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1 ABSTRASY A testing device which is capable of testing one-dimensional compression
specimens 48 inches in diameter and up to 1L inches in height was developed as a part
of this study. The device is capable of developing static axial pressures of 1600 psi
and dynsmic axial pressures of at least 800 psi with pressure-rise times as fast .s 3
msec with cold gas used as the loading medium. The load is applied to the test speci-
men 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
slids wire gage which is mounted below the test specimen, The pore water pressures
mey 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 censtruction by a
series of calibration tests and a series of static and dynamic tests employing Ottawa
sand as a standard., Subsequert to the proof-testing of the testing device, an experi-
mental study was conducted t» 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 pai, although some tests were carried to 1000 psi. ™o variation of parmmeter
study included investigation intv: (1) the effect of variavi : of particle shap and
compogition; (2) the effect of variation of particle size; (3) the effect of variation
of gradation; (L) the effect of saturation prior to and subsequent toc load application;
and (5) the effect of rate of loading. Soil samples were alsc .ollected from three
missile sites in the United States. Opecimens which simulated in situ conditions 're
prepared from the samples collected and subjected to both static wnd dynamic loading,
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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 from three missile sites in the Unlted
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..!This work is in conjunction with research
on propagation of ground sﬂgpk through soils being conducted by the
Soils Division, U, S. Army Eggineer Waterways Experiment Station, for
the Defense Nuclear Agency.

This report was prepared under Contract No. DACA 39-67-C-0023
with the 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
pressuras of at least 800 psi with pressure-rise times as fast as 3
maec with cold gas used as the loading medium. The loed is applied
to the test specimen by mesans of a flexible diaphragm, and deflections
are measured by monitorirg the movement of the top surface of the
test specimen relative tc 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 uuring a test if deaired.

The testing device vas proof-tested following construction by a
series o7 calibration tests and a series of static and dynamic tests
employing Ottava sand as & standard.

Subsequent to the proof-testing of the testing device, an experi-
mental study was conducted to inveatigate the effects of the variation
of certain parsmeters on the one-dimensional compression charscteristics
of granular materials and included tests on Otteavs sand, crushed lime-
stone, Wabash River gravel, and North Dekota river gravel. The study
vas, in general, limited to a stress runge of from 0 to 500 pei, nltheoush

some tests were carried to 1000 psi{. The variation nof parameter study




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.
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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 atudy 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 ol computation
of ground motions; however, for pressure levels lover than 1300 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
scil strata may be assumed to be laterally confined, the problem may be

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




interest for predicting ground motions is the stress-strain relation
observed in a one-dimensional campression 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 campression. These devices inclu:ie
those developed by Zaccor, et al. (1965), Schindler (1967), 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 Bjerrum (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 teatiﬂg, and theretore,
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 STUDY

The objectives of this study were 1) to develop & device capable
of testing granular materials with particle sizes up to 3 inches in
diasmeter in one-dimensional compression under static and dynamic loading
conditions; 2) to test backfill materials from certain selected missile
sites; and 3) to conduct a variation of parsmeter study on granular ma-
terials commonly used as structural fill throughout the midweatern United

States.,




The variation of parameter study was coﬁducted 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 Universiivy
of Illinois Dynamic Load Generator (DLG) which is capuble of developing
static overpressures of up to 1€00 psi and dynamic overpressures of at
least 800 psi with pressure-rise times as fast as 3 msec. The specimen
size for vhich 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 bottor 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
vas proof-tested by a series of static and dynamic teats, Sudbsequent to
proof-testing, specimens of the dackfill cdbtained from three missile sites
vere tested at densities and water contents simulating as nearly as poa-

sidle in situ conditions.
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1.3 SCOPE

In the following chapter the design and construction of the equipment
used to modify the DLG for determining the one-dimensional stress-strain

behavior is presented., The pressure and deformation measuring systems utilized

for static and dynamic tests are described. Also, the factors considered in
the design of the equipment are discussed in detail.

Chapter 3 describes the proof-testing of the deformatien measuring
system and of the device with a test apecimen. The procedure followed for
specimen placement is described and the results of the proof-testing program
are presented. The results of the proof-testing vith Ottawa sand are
compared with the results on Ottawa sand obtuined with other devices.
Incidental problems vhich vers discovered are reported in detail. The
effect of seating error and an analysis of the pressure distridution over
the top surfsis of the test specimen are also discussed.

Chapter & descrides the variation of parsmeter study conducted on
samples of the two river gravels and the crushed limestone in addition to
the standard Ottawa sand. The grenular materisls tested are descridbed in
datail and the effects of particle shape, minereslogice) compositiomn, particle
sise, particle gredation, rate of loading, and the effects of specimun satu-
ration prior to and sudsequant €0 1load application are dlacussed in detail
utilizing the test results odtained.

Chapter 5 presents & summary of this study asd conclusions regarding
the performance of the one~dimensionsl compression device and the veriatien
of parameter study. Sugpeetions are made for future research vhich appears
Justifiadle {n viev of the test results obtained ia this study.

8




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

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

DIG and describes the operation of the loader.
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DESIGN AND DEVELOPMENT OF EQUIPMENT

2.1 IETBORUCITON AND SUMMARY

The Dynemie Loed Generator (DLG) vas constructed primarily for
the study of static and dynamic responses of structural models embedded
in soil specimens, arching in soil, soil-structure interaction, and stress-
wvave propagation. To facilitate such investigations, the soil container
ves constructed to accommodate a test specimen 4 feet in diameter end 8
feet deep. The utilization of the DIG for investigation of the stress-
strain dehavior of compacted soils and rockfill materials in ons-dimensional
compression required the design and constructioc of a deformstion measuring
system capable of monitoring the deformation of a test specimen during
dynamic or static Joading and the modification of the specimen container
t0 peruit testing of s specimen with a ratio of diwmetsr to height of
greatar than ooe,

The modification of the specimen container to test a specimen of
thic nwess less than 8 feet necessitated the considerstion of four primary
fectors: vis., sidewvall friction scting on the specimen, sufficient gage
leagth o reduce boundary and nomuniformitly of specimen effects, dynmie
respoase, and elsetrical access 0 and housing of instrumentation. The
instrumentation systems were 4ssigned in socordance vith criteris ested-
1ished by the anticipated bedavior of soll and rockfill specimens during
testing. These criteria vere as follows: 1) the deformation meesuring




system must accurately messure the deformation of the top surface of the
test specimen relative to the bdottom surface; 2) the pressure meas.ri-y
systen must accurately msasure the pressure acting over the surface £ the
test specimen; 3) the deformation and pressure measuring systems must de
elactronic to ensble recording during dynasic testing; 4) the deformation
and pressure measuring systems must be prot 'cted from moisture in the
test specimen; S) the deformation measuring system must dbe capable of
measuring deformations as large as 2 inches vith a threshold of approxi-
mately 0.001 inches; and 6) the inmstrumentation systems must not signifi-
cantly affect the stress-strain behavior of the test specimen.
The nodification of the spe *m container vas accomplished by
the desizn and construction of e reinforced concrete pedestal vith a
top plate of 2-inch-thick steel and a bottom plate of l-inch-thick steel.
The overali pedestal height wes 82.25 inchee, thus permitting s test
specimen thickness of approximately i2 iuches, and, consequently, a speci-
mn sspest ratio (retio of specimen dismeter to height) of approximately
four. The largs aspect ratio served to minimise sidevall friction effects
and permitted tasting of specimens with particle siszes of the ordcr of
3 inches. The dynmmic response of the pedestal was such that the pressure-
rise times emplayed {n this study could de coosidered e static. The
pedestal is sbhova {a place in the DIG apecimen contaiver in Pigure 2.1.
The pressurs mesuring system utidized for this stuly wes the
sams o8 that originally dswloped for the DLO. The pressure ecting over
the top surface of the test specimsm during repid testing wves sensed Yy
Kistler quarts preseure transfuterv vhich were located in the seal ring of




the DLG. During atatic testing the pressure acting on a test specimen

vas monitored by a Bourdor;—type gege connected to the expansion chamber.

The deformation measuring system employed cousisted of a slide
wire gage mounted in the top plate uf the pedestsl and actuated by
the movement of a steel deformation plate which rode on the top sur-
face of the test specimen. The movement of the deformation plate was
transmitted to the slide wire gage by an actuating rod which served
as a mecha.nic;ﬂ 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 repeatebility of the gage was shown to be better than 99%. The de-
formation plate, which was constrvcted of l/8-inch steel, was very
flexible compared to the stiffness of the test specimens so that the
stress distribution 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 l-inch-diameter dellows
vhich wvas flexible in the axial direction and stiff in the radial direction.
The bellows is shown installed ia 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 vas protected from con-
tact wvith the bellows by a rigid stainless-steel tube which was enclosed
by the bellovs. The stainless-steel tube was rigidly mounted in the top
plate of the pedestal and enclosed the actuating rod to a height such that

the ant!cipated deformation of the soil specimen could occur without contact
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betwveen the deforration plate and the tube. The deformation measuring

system {8 shown in place in the s0il container in Mgure 2.2.

2.2 Pedestal Degign and Constructiom

2.2.1 Design Consideration
2.2.1.1 Introduction
In order to obtain a more favorable aspect ratio for one-dimensional
compression tests, a pedestal was 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
effecte at the top and botton of the test specimen are minimized, even
vhen teating materials with 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 aspect ratio (D/H) of the test specimen will be s large as possible
in order to miniuize sidewall friction effects; 2) the pedestal must be
constructed auch that the dynamic response of the pedestal does not
significantly influence the behavior of the test specimen during loading;
and 3) the vedestal must provide a means for housing deformation measuring
instrumentation as vell as access ports to allow hydraulic communication
to the spscimen and nutlets for wires connected to transducers within

the specimen.
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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 ¢f a s0il test specimen was fixed by the dismeter of the soil con-

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

mined by consideration of sidewall friction snd the accurscy required for !
deformation measurements of the top of the specimen.

The larger the test apecimen 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 neasnriné device.
However, the greater the specimen height, the less favorable th: aspect

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

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

cylindrical tanks has been investigated by Albott (1967). Abbott's re-
search showed that with an aspect ratio of four, one could expect at i :
least a transmission of 85%, and that if a gressed liner is used betwesn
the specimen and the tank wall, the minimum transmission increases to

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

Rohmaller (1968) and Paul and Goel (1968) indicated that the transmission 4
of static stress with an aspect ratio of one should be greater tham 90% if :
a neoprene tank liner is used with Lubriplate grease between the steel

wall and the neoprene liner, Lubriplate grease used in conjunction with

& neoprene liner were determined to be the most efficient tank liner

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

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




of approximately four used in confunction with a tank liner and Lubriplste
! grease resulted in static stress transmission of at least 90% and probably
grester than 95%.

,- , Assuming a soll specimen aapect ratio of four and a constrained

f ' modulus of 50,000 psi, the deformations vhich would result from an axial
gtress of as lov as 100 pal cen be demonatrated to be of sufficient msgni-
tude to be aceurately measured by a deformation measuring device with a

resolution of 0.001 inches. If an instrumentation resolution of 0.001

e e s

inches is assumed, the deformation resulting from an overpressure of 100 psi
can be messured to within U¥. This is a conservative estimate of the

accuracy attainable in the study conducted, since typical constrained

moduli of interest were on the order of 10,00C to 30,000 pei. '
Based on the considerations of sidewall friction and magnitude of

axial deformation as diacussed 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 & static or dynamic test on a
given specimen is dapendeﬁt on the integrity of the loading diaphragm., If
i the loading diaphragm vere to bear directly on test specimens such as
crushed limestone, the diaphragn w. ¢ certainly be ruptured by
the sharp particles or would exceed its tensile etrength in being extruded

into the voids near the surface of the specimen. In order to preclude




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
wvas retained against the soil specimen container liner 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
vhich were to determine the one-dimsnsional behavior of solls under dynamic
conditions as discussed in Section 1.2. Thus, the loading rates varieAd
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 msec.

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 & system with respect to maximax displacement reveals that if the ratio
of the pressure-rise time to the fundamental period (t/T) is greater than
two, the system will behave as if the pressure were applied statically,
Figure 2.4; thus, dynamic consider.tions dictated that the pedestal be
constructed such that the fundamental period would be less than about

10 msec.
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Assuming the pedestal to be composed of reinforced concrete, the
natural period of the peésstal was computed assuming the pedestal to be a
spring-mass system and assuming the pedestal to be a solid cylinder,
Ti{moshenko (1955). The computations of the natural frequency of the pedestal
by both methods are 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 loaler 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 then be computed
a8 the difference between the spparent 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 vas designed with a central port to accept

a plug which served as a mount for the slide vire gage. Also, the central
portion of the pedestal, immediately below the top plate, was designed with
a cavity to house the slide wire gage.

The oxistence 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 sssrumptions. The lip of the top plate of
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the pedestal, vhich the instrumentation plug rests upon, wvas supported dby
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 Pigure 2.7, emplaying
expressions for the deflection of a simply supported circuiar plate as
presented by Timoshenko (1959).

Assuming that a test specimen has & 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 amounts to less than 0.5%, and is insignificant. Murther, the de-
flection of this central plug during testing was reduced by arching.

Electrical access ports vere provided in the bottom of the DIG
soil container. A 3-inch-diameter pipe leading from the slide vire gage
housing through the pedestal and matching the position of one of the ports
in the soil container served as pasasage for the electrical leads from the
slide wvire gage.

In order to permit other instrumentation within the soil specimen,
four additional small-dismeter instrumentation ports were included in
the design of tha top plate of the pedestal. The ports vere located %o
match the access ports in the bottom of the soil container. All ports
and plugs vere designed for O-rings so that, if desired, airtight Iintegrity
of the specimen could de maintained. S8peciel purpose plugs and dlank plugw
vere designed and constructed to de fitted into the instrumentation ports.
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Two plugs were designed and constructed to allov saturation of
specimens. A vorking draving of these plugs is presented in Figure 2.8.
Vhen these plugs were employed, copper tudbing vas passed from a water source,
through the concrate pedestal, and cc nected to the plugs. When Hydronral
vas used on the top plate of the pedestal to prevent seating errors with
coarse-grained samples, the vater inlet holes were covered vith tape
prior to the pouring of the Hydrocal and the plucement of the first 1lift
of the specimen. After the Rydrocal hardened, the material immediately over the
inlet holes was removed and the Hydrocal and tape over the wvater inlet
holes removed. The placement of the additional lifts of the specimen
was then completed.

Ons plug vas designed and constructed to provide a means to relieve
the air pressure bduilt up during saturation of test specimens. A vorking
dreving of this plug is presented in Pigure 2.9. As the vater invaded the
test specimen being 2aturated, the pore air pressure increased since the
top of the specimen vas s- 1led by the loading diaphragm. The de-airing
line, vhich vas a copper tube passing through the test specimen and open
at the top was connected to the dottom of the de-airing plug and passed
tarough the concrete pedestal and vas vented to the atmoaphere vith the
open end at the sames elavation as the top of the test specimen within
spproximately 1 ioch. This line aleo served to maintain the level of the
vater st the top of the specimen.

