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SUMMARY OF REPORT

Introduction

Herein we report on the second phase (Phase II) of a three phase project.
The preject is intended to advance our ability to design critical systems
(buildings, offshore platforms, roadways, etc.) to resist earthquakes. Our
work is to reduce losses of all kinds during future earthquakes.

Phase Il was supported by both the National Science Foundation and the
Department of Energy (based on a recommendation from the National Institute of
Standards and Technology). The project falls under the domain of earthquake
hazard mitigation.

For Phase II we evaluated the effectiveness of a proposed in situ
geotechnical testing procedure for estimating ¢yclic and dynamic soil
characteristics. We conducted laboratory tests using a prototype system. The
procedure was generally found to be effective under controlled laboratory
conditions and promising for field use.

Purpose of Project

Specifically, the purpose of our project is to bring to realization an in
situ geotechnical testing procedure for providing, more reliably than is now
possible, estimates of in situ eyclic and dynamic soil characteristics. The
characteristics include !) resistances to liquefaction (almost total loss of
competence of soil), degradation (reduction in competence of soil), and large
deformations, and 2) undegraded, nonlinear, inelastic characteristics. The
information provided is to be suitable for the advanced stages of the
earthquake resistant design of critical systems.

Our project is to advance our ability to analytically predict the
behavior (liquefaction, deformations, motions, ete.) of soil deposits during
earthquakes. Such behavior has been a major source of catastrophic losses.
Analyses used to predict such behavior rely heavily on the soil
characteristics in question. Results of analyses can be quite sensitive to
these characteristics; thus, reliable estimates of the characteristics are
needed to avoid unconservative or costly, excessively conservative designs.

Despite the catastrophic losses and the sensitivity of analyses, there do
not seem to be procedures available for reliably estimating cyclic and dynamic
soil characteristics for the design of critical systems. Improving our
ability to estimate these characteristics will lead to greater safety,
reliability, and economy.

History of Project

Our Phase II work is a major step toward our goal of realizing the
proposed procedure in practice. Previous steps include conceiving the
procedure, conducting feasibility studies (Phase I), patenting the procedure,
and publishing our work. Steps to follow Phase II include field testing and
commercialization.
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Proposed Technical Approach

The proposed testing procedure is intended to provide more reliable
information on soil characteristics by combining attractive features of
existing procedures while minimizing shortcomings. Laboratory testing of
samples is a powerful existing procedure. Earthquake-like cyclic or dynamic
shearing loads can be applied. Appropriate behavior is induced and detailed
information is provided. However, in situ conditiong, which strongly affect
behavior, can be greatly disturbed. In situ testing, an alternative
procedure, preserves in situ conditions to a greater degree but
earthquake-like cyclic shearing loads are not applied and appropriate behavior
is not induced.

With the proposed procedure, we apply earthquake-like cyclic or dynamic
(impulsive) shearing loads in situ and induce behavior expected during
earthquakes, In situ conditions are expected to be well-preserved and
detailed information is provided.

Potential Benefits

The proposed testing procedure is expected to have significant safety,
economic, environmmental, and other benefits worldwide.

Potential Commercial Applications and Users

The proposed testing procedure has several potential commercial
applications worldwide. These include the design, comstruction, and
maintenance of soil-structure-equipment systems which could be subject to
earthquakes, large ocean waves, or vibrations. ‘

The proposed testing procedure has several potential users worldwide.
These include agencies of governments, universities, geotechnical engineering
firms, 0il companies, power companies, and construction firms.

Technical Objectives of Phase II

Our main technical objective was to evaluate the effectiveness of the
proposed testing procedure by conducting carefully controlled laboratory tests
using a prototype testing system. If we found results to be reasonable,
consistent, and interpretable, and we did not encounter abnormal difficulties
or major limitations, we would conclude that the procedure is effective under
controlled laboratory conditions and promising for field use.

Most of our attention was to be directed toward cyclic testing for _
estimating resistances to liquefaction, degradation, and large deformations.
Cyclic testing is to be the main capability of the proposed testing procedure.
However, some attention was also to be directed toward impulse testing for
estimating dynamic, undegraded, nonlinear, inelastic shear stress vs strain
characteristics,

Main Tasks and Procedures of Phase II

Several tasks were carried out to evaluate the procedure. A prototype
testing system and large test chamber were constructed. The chamber allows
the testing of the prototype system in large uniform samples of sand subjected
to representative confining pressures. We conducted cyclic and impulse tests
with the prototype system at The Johns Hopkins University. We developed

iii



analyses of an intermediate level of descriptiveness for simulating cyclic and
impulse tests. We used the analyses to interpret the results from tests. At
appropriate stages we published our work.

Results and Discussions of Results of Phase II

The testing procedure was found to be effective under controlled
laboratory conditions. Generally, results from cyclic and impulse tests were
found to be reasonable, consistent when compared with published results from
laboratory tests of a high quality, and repeatable when repeatability was
considered. Generally, we found that we could interpret important aspects of
cyclic and impulse tests. Results of analyses were found to be semnsitive to
shear stress vs strain characteristics. We did not encounter abnormal
difficulties or limitations that we feel cannot be overcome.

Conclusions of Phase II

The proposed testing procedure is a promising means for estimating, more
‘reliably than is now possible, in situ cyeclic and dynamic shear stress vs
strain characteristics of soil deposits. We also feel the procedure shows
promise as an index-like test.

The procedure was found to be effective for estimating cyclic and dynamic
shear stress vs strain characteristics under controlled laboratory conditions.
We feel we experienced considerable success with cyclic testing and reasonable
success with impulse testing. We feel the most effective step toward
improving the testing procedure would be to develop more descriptive analyses
for interpreting results from tests.

Because the proposed testing system is promising, further attentiocn
should be directed toward its realization and fully realizing its potential.
Further Work

We feel the most productive next step toward realization of the proposed
testing procedure would be to conduct field tests. After initial field tests,
it would be of great value for realizing the potential of the procedure to
conduct further laboratory tests and to refine further the testing procedure.
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TERMINQLOGY AND NOMENCLATURE

In this section, several technical terms are explained as used herein.
The terms relate to the characteristics of soils that affect the behavior of
s0il deposits during earthquakes. We also define the nomenclature used
throughout this report.

Terminology

Undegraded Shear Stress vs Strain Characteristics--These are characteris-
tics corresponding to the first cycle of the cyclic loading of an element of
soil. A typical undegraded shear stress vs strain curve is shown in Figure I.
Under earthquake-like loadings behavior can be highly nonlinear and inelastic.
The shear modulus, G, is the slope of the curve at any point. It represents
the shearing stiffness of the element of soil for the level of strain in
question.

Low Amplitude Dynamic Shear Modulus, G,--The low amplitude dynamic shear
modulus (see Figure 1) is the slope, at low levels of shear strain (<0.001%),
of the shear stress vs strain curve for an element of soil lcaded dynamically.
Generally, behavior is linear at these levels of strain. Reference 18
provides greater detail.

Relative Density, D.——The relative density of a cohesionless s0il is a
measure of the compactness of the arrangement of its grains. Relative demsity
is indicated by a scale of 0 to 100%Z. A sand having a relative density of 07
("loose") is structurally in its least compact state. Such a sand may be
guite unstable during an earthquake. A sand having a relative density of 1007
("dense") is structurally in its most compact state. Such a sand may be quite
stable during an earthquake. Reference 20 provides greater detail.

Degradation and Liquefaction Characteristics of Sands and Silts--Degrada-
tion, herein, refers to the cyclic decrease in shear stiffness (slope of
straight line through peaks of shear stress vs strain curve for given cycle)
that may occur in an element of soil subjected to large, earthquake-like,
cyclic shear loads. Degradation can occur in actual soil deposits because of
buildups in excess porewater pressure. As shown in Figure 2, the degradation
of an element of soil, loaded cyclically with a uniform amplitude, appears as
an increase in the amplitude of the cyclic shear strain of the element with an
increase in the number of cycles of loading. Under loadings corresponding to
large earthquakes, generally sands of low relative density (<50%) will show
severe degradation while sands of high relative density (>70%) will show only
mild degradation. After a sufficient number of cycles, "initial liquefaction"
(19), the first instance of almost total loss of effective confining pressure,
may occur. Thereafter, the sands of low relative density may undergo
unrestrained deformation, termed liquefaction. Sands of high relative density
usually will not liquefy because of the restraining effects of dilation, the
expansion of the volume of the grain structure of a soil. Rather, such sands
generally show only limited deformations regardless of the number of cycles of
loading. References 19 and 20 provide more detail.
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Nomenclature

aj, az = Linear tangential accelerations of instrumented head at
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diametrically.opposed positions

Parameters of degradation and liquefaction model
Relative density

Void ratio

Tangent shear modulus

Low amplitude dynamic shear modulus

Mass moment of inertia

Coefficient of earth pressure at rest

Parameter of degradation and liquefaction model
Parameter of degradation and liquefaction model
Number of cycles

Parameter of degradation and liquefaction model
Parameter of Ramberg-Osgood equations

Radius

Radius of instrumented head

Torque applied to instrumented head of probe
Time

Excess porewater pressure

Parameter of Ramberg-Osgood equations

Shear Strain; Horizontally polarized shear strain developed
in test soil

Effective weight per unit volume of soil

Angular displacement, velocity, and acceleration of
instrumented head of probe

Mass density of soil

Initial effective vertical stress
Average effective confining pressure
Effective vertical stress

Shear stress; Horizontally polarized shear stress developed
in test soil

Parameter of Ramberg-Osgood equations
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INTRODUCTION

This report, to the National Science Foundation (NSF) and the Department
of Energy (DOE), covers work carried out for the second phase (Phase II) of a
planned three phase project. The project is intended to advance our ability
to design critical systems (buildings, offshore platforms, roadways, etc.) to
resist earthquakes. Our work is to reduce losses of all kinds during future
earthquakes.

Specifically, the purpose of the entire project is to bring to
realization a proposed in situ geotechnical testing procedure for estimating,
more reliably than is now possible, in situ cyclic and dynamic soil
characteristics. For Phase I, we conducted a feasibility study, for Phase II
we conducted a laboratory research study, and for Phase III we plan to conduct
field tests and commercialize the testing procedure. Phase I research was
supported by a Phase I Small Business Innovation Research (SBIR) grant awarded
by NSF to our firm, Dynamic In Situ Geotechnical Testing, Inc. Phase II
research was supported by a Phase II SBIR grant awarded by NSF to our firm. A
prototype testing system, needed for Phase II research, was funded through an
Energy-Related Inventions Program (ERIP) grant awarded to our firm by DOE.
This grant was awarded based on a recommendation by the National Institute of
Standards and Technology (NIST). Our project falls under the domain of the
Earthquake Hazard Mitigation program of NSF.

For Phase II, we evaluated the effectiveness of the proposed testing
procedure. We conducted laboratory tests using the prototype testing system.
The procedure was generally found to be effective under controlled laboratory
conditions and promising for field use.

Regarding organization, in the preceding portion of this report, we
provide a summary of the report and a section on terminology and nomenclature.
In the following sections, we present and discuss, in reasonable detail, the
purpose of the project, the history of the project, the proposed technical
approach and its potential benefits, and commercial applications and users.

We then present, for Phase II, technical objectives, main tasks and
procedures, results and discussions of results, and conclusions. We also
identify further work and present references and appendices.



PURPOSE OF PROJECT

Cur project is intended to advance our ability to design critical systems
(buildings, offshore platforms, bridges, pipelines, roadways, etc.) to resist
earthquakes. This is to reduce losses of all kinds during future earthquakes.

Specifically, the purpose of our entire project {(Phases I, II, and III)
is to bring to realization a proposed in situ geotechnical testing procedure.
The procedure is to provide, more reliably than is now possible, estimates,
for soil deposits, of in situ cyclic and dynamic shear stress vs strain
characteristics. The characteristics include 1) resistances to initial
liquefaction, cyclic degradation, and large deformations before and after
initial liquefaction, and 2) undegraded, nonlinear, inelastic characteristics.
The estimates are to be appropriate for use at the later stages of the
earthquake resistant design of critical systems.

The proposed testing procedure is to advance our ability to anmalytically
predict the behavior of soil deposits during earthquakes. It is of great
importance to reliably predict the behavior of soil deposits during
earthquakes. Catastrophic losses have been experienced (Alaska, 1964;
Niigata, 1964; Mexico City, 1985; References 3, 20, and 27) due to such
behavior. The 1989 Loma Prieta earthquake provides a recent striking example.
Extensive liquefaction, excessive deformations, and settlements were reported
to have occurred in many areas (1) (4) (22). The resulting damage was
reported to include foundation bearing failures, building damage, pavement
damage, subsidence and slumping of roadways, runway damage, bridge collapse,
broken utility lines, and levee damage (4) (22). Preliminary studies indicate
that amplified ground motions may have increased the occurrence of
liquefaction (4). ’

Because of the importance of the behavior of soil deposits during
earthquakes, there are various types of analyses which predict such behavior.
‘These include earthquake site response analyses, earthquake soil-structure
interaction analyses, and earthquake slope stability analyses. All require
information on in situ cyclic or dynamic shear stress vs strain '
characteristics of soil deposits. Results of these analyses can be extremely
sensitive to these characteristics, particularly if liquefaction is possible
(16). Therefore, potentially powerful analyses can be and are severely
limited by uncertainty in soil characteristics.

Even though the behaviors of soil depesits have caused great losses and
in situ eyclic or dynamic shear stress vs strain characteristics must be
estimated reliably for effective predictions of such behaviors, to our
knowledge, there are no procedures for reliably estimating these
characteristics for the advanced stages of the design of critical systems. By
improving our ability to estimate soil characteristics reliably, we will
realize more fully the potential of refined analyses. This will lead to
greater safety, reliability, and economy of critical soil-structure—equipment
systems located in seismically active areas.



HISTORY OF PROJECT

In this section, we summarize the main steps toward our long term goal
of bringing to realization the proposed testing procedure.

1982 - Testing procedure conceived by R. Henke while working for
Exxon Production Research Company. Idea product of field,
laboratory, and analytical experiences in predicting
behavior, during earthquakes, of sites of major offshore
platforms.

1985 - Conducted theoretical and operational feasibility studies
which indicated proposed testing procedure feasible. Studies
supported by NSF Phase I SBIR grant. Title: "In Situ Testing
Procedure for Obtaining Dynamic and Cyclic Soil Properties."
Grant Number: #CEE-8460719. Award amount: $40,000. Period
of performance: January |, 1985 - June 30, 1985. Principal
investigator: W. Henke.

1985 - Published and presented at conference results of theoretical
and operational feasibility studies (see Reference 12 and
APPENDIX B).

