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research program undertaken to determine the extent to which present
day advanced soil models are capable of predicting the responses of
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explosions. The organizations that participated in the effort
included, in addition to S-CUBED, the University of Colorado, the
University of California, Los Angeles, Princeton University, U.S.
Army Engineer Waterways Experiment Station, Applied Theory, Inc.,
California Research and Technology and Weidlinger Associates.
Overall direction and coordination of the program was provided by
Dr. H. E. Read (S-CUBED), the Principal Investigator.
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I. INTRODUCTION

1.1  BACKGROUND

The design of strategic land-dased missile systems, such as
MX, requires a capability to predict, with a prescribed level of
accuracy, the explosively-induced ground motions near the system's
major structures for a variety of potential nuclear attack scenar-
ios. Such a predictive capability is of crucial importance if one
is to develop credible and cost-effective designs for the buried
protective structures and other ground support facilities, as well
as in the design of guidance and control systems.

During the past decade, there has been an extensive, con-
tinuing effort by the defense community to develop techniques for
predicting ground motion from explosive sources in various geologies
of interest. These efforts have included large-scale field tests,
laboratory testing of cored and remolded geologic materials, in situ
material properties investigations, constitutive model development,
and computer simulation with FO and FE wave propagaticn codes of
explosive ground motion events. Despite this large expenditure of
effort, progress toward achieving an acceptable lsvei of predictive
capability has been slow, especially for surface explosions gver
strongly layered media. The main obstacle to a major advancement .n
predicting explosively~induced ground motion is our present inabil-
ity to correctly model! the response of the in situ materials on 2
large scale. This inability is probably due to a number of causes,
the major ones of which are (1) preseat limitations in experimental
technclogy that prohidbit the acquisition of the needed response data
of the in situ materials, (2) possible inability of the constitutive
nodels to describe the response of the geologic materials to the
complex deformation histories proguced by the explosive loaging, and
(3) over idealization in modeling the geologies of test sites in
computer simylation stucies.

The present st.z, i1s directed tuward examining the predictive
capabilities of advanced constitutive models for soils. Ouring the




past ten or so years, the ground motion community has relied upon a
small number of soil models in its efforts to predict explosively-
induced ground motion with large finite difference or finite element
wave propagation code;. Questions regarding the extent to which
such models are capable of describing responses of soils to complex
deformation histories produced by explosive loading have been raised
off and on, but never systematically pursued to a final conclusion.
The basic forms of the models used in present day ground motion
studies have remained largely uncheriged since their initial develop-
ment and introduction a number of years agc.

cenerally, data from standard laboratory tests are used to
evaluate the parameters in the soil models used in ground motion
studies.* [n such tests, the soil is subjected to a class of
relatively simple deformation paths in which at least two of the
principal strains, as well as two of the principal stresses, are
equal. Because of the large number of adjustable parameters in most
models, they can be fit with reasonably good accuracy to the stan-
dard laboratory data. Such good fits do not, however, oguarantee
that the models can provide comparable accuracy aleng other
considerably different strain paths unless, of course, the models
& are physically sound. In view of the rather limited success that
has been achieed in predicting explosive ground motion during the
past ten year', there is some basis for questioning the models’
predictive rapabilities.

Ouring the past several years, the issue about the adequacy of
the soil models has attracted increasing attention, mainly as a
result of the polarization of attitudes on the issue. At one
extreme are those who claim that, because of the inherent simplicity
of the models, one cannot expect them, when they're fit in the usual

A

TT availadble, data from dynamic in situ tests, such as CIST, is
sometimes used to wmodify the values of the model parameters
determined from the standard laboratory data.
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manner to the standard laboratory (and possibly CIST data), to be
capable of describing with required accuracy the response of soil to
complex deformations which substantially differ from the relatively
simple deformations fol'owed to generate the data used in fitting
the model. At the other extreme are those who feel that the models
may be basically correct and reasonably accurate, but the lack of
appropriate data for the dynamic response of the in situ soil
prevents the modelers from determining the appropriate values of the
parameters in their models. Up to 1978, virtually nothing had been
done by the ground motion community to systematically explore these
issues.,

