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ABSTRACT

Cohesionless sands are known to be susceptible to failure by liquefaction when they are satu-
rated and subjected to earthquake shaking. Considerable study has been directed towards this
subject over the past 20 years in recognition of the possibility of large-scale property damage or loss
of life due to this type of failure. Recent evidence has shown that small degrees of cementation in
a sand significantly reduce the likelihood of liquefication. However, the work to date has been
limited to studies with conventional testing devices and simple loading paths. These devices are
suspected of inducing premature failure in cemented soils, and are not capable of modeling the ef-

fects of multiaxial loading.

In this investigation, there were two major objectives. The first involved the development and
fabrication of a new three-dimensional shear device with the capability of applying load to cemented
sands with a minimum of stress concentration effects, and of using load paths which are more
representative of the true effects of an earthquake than is possible in conventional equipment. The
second concerned performance of a series of production tests to investigate the behavior of ce-
mented sands under a range of earthquake loading paths. The production tests were largely per-

formed using the new three-dimensional shear device.

The test results showed that cemented soils have more resistance to earthquake loading than

previously thought since stress concentration effects in conventional testing do induce premature



failure through the effects of stress concentrations. On the other hand, it was found that either ce-
mented or uncemented sands show less resistance to earthquake loadings if multiaxial stress condi-
tions are applied to the sample as opposed to uniaxial loadings. This is important in explaining
the fact that sites with seemingly similar conditions often show different behavior, since slightly
different earthquake loading patterns can cause different responses. One factor explaining differ-
ences in response is found to be the mean normal stress, which is not the same for all loadings, and

plays an important role in the pore pressures developed in the soil.
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CHAPTER I

INTRODUCTION

The term “sandy soil” often is used to connote a material that has essentially no cohesion be-
tween the soil particles. There has been a particularly intensive phase of research in this area over
the past 15 years or so as a result of the finding that these materials in a saturated state can undergo
liquefaction if subjected to earthquake loading. Liquefaction can lead to a loss of strength of the
sand, or to the generation of large deformations even where the sand retains most of its ability to
carry load. In a number of recent and historic earthquakes, significant damages and, in some cases,
loss of life have occurred as a result of liquefaction. As a result, identification of the likelihood of
a soil being subject to the liquefaction process has become an important issue. On the one hand,
it is ne;'cessary to identify the possibility of a dangerous land mass failure. However, it is equally
important not to overestimate the potential for liquefaction, since this can lead to serious economic

consequences for facilities owners.

Over the past five years or so, two points have become clear which have major implications for

the issue of liquefaction of sands:

1.) Cementation in sands due to either natural or artificial sources can reduce the likelihood of

liquefaction.

2.) Cementation in natural sand deposits is relatively common due to a series of mechanisms that

involve formation of bonds at the points of contact between the sand particles.



Because of the perceived importance of cementation on the behavior of sand during an earth-
quake event, a number of investigators have undertaken research into this subject. All of the pre-
vious experimental work has involved testing of cemented sands using conventional devices such
as the triaxial cell or the simple shear apparatus. Although useful information has been developed
in this manner on the relative importance of various parameters on the behavior of cemented sands
under simple forms of cyclic loading, this type of testing is insufficient from a number of perspec-

tives:

1.) The loading paths are simplified and are not necessarily the best models of the effects of an
earthquake. .

2.) The structure and strength of weakly cemented sands is particularly sensitive to the details of

the testing approach.

3.) During cyclic loading with a conventional triaxial cell, the soil is subjected to extension, and
the sample most often fails by necking. This is undesirable and raises questions about the validity

of the failure loads determined in the test.

4) If a simple shear device is used, it is difficult, if not impossible, to guarantee a proper bond
between the platens and the cemented soil. If the bond does not exist, failure in the test will occur
due to slip between the platen and the soil, a condition not representative of the soil behavior. If
a tight bond is formed between the platen and the soil, sharp stress concentrations are formed in

the cemented soil, causing premature, brittle failure.

These comments about testing of cemented sands in conventional devices illustrate why a new ap-

proach was considered necessary for this study.

The major objectives of the research were twofold. First, it was intended to develop a three-
dimensional shear box which could apply cyclic loadings following a range of stress paths. The box

was intended also to resolve most of the issues surrounding the special problems in loading of a



cemented sand. Second, using the test results of this work and that of others, it was expected to
more thoroughly explain the role of cementation in the behavior of cemented sands under dynamic

loadings of the type generated during a seismic event.

The three-dimensional shear box system that was developed involves not only the box itself,
but also a microcomputer control and data acquisition unit, and software for the microcomputer
unit. New methods were generated for preparation of samples to various levels of density and
cementation, saturation of the samples, and measurement of the sample deformations. The com-
pleted system allows for a wide range of loading paths to be automatically applied to the soil
through the microcomputer unit. Test information is also automatically acquired and stored for

subsequent processing on a main frame computer.

During and after the three-dimensional shear box development, considerable experimental work
was done. Over one hundred trial and pilot experiments were performed to check and evaluate the
equipment. Twenty-four standardized tests were conducted with uncemented sands. Finally, nearly
100 more production tests were carried out using four different levels of cementation, two different

densities, six types of loading paths, and four levels of loading.

The information on the research is divided into seven chapters exclusive of the introduction.
Chapter II presents a background review of the previous work on cemented sands and liquefaction,
and Chapter III covers concepts as to the nature of loadings during an earthquake as related to
those used in the experiments of this work. Chapter IV gives the information on sample preparation
techniques and experimental test program. The design and results of trial pilot tests with the
three-dimensional device is provided in Chapter IV. Chapter VI presents the main results of the
experimental program; discussion is provided in Chapter VII. Conclusions are presented in Chapter
VIII. Appendixes are included with details on the equipment design and a user’s manual for the

three-dimensional shear box system.



CHAPTER 11

BACKGROUND - CEMENTED SANDS AND LIQUEFACTION

2.1 Introduction

Cemented sands are recognizable when they are encountered in exposed slopes. In this envi-
ronment, they are able to stand in steep bluffs, often to great heights e;’en when only weakly ce-
mented. An example of this behavior is given in the photographs in Figure 2.1 showing bluffs in
cemented soils along the coast of California just south of San Francisco. The ability of this soil to
stand in steep slopes is provided by compressive and tensile strength of the cemented sands that
exists even when they are unconfined. The surprising aspect of these soils is that the unconfined
tensile and compressive strengths may be very small. For example the sands in the bluffs shown
along the California coast can be broken under light finger pressure (Figure 2.2) (Clough and

Bachus, 1981).

The strength of cemented sands is typically neglected in geotechnical practice as a conservative
expedient. Actually in many cases the geotechnical engineer simply does not know that the sand
is cemented since the sampling procedures used in conventional practice disrupt the cementation
bonds (Saxena and Lastrico, 1978; Frydman, et al., 1980; and Clough and Bachus, 1981). The
neglect of the cementation of a sand may be acceptable for certain types of problems, but it is un-

necessarily conservative for liquefaction problems.
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Figure 2.1 Steep Bluff on Coastal Area near San Francisco, California.



Figure 2.2 Demonstration Showing the Brittle Nature of Cemented Sand.



2.2 Cemented Sand Deposits And Cementing Agents

Cemented sand deposits come in many forms and are located in a variety of areas of the world.
Table 2.1 gives a general description of a few of the more well-known cemented sands that have
been cited in the geotechnical literature. These soils have generally been identified by their ap-
pearance in exposed slopes. There is no doubt that many other sands are cemented, but have not

been identified as such because of the difficulty of obtaining an undisturbed sample.

While cementation adds to the strength of a sand, the spectacular natural slopes in these mate-
rials are often in a marginal stability condition. This can be especially true where erosion processes
are active. In such cases, the slopes can fail suddenly since the soil near the face of the slope is un-
confined and brittle. The impetus for failure can be caused by an earthquake. Examples of sig-
nificant failures in cemented sands slopes during earthquakes are described in a number of references
(Harp, et.al., 1978; Sitar and Clough, 1980; Shirasu Committee, 1968; Yamanouchi, et.al., 1970).
The failures are typically shallow, and if the slope is steep, failure appears to be caused by tension

stresses formed near the crest of the slope.

Sowers (1979) has described two forms of cemented sands. One is termed void-bound. In this
case, the voids of the sand are essentially filled with the cementing agent, and the resulting soil has
a low void ratio, and a high density. The second is called contact-bound, with the cementing agent
found only at the points of contact between the particles. This soil has a high void ratio and can
have a relatively low density. It is the latter category of sand that this work is concerned with. The
contact-bound sand is subject to brittle failure if loaded in unconfined compression, and can liquefy

if cyclically loaded in the undrained, saturated condition.

Cementing agents vary considerably, often being produced as a result of secondary soil devel-
opment processes. Weathering, leaching and deposition, and hot and cold welding are prominent

agents in cementation formation. Weathering can produce substances such as iron oxides which



Table 1. 2.1 Location of Selected Cemented Sand Dcposits (After Shaffi-Rad and Clough, 1982).
Nd Location Feature Reference
1| Along most of the Cliffs of weakly cemented sands of Quaternary
Pacific coast in marine terrace deposits and tertiary Clough, et al.,
Cal. and Oregon.USA | marine and dune deposits as high as 150 m 1981
(carbonates, clays, iron oxides)
2| The western and A caliche-type soft rock Hamel, 1977
southern USA (precipitation of calcium carbonate)
3| Extensive areas of the | Steep bluffs. Bechwith
Midwestern USA and (Loess, silt, calcareous soils) Hamsen
Yellow River, China 1981
4| Central Guatemala Wind blown volcanic ash deposits Harp et al,,
1978
5| Southern Japan Pumic-flow deposits in Shirasu Plateau Yamanouchi,
et al., 1977
6| Northern Island Pumic-flow deposits Yamanouchi,
New Zealand et al., 1974
7| Mediterranean coastline| KurKar deposits. (silica sands grain, Frydman
of Israel and calcite crystals, small, fragment of shells, et al.,
neighboring countries other calcarious materials 1980

Western and central
Europe

Keuper sandstone
(illitic clay minerals with calcium carbonate)




serve to provide a weak form of cementation. Leaching and subsequent precipitation of silicates
and carbonates can lead to very strong cementation if the process is prolonged. Hot welding is a
process wheré the points of contact between the sand particles are bonded as silicates are driven into
solution under the influence of heat and pressure. The heat is typically a result of volcanic activity
in or near ash or soil deposits. Cold welding process is little understood and occurs only due to
prolonged high pressures at the points of contact between particles (Lee, 1975). In this case, the
silicates are driven into solution as in the case of hot welding. Seed (1976) has postulated that this
may explain the observed time dependent gain in liquefaction resistance in some sands as they re-

main at rest under gravity stresses.

2.3 General Aspects Of Cemented Sand Behavior

The studies of cemented sand behavior under static loading have shown that in spite of the
variety of cementing agents in the sands that there are many common facets of the behavior. Some

of the more important findings are:

Static Behavior

1.) The cohesion intercept increases with level of cementation, amount of fines, and angularity of

the sand.

2.) The friction angle is little affected by level of cementation, but increases with density and

angularity of the sand (Shaffi-Rad and Clough, 1982).

3.) There is a small, but significant tensile strength which typically equals about 10 percent of the

unconfined compressive strength. (Haruyama, 1973; Clough et al., 1981).



4) Brittleness increases by increasing the cementation or decreasing the confining pressure.

(Murata and Yamanouchi, 1978; Shaffi-Rad and Clough, 1982).

5.) The initial tangent modulus increases with confining pressure and / or the level of cementation

(Clough, et al., 1981).

6.) Volumetric increases generally accompany shear failure even for cemented sands with * loose
structure . * The volume changes tend to be more concentrated and somewhat larger than those for
uncemented sands ( Murata and Yamanouchi, 1978; Clough, et al., 1981; Shaffi-Rad and Clough,

1982)

Dynamic Behavior

1.) Dynamic shear modulus tends to be greater and damping ratios are less for cemented sands than

those of uncemented sands (Sitar and Clough, 1979).