1987 - Constructed laboratory research prototype testing system.
Work supported by ERIP grant awarded by DOE based on
recommendation from NIST. Title: "Design and Construction
of a Prototype In Situ Geotechnical Testing System," Grant
number: #DE-FGO!-87CE15305. Award amount: $79,860., Period
of performance: December 23, 1986 - May 22, 1988, Principal
investigator: W. Henke. Engineer responsible for design and
construction of system: W. Gingras, Friendship Engineering.

1987 - Published and presented at conference paper on selected
elements of prototype testing system (see Reference !l and
APPENDIX B).

1987-88 - Constructed large laboratory test chamber for testing of
prototype system. Work supported by Dynamic In Situ
Geotechnical Testing, Inc. Engineer responsible for design
and construction of chamber: M. Minor, Bechdon Company, Inc.

1987-89 ~ Awarded patents for proposed testing procedure in United
States, Canada, Australia, and New Zealand. Patent approved
in Europe. Patents pending in Japan and Norway. Inventors:
R. Henke and W. Henke.

1988-89 - Tested prototype testing system in test chamber in
laboratory of The Johns Hopkins University. Work indicates
proposed testing procedure promising. Work supported by NSF
Phase II SBIR grant. Title: "In Situ Testing Procedure for
Obtaining Dynamic and Cyclic Soil Properties." Grant number:
#ISI-8601419. Award amount: $189,471. Period of perfor-
mance: Aug.!, 1986 to July 31, 1989. Principal investigator:
W. Henke.

1990 - Submitted abstracts to two conferences of papers on results
of prototype tests (see References 13 and 14 and APPENDIX B).



1990 - Submitted proposal to NSF for project involving field testing
of proposed procedure at sites affected by 1989 Loma Prieta
Earthquake. Title: "An Analytical/Field Study of the
Liquefaction, Deformations, Settlements, and Motions of Soil
Deposits Caused by the 1989 Loma Prieta Earthquake."” Amount
requested: $233,795. Proposed period of performance: April
1, 1990 - March 31, 199]. Principal investigator: W. Henke.

Co-principal investigator: R. Henke.



PROPOSED TECHNICAL APPROACH

In this section, we discuss the proposed testing procedure in detail.
Also, we briefly discuss existing procedures in general terms.

The proposed procedure is intended to provide, more reliably than is now
possible, detailed information on in situ cyclic and dynamic soil
characteristics. These include !) resistances to liquefaction, large
deformations, settlements, and degradation and 2) undegraded, nonlinear,
inelastic characteristics.

The proposed testing procedure is to provide greater reliability by
effectively combining attractive features of existing procedures while
minimizing shortcomings. Currently, cyclic and dynamic shear stress vs strain
characteristics are estimated either by laboratory testing of soil samples
recovered from a site or by in situ testing at a site (26).

Laboratory testing is powerful. Earthquake-like cyclic and dynamic shear
loads can be applied directly to samples inducing behavior expected during
earthquakes. Detailed information (for example, cyclic shear stress vs strain
curves) needed by refined analyses is readily provided. Laboratory tests can
be conducted on most soils of interest. Alsco, conditions different from those
in situ may be considered. However, laboratory testing suffers from the
serious problem of disturbances to in situ conditions (19). Disturbances can
and often do create a level of uncertainty in estimated soil characteristics
which we feel is excessive for the design of critical systems.

With in situ testing, in situ conditions are preserved to a greater
degree. However, with existing in situ tests we cannot apply earthquake-like
cyclic shear loads or induce behavior expected during earthquakes.

With the proposed procedure, cyclic earthquake-like shear loads are
applied in situ to a well-defined element of soil in a simple but effective
manner. The behavior of the test soil corresponds closely to what is thought
to be the behavior of soil elements during earthquakes. Thus, the loading of
the s0il and its mode of failure should not be major sources of uncertalnty.
A number of steps are taken to preserve in situ conditions. Thus, the very
important effects of in situ factors are expected to be captured to a high
degree. Several features are provided to help induce the phenomena of interest
and to simplify the interpretation of test results. The procedure should
apply to most soils of interest. Also, the procedure should provide, with a
minimum of intermediate interpretation, the soil characteristics required for
earthquake analyses. Finally, the procedure requires only a single borehole,
so that it may be used in confined or harsh environments.

Figure 3 shows, schematically, some of the main elements of the probe of
the testing system as it was originally proposed (12). Equipment above the
probe is not shown. Basically, two concentric, thin-walled cylinders are
carefully penetrated below the base of a borehole. The test soil is the
well-defined annular zone of soil between the two cylinders. During our
testing program we also tested a version of the probe comsisting of only the
inner cylinder. Some of the main elements of this version are shown
schematically in Figure 4. The test soil is the soil surrounding the
cylinder. A cyclic or impulsive torque is applied to the active cylinder
(inner or single cylinder) to induce earthquake-like shear stresses and
strains in the test soil. In response, the cylinder rotates in a manner
dependent on the shearing characteristics of the test soil. Both torque and



Applied ..
Torque, K
T(t) Rotational
Response,
o(t)
Instrumented
Head :
Stationary
Quter
Cylinder
Test
Soil TR TN Active
AR T Cylinder
Figure 3: Main Elements of

Double Cylinder Probe

This test, featuring the main
capabilities of the proposed
testing procedure, would be
conducted to estimate resis-
tances to liquefaction,
degradation, large deforma-
tions, and settlements, and
undegraded, cyclic, nonlinear,
inelastic, shear stress vs
strain characteristics. A
cyeclic torque having a uni-
form amplitude is applied to
the active cylinder. As
shown in Figure 5(b), the
rate of increase in the
amplitude of the cyclic
angular displacement of the
instrumented head and the
ultimate value of this ampli-
tude would be expected to be
strongly related to soil
characteristics. When test-
ing highly degradable, lique-
fiable soils, under appropri-
ate levels of loading, we
would expect rapid and unre-
strained increases in the
amplitude of the angular

rotations are measured by
transducers in the instru-
mented head. Soil character-
istics are inferred by simu-
lating tests analytically.
Soil characteristics are
assumed for an appropriate
analytical model. Measured
torqgues are applied to the
model and rotations of the
model cylinder are computed.
Soil characteristics are
iteratively varied until
measured and computed rota-
tions agree acceptably. The
characteristics providing the
most representative simula-
tions are considered to
represent those of the test
soil.

One test originally pro-
posed, the cyclic test, is
shown schematically in Figure
5(b) being conducted using
the double c¢cylinder probe.

«t+ Rotational

Response,
()
Instrumented
Head
Test .
Soil IR PR Active
N P Cylinder
Figure 4: Main Elements of

Single Cylinder Probe



displacement of the instrumented head
with an increase in the number of
cycles of loading. When testing
moderately degradable, nonliquefiable
soils, we would expect only gradual,
limited increases in this amplitude.

A second test originally pro-

posed, the impulse test, is shown
schematically in Figure 5(a) being
conducted using the double cylinder
probe. This test would be conducted
to estimate undegraded, dynamic,
nonlinear, inelastic shear stress vs
strain characteristics. An impulsive
torque is applied to the active
cylinder. As shown in Figure 5(a),
the amplitude, frequency, and rate of
decay of the oscillating rotational
response of the instrumented head
would be expected to be strongly
related to the shear stress vs strain
characteristics of the test soil.
For example, when testing stiff soils
we would expect the instrumented head
to vibrate at low amplitudes and high
frequencies.

The proposed testing procedure

is to offer important features.

BEFRE
PENE TRAT |6

AFTER
FENETRAT (ON

T t

DR Ty
v
.

Highly
Degradatle,
Liquefiable
Soil

Hoderately
Degradable,
Nonliquefiable
Soil

(b) Cyclic Test

Figure 5: Possible Tests
Using Double Cylinder Probe

Also, several steps are taken to preserve
in situ conditions and to improve
operability.

Prior to testing, a special casing is
e to be penetrated below the base of the
7 borehole.
- the original state of stress and reduce
effects of drilling.
schematically in Figure 6 along with the
double cylinder probe.
the casing would be carefully cleaned out
and the soil at the base would be
carefully trimmed.

The casing is to help preserve
The casing is shown

Before testing,

Figure 6: Operation of
Piston System

An important component of the probe is
an annular piston also shown in Figure 6.
The piston can move longitudinally and
applies an appropriate vertical pressure
to the test soil. Prior to penetration,
the piston is advanced to the end of the
probe and pressurized. Upon application
of penetration force to the probe, the
cylinder{s) advances relative to the
piston into the test soil. This procedure



of penetrating under pressure is expected to help reduce particle movements
during penetration and to help preserve the original in situ state of stress.

During a test, the piston is operated in one of two modes: the constant
volume mode or the constant pressure mode.

We would operate the piston in the constant volume mode, for example,
when conducting cyclic tests on relatively permeable, freely draining soils
(sands). This would allow us to induce in such soils, without buildups in
porewater pressure, phencmena corresponding to those caused by earthquake-like
cyclic loading under saturated undrained conditions (6). These phenomena
include degradation and initial liquefaction due to densification,
restiffening due to dilation, and large deformations before and after initial
liquefaction (including limiting strains). Basically, these phenomena would
come about as a result of changes in effective confining pressure. Such
changes would occur under conditions of constant volume due to the tendencies
for densification and dilation of grain structure caused by cyclic shearing
loads. 1In the constant volume mode, the piston and the probe are locked into
vertical position immediately prior to a test. Thus, during a test, a
condition of relatively constant velume would be maintained in the region of
the test soil. The volume would not remain completely constant mainly because
of scil compressibility.

We would operate the piston in the
constant pressure mode, for example, when

conducting cyclic tests on relatively
impermeable soils (silts, clays) and when
I conducting impulse tests. Degradation and

liquefaction would be induced as a result
of buildups in porewater pressure. In the
n constant pressure mode, the pressure
applied by the piston would be maintained
during a test. Thus, there would not be
large changes in total confining pressure
brought about by the tendencies for

densification or dilation.,
Quter .
Cylinder The proposed testing procedure offers

Active other important features. The inner and
Cylinder outer cylinders have thin walls to avoid
excessive disturbances. As shown in
Figure 7, the penetrating edges of the
cylinders are shaped to minimize distur-
bances to the test soil during penetra-
tion. The surfaces of the cylinders may
be grooved longitudinally to reduce slip
R during testing while minimizing distur-
Piston bances during penetration. The cylinders
may be coated with a low friction material
to further reduce disturbances during
penetration in certain soils. We also
include features to minimize the influence
of the soil within the active cylinder on
Figure 7: Features of Double its motion. The inner wall of the
Cylinder Probe cylinder is smooth and may be coated with
a low friction material, soil is diverted

Piston
Rod

\
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away from the inner wall by jutted penetrating edges, and confining pressures
on the soil within the active cylinder are minimized by providing excess
volume. The upper portion of the active cylinder is shielded, as shown in
Figure 7, to reduce effects of unloading and trimming. With the shield, the
test soil is located some distance below the bottom of the casing. The shield
is grooved longitudinally along with the active cylinder.

Analytically simulating tests is expected to be an effective means for
inferring soil characteristics from results of tests. This is because tests
are relatively simple to describe analytically. The geometry of a test and
the torsional shear stresses and strains induced by the probe are relatively
simple. Additionally, the soil models used in simulations are similar to
those used in earthquake analyses (for example, DESRA, CHARSOIL; References 5
and 25). Therefore, shear stress vs strain characteristics needed for such
analyses are provided with a2 minimum of intermediate interpretation.



POTENTIAL BENEFITS

In this section, we discuss the potential benefits of the proposed
testing procedure. The procedure is expected to have safety, economic,
environmental, and other benefits.

The proposed testing procedure is expected to produce significant safety
benefits. For example, a loose sand sample may densify an unknown amount
because of disturbances during recovery, transport, and test preparation. As
a result, the sample may show greater resistance to liquefaction in a
laboratory test than the sample had in the field. The same sample may also
lead to overestimates in degradation resistance and shear stiffness. This may
lead to unconservative estimates of earthquake ground motions for
soil-structure-equipment systems with low natural frequencies (offshore
structures, for example). The proposed testing procedure, which is expected
to minimize disturbances, would be expected to reduce such a possibility.

The proposed testing procedure is also expected to produce significant
economic benefits without reductions in targeted levels of safety. For
example, a dense sand sample may be loosened during recovery, transport, and
test preparation. As a result, in a laboratory test, the sample may show less
resistance to liquefaction than the sample had in the field. The same sample
may also lead to underestimates in degradation resistance and shear stiffness.
This may lead to costly, excessively conservative predictions of earthquake
ground motions for soil-structure-equipment systems with low natural
frequencies. The proposed testing procedure, which is expected to minimize
disturbances, would be expected to reduce such a possibility.

Additionally, the proposed testing procedure may affect feasibility
decisions and design considerations. For example, more fully and accurately
accounting for in situ factors may prove a liquefaction resistant system to be
economically feasible at a marginal site. Similarly, for a reasonably
competent site, the costly need to design and construct a structure to resist
liquefaction may be eliminated. These possibilities arise as a result of the
very significant effects of in situ factors (age, stress history, etc.) on
liquefaction resistance (19). For example, it may be inferred that in situ
factors can increase the resistance of a soil to initial liquefaction by a
factor of 2 to 3.5 (19). Based on our experiences, we believe that such and
even lesser factors can have dramatic effects on estimates of the potential
for liquefaction and its extent. Thus, preserving in situ conditions to a
high degree can be important to feasibility decisions and design
considerations.

The proposed procedure may also have environmental benefits. By
providing greater reliability in earthquake resistant designs, the testing
procedure would reduce the likelihood of earthquake induced damage to the
environment.

A unique potential benefit of the proposed testing procedure that
is expected to encourage its application is that the basic elements of the
procedure are easily understood. That a test can reasonably resemble an
earthquake in situ is easy to see. The sudden development of large cyclic
movements in the test soil subjected to earthquake-like loading (see Figure
26) is readily seen. The potential consequences of this are clear. That a
gradual and limited increase in cyclic movement may be relatively safe is also



easy to understand. This benefit is expected to make the test appealing to
those not greatly familiar with geotechnical earthquake hazards and their
mitigation but with the responsibility for design decisions.



POTENTIAL COMMERCIAL APPLICATIONS AND USERS

The proposed testing procedure has several potential commercial
applications. These include the design, construction, and maintenance of
soil-structure—equipment systems which could be subjected to earthquakes,
large ocean waves, or vibrations.