1.2 PURPOSE OF PRESENT STUDY

From mid-1977 to the end of 1980, S-CUBED was under contract
to the U.S. Air Force Ballistic Missile Office (BMO) to provide
independent analyses and evaluation of work performed by other
organizations as part of the MX Basing Program. One of the major
tasks under this contract was to formulate and conduct a systematic
study to assess the predictive capabilities of the soil models then
being used by the defense community for MX ground motion
prediction.(l) This task, which hezame known as the Soil Models
Evaluation (SME) study, increased 'r: szope to includr other advanced
a:xd promising soil models that were not then in use by the defenc-
community.

The basic goal of the SME study was to provide answers to the
following questions:

) How well can the main soil models used by the
ground motion community, when fit in the usual
manner to standard laboratery data, describe the
response of a soil to strain paths which differ
significantly from those followed in the standard
laboratory tests? In particular, how wel! can
they describe responses to strain paths typicai of
those which occur in the ground due to a
near-surface explosion?
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) Are there any other existing advanced soil models

which may provide greater modeling capability than
those presently used by the defense community?

To address these questions, a joint analytical-experimental
research program was formulated,(l) so that the question of the
soil models' predictive capabilities could be isolated for detailed
study from the other potential sources of error in ground motion
prediction, such as, for example, the in situ versus laboratory
properties issue. A description of the basic research plan
formulated for this purpose is described below.

1.3 BASIC RESEARCH PLAN

The basic plan developed to achieve the research objectives
may be summarized as follows: First, select the advanced soil
models to be investigated, and a soil of current practical
interest. Then, obtain good, reproducible standard laboratory data
from carefully remolded samples of the soil, and fit the models in
the customary manner to these data. The standard laboratory tests
required for this purpose include pure hydrostatic compression,
uniaxial strain compression, triaxial compression and triaxial
extension at various confining pressures. Next, conduct further
laboratory tests on remolded samples of the soil with a ‘true
triaxial device by driving the soil around complex strain paths of
practical interest; during these tests, measure the corresponding
stress histories. Then, drive the soil models (which have been fit
to the standard laboratory data) around the same complex strain
paths and predict the corresponding stress histories. For each of
the complex strain paths, compare the predicted and measured stress
histories. On this basis, evaluate the ability of each of the
models to predict the stress histories along the complex strain
paths to which it was not fit., With this approach, the predic*ive
capabilities of the models can be evaluated independently of the
issues of in situ versus laboratory properties, and static versus
dynamic properties. An approach for performing such an evaluation
is described in Appendix A.

10
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The ultimate success of such a study obviously depends very
strongly upon having adequate and reproducible soil data against
which the model predictions can be compared. Because of this,
considerable care was taken to ensure that the data generated in
both phases of testing were reliable and trustworthy. In our
efforts to meet this objective, considerable laboratory soil testing
was done and, in the course of this testing, some pitfalls in the
standard laboratory approaches to soil testing were uncovered and
remedied.(z) All of the laboratory testing was done by Professor
Hon-Yim Ko and his staff at the University of Colorado.

Although several different soils were examined during the
course of this study,* the soil that eventually was chosen for use
in evaluating the models was a near-surface sandy aliuvial soil from
Ralston Valley near Tonopah, Nevada. At the time this selection was
made, Ralston Valley was an area of considerable interest to the Air
Force in regard to possible MX deployment. To reduce the large
scatter that is typical of laboratory data from so-called "undis-
turbed" soil samples, the Ralston Valley soil was carefully remolded
for use in the laboratory tests.