2.) Increasing the cementing agents increases liquefaction resistance (Salamone et al. 1978; Dupas

and Pecker, 1979; Poulos, 1980, Frydman et al., 1980; Shaffi-Rad and Clough, 1982).

3.) Pore water pressure development of cemented sands is different from uncemented sands and
models to predict the pore pressure build up may need to be modified for cemented sands (Shaffi-

Rad and Clough, 1982).

4) Weakly cemented zones within a strongly cemented matrix seem to dominate the liquefaction

resistance (Frydman, et al., 1980).

Research has also shown that with proper care in the sample preparation procedures, sands
cemented with small amounts of portland cement behave at least qualitatively like naturally ce-

mented sands (Shaffi-Rad and Clough, 1982). This finding is of importance in that naturally ce-

10



mented sands are difficult to sample and test, and it is useful to use artificially prepared sands in

laboratory studies.

2.4 Sampling And Testing Cemented Sands

The difficulties of obtaining good quality undisturbed samples of naturally cemented sands have
been described by a number of authors (Frydman, et al. 1980; Saxena and Lastrico, 1978; Clough
and Bachus, 1981). Even if the soil can be obtained in a sample tube, it is likely to be damaged in
the process of extruding it from the tube. For these reasons, it is doubtful that any conventional

investigation of cemented sands results in a realistic evaluation of the soil properties.

Because of the problems associated with sampling and testing of undisturbed samples of na-
turally cemented sands it is tempting to rely on in-situ testing procedures to ascertain the engi-
neering properties. Unfortunately, most of the common and readily available methods are of the
penetrometer family, and none of these techniques are able to sort out the relative influence of
density and cementation. To date, the only reasonable approach seems to be in the form of

pressuremeter testing, particularly of the seif-boring variety (Bachus, et al., 1981).

2.5 Classification Of Cemented Sands

Cemented sands are a category of materials for which no standard classification system is ap-
propriate. Considering the widely used Unified Classification System as an example, there is no
mention of the subject of cementation. Thus, in this system, a sand can be heavily cemented or
lightly cemented, and in both cases, it will be simply called a sand. To address this oversight, Rad

and Clough (1982) proposed to use certain terms to classify the degree by which a sand is cemented.
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Their system is shown in Table 2.2. This approach is used in the descriptions of the soils tested in

this work.

2.6 Liquefaction Of Uncemented Soils

The general mechanisms causing liquefaction were described in the early days of soil mechanics
(Casagrande, 1975). However, it was not until the significant damage caused by sand liquefaction
in 1964 in Alaska and Niigata Earthquakes that the effects of cyclic loading in the process came
under detailed study. The work of Seed and his co-workers was instrumental in developing labo-
ratory and analytical procedures needed to form a practical infrastructure for the engineer to deal
with the problem (Seed and Lee, 1966 and 1967; Seed and Idriss, 1971; Seed and Martine, 1976;
Seed and Idriss, 1981; etc.)

In the intervening years since the late 1960’s and early 1970’s many investigators have contrib-
uted to the work on liquefaction of uncemented sands. Recently, the field has benefited from a
series of excellent state-of-art reports by Seed (1979) and Ishihara (1985), and the report from the
1985 MIT workshop on liquefaction. Because of the availability of this substantive body of liter-
ature, this review of liquefaction will be brief, and primarily devoted to those aspects which bear

on the topic of this research.

2.6.1 Laboratory Testing

Laboratory testing has formed the backbone of the methods for research into liquefaction. It
is useful for research because control can be exerted on drainage and boundary conditions, and the
loading can be defined accurately. Most laboratory testing associated with liquefaction work utilizes
either triaxial or simple shear devices. The triaxial apparatus offers the advantage of simplicity, and
much of the test procedure for liquefaction work is standardized (Seed and Lee, 1966; Seéd and

Peacock, 1971; Silver et al., 1976). The simple shear device is preferred by some in that it better
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Table 2. 2.2 Classification System for Cemented Soils ( after Shaffi-Rad and Clough, 1982 ).

Very Weakly Cemented Soils - with UCS* < 100 (kN/m?)
The cementation is almost inapparent to the touch, and undisturbed sampling is
difficult if not impossible. However, freezing the soil may be a suitable technique.

Weakly Cemented Soils - with 100 < UCS < 300 (kN/m?)
The soil breaks under light finger pressure, and a block sampling technique with care can

be used to obtain undisturbed samples. This soil can be easily scratched with the fingertip.

Moderately Cemented Soils - with 300 < UCS < 1000 (kN/m?)

The soil hardly breaks apart under finger pressure, and undisturbed specimens can be
easily obtained from block sample. The pressure of cementation bonds between

the particles is readily felt, and the soil can be scratched with the fingernail.

Strongly Cemented Soils - with 1000 < UCS < 3000 (kN/m?)
A power saw can be used to cut block samples, trimming of specimens ordinary had tools
is difficult. The soils hardly break under hand pressure, and cannot be easily scratched

*: Unconfined Compressive Strength.
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models the effects of an earthquake-induced shear wave transmitting through the soil (Seed and
Peacock, 1968; Finn, et al., 1971; Ishihara and Yamazaki, 1980). However, both of these devices

are limited in the type of stress path that can be applied to the soil.

Other types of laboratory test devices in liquefaction investigations include shaking tables,
torsional shear, and three-dimensional shear boxes. The shaking table is used primarily as a large-
scale simple shear apparatus, and has served to answer some of the questions about boundary ef-
fects in conventional simple shear boxes (Seed et al., 1976). Torsional shear was proposed as a
device to allow for more general stress path loading than is possible with other approaches
(Ishibashi and Sherif, 1974; Ishihara and Yasuda, 1975). However, this method requires the use
of a hollow cylindrical specimen, and this poses difficulties in sample preparat-ion. Also, there are

still limitations in the variety of stress paths that can be applied to the soil.

Ishihara and his co-workers are apparently the only investigators that have used a three-
dimensional shear box in liquefaction testing (Yamada, Y. and Ishihara, K., 1983). The three-
dimensional approach offers the most latitude in load paths for liquefaction testing. This testing

device and the stress paths used in it are described in Chapter III.

2.6.2 Concepts of Liquefaction

There are a number of different schools of thought concemning liquefaction. Two of these are
mentioned here because they are examined in the course of this work in regard to cemented sands.
One of these is the approach developed by Seed and his co-workers. It involves defining the loads
which will occur in terms of an equivalent shear stress which is attributable to the design earth-
quake. The soil resistance which can be mobilized to resist the earthquake shear stress exceeds the

soil resistance, then liquefaction is assumed to occur, regardless of the density of the sand.

Casagrande (1975) and his co-workers Castro (1975, 1977) and Poulos (1981) proposed that the
resistance which can be mobilized by the soil should be determined through the critical or steady

state concept. In this case, a steady-state relationship is established for a sand which serves to sep-
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arate soil behavior into “loose” and “dense” conditions (see Figure 2.3). Only loose sands are able
to undergo true liquefaction in this concept, because only loose sands will flow and exhibit large
strains after failure even if the stresses applied to the soil do not exceed those which caused the in-
itial failure. In this approach, it is necessary to perform laboratory triaxial tests to define the
steady-staté line for a given sand. Details of this process are given in Poulos (1981). Notably, the
sand used in this operation can be remolded, and even static tests can be employed. To determine
if the sand in the field is subject to liquefaction, careful testing with undisturbed samples is needed
to define the in-situ void ratio. If the sand void ratio is such that it falls on the loose side of the
steady-state line, then it is potentially subject to liquefaction. If the void ratio falls on the dense

side, then the soil cannot liquefy since it will not flow under the application of shear stresses.

Although the Casagrande approach has not found the popularity of the Seed approach with
practicing engineers, it is useful for analysis of the potential behavior of a soil under the action of
static shear stresses after a seismic event. Thus, it is used to determine if the soil can flow after the

earthquake due to the action of pre-existing shear stresses induced by a slope.

2.6.3 Pore Pressure Modeling

In the event that earthquake loading does not produce liquefaction, it still may induce signif-
icant pore pressures. Thus, there is an interest in predicting the excess pore pressures that might
occur during a seismic event. Many models have been proposed for this purpose. In a general
sense, they may be classed as simplified and complex. A simplified model is one that requires few
parameters to define it, and typically the calculations required to obtain an estimate for the pore
pressures can be done by hand or with a personal computer. All of the simplified models assume
fully undrained conditions. A complex model is usually based on detailed theories of mechanics,
and requires a major computational effort to obtain pore pressures. Dissipation effects can also
be included in the analysis. Notably, all of the models, either simplified or complex, have been
proposed for uncemented sands. This investigation will examine several simplified models for their

applicability for cemented sands.
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Simplified pore pressure models have been proposed by Seed and Martin (1976), Sherif et al.,
1978, and others. These are usually based on the idea that the pore pressures developed in a sand
during undrained cyclic loading follow certain empirically derived pattens. The empirical patters
are subsequently described through the use of a fitting equation, and this is used as the basis for the
method of prediction. An example of this is proposed by Seed and Martin (1976). They noted that

pore pressures during cyclic loading with uniform cycles can be described by:

.=

-;—+ -}t—arcsin(2 x rijs — 1)

v = [—;(1 = cosm)y,]*
in which 7, = u/(G,), ; the excess pore pressure ratio is expressed as the ratio of the peak excess
" hydrostatic pore-water pressure to the initial effective confining pressure, (G,), and ry = N/N,; the
cyclic ratio is equal to the ratio of the number of cycles required to cause liquefaction, N, a is the
soil parameter. An average value of a = 0.7 was reported by (Seed and Martin, 1976). Thus, if
one knows the number of equivalent uniform cycles of loading expected in the design event, then
the excess pore pressures can be readily calculatec_i using the above equation. Seed et al., (1975) give

simple rules that can be used to determine the number of equivalent uniform cycles of load for

different events.

2.7 Liquefaction Of Cemented Sands

The subject of liquefaction of cemented sands has only recently been of interest to the engi-
neering profession. A number of circumstances provided the impetus for the work in this area.
First, in the early 1970’s a number of major construction projects were undertaken in areas with
cemented sands, and where there was concern about seismic loading. Project specific studies were
undertaken to examine the liquefaction potential of the soil at the sites. The results of these studies
were reported by Salamone, et al. (1978), Dupas and Pecker (1979), Saxena and Lastrico (1978),

and Frydman et al. (1980). The basic conclusions were:
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1) It is very difficult to obtain a representative samples of the weakly cemented sand deposits.
2) Even a relatively low degree of cementation in a sand serves to significantly inhibit liquefaction.

3) The liquefaction of the sand seems to be dominated by the weakest cementation element in the

soil.

These studies were unable to come to specific conclusions as to how much cementation was needed
to affect liquefaction potential for a given seismic loading or soil density since only one soil was

typically studied, and the quality of the samples tested was subjected to question.

Other indirect evidence for cementation and its effect on liquefaction is cited by Seed (1976).
He noted that the liquefaction resistance of a sand increased if the sand remained under pressure for
a significant period of time. It was postulated that in these conditions cementation occurred due
to cold welding at the points of contact of the sand. This effect was measurable even over a period
as short as six months. In his later publications, Seed has taken this factor into account, allowing'
for an empirical increase of the liquefaction resistance of a sand if the period of “rest” is known for
the sand. In a similar vein, Youd and Perkins (1978) have shown that the liquefaction resistance
is directly correlatable to the age of a sand deposit, and that older sand deposits are more resistant

to liquefaction.

More recent studies have attempted to quantify the effect of cementation on liquefaction resist-
ance through the use of cemented sands manufactured in the laboratory to predefined cementation
and density levels. Rad (1982), Saxena et al. (1985), and Milstone (1985) have used this approach.
In general, the results of these studies have shown similar trends. Conclusions where the findings

are the same are as follows:
1.) Cementation increases the liquefaction resistance of a sand.

2.) The effect of cementation on liquefaction resistance can be correlated to the unconfined strength

of the cemented sand.
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3.) Cementation in a sand can make it behave as if it were a dense uncemented sand, even though

the cemented sand has a loose structure.