The proposed testing procedure has several potential worldwide users.
These include agencies of governments, universities, geotechnical engineering
firms, o0il companies, power companies, and construction companies.
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TECHNICAL OBJECTIVES OF PHASE 1II

We had two main objectives for our Phase II research. Our first
objective was to evaluate the effectiveness of the proposed testing procedure
under controlled laboratory conditions. For this we conducted laboratory
tests of a high quality using a laboratory research prototype testing system.
If test results were found to be reasonable, interpretable, and consistent
with published results of tests of a high quality, and if we did not observe
major limitations of the testing procedure or encounter abnormal difficulties,
then we would conclude that the proposed testing procedure is an effective
means for determining cyclic and dynamic soil characteristics under controlled
laboratory conditions. We would also conclude that the procedure is promising
for field use. In the interest of quality, we departed somewhat from our
originally proposed approach for evaluating effectiveness (see APPENDIX A).

Most of our attention was to be directed toward cyclic testing for
estimating resistances to liquefaction, degradation, and large deformations.
Cyclic testing is to be the main capability of the proposed testing procedure.
However, some attention was also to be directed toward lmpulse testing for

estimating dynamic, undegraded, nonlinear, inelastic shear stress vs strain
characteristics.

Our second main objective was to define any further research and
development needed to realize the testing procedure and its full potential.
We would define needs based on our experiences during our testing program.



MAIN TASKS AND PROCEDURES OF PHASE II

The main tasks and procedures of Phase II are discussed in the following
subsections. Several main tasks were carried out to meet our objectives. We
had equipment constructed, conducted tests, developed analyses, and
interpreted tests. We also published our work.

Construct Egquipment

Our main equipment is discussed briefly in this section. The main
equipment constructed for Phase II includes a laboratory research prototype
testing system and a large laboratory test chamber. The testing system was
designed and constructed by W. Gingras of Friendship Engineering. The test
chamber was designed and constructed by The Bechdon Company, Inc. (Bechdon)
under the supervision of M. Minor. After preliminary tests, the prototype
testing system was modified by M. Minor and W. Hemke.

The prototype testing system includes a probe and accessory equipment.
The probe applies cyclic or dynamic torques to the active cylinder embedded in
the test soil. It also provides measurements of the applied torque and the
resulting rotations of the instrumented head. Elements of the single and
double cylinder versions of the probe are shown in Figure 8.

Accessory equipment for the testing system includes power supplies and
controls for operating the motors of the probe, power supplies and signal
conditioning equipment for transducers of the probe, a storage oscilloscope
and camera for display and storage of analog data, an IBM PS/2 Model 80
computer with an analog to digital converter for digitizing, storing, and
processing of data, and systems for operating the piston and the shield of the
probe.

The large laboratory test chamber is shown in Figure 9 in a laboratory of
The Johns Hopkins University. The test chamber was designed specifically for
testing the prototype testing system in large uniform samples of sand
subjected to representative confining pressures. The test chamber includes a
chamber which holds the test sand and a frame and hydraulic equipment for
penetrating the probe. The sample of sand is 4 ft in diameter and 2.67 ft
high.

The sand is deposited uniformly in layers by raining from a hopper which
travels at a constant speed over the chamber. A platform within the chamber
is raised to the top of the chamber. The hopper rains several layers of sand
onto the platform by a roller. The platform is then lowered by the amount
deposited and several more layers of sand are deposited. This process is
repeated until the chamber is filled. Thus, the height of fall, which can
strongly affect the relative density of the sample, remains relatively
constant. Several parameters can be adjusted to vary the characteristics of a
sample. To date, relative densities from 557 to 95% have been obtained
repeatably.

During deposition, we carefully place a specially designed seismic
crosshole testing system in the sample. The system is useful for determining
shear wave velocity and for checking on the shearing characteristics of
samples. The system includes sources of shear waves, accelerometers for
detecting the waves, and data acgquisition equipment.
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After deposition, we apply representative confining pressures to the
sample using pressure bags. Lateral pressure is applied by a bag surrounding
the sample. Vertical pressure is applied by a bag located on the top of the
sample. The pressure in each bag is independently controlled.

Accessory equipment for the test chamber includes electronic control
systems for controlling the movement of the hopper and the speed of the
roller, a power supply and controls for operating the penetration system, and
systems for controlling the pressures in the pressure bags.

Conduct Tests

We conducted several types of tests. These include tests of the
prototype testing system, tests of the test chamber, tests related to chamber
samples, and counventional geotechnical tests.

A pumber of tests were conducted with the prototype testing system.
These include both cyclic tests, the main focus of our program, and impulse
tests. Each type of test was conducted using the single as well as the double
cylinder probe. We conducted tests using the single cylinder probe to see if
we could obrain results similar to those using the double cylinder probe. A
single cylinder probe offers some operational advantages relative to the
double cylinder probe.

We tested the prototype system under conditions for which the proposed
testing procedure would be expected to be of greatest value. The prototype
tests were conducted on samples of dry ottawa sand. This sand shows a
distribution of grain sizes (see Figure 44) that falls within the bounds for
the most liquefiable soils (2). We prepared the samples to medium dense
relative densities. Deposits of medium dense sands are common and are
borderline cases with respect to liquefaction. They present the greatest
uncertainty in estimating behavior, which can vary greatly. A representative
confining pressure of 10 psi (lateral pressure = vertical pressure) was
applied to each test sample. This pressure corresponds roughly to the
effective confining pressure at a depth of 35 ft in a deposit of normally
consolidated, saturated sand. This depth is representative of the shallow
depths at which liquefaction generally takes place {(19).

To prepare for a test, several steps were taken after depositing the test
sand and applying the confining pressure. A special thin-walled casing was
carefully penetrated into the sample. The casing was cleaned out and the soil
at the bottom of the casing was carefully trimmed. The penetration system was
then precisely aligned with the:casing. The probe was attached to the
penetration system and a series of check tests was conducted. The piston of
the probe was advanced and pressurized appropriately. The probe was '
penetrated slowly (0.04 cm/sec) into the sample. After penetration, the
penetration force was relieved to a level needed to balance the force on the
piston and the shield was raised slightly. We then allowed a short period of
time to pass before conducting tests to allow grains to readjust.

Cyclic tests were conducted in the constant volume mode {see pg. 8) to
bring out, in the dry sand, the main effects of cyclic loading under
saturated, undrained conditions. The cyclic tests were conducted by applying
a sinusoidal torque of preselected amplitude to the active cylinder at a
frequency of | cycle per second. This frequency is representative of
frequencies observed in soil deposits during earthquakes. The applied torque
and the angular displacement of the instrumented head were measured.

16



Impulse tests were conducted in the constant pressure mede (see pg. 8) so
that there would not be a loss of confining pressure during a series of tests.
A series was conducted by applying a sequence of impulsive torques to the
active cylinder. The sequence consisted of pairs of torsional impulses of
alternating polarity which increased in amplitude. This sequence was used to
provide information for a broad range of strains while avoiding excessive
disturbance. The applied torques and the tangential horizontal linear
acceleraticns of the perimeter of the instrumented head were measured. The
angular accelerations of the instrumented head were inferred from these
tangential accelerations.

For both cyelic and impulse tests anazlog data was displayed on a storage
oscilloscope. The face of the oscilloscope was photographed for a permanent
record of the data. Digitized data was also recorded by our computing system.

A series of tests of the test chamber was conducted to establish the
settings needed to deposit, repeatably, the sand at a medium dense relative
density. Our goal was to deposit the sand with a uniform, vertical rain.
Relative densities were estimated from unit weights determined using the
procedure described below. We photographed the rains to establish their
characteristics.

Tests we conducted related to the chamber samples include unit weight
tests and seismic crosshole tests. Before preparing each sample, we conducted
unit weight tests. Precisely machined containers of known volume and weight
were placed on the raised platform of the test chamber. Sand was deposited
into the containers and carefully trimmed. The full containers were weighed.
Unit weights and relative densities were calculated. Seismic crosshole tests
{26) were conducted within each chamber sample. These were conducted to
provide shear wave velocities for checking on the shearing characteristics of
samples. In these tests, we activated sources of horizontally polarized
torsional shear waves. The arrivals of waves were detected by appropriately
located and oriented accelerometers. :

We conducted conventional geotechnical tests to determine various
properties of our sand. We conducted grain size analyses to determine
distributions of grain sizes. We also carried out tests to estimate minimum
and maximum unit weights of the test sand. The sand was brought to its
minimum unit weight by gentle deposition through a pipe in a graduate
cylinder. The sand was brought to its maximum unit weight in layers by
vibrations.

Develop Analyses

We developed numerical analyses for simulating cyclic and impulse tests.
The analyses were used to infer soil characteristics from results of tests.
The analyses are of an intermediate level of descriptiveness. They are easy
to use and model many important aspects of tests but also involve assumptions
and simplifications. In practice, we would expect to use the intermediate
analyses to make preliminary estimates of soll characteristics. These
estimates would then be revised using more costly and consuming refined
analyses (currently being developed). Originally, for Phase II, we planned to
develop refined analyses (see APPENDIX A) for simulating tests more
descriptively. However, we were unable to advance to this stage of our
planned program.



There are several features
common to the analyses for simulating
impulse and cyclic tests. Our model
of a test consists of a torsionally 1:F’ T(t)
excited, linear elastic cylinder Q ()
partially embedded in an axisymmetric
continuum. A schematic diagram of - Mass Moment
the basic model for intermediate of Inertia
analyses is shown in Figure 10. The
model can describe the distributed Instrumented
torsional flexibility and mass moment Head )
of inertia of the instrumented head Torsional
and the active cylinder. The contin- / Spring
uum represents the test soil. Nonu-
niform behavior of the test soil in
the radial direction is described in
detail. However, behavior is not Active
allowed to vary in the vertical Cylinder
direction. Thus, we describe only
horizontally polarized shear stresses
and strains in the test soil.

The analyses for simulating

|
impulse and cyclic testsdiffer mainly I Test Soil
in two respects. First, the cyclic "3
test analysis is a slow cyclic
analysis whereas the impulse test
analysis is a dynamic analysis. When
simulating cyclic tests, we obtain Figure 10: Basic Model for
solutions for a selected sequence of Intermediate Analysis Procedure
times. However, while the behavior for Simulating Tests

of the active cylinder and instru-

mented head may be modeled dynamical-

ly, the behavior of the test

s0il is mot. The test soil is modeled using the finite element method and
effects of inertia are neglected. This simplification is judged to be
reasonable. When simulating impulse tests, we fully represent dynamic
behavior. Solutions are obtained for a selected sequence of times. The
active cylinder and the instrumented head are modeled as a dynamic multiple
degree of freedom system. The test scil is modeled using a dynamic continuum
approach originated by R. Henke (7) (8) (9) (10).

Secondly, the analyses for simulating cyclic and impulse tests differ in
the treatment of the shearing characteristics of the continuum. When
simulating impulse tests, the test soil is described as a nonlinear, inelastic
continuum. When simulating cyclic tests, the test soil is described as a
nonlinear, inelastic continuum which can degrade cyclically and liquefy. 1In
each case, stress vs strain behavior is described using Ramberg-Osgood
equations (18). Degradation and liquefaction are described using the approach
proposed by Martin, Finn, and Seed (15).
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These numerical analysis procedures were validated in several ways. If
possible, we compared special linear solutioms to available closed-form
solutions. We used an energy balance (7) to check solutions of nonlinear
problems for which closed-form solutions are not available. Additionally, we
checked solutions by examining computed shear stress vs strain behavior and
all solutions were checked judgmentally.

Our intermediate analysis procedures involve several assumptions and
simplifications which may be significant. These include uniform behavior of
the test soil in the vertical direction, not accounting for all initial and
test—-induced nonuniformities of the test soil, not accounting for all
important aspects of cyclic or dynamic shear stress vs strain characteristics,
not accounting for friction or viscous damping arising from the test apparatus
or viscous damping of the test soil, and not accounting for slip.

Interpret Tests

We interpreted the results of our prototype tests in terms of shear
stress vs strain characteristics by simulating tests analytically. For this
we used the intermediate analysis procedures discussed in the preceding
section. To interpret soil characteristics we first assumed reasonable
characteristics for the continuum of our model. The torques measured during a
test were applied to the mecdel of the instrumented head. Angular motions of
the instrumented head were computed. Computed motions were compared to
measured motions and soil characteristics were iteratively varied until
computed and measured motions agreed as well as was reasonably possible. The
characteristics providing the most representative simulations were considered
representative of those of the test soil.

Publish Work

We published the results of work related to the project discussed herein
to help bring the proposed testing procedure to realization. We have written
progress reports on our work. We have also published and presented papers for
two conferences and have submitted abstracts for papers for two more
conferences.
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RESULTS AND DISCUSSIONS OF RESULTS OF PHASE II

In this section, we present and discuss results from our tests. We also
present and discuss our interpretations of results from prototype tests.

Test Results

In this subsection, we present and discuss results from cyclic and
impulse tests conducted in the laboratory using the prototype testing system.
Our results include photographs from an oscilloscope face and processed
digitized test data. We also present and discuss relevant results from tests
related to chamber samples and conventional geotechnical tests.

Cyclic Tests (Double Cylinder)--Results from cyclic tests conducted using
the double cylinder probe were found to be reasonable and consistent with
published results from laboratory cyclic tests of a high quality. We did not
encounter abnormal difficulties or major limitations. The average relative
density of the test samples for these tests is 538.1%Z. The active cylinder was
grooved and uncoated, and the outer cylinder was smooth and uncoated.

Our results, presented in Figures 11, 12, 15, 16, 18, 20, and 21, are
reasonable and generally consistent with published results obtained from
laboratory cyclic tests conducted on undrained, saturated sands. The
published results are shown in Figures 13, 14, 17, 19, and 20 (2). Results
for medium dense sands, which correspond to our samples, may be judged to fall
between the results published for loose sands and dense sands.

The curves of the angular displacement of the instrumented head vs time
shown in Figures 1! and 12 show an intermediate level of degradation. For
each test, the amplitude of the angular displacement increases, at an
intermediate rate, to a relatively high level with an increase in the number
of cycles of loading. Without mechanical stops, we feel this amplitude would
have reached a limited value due to dilation. Also, the torque vs angular
displacement curves presented in Figure 15 show nonlinearity, inelasticity,
cyclic degradation, behavior corresponding to "initial liquefaction due to
densification, and restiffening due to dilation. The curves presented in
Figure 16 show the identification of the cycles in which "inicial
liquefaction" (for prototype tests, first instance for which torsional
stiffness almost zero, AT/AQ =~ 0) occurred. These curves may be compared to
corresponding published curves shown in Figure 17. Figure 18 presents a
"liquefaction” curve. The number of cycles to initial liquefaction decreases
as the amplitude of the cyclic torque increases. As shown by Figure 19, this
is consistent with liquefaction curves presented in the literature (2) for
laboratory cyclic tests. Additionally, this consistency sugpgests repeatabili-
ty of test results.