All of the standard laboratory tests were axisymmetric, with
two principal stresses and two principal strains equal, and could
have been performed with a conventional triaxial device. The
complex strain path tests were fully three-dimensional, and require
a test device which is capable of independently controlling the
three principal stresses and strains. To avoid any unknown differ-
ences between testing devices, all phases of the soil testing were
performed in the same multi-axial cubical test device developed by
Professor Ko and his colleagues at the University of Colorado. Each
test was repzated at least once to provide insight into the degree
of reproducibility of the data. Details of the laboratory tests
conducted on Ralston Valley soil can be found in References 3 and
4. A description of the multi-axial cubical test device used in
this study is given later on in Section 2.2.

*See section 2.1 for a summary of the soil testing program.
n
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1.4 SOIL MODELS

Six advanced soil models were selected for detailed consider-
ation in the study. These included the following models, which have
been used extensively by the deferse community in ground motion
studies:

e AFWL Engineering Model(s)
o Weidlinger Cap Model(s)

o WES Cap Mode1!?),

as well as three other advanced soil models that have recently
appeared in the literature:

o Lade's Elasto-Plastic Model(8)
® Prevost's Nested Surfaces Model(
o S-CUBED Endochronic Model(lo)

9)

The models chosen for the latter group were selected because they
appeared to offer improvements in modeling capability over those in
the first group, and also because they represent considerably
different approaches to modeling soil behavior, All of the above
models are fully three-dimensional and computer programs exist for
each of them.

1.5 COMPLEX STRAIN PATHS

For the present study, three complex strain paths were speci-
fied by Applied Theory, Inc.,(lz) and, in the sequel, they are
referred to as complex strain paths Nos. 1, 2 and 3. These paths
were determined by Applied Theory from the results of a series of
axisymmetric numerical studies of explosively-driven ground motion
events in both dry and wet sandy alluvial soils, and they represent
the best estimate of the characterictic deformation paths that soil
elements at three different locations will experience, as a result
of a nearby, near-surface nuclear explosion. The histories of the
strain components were monitored at various locations during these
numerical calculations and later processed to provide the

12
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specification of the three principal strains along the strain
paths. From the numerical studies, it was found that, regardless of
whether the soil was dry or saturated, the basic shapes of the
strain paths at a given (yield-scaied) iocation were essentially the
same. Path No. 1 is representative of deformations that occur near
the ground surface, but at some range from the explosive source.
Path No. 2 is typical of deformations that take place at some range
from the source but at a greater depth than Path No. 1. Finally,
Path No. 3 describes the type of deformation which arises at
moderately deep locations near the axis of symmetry.

The three complex strain paths are depicted graphically in
Figures 1 to 3, where the variations of the three principal strains,
€1 € and €3s along each of the paths are shown. A numerical
description of each path is provided in Appendix D.

It is important to note that the principal strains shown in
these figures, and listed in the tables of Appendix D; are measured
from the ends of the initial hydrostatic compression states. The
initial hydrostatic states, which may be viewed as overburden, were
not specified by Applied Theory, but were selected by Professor Ko
so that, when a laboratory soil specimen was driven around any of
the complex strain paths, none of the principal stresses became
tensile. This restriction was necessary since the cubical triaxial
device used for the testing was not capable of applying tensile
stress to the soil.

1.6 EVALUATION OF MODELS

It seems appropriate and natural to base the evaluation of the
models upon their relative abilities to predict, for each of the
three complex strain paths, the corresponding stress histories
measured by the cubical triaxial device. Adopting this approach,
one must then define a measure of discrepancy between the predicted
and measured stress histories, and there appears to be no unique way
to dc this.