In addition to the points where the different studies agree, there are also points of disagreement.
One of these areas concerns pore pressure development. Saxena, et al. (1985) report that the pore
pressure response curve in cemented sand is very similar to that of uncemented sands. Rad (1982)
concluded this was not the case, and Milstone (1985) provided evidence to explain the difference
in opinions. Milstone (1985) was able to show that in a sense both were right, since if low stress
ratios are applied to cemented sands, and large numbers of cycles are needed for liquefaction, then
the pore pressure generation response for a cemented sand is essentially the same of an uncemented
sand. However, if high stress ratios are applied to a cemented sand, the pore pressure generation

response is different than that of the uncemented sand.

Some other conclusions drawn by Milstone (1985) on the effects of nonhomogeniety in a ce-

mented sand are:

1.) The presence of a weak lens in a matrix of a stronger cemented matrix leads to a lowering of

the ability of the cemented sand to carry dynamic loads.

2.) The effect of a weak lens on the stronger matrix is larger at higher stress ratios. Thus, under
large earthquakes, the weak lens has a greater impact on reducing the resistance of the cemented

sand than is the case in smaller earthquakes.

The research to date on the liquefaction potential of cemented sands has clarified a number of
issues. However, all of the testing has been done through conventional tnaxxal loading, and there
has been no attempt to determine the influence of stress path on the soil response. Further, it is
not clear that the stress concentration effects inherent in triaxial testing do not lead to an incomplete

picture of cemented sand behavior. This thesis is directed towards resolving these points.
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CHAPTER III

ADVANCED TESTING DEVICES AND LOADINGS FOR

LIQUEFACTION STUDIES

3.1 Introduction

Dynamic triaxial and simple shear devices are commonly used for laboratory based studies of
liquefaction phenomena. Such approaches are justified on the basis of a simplified concept of the
loading induced by earthquake. Typically, they produce a loading path assumed to model the
passage of a one-dimensional shear wave through the soil. In this chapter, the issue of other types
of loading due to earthquakes is considered. Also a review of previous three-dimensional

liquefaction testing of uncemented sands is presented.

3.2 Basic Concepts Of Earthquake Loading

It is well known that, in the vicinity of the earth’s surface, seismograph recordings show that
both body waves (compression and shear waves ) and surface waves (Love and Rayleigh waves)
are detected. Often the surface waves have larger amplitudes than that of the body waves. The
typical assumption that laboratory tests should model only the effects of the shear wave derives
from the notion that the shear wave will produce the most damaging effects. However, there is little

evidence that this assumption can be applied for all cases.

Figure 3.1 shows a seismograph recorded for the 1965 Offshore Central America earthquake

(Simon, 1971) for which the typical magnitude is 6 3/4; and the focus was located 27 km (16.8 mil.)
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Figure 3.1 Example of Seismograph - 1965 Offshore Central America Earthquake.
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below the surface; shallow earthquake. The motions of the compression, shear, Love and Rayleigh
waves can be seen, and it is observed that the amplitudes of the surface waves are as large, or larger
than those of the body waves. Induced deformation patterns on three axes due to the passage of
seismic waves are shown in Figure 3.2. It can be seen that the ground is forced to undergo a ro-
tational type of response somewhat like that known to occur in water during ocean wave passage.
Importantly, the effect is three-dimensional with simultancous motion occurring on all axes. Three
dimensional trends are commonly observed in both ground motions and accelerations (Carder and
Cloud, 1959; Stauder, W.S.J., 1960; Cloud and Hudson, 1961; Gupta and Navain, 1967; Knudson,
et al., 1972; Shiraki and Kajimura, 1978; Gonzlas and Yegian, 1979; Harding and Hermsen, 1981;

etc).

The trends in the loadings of the surface of the earth in a seismic event suggest that the forms
of loading used in the conventional triaxial and simple shear devices oversimplify the actual case.
It follows that it is appropriate to consider the effects of more general loading to determine if this

is important or not.

3.3 Review Of Nonconventional Testing Devices With Two- And Three-

Dimensional Loading Capabilities

A number of methods have been used in geotechnical engineering to achieve loading paths be-
yond those that can be attained in the triaxial or simple shear types of devices. Most of this work

has been directed at static applications, but recently a number of investigations have used dynamic

loadings.

3.3.1 Stacked Shake Tables

This concept was used by Pyke, Seed, and Chang (1975 and 1978) to achieve muiti-directional
shaking of a soil sample. The procedure involved stacking a one-directional shake table onto a

larger shake table which is capable of both horizontal direction and vertical shaking. The two shake

22



Vertical Plane Parallel to Source

Vertical Plane Perpendicular to Source

Figure 3.2 Trajectories of Particle Motion in Seismic Wave Propagation (after Carder and Cloud,
1959).
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tables were aligned so that the horizontal shaking axes of the larger and smaller tables were at right
angles to each other. In this manner when the tables were both operating, the soil in the smaller

table subjected to horizontal shaking in two directions, and vertical shaking in one direction.

The tests were performed with the objective to see if shaking the soil in three directions simul-
taneously lead to differences relative to the behavior observed in shaking table tests with only one
axis of shaking. The results showed that there was difference in one- and three-dimensional shaking
table tests, with the three-dimensional testing giving a liquefaction resistance about 20 percent lower
than that of the one-dimensional test. The tests left a great deal unanswered however, since there
was no way to measure the stresses that were actually being applied to the soil, and the true prin-

cipal stress rotational effect was not simulated.

3.3.2 Two Directional Simple Shear

Ishihara and Yamazaki (1980) built a cyclic simple shear test device capable of two directional
loading. In this case, a 7 cm (1.18 in) diameter and 3 cm (2.75 in) thick specimen surrounded by a
stack of teflon coated annular plates is set under ambient water pressure in circular chamber. The
upper plane of the specimen is coupled by two rigid platens intersecting orthogonally, and the
bottom is fixed to the frame. The top platens are attached by two arms by which two shear forces
are applied at right angles to each other on the horizontal plane. A vertical stress is applied to the
top of the specimen to simulate the gravity effect. The arrangement allows the application of two
shear forces and a fixed vertical stress. Both isotropic and anisotropic conditions could be used for

consolidation.

The shear forces transmitted onto the top of specimen were rotational and crisscross in pattern
with a frequency of 0.25 Hz. The results of these tests indicated that the cyclic stress ratios causing
S percent simple shear strain under multi-directional loadings were at an average of 30 percent less

than those under uni-directional loadings. However, because of the inherent limitation of the de-
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vice, membrane inflation and rocking motions were induced during cyclic loading. As a result the

application of the test results is limited.

3.3.3 Three Dimensional Shear Devices

Many three-dimensional shear devices have been developed over the past 20 years. The primary
uses for them have been in the study of the effect of the intermediate principal stress and stress path
during static loading. Dynamic loading poses more difficult problems if control is to be allowed in
three-dimensions. In this case, the stress applications are rapid, and each independent stress must
be synchronized with the others. Further, because information is measured along three axes, a large
band of data must be simultaneously recorded. For this reason, there is little history of three-
dimensional dynamic loading experiments. One case which is reported is the work of Yamada and

Ishihara (1983). This device was used in the investigation of the behavior of uncemented sands.

The shear box of Yamada and Ishihara (1983) has a cubical hollow frame which forms a cubical
space at the center for a sample and six pressure chambers on each side of the cubical space for load
application. The soil sample is located in central cubical space and is 10 cm x 10 cm x 10 cm (3.9
in x 3.9in x 3.9 in). Six square rubber plates are attached to the frame, covering thé opening to the
six chambers. The soil specimen is in contact with the rubber plates during the loading process.
The loading in this device is applied in each pair of the chambers, the three principal stresses can
be varied independently. Movements of the rubber plates are calculated from measurements of the
amount of water that flows into the chambers during the loading process. This allows an indirect
determination of the strains in the soil specimen. The actual strains are not known in this device
since the soil specimen deforms under the action of the rubber plates more in the center than at the

edges.

The article by Yamada and Ishihara (1983) does not explain exactly how the device generates
the dynamic loading. Also, no reference is given to the frequency of the load application. The

paper does state that a number of different stress paths were used in the testing. The basic conclu-
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sion of the study was that the strength of an uncemented sand can be on the order of 10 percent

less than that determined from the conventional triaxial test under the action of the different stress

paths.

3.3.4 Summary-

Table 3.1 provides a listing of the multiaxial loading devices that have been uSed in the study
of liquefaction. Only that of Yamada and Ishihara (1983) is a true three-dimensional shear device
with independent control of the three principal stresses. All of the multiaxial testing has been di-
rected at uncemented sands. The results have suggested that soils can be made to liquefy more

readily in multiaxial loading than is the case in triaxial or simple shear conditions.

3.4 Stress Paths For Three-Dimensional Loading Experiments For This

Investigation

Almost all soil testing investigations for earthquake problems limit the stress path to relatively
simple choices. The prevailing philosophy ‘has been to attempt to model the effects of a one-
dimensional shear wave passing through the soil. This type of loading is modeled by the action of
a shaking table moving along one horizontal axis. It produces cyclic shear on the horizontal plane
within the soil. On a smaller scale, investigators have used the simple shear device to simulate this
effect. Alternatively, engineers have relied on the triaxial test. In this case, the soil inside the sample
on a 45 degree plane is subjected to alternating shear stresses. In the tests of this investigation, it
was decided to use the cubical device to simulate both a simple set of loadings, and a series of others

which are more complicated.

3.4.1 Simple Loading Path - Cyclic Triaxial (CTX)

The simplest loading that can be accomplished in a cubical device is one involving load appli-

cation in only one direction. This process is identical to that used in the triaxial device, and since
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Table 3. 3.1 Multi-Axial Dynamic Devices for Liquefaction Studies.

Reference Type Dynamic Loads Boundary Condition Sample Size

Pyke et al. Shaking | Inertia forces on No lateral deformation | 91 cm (Circular)

(1975) Table three orthogonal 7.62 cm (Thick)
directions

Yamazaki Simple Two horizontal No lateral deformation | 17 cm (Diameter)

Ishihara Shear shear stresses by a stack of 3 cm (Thick)

(1980) annular plates

Yamada True Three independent Comers fixed 10 x 10 x 10 cm

Ishihara Triaxial | principal stresses Cubical

(1983)
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the loading is cyclic, it is referred to as the CTX test in this work. The stress path for the CTX
loading is shown in Figure 3.3, where the principal stress space is depicted in two dimensions by
showing the plane representing only the hydrostatic line.

In this type of plot, the major principal stress is represented in true magnitude, but the minor and
intermediate stresses are plotted in terms of the square roots of their values. In Figure 3.3, the first
phase of the triaxial loading involves the application of the hydrostatic confining stress, and this
moves the stress path out onto the hydrostatic line. Subsequently, in the dynamic phase of the test,
the major principal stress is alternatively increased and decreased, while the other two principal
stresses held constant. In Figure 3.3 this phase of the test is represented by a vertical line which

passes through the stress established during initial confinement.

It is useful to consider the CTX loading in terms of octahedral stress components because some
of the more complex stress paths can only be conveniently described in this manner. The
octahedral stress system is represented by two stress components; namely, the mean normal stress

or the octahedral normal stress, o,,, and the octahedral shear stress, 1, These are defined as fol-

lows:
Coet = _:;‘(0'1 +o0,t+ 0y (1)
- l _ 2 -— 2 - 2
Toet = ‘3-\/ (6, — 0, + (0 — G3)* + (05 — O)) 2
in which, o, = the major principal stress,

the intermediate principal stress,

Q
~
]

gy = the minor principal stress.

An additional parameter that is used in the octahedral stress system is the angle, 0 , which defines

the amount of rotation of the octahedral shear stress vector from the principal (vertical) stress axis.