Fioally, a third specicl purpose plug was designed to monitor
the pore air pressure inside the test specimens vhich vere tested {n an

air-dry state. Thia special purpose plug vas designed with ¢ orous stone
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exposed to the test specimen and connezted to a Bourdon-type gage 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 deaign considerations presented in Section 2.2.1,
the pedestal ‘as constructed of reinforced concrete with top and bottom
steel bearing plates. The pedestal i{s showvn {n place in the DLG soll
container in Figure 2.1 and a detailed working draving of the pedestal is
presented in Mgure 2.11.

The top plate of the pedestal vas constructed of 2-inch-thick 212
Grade B firedbox steel. The plate vas machined to a diemeter of A7.955
inches with an O-ring groove cut to facilitate a watertight sesl between
the top plate and the scil container wvall. Instrumsntation access holes
and 1lift holes were cut in the top plate. Tharee-irch-diamster electrically
velded pipes centered on the instrumentatica access holes and continuoua !
betveen the top and bottom plates vere provided as conduits for electrical
and hyraulic leads to the specimen. Lifting nuts (1-8, C128, Th-Xkip-proof
losd) vere velded to h-x M-dnch mild steel plates vhich were welded to

thy bnttom sids of the top plate centered over the 1lift holes. The lifting
nuts were encesed in capped 16-gauge, J-inch-diemeter, electrically welded

pipes.
Intarmediats greds No. b reinforeing rods vere welded to the

bottom side of the top plate end to the bottom plate 3.1/M {aches to either
side of the center liner of the lifting poiate fer the pelestal. Tirty tater-
mdiate grade No, 3 reinfercing rode st & speeing of 12° ead om a reflwm of 20.9
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inches were velded to the dottom 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 of the longitudinal steel. Minally, eight 12-inch
lengths of intermediate grade No. 3 reinforcing rods vere wvelded to the top
plate on a radius of 1b inches to serve as anchor studs for the top plate.

A form for the pouring of the concrete pedestal vas constructed
of 10-gauge steel. The form wvas forced into a zroove cut into the bottom
side of the top plate and welded into place. The top plate was utilized
a8 & temporery dase; the instrmentation conduits and reinforcing rods
vere positioned vwith e template;and the pedestal form vas filled with con-
crete. After the concrete was poured, the bottom plate vas placed and
velded to the reinforcing rods leaving a 3/4-inch void between the ccncret?
and the bottom plate. The vold vas filled vith non-shrink Embeco grout
after the initial shrinkage of the concrete. The bottom plate vas con-
structed of l-inch-thick firebox steel.

Tvo concrete test cylinders (6 x 12 inches) were poured during
the placing of the concrete for the pedestal. The 28-day strengths of the
cylinders vere 4280 and 5022 pai. The stress-etrain curves for these
cylinders are presented in Pigures 2.12 and 2.13,

In ordar to elininate the necessity of providing a grout ded for
the pedestal each time it vea placed {n the soil container to level the
top plate, the dottom plate ves machined parallel to the top plate. The
cegter lines of the top and bdotton pletes 41d not and need not have the
same center line since the dottom plate and the pedestal form are 45 fanches
in diameter snd the soil contaloer {adide dtemeter 13 A8 inches. DBefore

D)
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pouring concrete for the pedestal, the form was fiied such that the cylin-
drical wall aid not deviate more than 0.25 inches from the vertical over
the entire height. Thus, vhen the pedestal was in the soil container, the
t0p plate vas exactly centered in the soil container and the bottom plate
was not; however, the top and bottom plates were parallel.

2.3 INSTRUMENTATION DESIGN AND CONSTRUCTION

2.3.1 Pressure Msasuring System

The pressure measuring system employed in this study vas {dentical
to that originally developed for the DG. During dynamic testing, the
pressure acting over the top surface of the test specimen vas sensed by
Kistler quarts pressure transducers, Model Noa. 601-A and 606-A. The trans-
ducers were installed in thiir respective mounts and placed in the seal
ring ports of the DIG. The pressure transducers produce an elsctrical
charge proportional to the change in pressure to vhich they are subjected;
therefore, by grounding the transducers {mmediatsly prior to the application
of the dynamic overpressure and subsequant to the application of the statie
prelosd, the meesured pressiues correeponded to the dynamic ingremsnt oaly.
The electrieal charges produced by the pressure transducers were coaverted
to voltages by Kistler slectroststic charge emplifiers, Modsl Bo. SOMGA.
™he outputs of the charge asmpiifiers vers recorded oo tape. Immedialsly
prior to the test, & calidration stap corresponding to the saticipated
Qynsamic overpressure wvas erwded on tage utilisiag the Klstler charge
amplifiers and Kistler Model 53/ charge calidratore
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'fhc seal ring was tapped at twelve locations to provide porta for
the installation of pressure measuring devices. These twvelve locations
vere suck 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 muchines are described in Appendix B. The location of the pressure
neasuring devices as Adescribed adove provided a means for evaluation of
the time of tiring of the machines relative to one another with the ex-
ception of machine 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 accelercmeter records and pressure-time traces
has been made and reported by Prendergest (1968). The resuits of this

study indicated that for very fast rise times on the order of 3 msec, the

| maximum pressure variations are lesa than 20% of the peak surface pressures.
An analysis of the pressure varistion over the surface of a test specimen
is presented in Section 3.3.h.k.
During static testing, the Kistler transducers vers removed and
i the ports plugged. Ghe pressure acting on the specimen was moni*ored by
2 BSourdon-type gage wvhich vas connscted to the expansion chember.

2.3.2 Deformstion Measuring System
2.3.2.1 Design Coostderstions

2.3.2.1.1 Introduction

The design of the DIG 414 not leave much latitucs for the design
of the deformation measuring system. The expansion chamber vas designed
to be a8 small as possidle to reduce the expansion of the losding medium 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 presgure
gradients over the surface of the test specimen. Eecause of the small ex-
pansion chamber volume, the location of a deformetion meesuring system in
the expansion chamber was impractical, if not impossible, for dynamic tests.
Also, because of the relative movement between the DLG forging and the noil
conteiner, a deformation measuring device mounted anyvhere except to the
top plate or 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 DIG required that the deformation measuring device, at least
for Adynamic tests, be mounted to the top plate of the pedestal. The move-

ment of the *op surface of the test specimen relative to the top plate of

the pedestal vas transmitted to the gages by a mechanical link between a
deormation plate resting on the top surface of the specimen and the gege.
2.3.2.1.2 Selection of Gage Type

The selection of the type of gage to be built to monitor: deforma-
tions was dased 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,
wvere anticipated. Moreover, because of the S-shaped stress-strain be-
havior typ_iga.l of soll materials in one-dimensional compression, a threshold
of the orde:!.:’éf 0.001 inches was required to enable the stiffer portions
of the stress-strain curves o be defined.

Two types of gages are commonly used vhich are sensitive to small
displacements over fairly large total distances, vis., linear variable

ditferential transformers (LVDT'S) and slide wire gages. LVDT'S are rela-
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tively delicate and expensive and slide wire gages are frequently quite
sensitive %0 dynamic effects. In an effort to prevent unnecessary expendi-
tures of time and money, the decision was made to construct a slide wire
gage as the primary deformation measuring device with a detactable LVDT
mounted on the frare of the gage. Then, if the slide wire gage 4id not
finction aatisfactorily, the LVDT could be utilized, and if the slide vire
gage 4id function satisfactorily, the LVDT could be detached from the mount.
Because of the experse of a long-travel LVDT, a surplus short-travel LVDT
was mounted or: the alide 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 conatruction of the various com-
ponent parts of the gage. Particular attention must be focused on the
travel of the plckup over the alide wires. The pickup must be constrained
to inhibit movement in any direction other than that in which measurements
are to be made. In addition, all slack must dbe eliminated in the mechanical
link vhich tranamits the deformation to be measured to the slide wire gage.

Another factor effecting the repeatability is the pickup-slide
wvire 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 possibls. A prime requisite of high

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

finishing of, the slide wire and pickup are essential for maintaining

repeatdgility .




As s meens of reducing the wear as much ss possidble and, therefore,
prolonging the life of the slide vire, the slide wire should be hard rele~
tive to the slide wire pickup. Por this reasca, the slide wires vers
composed of 2k-gauge Mickel-Chromium wire and the pickups were cowposed of
brass.

A 3)ids vire gage is bavically a potentiomster vhich can be directly
excited by 2 voltage source; displacements of the pickup are measured Ly
reuding the changes in voltage drop betwean the pickup and either end of
the slide vire. Although such a system will function, the attalnment
of a reasonable threshold requires s high-voltege DC power source and a
precision voltmster. To atiain s reasonable threshold without the use of a
high-voltage source, the 2lide wire was incorporated in a Wheatstone bridge
cireuit as showm in Pigure 2.14. The function of the null slide wire,
vhich is shown in Figure 2.1k, vas to null any inbalance in the bridge
immediatsly prior to a dynamic test to simplify the reduction of test data.
The null slide wire served no function and required no adjustment dwring
e static test.

2,3.2.1.8 Connection Between Deformation Plate
and 8lide Wire Gage

Because of the location of the slide wire gage below the test
specimen in the pedestal, a mechanical connection btetwesn the deformation
plate vhich rests on the top swrface of the test specimen and the slide
wire gage was required. In the dssign of such a mechanical connaction, four
considerations wvere of primary importance, visz., the connecting rod must
be sufficiently free from frictional effects so that the behavior of the
test specimen is accurately measured; the dynamic response of the link must

s A o S
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be such that inertial effects are minimal; the connections to the deforma~
tion plate must He such that the actuating rod need not He normal to the
deformation plate; and, finally, it must be possible for the soil specimen
container to remain watertight,

Frictional effects can arise from two different sources. In the
passage of the actuating rod through the test specimen, the actuating rod
rust be protected from contact with the specimen. In protecting the actuating
rod from the test specimen, the rod must de enclosed in a sleeve vhich
will deform axially with the test specimen and yet be of the seame order
of radial stiffness as the scil specimen., Several researchers.have
utilized segmented rings to contain test specimens. These rings are slightly
aseparated vhen the test specimen {s unloaded and can move together ag the
specimen 18 loaded and deformed axially., This method has proved satis-
factory and is reported by Zaccor et al. (1965), Fumagalli (1969), and
others, This segmented ring idea was _onsidered to provide protection for
the actuating rod from the soll specimen; hovever, this concept was found

to be impractical bdecause 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 vhich is soft in thg
axial direction and stif{ ¢ the radial direction. Such a system is less
difficult to set up and invasion of soll into the void around the actu-
ating rod is prevented unless the bellows ruptures. Murther, bellows
are commercially 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 dellows is flexible, the actuating rod could still




suffer from frictional effects 1f, during specimen placement, the bellows came
into contact with the actuating rod. ZFnclosure of the actuating rod with
a stainliess steel tube which in turn vas enclosed by the bellows 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
gege wvas mounted inside the pedestal, at some point slong the actuating
rod, there vas the opportunity for frictional forces to develop. Several
methods for reducing these forces to a minimum were considered such as
teflon coating or machining to a high finish. The latter method vas
selected and s testing program was employed to determine the magnitude of
the resulting frictional forces. These forces were shown 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
(1958). By this method the natural frequency f  of the system ia

n
computed as shown below:

1/2
)4

n
w3
vhere k = AE/L

A = cross-sectional area of rod
E= Ym's modulus for rod

L = length of rod
®) * mass of pickup

n, = mass of rod
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The use of either stainless steel or aluminum for the actuating rod and
a relatively lightweight material for the pickup body results in a funda-
mental period of the order of less than 1 msec, and {s, 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-l wire strain gsge vas mounted on the actuating rod just
sbove the slide wire pickup to measure any inertial effects. The analysis
ghoved the actuating rod-pickup system to be virtually free from inertial
effects. This analysis is presented in Section 3.3.4.2.

The top surface of any given test gpecimen could not be placed
80 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 plats 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 dut the easiest
and most economical proved to be the use of spherical vashers in the
connection,

Finally, a means to achieve wvatertight integrity ves required.
The passage of the actuating rod through the top plate to the slide vire
gage gave rise to a breach in the vatertight integrity of the specimen
container. An O-ring seal system vas designed to provide a seel between
the top plate and the actuating rod without inducing large frictional

forces on the actuating rod. In addition, this sesl system vas designed
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such that the close tolerance pleces, which could induce large frictional
forces, could be completely removed vhen watertight integrity was 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 bde sufficient
to portray the deformation of the test specimen, flexidle enough to not
significantly alter the uniform stress distridution 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 dismeter so that it 414 not extend over that por-
tion of the surface of the test specimen most affected by sidewall friction
and wvas 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 distridution over the surface of the test specimen may be approxi-
mated by assuming that the test specimen is a half-space and that linear
elastic conditions prevail. A solution to the distridbution of pressure
between a plate and a linear elestic half-space has been presented by
Borowicka (1936). Using Borowicka's method and assuming s plate diamster

of 2h inches and a thickness of 1/8 inch, the relative stiffness X of

the deformation plate-soil specimen system mey be approximated as {llustrated
in Pigure 2.15. A K-valus of {nfinity indicates an infinitely stiff plate




relative to the so0il specimen, vhile a K-value of zero indicates a completely
flexible plate., Stress distridbutions corresponding to various K-values

ure 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.
Tre 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 110 pcf and loaded to 1000 psi. The resulting stress-
strain behavior was assused to be identical to the dynamic stress-strain
behavior and pressure-time curve was essumed to be linear with a rise time ‘
of 25 msec. Utilizing these assumptions, the maximum acclerations and

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

Assuaing that accelerations of the order of 100 g's vere reasonable
and that the deformation plate was composed of 1/8-inch-thick steel, the
inertial stresses wvhich could bde 1ndu¢ed on the top surface of a test
specimen by the deformation plate vere computed to de less than 5 psi. Thus,
even if the maximum accelerstions wvere to range up to 200 g's, the imposed
fnertial stress would still not exceed 10 psi. Measured accelerations are
presented in Section 3.3.k.2.

The presence of the void through the center of the tast specimen

t0 accommodate the passage of the mechanical link detwveen the deformation
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plata and the slide wire pickup produced an overstress of the soll in the
immediate vicinity of the void. If no provisions vere 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 immediate vicinity of the void and deflections of the
deformation plate over the void. An aluminum stiffener 6 inches in diameter
vas designed and mounted on the center of the deformation plate. The
atiffener served to distribute the overstress over a larger area. If the
overstress is assumed to be limited to the area of the stiffener, then the
overstress am¢nts to leas than 3%.