13
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An approach developed in the present study, and described in
detail in Appendix A, utilizes an evaluation criterion based on the

integrated mean square deviation between the predicted and measured

stress histories qver the entire path. The success of this approach

depends upon having precision data from the complex strain path
tests in which the prescribed strain paths have been followed with

acceptable accuracy.
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2. SOIL TESTING

The success of this study depends very strongly upon having an ;
adequate and accurate suite of soil response data for use in evalu-
ating the predictive capabilities of the models. Accordingly, i
considerable effort was made during the course of the study to |
ensure that the data obtained for this purpose were accurate and '
reproducible. Considerable laboratory soil testing was done and, in i
the process, a great deal was learned about the subtleties involved
in generating accurate laboratory test data from remolded soil
samples. All of the soil testing for this study was done by
Professor Hon-Yim Ko and his staff at the University of Colorado at
Boulder, Colorado.

v

In the following sections, the various phases of soil testing
conducted as part of the present study are summarized, and details
of the multi-axial cubical triaxial device used in the soil tests
are provided. The results from the complex strain path tests
conducted on remolded Raliston Valley soil are described, and finally
some general comments on the testing program and the results
obtained thereform are given.

2.1 SUMMARY OF SOIL TESTING -- SOME LESSONS LEARNED §

At the time this investigation was bequn, there was consider-
able interest within the defense community, in general, and the Air ;
Force, in particular, in the constitutive properties of tne sandy i
allyvial soils from potential MX basing sites in the western part of ‘
the United States. The Air Force BMO accordingly directed us to -
evaluate the selected soil models in terms of their capapilities to ;;
predict response to complex strain paths in such soils. [n the ;;
course of this investigation, laboratory testing was done on three ?
different so0ils, including Ottawa sand, remolded soil from the HAVE i
HOST test site in Yuma, Arizona, and remolded soil from Ralston o
Valley near Tonopah, Nevada. The tests conducted on these soils are 1
discussed below. f
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2.1.1 Ottawa Sand

[ At the beginning of the investigation, we focussed attention
i on a readily available sandy soil for which there was considerable
constitutive data already available in the literature, namely,
Ottawa sand. The Ottawa sand was obtained, and a series of standard
laboratory tests was conducted on this material with a conventional
triaxial device at the University of  ~lorado. Upon reviewing the
results from these tests, which were reported in Reference 13, it
became apparent that this rather idealized soil behaved quite dif-
ferently from the near-surface soils at the potential MX sites,
which contained some clayey components. The test specimens of
Ottawa sand exhibited highly nonlinear unloading behavior, which led
to large recoverable strains on unloading, while the soils from the

potential MX basing sites unloaded in a much more linear manner with
; only smaller recoverable strains., The Ottawa sand also exhibited
| substantial anisotropy (transverse isotropy), probably as a result
of the pluviation process used to prepare the specimens. On the
other hand, the near-surface soils from candidate basing sites
appear to be reasonably isotropic. Because of these essential dif-
ferences in constitutive behavior, it was decided that Ottawa sand
should be dropped from further consideration, and that we would turn
attention to a real soil from one of the candidate sites.

Rt - U,

| 2.1.2 HAVE HOST SOIL

At the direction of the Air Force BMO, we next focussed
attention on near-surface soil from the HAVE HOST test site near J
Yuma, Arizona, a site where considerable fiela testing was being i
done at the time as part of the MX program. In December 1979, the
Air Force Weapons Laboratory shipped a supply of near-surface soil
from the HAVE HOST site to the University of Colorado for testing in
the present investigation. Standard laboratory tests on remolded
samples of the soil were done in a conventional triaxial device,
including pure hydrostatic, uniaxial strain, triaxial compression
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and triaxial extension at several confining pressures, and the
results were reported in Reference 14, Subsequent tests were done
to determine if the soil characteristics measured with the conven-
tional triaxial device represented the true soil response, or if
they also reflected some particular features of the particular
triaxial device employed. To investigate this, the uniaxial strain
(UX) tests were redone with a standard oedometer, and the hydro-
static compression (HC) tests were repeated using a true triaxial
device.