V30, - o) o

tan O =
20, — 6, — O,
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Figure 3.3 Dynamic Stress Paths of CTX and CPS on the Rendulic and Octahedral Planes.
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In three-dimensional principal stress space, a stress state is represented as a point. The position
of the point can be characterized in terms of the principal stress coordinates, or the octahedral
normal and shear stresses. The octahedral stresses define the stress state in terms of its position
relative to a plane drawn normal to the hydrostatic line. Since a stress state is a point in the
three-dimensional stress space, the point will lie in one of these planes. The octahedral normal
stress defines the distance the plane lies out on the hydrostatic line, while the octahedral shear stress
locates the distance the stress point lies from the hydrostatic line in the normal plane (the actual
distances in principal stress space for the position of the plane and the stress point are equal to
\/ -3-0'“, and \/ 3—1:,,,, respectively ). In a sense, the octahedral normal stress defines the intensity of

the hydrostatic stress, while the octahedral shear stress defines the intensity of the shear stress.

In this case of the CTX loading, the cyclic octahedral stress components are determined as

follows:
Ao, # 0; Ao, = 0; Ao, =0
1 Ao,
Ag,, = ?(Ac, + Ao, + Agy) = = 4
1 \/-Z—AOI
Az, = -3-\/ (Ao, — Ac,)? + (Ag, — AG,)? + (Ao, — Ao = . &)
tan @ = V3 (8o, - a0y _ 0 6)

2A°| - AO‘; - A03

The equations show that as a result of the CTX loading, increases in both octahedral normal and
shear stresses occur. The component of the octahedral normal stress is important in as much as it

has a direct effect on the pore pressure in a saturated soil.

When considering the cyclic loading issue, the level of loading is often defined in terms of a
parameter called the stress ratio. In the case of the conventional cyclic triaxial test, this is taken as:

Ao,

2(G.) ?

Stress Ratio =
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in which, Ac, = the applied cyclic stress.

(G.); = the initial effective confining stress.
Note; % = the maximum shear in the CTX test.
As defined for the conventional triaxial test, the stress ratio is the maximum cyclic shear stress,
Ta » divided by the initial effective confining stress. It is useful to define a comparable type of ratio
in terms of the octahedral stresses, since in the case of more complex stress loadings, the original
stress ratio does not work. Following the general approach of the stress ratio concept, a logical

octahedral stress ratio would be the maximum cyclic octahedral shear stress divided by the initial

effective octahedral normal stress, or

Octahedral Stress Ratio = -Aftﬂ (8)
(cacl)l
where, Art,., = the cyclic octahedral stress,

(T,.); = the initial effective octahedral normal stress.

The following equation shows how the new and old stress ratios are related for the case of the CTX

type of test:
M M2, B9 g4 % AT g4 x AT ©
(oocr)l 3 (cc)l' (Gt)i 2(0-: i

Based on the foregoing result, the old stress ratio is only six percent greater than the value of the
new one. The similarity of the two values provides for a degree of continuity when comparing the
results of this test program with those of others. Unless stated otherwise, the new stress ratio will

be used throughout this test; however, for practical purposes it is the same as the old one.

3.4.2 Simple Loading Path - Cyclic Pure Shear (CPS)

As a first step away from the CTX type of loading, one might consider cyclic pure shear. This

condition would begin with the application of confining stresses in the same manner as in the
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triaxial test. Subsequently, the cyclic shear is applied by alternatively increasing the vertical stress
by one unit of stress, while decreasing the two horizontal stresses by one half of the vertical stress
unit. In terms of octahedral stresses, this serves to increase the octahedral shear stress, while the
octahedral normal stress is constant, thus, the term; pure shear loading. This type of loading better
represents the effect of a one-dimensional shear wave than the CTX loading, since in the passage
of a one-dimensional shear wave, the only effect is to apply alternating shear stresses to the soil,
with the normal stress remaining constant. This same basic idea is accomplished in conventional

simple shear testing.

The CPS stress path can be visualized in Figure 3.3, where it is represented by a line which
crosses normal to the hydrostatic axis, rather than vertical to it as in the case of the CTX loading.
Since the CPS avoids applying the increment of octahedral normal stress in each cycle in the CTX,

it will avoid inducing an equal increment of pore pressure, a critical difference in the two loadings.

In terms of the octahedral stress equations, the cyclic portion of the CPS loading is represented

as:

Ao, # 0; Ac, = = 0.5A0); Ac; = — 0.5A0,

AG,., = <{Ac, + Ac, + Ady) = L0, - A;’—' - A—z"'-) =0 (10)

Aty = L [@Be, = Aoy ¥ (Bo; = B0 ¥ (&5, ~ Boy = R
V3 (40, - Acy)

2A°'1 - AO, - A03 -

(12)

tan6 =

The stress ratio is taken as the ratio of the octahedral shear stress to the initial consolidation stress,

and this can be expressed in terms of the increment of major principal stress applied in this type

of loading:
—
T o N2 A% 07 x A% 2 414 x A0 (13)
(ooct)l 2 (Gc)l (Ot)l 2(04')1
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Note that the octahedral stress ratio in this case is over 1.4] times the conventional one from triaxial
loading. This points up the importance of using the octahedral stress ratio since it better expresses
the level of the loading being applied to the soil. The reason for the large difference in this case lies
in the fact that the cyclic major principal stress increment, Ag,, does define the maximum shear

when the other principal stresses are also being changed.

3.4.3 Complex Loading Paths - Cyclic Rotational Elliptic (CRE) and

Cyclic Rotational Circular (CRC)

These two loading paths represent variations on the CTX and CPS modes, with the purpose
of simulating the effects of passage of other than shear waves through the soil. In the introductory
discussion to this chapter, it was pointed out that during many earthquakes, the distortion of the
soil along one axis will be different from that along another. For example, in the responses for
many California earthquakes, the horizontal gropnd distortion is twice that of the vertical. To
simulate this type of effect in this investigation, the cyclic rotational elliptic loading (CRE) is used.
Two versions of the CRE test are used, one applied to avoid any change in octahedral normal
stress, called CRE-PS (Cyclic Rotational Elliptic - Pure Shear), and another with the same type
of change in octahedral normal stress as in the CTX test, called CRE-TX (Cyclic Rotational El-

liptic - Traxial).

The stress path of the CRE-PS can be seen on the “ n - plane “, which is the plane normal to
the hydrostatic line (Figure 3.4). The CRE-PS is an ellipse on the n - plane with the center at the
intersection of the hydrostatic line and the n - plane. The octahedral shear stress rotates with the
angle 0 changing 0 to 360 degrees. The ellipse defines the octahedral shear stress variation. The
major and minor axes depend upon the maximum and minimum Ar,,, change; here, the minor axis

is assumed to be half of the major axis. Hence, the ellipse satisfies the condition:
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Atcct :
| = Bt xcosop | [ 7o (14)
[(AToc)mal (AToc)max 1
5

For an assumed value of 6, and (At,, ) AT, can be calculated from the above equation.

It is already defined that:
Ac,, = [Ac, + A;:, + AGy] =0 (15)
At,, = %—J (&0, = Ao} + (A0, — A,y + (Ag, = Ag,) (16)
tan § = NN (17)

26, — 0, — O,

In the equation (15), AG,,, is zero because of the pure shear condition and in the equation (16), the
left hand side, At,,,, is known already from the equation (14). For a known value of 0, the tan 6
value is fixed as well. Therefore, three unknown values ( three principal directional loadings ),
Ao,, AG,, and Ag,, can be obtained by the three equations (15, 16, and 17).

The CRE-TX stress path gives the same appearance as that for the CRE-PS path if instead of
using the = - plane for the projection, the vertical plane cutting the hydrostatic axis is used. The
reason for this is that the CRE-TX path lies in the same plane as does the simple CTX. The
CRE-TX path is defined in an analogous manner to that described for the CRE-PS path. The
stress ratio is the same that of the CTX path, since the maximum octahedral shear stress is the

same.

The final loading considered in this investigation is the cyclic rotational circular (CRC). This
loading is used in an effort to model the effects of those earthquakes where the distortions from the
earthquake reach at equal levels in all three principal directions. The path for the CRC-PS version
of the test appears as a circle in Figure 3.4. For the CRC-TX version, it describes the same shape

in the triaxial plane. Values of principal stresses to simulate this path are obtained in the same
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manner as described for the CRE path. Variation of the octahedral shear stress is a circular fashion
and At,,, is equal to the maximum octahedral shear stress, [AT,,,]Jma during rotational angle changing
from 0 to 360 degree. The variation of the octahedral normal stress is the similar to the CRE- TX.
The stress ratio of the CRC path is identical to that of the CRE path since the maximum octahedral

shear stress and the hydrostatic consolidation stress are the same.
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CHAPTER 1V

TEST PROGRAM AND SAMPLE PREPARATION TECHNIQUES

4.1 Introduction

The test program involved the confirmation and proof testing for the cubical device as well as
production research testing. Sample preparation technique is described herein. Confirmation and
proof testing work involves a range of special tests. In the production work, a total of 92
liquefaction tests were performed using two soil densities, four level of cyclic shear stresses, three
soil cementation magnitudes, and six types of dynamic loadings. For purposes of the initial dis-
cussion, the tests are arranged into two basic group. Group I consists of those involving CTX and
CPS loadings; details for the test units are given in Table 4.1. Those tests which followed more
complex load paths ( CRE-TX, CRC-TX, CRE-PS, and CRC-PS ) are defined in Table 4.2.

Cemented and uncemented sands were used in all the test efforts.

4.2 Basic Testing Conditions And Liquefaction Definition

Although a number of aspects of 3-dimensional testing were unique because of the nature of
the test device, basic test conditions follow the conventional standards where possible (e.g. Silver

et al., 1976). Aspects which were the same unless specifically identified are:

(1) Effective confining pressure, 104 kN/m? ( 15 psi ) for all tests.
(2) Frequency of loading for an axis - 1 cycle per second.
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Table 4. 4.1 Liquefaction Test Program - Group I.

Serial No. Unconfined Dry Type of Curing | Identification
Strength Density Loading Period
(kN/m?) (kN/m?) (Days)

LQ-1to 4 0.0 15.06 CTX 0 Uncemented-Loose
Sand

LQ-5t0 8 46 15.06 CTX 5 Very Weakly Cemented-
Loose Sand

LQ-9to 12 76 15.06 CTX 14 | Weakly Cemented-
Loose Sand

LQ-13to 16 0.0 15.38 CTX 0 Uncemented-Medium
Loose Sand

LQ-17to 20 62 15.38 CTX 5 Very Weakly Cemented-

. Medium Loose Sand

LQ-21to 24 94 15.38 CTX 14 Weakly Cemented-
Medium Dense Sand

LQ-25to 28 110 15.38 CTX 30 | Weakly Cemented-Medium’
Dense Sand

LQ-29 to 32 0.0 15.06 CPS 0 Uncemented-Loose
Sand

L.Q-33 to 36 46 15.06 CPS 5 Very Weakly Cemented-
Loose Sand

LQ-37to 40 76 15.06 CPS 14 | Weakly Cemented-
Loose Sand

LQ-41to 44 0.0 15.38 CPS 0 Uncemented-Medium
Loose Sand

LQ-45to 48 62 15.38 CPS 5 Very Weakly Cemented-
Medium Loose Sand

LQ-49 to 52 94 15.38 CPS 14 | Weakly Cemented-

Medium Dense Sand

38



Table 5. 4.2 Liquefaction Test Program - Group Il

Serial No. Unconfined Dry Type of Curing | Identification
Strength Density Loading Period
(kN/m?) (kN{m?) (Days)

LQ-53 to 56 0.0 15.06 CRE-TX 0 Uncemented-Loose
Sand

LQ-57 to 60 0.0 15.06 CRE-PS 0 Uncemented-Loose
Sand

LQ-61 to 64 76 15.06 CRE-TX 14 | Weakly Cemented-
Sand

LQ-65 to 68 0.0 15.38 CRE-TX 0 Uncemented-Medium
Loose Sand

LQ-69 to 72 94 15.38 CRE-TX 14 | Weakly Cemented-
Medium Dense Sand

LQ-73to 76 0.0 15.06 CRC-TX 0 Uncemented-Loose
Sand

LQ-77to 80 0.0 15.06 CRC-PS 0 Uncemented-Loose
Sand

LQ-81 to 84 76 15.06 CRC-TX 14 | Weakly Cemented-
Loose Sand

LQ-85t0 88 0.0 15.38 CRC-TX 0 Uncemented-Medium
Loose Sand

LQ-89 to 92 94 15.38 CRC-TX 14 | Weakly Cemented-

Medium Dense Sand
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(3) Pore pressure parameter, B , greater than 0.90 [back pressures 274 kN/m? (40 psi) or higher for

all tests).