The relative stiffness of the deformation plate to a test specimen
vas such that the plate {s flexible and the pressure distribution wvas very
nearly uniform 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 messures wvere taken, the deformation plate rode on the tops
of these undulations and tended to flatten the surface and to bend to comn-
form to the surface. This bending and flattening constituted seating error
vhich resulted in en apparent atress-strain dehavior vhich vas not as
stiff as the true atress-strain behavior. Aleo, vben testing large granular
materials, the poiut contacts between the particles and the steel plate
resulted in excessive straia due to crushing of point contacts on the steel
deformation plate. Witk large granular materials, en identical seating

error resulted at the dottom of the test specimen. In an effort to overcome
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this scating 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 test specimen. When testing large granular
materials, ths seating compound was also placed on the top plate of the
pedestal prior to the placement of the first 1lift. This method, vhich
is discussed in greater detail in Section 3.3.4.3, 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 was constructed of aluminum. A photo-
graph of the gage with the auxillary LVDT mount is presented in Mgure 2.16
and detailed vorking drawings of the individual components comprising the
gage are presented in Figures 2.17 through 2.21. The frame of the gage
vas first constructed and assembled and then the pickup bdody ves con-
structed such that a close tolerance fit existed betwveen the pickup and
the gage frame. This close tolerance vas required to eliminate error
resulting from play of the pickup in the gage frame.

The pickup itself wvas threaded on both the top and the dottom such
that connection could be made to the actusting rod and also to a rod
extending from the bdottom of the slide vire gage to vhich an LVDT core
could be fixed. The LVDT body wvas mounted in the micarts mount vhich
could de attached to the dottom of the slide vire gage. The LVIT {s zhown
mounted in the photograph presented in Mlgure 2.16, apd e detailed vorking
draving of the micarta LVDT mount is presented in rigure 2.22,

Movement of the pickup contact relative to the slide vire vas

prevented by boring the mounting hole for the cortact slightly under size
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and theén pol shing the contact with emery cloth unti{l the contact could ‘
barely be forced into the pickup body. Opposite the face of the contact, |
a 3pring-loadsd bumper was mount .u to ensure intimate contact ‘betveen
the slide wire and the pickup contact.
Two slide vires and two pickups were incorporated into the gage.
The tvo slide wires vere mechanically linked and electrically independent.
This system precluded any variation between measured defor~ation by the
tvo slide vire gages unless, because of vear, the pickup dody could move
in any direction other thun axially in its track. To inhidbit wear, the
alminum guides and the micarta pickup body were heavily impregnated vith
powdered graphite. After six months of use, the pickup body showed little

sign of vear, and any wvear that had occurred was not sufficient to present

a detectable error in the resdout of the gage. ]
The slide vires vere composed of 2h-gauge Nickel-Chromium wire.
Prior to affixing the slide vires on the gage, the vires vere atressed
nearly to yield and then polished, first with emery cloth and then crocus
e¢loth. This preparation vas necessury in order to provide a smooth sur-
face for the pickup to ride or. The pickup cnntact vas also finished
to & high degree vith emery cloth and crocus cliath. Upon assembly of the
slide vire gage, & complete calidration of the gug: vas required to
ascertair that nonlineerity of the gage 4id not exist Decause of local
yislding of the alide vwires or other prodlems. 7o preveat fregquent

changing of the slide vires decause of vear, the pickups were composed of
bress. The excessive weariang of the Brase necessitated frequent refacing
of the pickups dut greatly lengthensd the satisfactory life of the slide

vires.
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The pickup actuating rod employed wvas a 3/16-inch-diameter steel rod
thresded on either end. The connection to the pickup body was madc oy
thresding the rod into the body and fixing it in place dy a lock nut. The
connection to the deformation plat: 1is shown {n " .gure 2.23. The spherical
wvashers used in the deformation plate mount wllowed a deviation from the
normal of the actuating rod to the plate of approximately 4°, In order
to prevent the actuating rod from being acted upon dy frictional forces
i{n case the protective bellows should be displaced laterslly, the uctuating
rod vas enclosed in a stainless steel tube vith an ingcide diameter of
$/16-inch, The tube was mounted in a recess in the central instrumentation
Plug and could be easily removed sri replaced. The length of tube used
for a given test vas dstermined based on the initial height of the test
specinen and the anticipated axial deformation. The stainlsas steel
tube also acted to prevent any significant bowing of the actuating =od
during loading. The stainless steel tube is ghown in place in Pigure 2.2,
Protection of the actuating rod and stainless steel tube was
providad by the dellows vhich coupletely enclosed the rod and tube and
extended from the top plate of the pedestal to the deforistion plate.
The bellove assewdly vas composed of five Pultom Sylphon, 2-ply, 5/16-inch.
diamater, hydraulic bdellowe. The {ndividual bdellova wvere silver sol- red
together to form the sasasbly. The connection of the sasemdly to the top
plate of the pedestal vas sccomplished Yy a threadsd section vhich vas
silver soldered to the bottom-most bellows of the sssesbly, and the top-
o8t Dellows vas fixed {n plece by the teper oa the dDottom side of the
deformation plate.




The deformation plate was constructed of l0-gauge mild steel
(thickness of 0.1345 {nches). The dismeter of the deformation plate was
2k inches. An aluminum stiffensr 6 inches in diameter was mounted on
the center of the deformation plate. The stiffener served to distridbute
the overstress initiats* by the void for the actuating rod through the

center of the test apecimen over a larger area. A vorking drawing of.

deformation plate is presented in Pigure 2.24,
The vatertight seal around the sctuating rod was achieved 'by_;
special insert which could bs removed hen testing dry materials, Thel
detalls 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 1b and vaé insig-

nificant.
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Basic relation T = ZNVE
where k = p/d
Definitions:

T = fundamental period of pedestal
m - nass of pedestal

P = imposed load on pedestal

d = deflection induced by imposed load p
E.= Young s modulus for concrete
E: = Young’s modulus for steel

Ac= area of concrete

As= area of gteel

¥ = weight of pedestal

g = acceleration due to gravity

L = height of pedestal

k =p/d = A;E¢ + AcEc
—_—

- @04in%) (30x10°1b/4in%) + 1.55x10° in®) (4x10 1b/in®)
82 In.

1x10 1b/4n.
12,4

m=W/g = 00 1b
32.271¢. /sec
32 lb-sec?
nb

o

T = 2% m/k = 2732 lb-sec’/in.
T0 T671n.
= 4 msec,

FIGURE 2,5 FUNDAMEwIAL PERIOD OF PZDESTAL ASSUMING SPRING-
MASS SYSTEM
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Basic relations c=JE/p and T = 2L/c

Definitions:
T = fundamental period cf pedestsal
¢ = velocity of stress-wave propagation through pedestal
E = Young‘s modulus of pedestal
L = height of pedestal
p = mass density of pedestal
W = weight of pedestial
V = volume of pedestal
g = acceleration due to gravity
E.= Young's modulus for concrete
Es= Young's modulus for steel
A. = area of concrete
As= area of steel
A = total area of pedestal

p = W/Vg = 12,400 1b
./ Secs
2 450 1b-sec’ /et
E = E2y + EA =

= (404:2) (30x10°1b/1n% )+ (1.55x10% 1n? ) (4x10°1b/in?)
1.50x10%1nT

& 46.5x10° pai

c = JE/p -V45.5x10’1b/1—_’n.
-sect/It"
= 1 2x10° ft/sec.

T = 2L/c = ) (82in.)
1. 2x10%Tt. /sec.
& 1,) msec.

FIGURE 2, ¢ FUNDAMENTAL PERIOD OF PZDESTAL ASSUMING STRESS-
WAVE PROPAGATION VELOCITY GIVEN BY ¢ = (E/p
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Basic relation w =S d D

where D = En/12(1-V)
Definitions

Young's modulus of steel
radius of plate
thickness of plate
applied load

Poigson's ratio

=2
LI I A

Q
v

w = (5 +0.28) (1000 1b/in.?) (3.825 in.)* (12) [1- (0.28)%]
(64) (1 +0.28) (30 x 106 1b/in.?) (2.0 in.)?

w = 0.00064 in.

!

2,000 in.
|

S

FIGURE 2.7 COMPUTATTON OF DEFLECTION OF INSTRUMENTATION PLUG
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Basic relation

=(1/6) (1%)/ (1-%) (E/E) (h/af

where

K = relative rigidity of deformation plate
to test specimen

% = Poisson's ratio for test specimen
Vo = Poisson's ratio for deformation plate
E; = Young's modulus for test specimen
E, = Young's wodulus for deformation vlate
h = thickness of deformation plate
a = radius of deformation plate

assame
.\)S= .\)P
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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FIGURE 2,17 DETAILED DRAWING OF SLIDE WIRE GAGE
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CHAPTER 3

PROOF-TESTING OF EQUIPMENY

3.1 IRTRODUCTION AND SUMMARY

In order to determine the saccuracy with which granmular materials
could be tested in one-dimensional compreasion in the DLG and to define
and resolve problems associated with such testing, a proof-testing program
vas conducted on the slide wire gage without a socil specimen and on samples
of Ottava sand and crushed limestone.

The results of the testing program on the slide wire gege 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 dymamic
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 vith 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 granulsr

S i e s -
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muterials, 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 s0il 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 wag first tested statically on the test stand shown in
Figure 3.1. The slide wires constituted arms of L-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 BLH model 120-C portable strain in-
dicstor (PSI), und the movement of the pickup was measured by a L-inch-
travel Ames diai indicator wvhich could be reed to the nearest 0.0005 inches.
Typical test resuits from a static proof test on the test stand are pre-
sented in Figure 3.2.

Baged on the test resulis 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 uin/in, then the slide wire gage threshold ves shown to be
0.0003 inches. This threshold corresponded to a strain of 0.0025% if
the specimen being teated had a gage length of 12 inches. This threshold
vas demonstrated to be more than adequate for the testing of granular

materials at stresses not excoeding 1000 pel since >n 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 velue at stresses near 1000 pei.
Assunming a tangent modulus of 250,000 psi and a gage threshold of 0.0003
inchea, the smallest pressure increment which could be manifested in a
change in reading on a BLH strain indicator is 7.5 psi, vhich corresponued
to a pressure sensitivity of more than 99%.

The repeatability of the slide wire gage was determined using a
different testing arrangement in order tc preclude, as nearly as possible,
the effects of ambient temperature variation. The gage was mounted in
the pedestal and the movement of the slide wire pickup was induced and
measured by a l-inch-travel micrometer mounted on an aluminum channel with
nominal size of 5 x 2 inches and a weight of 4 1b/ft, as shown in Figure 3.3.
The channel spanned 49 inches and some deflection and rotation of the
channel occurred as tha actuating rod was forced down by the micrometer;
however, this factor was 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
a8lide wire pickup was measured and determined to be less than 0.1 1lb, vhich
correaponds to a deflection of the channel of less than 0.0001 inches
assuning no rotation of the channel. The repeatability thus determined
vas greater than 99% ss denoted by the percent deviation from the mean
value.

3.2.2 Dynamic Testing

The slide wire gage vas tested dynamically to ascertain that wiper

14 ™ would not occur and that the gage system could withatand dynamic forces
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without deleterious effects such as ylelding 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 vas actusted by a gas-propelled pi..on which was electrically actuated.
The pickup was subjecied to a displacement of approximately 2 inches with

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

l-grm bridge as in the s*atic tests, and the output wae fed to BA4F condi-

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

tape. Acquisition and reduction of dynamic dats 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
1ift. 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 ves made to investigate the accuracy of the slide wvire
gage under dynamic conditions on the test stand because the inertial
forces vere so much higher than thomse to vhich the gage would be sudbjected

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

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

statically, and the slide vires wvere not strained any appreciadle amount

as vould have deen i{ndicated by a change in tone of the slide wire vhen
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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
taat 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 Progranm

The proof-testing program as completed is delineated in Table 3.1.
The program vas designed to accomplish the following objectives: 1) provide
stress-strain characteristics of a well-documented material such that a
comparison between the results cbtainable with the DLG and the results
cbtained by other experimenters was possible; 2) determine the accuracy
obtainable vith a soil as stiff as that vhich might be reasonadly assumed
to be of usual interest; 3) dsfine any prodlems vhich might arise during
the testing program; snd ) investigate the effect of seating error.

Static Teats 8-1 and 8~2 vere conducted on 20-30 Ottaws send in
order to compare the test results vith those of other experimenters.
Dynamic Test D-1 was likewise run on 20-30 Ottawa sand to investigate
the accuracy possidble with a very stiff scil by comparing the resultes
obteined with those of other experimenters. Static Test S-3 and Dynamic
Test D-3 provided data on a very soft granular material. Static Test

8-2, C-6 (cycle §) provided test data on a very stiff material. Tests

"E
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8-3 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-l and D-4 on crushed limestone were run with
Hydrocal as a seating medium.

3.3.2 Specimen Placement

The specimen placement technique vas essentially constant throughout

the proof-testii:g program; therefore, unl:@:ss otherwise noted, all test
specimens may be assumed to de placed in accordance with the following
described technique.

Prior to the specimen placement procedure, the slide wire gage

vas checked electrically for proper operation, and the actuating rod was ‘
checked for proper height so that it would not bottom out before the
specimen éxperienced the estimated maximum deflection. If the specimen
to be teated had been estimated to deform axially one inch, then the
initial slide vire vnickup position vas set such that the pickup conld move
vertically downvard 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 thé specimen height and the predicted deformation,
and {nstalled. The stainless-steel tude vas selected such that the
clearance detveen the top of the tude and the dottom of the deformation
plate vas equal to approximately 1.5 times the predicted deformation for
8 given test. The protective dellows together with the steel support tudbe
vas then installed as showvn in Mgure 2.2.

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

vent and viped dry. A thin coat of Ludriplate 630-AA grease, approximately

0.006-1nches thick, vas applied by hand %0 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 wall of the soil conteainer and taped at the
lap; the liner wvas held in place by the grease. The container liner vas
13.125-inches high while the container was 1k.000-inches high. Thus the
container was unlined over the top 0.875 inches; this unlined portion of
the container was required to prevent rupture of the loading diaphragm

as vill be explained delow.

Placement of the soil specimen was started after installation of
the container liner. Two different “echniques vere utilized in the
Placement of the soil. The firat technique vas utilized only with the
Ottava sand specimens and employed a sprinkling device, more commonly
referred to as a rainer. A detailed vorking draving of the rainer is
preaented in Figure 3.5. The rainer vas connected, by a 2-inch.diameter
hose, to an eight cubic foot modile storage ducket vhich vas suspended
over the specimen coatainer by a travelling crane. The rate of flow of
the sand vas controlled by the vertical position of the 2-inch-diameter
disk on the threaded rod. The height of fall from the last screen to
the surface of the soll apecimen vas mainteined et 22 inches for Test 8-)
end 24 inches for Test 8-2.