The outcome of these tests revealed some interesting, as well
as disturbing, facts. First, the results from the UX tests con-
ducted with the standard oedometer were in substantial disagreement
with data from the UX tests performed with the conventional triaxial
device. Figure 4 depicts the systematic discrepancy between the two
sets of data. On the other hand, the HC results from the true
triaxcial device were in reasonably good agreement with those from
the HC tests conducted with the conventional triaxial device. This
raised in interesting question: Why did the HC tests performed with
two different devices show reasonably consistent results, while the
UX tests, also done in two different devices, show a large,
systematic disagreement. This appeared to be an important question
to the geotechnical testing community, inasmuch as it is standard
practice in many soil testing laboratories to use more than one
device in the process of generating standard laboratory data. Thus,
there appears to be a likely potential for producing inconsistent
data.

Secondly, the HC tests revealed that the remolided specimens of
HAVE HOST soil, which were essentially isotropic in their initial
state, developed substantial stress-induced anisotropy as the
deformation proceeded. Moreover, the form of anisciropy developed
by the remolded specimens appeared to be Quite different from that
observed in undisturbed samples of similar soil,
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In an effort to establich why the UX test results were incon-
sistent, the nommal procedure for remolding specimens was reexam-
ined. From this, we found that the discrepancy in the UX results,
as well as the consistency of the HC results, couid be explained in
terms of the differences in the heterogeneity and stiffness of the
scecimens used in the various test devices. Specifically, the
normal remolding procedure was found to produce inhomogeneous
specimens, the degree nf inhomogeneity increasing with the number of
1ifts used in forming the specimen. Tests performed on individual
1ifts, which were carefully removed from normally remoided specimens
revealed that the stiffness of a lift increased as subseq'ent lifts
were added to the specimen. Thus, the remolded specimens used in
the conventional triaxial tests, which were formed from five (5)
1ifts, wer2 found to be more inhomogeneous and stiff than the speci-
mens used in the oedometer tests, which were formed from only two
(2) 1ifts; this explained the discrepancy between the two sets of UX
data. The HC tests were done on remolded specimens that had nearly
the same number of 1ifts; those done with the true triaxial device
had four (4) lifts, while those done with the conventional triaxial
device had five (5) lifts. Thus, the inhomcgeneities in both sets
of remolded specimens were nearly the same, as were the overall
stiffnesses.

In an effort to revise the standard remolding procedure so
that the specimens woul!d be more homogeneous, we explored the use of
undercoupaction(ls) in remoiding the specimens, and found it to be
peneficial and feasible. Accordingly, undercompaction was employed
to form the spccimens used in the subsequent testing., A c¢ritical
review of the results from all of the testing performed on the soil
from the HAVE HOST test site has been given in Reference 2.

As noted above, the additional testy perfrrmed on the HAVE
HOST soil revealed some inconsistencizs in th¢ original standard
laboratory data reported in Reference 14, 3nu n-21ed to be redone,
using specimens remolded with underc maction. Morgover, the
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additional tests consumed virtually all of the HAVE HOST soil that
had been supplied to the University of Colorado by the AFWL. Thus,
a decision had to be made whether to obtain additional HAVE HOST
sail for this purpose or to obtain some other soil.

2.1.3 Ralston Valley Soil

In June 1980, a decision was made jointly by the Air Force BMO
and S-CUBED to shift the focus of the SME study to near-surface soil
from Ralston Valley near Tonopah, Nevaca. This decision stemmed
from the fact that the Ralston Valley area was, at the time, fast
beccming a center of considerabTe focus in regard to MX basing,
while the HAVE HOST test site was being phased out. Again, the AFWL
volunterred to assist the SME study by supplying the University of
Colerado with near-surface Ralston Valley soil, and the soil arrived
at the University of Colorado in July, 1980. Standard laboratory
tests were performed on specimens of this soil remolded with
undercompaction. All tests were done with a cubical triaxial device
to eliminate any possible unknown effects that might arise if the
standard laboratory tests were done with one device and the complex
strain path tests with another. The standard laboratory tests on
~clstor Valley soil were completed in December 1980, and the results
were reported in Reference 3.