(4) Soil Samples formed by pluviation.

For consistency, liquefaction was defined in terms of the concept of the initial liquefaction. This
occurs where the pore pressure accumulates and becomes equal to the level of the initial effective
confining pressure (ASCE Committee Report, 1978). At this time, the initial effective confining

stress, (G,), , is approximately zero.

4.3 The Test Sand

Monterey sand #0/30 is used as the test soil for this research. This sand or ones with very
similar gradations have been used by numerous investigators studying liquefaction. Table 4.3 gives
the basic properties reported by Muzzy (1983) for Monterey sand #0/30. To check that the batch
of sand received from the supplier was the same as that tested by others, grain size tests were per-
formed (Figure 4.1). The tests on the Virginia Tech sand batch gave curves that show slightly more
uniformity and slightly larger particle diameters than that given by Muzzy (1983). However, the
differences are very small. In both cases the sand is described as uniform, with little fines, and with
a median diameter of grains around 0.45 to 0.50 mm. Standard triaxial type liquefaction tests on
the Virginia Tech sand batch by Milstone (1985) show the liquefaction resistance of this sand to

be essentially the same as that of Muzzy (1983).
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Table 6. 4.3 Properties of Monterey Sand # 0/30.

Propertics Montercy Sand # 0/30
Muzzy (1983) Milstone (1985) This Research

G, 2.65 2.65 sent
Yamx (KN/mP) 16.58 * **
Yamin (KNIM?) 14.38 ' **
€max 0.803 e *
Emin 0.563 *h e
Dy, (mm) 0.45 0.45 0.50 & 0.48
C, = Dg/D,, 1.60 1.37 1.44 & 1.52
C, = D}Dgy x Dy, 1.00 0.95 1.03 & 1.08
Angularity Subangular to subrounded

Chemical Composition

Predominantly silica but includes fair amount of other chemicals
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4.4 Sample Preparation Method - Uncemented Sample

The pluviation technique described in scveral papers (e.g., Mulilis et al., 1977) is adopted to
manufacture samples. This technique allows density control and development of homogeneous
samples. The pluviation is done with a rainer whose basic structure consists of a hollow cube with
inside dimensions of 5.08 x 5.08 cm (2 x 2 in) and a height of either 5.08 or 10.16 cm ( 2 or 4 in).
The rainer has a diffuser plate at the top of the cube. For preparation of sand sample, the rainer
is placed over a cubical vacuum mold (for details, Appendix A), and dry sand is poured over the
diffuser plate and is pluviated through the cube and accumulates in the mold. A large group of
experiments with this process indicated that with a drop at the height of 5.08 cm (2 in), the density
of the samples is 15.07 kAN/m?® ( 96 pcf ). If a drop height of 10.16 cm (4 in) is used, the sample
density which result is 15.38 AN/m? ( 98 pcf).

At the start of the process of pluviation to obtain a density of 15.07 kN/m?, precisely 201.5 gm
(0.443 1b) of dry uncemented sand is weighed and pluviated through the rainer. At the end of the
process, the top surface of -the sand is expected to be as high as the top of the mold; otherwise the
pluviation is repeated. In the case of the higher density, 15.38 kN/m? , 205.7 gm (0.453 Ib) of dry
uncemented sand is pluviated through the rainer using the drop height of 10.16 cm (4 in). If the

sand properly fills the mold to the top, the proper density is obtained.

4.5 Sample Preparation Method - Artificially Cemented Sand

The artificially cemented sand is prepared to cover a range of strengths and densities that might
be typical of a naturally occurring “cemented sand”. The basic procedure is adopted from that de-
veloped by Shafii-Rad and Clough (1982). It involves adding Portland Cement (type II) with
Monterey #0/30 sand. The cement-soil mix is pluviated into a cubical mold and cured in water

until the desired strength is reached. A step by step description is as follows:
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(1) Four plastic plates with slits on surfaces are assembled to form a mold with an inside space
with dimensions of 5.08 x 5.08 x 5.72c¢m ( 2x 2 x 2.25in. ). The inside surfaces are coated with
a silicone lubricant. A bottom plate with six small drainage holes is attached to the square mold,
and, subsequently, a filter paper is placed on the plate inside the mold to prevent the passage of soil

or cement.

(2) The mold with the sample top plate is weighed so that this quantity can be removed from the

weight obtained with the soil in place.

(3) Enough air-dried Monterey sand #0/30 for 7 samples (2000 gram or 4.4 1b) is weighed and
placed in the bowl.

(4) About 10 gm (0.022 1b) of water is added on the sand and then stirred for about 1 minute by

hand using a rubber spatula. The surface of the sand should have slight moisture as a result.

(5) Dry Portland cement (Calaveras Cement, Type I-1I, Low Alkali) is weighed, out in a 40 gm

(0.088 1b) portion.

(6) The cement is slowly added to the sand and mixed by hand, stirring. Agitation continues 5
minutes. This procedure leads to a coating of the sand particles by cement. No free cement is al-

lowed, and disagregation between the cement and sand is minimized.

(7) The sand-cement mixture is pluviated through a rainer. The pluviation process is identical to

that of uncemented sand at the section 4.4.

(8) The excess of the sand-cement over the mold is trimmed by a steel ruler. After placing the top
plate on the mold, the mold is weighed to obtain a density. As noted for uncemented sands; two

densities, 15.07 kN/m? ( 96 pcf ) and 15.38 kN/m® ( 98 pcf ) could be obtained by changing height
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of sand drop during pluviation. If the density of the sample was not within 0.5 percent of desired

density, the pluviation process was repeated.

(9) The entire mold with sand is placed in a large plastic container on the top of a thin layer of
coarse sand. The layer of sand allows free access of water through the holes in the bottom plate

to the sample.

(10) Water is introduced to the plastic container such that the water level in the container rises
approximately 1.25 cm ( 1/2 in ) an hour. The sample is completely submerged in about three
hours. The container and the sample are then placed in the humid room for curing. The time and

date is recorded.

(11) After the required curing, the sample is extruded from the plastic container. The top and
bottom plates of the mold were detached and the mold was loosened. The cured sample was
pushed out carefully from the bottom to upward by a 5.08 x 5.08 x 5.08 cm (2 x 2 x 2 in) cubical
plastic block; a 3 mm layer of the sample was forced out from the top edge of the mold. This layer
was trimmed off by a wire saw. The mold was tighten, overturned, and loosened; the process was
repeated, trimming off a thin layer of the bottom. This is a precautionary action since in some of
the samples slightly higher concentrations of cement were observed at the very bottom. This can
be a result of separation of the cement particles while the sand grains are falling down from the
rainer, or while water is penetrating through the sample in presence of small vibrations. Cutting
away the top and bottom of the samples reduces the likelihood of non-uniformities. The final
sample dimensions are 5.08 cm height ( 2 in. ), 5.08 cm wide ( 2 in. ), and 5.08 cm deep ( 2 in. ).
After trimming, the sample dimension is carefully measured and its weight is recorded. The sands
trimmed off could be used for water contents measurement so that density of the sample is con-

firmed in the submerged condition.
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(12) After trimming, the sample is surrounded by a thin rubber membrane made of a dental dam.
With the membrane in place, the sample is weighed and measured again as to check or or confirm

measurements, and to establish the weight of the membrane (see Appendix A.3.2.[g] ).

4.6 Unconfined Compressive Tests As Curing Check

Unconfined compressive strength tests were conducted frequently for the artificially cemented
sands during the dynamic test program. This was done to confirm the quality of the artificially
cemented sand, to establish that a given batch of cemented sand samples had the same basic re-
sponse, to provide a strength value for correlation with liquefaction behavior, and to give a ce-

mented sand quantitative identity. Conditions for the unconfined tests are:

(a) Size of Sample: 5.08 cm wide ( 2in. ), 5.08 cm deep ( 21in. ),
5.73 cm high ( 2.25in. ).
(b) Strain speed is 0.88 percent to the height of the samples per a minute.
(c) Period of Curing : 2.5 days, 4 days, 5 days, 14 days, 30 days.
(d) Density 15.07 AN/m? ( 96 pcf ) and 15.38 kN/m?® ( 98 pcf ).

The unconfined tests were performed on cubical samples. In a subsequent section the strengths

on cubical and cylindrical samples are compared.

4.6.1 Relation between Strength and Time of Curing

Figure 4.2 presents examples of stress-strain curves for some of samples tested. Samples with
dry densities of 15.38 kN/m?® ( 98 pcf ) and 15.07 AN/m? ( 96 pcf ) are shown in Figure 4.4 (a) and
(b). As expected, the longer the period of curing, the higher the strength. However, there is no
obvious difference in stiffness with curing period. The specimens with longer cures tended to fail

in a more brittle mode.
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Figure 4.3 presenis the relation between strength and time of curing for sands with dry densities
of 15.38 and 15.07 AN/m?® ( 98 and 96 pcf ). Most of the testing concentrated at curing time of 14
days, since most samples used in the experimental program fell in this range. A few tests were done

at 5 and 30 days since some very weak samples were included in the program.

The following trends are observed in the results:

1.) For either density, the unconfined compressive strength increases with curing time, although
most of the strength gain occurs in the first 2 weeks or so of curing, and that which occurs after 2

weeks is relatively small.

2.) There is a clear tendency for the samples with the lower dry density to have a lower unconfined

compressive strength.

3.) Variations of unconfined strengths at any given curing period are typically no more than * §
kN/m? ( 0.7 psi ) from the mean value, suggesting that the samples could be prepared to consistently
yield similar properties.

Because the unconfined strength is relatively easily determined, and it serves as an index to the
strength of the samples, these tests were performed frequently. Typically, one sample out of seven

prepared was used for unconfined testing. A compilation of the data is given in Table 4.4.

4.6.2 Relation between Unconfined Strengths of Cubical and Cylindrical

Samples

The control unconfined compression tests were performed on the same types of cubical samples
as used in the production program. However, conventional testing to determine unconfined
strength is done on cylindrical specimens which have a height about twice the diameter. To de-
termine the relation between the strength of a cubical sample versus that of a cylindrical sample a

few tests were performed to compare them. In Figure 4.4 the results of the tests on cylindrical
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" Table 7. 4.4 Average Unconfined Compressive Strengths of Cemented Sands.

Density Curing Time Unconfined Compressive Strength
(kNIm*) (Days) (kN/m?)

Min Mean Max
15.07 0 0 0 0
15.07 4 40.7 45.9 51.1
15.07 14 71.2 76.0 81.0
15.07 30 N/A N/A N/A
15.38 -0 0 0 0
15.38 4t05 53.6 61.0 68.5
15.38 14 89.7 94.8 100.0
15.38 30 N/A 110.0 N/A

N/A : not available
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samples are compared to the mean of those on the cubical samples. The strengths are quite similar.
The largest difference lies in the stress-strain response, but this behavior is not important in regard

to the unconfined strengths.
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CHAPTER V

DYNAMIC CUBICAL SHEAR DEVICE - DESIGN AND PROOF

TESTING

5.1 Introduction

The dynamic cubical device of this investigation represents a modified version of a cubical de-
vice that was developed during an earlier study for static loading. The static cubical shear apparatus

was developed by T. Kuppusamy. The primary modifications for this work involved:

1.) Development of a loading system so that three principal stresses are applied to the soil specimen

in a dynamic, in-phase process.

2.) Implementation of a microcomputer data acquisition and control unit so that the tests are

performed completely automatically.

3). Improvement of the pressure application membranes in the cubical shear box so that the strains

occurring in the sample are as uniform as possible.

4.) Development of a procedure to allow back pressure saturation and accurate pore pressure and

volume change measurements.