The second plecement technique was utilised with all specimsns
other than those composed of dry Ottewa sand. This technique employed o
porumatic tamper with a ateel foot 85-1/2 inches in dtameter. A photo of
the temper with the foot i{n place is presented in Pigure 3.6. The sofl
vwas placed in the container in - to S-inch uncompacted 1ifts and thea
compacted wvith the tamper, the tamper moving coutinuously over ths entire
surface of the specimen.

- o g,

~
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As the height of the specimen was increased by additional 1ifts
of mterigl being placed, the height of the bellows was adjusted such that
after placement, the top of the bellows 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 vas placed on the surface of the specimen and attached to the actuating
rod. The remainder of the soil specimen container was then filled with
Ottava sanc and struck off even vith the tcp of the soil container. The
unit wveight of the specimen vas determined by weighing the amount of soil
required for the l2-inch-high spscimen and knowing the volume of the con-
tainer occupied by the specimen.

With materials other than dry Ottawva sand, vhen the desired height
of the specimen had been cbtained, the height from the top of the speciwan
to the top of the containsr vas determined by taking the average of at
least eight measurements made over the surface of the specimen to the dottom
of the aluminuam bdeam, vhich ves alsc employed in slide vire gage calibretion,
spanning the container. The straightness of the aluxinum beam wvas checked
sgainat the dearing plate for the DLG soll container and the messurements
to the specimen surface vere made to the nearest 1/32 inch, resulting in an
accurecy {n the measurement of the initial specimen height of about 99.7%
sssuming & 12-inch-thick aspecimen.

The deformation plate was placed on the surface of the ascil specimen
and stteched to the slide wire gage actuating rod. An interfeace membrann
k8 fnches in dlameter vea placed over the sofl specimen and deformation
plate, and then 4 second {nterface mewbrane 50 inches in diameter vas pleced

over the first with the full inch of overlap carefully turned up against
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the container wall. Ottawva sand was employed to £ill the remaining height
of the soil container. The Ottawa sand used to top off the container was
utiiized as cushion for the losding diaphragm 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 volds near the surface of the specimen.

When the container wss filled and the sand cushion struck off even
with thé top of the soil container, the sand was vacuumed avay from the
1/2 inch round at the insid- top edge of the soil container. The round
edge and the clamping ring O-ring groove were greased with Lubriplate 630-AA
grease, and the clumping ring O-ring and loading di{aphragm were placed
and clamped by the clamping ring. Following placement of the seal ring
O-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 o

Following placement of a test qpeciﬁwn 88 described in Seection 3.3.2,
the gpecimen container was moved into plac«; beneath the léading machine;
the seal ring vas bolted to the support system; and the necessary gas and
electric 1livs vere connected, All ports in the seal ring except Nes, L and
8 were blocked off. Gas vas fed into the expanaion chamber through port
No. 8 and Bourdon-type prcuure‘-gageo vere attached to a line running from
port No. L. Aﬁu pressure vas applied to the top of a test specimen by
manually opening a valve and alloving gas to pass into the expansion chamber
with the main valves in the closed position so that pressuriszing of the
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charging chamber as well 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
wvas measured by noting the change in the slide wire gage reading on a BLH
Portable Strain Indicutor. The final strain reading a% a glven pressure
level was r-corded 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 preassure was increased to the next stress level
of interest and the corresponding deformation noted as already described.
This procedure was continued to the -higxest stress level of interest. The
unloading of & test specimen was accomplished in a similer manner. The
pressure acting on a test specimen 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 finai strain
reading was recorded and the unloading process continued.

The specimen pore pressure was noted during testing by a Bourdon-
type prassure gage wvhich 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
leaxed, in vhich 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 eddition 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 de-airing line was composed of a 1/8-inch-diameter

et i
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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 tha 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 3.7.
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 hywrostatic pressure level at

the surface of the teat specimen was approximately zero. Prior to taking
deformation readings on saturated test specimens, the de-airing line was
checked to ascertain that the fiow 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 similer, the only difference being the maintaining of pressure on ‘he
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 guge calidbration factor which vas 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 porirsyed
by plots of axial pressure verius axial strain. The computations for a
static test and the axial pressure-axial strain plot are presented in
Figures 3.8 and 3.9.
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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 weas identical to that for statie
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
wvere electrical rather than manual. The deformation and pressure measuring
systems are described in Section 2.3, During dynamic testing, a minirum of
four ports were utilized in crder 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 transducc. malfunctioned, The ports usually

utilized wer= 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 b and 8 as described
for static testing were maintained. These static connections were utilized
for the application of static préload when simulating & 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 maximm
peak axial pressure. In the former case, the decay was accomplished as
in a static test, and in the latter case, usually only that deformation
corresponding to zero dynamic overpressure wvas noted.

During dynamic testing, monitoring of the specimen deformation

vas completely automated. The unbalance in the Wheatstone bridge circuit,




of vhich the slide wire gage was a component part, vas 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 conditicning module was used to apply a well-regulated excitation
voltege to the bridge by means of an isolated power supply and to apply a
calidration step to the tape recorder immediately prior to a test. The
output from the transducer conditioning module was input to a Dana DC Date
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 date amplifier was input to a Sangamo. Model 4712 tape recorder.

As was described in Section 2.3.2.1.2, the deformation measuring
systenm was designed such that if the slide wire gage did not prove satis-
factory, the deformations could be monitored by a LVDT. The LVDT vas enm-
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” soll 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 inbosrd LVDT could be nulled to facilitate recording
of the output during s test. The LVDT's employed were Schaevitz Engineering,
Type 5008-L, vith a l-inch linear travel when excited by 6 volts (rms),
at a frequency of 3,000 cpe; however, for this study, the LVDT was excited

by a 3-volt (rms), 20,000-cps source. The deviation from the design
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specifications, wvith respect to excitation, resulted in a reduction of the
linear travel to O.b inches. The excitation and signal amplification were
supplied by a Consolidated Electrodynamics Corporation (CEC) Carrier
Amplifier Type 1-127. The operation of the LVDT was identical for the
static and dynamic tests with the exception of read-out. During static

testing, the voltage differences brouglt about by movement of the core were

measured on a Vidar 500 integrating digital voltmeter. During dynamic testing,

the yoltage differences were recorded on tape.

The raw data from s 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 differant prenuré transducers were averaged and then axial pressure-
strain curves were constructed by noting the pressure and deformation of
the teat 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.

Rav data from a dynamic test i{s presented in Fgures 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-Test Results

3.3.4.1 Comparison of Teat Results vith 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 summary of the static and dynamic tests performed on Ottawa
sand in the DLG is presented i{n Table 3.1, The specimens for Tests S-1 and
5-2 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 Gs of 2.65, and maximum and
minimum relative densities of 0.739 and 0.445, respectively, as reported by
Prendergast (1968). The relative densities were determined in accordance
with methods recomme.ded by Bauer a:A Thormburn (1962). The resulting
stress-astrain curves for Tests S-1 and S-2 are presented in Mgures 3.16
and 3.17, respectively.

As standards for comparison, test results utilizing four different
devices vere selected. The first results considered vere those published
by Whitman (196L).

The results presented by Whitman are derived from a variety of
sources and the data suffers from sidevall friction, as pointed out by
Whitman, and probably seating error and campressidility of the loading
assexdbly. The {nitial dersity of the Otteww sand was 103.5 pef. The test
results are presented in PMgure 3.18.

United Resesrch Services (URS) developed two different devices
for the testing of msterials in one-dimensional compression. The Mret
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device to be considered employed a fluid boundary and is reported on by
Durtin (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 URS is reported on by Zaccor, et al. (1965). The resulte of
two tests on Ottava 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 3and 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 soclid cap loading and sidewall friction; however, it is the one
device wvhich employs rontrolled lateral strain and for the purpose of this
investigation no lateral strain was allowed to occur.

The stress-strain characteristics as determined by all devices
cited above are presented in Figure 3.22. The results odbtained using
Durbin's fluid boundary device are obviously in error, probably primarily
because the criterion of sero redial strein vas vioclated. Whitaan's results
are seen to approximate those obtained by taking the stiffest results od-
tained using Hendron's device, thus implying that the criterioa of sero
redial atrain is approximated Thcse test results obtained using Zaccor's
segmented ring device are in excellent agreement vith those cbtained
utilising the DLO as 1llustrated in Flgure 3.23. In Pig. 3.23, the origin

for the stress-strain curve odbtained using the DO vas 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 psi to stabilize the soil
colwm with the rings in place prior to the removal of the ring holder.

Thus comparison of the one-dimensional behavior of Ottava sand

as measurvd by the various devices indicates good agreement between Zaccor,

Hendron, and the DLG with the best agreement between Zaccor and the ILG.
The conclusion that the test results obtained with the DLG are valid can
also be reached by exsmination of the most probable sources for error.
The axial pressure was applied to the top of the test specime~ by a gas
acting on a flexible neoprene diaphrage and was, therefore, uniform

over the top surface of the test specimen. Deformations were monitored
by means 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 vas care-
fully smoothed prior to placemsat of the deformation plate, and the
dsformation plate vas extremsly flexidle relative to the test specimen so
that seating error with respect to the deformation plate was not of
consequence. Purther, the large gage length (12 inches) minimized such
errors. Radial deformation of the test speacimen Decause of deformation
of the soil container in the rediel direction ves nmegligidle Because of
the large specimen dlameter and the very stiff container. 8Sidewall
friction ves not o significant prodlem vith the DLC as discussed {n Seo-
tion 2.2. HMopally, stiffness of the dsvice wes of no ocongceran decause

the deformation meesuring instrumentation is i{ndspendent of the specimen
container and loading device.

Test -2 on Ottawa sand consisted of six cycles. Bubsequent to
the last aycle, C-6, the DLG ves rigged for Qynamic testing and Test D-1
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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 allow
a comparison of results of dynamic behavior as measured by the DLG with
the known behavior.

Test D-1 consisted of two cycles. Cycle (-1 consisted of a dynamic
pressure inerement of approximately 50 psi and an {nitial static preload
of 50 pai. Cycle C-2 consisted of a dynamic pressure increment of approxi-
mately 200 psi and an initial static preload of 50 pei. The pressure-
time plots for Test D-1, C-1, and D-1, (-2, are presented in Figures 3.2k
and 3.25, and the stress-strain curves for these twvo tests are presented
in Pigures 3.26 and 3.27. These stress-strain curves are presented together
vith the results from Test S-2, C-6, in Pigure 3.28. The origins for the
tvo dynamic tests correspond to a pressure of 50 psi, vhich vas the pre-
load, and an {nitisl axial strain vhich vas estimated from the cyclic
deta presented in Mgure 3.17. The specimen utilized in Test D-1, C-1,
and D=1, C-2, vas the same specimen used in Test 5-2; i.e., followving the
completion of cycle six of Test $-2, the DLC wvas hooked up for dynamic
testing and Test D-1 was run.

The agreement seen detween the dynamic tests and the static test
{8 good, and since there should not be any varistion between the elatic
and dynamic Dehavior of Ottawa sand, it may de concluded that the dynamic

results odtained with the DIG are of the same order cf accurscy ss the

static results.
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3.3.4.2 Inveatigation to Define Incidental Problems
In order to define any incidental problems vhich might occur with
the DLG and related equipment during the testing of typical materials,
static and dynamic tests were performed on Ottuva sand and crushed limestone
vhich represented the stiffest and the softest materials that were likely

to be ancountered in our testing program. Tests S-2, C-6, (Mgure 3.17)

D-1, C-1, (Mgure 3.26) and D-1, C-2 (Migure 3.27) demonatrate the static
and dynamic behavior of Ottawa sand. Tests S-3 (M gure 3.29) and D-3
(Pigure 3.30) demonstrate the static and dynamic behavior of crushed lime-
stone.

The results of the atatic testa on the soft specimens indicated

the existence of one major problem in that the softer specimens deformed

axially to such an extent that ths loaiing diaphragm, vhich rested on

the top surface of the test specimen, wvas ruptured. The rupturing of

the loading dlaphrsgm also occurred {n the dynamic tests on the softer
specimens. The results of the dynamic tests on the soft and stiff materials
denonstrated the ex! ‘ence of nonuniformity of stress condiions due to
vave propagstion effurts throughout the test specimen during esrly times

in ths tests.

The rupturing of the diaphragus vhen testing softer apecimens ves r
Ateruined to have basically two origins. The first resulted from the
large particle sise of the soft apscimens rather than the stiffness of
the specimens. The large voids betveen the individual particles allowed

the {nterfuce msmbrane to de extruded into the volds and in some i{netences

to be torn. Aftar the mssbrane ves torn, the cushion sand trickled down

into the test epecimen until the loceding diephregs ves itself extruded
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into the test aspecimen and ruptured. The second resulted from the dia-
continuity at the loading diaphragm-sand cushion-soil container interface.
This interface is illustratad in Figure 3.31. One problen at this inter-
face vas the exiagtance 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 streas concentrations and cause excessive wear of
the membrane. The second problem at this interface resulted from the
limited area over which the loading diaphragm could distribute the deforma-
tion required to allow it to follow the top surface of the test specimen.
As the test specimen deformed axielly, the deformation of the loading dia-
phragm vas restricted primarily to that small area vhere the diaphragm vas
in direct contact vith the steel container because the diaphragm wvonld not
slip on the surface of the sand cushion vhen under pressure. As a con-
sequence cof the small area over vhich to distridbute the deformation of

the loading diaphrage, the diaphragm vas often ripped in spite of its
allowable elongation of more than 500%.

The problems arising because of the discontinuity st the loading
disphrage-sand cushion-soil container interfa~e could have been ecasily
solved by the use of & collar underneath the loading diaphragm, as showm
in Figure 3.32, the collar heing male from very strong, fi=xidble, tough,
and impermeadls material. The collar would require strength so that {t
could slide over the send cushion rether than tear, flexidility so that
the pressure distridution over the test specinen wculd be uniform, toughness
g0 that it could vithoctend punching dy sand grains, and impermeatility so
that the gas pressure vould not lesk into .he specimen container. Such

e material wvas the odject of an unsuccessful search. As a tenporary
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meagure, which proved sufficient for the materials tested in this atudy,
the aree over which the loading diaphragm could distribute the deforma~
vion vas increased by removal of the cushion sand imledil;tely adjacent to
the container wall down to the top of the container liner which waz 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 portiot; 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 betveeh the diaphragma
greased., Thus, even if the lower diaphragm ruptured, the upper diaphragnm
functioned long enough to allow the test to be completed, Some sand-grain
demag~ still was evident alfter each test; therefore, to preclude the loss
of test data, a given loading diaphrsgm was used only once as an upper
diaphragm, and once as a lower diaphragm, and then used Zor other purposes
such as a sand cushion-specimen interface membrane. This system is
illustrated in Figure 3. 33.

The difficulties éxperienced with the loss of cushion sand
resulting from damage to the cushion -sand-specimen interface membrane were
cvercome by the use of two or more inte.rrace membranes and replacement of
the bojt.tom-most membrane when the wear became excessive.