In November (980, the Air Force BMO terminated all research
efforts which were not directly related to the full-scale
engineering development of the MX system. As a result, the support
for the SME study from the Air Force was terminated in January, 1981.

There were n¢ further activities in the SME study for about a
vear, The U.S. Army Engineer Waterways Experiment Station became
interested in seeing the work completed and, in September 1981,
provided support to the University of Colorado to conduct the
complex strain path tests on the Ralston Valley soil. These tests
were completed in late 1981, and are reported in Reference 4. At




this point, all of the testing of Ralston Valley soil needed to
perform the evaluation of the models had been completed. Then, in
May 1982, The Defense Nuclear Agency undertook support of the final
phase of the SME study.

Parenthetically, it may be of interest to note that, although
not part of the present study, another quite comprehensive
laboratcery study of the response of remolded Ralston Valley soil to
compiex strain paths similar to those considered herein has recently
been reported by Ko and Meier.(16) This study focussed wupon
clayey sand from Ralston Valley which had been graded to resemble
soil from Nellis Air Force Base.

2.2 THE TRUE TRIAXIAL DEVICE

A series of true, cubical triaxial devices has been developed
at the University of Colorado for testing the behavior of materials
under general, three-dimunsional, con_ressive loading conditions.
The capacities of these devices range from 100 psi to 20,000 psi,
with the specimen sizes ranging from 2 to 8 inches. For the purpose
of the present investigation, the test device described by Ko and
Sture(ly) was selected primarily because of its stiffness, loading
capacity, and available graphics output equipment. Details of this
device, as well as evidence in support of its accuracy, are provided

in the sections which follow.

2.2.1 Description

The true triaxial device used in the present study is shown
schematically in Figures 5 and 6. A four-inch cubics! test specimen
is loaded by hydraulic pressures through fluid cushions mounted on
the walls of the test cell. Because of the flexibility of the
cushions, a known, purely compressive state of stress is applied to
the specimen while the deformations of the specimen are monitored by
proximity transducers mounted on the walls. These transducers,
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operating on the inductive principle, sense the movement of an
aluminum foil target placed on the surface of the specimen, and have
sensitivity on the order of 1 x 10~ inches.  Three such
transducers are used on each side of the cell. The sum of the mean
readings of opposite groups of transducers gives the normal strain
in that direction, while the three transducer readings on each side
define the plane of the deformed specimen on that side. The scalar
product of the outward normal vectors on adjacent planes will then
define the shear strain between those planes. Thus, the complete
strain state is defined from the readings of the 18 proximity
probes. The ability to measure the shear strains makes this device
particularly suitable for testing anisotropic materials.

This device was originally designed and used for testing
rocks, concrete and composites to 20,000 psi, materials which are
much stiffer than soil. [t was, therefore, ideally suited for the
present program since the system flexibility would be negligible
compared to specimen deformation. The pressures applied to the
specimen through the fluid cushions were generated by hand pumps. A
data acquisition system fed the proximity transducer readings to an
HP 9830 calculator which analyzed the data and drove a plotter to
produce stress-strain curves. This on-line data reduction enables
decisions to be made juring the test for changes in the load path.

Althougt. the trua triaxial device is stress-controlled, it can
be made to follow a prescribed strain path through intricate manual
operation. This approach was used in the present study, and was
accomplished by, first, examining the stress-strain behavior of a
test specimen after each load increment and then, on the basis of
the previous response, predicting the next load increment so that
the prescribed strain path would be followed. The success of this
procedure Clearly depends upon the operator's ability to predict the
next load increment, which requires considerable knowledge of the
general constitutive behavior of the soil being tested. The results
from standard lavboratory tests conducted earlier were of particular