We further show consistency with laboratory cyclic tests by
superimposing, on the published liquefaction curves shown in Figure 19, a
roughly equivalent liquefaction curve for our prototype tests (Figure 20).
Our curve shows somewhat greater resistance to initial liquefaction than the
corresponding published results. There are a number of possible reasons for
this difference. These include the nature of our estimates of equivalent
shear stress ratio, not accounting for compressibility at the boundaries of
the test soil, differences in soll type and manner of deposition, etc. Our
equivalent curve was obtained in an approximate manner. Equivalent shear
stress ratios were based on equivalent shear stresses and equivalent vertical
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Figure 13: Published Results from Laboratory
Cyclie Tests Conducted on Loose and Dense Sands (2)
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effective stress. The equivalent shear stresses were estimated by averaging
the shear stresses within the volume of the test soil covered by the piston.
The shear stresses and volume correspond to those represented by our
analytical model for simulating tests (see pg. 18). The equivalent vertical
effective stress is the vertical stress which would produce, under conditions
of normal consolidation, the confining pressure for our prototype tests. For
this we assumed Ko = 0.5 (24).

We show an alternate form of presentation of results in Figure 21. This
figure shows the amplitude of the cyclic torque vs the number of cycles to a
specified double amplitude of cyclic angular displacement. The figure shows
that the number of cycles to the specified angular displacement decreases as
the amplitude of the cyclic torque increases.

Some difficulties were encountered during testing but we feel these are
neither abnormal nor insurmountable. We experienced difficulties in measuring
accurately the small angular displacements developed during early cycles of
loading. Also, we experienced some difficulty with the piston system; the
piston did not retract entirely during penetration. We feel we will be able
to overcome these difficulties with further engineering.

We did not identify any limitations of the testing system.

Practice Cyclic Tests (Double Cylinder)——Practice tests were conducted
informally in preparation for the formal cyclic tests discussed above. 1In
this subsection, we present selected results which demonstrate behavior not
brought out by the formal tests. Results from the practice cyclic tests were
also found to be reasonable and consistent with published results from
laboratory cyclic tests of a high quality.

Results, sheown in Figures 22 and 24, from one practice test are
reasonable and consistent with published results obtained from laboratory
cyclic tests conducted on saturated, undrained dense sands (2). The published
results are shown in Figures 23 and 25. Our results are for a test conducted
on a sample having a relative density of 65.27%. Both cylinders were coated
and grooved. The curve of the angular displacement of the instrumented head
vs time shows degradation. The amplitude of the angular displacement
gradually increases with an increase in the number of cycles of loading.
Additionally, this amplitude reaches a limited value due to dilation. The
torque vs angular displacement curve also shows the development of limited
angular displacements.

Results, shown in Figure 26, from a second practice test are consistent
with published results obtained from laboratory cyclic tests conducted on
saturated, undrained loose sands (2). The published results are shown in
Figure 27. The relative density of our sample is unknown but was probably low
considering the manner in which the soil was deposited. The active cylinder
was uncoated and grooved. The cuter cylinder was smooth and uncoated. The
curve of angular displacement vs time shows a period of mild degradation
followed by a sudden large increase in the amplitude of the angular
displacement. This sudden increase is interpreted as the onset of
ligquefaction.
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Conducted Using Double Cylinder Probe - Digitized
Curves. Relative Density = 65.2%.
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Cyclic Tests (Single Cylinder)--Results from cyclic tests conducted using
the single cylinder probe were found to be reasonable and consistent with
published results from laboratory cyclic tests of a high quality. We did not
encounter difficulties or limitations. The average relative density of the
test samples for these tests is 61.0%Z. The active cylinder was grooved and
uncoated.

Our results, presented in Figures 28, 29, 32, 33, 34, 36, 38, and 39, are
reasonable and consistent with published results obtained from laboratory
cyclic tests conducted on undrained, saturated sands. The published results
are shown in Figures 30, 31, 35, 37, and 38 (2). Results for medium dense
sands, which correspond to our samples, may be judged to fall between the
results published for loose sands and dense sands.

The curves of angular displacement of the instrumented head vs time in
Figures 28 and 29 show moderate degradation. For each test, the amplitude of
the angular displacement gradually increases to a relatively high level with
an increasing number of cycles of loading. Without mechanical stops, we feel,
based on the observed behavior, that this amplitude would have reached a
limited value due to dilation. The torque vs angular displacement curves
presented in Figure 32 show nonlinearity, inelasticity, cyclic degradationm,
behavior corresponding to "initial liquefaction" due to densification, and
restiffening due to dilation. Undegraded, nonlinear torque vs angular
displacement curves for the first cycle of loading are shown in Figure 33.
These may be compared to corresponding published curves shown in Figure 35,
The torque vs angular displacement curves of Figure 34 show the identification
of the cycles in which "initial liquefaction" (for prototype tests, first
instance for which torsional stiffness almost zero, AT/AQ = 0) occurred.

These curves may also be compared tc corresponding published curves shown in
Figure 35. Figure 36 presents a "liquefaction" curve. This figure shows that
the number of cycles to "initial liquefaction” decreases as the amplitude of
the cyclic torque increases. As shown by Figure 37, this is consistent with
liquefaction curves presented in the literature (2) for laboratory cyclic
tests. Additionally, this consistency suggests repeatability of test results.

We further show consistency with laboratory cyclic tests by
superimposing, on the published liquefaction curves shown in Figure 37, a
roughly equivalent liquefaction curve for our tests (Figure 38). As in the
double cylinder cyclic tests discussed above, our curve shows somewhat greater
resistance to initial liquefaction than the corresponding published results.
Again, there are a number of possible reasons for this difference. These
include the nature of our estimates of equivalent shear stress ratio, not
accounting for compressibility at the boundaries of the test scil, differences
in soil type and manner of depocsition, etc. Our equivalent curve was obtained
in an approximate manner. Equivalent shear stress ratios were based on
equivalent shear stresses and equivalent vertical effective stress. The
equivalent shear stresses were estimated by averaging the shear stresses
within the volume of the test soil covered by the piston. The shear stresses
and volume correspond to those represented by our analytical model for
simulating tests (see pg. !8). The equivalent vertical effective stress was
the vertical stress which would produce, under conditions of normal
consclidation, the confining pressure for our prototype tests. For this we
assumed Ko, = 0.5 (24).
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Figure 30: Published Results from Laboratory Cyclic
Tests Conducted on Loose and Dense Sands (2)
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Figure 37: Published Results from Laboratory Cyclic
Tests Conducted on Sands (2)
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We show an alternate form of presentation of results in Figure 39. This
figure shows the amplitude of the cyclic torque vs the number of cycles to a
specified double amplitude of cyclic angular displacement. The figure shows
that the number of cycles to the specified angular displacement decreases as
the amplitude of the ¢yclic torque increases.

We did not experience any difficulties during testing nor did we
encounter any limitations.

Impulse Tests (Single Cylinder)--Results from impulse tests conducted
using the single cylinder probe were found to be reasonable; however, we were
unable to effectively compare our test results with ones reported in the
literature because of the nature of the test. We did not encounter abnormal
difficulties or limitations. The active cylinder was grooved and uncoated.

Our results, presented in Figures 40 and 41, seem reasonable. These
figures present applied torque, and linear tangential accelerations and
angular accelerations of the instrumented head as functions of time for a
sequence of increasing torques. The linear accelerations and the related
angular accelerations show decaying vibrations. Also, the level of the
accelerations increases with an increasing level of applied torque.

Some difficulty was encountered during testing but we feel the difficulty
is neither major nor insurmountable. Electric noise was present in some of
our data. We feel that by adopting additional noise reduction technigues, the
noise can be reduced considerably.

We did not identify any limitations.

Impulse Tests (Double Cylinder)-—Results from impulse tests conducted
using the double cylinder probe were found to be reasonable. However, as with
the single cylinder impulse test, we were unable to compare our test results
with ones reperted in the literature because of the nature of the test. We
did not encounter abnormal difficulties or limitations. The active cylinder
was uncoated and grooved and the outer cylinder was uncoated and smooth.

Our results, presented in Figures 42 and 43, seem reasonable. These
figures present applied torque, and linear tangential accelerations and
angular accelerations of the instrumented head as functions of time for a
sequence of increasing torques. The linear tangential accelerations of the
instrumented head show that rotations did not dominate the motions of the
instrumented head as they did for the impulse tests conducted using the single
cylinder probe. Comparable translations are seen in the results. The angular
accelerations show decaying vibrations. Also, the level of the angular
accelerations increases with an increasing level of applied torque.

Some difficulties were encountered during testing but again we feel these
are neither major mor insurmountable. Electric noise was again present in
some of our data. We feel that by adopting additional noise reduction
techniques, the noise can be reduced considerably. Additiomally, the higher
levels of translational movements of the instrumented head suggest that we
excited the test soil in an undesirable mode. We feel that we can reduce
these movements through further design and machining.

We did not identify any limitations during testing.
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Tests Related to Chamber Samples--The results we present from tests
related to our test chamber samples include shear wave velocities, dynamic
shear moduli, unit weights, void ratios, and relative densities. Results,
presented in Table 1!, are presented only for the samples prepared for the
formal cyclic and impulse tests discussed in the preceding subsections.

Conventional Geotechnical Tests--The results from the conventional
geotechnical tests we conducted on our test sand include distributions of
grain sizes and maximum and minimum unit weights. The test sand was an ottawa
quartz sand having rounded grains. The specific gravity of the sand is 2.66.
A representative grain size distribution curve for the test sand is presented
in Figure .44. Table | presents maximum and minimum unit weights for the test
sand. Small changes were observed in the distributioas of grain sizes and
maximum and minimum unit weights over the course of the testing program.

These changes are believed to have been caused by abrasive processes including
raining the sand by a roller and recovering the sand by vacuum. Considering
the early stage of our work, we feel the changes are not particularly
significant.

Interpretations of Test Results

In this section, we present and discuss our interpretations of the
results of cyclic and impulse tests conducted using ocur prototype testing
system. The results were interpreted in terms of either cyclicor dynamic
shear stress vs strain characteristics by simulating tests analytically.

Cyclic Tests (Double Cylinder)--We were able to interpret important
aspects of results of cyclic tests conducted using the double cylinder probe.
The cyclic shear stress vs strain model parameters found to provide the most
representative simulations of tests are Go = 1,500,000 psf, Ty = 500 psf, O =
1.0, R = 3.0, C1 = 0.0875, C2 = 5.525, €3 = 1.988, C4 = 4.65, m = 0.43, n =
0.62, and k2 = 0.00357. We encountered some difficulties and limitatioms in
interpreting test results; however, we feel it is possible to overcome these
problems.

We were able to describe effectively aspects of tests related to initial
liquefaction. Curves of torque amplitude vs number of cycles to inmitieal
liquefaction are presented in Figure 45 for prototype tests and for analytical
simulations of tests.

We were also able to describe effectively deformations developed during
early stages of tests. This is shown by Figure 46, which presents
representative curves of measured and computed angular displacements of the
instrumented head as functions of time. '

However, we experienced difficulties and limitations in describing
aspects of behavior shortly before and after initial liquefaction. As shown
by Figure 46, we did not represent the large angular displacements of the
instrumented head that occurred prior to initial liquefaction or behavior
after initial liquefaction. Additionally, we experienced difficulties in
describing details of curves of applied torque vs angular displacement of the
instrumented head. As shcown by Figure 47, we were unable to describe the
changes in shape that occur in these curves as the soil degrades. We feel
these difficulties are caused by general limitations in the modeling of the
degradation and liquefacticn of denser sands. We are not familiar with any
models that overcome these difficulties. Our test results seem reasonable.

50



60¢° T

1€ 1

AN
6Z7° 1
09¢°1

0ge 1T
8L T
JAS It

o(dsd 0T1)
SNTNPOW IBayS
oTweu/Aq apnitTduy
Mo abelany

4481

e

1 TARY
vi'¢e
/AR

7281
alte
vete

(34/50078)
K31suag

*99°Z = A}TARI9 OT}T08dS

89°¢01

89°¢01

217901
Sy %01
L7901

9L°¢0T
96°¢01
£¢ 70T

(40d)
JuybTemM
3tun

ST Le9

0°8¢9

L7999
0" %99
0°8v9

8°2Y9
0°0¢9
1°6¢9

abelsy

g(sd4) s9T3TO0T8A

6°7£9

2'029

L7999
L°999
¢ 199

L8689
6°1£9
0629

qeHS

9AEM IB3ayS

0" ov9

L7659

L£°999
2" 199
6°v¢9

67629
07629
2°ah9

qlHS

‘puesg z31aIend eme33o SI pues 3sal
-Toquey) 3$9] uT saTdweS 4S3 puE pueS 1S9] UO UOTIBWIOJUT TEOTUYDR303y :(abed BUTMOTTO4 Uo panuTiluod) T 3TqQEl

NA>uHQOﬂm> aAem 1eays) X A3Tsusp = 09 - o
uotjebedord jo suoT}oaaTp a31soddo aAey ZHS pue THS - q
9jBUWT}Sa 1s8g ~ B :S830N

68/81/21

68/11/21

68/%72/01
68/61/01
68/¢£1/01

68/62/11
68/22/11
68/LT/11

pa3onpuo)

ajeQ

a1qeaTTddy 30N

a1qedTTddy 30N

6°6
€9
28

679
T°0T
0'8

(41-44)
apn3TTduy
anbio]

aqoid
IsputTA] 81gnog
- s3s3] asTndwl

agoid
19putTA) atbuts
- s3s9)] asTndul

agoid
I89putTA] 81buts
- $353] OTI2A)

aqoid

IaputTAD @19nog
- §3S3] OTT2A]

s1s88]

51



*99°Z = A3TABRIY OT4109dS ‘pues z3Ieny eme}jQ SI PuUeS 31say
*Iaquey] 3s3L ur sardwes 3S3) puB pues 3S3L U0 UOTIBWIOJUT TBOTUYIel0ag :(abed snotasad woly panurjuod) T aTgel

agolig
0°LS 0°LS 1090 68/81/21 a1qeoTTddy 18putTAY atgnog
0N ~ §3839| asThduwl
aqoid
048 0'Ls 109°0 68/11/21 a1qeoTTddy 13putTA) atburs
30N - $3S8) asTnhduwl .
10°66 9¢ 11T 969 %65°0 68/%2/01 66 aqoad
019 9°'19 685°0 68/61/01 £°9 13put 1A arburs
L°19 685°0 68/¢1/01 AR"] - §31S3] JITOAD
7 LS 009°0 68/62/11 69 agoad
1°8¢ z°96 £09°0 68/22/11 101 13puTTAD 8Tgnoq
_ 8°09 165°0 68/LT/11 08 - §3s3| JT194A]
(42d) (40d) (%) A3rsuag (%) . (a1-W)
Jubtam jTun wbram jrTun aATIETSY A3Tsuag ot13RY pa3anpuo) apn3T1dwy SRCETE

wnwIuTy abexany wnuwxen abelany - abe1any aAT3ETaY PTOA ajeq anbio}

52



Gravel Sand

Fine Coarse Medium Fine
100

0 |

40 \

Percent Finer by Weight

20 A

0 1\

10 1

Grain Diameter (mm)

Figure 44: Representative Distribution of Grain Sizes

for Ottawa Test Sand

53




(deg)

R

Torque Amplitude
vs
Number of Cycles
to Initial Liquefaection

\L‘\-% \ (AT/40 = 0)

= SALN I
Iniinaanl

(& Test Results -1
Average Dy = 58.12

ry

om

Torque Amplitude (ft-1b)

~

A Analysis Results

1 1 k| 1 ol i

o

100 1000
Number of Cycles

Figure 45: Results from Cyclic Tests Conducted Using
Double Cylinder Probe and Results from Most Representa-
tive Analytical Simulations

— Test Results

- - Analysis Results
IL\
POV nﬁnﬂﬁnﬂﬂﬂﬂﬂn
il
" >

Torque Amplitude = 8.0 ft-1b

Figure 46: Results from Cyclic Tests Conducted using Double Cylinder
Probe and Results from Most Representative Analytical Simulations.
EOT = End of Test Due to Striking of Stops.