The resulting device is capable of applying stress-controlled dynamic loading with independent

control of three principal stresses. A wide range of stress paths can be followed, and measurements
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can be made of the strains in three directions, as well as pore pressures or volume change in the

specimen.

5.2 System Configuration

Figure 5.1 shows a picture of the new device, hereafter referred to by the designation, DCSVTI.
The cubical shear box is located at the left, the loading and drainage circuits on the panel at the
right, and the microcomputer system in the front of the panel. A schematic of the system is pro-
vided in Figure 5.2. The system consists principally of two parts: (1) The 3-D shear box; and , (2)
The control unit. Details related to fhe operation of the apparatus are given in Appendix A. A

basic description of it is given in the following paragraphs.

5.2.1 Cubical Shear Box

The cubical shear box is formed by assembling six identically shaped aluminum frames in such
a way thata 5.1 x 5.1 x 5.1 cm ( 2 x 2 x 2 in. ) cubical space is created inside of the box. Preformed
silicon membrane pressure modules are placed on the six sides and cover plates are used to close
the cubical shear box. The pressure modules are used to apply the stress on the cubical sample.

Some special features concerning these modules are given in Section 5.2.2.

A cross section of the box is shown in Figure 5.3, and the details of the various components
are shown in the figure. The cover plate has the necessary ports for pressure tubes and transducers
to be connected. Air pressure for loading the sample is supplied through the tubes that are fitted
on the six faces. A linear variable differential transformer is attached to the center of each pressure
module so that the deformations of the sample are monitored on the six sides. In the figure, the
drainage tubes can be seen passing through the cubical frame and outside the top and bottom of
the box. The drainage tubes are made of hard teflon and connect the specimen to the drainage

circuit.
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The sample is initially prepared in a special cubical mold which allows the specimen to be
wrapped with a thin membrane. The membrane is made of dental dam rubber sheets cut to the
required size (see appendix A). With the sample sealed in the membrane, a small vacuum is applied
to the sand which pulls the membrane in against the sand to provide a confining pressure to it, and

allow removal of the forming mold.

The inside of the box is sprayed with silicon lubricant prior to the placement of the specimen.
Then, each surface of the sample is covered by a square thin teflon sheet to reduce friction between
the membrane and the sample. While placing the sample into the shear box, the drainage lines are
carefully carried through the box (Figure 5.4). Figure 5.5 shows the arrangement of pressure and
drainage lines around the shear box. Manual air pressure regulators are used for the ambient
pressure condition. Three electronic controlled air pressure regulators (see Appendix B) or voltage

pressure transducers, are used for the application of three independent pressures.

The drainage lines are extended from the cubical shear box and connected to a miniature pore
pressure transducer and to a water reservoir where an air-water interface is created. The back
pressure is controlled by an air regulator and if volume change occurs, this is measured by a dif-

ferential pressure transducer.

5.2.2 Silicon Membrane Pressure Modules

The pressure modules play the key role of transmitting to the sample the pneumatic pressure
generated by the loading system. As such they must meet a number of criteria. On the one hand,
they must be flexible enough to follow the sample face as it deforms under the stress application.
On the other hand, they must be strong enough not to burst under the pressure, and also not to
deform significantly into the space of an adjoining pressure module when the two are under different
pressures. An example of the problem with excessive deformation of the pressure modules relative
to each other is shown in Figure 5.6. In the extreme, this can lead to rupturing of the membrane.

Although some work had been done on selecting a proper material for the pressure modules during



' TOP DRAINAOE LING

PRESSURE SUPPLY H

L

TEFLON SPAGHETTI TUBE

\ ——
THIN TEFLON

\ SHEET OUTPUT OF

vor |’ : DIFFERENTIAL
. ] VOLTAGE

‘ o—la s e PRESSURE

PRESSURE SUPPLY (L SUPPLY

(NO FRICTION)
AN
SILICONE LUBRICANT MEMBRANE PRESSURE OUTSIDE

\ \ PROTECTER 1 ()pULE PLATE

TEFLON SPAGHETTI TURE

VACUUM CONFINED SAMPLE

BOTTOM ORAINAGE LINE

\ PRESSURE SUPPLY

) ¢« LvoT J
\

OUTPUT OF
OXFFERENTIAL
VOLTAGE

Figure 5.4 Placing a Sample and Assembling the Shear Box.

59



VOLTAGE-PRESSURE TRA(ISDUCER ¢

o -E ﬂ%” ol
O [O [© mmmas |

THREE-WAY VALVE T—-F N

CONFINING PRESSURES

STTTTTTTT

CUBICAL

|

-] o> o am -

TO A/D CONVERTER

- o e om | - -

- — - — - O]

PORE PRESSURE

" HATER RESERVOIR

g’) L

AIR REGULATOR

®

SHEAR BOX

PRESSURE CHAMBER

H  VOLUMETRIC
CHANGE CYLINDER

TRANSDUCER

DIFFERENTIAL TRANSDUCER

|
{
Y

TO A/D CONVERTER

Figure 5.5 Arrangement of Pressure and Drainage Lines around the Shear Box.

60



the development of the shear box for static loading, the available modules proved unsuccessful in

meeting the needs for this investigation, and some modification was required.

The process of developing the modified pressure module proceeded largely by tral and error.
The basic idea was to find a means of softening the walls of the module while strengthening the
edges where the walls meet the pressure face. The softening of the module walls was needed to
allow the module pressure face to follow the soil as it deforms. Strengthening of the edges was re-
quired to help keep the module pressure face plane, and minimize any problems with interpene-

tration of the adjoining modules.

The solution involved two modifications of the original pressure modules. First, new silicon
compound was used for higher flexibility with reduction in the thickness of the walls of the pressure
module. The final thickness of the walls was 0.3 mm (0.015 in) and the elongability of the new
pressure module is three times as much as the original one. Second, a simple reinforcement was
found for the wall to face edges of the module. The reinforcement consists of applying a strip of
frictionless masking tape over the outside surface of the module. The final modules worked well,

and proved easy to make and repair.

5.2.3 Sample Membranes and The Sealing Process

The sample membranes are described in detail in Appendix A. The membranes used in the
investigation worked exceptionally well. The basic process for the membranes was developed pre-
viously by T. Kuppusamy. The only modification of the system for this work was to develop a
means to penetrate the top of the membrane with a drainage line in such a way that no leakage
would develop around the point of penetration. If leakage occurred, it was noticeable immediately

since volume changes would be observed when they were not supposed to occurs.

The procedure for sealing is described in the Operational Manual in Appendix A. It requires

some skill and practice, but the process worked well and is verifiable.
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5.2.4 Control Unit

The control unit consists of a microcomputer, an analog to digital converter, and a preamplifier.
The basic system was purchased from the Cyborg company, and uses model no. ISSAC 91. The
control unit has two functions. First, it serves to initiate and control the pressure regulators. Sec-
ond, it acquires the data generated by the monitoring transducers. All of this is done in a dynamic
environment, and requires rapid response time, and high storage capacity. The control unit allows
the entire test to be done automatically, since the loads are applied and the data are acquired in one

process.

The control unit coordinates a total of 11 electronic devices. Three of these are digital to
pneumatic regulators for loading. The data monitoring devices consists of six LVDT's , one pore

pressure transducer, and one differential pressure transducer.

5.2.5 Dynamic Three Dimensional Loading

The dynamic three-dimensional loading is activated and controlled by the control unit. The
loading signal is received by the electronic pressure regulator, which converts the signal into a
pressure. Next, the pressure pulse is passed to the silicon membrane pressure modules, and hence

to the sample.

The control unit can process a signal in 10~3 seconds, thus it is able to apply pressures very
rapidly. However, the electronic pressure regulators are unable to transmit the Signals into pressures
that fast. Thus, the electronic pressure regulators are the controlling factor in how rapidly the load
can be transmitted to the sample. Fortunately, the regulators operate in optimal fashion at fre-
quencies as high as 2 cycles per second (2 Hertz), which is sufficiently adequate for load application

in earthquake testing of soils.

The form of the loading signal is controlled by software written for the microcomputer which

drives the control unit. This allows the user to write a program which will follow a wide range in
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load paths. In this work, this option was especially important. It made it possible to change the

different principal stresses independently of each other in a phased operation.

5.2.6 Data Acquisition

Data acquisition is achieved using the monitoring devices which pass electronic signals into the
A/D converter, and hence into the microcomputer for storage and processing. The storage of the
particular microcomputer is limited to 48 k-bites RAM, and a floppy disk. Approximately 50
measurements per second can be handled per second in addition to the loading signals. At various
intervals of the testing procedure, the data from RAM is passed onto the floppy disk. After the test,
the data is displayed via the microcomputer, and simple plots can be made at that time. Finished

plots are obtained by sending the data from the floppy disk to the mainframe computer.

5.3 Sample Saturation Method

5.3.1 Uncemented Samples

Initially carbon dioxide is percolated through the uncemented sample and this is used for satu-
rating uncemented samples. The idea for this saturation method was originally introduced by Chan
(1976) and based on the special relationship between CO, and H,0. Since the carbon dioxide easily
dissolves into water, high saturation is obtained at low back pressure. Figure 5.7 shows the
drainage circuit of DCSVT1. To complete the description, assume that the sample of uncemented
sand is in the 3-D shear box under a small amount of ambient pressure, say 34.5 kN/m? ( 5 psi ).

The following steps are taken afterwards;

(1) Set the all valves on the figure as following: T-1 ( the water reservoir to the shear box ), T-2

( Closed ), T-3 ( from the box to open air).
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(2) Connect the extension line between T-1 and T-2 to carbon dioxide, and then percolate carbon
dioxide through the specimen by opening T-2 for 5 minutes. Note the pressure of carbon dioxide

does not exceed more than 13.8 AN/m? (2 psi ).

(3) Relocate the extension line from the carbon dioxide to the water reservoir and apply small
amount of the back pressure, say 13.8 kN/m? (2 psi) in order that the deaired water percolates

though the specimen. This step continues until the water comes out of T-3.

(4) Increase the confining and back pressures until the desired effective confining pressure is
achieved. Note that the back pressure must be still low, say 69 AN/m? ( 10 psi ), for the steps

afterwards.

(5) Connect pore pressure and differential transducers and LVDTs to the computer, and run the
test program ( Appendix A ), which monitors deformation and volumetric change of the specimen

afterwards.

(6) Close T-1 and T-3, and watch the pore pressure ( the pore pressure monitoring at this step is
in the test program but it can be substituted by volt-meter ). If there is any significant decrease,

there is leakage. In this case, stop the procedure, and reform the sample.

(7) Read the pore pressure, close the drainage valve, increase the confining pressure. Read it again.

(8) Get the B-value by the equation below.

_=-x
B= Z

x: the first pore pressure
y: the second pore pressure
z: the total ambient pressure increased

B: the degree of saturation

(9) Increase the back pressure as much as the increment of the confining pressure. Open T-2.
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(10) If B-value is greater than 0.95 percent, then the saturation has been done, otherwise repeat

from (7) to (9).

5.3.2 Cemented Samples

Saturation of cemented soils is made difficult because the void structure is not as open as in
uncemented soils. Simple back pressure saturation does not work well because undesirably high
pressures have to be used. Also, the carbon dioxide technique is not suitable to help since carbon
dioxide can react with the cementation agents. Recognizing the problem, Shaffi-Rad and Clough
(1984) proposed the vacuum procedure, which they applied successfully to triaxial type sample.

Herein, this method is modified slightly to adopt it to the cubical apparatus.

Figure 5.8 shows the arrangemenfs to the 3-D device for the vacuum procedure. To complete the
description, assume that the sample of cemented sand is in the cubical apparatus under a small

amount of ambient pressure, say 34.5 kN/m? ( 5 psi ). The following steps are taken afterwards;

(1) Set the all valves on the figure as following: T-1 (back pressure to the upper water reservoir),
T-2 (the reservoir to the cubical box),T-3 (open),T-4 (the cubical box to the lower water reservoir).
(2) Fill the upper reservoir (UR) with deaired water, while the lower reservoir (LR) is kept empty.