value in this regard.
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With the true triaxial device, one seeks to apply an ideal set
of boundary conditions to a cubical test cpecimen that are known,
uniform and controlled. To the extent that such conditions are not
achieved, the measured behavior will reflect the effects of the
nonuniformity and the unknown effects. Only when conditions of
uniform stress and uniform strain can be shown to exist within a
test specimen, or when the deviations from these ideal conditions
are considered to be acceptable, car one have confidence that the
true material properties are being measured. The success of the
present study clearly depends upon having high quality soil data.
Since all of the data in this study were obtained with the cubical
triaxial device described in Reference 17, some comments about the
ability of this device to apply homogeneous states of stress and
strain to a specimen are given below.

2.2.2 Validation

The cubical test device used in the present study has evolved
from earlier designs developed oy Ko and his coworkers, and repre-
sents the latest advancement in such devices. In recent years,
considerable effort has been made to investigate the ability of
these fluid cushion true triaxial devices to generate homogeneous
states of stress and strain within a specimen. Most of this work
has utilized photoelastic techniques to measure the deviation of
shear stress within a specimen from the ideal homogeneous state. In
other work, direct comparison between cubical triaxial data and
conventional triaxial data have been made.

For the cubical triaxial device used in the present study,
Berends and Ko(la) have reported the results of an investigation
to validate its ability to apply homogeneous states of stress and
strain. For this purpose, a photoelastic study of the response of a
polyurethane cube to bi-axial loading was conducted, and the results
from the cubicil test were compared with those from a conventional
triaxial device. The photoelastic study showed that the deformation
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was most homogeneous when the ratio of the biaxial normal stresses
was large (uniaxial loading), and became less homogeneous as that
ratio approached unity (equal biaxial loading). Furthermore, the
inhomogeneity increased with the magnitude of deformation. Based
upon the test results, it was concluded that the use of this device
should be limited to normal strains of 10 percent or less and to
normal strain ratios of 0.75 or less. At 10 percent normal strain,
tl.. maximum shear strain deviation from homogeneity was found to be
4 percent and concentrated at the corners. Below the above opera-
tional 1limits, Nymoen found,(lg) through photoelastic techniques,
that the homogeneity of stress and strain is at least twice as good
as that found in a conventional triaxial device.

Laboratory tests were also conducted on a remolded clay using
both the cubical triaxial device and a conventional triaxial
device. In both cases, the clay was subjected to triaxial compres-
sion at a confining pressure of 180 kPa (26 psi). The results from
these tests are depicted in Figure 7, where it can be seen that the
stress-strain responses measured by both devices are in excellent
agreement up to the point of failure.

On the basis of the results from the studies described above,
it is believed that the fluid cushion true triaxial device used in
this study generates states of stress and strain within a test
specimen that are very nearly homogeneous, and is therefore capable
of providing measurements of the true constitutive properties of the
soil iested, provided that the soil is homogeneous.

2.3 LABOPATORY TESTS ON RALSTON VALLEY SOIL

The results from the laboratory tests performed on Ralston
Valley soil have been described in detail in References 3 and 4.
The purpose of this section is to identify and discuss any special
aspects of the testing and data which should be taken into
consideration when using the data for the purpose of evaluating

models.
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2.3.1 Standard Laboratory Tests

The standard laboratory tests reported in Reference 3 were
performed with skill and care, as is evidenced by the reasonably
good reprcducibility of the data. There are, however, several

t

aspects of the tests and data that should be noted.

First of all, there's the issue of precompression. In each of
the soil tests, the remolded test specimen was first compressed
hydrostatically up to some small pressure to ensure that it was
fully seated in the device. The test data reported in Reference 3
actually start from this initial precompressed state. Unfortu-
nately, the initial precompression imposed on the specimens was not
the same in all the tests; it varied from 25 psi (for the hydro-
static compression tests up to 150 psi) to 75 psi (for two of the
hydrostatic compression tests up to 700 psi). Inasmuch as the soil
was quite compactive, the differences in initial precompression
would have a significant effect upon the resulting response data,
particularly the hydrostatic data.