The nonuniformity of stress conditions throughout- the test specimens
during early times in a tect resuited from using a fa.si rise time. A typical
axial pressure-rise time curve is presented in l"'igure 3.25. The rise time
employed for this test was 2L mser, This rise time was approximately in
accordance with recommendation of Whitman (1963) that the rise time ¢

be greater than 25 times the height of the teat’ spacimen divided by the




wave- propagation welocity through the specimen as demonstrated in Figure 3.3k,
Employing & rise time of this general magnitude allowed a sufficient number
of passages of the stress wave through the specimen to result in a relatively
ueiform state of stress throughout the teat apecimen. The selection of

a fast pressure-rise time was necessary to determine the dynamic stress-strain
characteristics of the test specimens; hovever, as a consequence of the

fast pressure-rise time, the stress-strain curves resulting from the dynamic
tests are rot valid at early times during the tests because the stress levels
throughout the specimens were not uniform. This phenomenen was borne out

by the simplified computation of the iransient stress levels st 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 reflected
stresses to incident s“reases at the top and bottom of the specimen wepe
assumed to be «1 and 1, respectively; and 3) the entire 1h inches from the
loading diaphragm to the top cf the concrete pedestal was assumed to compose
the soil specimen, 1. e., the sand cushion, interface membrane, and the
deformation plate were all assumed to be part of the soll specimen.

While the seil specimen was not elastie, as the first assumption
states, the results of the computation were sufficiently accurate to rake
an estimate of the number of transit times which were required for a rela-
tively uniform state of stress throughout the soil sgpecimen. 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

™
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the modulus for the Ottawa sand cushion was approximately 10 ksi and the
difference between the acousmtic impedancés of Ottewa sand and the test
specimen vas generally less than 25%.

The results of the overstresss estimation indicated that the greatest
oversireas relative to the pressure existing in the expansion chamber
ocourred 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
correaponded reasonably well with the time of occurrence of the apparent
exceasive deformation in Test D=3,

The stress-atrain 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 ia also noted on Figure 3.26. This test
data indicates 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 msec, the pressure messurements do not cor-
respond to average stress conditions in the test specimen.

Therefore, if a rise time of approximately 25 msec is employed with
s 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 pesk overpressures must
be employed. Thus, the behavior over the entire stress range from & pressure
slightly greater than zero to 600 psi could be obtained from a test series
as presented in Teble 3.2,

In order to check the assumptions made concerning the maximum

accelerations to which the deformation plate and pedestal were subjected,
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accelerometers wvere mounted on the saluminum stiffener of the deformation

plate and on the bottom of one of the instrumentation plugs. The accelerometer
mrunted on the deformation plate was monitored for two dynamic tests and
che tvo sets of data were, for all practical purposes, identical. The
maximun accelerations to which the deformation plate was subjected occurred
during the first 5 msec of the tezt and in magnitude amounted to 100 g's.
After the first 5 msec 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 agsume that equal accelerations occur in both directions.
The accelerometer mounted on one of the instrumentation plugs was
monitorad during one dynamic test., The measured accelerations amountéd
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 effecte 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-U, 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 electronicelly conditioned and

the output recorded for three rapid tests. Analys.. 2 acquired data
indicated that for a dynamic 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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wately 10 msec 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 msec were oscillatory as indicated by the slide wire gage
traces and could be averaged out in the interpretation of the data. Strain

gage records for one test are presented in Figure 3.39. ‘The breakout force

for static tests with the wvatertight seal for the sctuating rod in place
was measured to be less than 0.1 1b, Section 3.2.1; this force resulted
in an axfal shorterning of the actuating rod of less than 0.0001 inches.
The axial shortening of the actuating rod without the watertight seal in
place wvas negligible.
3.3.k.3 Investigation into the Effect of Seating Error
When testing granular materials with relatively large particle

sizes such as the crushed limestone tested in Test 8-3, point crushing
against the top plate of the pedestal and againat the deformation plate
represented a possidble source of error. Also, with fine-grained soils,
seating error vas a potential source of insccuracy because of the ALiffi-
culty in establishing intimate contact between the deformation plate and
the top of the specimen. To investigate seating error, a test series in-
cluding two dynsmic and two static tests was performed on crushed lime-

stone. Tests 8-3 and D=3 were conducted with no attempts made to eliminate

seating error other than leveling the top of the soil spescimen carefully
;bofon placement of the deformation plate, and Tests 8-h and D-i were
conducted employing Eigh Expansion Hydrocal, manufactured by the United
States Qypsum Co., on bdoth the top plate of the pedestal and the bc;ttcn
side of the deformation plate in an attempt to estadlish intimate contact

TG




vhile eliminating crushing of particles sgainst bare metal surfaces.

Prior to the placement of the first 1ift of the test specimen in
the soil container, the top plate of the pedestal was covered with a thin
coat of motor oil and then a layer of Hydrocal, vhich varied in thickness
dbetveen 1/16 and 1/8 inch. Before the Hydrocal hardened, the first 1lift
of the specimen was placed in the container and compacted. After the
Hydrocal set up, the remainder of the specimen was placed. TFollowing
messurenent 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 bdttom
side of the deformation plate, and the deformation plate placed on the
top of the soil specimen. Immedifately following piacement of the defor-
mation plate on the test specimen, a veight of approximately 180 1b
was placed on the deformation plate. This preloading of the teat specimen
amounted to only approximately 0.1 psi and was inconsequential with
respect to the stress-strain charescteristics of the material but was
sufficient to cause the granular material to completely seat sgainat
the deformation plate vhile being seated in a matrix of Hydrocal as shown
in Mgure 3.39.

The stress-strain curves for Tests S-3 and 8-h and Tests D-3 and D-b
are presented in FPigures 3.29 and 3.30, respectively. The effect of the
Hydrocal in reduwcing reating error is obvious. Upon removal of the
specimens from the container subsequent to testing, the Hydrocal vas ex-
amined. The areas of contact between the granular particles and the
Rydrocal were well preserved and demonstrated that the thin layers of

Hydrooal were suffictent t0 elfminate crushing of point contaots by the

B e




deformation plate and the top plate of the pedestal. Some deformation

of the Hydrocal occurred and introduced an error; hovever, this deformation
was slight since the maximum thickness of Hydrocal was between 1/16 and 1/8
inch. The one-dimensional stress-stra'v characteristics of Hydrocal are
presented in Figure 3.40. Also, the granular material was in direct con-
tact with the top platc of the pedeatal 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 vas applied to the top of a dynamic test specimen
by means of gas vhich was stored in the charging chamber of the DIG. Upon
firing of the DLG, the main valves of the load cells opened and the gas
floved through two sets of grids and onto the surface of the loading diaphrage,
as descrided {n Appendix B,

Because the operation of the load cells vas an electronically
initiated mechanical operation, there vas variation in the time required
for the operation. A time delay of approximately 32 msec occurred between
the time vhen the loed solenoid was actuated and vhen the main valve opened, as
indicated by a magnetic pickup. The time required for each load-cell opers-
%ion hed a variance from {ts swverage time of oparation of $0.75 msec.
As a consequence of the individual load-cell time variance, the time for all
load cells to operste vhen set for coincident firing varied and could exceed
1.50 msec. Prendergast (1968) reported & maximum time delay detween the
initial and final load-cell operation of 0.3 and 1.09 msec with an average

time .. 1.12 msec for his test series utilising the DLO.
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In order to investigate the effect of the noncoincident operation
of the load cells on the surface pressure profile, F, endergast installed
soll stress gages at the surface of a test apecimen. The soil atress geges
vere used primarily to measure the time delay between the initial arrival
of pressure belov a load cell and the subsequent ~rrf{vals of peak pressure
belov the other load cells, and the initial arrival of peak pressure helow
a load cell and the subsequent arrivals of peak pressure below the other
load cells. Examination of this data indicates that the time delays between
initial and subsequent arrival times of initial and peak surface pressures
can be correlated with the time delays between the load-cell firings. The
time delays between initial and subsequent pressure arrivals are related
to the tims dslays betwveen the load-cell firings in a complex manner be-
cause of the pressure gredients and consequent gas flow patterns over the
surface of the specimen.

An estimation of the pressure variation over the surface of the
test specimen vith time during the test wvas made by Prendsrgast by super-
imposing the surface pressure profiles obtained from the soil stress gagea
which vere located on the surface of the test specimen. The surface pres-
sure profiles for two stress gages vith reletively large time 4dslays detween
load-cell firings are presented {n FPigure 3.41. The maximum pressure
veriations are lsse thanm 50 psi which s less than 20f of the peak surface
pressures. PFurther, these pressure varistions should diminish for tests
with slover rise times wuch as are employsd {n the testing progrem -overed
by this report rathar thsn the low rise times (t ¥ 3 mmec) emplayed by
Prendergast. With reepect to the objectives of the {nvestigation of tha




characteristics of granular material in one-dimensional compression as

covered by this study, the pressure distridbution over the surface of the
test specimen may de considered uniform since only the latter half, vith
respect to time, of the stress-strain data is of interest, as was discussed
in Sectton 3.3.4.2.

As vas described in Section 2.3.1, the axial pressure on a dynamic
test specimen was measured by four Kistler quarts pressure transducers,
models 601A and 606A, mounted in the seal ring. The uniformity of pressure
along the seal ring vas analysed by supsrimpoeing the pressure-time traces
from Test D-1, C-2, as presented in Pigure 3.42. The individual pressure-

time traces for Test D-1, (-2, are preseuted in Pigures 3.43 through 3.M6.
The interpreted traces are superimposed and presented in Figure 3.87. By
examination of that portion of Figure 3.47 which is of interest, i.c.,
spproximately the latter half of the pressure-time plot, it can de seen
that the maximm variation between any tvo pressure traces is approximately
10 psi end that the maximm variation from the aversge pressure is 23 pei,
this variation beins relatively constant for the portiom of the test of
{nterest.




87

Mo} saay”]
pasn 1wd20IpAH 609 ¢ & - Arp 21w £° L0t paysniz  1-2 ¢
MO SIWTTY
pesn TedOJPAK Off 029 0 9c - £ap 21w £°L01 psysnazy (-z €0
ORI
paamidna wSwxydeip Furpwol  4gs c Le - Axp 23w $°L01 pousnis 1= 2
gse 0$ ne -- - -~ =2
01 05 g1 - Kxp ate g 0Tl puwg was,g  1-0 1
IO SIWT ]
pasn TeS0dDAH  00g 0 -~ Jrquiawa fap iw g tor1 paumni)y (-0 S
0001 7 - - - $~3
co0T 0 .- - ~ v
0001 0 - .- - £-2
006 0 - - - 2=3
V0380w
Pasn TeI0IPAH OK 009 ) -  atqeiaea K1mp 1w g° L0t paymey  1-d €-%
056 0 -- o2 - - 90
0001 0 - o2 - - $-0
0001 0 - (4 - - LEe)
000T 0 - oz - - £-2
paamydna wdwauydeyp Burpewor  OL 0 - o2 - - =9
06$ o -- o2 kip 2w €°01T ©pues w8330  1-C 28
€66 0 - o -- - $=0
£66 0 - o2 -~ -- 2=d
986 0 -- o2 Amp 239 1°L0T pueg sA®3c  1-2  1-§
ysd ted desm  um/ysd (%) (34)
18A97] A3y euaq
93133 pwoOTIad WYL a3y juajuo; Aaq
83 UIUMTO) wMmIXey O71393S 81y [ T3 5T M5O TWIITNI 1913239 »Y>L) Isel

WVHD04d ONILSAL-4008d 1°t FIEAVD




. N e

PRSI S A e ST

- .

88

n3|s U] ajdwes 40 do3 03 Yidep = y
niis u) I dwes BujA(Ian0 | |OS 4O IyBiam J(un = A

009-00€ 009 74 yr ¥-2

00%-007 004 ST ys £-9

002-001 002 §T yA €3

00(-0§ oot L14 Y t-3

0§-52 0s 14 YA 1-3 v
“obuey (1s9) ( oosw ) (359} FYELS] Isey
$S243¢ JUBWIIDOU] $S9J3S owjy peo| 844

pi{®A 2 jweulig ?s |y 213036

1Sd 009 0L ST WON3 N3IWIII43 1SIL 40 WOIAVHIE
NIVYiS~-553YLS JIWNVYNAG ONINIWYILIO MOS WMVNOONd 1S3 Z°€ 3T6VL




FIGURE 3.1 ?2HOTO OF STATIC PROOF-TEST STAND FOR SLIDE

WIRE GAGE
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FIGURE 3.4 DISPLACEMENT-TIME CURVE FOR A DYNAMIC PROOF-TEST
OF SLIDE WIRE GAGE
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Axial Check Slide Wire #1 Slide Wire #l Deformation Strain
Pressure Gage Reading Increment

(pst)  (pinAn) (pinsin) (pin/in.) (tnches) (%)

0 31787 30198 o] 0 0
1 30106 92 .02556 .213
2 30045 153 .0l250 .35k
3 31787 30000 198 . 05500 158
b 29945 253 .07028 5805
5 31787 29915 283 .07861 .655
10 29785 b13 .11k72 .955
20 31787 29640 558 .15450 1,207
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 L 451
300 31787 27560 2638 .73278 6.106
400 26803 3395 .9k305 7.859
500 26175 hoz3 1.11750 9.312
600 31787 25535 4663 1.29528 10.794
500 25399 4799 1.33306 11.109
Loo 25409 4789 1.33028 11.086
300 31787 25420 4778 1.32722 11.060
200 25437 k761 1.32250 11.021
100 25474 h72h 1.31222 10.935
75 3787 25500 L698 1.30500 10.875
50 25570 4628 1.28556 10.713
25 25785 4413 1.22583 10.215
10 25848 4350 1.20883 10.069
0 31787 26190 Lo68 1.13000 9.417

FIGURE 3.8 TYPICAL STATIC TEST COMPUTATIONS
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Time formation Strain Pressure
SWI 8sWII 13w 1982 16059 16379  avg.

