper. Heavy compactive effort was achieved by the operator

applying as much force as possible to the tamper, approximately 60 lb,

and medium compaction was achieved by application of a medium force to

the tamper, approximately 25 lbs.

The Investigation into the effects of seating error was accomplished

by four tests: two static tests, 8-3 and S-4, and two dynamic tests,

D-3 and D-4. Tests 8-3 and S-4 were conducted on crushed limestone with

no measures taken to reduce seating error for Test 8-3 and Vydrocal used

to reduce seating error for Test S-4. Tests D-3 and D-4 were also conducted

on crushed limestone with no measures taken to reduce seating error for

Test D-3 nd Hdrocal used for Teat D-4.
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The effect of variation of particle shape was investigated by

two tests: 8-13 and 8-16. Test 8-13 was conducted on a vel-graded sample

of Wabash River gravel, the particle shape being subrounded to rounded.

Test S-16 was conducted on a veil-graded sample of crushed limestone which

had an angular particle shape. The difference in particle composition is

a factor which affects the test results and tends to mask the effects of

particle-shape variation; however, this shortcoming could not be avoided.

The effect of variation of particle composition was investigated

by three tests: Tests 8-2, 8-5, and 8-13. Test 8-2 was conducted on a

specimen of 20-30 Ottawa sand; Test 8-5 was conducted on a veil-graded

specimen of river gravel from North Dakota; and Test 8-13 vas conducted

on a well-graded specimen of Wabash River gravel. The test specimens for

Tests S-5 and 8-13 were similar in grain size and shape while the test

specimen for Test S-2 vas composed of much smaller grains and the specimen

vas uniformly graded. The test reslte from Test 8-2 were utilized primarily to

demonstrate the behavior of a particulate specimen when particle crushing

was for all practical purposes eliminated.

The effect of vYriation in particle size was investigated by a

series of four tests on Wabash River gravel: Tests 8-6, 8-8, 8-12, and

8-15. The samples for the four tests were taken from a vell-graded sample

of Wabash River gravel and broken on screens such that the D0 sizes for

the four samples were 0.19, 0.29, 0.59, and 0.95 inches for Tests 8-8,

8-12, 8-6, and 8-15,respectively. The uniformity coefficients for the

four samples were 1.47, 1.48, 1.41,and 1.28,respectively.
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The effect of variation in gradation of different samples was

investigated by a series of four tests on Wabash River gravel: Tests S-6,

S-8, S-12 and S-13. Tests S-6, S-8, and S-12 were conducted as a part

of the investigation into the effect of variation of particle size and

S-13 was a vell-graded smple of gravel made up by mixing definite pro-

portions of material from the samples broken for the test specimens for

Tests S-6, 8-8,ard S-12.

The effect of saturation on the behavior of granular materials

was investigated by the results of Tests 8-8, S-9, S-10, S-13, S-14,

S-15, s-16, S-17, S-18, and S-19. These tests were primarily conducted

to investigate the effects of variation of other parameters; however,

the time of saturation and, in two instances, the placement water content

were varied to provide additional data for this study.

The last parameter to be investigated was the effect of the rate

of loading. Changes in the rate of loading are a variation in the teat

conditions rather than some property of the sample tested; however,

the properties of the given specimen such as density, intact oompresaive

strength, particle shape and permeability are probably responsible for the

eiTects resulting from variation in the rate of loading. The materials

employed in this investigation were Ottawa sand and crushed limestone.

The rate of loading was varied from static to dynamic with pressure rise

times as fast as 600 psi in 25 =ase.

I.3 TMBT PUL1T

4.3.1 Iffet of Seating Error

The invetigation into the effect of seating error caused Jy

point crushing on the top surface of the specimn at the deformation plate-
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specimen interface and at the pedestal-specimen interface has been reported

in Section 3.3.4.3.

4.3.2 Effect of Variation of Particle Shape and Particle
Composition

Particle shape is one of the more important factors in the be-

havior of particulate materlals in one-dimensional compression. At a given

stress level, the more angular material wil suffer greater deformation

than the more rounded material, other parameters being equivalent, be-

cause of greater stress concentration and lover strength at points of

contact.

The effect of variation of particle shape vas investigated by

two static tests: Tests 8-13 and 8-16. Test 13 van conducted on a well-

graded sample of Wabash River gravel vith a D10 size of 0.22 inches, a

D60 size of 0.47 inchesand an initial dry density of 117.7 per. The

specimen was placed and loaded in an air-dry condition. Test B-16

was conducted on a vel-graade sample of crushed limestone ith a D10

size of 0.20 inches, a Di0 etse of 0.50 inches, and an initial dry density

of 102.4 pcf. The specimen vas placed and loaded in an air-dry condition.

M4edium canpetive effort vas ployed for the placement of both specimn*.

The descriptions of the samples ad mechanical praln-sise analyses are

proented in Figure 4-8.

The effect of the variation of the pa~rle shape is shown by

the stress-etrain curves for the two tests as presented in Figurt 1-9.

The specim of crushed limastone varied nearly liLaarly from being 1.5 tim

more compresible than the Wabash River gravel at an axial pmeere of

50 psi to 2.7 times more compressible at an axial presswre of
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300 psi. Above 300 psi to the maximum axial stress of the test, 500 psi,

the cox ressibility factor remained constant at approximately 2.7. The

differer~e in the behavior is believed to have resulted primarily from

the difference in the particle shapes and the resultant high stress con-

centrations resulting between the particles of crushed limestone because

of the high angularity. However, the difference in the strengths of intact

specimens of the rock composing the tvo materials must also be considered.

If the angular particlcs were composed of the materials making up the

Wabash River gravel rather than the softer limestone, the stress-strain

behavior would undoubtedly be stiffer than that measured in Test S-16.

In an effort to establish relative values for the strengths of

intact specimens of the two samples, an intact specimen of the limestone

vas tested in unconfined compression and the average intact strength

of the Wabash River gravel was estimated from data published by Mller (1965).

The unconfined compressive strength of the crushed limestone was measured

to ;e T900 psi and the SehtAdt rebound hardness van measured to be 45.

The Wabash River gravel was primarily composed of a mixture of igneous

and sedimentary rocks; therefore, no Single intact strength could be

assiied to the material compr sing the *&Mple. Sinc, the river gravel

suffered colderable abrasion in being transported and consequtently

rounded, all particles wre assumd to be falrly sound. Thus, the lowest

Intact strength probably correeponds to that of sound sandstone. 10,000 psi,

*hile the highest strength probably correeponds to that of sound granite,

20,000 psi, ad en averae intact * .rength in uncoafined comresion

for the samle of 15.000 psi io probably reasonable.
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If a sample consisting of particles of sufficient strength to

resist particle crushing is tested in one-dimensional compression, then

the resulting stress-strain curve is concave upward or "locking". Such

behavior indicates a higher degree of interlocking of particles, more

contact area, and a greater nunber of particle-to-particle contacts with

increased stress. A specimen of 20-30 Ottawa sand was tested and the

resulting "locking" behavior is demonstrated in the stress-strain curve

presented in Figure 4.10. Examination of the stress-strain curves for

Tests S-13 and S-16 indicates no locking behavior vhich indicated that

both specimens suffered considerable particle crushing.

Some of the difference in stress-strain behavior indJ--ted by

Tests S-13 and 8-16 ist be attributed to the difference in the strengths

of intact specimens of the rock, 15,000 psi for the gravel and 8000 psi

for the limestone; however, even if the strains suffered by the crushed

limestone are assumed to correspond to a stress level of one-half that

measured, the Wabash River gravel would still be the stiffer material.