(3) Apply a back pressure, 13.8 AN/m? ( 2 psi ), to UR in order to flush deaired water through a

sample. The water with air voids comes out of the sample for a while.

(4) Release the back pressure. Apply vacuum, 127 mm ( 5in ) to LR so that this time a water flow

is induced by the vacuum through the sample from UR to LR.

(5) Maintain the vacuum for a period of time needed to optimize its effects. Generally it takes half

an hour.

(6) Turn the T-1 from the back pressure to the vacuum and release the confining pressure.

(7) Close the T-3. And increase the vacuum up to 254 mm ( 10 in ).
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(8) The vacuum creates the effective confining pressure for 34.5 kN/m? ( 5 psi ).

(9) Maintain the vacuum for a period of time needed to optimize its effects. Generally this is a short

process.

(10) Set the drop between UR and LR at 1.8 m ( 6 feet ) and percolate the water through the
sample by opening the T-3.

(11) Close the T-3 and continue the application of the vacuum inside the sample for a period of 1
to 5 minutes depending on the soil type to insure a proper equilibrium inside the sample.

(12) Repeat step (10)and (11).

(13) Release the vacuum gradually meanwhile apply the ambient pressure up to 48.3 AN/m? (7
psi ).

(14) Tumn the T-1 to the back pressure and apply the back pressure at 13.8 AN/m? ( 2 psi ).

(15) Close the T-3 and turn the T-4 to the fixed end.

(16) Increase the ambient pressure for 34.5 kN/m? ( 5 psi ) and check the pore pressure generated.
Decrease the ambient pressure, open the T-3, and turn the T-4 to LR. If the pore pressure increases
about 40 percent of the ambient pressure, go on to the following procedure otherwise repeat the
steps from (3) to (16). If the degree of saturation is more than 40 percent, experience shows that a

back pressure of 274 kN/m? ( 40 psi ) will fulfill the saturation requirement.

(17) Increase the ambient pressure and the back pressure so that the desired effective confining

pressure is achieved. Note that at this time, volume change of the sample is monitored.

(18) Increase the ambient and back pressure simultaneously so that the effective confining pressure
is kept unchanged and the back pressure reaches 274 kN/m? (40 psi ). Check B values until greater

than 90 percent achieved.
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5.4 Static Testing To Determine Uniformity Of Strains In Samples

And Measurement Consistencies

Historically, three-dimensional shear devices have had problems with nonuniform strains or
stresses in the cubical samples, especially in the comers of the samples. No three-dimensional de-
vice is immune from such problems, but there are differences in the ranges over which different
equipment can perform reliably, and in the accuracy with which measurements can be made. To
investigate this issue for the present device, a number of checks and proof tests were performed.
This section of the text presents those tests performed in the static mode. Section 5.5 covers the

cyclic tests. The static tests include:

1.) Volumetric Check - This consists of performing a test, and using knowledge about the total
volume change to compare against what can be calculated by the separate measurements of strains
on each face of the sample. For example, the total volume change, ¢,, that occurs should be related

to the individual strains by the relationship:
g, =€ +¢g + g,

The total volume change is known through direct measurement in drained tests, and is zero if the
test is undrained and no cavitation occurs. Summing the individual strains should equal the total

volume change obtained by independent means if the system is working properly.

2.) Check by Comparison of Cubical Results to Those of Other Tests - In this case, a cubical test
is performed to model a conventional triaxial test, and the results are checked against those of the

conventional test to see if the results are reasonable.

3.) Direct Observation - This process involves a group of special tests performed with one side of
the cubical box exchanged for a plexiglass plate. Using a sample prepared with a series of dark

layers placed in it, the plexiglass plate allows the deformations of the sample to be visually observed.

5.4.1 Volumetric Check
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The volumetric check process was conducted using a series of cubical tests performed with the
conventional triaxial compression test stress path. In Figure 5.9 the volumetric and summed axial
strains from two drained tests are plotted against vertical axial strain. Also shown are the stress
strain curves for the two tests. As can be seen in the plot, the volumetric strain obtained by sum-
ming the individual strains determined from the LVDT measurements is very consistent in both
cases with the volumetric strain determined by direct measurement to about five or six percent axial
strain. In the only one of the tests which goes beyond six percent strain, the sum of the individual
strains begins to diverge from the measured volume beyond the six percent strain level. The reason
for this likely is related to the fact that the LVDT measurements, which only indicate the movement
of the center of the sample face, become unrepresentative of the sample behavior as a whole after
six percent strain since it can be seen from the companion stress-strain curve that the soil sample
is beginning to fail. Looking at both of the tests from this point of view, it may be stated that the
LVDT measurements are accurate up to the points where the stress-strain curves indicate failure is
imminent. After failure, the sample likely distorts due to disruption by shear planes, and the local
measurements by the LVDT's are not representative of the general sample deformations. Subse-

quently, in Section 5.3.3, direct evidence will be presented for this statement.

In Figure 5.10, a plot is given for the results of an undrained test where no volume changes
occur. In examining these data, it is important to consider both the conventional stress-strain curve
and the ratio of the effective principal stresses. In this case, the ratio of the effective principal
stresses is a method which allows internal failure of the sample to be detected. The internal failure
can occur well before it is indicated in the conventional stress-strain curve because in this test,
negative pore pressures develop which allow the soil to “fail”, but to continue to take load since the

effective confining stresses are still increasing.

The sum of the strains determined from the LVDT’s fluctuates around the zero axis line as it
should until about five to six percent strain (note the similarity to the drained tests). After this

point, the sum of the individual strains deviates from the zero axis. As can be seen in Figure 5.10,
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the axial strain at which the deviation occurs corresponds with the initiation of failure of the sample
in terms of the principal stress ratio. Thus, the implication again is that the system captures the

behavior well until the process of failure of the sample occurs.

The two cases shown in Figure 5.9 and 5.10 are typical of the results obtained for other checks
of this type. These results tend to support the suitability of conditions up to and including the first

phases of failure of the sample.

5.4.2 Comparison of Test Results Between Conventional and Cubical Devices

A number of types of tests were performed in the cubical test which were designed to mimic the
conventional triaxial test. The results of two of these are shown in Figure 5.11 and 5.12. It is
reasonable to expect that if the cubical device is working propeﬂy the results from the conventional
versions of the tests be in close agreement with those from the conventional test device. For this
purpose, conventional triaxial compression tests were performed in which conditions were kept as

closely as possible to those of the cubical tests.

In Figure 5.11 and 5.12 the results of the drained triaxial and cubical "triaxial” tests are com-

pared. The following trends are observed:

1.) The stress-strain curves from the cubical tests are essentially the same as those of the conven-

tional triaxial tests except near failure where the cubical tests tend to show a slightly higher strength.

2.)) The volume changes from the cubical tests are also very similar to those of the triaxial tests,
although those from the cubical tests are consistently slightly higher than those from the triaxial
tests (the volume changes shown for the cubical tests are those directly measured, not computed

from summing individual strains).

The similarity of the behavior in the cubical tests to that of the triaxial tests is encouraging. The
differences which do exist, particularly in the case of the volume changes is not a surprising finding.

In many investigations this type of response has been observed. For example, if the results of
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frictionless ends triaxial tests are compared to those of conventional triaxial tests, the same effect
is seen (Rowe and Borden, 1964). This effect is caused by the fact that in the conventional triaxial
test there are ” dead zones ” within the sample body that are not involved in the shearing process.
In the frictionless ends triaxial test, most, if not all, of the sample is involved, and thus, more vol-
ume change ensues. In spite of this effect, it is usually found that the strength from the different
types of triaxial tests is close with that of the frictionless ends test, typically the larger. The same
trend is observed in the tests of this work, except it is the cixbical tests playing the role of the
frictionless ends triaxial tests. Note that the cubical tests are performed with greased platens to re-

duce the friction.

It is useful to also examine the response of comparable consolidated undrained tests performed
in the cubical and triaxial devices. In this case, instead of volume change, pore pressures are
measured. The result in Figure 5.13 shows that the stress-strain responses from the two tests are
similar, but are not as close as those of the cases in the drained tests. Part of the reason for this is
attributable to the pore pressure behavior shown in Figure 5.13. The pore pressures in the cubical
test tended to be at first larger on the positive side, and then ultimately also larger on the negative
side than those from the triaxial test. These trends are a natural reflection of the volume changes
in the drained tests, and thus are consistent with the trends observed earlier about the larger volume
of soil being sheared in the cubical test relative to the triaxial test. Importantly, where the volume
changes in the drained tests exert only a secondary effect on the stress-strain behavior of the soil,
the pore pressures have a primary effect. For example, the larger initial positive pore pressures in
the cubical test reduces the effective confining pressure in the sample, causing a softening of the soil
stress strain response relative to the triaxial test. On the other hand, the higher negative pore
pressures in the later phases of the cubical test cause the effective stresses in the cubical test to be
higher than those of the triaxial test, causing a stiffening of the stress strain response of the cubical

test relative to the triaxial test.

The trends in the tests shown here are repeated in other results. A good indication of the

consistency of the test results is shown in Figure 5.14, where friction angles from the static cubical
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tests are plotted versus those in triaxial tests. The friction angles from the cubical tests are generally

slightly higher than those in the triaxial tests, but the difference is less than three degrees at best.

The results from these comparisons suggests that regardless of small nonuniformities in stresses
or strains of the cubical sample, the test device yields reasonable results except in the large strain
region after sample failure. It is encouraging that the small differences observed in some cases be-
fore failure are consistent with previous research, and are readily explainable in terms of basic con-

cepts of testing and soil behavior.

5.4.3. Direct Observation of Failure and Strain Patterns

Cubical loading devices frustrate the direct observation of sample behavior since the sazﬁple is
surrounded on all sides by the device. To circumvent this problem in the present case, several tests
were performed where two sides of the cubical box were removed and replaced by plexiglass sheets.
In these tests, the plexiglass formed a rigid boundary that prevented strains along the axis perpen-
dicular to them. Thus, this particular version of the test utilized plane strain conditions, with the
sample free to deform only along two axes. However, the pattern of deformation could be readily
observed as the sample responded to the pressures applied by four of the silicon membrane pressure
modules. To better observed the pattern of deformation, bands of sand stained by ink were placed
at intervals in the sample. After completion of each test, a gelatin solution was circulated through
the soil, and it was allowed to set up. In this condition, the sample could be removed from the box

for more detailed observation.

The general trends of sample deformations and failure pattern development in the sample as
visually observed in the tests are shown in Figure 5.15. In the early phases of the tests, the sample
boundaries and the dark layers remained plane. Along the axis with the highest stress, the sample
axis shortened, while along the axis with the smallest stress, the sample axis lengthened. As failure
of the sample approached as detected by the appearance of the stress-strain curve, the development

of several failure planes could be detected in the comers of the sample, although the boundaries of
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the sample remained intact. The incipient failure planes formed as angles consistent with Mohr-
Coulomb theory (about 60 degrees from the horizontal plane, which was the axis of the minor
principal stress). The trace of the failure planes passed from the corner of the sample and inter-
sected the midpoint of the side of the sample. After the peak of the stress-strain curve was passed,
more of the failure planes became obvious in the corners, and those that developed first became
planes of large displacements and distortions of the sample. At this stage, the sami)le boundaries
were transacted by the failure planes. In those areas of the sample where the shear planes did not

develop, the soil structure continued to deform in a regular pattern.

The reason for the development of the failure planes in the comers of the sample is shown in
Figure 5.16. It is in these locations that the major principal stress acts against a section of the soil
which is able to move into the face of the adjacent pressure module. The fact that the failure planes
form in all of the comers of the sample and are essential identical, suggests that the stress conditions
up to that time are relatively uniform. Failure planes in the central portions of the sample may be
incipient, but the relative movements needed to produce them cannot occur because the soil mass

in these areas act in part against the face of the pressure module with the largest stress.