(msec) (inches) (9%) (pst)  (pst)  (psy)  (psi)  (psi)
0 o 0 0 0 0 ‘o 0
2 .17 2.109 50 70 99 58.3
4 225 2.791 125 140 no 125
5 . 255 3.162 i 190 205 170 . 188.3
S H 280 3.47 ' 250 260 230  2k3,
10 = . 3&0 3 &Ls ' 235 305 280 293.3
¢ 7 ?4‘).
s d o wm §OB® g o w5
1% 78 oo k2 3 k25 20 o5
18 o R T 5.458 B L85 455 617
20 e W70 5830 5 k95 490  493.3
22 E& 505 6.6k 4 520 515 520
BT B S o o

b o Qs

28 f% 0 ror0 & 515 575 578.7
30 <5 .59 7.318 & 590 590 590 590
32 g5 605  7.504 & 600 600 600  6CO
w% BT 615 7.6, & 600 600 600 600
3% 625 T2 % 600 600 600 600

final <705 L. 45 % 600 600 600 600

IGURE 3.14 REDUCTION OF DATA FOR TEST D5
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FIGURE 3.16 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA BAND
IN ONE-DIMENSIONAL COMPRESSION, TEST S-1




105

1000
§ 900
800
700
? TEST S-2
3 Initial Dry Density
3 ~ 110.3 pcf
3 -t
5600
= Cycle 1 O
5 Cycle 2 o
§500 Cycle 3 q
[ Cycle 4 &
d L]Cle 5 a 5
o]
5400 Cycle € V¢ —
300
§
{ 200
s
100
0
2 d .6 .8 9 10 12
AXIAL STRAIN (%)
FIGURE 3,17 STRESS-STRAIN RELATIONFHIP FOR 20-30 OTTAWA SAND
IN ONE-DIMENSIONAL  OMPRESS1ON, TESI §-2
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AXIAL STRAIN (%)

FIGURE 3.18 STRESS-STRAIN RELATIONSHIP POR 20~30 OTTAWA
SAND IN ONE~DIMENSIONAL COMPRESSION AS
DETERMINED BY WHITMAN
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FIGURE 3.19 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA
SAND IN ONE-DIMENSIONAL COMPRESSION AS
DETERMINED BY DURBIN
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FIGURE 3,20 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA
SAND IN ONE-DIMENSIONAL COMPRESSION AS
DETERMINED BY ZACCOR
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FIGURE 3,21 STRESS-STRAIN RELATIONSHIP FOR 20-30 OTTAWA
SAND IN ONE-DIMENSIONAL COMPRESSION AS
i DETERMINED BY PRENDERGAST AND EMERSON USING
HENDRON'S DEVICE
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FIGURE 3.22 COMPARISON OF STRESS-ST. AIN RELATIONSHIPS FOR
20-30 OTTAWA SAND IN ONE-DIMENSIONAL COMPRESSION
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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 3.29 COMPARISON OF STATIC STRESS-STRAIN CURVES
' FOR CRUSHED LIMESTONE DEMONSTRATING EFFECT
OF SEATING ERROR
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Basic relations

t>» 25 L/c and ¢ =,’Mc/p

where
t = pressure rise time
L = test specimen height
M = constrained modulus of test specimen ;
P = mass density of test specimen i
¢ = propagation velocity of stress wave

then

c =J—;&:/_p =\/ 10'0ﬂ0_ lb/in? ) = 8000 in./sec
105 1b/ft - 32.2 ft/sec

t>» 25 L/c = 25 X 14 in.— 8000 in./sec

= 44 msec

FIGURE 3,34 COMPUTATION CF WHITMAN'S RECOMMENDED RISE TIME
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PARTICLES SEATED IN HYDROCAL

FIGURE 3.39 PHOTO OF LARGE GRANULAR
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FIGURE 3,40 STRESS-STRAIN CURVE FOR HYDROCAL IN
ONE-DIMENSIONAL COMPRESSION
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FIGURE 3,41 SURPACE PRESSURE PROFILES (after Prendergast)
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CHAPTER b

VARIATION OF PARAMETER STUDY

L.l 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 parametér study wac conducted utilizing large granular materials
vhich were readily availeble locall, The study was designed to demon-
strate the effects of parameters such as particle chape and gradation
on the beh;vior of granuiar 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 phree typee of granular materials: Ottawa
sund, crushed lirvestone, and river gravel. The Ottawa sand vas employed
primarily to ser?e as g standard of reference for the tests conducted
on the river gravel and the crushed limestone. A crushed l'mesione and two
river gravels vere employed as the ﬁasic materials for the test program
because of the contrast in the varticle shapes; the crushed limestone was
highly angular while the river gravels vere subrounded to rounded.

These materials verc readily available locally and have been
used extensively throughout the midvest in construction applications.
The testing program consisted of 21 tests, 16,stat1c,and 5

dynamic. The program was designed to demonstrate the effect on the one-




e ATy I e e R N AEASTYL NG AN L s e s

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
surface; 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 aize of the specimens;

5) the variation of the gradation o: 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 emyloyed was 20-30 Ottawa sand which was mined
from a quarry of 5t. Peter sandstone located near Ottawa, Tllinois. The
specific gravity of the gand 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-size asalysis on the sample are presented in
Pigure 4.1,
4.2,1.2 Crushed Limestone
The sample of crushed limestone employed was purchased from Alpha
Material and Fuel Company, Charmpaign, Illinois. The limestone had been
mined aud processed at the Fairmount quarry of Material Service Company,
Fairmount, Illinois. The crushed limestone vas a dolomitic limestone
from the Bond formation. The sample as purchased wa3 rather well graded

as demonstrated by the results of a mechanical grain-size analysis presented

P
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in Figure 4,2 and is referred to ss vell graded in this study. The particle
shape vas 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 was T900 psi. The hardness as measured hy
& Schmidt hemmer was 45,

The unconfined compressive strength of an intact apecimen of
the rock vas determined by running strength tests on cores taken from
block samples. Several intact samples of the limestcae were obtained
from the Falrmount quarry ard from these,2-inch diameter cores were drilled
using a diamond bit. A test specimen U 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
vas measured using a Schmidt hammer. 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 rivergravel 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 vas purchased from the Covington
Quarry of Interstate Sand & Gravel, Covington, Indiana. The gravel vas
subrounded to rounded and vas composed of a random mixture of igneous
and sedimentary rocks. A photograph ~f the individual particles is
presented in Mgure L.4, The sample wvas rather vell graded as showm by

the mechanical grain-sisze analysis presented in Pigure 4.5 and is referred




to as well graded in this study. The sample of river gravel from North
Dakota was obtained from & coastruction site in southeast North Dakots.
The gravel was subrounded to rounded and was composed primarily of
igneous rocks. A photograph showing the individual particles ie 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 Tesating Program

The testing progrsm as completed is presented in Tables 4.1l 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 the deformation plate to eliminate

seating error fo~ all tests in this program except D-1, D-2, and D-3. ‘

During specimen placement, .he materials were placed in uncompacted
1ifts which varied from 3-1/2 to 4-1/2 inches in thickness. The compaction
effort wvas varied by the force applied to the tamper by the operator.

Light compaction was achieved by the operator applying no dowvnward force
to the tamper. Heavy compactive effort was achieved by the operator
applying as much force as possible to the tamper, approximately 60 1b,
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 sccomplished
by four tests: two static tests, 5-3 and S-U, and twvo dynamic tests,

D-3 and D-i. Tests 5-3 and S-b were conducted on crushed limestone with
no measures taken to reduce seating error for Test S-3 and Hydrocal used
to reduce seating error for Test S-Ui. Tests D-3 and D-I were also conducted
or crushed limestone vith no measures taken to reduce seating error for

Test D-3 -n4 Hydrocal used for Test D-i.
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The effect of variation of particle shape was investigated by
tvo tests: S-13 and 8-16, Test S-13 was conducted on a well-graded sample
of Wabash River gravel, the particle shape being subrounded to rounded.
Test S-16 was conducted on a well-graded sample of crushed limestone vhich
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 S-2, S-5, and S-13. Test S-2 wes conducted on &
specimen of 20-30 Ottawa sand; Test S-5 was conducted on a well-graded
apecimen of river gravel from North Dakota; and Test S-13 was conducted

on a vell.graded specimen of Wabash River gravel. The test specimens for

Tests 5-5 and 8-13 were similar in grain size and shape while the test

specimen for Test S-2 was composed of much smaller grains and the specimen

was uniformly graded. The test res.lts from Test S-2 were utilized primarily to
demonstrate the behavior of a particulate specimen wvhen particle crushing

vas for all practical purposes eliminated.

The effect of variation in particle size was investigated by a
series of four tests on Wabash River gravel: Tests 85-6, S-8, 8-12, and

8-15. The samples for the four tests were taken from a well.graded sample

’ of Wabash River gravel and broken on screens such that the Dlo sizes for
[ the four semples were 0.19, 0.29, 0.59, and 0.95 inches for Tests S-8,

; 8-12, 8-6, and 8-15,respectively. The uniformity coefficients for the
four semples 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 Wabssh River gravel: Tests S-6,
S-8, 5~12 and S-13. Tests S-6, S-8, and S-12 were conducted as a part
of the investigation into the effect of variaticn of particle size and
S-13 was a well-graded semple of gravel made uv 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 S-8, 5-9, S-10, S-13, S-1k,
8-15, S-16, S-17, S-18, and S-19. These tests vere primarily conducted
to investigate the effects of variation of other parameters; howvever,
the time of saturation and, in two instances, the placement water content
were varied to provide additional data for this study.

The last parameter o be investigated wvas the effect of the rate
of loading. Changes in the rate of loading are a variation in the test
conditions rather than some property of the sample tested; however,
the properties of the given specimen such as density, intact ocompressive
strength, particle shape and permeability are probadly responsible for the
eifects resulting from variation in the rate of loading. The materials
employed in this investigation vere Ottava sand and crushed limestone.
The rate of loading vas varied from static to dynamic vith pressure rise

times as fast as 600 pei in 25 msec.
k.3 TEST RESULTS

§.3.1 Effect of Beating Error
The investigation into the effect of seating error caused vy

point crushing on the top surface of the apecimen 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 13 one of the more important factors in the be-
havior of particulatz materiels in one-dimensional compression. At a given

stress level, the more angular material will suffer greater deformation

s

than the more rounded materiel, 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

tvo static tests: Tests 8-13 and 5-16. Test 13 wvas conftucted on & well-

graded sample of Wabash River gravel with a on sige of 0.22 inches, a

Dgo size of 0.4T inches,and an initial dry density of 117.T pef. The

specimen vas placed and loaded in an air-dry condition. Test 8-16
wvas conducted on a vell~graded semple of crushed limestons with a Dm

size of 0.20 inches, a DGO sise of 0.50 inches, and an initial 4ry density

of 102.% pcf. The specimen vas placed and loaded in an air-dry condition.
Nedium compactive effort vas employed for the placement of both specimens.
The descriptions of the samples and mechanical grain-sise analyses are
presented in Figure u4-8.

The effuct of the variation of the particle shape is shown by
the stress-strain curves for the two tests as presented in Pigure 9.
The apecimen of crushed limestone varied nearly lizarly from being 1.5 times

more compressidble than the Vabash Mwer gravel at an axial pressure of
SC pei to 2.7 times more compressidle at an axial pressure of
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300 psi{. Above 300 psi to the maximum axial stress of the test, 500 psi,
the comoressibility factor remained constant at approximately 2.7. The
differerce in the dehavior 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 two materials must also be considered.
If the angular particlcs wvere composed of the materials making up the
Wabash River gravel rather than the softer limestone, the stress-strain
behavior would undoubtedly de 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 wstimated from data published by Miller (1965).
The unconfined compressive strangth of the crushed limestone was measured
to ;e T900 psi and the Sch.idt rebound hardness vas measured to de LS,

The Wabash River gravel vas primurily composed of a mixture of igneous

and sedimentary rocks; therefore, no single intact strength could de
assigned to the material comprising the sample. Since the river gravel
suffered considerable adrusion in being trensported and consequently
rounded, all particles vere assumed to be fairly sound. Thus, the lovest
intact atrength probadly corresponds to that of sound sandstone, 10,000 pei,
vhile the highest strength prodebly corresponds to that of sound granite,
20,000 psi, and en average intect : .rength in unconfined compression

for the sampla of 15,000 ps{ {s prodbadly reesonadle.




144

If a sample consisting of particles of sufficient strength to
resist particle crushing is tested in one-dimenaional compressaion, then
the resulting stress-strain curve {s concave upward or "locking”. Such
behavior indicates a higher degree of interlocking of particles, more
contact area, and e greater number 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 astress-strain curve
presented in Figure 4.,10. Examination of the stress-strain curves for
Tests S-13 and S-16 indicates no locking behavior which indicated that
both specinsns suffered considerable particle crushing.

Some of the difference in stress-strain behavior indj~«ted by
Tests S~13 and 8-16 nast 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 Because of greater stress concentrations and lowver
strengtlis et points of contect.

The difference in the stress-strain behavior ceused by variation
{n the composition of the individual particles vus demonstrated bty com-
parison of the test results from Tests 8-2 (PMgure 4.10) and Teats R-$
and 8-13 (Figure A.11). The stress-strain dehavior of the North Dekota

river gravel vas "locking” relative to that of the VWabash River gravel,




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 wvas the lower until an axial stress of
approximately 175 pei was reached and was the higher at greater stress
levels. It should be noted that the origins for the curves presented
in Figure L,11 vere taken as the strains corresponding to a stress level
of 10 psi to eliminate possible seating error.

The specimen for Tcst S-2 was Ottawva sand, vhich is 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 vhich granular materials exhibit in
one-dimensional compression if particle crushing does not dominate the '
behavior. The test specimens for Tests §5-5 and S-13 vere composed of a
North Dekota river gravel and Wabash River gravel. Both specimens vere
composed of subrounded to rounded particles as shown in Figures h.6

and k.U, respectively. OGradation curves for both samples are presented
in Mgure 5.12. The only significant difference in the tvo sasples

vas the composition. The sample of North Dekota river greavel vas nearly
devoid of softer rocks wvhile the Vedash River gravel hed a relatively
large percentage of softer rocks. Thus it {s concluded that the il her
the intact streagth of the material composing the individusl particles,
the stiffer the one-dimensionsl stress-strain dehavior.

b.3.3 Effect of Variation of Particle Size
The effect of variation of particle eise ves demonstrated by o

series of tests oo a ssmple of Wadbash River gravel. The gravel was separsted

into four samples containing essentially single particle sizes by screening.




Grain-size distribution curves for the four semples are presented in

Figure 4.13. The particle shape, composition, and source of the gravel
were discussed in Section b.2.1.3. Specimens of the four samples vere
placed air-dry vith approximately the same compactive effort, loaded to
500 psi statically, saturated and alloved to creep, and then unloaded. The
results of the teats are presented in Mgure L.1i. The effect of satu-
ration is discussed in Section 4.3.5.

The general behavior of a uniformly graded (monograntlar) particu-
late material in one-dimensional compression has been discussed by numerous
authors; hovever, for clarity, a brief review is in order. At low stress
levels, 1.e., stress levels vhich do not exceed the crushing strength
of the individual particles, deformation of an uncemented particulate
material in one-~dimensional compressiocn results primarily from the re-
arrangement of particles as the most stable possidle configuration of
particles ia achieved. As the streas level is increased, the tangent
modulus, in general, increases until the crushing strength of the individual
particles {s exceeded at vhich time the stress-etrain curve becomes con-
cave to the strain axis. ' the stress level is further {ncreaned, the
stress-strain curve becomss concave to the stress exie until the crushing
strength of ths minerals constituting the particles is reached, at vhich
tine the stress-etrain curve once again bSecomss concave to the strain
sxis. Purther stress application csuses the stress-etrain curve to decome
concave to the stress axis. Vith lerge grenuler materials such as those
tested 1n this study, edditional reversals in the concavity of the stress-
straln curve may occur as the {ndividual particles are Broken dowm to
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snaller and gsmaller sizes. However, a¢ the axial pressure in a static test
with the DLG is limited to 1600 pei and in this study to 1000 pei, such
high-pressure behavior vas not demonstrated.