Therefore, it is concluded that the more angular particles caused the

specimen of crushed limestone to suffer greater deformation for any

given stress level bcauwse of greater stress concentrations and lower

strengths at points of contact.

The difference in the stress-strain behavior caused by variation

in the composition of the individual particle. vs demstrated by com-

parison of the test results from Tests 8-2 (Figare 4.10) and Tets S-5

and 8-13 (Figure h.11). The stress-strain behavior of the Worth Dekota

river gravel was "locking" relative to that of the Wabash River gravel,

4(p
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but the strains for any given stress level did not vary by more than 25%

and in general did not differ by more than 10%. The tangent modulus of

the North Dakota river gravel was the lover until an axial stress of

approximately 175 psi was reached and was the higher at greater stress

levels. It should be noted that the origins for the curves presented

in Figure 4.Uf were taken as the strains corresponding to a stress level

of 10 psi to eliminate possible seating error.

The specimen for Test S-2 was Ottawa sand, which in a highly

spherical quartz sand. The density, grain size, and gradation do not

correlate with the specimens for Tests S-5 and S-13; however, Test S-2

illustrates the locking behavior which granular materials exhibit in

one-dimensional compression if particle crushing does not dominate the

behavior. The test specimens for Tests S-5 and S-13 were composed of a

North Dakota river gravel and Wabash River gravel. Both specimens were

composed of subrounded to rounded particles as shown in Figures 4.6

and 4.4, respectively. Gradation curves for both samples are presented

in Figure h.12. The only significant difference in the two samples

was the composition. The ample of North Dakota river gravel vex nearly

devoid of softer rocks while the Wabash River gravel had a relatively

large percentage of softer rocks. Thus it is conclded that the W.#-.her

the intact strength of the material composing the individual particles,

the stiffer the oe-dmensional stresestrain behavior.

h.3.3 Effect of Variation of Particle Size

The effect of variation of particle els was demonstrated by a

series of tests on a sample of Wabash River gevel. The gravel vas separated

into four amples contaling essentially single particle eis by screening.
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Grain-size distribution curves for the four samples are presented in

Figure 4.13. The particle shape, composition, and source of the gravel

were discussed in Section I..2.1-3. Specimens of the four samples were

plazed air-dry with approximately the saw coupactive effort, loaded to

500 psi statically, saturated and allowed to creep, and then unloaded. The

results of the tests are presented in Figure 4.1li. The effect of satu-

ration Is discussed in Section i.3.5.

The general behavior of a uniformly gradd (monogr.nllar) particu-

late material In one-dimensional compression has been discussed by numerous

authors; however, for clarity, a brief review Is in order. At low stress

levels, i .e., stress levels which do not exceed the crushing strength

of the Individual particles, deformation of an uncemented particulate

material In one-dimnsional compression results primarily from the re-

arraingamnt of particles as the mot stable possible configuration of

particles is achieved. At the stress level is Increased, the tangent

modulus, In general, Increases until the crushing strength of the Individual

particles io exceeded, at which time the stnes-strea curve becomes con-

cove to the strain axis. ,the stress level is further increased, the

stroe-strain curve becsma concave to the stress ais until the crushing

strength of the minerals voestituting the particles, to reached, at which

tim the stress-train cumv once aaisk bece Concave to the strain

axis. Further stress a~ppication comes the stress-strain curve to boam

awavo to the stress aids. With large grsauar materils such as those

tested In this at*, additional reversals is the concavity or the streits-

strain aiwe aW oeour se the indivitde particlee are broken dauu to
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smaller sad saller sizes. However, af the axial pressure in a static test

with the DLG is limited to 1600 pei and in this study to 1000 psi, such

high-pressure behavior vs not demonstrated.

The particle crushing stress levels observed durir, testing

are denoted on the stress-strain curves for the different est specimens in

Figure 4.14. These particle crushing stress levels were 275, 225, 175

and 165 psi for the very coarse, coarse, medium, and fine specimens, re-

spectively. Thest crushing stress levels vere inferred from the general

shape of the stress-strain curves, i.e., the reversal of the concavity

otthe curves. The reason for the fine particles eru..ng first and the

very coa.rm. particles crushing last vas not determined; however, it is

speculated that the size of the particle of a river gravel is related to

the intact compressive strength of the material composing the particle.

Assuming that all particles in a given river gravel were broken from the

parent rock at approzimately the same time and that all the particles

have been exposed to approximately the same conditions, then it i@

reasonable to conclude that the larger the particle, the greater the

compressive strength of the material composing the prticle. Consequently,

the larger the peAticle sie of the particle in a monogranular test

specimen, the hier the particle crushing strength and the stiffer the

behavior in one-dimesioona cIression.

So behavior of the fou test spocimean at low stress lvels is

press ted io Pigw* 1. 15. The specimens composed of the larger particle*

suffered greater strains at very low axial pressures., less than 20 psi.

The interfoee -- rase Gevvloped leaks during sme of the te itanc mmoo-
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granular apecimena with large particle sizes and required removal of

the sp _cimen container. Examination of the specimens removed indicated

thit for pressures less than approximately 100 psi, very little particle

crushing occurred. Therefore, it was concluded that the greater strains

suffered by the monogranuar specimens composed of the larger particles

resulted from particle relocation rather than particle crushing. Another

Indication of particle breakage was t.he audible cracking and popping

of the individual particles,which was quite pronounced when the particle

crushing strength of the particles was attained. This phenomenon of the

greater particle relocation and associated strain for the specimens com-

posed of th, laxger particles could be associated with the relative density

of the specimens; however, the means and the time required to investi-

gate the relative densities of the different specimens was beyond the

scope of this investigation.

The effect of particle relocation at low stresses can be eliminated

by translating the stress-strain curves to the origin at a common stress

level. In Figure ),.16, the stress-strain curves for the four specimens

were translated to the origin at a stress level of 40 psi. This trans-

lation revealed an orderly trend in the behavior ',attern. The very coarse

gravel was the stiffest specimen and the fine gravel was the least stiff.

The medium gravel was slightly stiffer 'han the coarse gravel to a stress

level of approximately 110 psi at which point the coarse gravel became

the stiffer. This general behavior is indicated by translation at any

stress level above 40 psi and below the lowest crushing stress level of 165 psi.

There appear to be four primary effects of particle size variation

on the one-dimensional co-, ression behavior of monogranular specimens.
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These effects are: 1) the specimens composed of the larger particles

suffered greater particle relocation at low strees levels; 2) the crushing

strength of the particles increased as the particle size increased; 3) the

stiffness of the specimens below a stress level of approximately 200 psi

varied directly vith the size of the particles composing the specimens

if the effect of particle relocation belov a stress level of 20 psi was

eliminated; and 4) above a stress level of approximately 300 psi, there

appeared to be no practical difference in the stress-strain behavior of

the four different sizes of Wabash River gravel tested.

4.3.4 Effect of Variation of Gradation

The effect of variation of gradation from uniformly graded to

well graded was investigated by comparison of the tests on mcnogranular

samples, Tests 8-6, S-8 and 5-12, vith a test on a ell-graded specimen

com posed of particles takEa from the monogranular samples, Test S-13. The

results of these four tests are presented in Figure 4.1T and the gradation

curves are presented in Figure 4.18.

The stress-strain behavior for the vell-graded specimen does not

appear to have a vell-defined level of particle crushing as was noted

for the poorly graded specimens. Also, the stress-strain behavior for

the vell-graded specimen seem to be intermediate to the two extremes

demonstrated by the very coarse and fine monogranular specimens.