IL = Initial Liquefaction (AT/AO@ = 0).

54

EQOT



T (ft-1b)

Torque Amplitude

= 8.0 fr-1b
0 (deg)
' 5
(a) Test Results
T (ft-1b)
110
Torque Amplitude
= 8.0 ft-1b
2 (deg)

, 5

(b) Analysis Results

Figure 47: Results from Cyclic Test Conducted Using
Double Cylinder Probe and Results from Corresponding
Most Representative Simulation

55



Shear strains we roughly inferred for the test soil, both for the first cycle
and for the cycle of initial liquefaction, seem reasonably consistent with
those inferred for laboratory cyclic tests (see Figure 17). Also, as shown by
Figures 15, 16, and 17, the changes we observed in the shapes of our curves of
applied torque vs angular displacement are reasonably consistent with the
changes in the shapes of published curves of stress vs strain for laboratory
cyclic tests. The changes are caused by the combination of densification and
dilation of grain structure.

We feel these difficulties can be resolved by extending our capabilities
for modeling cyclic shear stress wvs strain characteristics to describe
important aspects of behavior that to our knowledge are not described by
available models.

Cyclic Tests (Single Cylinder)--We were able to interpret important
aspects of results from cyclic tests conducted using the single cylinder
probe. The cyclic shear stress vs strain model parameters found to provide
the most representative simulations of tests in a relatively limited study are
Go = 1,500,000 psf, Ty = 120 psf, o = 6.0, R = 3.0, C! = 0.002, C2 = 196.0, C3
= 0.0002, C4 = 28.0, m = 0.43, n = 0.62, and k3 = 0.00357. We encountered
some difficulties and limitations in interpreting tests results; however, we
feel it is possible to overcome these problems.

We were able to describe reasonably effectively important aspects of
tests related to initial liquefaction. Curves of torque amplitude vs number
of cycles to initial liguefaction are presented in Figure 48 for prototype
tests and for analytical simulations of -tests.

Alsc, we were able to describe effectively deformations developed during
early stages of tests. This is shown by Figure 49 which presents
representative curves of measured and computed angular displacements of the
instrumented head as functions of time.

However, we experienced some uncertainty in interpreting shear stress vs
strain characteristics from results of tests. The characteristics we
interpreted give, for higher levels of shear strain, seemingly soft behavior.
We feel that one possible source of this problem is not modeling
multidimensional behavior. At higher levels of strain multidimensional
effects may be quite important for the single cylinder test.

Our first step toward resolving this difficulty would be to simulate
tests using three-dimensional axisymmetric models. We are currently
developing such models. .

We also encountered difficulties and limitations in describing behavior
shortly before and after initial liquefaction. As shown by Figure 49, we
could not represent well the angular displacements of the instrumented head
that occurred just prior to initial liquefaction or behavior after imitial
liquefaction. Additionally, as in the double cylinder test, we experienced
difficulties in describing details of the curves of applied torque vs angular
displacement of the instrumented head. As shown by Figure 50, we were unable
to describe the changes in shape that occur in these curves. Again, we feel
these difficulties are caused by general limitations in the modeling of the
degradation and liquefaction of denser sands. We are not familiar with models
that overcome these difficulties. Important aspects of our test results seem
reasonable. The shear strains we roughly inferred for the test soil for the
cycle of initial liquefaction seems reasonably consistent with those inferred
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for laboratory cyclic tests (see Figure 35). Also, as shown by Figures 32,
34, and 35, the changes we observed in the shapes of our curves of applied
torque vs angular displacement are reasonably consistent with the changes in
the shapes of published curves of stress vs strain for laboratory cyclic
tests. The changes are caused by the combination of densification and
dilation of grain structure.

Again, we feel these difficulties can be resolved by extending our
capabilities for modeling cyclic shear stress vs strain characteristics to
describe important aspects of behavior that to our knowledge are not described
by available models.

Tmpulse Tests (Single Cylinder)--We were able to interpret results from
impulse tests conducted using the single c¢ylinder probe. The dynamic shear
stress vs strain model parameters found to give the most representative
simulations of tests are Go = 1,500,000 psf, Ty = 120 psf, ¢ = 1.0, and R =
3.0. Our interpretations of dynamic shear stress vs strain characteristics
seem qualitatively reasonable. Also, we found that results from analyses are
sensitive to these characteristics. We experienced some difficulty in
interpreting test results; however, we feel that it is possible to overcome
this difficulty. We did not encounter any limitations.

The dynamic shear stress vs strain characteristics we interpreted from
test results seem qualitatively reasonable. Results from our most
representative analytical simulations are presented in Figure 51 along with
results from tests. Corresponding shear stress vs strain curves described by
the analyses for the test soil along the wall of the active cylinder are shown
in Figure 52. The shear stress vs strain curves presented show both linear,
elastic and nonlinear, inelastic behavier. The greater the intensity of the
loading, the greater is the degree of nonlinearity and inelasticity. The
nonlinear shear stress vs strain curves suggest permanent deformations. Also,
the value inferred for the low amplitude dynamic shear modulus agrees
reasonably well with that estimated from seismic crosshole tests (see Table

1.

We found results of our simulations to be sensitive to dynamic shear
stress vs strain characteristics. Sensitivities are shown by Figure 53.

We experienced some uncertainty in interpreting shear stress vs strain
characteristics from results of tests. The characteristics we interpreted
give, for higher levels of shear strain, seemingly soft behavior. As in the
case of the single cylinder cyclic test, we feel that one possible source of
this problem is not modeling multidimensional behavior. At higher levels of
strain multidimensional effects may be quite important for the single cylinder
test.

Our first step toward resolving this difficulty would be to simulate
tests using three-dimensional axisymmetric models. We are currently
developing such models.

Impulse Tests (Double Cylinder)--Using the intermediate analysis
procedure (see pg. 17) in a relatively limited study, we were unable to
interpret adequately results from impulse tests conducted using the double
cylinder probe. Thus, we do not report dynamic shear stress vs strain curve
parameters found to give the most representative simulations of tests.
Basically, results from our analytical simularions do not entirely match the
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character of the results from tests. We feel the cause of this is that our
intermediate analysis does not model all important aspects of double cylinder
impulse tests. We feel that this is a solvable problem but one that will
likely require focused detailed study. We are now conducting preliminary
studies toward resolving this problem.
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CONCLUSIONS OF PHASE I1
Several main conclusions arise from our woerk.

1) The proposed testing procedure is a promising means for estimating
reliably in situ cyclic and dynamic shear stress vs strain characteristics of
soil deposits. These characteristics include !) resistances to initial
liquefaction, degradation, and large deformations before and after initial
liquefaction, and 2) undegraded, nonlinear, inelastic characteristiecs.
Estimates of characteristics are expected to be appropriate for use at the
advanced stages of the earthquake resistant design of critical systems. We
also feel the proposed testing procedure shows promise as an index-like test
for the early stages of design.

2) The proposed testing procedure was found to be an effective means for
estimating cyclic and dynamic shear stress vs strain characteristics under
controlled laboratory conditions. Generally, test results were found to be
reasonable, consistent, and reascnably interpretable. We did not encounter
difficulties or limitations that we feel cannot be overcome.

We feel we experienced considerable success in our project with cyclic
tests. Results from cyclic tests were found to be reasonable, consistent with
published results from laboratory cyelic tests of a high quality, and
repeatable. Cyclic testing is the main capability of the proposed testing
procedure and was the main focus of our project. Cyclic tests were found to
bring out important aspects of cyclic shear stress vs strain characteristics
of cohesionless soils: 1initial liquefaction due to densification, cyclic
restiffening due to dilation, cyclic degradation, deformations before and
after initial liquefaction including limiting strains, and undegraded,
nonlinear, inelastic characteristics. Only relatively minor technical
difficulties were experienced.

We found we could interpret important aspects of results from cyclic
tests by simulating these tests analytically using analyses of an intermediate
level of descriptiveness. We were able ro interpret initial liquefactiom
characteristics and deformations during early stages of tests. However, we
did experience difficulties and limitations in describing behavior shortly
before and after initial liquefaction and details of shear stress vs strain
behavior. We feel these difficulties and limitations can be overcome by
extending available shear stress vs strain modeling capabilities to describe
behavior that, to our knowledge, 1is not described by available models. Also,
we experienced some uncertainty in interpreting results from cyclic tests
conducted using the single cylinder probe. We feel that our first step toward
resolving this difficulty should be to model tests using more descriptive
analyses.

We feel we experienced reasonable success with impulse tests. Results
from impulse tests were found to be reascnable. We were unable to study
consistency with published results and did not study repeatability. Only
relatively minor technical difficulties were encountered.
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We found we could interpret results from impulse tests conducted using
the single cylinder probe by simulating tests analytically using analyses of
an intermediate level of descriptiveness. The results of our simulations seem
reasonable showing both linear, elastic and nonlinear, inelastic characteris~
tics for the test soil, and signs of permanent deformations. Also, analytical
results were found to be sensitive to dynamic shear stress vs strain
characteristics. We experienced some uncertainty in interpreting results from
impulse tests, more with the double cylinder probe than with the single
cylinder probe. We feel that our first step toward resolving this difficulty
should be to model tests using more descriptive analyses.

3) Cyclic tests provided, more effectively than impulse tests,
information on shear stress vs strain characteristics for higher levels of
shear strain. Impulse tests provided, more effectively than cyclic tests,
information on shear stress vs strain characteristics for lower levels of
strain.

4) Because the proposed testing procedure is promising, further
attention should be directed toward its realization and toward realizing its
full potential.
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FURTHER WORK

We feel further work would be of great value first, toward realizing the
proposed testing procedure and then, toward fully realizing its potential.
There are three main areas in which further work would be worthwhile. These
include field testing, laboratory testing, and refinement of the testing
procedure.

We feel that the most productive step, at this time, toward realizing the
procedure would be to conduct field tests. In view of the complexity of
reality, we now feel that at our stage field testing is the only truly
effective means of evaluating the proposed testing procedure. Additionally,
field testing would expose us to any special constraints that the field may
impose.

After successful field testing it would be of great value for realizing
the potential of the procedure to continue laboratory testing and conduct
related analytical studies. The tests and studies would be conducted to
evaluate effects of parameters such as relative density, cylinder sizes and
finishes, and disturbances caused by penetration of rhe probe. Further
laboratory testing would also help define the limits of the testing procedure.

It would be of equal value to refine the testing procedure. Both the
probe and the analyses for simulating tests could be improved. For example,
steps should be taken to improve measurements of angular displacements and the
performance of the piston system, and to reduce electric noise. Likewise, our
intermediate axisymmetric analyses for simulating tests should be extended to
three dimensicns, and our models of shear stress vs strain behavior should be
extended to describe aspects of behavior that are quite important but are not,
to our knowledge, described by available models. -
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APPENDIX A

In this appendix, we provide excerpts from our 1985 NSF Phase I1 SBIR
proposal. Included are the sections entitled PHASE II RESEARCH QBJECTIVES,
PHASE II RESEARCH PLAN, and REFERENCES.
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PHASE II RESEARCH OBJECTIVES

In this section, we present the two main objectives of Phase II research.

The first objective of Phase IT research is to determine the effectiveness
of a laboratory research prototype testing system for determining selected
cyclic and dynamic properties of a test soil under controlled conditicus. The
properties include cyclic degradation and liquefaction characteristics, and
dynamic shear moduli. We will determine the effectiveness of the prototype
system by comparing soil properties determined using the prototype system to
soil properties determined from comparable conventional laboratory tests. If
the properties agree acceptably, if the repeatability of test results is good, if
we do not observe major limitations im the testing procedure, and if we do not
encounter excessive difficulties in the application of the testing procedure,
then we will conclude that the proposed testing procedure is an effective means
for determining the properties of interest under controlled laboratory
conditions.

Assuming Phase II research proves the proposed testing procedure to be
promising, the second main objective of Phase II research would be to define the
future research and development needed to realize the full potential of the
procedure. We will define future research and development needs by carefully
reviewing the results of our Phase II work to identify areas where meaningful
improvements are possible.






PHASE II RESEARCH PLAN

In this section, we discuss in detail the main aspects of the research that we are
planning for Phase II1. We discuss both the main procedures of the research and the major
tasks and subtasks required to carry out the proposed work. We also provide a
performance schedule. Our principal investigator will be responsible for all Phase II
work and will perform, with guidance from our technical advisor, the research to be
carried out by our firm. The procedures, tasks, and subtasks are discussed in the
following subsections.

Procedures

In this subsection, we discuss the main procedures required to satisfy the main
objectives of Phase II research {see PHASE II1 RESEARCH OBJECTIVES, p. 24).