Because of the differences in initial prestrain, it was
necessary for the modelers to take these differences into account in
fitting their models to the hydrostatic data. If some provision is
made for the initial prestrains, however, the hydrostatic data
appear to be quite consistent, as illustrated in Figure 8. To
construct this figure, the data from the two hydrostatic tests up to
150 psi, i.e., tests 6-HC-160-1 and 9-HC-150-2, were plotted without
modification. Then, the curve for test 5-HC-700-2, which had an
initial precompression of 50 :si, was translated to the right along
the strain axis by an amount te, = 0.007 until the initial point
on the curve at 50 psi fell midway between the two existing curves
at the 50 psi level. Similarly, the curves for tests 3-HC-700-1 and
MC-700-3 were translated to the right by an amount bc, = 0.011
until the initial points of the curves at 75 psi fell midway between
the existing curves at the 75 psi level. In future testing, it is
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recommended that a single initial precompression state be used on !
all test specimens, to eliminate the difficulties mentioned above in
using the data for fitting models.

The results from the hydrostatic compression tests can also
yield valuable irformation about the possible anisotropy of the
remolded test specimens. If a specimen is initially isotropic and
remains so during straining, pure hydrostatic compression will
result in isotropic straining in which all three principal strains
are equal. However, if the specimen is initially anisotropic, or if
it develops anisotropy through straining, pure hydrostatic compres-
sion will result in unequal principal strains. In view of the fact
that the specimens used in this study were remolded through a
process of anisotropic consolidation under uniaxial strain condi-
tions, there was a possibility that the specimens might exhibit some
initial anisotropy. Such anisotropy, if it exists, would probably
be of a form called transverse isotropy, in which there is a plane
of isotropy perpendicular to the direction of compaction. If this
exists in the specimens, one would expect the hydrostatic data to

systematically show that € < &) = €3y where € is the
strain in the direction of the initial consolidation and € €3

are the two lateral strains.

A review of the hydrostatic data presented in Appendix A of
Reference 3 does not reveal any systematic trend in the three
principal strains that would provide evidence of anisotropy in the L
specimens. [t is possible that some small amount of anisotropy was
initially present in the specimens, but was masked by the overall
scatter in the data. In any event, the avasiladble data do not
contradict the assumption implicit in all of the models considered
herein that the soil is initially isotropic.

— -

2.3.2 Complex Strain Path Tests

As noted earlier, the complex strain path tests on Ralston
Valley soil were conducted about a year after the standard

32

N

?

€ g o 8

i Pt




I B g % N30 e <

laboratory tests reported in Reference 3. Both series of tests were
performed by the same personnel and with the same equipment. Never-
theless, it was felt necessary to repeat some of the earlier tests
reported in Reference 3 to ensure that the soil, the specimen
preparation and the test procedure had not changed in the meantime.
For this purpose, four verification tests were done, and the results
from these tests were reported in Reference 4. [t was found that
the new data fell within the scatter of the previous data, but with
a slight bias toward a stiffer response. On this basis, it was
concluded that no significant changes had taken place in the soil or
the test procedures, and that the earlier data reported in Reference
3 were still valid for use in fitting the models.

The results from the complex strain path tests are depicted in
Figures 9 to 11. The strain paths, as shown, are measured from the
ends of the initial hydrostatic compressions, while the entire
stress paths are shown from the initial unstressed state. A small
black circle with the letter s denotes the start of 3 complex stress
path. In the figures, the oy and ¢, are the principal stresses
and principal strains, respectively. The subscript 1 corresponds to
the direction in which the soil was compacted during the remolding
process, while the subscripts 2 and 3 denote directions perpendi-
cular to the compaction axis. Keeping in mind that the magnitudes
of the strains in path No. 2 are considerably smal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>