4.3.5 Effect of Saturation Prior to and Subsequent to

Load Application

In an effort to determine the effect of moisture on the one-

dimensional stress-strain behavior of large granular materials, tests

were conducted on samples of Wabash River gravel and crushed limestone in
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which the specimens were saturated both subsequent to and prior to louA°ng.

The testing program is outlined In Table 4.1, Qrain-size distribution

curves for the samples of crushed limestone and Wabash River grave.L are

presented in Figures 4.8 and 4.13. The specimens which were saturated

prior to loading were placed in an air-dry state to produce the sam

initial dry density and then saturated. Subsequent to saturation, the

specimens were alloyed to stand at least 8 hours prior to applying the

first load increment. During loading, the free water surface vas maintained

within 1/2 inch of the cushion-specimen interface; therefore, the excess

pore vater head was never greater than 1/2 inch. The specimens which vere

saturated subsequent to loading were subjected to a constant vertical

stress (500 psi) until all measurable creep had occurred and then unloaded.

The results of tests performed to invectigate the effect of satura-

tion prior to loading are'presented in Figure 4.19. The specimens for

Tests S-11 and B-18 were placed air-dry, saturated, and loaded. The

specimen for Test 8-10 vas placed at a moisture eontent of 4%, loaded to

500 psi, satursted, and then unloaded.

The most obvious effect of the saturation prior to loading was

the reduction of the stress level at thich particle crushing vas evident

for the different sized samples. The crushing levels are denoted on Figure

4.19 and were 215. 1TO and 150 psi for the very coarse, coarue,and fine

specimens, respectively. It should be noted that, as with the specimens

which were loaded air.fts the crushing strength of the saturated particles

increased as the particle size increased.

The results for the tests on crushed limestone ae preeated in

Figure 4.20. The specimen for Test 8-16 vas placed air-dry, statically
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loaded to 500 psi, and then saturated; the specimen for Test S-17 was

placed air-dry, saturated, and then loaded statically to 500 psi- and the

specime.. for Test S-19 was placed at a moisture content of 3%, loaded at

diffi-rmt rates to 500 psi, and then saturated. The loading rate for Test

3-19 was varied to provide test results for the rate of loading study

reported on in Setion 4.3.6. All tests were conducted under drained con-

ditions.

Comparison of the measured behavior for Tests S-17 and S-19 shows

a trend toward greater compressibility for the specimen saturated prior to

loading. The specimen which was placed and loaded air-dry experienced a

27% increase in total deformation when saturated at a stress level of 500 psi.

This final deformation was approximately 21% greater than that experienced

by the specimens saturated before loading.

Test results on a sample of well-graded Wabash River gravel

demonstrating the effect of specimen saturation prior to and subsequent

to loading are presented in Figure 4.21. The stress-strain curves for the

two samples were for practical purposes identical to a stress level of

approximately 350 psi. Above this level, the saturated specimen was less

stiff. At a stress level of 500 Psi, the total deformation of the saturated

specimen was approximately 10% greater than that of the unsaturated. When

the specimen which was loaded to 500 psi air-dry was saturated, the addi-

tional deformation which occurred amounted to an increase , anroximately

25%. This final deformation was approximately 15% greater _An that of the

specimen which was loaded in a saturated condition to 500 psi.

Test results for a uniformly graded specimen of medium Wabash River

gravel are presented in Figure 4.22. The additional deformation which this
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specimen suffered upon saturation at a stress level of 500 psi amounted to

an increase of 42%. A test was not conducted on a specimen of this material

which had been saturated prior to loading.

The results of three tests performed on a uniformly graded sample of

fine Wabash River gravel are presented in Figure 4.23. The specimen for

Test S-8 was placed and loaded air-dry to a level of 500 psi and then

saturated. The sample for Test S-4 was placed air-dry, saturated, and loaded

(in a drained state) to 500 psi. The sample for Test S-10 was soaked for

24 hours, placed at a residual water content of 4%, loaded to 50C psi and

then saturated. The stress-strain curves for Tests S-8 and S-9 are nearly

identical. Based on the results of the aforementioned tests on well-graded

Wabash River gravel (8-13 and S-14) and the test on medium uniformly graded

Wabash River gravel (8-12), the test results for Test S-9 should have been

similar to those for Test 8-10. Therefore, Test S-9 was ignored and Tests

8-8 and S-10 were assumed to be valid. When the specimen which was loaded

to 500 psi air-dry (8-8) was saturated, the additional deformation which

occurred amounted to an increase of approximately 45%. This final deformation

was approximately 20% greater than that of the specimen which vas loaded in

a mist condition to 500 psi (S-10). The specimen for Test B-10 was saturated

at a stress level of 500 psi and no additional deformation resulted.

Test results for a coarse, uniformly graded sample of Wabash River

gravel are presented in Figure 4.24. The specimen for Test 8-6 was placed

ant loaded air-dry; this specimen vas never saturated. The specimen for

Test 6-11 was placed air-dry, saturated and loaded (in a Orained condition).

The specimen which was loaded in a saturated condition (8-11) suffered a total

deformation which was approximately 65% greater than that suffered by the

specimen placed and loaded air-dry (8-6) at a stress level of 500 psi.

:!! b

_ _ _ _ _ _
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Test results for a very coarse uniformly graded sample of Wabash

River gravel are presented in Figure 4.25. The specimen for Teat S-15 was

placed and loaded air-dry and then saturated. The specimen for Test S-18

was placed air-dry, saturated, and then loaded. When the specimen which was

placed and loaded air-dry (S-15) was saturated, an additional deformation of

approximately 30% *ccurred. The specimen which was loaded in a saturated

condition (S-l8) suffered a total deformation which was approximately 25%

greater than the deformation suffered by the specimen loaded air-dry after

saturation at a stress level of 500 psi.

Thus, the well-graded samples of Vlabash River gravel and crushed

limestone and the sample of fine uniformly graded Wabash River gravel all

experienced less total deformation when saturated prior to loading rather

than subsequent to loading. However, the coarse and very coarse samples of

Wabash River gravel experienced more total deformation when saturated prier

to loading than when saturated subsequent to loading.

4.3.6 Effect of Rate of Loading

.4.3.6.1 Introduction

Three samples were employed in this testeseries. These materials

were 20-30 Ottawa sand, wel-l. aded crushed limeutone;and a coarse to fine

sandy silt with some coarse to fine gravel. The Ottawa sand is described in

Section 4.2.1Land the results of a mechanical grain-size analysis for the

,ample are presented in Figure 4.1. The crushed limestone is described in

Section 4.2.1.2, and the results of a mechanical grain-size analysis are

presented in Figure 4.2. The sample of sandy silt was taken from missile

Site-3 and is described in Appendix A. The results of a mechanical grain-

size analysis are presented in Figure A.13.
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4.3.6.2 Ottawa Sand

The effect of rate of loading on a sample of 20-30 Ottawa sand

was demonstrated by a static test with cyclic loading and a dynamic test

with two cycles and two different overpressures. These tests were discussed

in Section 3.3.14.2, and the resulting stress-strain behavior is presented

in Figure 3.29. The test specimen vas cycled statically to pressures higher

then the dynamic everpressures; therefore, no particle rearrangement or

crushing should have taken place during the dynamic tests. The only possible

difference in the stress-strain behavior for the static and dynamic tests

would have to arise from pore pressure developed during the dynamic tests or

frem inherent strain rate effects in the "effective" stress-strain relation-

ship. Neither of the effects apparently manifested themselves in the dynamic

tests performed as evidenced by the close agreemnt between the measured

static and dynamic stress-strain behavior'.