To determine the effectiveness of the laboratory research prototype testing systen,
we will basically compare soil properties determined using the prototype system to soil
properties determined from conventional laboratory tests. The laboratory tests conducted
using the prototype system will be carefully controlled. Test soil conditions will be
varied to vary the soil properties of interest. Applied loads will be selected to induce
behaviors of interest. Properties will be inferred from prototype test results using
soil-probe interaction analyses. An intermediate level analysis procedure will be used
for preliminary and-intermediate estimates of soil properties while a more refined
procedure will be used for check purposes and more refined estimates. At the same time,
corresponding soil properties will be determined from the results of carefully controlled
conventional laboratory tests conducted under test conditions comparable to those of the
prototype tests. Properties determined using the two different methods will be compared.
Agreement, repeatability, and any observed limitations or difficulties encountered will
be noted. Comparative testing, rather than relying on published test data, is required
to insure consistency in sample preparation and to obtain necessary detailed information
such as the histories of shear strain and excess porewater pressure. We will also
compare results from prototype tests with published test data when possible. Finally,
we will review all results. Based on agreement, repeatability, and any observed
limitations or difficulties encountered, we will draw our conclusions concerning the
effectiveness of the proposed testing procedure for determining the soil properties of
interest.

Since the proposed testing procedure is a new approach and so that our Phase II
research will be as effective as possible, we propose to study only the essential
characteristics of the testing system. Using the simplest configuration of the testing
system, we will vary only those test conditions which must be varied to effectively
establish the fundamental behavior of the system. Broader testing, refinements, and
limitations will be emphasized during later stages of research and development.

With the simplest configuration of the testing system, the only variables to be
measured during testing will be the torque applied to the inner cylinder and the
resulting rotational motion of the inner cylinder. These measurements are required to
establish the effectiveness of the testing system. Also, the simplest configuration will
feature the simpler of the two vertical pressure systems being considered (see Technical
Approach, pp. 14-15). This system will be capable of imposing on the test soil a state
of stress corresponding to that developed in a normally consolidated, horizontally
layered deposit of soil. This is a practical state of stress and behavior under other
states of stress may be roughly estimated from behavior under this state of stress.

Testing conditions, such as the type of soil and test pressures, will be limited.

We plan to only test sand. Sand is the easiest soil to work with in a laboratory and a
broad range of soil properties may be readily obtained with sand. By varying the
relative density of the sand and selectively varying the confining pressure acting on the
sand, we will be able to cover reasonably well the behaviors expected from most soils
during earthquakes. For tests to determine the effectiveness of the testing system for
determining cyclic degradation and liquefaction characteristics, we will only vary
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relative density. Thus, while we will vary cyclic degradation and liquefaction
characteristics over a broad range, we will not study the effects of confining pressure
on degradation and liquefaction characteristics.
characteristics are not expected to vary qualitatively a great deal with confining
pressure. Also, the pressure of the porewater prior to testing will be limited to that

needed to develop an adequate degree of saturation.

Basic degradation and liquefaction

Thus, initial porewater pressures

are to correspond to those which would be encountered in onshore testing.

To define future research and development needed to realize the full potential of
the proposed testing procedure, we will carefully review the results of our Phase II
work. Areas in which meaningful improvements are expected to be possible will be

identified.

Major Tasks

Task 1: Develop Analysis
Procedures

Develop
Intermediate Analysis
Procedure

Develop
Refined Analysis
Procedure

8 Months*

Task II: Develop Prototype
Testing System

Develop
Final Design

Construct
Testing System

Task 111: Conduct
Laboratory Research
Studies

Conduct
Dynamic Shear Modulus
Laboratory Research Study

Prepare for
Laboratory
Studies

20 Months*

Conduct
Degradation and
Liquefaction Characteristics
Laboratory Research Study

AN i

Task IV: Prepare
Final Report
and Publications

In this subsection, we discuss
the major tasks which will make up
Phase II work. As shown in Fig. 6,
there are four major tasks: I)
Develop Analysis Procedures, II)
Develop Prototype Testing System,
I1I) Conduct Laboratory Research
Studies, and IV) Prepare Final
Report and Publications. Figure 6
also includes a performance
schedule. The four major tasks are
subdivided into subtasks, as shown
in Fig. 6, and these are discussed
in detail in the subsections that

follow this subsection.

For Task I, we will develop
two main analysis procedures: an
intermediate soil-probe interaction
analysis procedure and a refined
soil-probe interaction analysis
procedure. The intermediate
procedure is required to develeop an
effective final design of the
laboratory research prototype
testing system. The intermediate
analysis procedure is alsc needed
to make initial estimates of soil

properties from results of tests
using the prototype system. The
intermediate procedure will model

Prepare
Final Report

Prepare
Publications

24 Months*

many important aspects of tests but

*Time to Completion After Start of Project will also involve a pumber of
Figure &: Flow Chart Showing Tasks and Subtasks of Phase 11 Work s{Lgni?ic‘:ant.assumptions at}d

: simplifications. The refined

analysis procedure will be developed so that soil properties may be inferred more
accurately. In practice, most of the modeling of a test would be carried out using the
simpler, less costly intermediate procedure. Then, the refined analysis procedure would
be used to check and refine initial estimates of soil properties. Task I should be
complete 8 months following the start of the project.

For Task II, a laboratory research prototype testing system will be developed. The
probe of this system is expected to be identical to that of the field system to be
developed during Phase III; however, some components which are not expected to affect
test results, such as a drillbit latching system, will not be included in the laboratory
system. First, a final design of the prototype system will be developed by an outside
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mechanical engineering firm. Our firm does not have the expertise or manpower required
for this work. This design will be a revision of the preliminary design developed as
part of Phase I research. Then, a prototype, based on the final design, will be
constructed by the mechanical engineering firm. Task II should be complete 8 months
following the start of the project.

For Task III, the main task of Phase II, we will prepare for and conduct laboratory
research studies. We will conduct a study to determine the effectiveness of the
laboratory research prototype testing system for determining cyclic degradation and
liquefaction characteristics and a study to determine the effectiveness of the system for
determining dynamic shear moduli. Each study will involve the comparison of soil
properties determined from prototype test results and soil properties determined from the
results of corresponding conventional laboratory tests. The conventional tests will be
conducted by an outside organization since our firm does not have the equipment or staff
to conduct this work. Task III should be complete 20 months following the start of the
project.

For Task IV, we will publish the results of our work. We will prepare a final
teport covering, in detail, all Phase II work. Reports covering work carried out by
outside organizations will be attached to the final report. Additionally, we will
prepare two publications summarizing our research. One publication will cover the study
concerning cyclic degradation and liquefaction characteristics and the second publication
will cover the study concerning dynamic shear moduli. The report and publicatioms will
be complete 24 months following the start of the project.

Subtasks of Task I

As indicated in Fig. 6, for Task I we will develeop the analysis procedures required
for Phase II work. Task I will be part of an ongoing staged development. During Phase I
we deyeloped procedures which were more approximate than those which will be developed
during Phase II. Likewise, procedures developed after Phase II will be more refined than
those developed as part of Phase II research. During Phase II, we plan to develop the
analytical capabilities which are judged to be most important and reasonably within the
state-of-the-art. We will simplify procedures where necessary and will refine procedures
only as needed. ’

As indicated in Fig. 6, there are two main subtasks of Task I: 1) Develop
Intermediate Analysis Procedure and 2) Develop Refined Analysis Procedure. These
subtasks are discussed in the following subsections.

Develop Intermediate Analysis Procedure--An intermediate soil-probe 1nteract10n
analysis procedure will be developed for two purposes. First it will be used to develop
the final design criteria for the prototype testing system. Considering the estimated
cost of the proposed testing system (see Estimated Total Project Costs, pp. 21-22), we
concluded that the simple single-degree-of-freedom soil-probe interaction analysis
procedure used to develop preliminary design criteria for the system during Phase I was
inadequate for developing final design criteria. Additionally, the intermediate analysis
procedure will be used to make initial estimates of soil properties from results of tests
using the prototype testing system. The intermediate procedure is expected to model,
with relative ease, many important aspects of prototype tests, and thus, provide
reasonable accuracy. A more costly and refined analysis procedure will be developed for
use in checking and refining the initial estimates of soil properties. The intermediate
analysis procedure is discussed in the following paragraphs.

There are several important aspects of prototype tests which should be modeled by
the intermediate analysis procedure for reasonable accuracy. The dynamic behavior of the
inner cylinder, the instrumented head, and the test so0il should be modeled reasonably
accurately. The test soil should be modeled as a continuum. The nonlinear, inelastie,
degrading stress—strain behavior of the test soil should be modeled. Also, any
significant rotational flexibility of the inner cylinder should be modeled reasonably
descriptively.

The basic framework of an analysis method which satisfies the requirements for the




intermediate analysis procedure is described by our technical adviscr, Dr. R. Henke, in
References 18, 19, 20, and 21. This method was originated by Dr. Henke. Basically, the
method is capable of describing the development of a dynamic, three-dimensional,
axisymmetric, torsional state of stress and strain in a continuum. The continuum may be
modeled as a nonlinear, inelastic material. Solutions are obtained by integrating the
continuum equations describing the behavior of a modeled system in a step by step manner.
Properties of the continuum are assumed to be constant during computational time
intervals. The method has been applied successfully in predicting the torsional dynamic
behavior of a rigid disk resting on a nonlinear, inelastic test bed (18) (19). The
extension of the method to model the continuum as a degrading, nonlinear, inelastic
material which may liquefy will closely follow other recent similar efforts, such as that
discussed in Reference 13.

The intermediate analysis procedure will
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and Inactive Portion ©  analysis procedure will describe the dynamic
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Figure 7: Schematic Diagram of Model for rigid boundary. Impulse tests (see Technical
Intermediate Analysis Procedure Approach, p. 13) will be simulated using basic

Ramberg-Osgood equations (27) to describe the
nonlinear, inelastic shear stress=-strain characteristics of the test soil. These
equations offer good flexibility im the description of stress—strain behavior. Cyclic
tests (see Technical Approach, pp. 13-14) will be simulated using a stress—strain model
proposed by Martin, Finn, and Seed {(24). This model describes the cyclic degradation of
the shear stress—strain characteristics of a sand or silt due to a buildup in excess
porewater pressure. The model also describes liquefaction of the soil. In this model,
hyperbolic equations are used to describe the degrading, nonlinear, inelastic shear
stress-strain characteristics of the soil. It may prove effective to modify the approach
by Martin, Finn, and Seed (24), to model behavior under conditions of constant volume
imposed by relatively rigid boundaries (see Technical Approach, pp. 16, 17). This
modification is not expected to be excessively difficult.

As was the case for Phase I analysis procedures (see Phase I Final Report, Solution
Procedures, pp. 33-36), simplifying the analysis procedures developed during Phase II
may prove effective. For example, to simulate cyclie tests for which dynamic effects may
be small, we may develop a static approach. Basically, dynamic effects, including
effects of inertia and viscous damping, would be ignored. The static approach would be
based on finite difference or finite element equations. Otherwise, modeling would be
similar to that of the dynamic approach. Static equilibrium would be satisfied at
selected instances during cyclic loading. Such a simplification would be expected to
considerably reduce computing time and costs.

The intermediate analysis procedure will be validated using a number of methods. We
will compare special linear solutions tc available closed-form solutions when possible.
We will use an energy balance to check nonlinear solutions (21). Additionally, we will
check nonlinear solutions by examining computed stress-strain behavior. All solutions
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will be checked judgmentally to insure that the solutions are reasonable.
The intermediate analysis procedure will involve a number of ‘assumptions and

simplifications which may limit the accuracy obtainable.
assumptions and simplifications include the following:

Potentially significant
uniform behavior in the vertical

direction, single-degree-of-freedom system modeling of the inner cylinder, not accounting
for the flow of porewater in response to induced gradients in excess porewater pressure,
not accounting for all initial and test-induced nonuniformities of the test soil, not
accounting for dilation, simple shear conditions to describe behavior of test soil under
cyclic loading, independence of the behavior of soil with respect to the surfaces on
which shear stresses develop, independence of the shear stress-strain behavior of the test
soil on one surface with respect to shear stresses and strains acting on a perpendicular
surface, not accounting for frictiom or viscous damping arising from the test apparatus

or viscous damping from the test soil, and not accounting for slip.

The intermediate analysis procedure is expected to be appropriately descriptive for
developing final design criteria for a laboratory research prototype testing system and
for making initial estimates of soil properties from results of prototype tests.

However, because of the simplifications and assumptions involved with the intermediate
analysis procedure, we believe this procedure will not be adequate for accurately

inferring soil properties from results of tests conducted using the prototype system.

We

_propose to develop a refined analysis procedure to provide the accuracy required for this
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Procedure-- The refined soil-probe

interaction analysis procedure is
expected to be necessary for inferring
soil properties accurately from results
of tests carried out using the
prototype testing system. The refined
procedure will be used to check and
refine soil properties estimated from
prototype test results using the
intermediate analysis procedure.

The refined procedure will be
developed by modifying the intermediate
analysis procedure. Figure 8 is a
schematic diagram showing various
elements of the model for the refined
procedure. We will incorporate
appropriate boundary conditions for the
upper and lower boundaries of the test
soil. This will permit the description
of nonuniform behavior of the test soil
in the vertical direction. We will
model, in greater detail than for the
intermediate procedure, the distributed
mass and rotational stiffness
properties of the inner cylinder and
the instrumented head. This will
permit more accurate descriptions of
the behavior of the inner cylinder and

the instrumented head and the interaction between the test soil and the inner cylinder.
We will model the flow of porewater which may occur within and out of the test soil
during the cyclic testing of permeable soils in the constant pressure mode (see Technical

Approach, pp. 16, 17).
discussed by Finn (14).

Our modeling of the flow of porewater will be based on that
We will model the friction and viscous damping that may arise

from the test apparatus and the viscous damping from the test soil using lumped

parameters.

This level of modeling for damping and friction is expected to be sufficient
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to accurately infer the properties of interest. We will also model slip between the soil
and appropriate components of the testing system.

The refined analysis procedure will be validated using a number of methods. We will
validate special linear solutions using available closed-form solutions when possible.
We will use an energy balance to check nonlinear solutions (21). Additionally, we will
check nonlinear solutions by examining computed stress-strain behavior. All solutions
will be checked judgmentally to insure that the solutions are reasonable.

Since the refined analysis procedure will describe many important aspects of a test,
the refined analysis procedure should be effective for accurately inferring soil
properties from results of tests carried out using the prototype testing system.

However, we believe there will still be a potential for worthwhile improvement. For
example, refinements which could be undertaken as part of future research to reduce
limitations or improve accuracy include incorporating into analysis procedures more
complete modeling of initial and test-induced nonuniformities and improved descriptions
of soil behavior.

Subtasks of Task II

As indicated in Fig. 6, for Task II a laboratory research prototype testing system
will be develcped. The probe of the prototype testing system will be identical to the
probe of the field unit to be developed during Phase III. However, the prototype system
will not include an integral electronics package, a drillbit latching system, a downhole
probe penetration system, a field cable, or a winch. These items will be included during
Phase III when the prototype system is to be adapted for field use.