The particle crushing strass levels observed durir testing
are denoted on the stress-strain curves for the different .est specimens in
Figure L.14. These particle crushing stress levels were 275, 225, 175
and 155 pei for the very coarse, coarse, medium, and fine specimens, re-
spectively. Thes2 crushing stress levels vere inferred from the general
shape of the stress-strain curves, i.e,, the reversal of the concavity
of the curves. The. reason for the fine particles crus..ng first and the
very co&rac 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 vere broken from the

| parent rock at approximately the same time and that all the particles
have been exposed to spproximately the same conditions, then it is
ressonadle to coaclude that the larger the particle, the greater the
compressive strength of the materisl composing the particle. Consequently,
the larger the pasticle size of the particles in & monogranular test
apecimen, the highier the particle cruahing strength and the stiffer the
behavior in one-dimensional compression.

The behavior of the four test specimens at lov stresslavels {s
press. ted {n Mgure k.15. The specimens composed of the larger particles

suffered greater straine st very lov axial pressures, less than 20 pei.

The interface mmbrune developed leaks during some of the te,ts on mono-
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granular specimens with. large particle sizea 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
erushing occurred. Therefore, it was concluded thet the greater strains
suffered b} the monogranular specimens composed of the larger perticles

resulted from particle relocation rather than particle érushing. Another

indication of particle breakage ves the audible cracking and popping

of the individual particles,which vas quite pronounced when the particle

crushing strength of the particles was 'atte.bined.‘ This phenomenon of the

greater particle relccation and associated strain for the specimens com-
‘1 vosed of th. larger 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
vere translated to the origin at a stress level of 40 psi. This trans- '
lation \revea.led an orderly trend in the behavior rattern. The very coarse ‘

gravel vas the stiffest specimen and the fine gravel was the least stiff.

e

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 :

vt e gy

stress level above 40 psi and below the lowest crushing stress level of 165 psi. i

There appear to be four primary effects of particle size variation

on the one-dimensional cor. ressfon behavior of monogranular specimens.

R (




These effects are: 1) the apecimens composed of the larger particles

suffered greater particle relocation at low streas 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
veried directly with the size of the particles composing the specimens

if the effect of particle relocation below 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 gradaticn from uniformly graded to
well graded was investigated by comparison of the tests on menogranular
samples, Tests S-6, S-8 and 8-12, with a test on a well-graded specimen
coﬁposed of particles takex from the monogranular samples, Test S-13. The
results of these four tests are presented in Figure 4.17 and the gradation
curves are presented in Figure 4.18.
The stress-strain behavior for the wella.graded specimen does not
appear to have a well-defined level of particle crushing as was noted
for the poorly graded specimens. Also, the stress-strain behavior for
the well-graded specimen seems to bes 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

wvere conducted on samples of Wabash River gravel and crushed limestone in
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~ which the specimens vere saturated hoth subsequent to and prior to loeding.
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The testing program is outlined in Table L.1. Grain-size distridution
turves for the samples of crushed limeatone and Wabash River grave. are
presented in Pigures 4.8 and 4.13. The specimens vhich were saturated
orior to loading vwere pleced in an air-dry state to produce the same
initial dry density and then saturated. Subsequent to saturation, the
specimens were allowed to stand at least 8 hours prior to applying the
first loed increment. During loading, the free water surface vas maintained
within 1/2 inch of the cushion-specimen interface; therefore, the excess
pore vater heed was neve: greater than 1/2 inch., The spacimens 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 investigate the effect of sature~

tion prior to loading are presented in Pigure 4,19. The specimens for

Tests S-11 and 8-18 were placed air-dry, saturated, and loaded. The
specimen for Test 5-10 was placed at a moisture wontent of L¥, loaded to
S00 psi, saturated,and then unloaded.

The most obvious effect of the saturation prior to loading was
the reduction of the stress level at vhich particle crushing wves evident
for the different sized samples. The crushing levela are dencted on Figure
4,19 and were 215, 170 and 150 psi for the very coarse, coarse,and fine
specimens, respectively. It should be noted that, as with the specimens
vhich vere loaded air.dry, the crushing strength of the saturated particles
increased as the particle size increased.

The results for the tests on crushed limestone are presented in

Figure 4.20. The specimen for Test 8-16 was placed air-dry, statically
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loaded to 500 psi, and then saturated; the specimen for Test S-1T7 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
differant 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 atudy
reported on in Sevtion 4.3.6. All tests were conducted under drained con-
ditions.
Comparison of the measured behavior for Tests S-1T7 and S-19 shows
a trend toward greater compressibility for the specimen saturated prior to
loading. The specimen which wes 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

L 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 samplés 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 unssturated, When
the specimen which was losded to 500 psi air-dry vas seturated, the addi-
tional deformation which occurred amounted to an increase ~f anvroximately
25%. This final deformation was approximately 15% greater ..an that of the
% specimen vhich vas loaded in a saturated condition to 500 psi.
Tert results for a uniformly graded specimen of medium Wabash River

gravel ars presented in Figure 4.22, The additional deformation vhich this

PP




specimen suffered upon saturatien at a stress level of 500 psi amounted to

an increase of L2%, A test was not conducted on a specimen of this material
vhich had been saturated prior to loading.

The resulte of three testes performed on a uniformly graded sample of
fine Wabash River gravel are presented in Figure L.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-l was placed air-dry, saturated,and loaded

(in a drained state) to 500 psi. The sample for Test S~10 was soaked fer !

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
gimilar to those for Test S-10. Therefore, Test S-9 was ignored and Tests

5~8 and S-10 were assumed tc be valid. When the apecimen vhich was leaded

to 500 psi air-dry (6-8) was azaturated, the additional deformation which
oceurred amounted te an increase of approximately 45%. This final deformation
vas approximately 20§ greater than that of the speeimen which was leaded in

a moist condition to 500 psi (S-10). The specimen for Test 5-10 was saturated
at a stress level of 500 psi and no additional deformstion resulted.

Teat results for a coarse,uniforaly graded sample e¢f Wabash River
gravel are presented in Figure 4.2i., The specimen for Test S-6 vas placed
and loaded air-dry; this specimen vas never saturated. The specimen for
Test S-11 vas placed air-dry, saturated and loaded (in a érained condition).
The specimen vhich ves loaded in a saturated coendition (8-11) suffered a tetal
deformation vhich ves approximately 655 greater than that suffered by the

specimen placed and loaded air-dry (8-6) at a stress level of 500 pei.
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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 Test 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
plsced and loaded air-dry (8-15) was saturated,an additional deformation of
approximately 30% eccurred. The specimen which was loaded in a saturated
condition (S-18) 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 Wabash 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 thia test.series, These materials
were 20-30 Ottawa sand, vell-gi aded crushed limestone;&1d a coarse to fine
sandy silt vith some coarse to fine gravel, The Ottawa sand is described in
Section 4.2.1Jd and the results of & mechanical grain-size analysis for the
vample are pregsented in Figure 4.1, The crushed limestone is descridbed in
Section 4.2.1.2, anC the results of a mechanical grain-size analysis are
presented in Figure 4.2, The sample of sendy silt wvas taken from missile
Site=3 and is described in Appendix A. The results of s 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 Ottawva sand
wvas demonstrated by a static test with cyclic loading and a dynamic test
with twvo cycles and two different overpressures. These tests vere discussed
in Section 3.3.4.2, and the resulting stress-strain behavier is presented
in Figure 3.29. The test specimen was cycled statically to pressures higher
than the dynamic everpressurea; 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 dynsmic tests
would have to arise from pore pressure developed during the dmamic tests or
from inherent strain rate effects in the "effective" stress-straln relation-
ship., Neither of the effects apparently manifested themselves in the dynamic
tests performed as evidenced by the close agreement betveen tha measured
static and dynamic stress-strain behavier,

4.3.6.3 Crushed Limestone

The test series designed to demonstrate the effect of rete of loading
on crushed limestone included: Test 5-16, wvhich was placed and statically
loaded air-dry; Test 8-1T, vhich vas placed air.dry, saturated, and then
staticelly loaded; Test 8-k, vhich vas placed and loaded air-dry vith a
loading rate of 50 psi per miaute; Test 5-19, vhich ves placed at a vater
content of 3% and sudjected to several loading rates; snd Test D-b, vhich
ves placed and loaded air-~dry vith a pressure.rise time of 500 psi in 33 msec.
The test results are presented in Pigure 4.26, The initial dry densities
vere nearly equal; therefore, the 4ifferences in the measured stress-straia
behavior _ust have been the result of differences {u water conteat and/or

differences in rate of loading.
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The test apecimens for Tests S-l4 and 5-16 vere both pleced and

! loaded air-dry. Test S-16 was a static test while a loading rete of SO psi

per minute was used for Test S-li, The measured stress-strain behavior vas
nearly identical to a stress level of spproximately 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 (S-4).

The specimen for Test S-19 was loaded as rapidly as possible, using
the static loading system to approximately 45 psi. The pressure vas brought
up to SO psi and held at that level until the creep amounted to less than
0.001 inches/hour. The pressure vas then increased as quickly as possidle
to & level of 250 psi with deformsation readings taken during the pressure

increase, Because of the change in pressure gradient during the pressure

rise to 250 psi, the rate of loading varied from approximately 200 psi/minute

at & level of 50 psi to 60 pei/minute at 250 pei. This variation in loading
rate resulted from the changes in pressure gradient betveen the gas source
and the expsnsion chamber as the pressure in the expansion chamber vas
increcsed, Above a pressure lavel of 250 psi, the specimen vas tested

statically, {.s., the successive increments of load vere not applied until

the creep smounted iv less than 0.001 inches/hour.

The specimen for Test B-1T7 vas placed air-dry, saturated, and loaded
statically, and the spacimen for Test S-19 vas placed wet and subjected to
seversl loeding rates. The initiel dry densities vere 102.1 end 10, T pef
for test specimeng 5-17 end 5-19, respectively. Therefore, with the exception
of loading-rete effects, the specimens should have exhidbited the same stress-
strain behavior. The test speclosn loaded repidly (3-19) was approximately

358 stiffer than the test apecizons loaded stetically over the axiaml stress
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range from zero to 150 psi. As the axial stress vas increased and the
loading rate vas dsereased the behavior of the test npocinon leaded rapidly
(8-19) approached that of the test specimen loaded statically. At an axial
streas of 250 psi, the load on test specimen was held constant until the
creep amounted to less thar N.001 inches/hour, the criterien for static
loading. The final deformation was 10% less than that for Test S-1T7 at a
streas level of 250 psi. Above a stiress level of 250 psi, test specimen
S=19 wvas subjected to static loading. The resulting stress-strain curve
merged with that for Test 9-1T7 at an axial stress level of approximately
40O psi. The stress-strain behavioer for the specimen subjected to various
loading rates (5-19) for the stress range from zerc to 100 psi is presented
in Mgure 4.27. When the rate of loading vas reduced, st¢an adial stress of
4S psi, the strains increascd and creep occurred vhen the axial pressure vea
held constant at 50 pei. When the loading vas resumed vith a rate of leading
of approximately 200 pei/minute, the stress-sirain curve resumed the trend
exhibited prior to holding the static load at 50 pei. A brokem line in
Pigure 4.2T indicates vhat the probable behavior would have bdeen had the
loading not deen iaterrupted.

The specimen for Test D-k vas placed and losded air-dry and hed an
initial dry density of 107.3 pef. The messured stress-strain dehavier fer
test speciaen D-b should be compared to that for specimen 8-16. The results
of the dynamic test, Test D-4, are valid only for s stress level grestar
thean appreximately 250 pei deccuse of overstress during early timea as
discussed {n Sectien 3.3.4.2. Above & stress level of 250 pei, the deforma.
tiens for test specimens D-4 vers messured to be appreximately h0f stiffer

than for the static specimen, S8-16.
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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 pei. In accordance with the criterion established in Section
3.3.4,2, the measurement of the stress-strain behavior over 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 vhich are valid are connected by a smooth curve.

b4 CREEP TIMES

The saxples tested in this study were subjeci to creep defarmations
particularly vhen tested with a wvater content other than air-dry. Sowers,
et al, (1965) determined that approximately 90% of the creep resulting from
saturation occurred vithin SO0 to 1000 minutes fram the time the load wvas
applied or the time the specimen was saturated. For the purpose of this
study, test apecimens vere allowed to creep under constant loa’ until the
rate of creep vas less than 0,001 inches per hour. The total time to con-

duct s given static test varied frcx one day to several days.
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? FIGURE 4.3 PARTICLES OF CRUSHED LIMESTONE
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PIGURE 4.4 PARTICLES OF WABASH RIVER GRAVEL
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CHAPTER %

SUMMARY AND CONCLUSIONS

5.1 SUMMARY

A testing device which is capable of testing one~dimensional com-
pression specimens L8 inches in diameter and up to 1k inches in heigat
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 specime- 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 vas, in

general, limited to a stress range of from O to 500 psi, although some

am il i
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tests were carried to 1000 psi. The variaticn 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 §) the effect of rate of loading.

Soil sempies were also collected from three missile sites in the

United States. Specimens which simulated in situ conditions were pre-
peared from the samples collected and subjectecd to both static snd dynamic
loading.

Representative static and dynamie 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 valid
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 modull for a stress
level o 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 Ottswa 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 4SO psi. It should be noted that dynamic

tests D-6 through D-12 vere conducted on soil specinens 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 DLG on Ottawa
sand compare favorebly 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 agreemgnt 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, hovever, an upper limit to the - -ticle size which can be tested
vith any degree of accuracy. This upper limit cannot be determined exactly
until devices capable of testing much larger specimens kave 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 maxirum particle
size of 3 inches could be tolerated in a vell-graded specimen. Subse-
quent to the construction of thls testing device, Fumagalli (1969) pub-
lished results vhich indicate that perhaps the maximum particle size for
& vell-graded specimen should not exceed 2.5 inches and that the maximun
particle size for a uniformnly graded sveciren should be sorevhat smaller.