4.3.6.3 Crumhed Limestone

The test series designed to demostrate the effect of rate of loading

on crushed limestone included: Test S-16, vhich was placed end statically

loaded air-dry; Test 8-1T, vhich was placed air-dry, saturated and then

statically loeed; Test a-4, which was placed and loaded sir-dry with a

loading rate of 50 psi per minute; Test 8-19, Vhich was placed at a water

content of 3% and subjected to several loading rates; and Test D-4, vhich

was placed and loaded air-dry with a ps"sure-rise time of 500 psi in 33 mese.

The test results ae presented in Figure .26. The initial dry densities

vere nearly eqal; therefore, the differenoes in the measured strsetraln

behaviot _mt have been the result of differences In water *otest a or

dfferenes in rate of loading.

aV

__ w
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The test specimens for Tests S-4. and S-16 were both placed and

loaded air-dry. Test S-16 was a static test while a leading rate of 50 psi

per minute was used for Test S-4.. The measured stress-strain behavior was

nearly identical to a stress level of approximately 250 psi. Above 250 psi

the statically loaded specimen (S-16) deflected approximately 10% more than

the specimen loaded at the rate of 50 psi per minute (8-4.).

The specimen for Test S-19 was loaded as rapidly as possible, using

the static loading system to approximately 145 psi. The pressure was brought

up to 50 psi and held at that level until the creep amounted to less than

0.001 inches/hour. The pressure was then increased as quickly as possible

to a level of 250 psi with deformation readings taken during the pressure

increase.* Becamse of the change in pressure gradient during the presoure

rise to 250 psi, Use rate of loading varied from approximately 200 psi/minute

at a level of 50 psi to 60 p.1/minute at 250 psi. This variation in loading

rate resulted from the changes In pressure gradient between the gas source

and the expan ion chamber an the pressure in the exp)ansion chamber vas

inceased. Above a pressure level of 250 psi, the specimen van tested

statically, i.e., the successive incrmnts of load vere not applied until

the creep amounted to~ less than 0.001 inches/hour.

Tha specimen for Test 8-1T vms placed air-dry. saturated, and loaded

staticall~y, ad the specimen for Test S-19 was placed wet and subjected to

several loading rates. The initial1 4xy densities were 102.1 and 10h.7 pet

for test spooimss 8-17 and S-19, respectivelr. Therefore, with the exception

of loadine.rata effeets * the specimens should have e~fibited the same stress-

strain behavior. The test specilmen loeded rpidly (S-19) was approximately

35% stiffer than the test specixsna loaded statically over the axial stress
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range from zero to 150 psi. As the axial stress was increased and the

loading rate was Ueresed the behavior of the test specimen leaded rapidly

(8-19) approached that of the test specimen loaded statically. At an axial

stress of 250 psi, the load on test specimen was held constant until the

creep amounted to les that '1.001 inches/hour, the criterion for static

loading. The final deformation vas 10% less than that for Test S-i? at a

stress level of 250 psi. Above a stress level of 250 psi, test speimn

S-19 was subjected to static loading. The resulting stress-strain curve

merged with that for Test 8-17 at an axial stress level of approximately

400 psi. The stress-strain behavior for the specimen subjected to variems

loading rates (5-19) for the stress range from zero to 100 psi is presented

in Figure 4.2T. When the rate of loading was reduced, attan etial strass of

45 psi, the strains increased and creep occurred when the axial pressure was

held constant at 50 psi. When the loading vas resumed with a rate of leading

of approximately 200 psi/minute, the stress-strain curve resumed the trend

exhibited prior to holding the static load at 50 psi. A broken line in

Figure 4.27 indicates what the probable behavior would have been had the

loading net been iaterrpted.

The specimen for Test D-4 was placed and loaded air-dry and had an

Initial dry density of 107.3 pet. The measured stress-strain behavior for

test speoun D-4 should be omared to that for specimen 8-16. The results

of the dyamic test, Test D-4, are valid only for a stress level greattr

then approximately 250 psi becuse of overstress during early tim as

discaused to Section 3.3.4.2. Above a stress level of 250 psi, the deform-

time for test speeimans D-4 were measured to be approximatel hO% stiffer

than for the static specimen, 5-16.

C
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4.3.6.4 Sandy Silt

The coarse to fine sandy silt with some gravel was subjected to a

series of three dynamic overpressures to demonstrate the method which could

be employed to measure the stress-strain behavior over a stress-range in

excess of the stress range valid for one dynamic test because of nonuniformity

of stresses throughout the test specimen. The stress range of interest was

from 20 to 300 psi. In accordance with the criterion established in Section

3.3.4,2, the measurement of the stress-strain behavior ever the stress range

from 20 to 300 psi required three separate test cycles. The overpressures

for these cycles are presented in- Figure 4.28. The measured stress-strain

behavior is presented in Figure 4.29. Those portions of the stress-strain

curves which are valid are connected by a smooth curve.

h. CREEP TIMES

The : cplcs te3tcd in this study were subjecL to creep deformations

particularly when tested with a water content other than air-dry. Sovers,

et al. (1965) determined that approximately 90% of the creep resulting from

saturation occurred vithin 500 to 1000 minutes from the time the load was

applied or the time the specimen was saturated. For the purpose of this

study, test specimens were allowed to creep under constant loa. until the

rate of creep was less than 0.001 inches per hour. The total time to con-

duct a given static test varied ftr one day to several days.
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flIGURE 4.3 PARTICLES OF CRUSHED LIMESTONE
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CHAPTER

SU1MRY AND CONCLUSIONS

5.1 SUMARY

A testing device which is capable of testing one-dimensional com-

pression specimens 48 inches in diameter and up to 14 inches in heig~t

was developed as a part of this study. The device is capable of developing

static axial pressures of 1600 psi and dynamic axial pressures of at least

800 psi with pressure rise times as fast as 3 msec with cold gas used

as the loading medium. The load is applied to the test specimen by means

of a flexible diaphragm, and deflections are measured by monitoring the

movement of the top surface of the test specimen relative to the bottom

surface with a slide wire gage which is mounted below the test specimen.

The pore water pressures may be measured and the water content of the

test specimen may be altered during a test if desired.

The testing device was proof-tested following construction by a

series of calibration tests and a series of static and dynamic tests

employing Ottawa sand as a standard.

'ubsequent to the proof-testing of the testing device, an experi-

mental study was conducted to investigate the effects of the variation

of certain parameters on the one-dimensional compression characteristics

of granular materials and included tests on Ottawa sand, crushed limestone,

Wabash River gravel and North Dakota river gravel. The study was, in

general, limited to a stress range of from 0 to 500 psi, although some
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tests were carried to 1000 psi. The variatien of parameter study included

investigation into- .) the effect of variation of particle shape and

composition; 2) the effect of variation of particle size; 3) the effect

of variation of gradation; 4) the effect of saturation prior to and sub-

sequent to load application; and 5) the effect of rate of loading.

Soil semples were also collected from three missile sites in the

United States. Specimens which simulated in s itu conditions were pre-

pared from the samples collected and subjected to both static ead dynamic

loading.

Representative static and dynamic stress-strain curves for the

materials tested are presented in Figures 5.1 and 5.2. In Figure 5.2

only those portions of the dynamic stress-strain curves considered Vlid

are presented; therefore, the curves do not pass through the origin.