Since the prototype testing system will be relatively expensive and complex, we will
devote considerable attention to the final design of the system. Thus, costly redesigns
and time consuming problems should be minimized.

As indicated im Fig. 6, there are two subtasks under Task II: 1) Develop Final
Design and 2) Construct Testing System. These subtasks are discussed in detail in the
following subsections.

Develop Final Design——To develop a final. design of the laboratory research
prototype testing system we will first complete the preliminary design of the system.

The preliminary design is discussed in detail in our Phase I Final Report. Then, we will
reanalyze and, if necessary, revise the preliminary design.

To complete the preliminary design, we will re-evaluate and possibly modify existing
features, and also design components or features not strongly considered during Phase I.
The completion of the preliminary design is discussed in the PROPRIETARY INFORMATION
section, page S54.

Construct Testing System~-The construction of the testing system will involve
several steps. First, components such as transducers and motors will be ordered from
appropriate manufacturers. Components requiring modifications, such as the motors and
angular displacement transducers (see Phase I Final Report, Appendix C, pp. 18-20 and
25-26), will be appropriately modified. Appropriate machining will be carried out and
then the laboratory research prototype testing system will be assembled.

Subtasks of Task III

"As indicated in Fig. 6, for Task III, the main task of Phase II work, we will
conduct laboratory research studies. A study will be conducted to determine the
effectiveness of the prototype testing system for determining cyclic degradation and
liquefaction characteristics and a study will be conducted to determine the effectiveness
of the system for determining dynamic shear moduli. The basic procedure for both studies
is presented and discussed in the subsection entitled Procedures, pp. 25-26. Briefly,
in each study we will compare soil properties determined from results obrtained using the
prototype testing system and soil properties determined from the results of corresponding
conventional laboratory tests. Additionally, we will make use of available published
test data when possible. For each study we will conduct only the number of precisely



controlled tests necessary to meet the stated objectives.

As indicated in Fig. 6, there are three subtasks under Task III: 1) Prepare for
Laboratory Studies, 2) Conduct Dynamic Shear Modulus Laboratory Research Study, and 3)
Conduct Degradation and Liquefaction Characteristics Laboratory Research Study. These
subtasks are discussed in the following subsections.

Prepare for Laboratory Studies--The main steps in preparing for the laboratory
research studies will be to calibrate the transducers used in tests and to develop a
methodology for preparing test beds.

We intend to calibrate or have calibrated all transducers used in testing.
Transducers will be used in the testing system itself and in the test chamber, which will
contain the test beds. For the calibrations, we will try to reproduce the test
environment of the transducers as closely as possible. Calibrations will be checked at
appropriate intervals during Phase II research.

Developing a methodology for preparing test beds will involve establishing
techniques for the various steps in preparing test beds and procedures for determining
test bed characteristics. With the test chamber, we plan to be able to 1) permeate the
test bed with carbon dioxide and apply a back pressure to the porewater of the test soil
to help saturate the soil, 2) apply a vertical pressure to the test bed to simulate
effects of overburden, 3) induce a lateral state of stress in the test bed corresponding
to that expected in a normally consolidated, horizontally layered soil deposit, and &)
simulate roughly the creation of a borehole. The test bed will consist of Monterey No. O
sand. This type of sand was used in large scale tests for determining initial
liquefaction characteristics (33). We plan to compare published results from these tests
to results from our tests. We will establish techniques for depositing the test soil at
the desired relative density, trimming the test soil, and permeating the test soil with
carbon dioxide. We will also establish pressurization sequences and durations.
References 5, 26, and 33 offer possible approaches to several of these steps. We will
also establish procedures for determining the vertical and horizontal uniformity and the
relative density of the test bed before and after application of the ultimate vertical
pressure to the test soil, the repeatability of the relative density of the test bed, and
the degree of saturation of and the lateral stress within the test bed. References 5 and
26 offer possible approaches to several of these steps.

Conduct Dynamic Shear Modulus Laboratory Research Study--In this subsection, we
discuss the steps planned for the dynamic shear modulus laboratory research study. We
present and discuss expected results and discuss aspects of this study which will be
reviewed tc develop conclusions.

The dynamic shear modulus study will be conducted using the general procedure
described in the subsection entitled Procedures, pp. 25-26. Basically, dynamic shear
moduli determined from tests conducted for a range of test conditions using the
laboratory research prototype testing system will be compared to dynamic shear moduli
determined from tests conducted under comparable conditions using resomant column
apparatus. Comparative results will be obtained from resonant column tests because

“resonant column testing gives reliable results for laboratory samples, is widely
accepted, and is readily available.

A broad range of soil conditions will be considered. Relative densities will be
varied from low to high. This will help provide a broad range of low amplitude dynamic
shear moduli and variations in the dynamic shear modulus with shear strain. This will
also allow us to study the effects of disturbance due to penetration of the probe over a
broad range of disturbances, since penetration of the probe into a test bed having high
relative density is expected to dilate the test soil while penetration into a test bed
having low relative density is expected to densify the test soil. Confining pressures
will also be varied over a broad range. This will also help provide a broad range of low
amplitude dynamic shear moduli and variations in dynamic shear modulus with shear strain.
Additionally, this will help us identify any operational limitations due to confining
pressure. We will impose a state of stress in the test bed corresponding ro that
developed in normally consolidated, horizontally layered deposits. This is a practical
as well as simple state of stress. The soil will be saturated for consistency with




eyclic degradation and liquefaction characteristics tests.

A broad range of lcading conditions, required to provide the information of
interest, will be considered. Load amplitudes will be varied from low to high to obtain
dynamic shear moduli over a broad range of strain.

The proposed testing

REPEATABILITY TESTS REMAINING TESTS program is designed to
Number Relative Confining Number Relative Confining determine the repeatability of
of Tests Density _Pressure of Tests Density Pressure tests and to cover adequately
3 low low : high medium the range of shear moduli of
3 high low 1 medium low interest. The testing program
3 low high ! medium medium for the comparative tests will
3 high high 1 medium high be the same as that for the
1 low medium

prototype tests. As indicated
in Table 1, the program
includes twelve tests which
will be carried out for the
extremes of scil conditions to determine repeatability. Five additional tests will be
carried out for intermediate soil conditions to adequately cover the range of shear
moduli of interest.

Two main parameters will be studied: the low amplitude dynamic shear modulus and the
variation in the dynamic shear modulus with shear strain. We may also study equivalent
viscous damping ratios.

The expected character of test results is N X Resonant Column

. . . * Prototype
shown in Figs. 9 and 10. Figure 9 presents the . Dense
expected relationship between the low amplitude Sand
dynamic shear modulus, Go, and the confining
pressure, Og, for bounding conditions. Figure
10 presents the expected relationship between
the ratio of the dynamic shear modulus, G, to
the low amplitude dynamic shear modulus and the
shear strain, Y, for bounding conditions.
Figures 9 and 10 are included here for
illustrative purposes only. More revealing -F—‘_——___ﬂ__hﬂ,f——”””r Sand
forms of presentation may be used in the actual
shear modulus study, especially for the
variation in shear modulus with shear strain. - : I >

As shown in Fig. 9, we expect greater low low zediva high
amplitude dynamic shear moduli with higher
relative densities and higher confining %o
pressures. ‘Differences between pt.‘operties Figure 9: Selected Expected Results - Dynamic
obtained using the prototype testing system and Shear Modulus Laboratory Research Study
properties obtained from resonant column tests
may arise from several sources. TFigure 9 indicates the nature of the differences which
may occur as a result of disturbance to the test soil due to the penetration of the probe
of the prototype testing system into the test soil. When testing a dense sand, which
would be expected to dilate as a result of penetration, we would expect to underestimate
the low amplitude dynamic shear modulus. When testing a loose sand, which would be
expected to densify as a result of penetration, we would expect to overestimate the low
amplitude dynamic shear modulus.

As shown in Fig. 10, we expect a decrease in the ratio of the dynamic shear modulus
to the low amplitude dynamic shear modulus with an increase in shear strain. Differences
between properties obtained using the prototype testing system and properties obtained
from resonant column tests may arise from several sources. Figure 10 presents an example
of the differences which might occur as a result of disturbance to the test soil due to
the penetration of the probe. When testing a dense sand, which would be expected to
dilate as a result of penetration, we might underestimate the ratio of the dynamic shear
modulus to the low amplitude dynamic shear modulus. When testing a loose sand, which

Table |: Testing Program - Dynamic Shear Modulus Scudy
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would be expected to densify as a result of penetration, we might overestimate the ratio
of the dynamic shear modulus to the low amplitude dynamic shear modulus. The actual
nature and extent of the differences will depend on the relative effect of the
disturbance on the numerator and denominator of the plotted ratio.
In general, we

4 A X Resomant Column do not expect
+ Prototype excessive

differences between

_ properties

determined from
Go . results of prototype
tests and those
"Loose Sand Dense Sand determined from
Medium Go Medium Fo results of resonant
- column tests, nor do
we expect excessive
scatter in
properties obtained
using the prototype
testing system. We
may observe greater differences and greater scatter when testing sands having higher
relative densities at higher confining pressures. This may occur because the
inner cylinder may be rotationally more flexible relative to the test soil under
these conditions (see Phase I Final Report, Supplementary Theoretical Feasibility Study,
pp. 63-69). Also, we expect better agreement between properties obtained from
prototype tests and properties obtained from resonant column tests when using the refined
analysis procedure to infer soil properties from results of prototype tests than when
using the intermediate analysis procedure.

Several aspects of the dynamic shear modulus research study will be addressed in the
review and discussion of the study. We will address the repeatability of test results
and the agreement between properties obtained using the prototype testing system and
properties obtained using resonant column apparatus. The relationships of repeatability
and agreement to test conditions and level of soil-probe interaction analysis used will
be addressed along with potential steps for improving agreement and repeatability. We
will identify any limitations of the prototype testing procedure observed during testing
and discuss potential improvements. Possible limitations may include mechanical,
excitation, measurement, and analysis limitations. We will also discuss any difficulties
encountered and possible resolutions. Possible difficulties include mechanical,
excitation, measurement, and analysis difficulties.

Our research should lead to two main conclusions: a conclusion concerning the
effectiveness of the prototype testing system for determining dynamic shear moduli and a
conclusion concerning future research and development needs. The conclusions will relate
directly to the objectives of Phase II research. The conclusion concerning the
effectiveness of the prototype system will be based on the agreement between properties
obtained from prototype tests and properties obtained from resonant column tests, the
repeatability of results from prototype tests, and any observed limitations or
difficulties encountered when using the proposed testing procedure. The conclusion
concerning furure research and development needs will be based on the identification of
areas in which meaningful improvements are possible.

Conduct Degradation and Liquefaction Characteristics Laboratory Research Study--In
this subsection, we discuss the steps planned for the degradation and liquefaction
characteristics laboratory research study. We present and discuss expected results and
discuss aspects of this study which will be reviewed to develop conclusions.

The degradation and liquefaction characteristics study will be conducted using the
general procedure described in the subsection entitled Procedures, pp. 25-26.

Basically, degradation and liquefaction characteristics determined from tests conducted
for a range of test conditions using the laboratory research prototype testing system
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will be compared to degradation and liquefaction characteristics determined from tests
conducted under comparable conditions using laboratory cyclic simple shear apparatus or,
if arrangements can be made, cyclic torsional shear apparatus. Comparative results will
be obtained by cyclic simple shear or cyclic torsional shear tests because these tests
provide results which are in reasonable agreement with results from large scale tests
(33), allow the simulation of the normal state of stress developed in normally
consolidated, horizontally layered deposits, and simulate a state of simple shear
directly. In addition, the cyclic simple shear test is readily available. The cyclic
torsional shear test (41), which is not as readily available as the cyclic simple shear
test, avoids some of the nonuniformities which may develop within a sample during a
cyclic simple shear test.

A broad range of soil conditions will be considered. Relative densities will be
varied from low to high. This will provide a broad range of degradation and liquefaction
characteristics. This will also allow us to study the effects of disturbance due to
penetration of the probe over a broad range ¢f disturbances, since, as stated in the
discussion of the dynamic shear modulus study, penetration of the probe into a test bed
having high relative density is expected to dilate the test soil while penetration into a
test bed having low relative density is expected to densify the test soil. In contrast
to the dynamic shear modulus study, counfining pressure will not be varied. Unlike a
dynamic shear modulus test, which can be conducted at successively higher loads without
excessively disturbing the test soil, normally a degradation and liquefaction
characteristics test can be conducted meaningfully only at z single load level. After a
single test at a specified load level, the test soil will have been altered
significantly. Thus, a large testing program would be required to vary lcad level,
relative density, and confining pressure. Testing at a single value of confining
pressure, we will be able to capture the range of the basic behaviors of the testing
system. The basic behaviors, expected to range between behavior when testing a highly
liquefiable sand and when testing a nonliquefiable sand (see Fig. 3), are not expected to var:
greatly with confining pressure. We will consider the intermediate, representative level of
confining pressure corresponding to that used in a series of large scale tests (33).

This will enable us to effectively compare results from our tests with results from the

large scale tests. Similar to the dynamic shear modulus tests, we will impose a normal

state of stress in the test bed corresponding to thar developed in normally consolidated,
horizontally layered deposits. This is a practical as well as a simple state of stress.

The test bed will be fully saturated so that degradatiom and liquefaction can be induced

in the test soil when testing in the constant pressure mode (see Techunical Approach,

p. 16).

A broad range of loading conditions, required to provide the information of
interest, will be considered. Load amplitude, designated as applied shear stress ratio
(applied shear stress amplitude, T, divided by the initial effective vertical stress,
Gyi), will be varied from low to high.

The proposed testing program is designed to determine the repeatability of tests and
to cover adequately the range of cyclic degradation and liquefaction characteristics of
interest. However, first we will conduct preliminary tests using the laboratory
prototype testing system to establish the most effective testing mode, constant volume or

constant pressure (see

REPEATABILITY TESTS REMAINING TESTS Technical Approach, p. t7),
and to determine the most

Number Relative  Stress Number Relative Stress . . X
of Tests Demsity Rat io of Tests Density Ratio effect%ve eXC}tation frequency.
- - The main testing program for
g ;Pﬂ} i°“ } b;?Em m?ﬁim the comparative tests will be
ig ow me
3 Low high 1 medium  medium the same as that for Fhe'
3 high high i medium high prototype tests. As indicated
1 low med ium in Table 2, the program

includes twelve tests which
will be carried out for the
extremes of soil conditions to

Table 2: Testing Program - Degradarion and Liquefaction
Characteristics Study

. [
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determine repeatability. Five additional tests will be carried out for intermediate soil
conditions to adequately cover the range of cyclic degradation and liquefaction
characteristics of interest.