All the samples tested met Fumagalli's limits vith the excejtion of that
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from micsile site-l. The test specimens for this site were restricted
to a maximum particle size of 3 inches (see Figure A.l). 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 Capsbilities

The accuracy with which 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 dynamie
proof .2s3ts on a specimen of Ottava sand,

The slide wire gage was tested statically on a test stand -ud
found to have a threshold of 0.0003 inches and a repeatability of dbetter
than 99% as indicated by a pe:r untage deviation from the mean of less
than 1%. ’The slide vire gage vas also tested dynamically on the test
stand and shown to experience no wiper lift, The maximum breakout fiiction
vas measured to be 0,1 1lb vhich corre~ponds o a shortening of the actuating
rod cotnecting the deformation plate and the slide wvire gage of leas
than 0.0001 inches; the dynamic characteristics of the actuating rod-
slide vire gage pickup system vere shown to be negligidle; and finally
a strain gage vas attached to the actuating rod ismediately adove the slide
vire gage pickup, and the shortening of the rod vas measured to de less
than 0.002 {nches during the first 10 msec of & dynamic test and after
spproxizately 10 msec, deformations of the sctuating rod did not exceed
0.001 inches. Therefore, vith respect to the measurement of deformations,

ve may conclude that after the {irst lU msec, the error in measurezent

should be lecs than 0.0015 inches.

ki
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The pressure acting on the surface of a test specimen was measured
by four Kistler quartz pressure transducers, models £01A and 606A, which
vere mounted in the seal ring at L0 degrees to one another. These trans-
ducers were calidbrated immediately prior to the application of the dynamic
overpressure and, therefore, the error in pressure measurement was assumed
to be the maximm deviation from the average pressure. This deviation
vas measured to be as 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. However, because of

the dynamic character of the pressure applied to the top of a teat speci-
men, the axial stress within a test specimen is not necessarily known to
within 5 psi.

In order to determine the dynamic stress-straln properties of a
test apecimen, it vas necessary to empley & fast pressure rise time and
the fast pressure.rise time produced nonuniform strese conditions throughout
the test specimen during a portion of the test. The passage of the stress
vave thrcugh th - teat specimen vas computed by making several simplifying
assumptions. The results of thia computation indicated that the maximum
overstress occurred betveen 3 and 6 maec after the start of a test and
that thia overstress could be as great as 18% of ihe measured expansion
chamder pressure. The time of the overstreea corresponded vell with the
observed experimental behavior; however, the magnitude of the overstreas
ss determined experimentally vas about tvice that computed theoretically.
It {s concluded that the mesasured axial pressure should not be considared
83 representing the axial stress acting vithin a test specimen exnept for

times later than 9 mse.: after the start of the test asssuming that e
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pressure.rise time of approximately S maec {3 employed and that the
average stress within a test specimen may vary from the measured axial
pressure by as much as 10%. Thus, the maximm dyramic stress to which
& specimen {8 sudbjected must be seclected 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 charascteristics accurately, a static and dynamic
test series vas conducted on g material whose one-dimensional stress-
strain characteristics were nearly the same under both static and dynamic
conditions. 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. Svbsequent tc the
sixth cycle, the specimen was preioaded to 50 psi and loaded dynamically
to approximately 100 pei, then preloaded to 50 psi again and loaded to
epproximately 250 psi. The dynamic and static test results shoved ex-
cellent agreement.

Therefore, based on the proof testing of the individual components of
the system and the results of the proof tests, it 1s concluded that dynamic
one-di{mensional stress-strain characteristics of a test specimen can dbe
determined to within 10% of the décuraCy vith vhich the one-dimensional
static stress-strain ¢’ racteristics can be determined with the DIG.

5.2.3 Variafion of Parameter Study
5.2.3.1 General
The conclusions drawn from the varistion of parametier study are based

on tests conducted on four materials, viz., 20-30 Ottaws sand, crushed limestone,

ke ek 4 ORI VA e e A : (
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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 dats, the conclusions
are based on the resuits of a limited number of tests.
5.2.3.2 Effect of Seating Error

The effect of seating error wvas 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
gstatic 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 & stress level of 50 psi for the static test and 250 psi
for the dynamic test were larger by a strain of approximately 1.5% for
the specimens which did not employ a seating medium. This difference in
total straln 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. RMurther, with even fine-grained soils, a seating medium
should be employed for the deformation plate tc - ure intimate contact
betwveen 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 subrounded to rounded Webash
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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 i{s concluded that the primary factor which controlled the
behavior was the greater stress concentrations and lower strength at pcinta
of contact for the more angular particles of crushed limestone. Therefore,
other specimen cheracteristics 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 Ottaws sand, North Dakota river gravel, and Wabash River
gravel. The test on Ottaws 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 which 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, and density, the higher the crushing level of the individual particles,
the stiffer the beshavior in one-dimenaional 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 prrticle sizes.

The tast rgsults showed the uniformly graded specimen

vith 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 streas 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-stirain curves for the diffarent specimens.

It was concluded that the difference in the behavior of the uniformly
graded specimens reflected the different compressive strengths of the indil-
vidual particles. That is, the smaller the particle in a river gravel,the
lover the compressive strength of the material composing the pwrticle. And
the larger the particle, the greater the strength and the more resistant
to b.eakage. The greater particle relocation suffered by the uniformly
graded specimens with large particlie sizes probably resulted from initlal
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 .’fect of Variation of Gradation

The effect 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 aifferences in
the stress-strain curves wer: g0 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 applicatica
was investigated by testing two specimens of most of the samples of granular
materials. One of the specimens of a given ssmple would be placed and lcaded
in the sir-dry state, then saturated snd 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 r*ress level relative {o that measured for the
samples placed and loaded air-dry. This decrease in crushing level amounted
to approximately 25% for the coarse and very coarse specimens and 10%
for the fine specimen. The saturated specimens demonstrated the zame
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
lavel. 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 behavior 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 yo 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 vhich were placed and loaded
alr dry and then saturated suffered a final deformation which was from

15 to 20% greater than that of the specimens placed air-dry, saturated, and

then loaded. The saturated tests vere loaded in a drained condition.

B
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The monogranular apecimens of Waebash River gravel which were placed
and loaded air-dry suffered an additional deformation of between 25 and h5%
at a stress level of 500 psi when saturated. The uniformly graded specimens
which were placed air-dry, saturated, and then loaded sufered between 20 and
€0% more strain thrn the specimens loaded air-dry before saturation. The
fine specimen which was saturated subsequent to loading had a greater
total deformation after =zaturation than did the specimen which was esaturated
prior to loading as did the well-graded specimens of both Webash 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%.additional deformation upon saturation with no increased load.

This additional settlement resulting from saturation cnce in place can be
avoided by using sufficient moisture during placement.
5.2.3.7T Effect of Rate of Leading

Dynamic tests were conducted on samples of Ottawa sand and cruched
linestone as well as the missile site samples. The tests of missile site
samples were conducted on specimens prepared to simulate in situ conditions
and were, therefore, not subjected to repeated tests as required for a
variation of parameter 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 equipmeni, Thus, tests to investigate the effects of rate
of loading were limited primarily to a sample of crushe’ limestone.

The test results on crushed limestone {ndicated that the strain

rate effects ure dependent on the stress rate employed. A loading rate of
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50 psi/minute caused an increase in stiffnesa 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 L40%. }
The increasing of the rate of loading to pressure-rise times of

the order of 25 to 30 msec produced nonuniform stress conditions throughout E

the test specimens at early times 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 investigsted 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

subjJect 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 18 concluded that this rate of creep criterion corresponded
to at least 90% of the total deformation and we- the practical limit of

the total time of the test.

5.3 SUGGESTIONS POR FURTHER 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 mechanisms of these trends are only speculated

on. ... order to establish conclusively the mechanisms involved, many more
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series of tests must be conducted on samples which are selected to eliminste
as nearly as possible variations of all parameters except that one parameter
being 1nvestigated7

The first variable which should be investigated is the effect of the
initial dry density. In order to investigacte this variable, a means must be
developed for determining the relative density for large granulear materials.
Knowledge of the influence of initial dry density is essentisl for
evaluating the resuits of the variations of all other paremeters.

Subsequent to establishing & 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 systemetic
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 materialsP extensive grain-size analyses shculd be
performed on the test specimens alter being subjected to different axial
pressures,

Finally, new sources for materials should be sought. The samples
should be fresh from the parent rock and the engineering properties of the

parent rock should be determined.
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APPENDIX 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, wyamiﬁg, 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 obtalned and returned to the Structural Dynamics
Testing Laboratory at the University of Illinois. The samples were classified
according to routine laboratory tes%s, brought to their respective field water

contenfs, and then placed in the DLG 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 Illincis laboratories. These tests
included visuval classification, mechanical grain-size anélyses, and determina-
tion of the specific gravities of the solids of the samples. The results of

these tests are presented in Figures A.l, A.2, and A.3.

AR e A
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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 givén specimen was computed using the average unit weighfvof the
backfill end the depth fhe specimen was to simulate.

A.3.2 Specimen Preparation _

The samples were brought to the moisture content desired and alloweditb
set for five days to ensure migration of the water throughout ﬁhe specimen.
Water content samples were taken after the fourth day and ag#iﬁ 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 déformation plate to minimize seating error and the loading
diaphragm placed as described in Section 3.3.4.3, Investigation to Defiﬁe In-
cidentsl Problems, to redﬁce the chance of rupturing the diaphragm. Hydrocal

was not utilized for seating the deformation plate in test D-12 because with

.

T

e e e, i
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the high water conient, the surface of th2 soil specimer was quite maileable
and intimate contact between the specimen and the deformatiocn plate was easily
obtained. ’

A.3.3 Test Results

The pressure-time plots and the stress~strain plots for the tests ccon-
ducted on the missile site samples arc presented in Figures A.L to A.17, in-
clugive. Plots of the constrained secant mcdulus versus axial pressure for
sites 1, 2, and 3, are presente’ in Fizures A.16 to A.21, inclusive.

The backfill materials from site 1 were tested in tests D~7 and D-11
and both samples had constrained moduli of about 8000 psi for vertical nres-
sures ranging from 100-300 psi. Although test D-7 had s seating load of € nei
and D-11l had a seating load of 15 psi, this small difference in initial seating
stress did not significantly affect the constrained modualus.

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 le&els between 300 and 600 psi at the water con-
tent and densities tested. These tests slsc showed that the small difference
in seating loads of 7 and 21 psi Aid not significantly affeét the test resulis,

Snecimens of site 3 backfill were tested at a low and a high degree
of saturation in tasts D-6 aﬁd D-12, respectively. Specimen D-6 was placed
at a dry density df 108-2 pcf, degree ¢f saturatior .7 50%, end & constrained
modulus wes measured which increased from 14,000 psi to 18,000 psi as the
pressure increased from 200 to 300 psi., Specimen D-12 was placed at a dry
density of 113 pef, a degree of saturstion of 92%, and & censtreined modu-~

lus was meacured which increased from 3500 to 7000 as the pressure increased

i . g

E
%
by
b,




from 25 psi to 250 psi. These test results are somewhat of a surprise since
it was exvected that specimen D-12 would be stiffer than specimen D-6 due to
the higher dzgree of satui :tion of -pecimen D-12. This result indicates that
we may not yet £ 11y understand the eifects of displacement water content,

compaction energy, and initial degree of saturetion on the constrained modu-

lus of soils.
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APPENDIX B

DESCRIPTION AND OPERATION OF THE DYNAMIC LOAD GENERATOR

B.1 INTRODUCTiON AND SUMMARY

The Dvnamic Load Generatcer (DLG) was developed by the Department of
Civil Enginegring at the University of 111inols under the Joint sponsorship
of the Air Force Weapons Laboratory and the Defense Atomic Support Agency.
The DLG accommodates a test specimen 4 feet in diameter and 8 feet high and
has the capability of producing static pressures In excess of 1000 pst 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).

B.2 DESCRIPTION OF THE DYNAMIC LOAD GENERATOR

B.2.1 Load Cells
The lcad cells are mounted on the support system which is in turn
affixed .o the foundation as shown in Figure 2,), 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.1.
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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 crifice 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 chereby releasing the
msin 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 whlich is in communication with the chamber above the

decay valve actuating piston and allows the decay valve to open.

B.2.2 Support System and Foundation

The support system is composed of a steel forging encompased by special

|-beams. The steel forging has six mach!ned passageways on a radius of 17-1/4
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Inches surrounding a central passageway, the passageways sarving as the
charging chambers when the load cells are installed. The support sysiem
when tied to the foundation by seventy-two 1-1/4-inch diameter high-strength
stee! rods serves as a reaction for the gas pressure acting on ths surfacs
of a test specimen and provides mass and stiffness to reduce accelerations
and vibration associated with the firing of the load ceils,

The foundation for the DLG is monolithlc 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 1-1/4-inch stee)l 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 affects, artsing
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 fn the

foundation as shown in Figure 2.1,

B.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 O~rings such that
gastight integrity can be achieved. The bottom-most ring rests on the base
plate which is grooved and fitted with an O-ring. The base plate is also fitted
with Instrumentation plugs to provide external electrical connection to
Instrumentation located within the specimen container. The specimen contalner
fully assembled provides space for a test specimen 4 feet in diameter and

8 feet In helght.

e e s

e ——— e e e e e
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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,

Mobility 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

e

for the base plate constructed of two steel plates on edge provides a stand

for the contalner during specimen placement.

B.2.4 Seal Ring

The seal ring serves as the outer wall of the expansi.a 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 o move axlially 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,

- g M
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B.2,5 Grids

Two sets of perforatad steel plices 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; i) protect the load

cells from amblent contaminants; and 3) reduce the nolse level assoclated

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 upperv
section Is fitted with a large access port to provide access to the load cells
for adjustment and minor repair. Al!l junctions are fitted with O-rings to

provide airtight integrity.

8.3 OPERATION OF THE DYNAMIC LOAD GENERATOR

B.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.
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Inert gases were required to prevent an explosion which could result If a
combustible gas were suddeniy 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.
Facillitles are avallable 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 completlon 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 0-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 pl;te 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 connecticns were made to the ports in the
seal ring. If adjustments of the rise or decay timss 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 plistons are pressurized
to accelerate the maln valve carts when the load solenoid Is energized. The
chambers below the main valve actuating pistons are pressurized tu accelerate

the maln valve plstons 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 decay 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 maln cylinder parts and grids and
then onto the loading diaphragm. The unloading cycle is initiated by the
energization of the decay sclenoids 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 decay 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
fn ordar 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 fourtesn-channel counter was utllized to preset
the tima at which each of the seven solenolds was to be actuated, The time
of firing of each load cell was monitored by magnetic pickup devices mounted
at a common point on each load call In conjunction with stee! plates mounted
on the maln valve shafts. The passage of the steel plate by the magnetic

pickup gunersted an electrics) signal which was recorded on tape and served

to Indlcate the time vhen a particular load cell fired. Comparison of the

_-—"—




times of firing for the seven load cells provided the bas!s 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 soleneids were actuated. The energizing of the decay solenolds

was not as critical as the load solenolds,so no previsions were made to monitor

? the times at which movement of the Individual decay valves occurred. The dwell

of the surface pressure over the test specimen was also established by the

fourteen-channel counter.
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