The stiffest material tested statically was Ottawa sand; Wabash River

gravel and North Dakota river gravel were intermediate; and crushed lime-

stone was the least stiff material. Typical secant moduli for a stress

level a: 500 psi were 62,500 psi, 15,200 psi and 5,500 psi for Ottawa

sand, river gravel, and crushed limestone, respectively. The stiffest

material tested dynamically was Ottawa sand. No dynamic tests were con-

ducted on samples of river gravel. The Ottawa sand had a contrained

modulus of approximately 25,000 psi at an axial stress level of 150 psi,

and crushed limestcne had a constrained modulus of approximately 10,000 psi

at an axial stress level of 450 psi. It should be noted that dynamic

tests D-6 through D-12 were conducted on soil specimens placed at densities
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and water contents simulating field conditions at missile sites and small

variations in water contents may change the results considerably.

5.2 CONCLUSIONS

5.2.1 Static Testing Capabilities

The comparison of the static test results with the DL on Ottawa

sand compare favorably with those published by other researchers. In

particular, the results obtained using the zero lateral strain device

developed by H, dron and the segmented ring boundary device developed by

Zaccor show very close agreement .with those obtained with the DLG. There-

fore, we may conclude that with respect to static tests on specimens com-

posed of sand-sized particles, results obtained with the DLG are at

least as accurate as the best devices currently being employed.

This conclusion regarding the accuracy of the DLG may be broadened

to include test results on specimens with larger particle sizes. There

is, however, an upper limit to the -ticle size which can be tested

with any degree of accuracy. This upper limit cannot be determined exactly

until devices capable of testing much larger specimens have been developed.

For the purpose of this study, it was assumed that with a specimen height

of 12 inches and a specimen diameter of 48 inches, a maximum particle

size of 3 inches could be tolerated in a vell-graded specimen. Subse-

quent to the construction of this testing device, Fumagalli (1969) pub-

lished results which indicate that perhaps the maximum particle size for

a vell-graded specimen should not exceed 2.5 inches and that the maximum

particle size for a uniforruly graded specimen should be son.evhat smaller.

All the samples tested met Pumagalli's limits with the excertion of that
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from missile site-!. The test specimens for this site were restricted

to a maximum particle size of 3 inches (see Figure A.1). Therefore, it

is concluded that the test results were not adversely affected by testing

particle sizes too large for the test specimen dimensions.

5.2.2 Dynamic Testing Capabilities

The accuracy with vbich the DLG could measure the dynamic stress-

strain characteristics of a granular material were determined from the

proof-test results on the individual components of the DLG and dynamic

proof .2sts on a specimen of Ottara sand.

The slide vire gage was tested statically on a test star.- -ad

found to have a threshold of 0.0003 inches and a repeatability of better

than 99% as indicated by a pei ntage deviation from the mean of less

than 1%. The slide wire gage was also tested dynamically on the test

stand and shown to experience no viper lift. The maximum breakout friction

vas measured to be 0.1 lb which corre-monds *o a shortening of the actuating

rod connecting the deformation plate and the slide vire gage of leas

than 0.0001 inches; the dynamic characteristics of the actuating rod-

slide vire gage pickup system were shown to be negligible; and finally

a strain gage was attached to the actuating rod immediately above the slide

wire gage pickup, and the shortening of the rod was measured to be less

than 0.002 inches during the first 10 msec of a dynamic test and after

approximately 10 maec, deformations of the actuating rod did not exceed

0.001 inches. Therefore, with respect to the measurement of deformations,

ve W conclude that after the Nlrst 10 rsec, the error In mnsckre-ent

should be le-s than 0.0015 Inches.
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The pressure acting on the surface of a test specimen wfts measured

by four Kistler quartz pressure transducers, models 601A and 606A, which

were mounted in the seal ring at 40 degrees to one another. These trans-

ducers were calibrated imediately prior to the application of the dynamic

overpressure and, therefore, the error in pressure measurement was assumed

to be the maimum deviation from the average pressure. This deviation

vas measured to be an great as 5 psi regardless of stress level. Therefore,

it is concluded that the error in the measurement of pressure acting on

the top surface of the test specimen did not exceed 5 psi. Hovever, because of

the dynamic character of the pressure applied to the top of a test speci-

men, the axial stress within a test specimen is not necessarily known to

within 5 psi.

In order to determine the dynamic stress-strain properties of a

test specimen, it was necessary to employ a fast pressure rise time and

the fast pressure-rise time produced nonuniform stress conditions throughout

the test specimen during a portion of the test. The passage of the stress

wave through th. test specimen was computed by making several simplifying

assumptions. The results of this computation indicated that the maximum

overstress occurred between 3 and 6 =mec after the start of a test and

that this overstrass could be as great as 18% of the meaured expansion

chamber pressure. The time of the overstress corresponded well with the

obseryed experimental behavior; however, the magnitude of the oertress

a determined experimentally vas about twice that computed theoretically.

It Is concluded that the measured axial pressure should not be considered

a. representiig the axial stress acting within a test specimen eept for

times later than 9 set after the start of the test aasuoing that a
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pressure-rise time of approximately msec is employed and that the

average stress within a test specimen may vey from the measured axial

pressure by as much as 10%. Thus, the maximum dyramic stress to which

a specimen i4s subjected must be selected so that the stress range of

interest occurs between approximately 10 and 25 msec after the start of

the test.

In order to verify that the DLG could measure the dynamic one-

dimensional stress-strain characteristics accurately, a static and dynamic

test serieo was conducted on A material whose one-dimensional stress-

strain characteristics were nearly the same under both static and dynamic

coaditions. A specimen of Ottawa sand was repeatedly loaded until

the shapes of the stress.-strain curves did not vary from cycle to cycle

with the exception of a slight increase in strain. Srbsequent tc the

sixth cycle, the specimen was preloaded to 50 psi and loaded dynamically

to approximately 100 psi, then preloaded to 50 psi again and loaded to

approximately 250 psi. The dynamic and static test results showed ex-

cellent agreement.

Therefore, based on the proof testing of the individual components of

the system and the results of the proof tests, it is concluded that dynamic

one-dimensional stress-strain characteristics of a test specimen can be

determined to withln 10% of the accuracy with which the one-dimensional

static stress-strain c racteristics can be determined with the DLG.

5.2.3 Variation of Parameter Study

5.2.3.1 General

The conclusions drawn from the variation of ;drame.er study are based

on teats conducted on four materials, viz., 20-30 Ottawa sand, crushed limestone,
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Wabash River gravel, and North Dakota river gravel. Because of the length

of time required to conduct a test and reduce the data, the conclusions

are based on the results of a limited number of tests.

5.2.3.2 Effect of Seating Error

The effect of seating error was demonstrated by tests on crushed

limestone. Static and dynamic tests were conducted on the same sample of

crushed limestone with no measures taken to prevent seating error for one

static test and one dynamic test and a matrix of Hydrocal employed to elimi-

nate seating error and point crushing against the deformation plate and

the bottom of the specimen container in the other test. The total strains

corresponding to a stress level of 50 psi for the static test and 250 psi

for the dynamic test were larger by a strain of approximate3.y 1.5% for

the specimens vhich did not employ a seating medium. This difference in

total stran remained approximately constant throughout the test. The

strain differential for the dynamic test appeared to occur at a stress

level of approximately 100 psi; however, because of nonuniformity of

stress conditions, the test results are not valid below about 250 psi.

Therefore, it is concluded that for the testing of coarse-grained

granular materials, a seating medium should be employed to eliminate seating

error and particle crushing against the top and bottom plates of the speci-

men container. Further, with even fine-grained soils, a seating medium

should be employed for the deformation plate tc - sure intimate contact

between the plate and the top of the test specimens.