Several parameters will be studied: the cyclic degradation of shear modulus, the
buildup in excess porewater pressure, and the cyclic increase in strain amplitude. For
the comparisons, results from prototype tests will be converted to equivalent undrained
simple shear results. A simple, but effective, single~degree-of-freedom system (SDOF)
model will be constructed for this purpose. A somewhat similar conversion was made in the
Phase I studies (see Phase I Final Report, Degradation and Liquefaction Characteristics of
Sands and Silts, p. 53). Basically, appropriate parameters will be inferred from prototype
test results using the soil-probe interaction analysis procedures. These parameters will
then be used in the SDOF model to give equivalent undrained simple shear results.

. The expected .

% Simple Shear
character of test Iy + Prototype 4
results is shown in
Figs, 11, 12, and
13. Figure 11

Low Stress Ratio

presents the Gsy High Gy
== Resistance ——

expec;ed . Gsi Low Gs1 High Stress Ratio
relationship between Resistance

the ratio of the

current degraded . . divm Rasi
" gecant shear Medium Stress Ratio . Medium Resistance .
modulus, Ggy, to the

‘ N N
undegraded secant :
shear modulus Figure I1: Selected Expected Results - Degradation and Liquefaction Characteristics

determined from the Laboratory Research Study

first cycle of

loading, Gg), and the number of cycles of loading, N. Figure i2(a) presents the expected
relationship between the excess porewater pressure ratio (excess porewater pressure, u,
divided by the initial effective vertical stress) and the number of cycles of loading,
and Fig. 12(b) presents the expected relationship between the applied shear stress ratio
and the number of cycles of loading for the test soil to develop either initial
liquefaction (effective vertical stress = 0) or a shear failure (applied shear stress 2
degraded shear strength). Figure 13(a) presents the expected relationship between the
shear strain amplitude, Y, and the number of cycles of loading and Fig. 13(b) presents
the expected relationship between the applied shear stress ratio and the number of cycles
of loading required for rhe test soil to develop a strain amplitude of 0.5%, All
expected results are presented for bounding conditions. Expected results are not
presented in Fig. 13(a) for conditions under which dilation will have a significant
effect since we will not have the capability tc accurately model dilation during Phase
II. Other forms of presentation will be considered.

As shown in Fig. 11, we expect the ratio of the degraded shear modulus to the
undegraded shear modulus to decrease with an increase in the number of cycles of loading.
We expect more rapid decreases when testing more easily degradable sands and when testing
at higher applied shear stress ratios. Similar to the dynamic shear modulus study,
differences between results obtained using the prototype testing system and results
obtained from cyclic simple shear or cyclic torsional shear tests may arise from several
sources. Figure 1l indicates the nature of the differences which may occur as a result
of disturbance to the test soil due to the penetration of the probe of the prototype
testing system into the test soil. When testing a dense sand (high resistance to
degradation and liquefaction), which would be expected to dilate as a result of
penetration, we would expect to underestimate the resistance of the sand to eyclic
degradation. When testing a loose sand (low resistance to degradation and liquefaction),
which would be expected to densify as a result of penetration, we would expect to
overestimate the resistance of the sand to cyclic degradation.
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% Simple Shear
+ Prototype )
As shown in
Low . :
4 Resistance ' 4 High _Low Fig. 12, we
L L Stress Ratio Stréss Ratio expect an
_ increase in the
////; High excess porewater
esilstance . .

i pressure ratio
with an increase
Medium Stress Ratio Madium Resistance in the number of
Nt > cycles of
loading. We
expect a more
(a) Excess Porewater Pressure Ratio vs Number of Cycles of Loading rapid increase

when testing

'y ‘ sands with lower
Effective vertical stress = 0 or resistance to
applied shear stress 2 degraded shear strength degradation and

High Resistance 1iquefact%on and
when testing at

higher applied

& Large Scale Tasts shear stress
ratios. Again,

<g:u]s‘-‘
Ead

e

Qif
<
por

Low Resistance we expect some
N differences
¥ . " between results
obtained using
(b} Shear Stress Ratio vs Number of Cycles of Loading the prototype

to Initial Liquefaction or Shear Failure testing system

and results
Figure [2: Selected Expected Results - Degradation and Liquefactiocn Characteristics . Obta}HEd.from
Laboratory Research Study cyclic simple

‘shear or cyclie

torsional shear
tests. Due to the nature of the expected penetration-induced disturbance, which has been
previously discussed, when testing with the prototype system, we expect to overestimate
the increase in excess porewater pressure ratio when testing dense sands and to
underestimate this increase when testing loose sands., As shown in Fig. 12(b), as a
result of penetration-induced disturbances, we expect the number of cycles of loading
required to cause initial liquefaction or shear failure to be underestimated when testing
a dense sand using_ the prototype testing system and overestimated when testing a loose
sand.

As shown in Fig. 13, we expect the shear strain amplitude to increase with an
increase in the number of cycles of loading. We expect more rapid increases when testing
soils less resistant to degradation and liquefaction and when testing at higher applied
shear stress ratios. Again, we expect some differences between results from prototype
tests and results from cyclic simple shear or cyclic torsional shear tests. Figure 13
indicates the nature of the differences which may occur due to penetration-induced
disturbances. Due to penetration-induced dilation, we expect to overestimate the
increase in shear strain amplitude when testing dense sands with the prototype system.
Due to penetration-—induced densification, we expect to underestimate the increase in
shear strain amplitude when testing loose sands with the prototype system. As shown in
Fig. 13(b), as a result of penetration-induced disturbances, we expect the number of
cycles of loading required for the test scil to develop a shear strain amplitude of 0.57
to be underestimated when testing a dense sand and to be overestimated when testing a
loose sand, '

In general, we do not expect excessive differences between properties obtained from
prototype tests and properties obtained from cyclic simple shear or eyclic torsional
shear tests, nor do we expect excessive scatter in results obtained using the prototype
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testing system.
We may observe

Hi
b e p oo e i
erences and
Low greater scatter
High Stress Ratio when testing
Resistance denser sands at

lower stress
ratios. This may
Medium Resistance occur because
> the inner
cylinder may
be rotationally
more flexible
relative to
the test soil

Medium Stress Ratio

i
-

N N

(a) Shear Strain Amplitude vs Number of Cycles of Loading

* Simple Shear

» Prototype A . under these
Yy = 0.53 conditions
\ (see Phase I
Final Report,
- High Resistance Supplementary
Tvi Theoretical

\ Feasibility Study,
\’-\l—* Low Resistance PP- 63-69).
Also, we expect
> better agreement
N between
- properties
obtained from
prototype tests

and properties
Figure 13: Selected Expected Results - Degradation and Liquefaction Characteristics obtained from
Laboratory Research Study

(b) Shear Stress Ratio vs Number of Cycles of Loading to Y4 = 0.5%

cyclic simple
shear or cyclic
torsional shear
tests when using the refined analysis procedure to infer soil properties from results of
prototype tests than when using the intermediate analysis procedure-

Several aspects of the degradation and liquefaction characteristics study will be
addressed in the review and discussion of the study. As with the dynamic shear modulus
study, we will address the repeatability of prototype test results and the agreement
between the properties obtained from prototype tests and the properties cbtained from
cyclic simple shear or cyclic torsional shear tests. The relationships of repeatability
and agreement to test conditidns and level of soil-probe interaction analysis used will
be addressed along with potential steps for improving agreement and repeatability. We
will identify any limicatieons of the prototype testing procedure observed during testing
and discuss potential improvements. Possible limitations may include mechanical,
excitation, measurement, and analysis limitations. We will also discuss any difficulties
encountered and possible resolutions. Possible difficulties include mechanical,
excitation, measurement, and analysis difficulties.

Qur research should lead to two main conclusions: a conclusion concerning the
effectiveness of the prototype testing system for determining cyclic degradation and
liquefaction characteristics and a conclusion concerning futufe research and development
needs. The conclusions will relate directly to the objectives of Phase II research. The
conclusion concerning the effectiveness of the prototype system will be based on the
agreement between properties obtained from prototype tests and properties obtained from
cyclic simple shear or cyclic torsional shear tests, the repeatability of results from
prototype tests, and any observed limitations or difficulties encountered when using the
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proposed testing procedure. The conclusion concerning future research and development
needs will be based on the identification of areas in which meaningful improvements are
possible.

Subtasks ¢f Task IV

As indicated in Fig. 6, for Task IV we will document the work completed during Phase
II. All aspects of Phase II work will be presented and discussed in detail in a
comprehensive final report. Most important aspects of the research will be summarized in
two planned publications.

There are two subtasks under Task IV: 1) Prepare Final Report and 2) Prepare
Publications. These subtasks are discussed in detail in the following subsections.

Prepare Final Report--This subtask involves the documentation of all Phase II
work. We will present and discuss, in detail, existing methods, the proposed method, the
objectives of Phase Il research, research procedures, tests and test results, and
conclusions. We will also identify and discuss possible future work. We will attach to
our final report any reports prepared by subcontractors. These reports may include a
report on the design and construction of the prototype testing system, a report on the
comparative dynamic shear modulus tests, and a report on the comparative cyclic
degradation and liquefaction characteristics tests.

Prepare Publications--This subtask involves summarizing the most important aspects
of Phase II research in two technical publications. One publication will summarize
aspects of the dynamic shear modulus study and the other publication will summarize
aspects of the cyclic degradation and liquefaction characteristics study. Each
publication will include presentations and discussions of the testing system, prototype
and comparative tests, actual comparisons, and conclusions.
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APPENDIX B

In this appendix, we provide copies of two publications (11) (12) related
to the project discussed herein. Each publication was presented at a
conference and was included in the proceedings of the corresponding
conference.

We also provide copies of abstracts for two publicatioms (13) (14)
related to the project discussed herein. Each abstract was submitted to a
conference to be held in 1991,
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ABSTRACT

Cyclic Tests Conducted Using Laboratory Prototype
of In Situ Geotechnical Testing System

by
Wanda Henke and Robert Henke

In this paper, we present and discuss a portion of our first laboratory
testing program for a prototype in situ cylindrical shear testing system. The
system is to advance our ability to design critical systems to resist
earthquakes. It is to provide accurate and detailed information on in situ
cyclic and dynamic shear stress vs strain characteristics of soil deposits.
The information is to be appropriate for analyses used at the advanced stages
of earthquake resistant design to predict the behavior of sites of critical
systems during earthquakes.

The cylindrical shear testing system combines attractive features of
laboratory and in situ testing while reducing shortcomings. Earthquake-like
shear loads are applied to an element of soil in situ by applying cyelic or
dynamic torques to a cylindrical probe penetrated carefully below the base of
a borehole. Both applied torque and the rotation of the cylinder are
measured. Detailed information on in situ cyclic and dynamic shear stress vs
strain characteristies, including information om undegraded nonlinearity, -
degradation, liguefaction, and limiting strains, is provided. Considerable
effort is directed toward minimizing disturbances to in situ conditions.

Results are presented for cyclic tests. All tests were conducted on dry
ottawa sand prepared to medium dense relative densities of 60 - 63%. The test
sand was carefully deposited by raining into a large test chamber and was then
subjected to a confining pressure of }0 psi. The tests, conducted on dry
sand, were intended to give rise to the main effects of cyclic loading on
saturated sand by imposing on the test sand cyclic shearing loads under the
condition of relatively constant volume. For each test a cyclic torque of
constant amplitude was applied. Results presented include photographs from an
oscilloscope and processed test data. These include torque and angular
displacement vs time curves, torque vs angular displacement curves, and a plot
of torque amplitude vs number of cycles to "initial liquefaction" (herein
defined as first loss of torsional stiffness).

Test results indicate that the testing system is promising. Results show
that the laboratory prototype gives results typical of those obtained from
high quality laboratory cyclic tests conducted on samples of saturated medium
dense sand. The angular displacement data show an increase in the amplitude
of the angular displacement with an increasing number of cycles of loading at
a constant amplitude. The torque vs angular displacement curves show
undegraded nonlinearity, cyclic degradation, behavior corresponding to
"initial liquefaction" caused by densification at relatively constant volume
and restiffening due to dilation, and increases in deformation after "initial
liquefaction.”" The plot of torque amplitude vs number of cycles to "initial
liquefaction"” shows that as the amplitude of the applied torque increases, the



me

number of cycles to "initial liquefaction" decreases. From torque and angular
displacement data we expect to be able to infer shear stress vs strain curves
by analytically simulating tests. '



ABSTRACT

Impulse Tests Conducted Using Laboratory Prototype
of In Situ Geotechnical Testing System

b
Wanda Henke ang Robert Henke

In this paper, we present and discuss a portion of our first laboratory
testing program for a prototype in situ cylindrical shear testing system. The
system 1s to advance our ability to design critical systems to resist
earthquakes. It is to provide accurate and detailed information on in situ
cyclic and dynamic shear stress vs strain characteristics of soil deposits.
The information is to be appropriate for analyses used ar the advanced stages
of earthquake resistant design to predict the behavior of sites of critical

systems during earthquakes.

The cylindrical shear testing system combines attractive features of
laboratory and in situ testing while reducing shortcomings. Earthquake-like
shear loads are applied to an element of soil in situ by applying cyclic or
dynamic torques to a cylindrical probe penetrated carefully below the base of
a borehole. Both applied torque and the rotation of the cylinder are
measured. Detailed information on in situ cyclic and dynamic shear stress vs
strain characteristics, including information on undegraded nonlinearity,
degradation, liquefactien, and limiting strains, is obtained by simulating
tests analytically. Considerable effort is directed toward minimizing

disturbances to in situ conditions.
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Results are presented for impulse tests. All tests were conducted on dry
ottawa sand prepared to medium dense relative densities. The test sand was
carefully deposited by raining into a large test chamber and was then
subjected to a confining pressure of 10 psi. The tests were intended to
provide information on linear and nonlinear shear stress vs strain
characteristics under dynamic loading conditions. For each test an impﬁlsive
torque was applied. Tests were carried out over a range of amplitudes
inducing both reasonably linear and highly nonlinear behavior. Results
presented include pho;ographs from an oscilloscope, plots of digitized test
data, and comparisons between test results and results from analytical
simulations of tests. The results include torque and angular acceleration vs

time curves, and shear stress vs strain curves for the test soil.

Results from impulse tests indicate that the impulse testing procedure is
promising. The dynamic analyses used to simulate tests were found to describe
tests effectively. Also, results from analyses indicate that results from
impulse tests will be sensitive to the shear stress vs strain characteristics

of the test soil.
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