5.2.3.3 Effect of Variation of Particle Shape and Composition

The effect of particle shape was investigated by static tests on

samples of angular crushed limestone and sub~rounded to rounded Wabash
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River gravel. The one-dimensional stress-strain behavior measured for

the crushed ilmestone was much less stiff than that for the Wabash River

gravel. This effect is related to particle composition as well as shape;

however, it is concluded that the primary factor which controlled the

behavior was the greater stress concentrations and lover strength at points

of contact for the more angular particles of crushed limestone. Therefore,

other specimen characteristics being equivalent, the more angular the

individual particles of a given specimen, the greater deformation of the

specimen at any given stress level.

The effect of particle composition was investigated by static

tests on samples of Ottawa sand, North Dakota river gravel, and Wabash River

gravel. The test on Ottawa sand demonstrated the "locking" behavior

characteristics of a particulate material below the stress level which in-

duces particle crushing and the tests on the river gravels provided test

data for two test specimens hich had similar characteristics but were

composed of particles with different crushing strengths. The last results

indicated that the specimen composed of the particles with the higher

particle crushing level exhibited "locking" behavior relative to the other

gravel. Therefore, it is concluded that for a given gradation, particle

shape, anO density, the higher the crushing level of the individual particles,

the stiffer the behavior in one-dimensional compression.

5.2.3.4 Effect of Variation of Particle Size

The effect of variation of particle-size investigation was conducted

on a sample of Wabash River gravel which was broken into four samples with

essentially single pprticle sizes.

The test results showed the uniforuly graded specimen

with the larger particle sizes to suffer greater strains than the specimens
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with smaller particle sizes at low stress levels, below 20 psi. Also the

stress level at which particle crushing occurred was shown to be lowest

for the smallest particle size and highest for the largest particle size.

Between the stress levels of 20 and 300 psi, the stiffness of the specimens

varied directly with the particle sizes making up the specimens and above

a stress level of 300 psi,there appeared to be little difference in the

stress-strain curves for the diffirent specimens.

It was concluded that the difference in the behavior of the uniformly

graded specimens reflected the differtnt compressive strengths of the indi-

vidual particles. That is, the smaller the particle in a river gravel,the

lower the compressive strength of the material composing the p,rticle. And

he larger the particle, the greater the strength and the more resistant

to breakage. The greater particle relocation suffered by the uniformly

graded specimens with large particle sizes probably resulted from initial

relative densities indicating that the larger the grain size, the greater

the compacti:e effort required to achieve a given relative density.

5.2.3.5 .'feet of Variation of Gradation

The effezt of variation of gradation was investigated by comparison

of the results of tests performed on fine, medium, and coarse monogranular

specimens and one specimen made up by equal weights of the fine, medium,

and coarse materials. The stress-strain behavior was intermediate to

that of the poorly graded specimens, and there was no well-defined stress

level at which particle crushing occurred. Because the differences in

the stress-strain curves wpr. so slight, it can not be ascertained whether

these differences indicated a behavior trend or merely were the result

of random variability between test specimens.
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5.2.3.6 Effect of Saturation Prior to and Subsequent to

Load Application

The effect of saturation prior to and subsequent to load applicatioa

vas investigated by testing two specimens of most of the samples of granular

materials. One of the specimens of a given sample would be placed snd loaded

in the air-dry state, then saturated and unloaded. The other specimen of the

same sample would be placed air-dry, saturated, and then loaded and unloaded.

Saturating the specimens prior to loading caused a decrease in

the particle crushing rress level relative to that measured for the

samples placed and loaded air-dry This decrease in crushing level amounted

to approximately 25% for the coarse and veir coarse specimens and 10%

for the fine specimen. The saturated specimens demonstrated the same

relative crushing strengths as the unsaturated specimens, i.e., the fine

monogranular specimen crushed at the lowest stress, the coarse specimen at

an intermediate stress and the very coarse specimen at the highest stress

level. It is concluded that the addition of water causes a reduction in the

compressive strength of the Wabash River gravel and a decrease in the friction

between the individual grains.

The difference in the behavi or of well-graded and uniformly graded

specimens saturated prior to and subsequent to loading differed markedly.

Well-graded specimens of Wabash River gravel and crushed limestone which were

saturated prior to loading suffered 5 to 10% more strain at a stress of 500

psi than the specimens placed~and loaded air-dry before saturation. Upon

saturation the specimens loaded air-dry experienced between 20 and 25%

additional strain. Therefore, the specimens which were placed and loaded

air dry and then saturated suffered a final dformation which was from

15 to 20% greater than that of the specimens placed air-dry, saturated, and

then loaded. The saturated tests were loaded in a drained condition.

t1
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The monogranular specimens of Wabash River gravel which were placed

and loaded air-dry suffered an additional deformation of between 25 and 45%

at a stress level of 500 psi when saturated. The uniformly graded specimens

which were placed air-dry, saturated, and then loaded suffered between 20 and

60% more strain thin the specimens loaded air-dry before saturation. The

fine specimen which was saturated subsequent to loading had a greater

total deformation after saturation than did the specimen which was saturated

prior to loading as did the well-graded specimens of both Wabash River gravel

and crushed limestone. However, the coarse and very coarse specimens which

were saturated subsequent to loading suffered less total deformation than the

specimens saturated prior to loading.

It is concluded that well-graded fills constructed dry may suffer

20 to 25%tadditional deformation upon saturation with no increased load.

This additional settlement resulting from saturation cnce in place can beIavoided by using sufficient moisture during placement.
5.2.3.7 Effect of Rate of Loading

Dynamic tests were conducted on semples of Ottawa sand and crushed

limestone as well as the missile site samples. The tests of missile site

gamples were conducted on specimens prepared to simulate in situ conditions

and were, therefore, not subjected to repeated tests as required for a

variation of paramneter study. Dynamic tests on Ottawa sand have been con-

ducted by others and the tests included in this study were primarily for

proof testing of equipment. Thus, tests to investigate the effects of rate

of loading were limited primarily to a sample of crushe' limestone.

-he test results on cruqhed linestone inddcated that the strain

rate effects tre dependent on the stress rate employed. A loading rate of
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50 psi/minute caused an increase in stiffness relative to a specimen loaded

statically of approximately 10%; a loading rate of 200 psi/minute caused

an increase in stiffness of approximately 35%; and a dynamic test caused

an increase in stiffness of approximately 40%.

The increasing of the rate of loading to pressure-rise times of

the order of 25 to 30 msec produced nonuniform stress conditions throughout

the test specimens at early timen during a test. It is concluded that the

dynamic stress-strain data should not be considered valid for times less

than 9 msec when pressure-rise times of from 25 to 30 msec were employed.

Nearly complete stress ranges can be investigated by varying the maximum

overpressure such that the pressures of interest occur between 9 and 25

msec after the start of a test. This procedure was demonstrated by Test D-12.

5.2.4 Creep Deformation

Some of the materials tested, particularly when saturated, were

subject to creep. The specimens which were subject to creep were allowed

to deform under constant load until the rate of creep was less than 0.001

inches/hour. It is concluded that this rate of creep criterion corresponded

to at least 90% of the total deformation and wa- the practical limit of

the total time of the test.

5.3 SUGGEsTIONS FOE rmfU RESEARCH

The variation of parameter study as reported herein was intended

to define general trends in the one-dimensional compression behavior of

large granular materials. The mechanism of these trends are only speculated

on. ... order to establish conclusively the mechanism involved, Paq more

*0*

(p
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series of tests must be conducted on samples which are selected to eliminate

as nearly as possible variations of all parameters except that one parameter

being investigated.

The first variable which shiould be investigated is the effect of the

initial dry density. In order to investigace this variable, a means must be

developed for determining the relative density for large granular materials.

Knowledge of the influence of initial dry density is essential for

evaluating the results of the variations of all other parameters.

Subsequent to establishing a means for evaluating relative densities

and investigating the effect of variation of initial dry density, the effects

of variations of the other parameters should be investigated in a systematic

manner with the scope of the investigation limited to the exteat that several

tests can be performed on each sample, thereby demonstrating the repeata-

bility of the behavior. Further to establish the mechanisms of the varia-

tions in behavior of the materials, extensive grain-size analyses shculd be

performed on the test specimens after being subjected to different axial

pressures.

Finally, new sources for materials should be sought. The sa~ples

should be fresh from the parent rock and the engineering properties of the

parent rock should be determined.
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APPENDDC A

TESTS ON SAMPLES FROM MISSILE SITES

A.1 INTRODUCTION

The purpose of this study was to measure the dynamic constrained

moduli of backfill soils from three missile sites. The sites of interest were

site 1 near Cheyenne, Wyoming, site 2 near Kimball, Nebraska, and site 3 near

Valley City, North Dakota.

Samples of the soils used as backfill around the buried structures at

missile sites 1, 2, and 3 were obtained and returned to the Structural Dynamics

Testing Laboratory at the University of Illinois. The'samples were classified

according to routine laboratory tests, brought to their respective field water

contents, and then placed in the DiG specimen container at their approximate

field densities. The specimens were preloaded with a static load equivalent

to the overburden pressure acting at the particular depth below the ground sur-

face the specimen was designed to simulate, and then loaded with a dynamic

stress increment.

A.2 LABORATORY CLASSIFICATION TESTS

Routine laboratory classification tests were performed on samples

from the three sites at the University of Illinois laboratories. These tests

included visual classification, mechanical grain-size analyses, and determina-

tion of the specific gravities of the solids of the samples. The results of

these tests are presented in Figures A.1, A.2, and A.3.

I!I
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A.3 DYNAMIC TESTS

A.3.1 Testing Program

The testing program, as presented in Table A.l was designed to determine

the dynamic constrained moduli of the backfill materials around the underground

structures at sites 1, 2, and 3 at two different depths beneath the ground sur-

face. The depths simulated were determined primarily by the availability of

information concerning the in situ density and water content. The static pre-

load for a given specimen was computed using the average unit weight of the

backfill and the depth the specimen was to simulate.

A.3.2 Specimen Preparation

The samples were brought to the moisture content desired and allowed to

set for five days to ensure migration of the water throughout the specimen.

Water content samples were taken after the fourth day and again during speci-

ment placement. Prior to the placement of the specimen in the specimen con-

tainer, compaction tests were run in a circular container approximately 13

inches in diameter in order to determine the compaction effort required to at-

tain the desired density.

The specimen placement technique employed was identical to that de-

scribed in Section 3.3.2, Specimen Placement, with Hydrocal employed on the

bottom side of the deformation plate to minimize seating error and the loading

diaphragm placed as described in Section 3.3.4.3, Investigation to Define In-

cidental Problems, to reduce the chance of rupturing the diaphragm. Hydrocal

was not utilized for seating the deformation plate in test D-12 because with

Ii
i.
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the high water content, the surface of th7 soil specimen was quite malleable

and intimate contact between the specimen and the deformation plate was easily

obtained.

A.3.3 Test Results

The pressure-time plots and the stress-strain plots for the tests con-

ducted on the missile site samples arc presented in Figures A.h to k.l , in-

elusive. Plots of the constrained secant modulus versus axial pressure for

sites 1, 2, and 3, are presente' in Figures A.16 to A.21, inclusive.

The backfill materials from site I were tested tn tests D-7 ane D-1l

and both samples had constrained moduli uf about 8000 psi for vertical pres-

sures ranging from 100-300 psi. Although test D-7 had a seating load of 6 psi

and D-11 had a seating load of 15 psi, this small difference in initial seating

stress did not significantly affect the constrained modulus.

The results of tests D-9 and D-10 shown in Figures A.18 and A.19 in-

dicate that the backfill material, from site 2 had constrained moduli of

6000-8000 psi for pressure levels between 300 and 600 psi at the water con-

tent and densities tested. These tests also showed that the small difference

in seating loads of 7 and 21 psi did not significantly affect the test results.

Specimens of site 3 backfill were tested at a low and a high degree

of saturation in t sts D-6 and D-12, respectively. Specimen D-6 was placed

at a dry denbity of 108-2 pcf, degree of saturatior 2 50%, end a constrained

modulus was masured which increased from l4,000 psi to 18,000 psi as the

pressure increased from 200 to 300 psi. Specimen D-12 was piaced at a dry

density of 113 pcf, a degree of saturation of 92%, and a constrained modu-

lus was meaLured which increased from 3500 to 7000 as the pressure increased

~i



207

from 25 psi to 250 psi. These test results are somewhat of a surprise since

it ewas expected that specimen D-12 would be stiffer than specimen D-6 due to

the higher degree of satui ttion of pecimen D-12. This result indicates that

we may not yet 'l-ly understand the e:fects of displacement water content,

compaction energy, and initial degree of saturation on the constrained modu-

lus of soils.

I
i
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APPENDIX B

DESCRIPTION AND OPERATION OF THE DYNAMIC.LOAD GENERATOR

B.1 INTRODUCTION AND SUMMARY I
'he Dvnamic Load Generator (DLG) was developed by the Department of

Civil Engineering at the University of Illinois under the Joint sponsorship

of the Air Force Weapons Laboratory and the Defense Atomic Support Agency.

The DLG accormodates a test specimen 4 feet in diameter and 8 feet high and

has the capability of producing static pressures in excess of 1000 pit or

dynamic pressures up to 900 psi with controllable rise, dwell, and decay

times.

An abreviated description of the DLG is presented in this report to

enable the reader to better understand the utilization of the equipment in

the study covered by this report. More detailed Information regarding the

DLG may be found in publications by Prendergast (1968), Sinnamon (1968) and

Grimes (1966).

8.2 DESCRIPTION OF THE DYNAMIC LOAD GENERATOR

8.2.1 Load Cells

The Iead cells are mounted on the support system which Is in turn

affixed Lo the foundation as shown In Figure 2.1. The load cells house the

main and decay valves and their triggering mechanisms. A schematic cross

section of one of the seven load cells is presented in Figure B.I.
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The main valve is composed basically of a main valve actuating piston,

a main valve shaft, and a main valve piston. The main valve piston seals the

ports which form an orifice for controlling the gas flow from the charging

chamber to the expansion chamber with the rate of flow being controlled by

the position of the adjustable main valve sleeve over the ports in the main

valve cylinder. The main valve actuating piston when loaded provides the

driving force to open the main valve in the individual load cells.

The main valve is maintained in the closed position by the main valve

cart which Is held in place by the main valve triggering mechanism. In order

to open the main valve, the lead solenoid is energized thereby releasing the

main valve cart which is rolled horizontally out of the path of the main valve

shaft by gas pressure. The main valve shaft then Is forced upward by the main

valve actuating piston, and the main valve !s opened.

The operation of the decay valve is quite similar to that of the

main valve. The decay valve is basically composed of a decay valve piston,

decay valve shaft, and a decay valve actuating piston. The decay valve piston

seals the ports which form an orifice for controlling the flow of gas from

the charging and expansion chambers to the decay chamber with the rate of flow

being controlled by the position of the adjustable decay valve sleeves over the

ports in the decay valve cylinder.

The decay valve is actuated by energizing the decay valve solenoid which

actuates an exhaust valve which is in communication with the chamber above the

decay valve actuating piston and allows the decay valve to open.

8.2.2 Support System and Foundation

The support system is composed of a steel forging encompased by special

I-beams. The steel forging has six machtned passageways on a radius of 17-1/4

' ' 4;
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Inches surrounding a central passageway, the passageways serving as the

charging chambers when the load cells are Installed. The support system

when tied to the foundation by seventy-two 1-1/4-inch diameter high-strength

steel rods serves as a reaction for the gas pressure acting on the surface

of a test specimen and provides mass and stiffness to reduce accelerations

and vibration associated with the firing of the load ce;ls.

The foundation for the DLG is monolithic concrete 20 feet by 22 feet

in plan and 23 feet deep. The support system is tied to the foundation through

two piers Incorporated into the foundation and the above mentioned post-

tensioned l-l/4-Inch steel rods. The rods provide sufficient force to maintain

the concrete in a state of compression under the maximum upward force of

approximately 1500 kips, excluding any inertial or reflection effects, artsihg

due to the variations in the velocity of stress waves in steel, concrete, and

soil. Access to the specimen container is facilitated by a recess in the

foundation as shown in Figure 2.1.

8.2.3. Specimen Container

The specimen container is shown In Figures 2.1 and 2.2. The container

is composed of four steel sections which are approximately 2 feet high and

2 Inches thick. The Individual sections are provided with 0-rlngs such that

gastight integrity can be achieved. The bottom-most ring rests on the base

plate which is grooved and fitted with an 0-ring. The base plate is also fitted

with instrumentation plugs to provide external electrical connection to

instrumentation located within the specimen container. The specimen container

fully assembled provides space for a test specimen 4 feet In diameter and

8 t e

8 fet i heght
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To prevent the sections of the specimen container from separating

during unloading of a specimen because of specimen rebound and sidewall

friction, the container was put in a state of axial compression by six

1-1/8-inch-diameter post-tensioned rods which were threaded Into the base

plate and attached to brackets welded to the top section of the specimen

container.

c obility of the specimen container Is provided by four hydraulic

jacks which link the base plate and a four-wheeled cart which rides on a

dual track. The cart is deleted from Figure 2.1 for clarity. A support

for the base plate constructed of two steel plates on edge provides a stand

for the container during specimen placement.

B.2.4 Seal Ring

The seal ring serves as the outer wall of the expansi.si chamber and

provides airtight Integrity for the connection between the support system and

the specimen container. The seal ring showing the support system and specimen

container is presented in Figure 2.2. The seal ring is free to slide on the

top section of the specimen container when not bolted to the support system

d likewise the specimen container is free Io *vc axially within the seal

ring when the ring is bolted to the support system permitting relative movement

between the support system and the specimen container during loading. Movement

of the seal ring container into position for bolting is accomplished by two

hydraulic actuators which are mounted on the outside wall of the specimen

container.
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8.2.5 Grids

Two sets of perforated steel pl|ces bolted to the support system as

shown in Figure 2 2 serve to distribute the Jets of high-pressure gas emitting

from the load cells upon opening of the main valves. The upper grid has an

unperforated central portion which is surrounded by an array of holes which

vary In size and location designed to distribute the gas flow evenly while

the lower grid has a uniform array of 1/4-inch-diameter holes. The lower grid

was designed to smooth out any minor irregularities in the pressure distribu-

tion, thus presenting a uniform pressure distribution to the top surface of

the test specimen.

B.2.6 Decay Chamber

The decay chamber was designed to serve three purposes: 1) contain

the gas expelled from the charging and expansion chambers during decay opera-

tion such that the gas might be purified and reused; 2) protect the load

cells from ambient contaminants; and 3) reduce the noise level associated

with testing operations. The chamber consists of two sections as shown in

Figure 2.1. The lower section is fitted with four access ports for tubing and

electrical connections necessary for operation of the load cells. The upper

section is fitted with a large access port to provide access to the load cells

for adjustment and minor repair. All Junctions are fitted with 0-rings to

provide airtight Integrity.

B.3 OPERATION OF THE DYNAMIC LOAD GENERATOR

0.3.1 Loading Media

Two commercially available Inert gases, nitrogen and helium, were used

as media for loading test specimens and controlling operation of the DLG.

1
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Inert gases were required to prevent an explosion which could result If a

combustible gas were suddenly compressed.

Helium, being the lighter gas, is used as a loading medium when very

fast rise times and/or decay times are required, while nitrogen gas is used

as a loading medium at other times because of the lower cost of the gas.

Facilities are available to reclaim and pressurize helium after testing.

Nitrogen is used almost exclusively to control the operation of the DLG.

B.3.2 Operating Procedure

Upon completion of the preparation of a test specimen as described in

Section 3.3.2, including the placement of the clamping ring and the sealing

ring O-ring, the specimen container was ready to be placed on the bearing

plate, as shown in Figure 2.1. The hydraulic Jacks on the cart were pressur-

ized to raise the base plate off the edge plate supports, and the specimen

container was pushed in place over the bearing plate and lowered to rest on

the bearing plate. The seal ring was raised hydraulically and bolted to the

support system, and the necessary connections were made to the ports in the

seal ring. If adjustments of the rise or decay times were required, they

were adjusted inside the decay chamber. Following any such adjustments, the

access port was sealed. The remainder of the loading and firing operation

Is dependent upon the control medium and control electronics.

As the load cell Is shown In Figure B.1, the main and decay valve

triggering mechanisms have been cocked and the load cell Is ready to be

pressurized. The chambers behind the trigger-actuating pistons are pressurized

to accelerate the main valve carts when the load solenoid Is energized. The

chambers below the main valve actuating pistons are pressurized to accelerate

the main valve pistons when the main valve carts are moved to allow the main
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valve shaft to move upward. The chambers above and below the decay valve

actuating pistons are pressurized such that a small net downward pressure

is maintained and the decay valves are held closed until the dLcay valve

triggering mechanisms are actuated.

The test is initiated by the energization of the load solenoids and

the consequent opening of the main valves. With the main valves open, the gas

in the charging chamber flows through the main cylinder ports and grids and

then onto the loading diaphragm. The unloading cycle is Initiated by the

energization Qf the decay ilenoids which actuate the decay valve triggering

mechanisms venting the gas in the chamber above the decay valve actuating

pistons. The unbalance in the pressure then Is acting In the opposite

direction and the dicay valves open, allowing the gas in the charging and

expansion chambers to flow through the ports in the decay valve cylinders

to the decay chamber. Following the test the gas in the decay chamber may

be reclaimed for future use or vented to the atmosphere.

8.3.3 Control Instrumentation I
In order to achieve as fast a pressure-rise time as possible and

maintain a relatively uniform pressure distribution over the surface of a

test specimen, an electronic fourteen-channel counter was utilized to preset

the time at which each of the seven solenoids was to be actuated, The time

of firing of each load cell was monitored by magnetic pickup devices mounted

at a coommon point on each load cell In conjunction with steel plates mounted

on the main valve shafts. The passage of the steel plate by the magnetic

pickup generated an electrical signal which was recorded on tape and served

to Indicate the time when a particular load cell fired. Comparison of the
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times of firing for the seven load cells provided the basis for adjusting the

firing presets to attain as near a simultaneous firing of the load cells

as possible.

The fourteen-channel counter was also employed to preset the time at

which the decay solenoids were actuated. The energizing of the decay solenoids

was not as critical as the lead solenoidsso no provisions were made to monitor

the times at which movement of the individual decay valves occurred. The dwell

of the surface pressure ever the test specimen was also established by the

fourteen-channel counter.

I
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