The conclusion of the observations in the special tests is that stresses and strains are uniform
in the sample in th‘e early portions of the tests. As the peak of the stress strain curve is approached,
the failure planes begin to develop in the corners. At this stage, the stresses and, hence strains, are
still reasonably uniform, since the failure planes form in a very consistent pattern, and the sample
boundaries are still intact. After the peak, the strains in the sample are nonuniform, and the LVDT
measurements become less representative of the soil behavior. In this condition, the system for
measuring the sample deformations is obviously unable to capture the average behavior, since there
is only one LVDT per side of the sample, and it is located at the center of the sample, where the

deformation are the smallest.

5.4.4 Summary
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The static tests performed to check the reliability of the strain measurement systems, and the
stress and strain conditions in the cubical devices show a consistent set of trends, and all lead to the

same conclusions. For behavior up to and including the initial phases of failure of the soil:

1.) The strain measurements are accurate - measured total volumetric strain approximately equals

that obtained as the sum of the independently measured individual axial strains.

2.) The behavior of static cubical tests performed to mimic conventional triaxial tests is very con-
sistent with the behavior of the conventional triaxial tests. What differences that are observed are

readily explainable and reasonable.

3.) The stress and strain patterns in the cubical sample are reasonably uniform, and lead to reliable

results.

For behavior after failure of the sample, it is apparent that the stresses and strains in the cubical
sample become nonuniform. The larger the strains after the failure, the larger are the nonuni-
formities in the system, and the less representative are the measurements of the deformations from
the LVDT’s acting on the sides of the specimens. However, prior to this stage, the results from the
cubical device are well within acceptable bounds. This is particularly important in liquefaction
studies of this work, since the concern is with the initial development of liquefaction, not the large

strain conditions that follow liquefaction failure.
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5.5 Cyclic Uniaxial Testing To Determine Reliability Of Cubical Device

Test Results

Before the cubical device was used to perform earthquake simulation tests with unusual stress
paths, a testing program was performed using uniaxial cyclic loading. The load path in this case is
that of the conventional triaxial test, earlier referred to as the CTX test in the Chapter III. There
are two issues about reliability in the tests. First, there is the question as to the accuracy with which
the cyclic loading system can produce a sinusoidal loading at one cycle per second. The second
concerns, how the results obtained from the tests are consistent with those of other investigations.

All of the tests done for this phase of the investigation are for uncemented sands.

5.5.1 CTX Loading

The cyclic loading in the cubical device is generated by a program written for the microcom-
puter control unit. The microcomputer in turn sends electronic signals to the loading devices. In
Figure 5.17 the pneumatic stress pulses generated by the loading system for the case of CTX loading
is plotted versus the ideal, desired curve. As can be seen, the computer generated curve ié in ex-

cellent agreement with the desired curve.

Typical results from a test on a sample prepared to a density of 15.38 kN/m? , and loaded with
a stress ratio of 0.424 are given in Figure 5.18. Shown in the figure are the excess pore pressures
and the vertical and horizontal strains. The only unusual aspect of this figure is the plot of hori-
zontal strain since this is not measured by any conventional device. The pore pressures can be seen
to cycle regularly with the loading applications, and the general trend is for the pore pressures to
increase. At the tenth cycle of load, the pore pressure instantaneously equals the initial effective
confining stress, indicating that the condition of initial liquefaction has occurred. Both vertical and
horizontal strains increase rapidly after the initial liquefaction, a behavior commonly observed in

triaxial tests.
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The results in Figure 5.17 and 5.18 confirm that the loading in the system is consistent with that

desired for the CTX conditions. Also, the general trends of the test results are correct.

5.5.2 Liquefaction Resistance from CTX Tests on Wet Tamped Specimens

In Table $.1, information is provided for a series of four CTX tests that were performed on wet
tamped samples of Monterey # 0/30 sand. The purpose of these tests was to obtain results that
could be compared to those published in the literature for standardized test programs for this con-
dition. Silver, et al. (1976) reported the results of cyclic liquefaction tests performed to precise
s;tandard for the triaxial test. The Silver et al. (1976) tests were conducted Monterey # 0 sand, a
material which is no longer available from the supplier. The replacement for this sand is Monterey
# 0/30 as used in this investigation. Monterey # 0/30 sand is similar to Monterey # 0 sand, al-
though # 0/30 has a slightly coarser grain size. Liquefaction tests have been performed by Muzzy
(1983) on the Monterey # 0/30 showing it to be slightly more resistant to liquefaction than

Monterey # 0.

Figure 5.19 shows a plot of the cyclic stress ratio versus the number of cycles to initial
liquefaction. In the figure, the standard results of Silver et al. (1976) and Muzzy (1983) are provided

along with those of the four tests of this investigation. Observations from the resulits are:
1.) The trend of the data from this investigation and that of the others is very consistent.

2.) The cyclic resistances from the cubical CTX tests agree closely in magnitude with those of the
Silver et al. (1976) investigation on Monterey # 0 sand, and are slightly below those of Muzzy
(1983) on Monterey # 0/30.

The agreement of the results suggests that the cubical device is capable of generating high quality
information in a cyclic liquefaction test. The small differences between the Muzzy results and those

of this investigation may be attributed to inherent differences in preparation of the cubical and
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Table 8. 5.1 Pilot Liquefaction Test Program with CTX Loading.

Test Condition

Density

15.38 kN/m? for Tamped Samples
15.07 kN/m? for Pluviated Samples

Sample Preparation

Three layers with 25 tamping by about 0.5 kg weight
and approximately 20 percent water contents for Tamped Samples

Air pluviation of dry sand for Pluviated Samples

Stress Ratio

Four different levels for Tamped Samples

Six different levels for Pluviated Samples

Loading Type

CTX

Test Sand

Monterey #0/30 Sand for Both Samples
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Figure 5.19 Comparison of Cyclic Shear Strengths of Wet Tamped Specimens.

AUTHOR  MATERIAL C¢ Yal(D)) TEST SAMPLE
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triaxial samples. Not as many layers are used in the cubical samples, and thus the structure of the

samples is probably not identical to that of the triaxial tests.

As a check on the monitoring system for the pore pressures, it is useful to compare the test re-
sults to recognized average ranges of pore pressures in triaxial liquefaction experiments. In Figure
5.20 the pore pressure ratio is plotted against the number of cycle in the test. The number of cycles
is nondimensionalized by dividing the total number of cycles to liquefaction. A band is shown on
the diagram for what was identified by Lee and Albeisa (1974) as typical response. The cubical test
results largely fall within the band, although there are some differences. The most noticeable dif-
ference is for the highest stress ratio case, where the pore pressure ratios tend to be higher than those
of the hand. However, this type of response has been observed in using high stress ratios even in

triaxial tests (Milstone, 1985), and it is not considered unusual.

In the cubical tests, it is possible to show how the strains develop on each of the principal
planes, and this is done in Figure 5.21 for the test with a stress ratio of 0.22, where each of strains
is plotted against the nondimensionalized number of cycles. Each of the strains increases rapidly
only near the end of the test. They all tend to become larger at about the same point. Note that
the initial liquefaction occurs at strains typically of two percent or less. This is important relative
to the earlier discussion of possible nonuniformities in the stresses or strains. Since initial
liquefaction occurs at low strains, the conditions in the samples should remain in the well defined

region.

5.5.3 Liquefaction Resistance from CTX tests on Pluviated Specimens

While the tests of Silver, et al. (1976) were performed on specimens prepared using the wet
tamping method, most of the work in this investigation was done using the pluviation technique
for sample preparation. As part of the general proof-testing program, a series of six CTX tests were
performed on pluviated specimens (see Table 5.1). Figure 5.22 gives the plot of cyclic stress ratio

versus number of cycles for the tests performed with a density of 15.07 kN/m?, along with those

91



10 T T
CUBICAL DEVICE
! M- SR - 040
O- SR - 030
08 A. GR . 025
-3 &~ SR . 022
S N
=
05
2
=
[~
=
2 04
E Lee and Albeisa
[-}]
8
- 02 |
00 02 04 06 08 10

Cyclic Ratio to the Initial Liquefaction, N/N,

Ao

26

STRESS RATIO

4

Figure 5.20 Comparison in Normalized Pore Water Pressure Development in the CTX Tests and
Conventional Trends.



Vertical Strain ¢,

(%) Extension

Iy -
s &(‘
g i
= . 1
w :
E OD ot MUY [ i d IS
Rifil: T
g By
= M
= ]
- T
54-

Compression

O- SR . 022 0O 10

oD 1D

Cyclic Ratio to Initial Liquefaction, N/N,,

1D ) -10
(1) Extcnsion ] (7) Extension
A s A
]
- .
ud]
5 -
m 1=
i =
g
0o . i o0
] <
o 5
.N
m| &
u]
T
[L
(
Compression Compression
10 10
00 10 00 10
Cyclic Ratio to  Initial Liquefaction, V/N), Cyclic Ratio to  Initial Liquefaction, /N,

Figure 5.21 Measured Strains in a CTX Liquefaction Test.

93



from other similar investigations using pluviated samples. The tests of this work follow the same
trend as those of the others, but the samples tend to require a slightly higher number of cycles to
reach liquefaction. The reason for this is not clear, but it may be related to small differences which
likely exist in sample structure, or the fact that the triaxial samples typically fail by necking on the
extension cycle, a factor that does not enter into the cubical tests. Structure is important as can
be seen in comparing the response of the wet specimens to that of the pluviated specimens. The
wet tamped specimens are considerably stronger than those which are prepared by pluviation even
though the densities are exactly the same. This finding has been observed by many investigators

in triaxial tests (Mulilis, 1977).

5.5.4 Summary

The series of CTX type tests shows that the cubical device yields very reasonable information
in the development of the condition of initial liquefaction. All of the test results are consistent with
those of other investigations using the conventional triaxial apparatus. In addition all of the

equipment and loading systems are shown to work properly.

5.6 Verification Of The Loading System Under The Complex Loading Paths

In an earlier section, the loading system is shown to produce a proper sinusoidal stress wave for
the simpler loading paths. It remains to demonstrate the degree of accuracy with which the control
unit can generate the stresses for the more complex cases such as the CRE-PS or the CRC-PS.
These present more of a challenge since all three principal stresses are changing instead of just one.

In the test, the complete rotation to finish the elliptical or circular path is done in three seconds.

Figure 5.23 presents the idealized and actual stress paths for the CRC-PS tests. The actual path
is based on measured values of the principal stresses. These were measured by taking the lines for

each one of the pressure modules and recording the pressure as the outlet of the line using a pressure
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Figure 5.22 Cyclic Strengths of Air Pluviated Samples.
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transducer. The actual path is close to, but not exactly the same as the ideal paths. Differences

exist for the following reasons:

1.) The control unit achieves the pressure changes in finite increments, and not the smooth process

described in the ideal curve.

2.) There is a certain amount of inertia in the process of moving the air through the system as the
changes are called for by the control unit, because of hydraulic losses, and the fact that there is a

finite amount of air involved.

The level of deviations between the ideal and the real stress paths is not considered important be-

cause it is not large, and the main impact of the process is achieved with that applied.

5.7 Summary

This chapter has presented the concept of the cubical testing system. The device is unique in
its simplicity, and the fact that the microcomputer control unit allows for a wide range of load paths
to be automatically applied to the soil, and for the data to be automatically recorded. Recognizing
that the cubical device has some limitations in regard to uniformity of strains, a major effort was
invested to define the range of strains over which the apparatus would yield reasonable and accurate
results. This effort showed that the cubical shear box maintained acceptably uniform sample con-
ditions up to and including initial sample failure. Nonuniformities developed increasingly as the
strains became larger in the post-failure region. However, the post-failure situation has no impact

on this work since the research focuses on pre-failure and initial failure type circumstances.

In support of the contention that the cubical device is an acceptable tool for the purposes of

this work, a number of tests were performed where the conventional triaxial test was “mimicked”
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by using the triaxial stress path. The results of the both static and cyclic tests are shown to be very

consistent with the behavior from the conventional tests.
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CHAPTER VI

TEST RESULTS

6.1 Introduction
The production tests afford an opportunity to compare the effects of a number of important
variables, including :
1.) Level of cementation
2.) Type of stréss path
3.) Density

As regards the level of cementation, it will be defined in terms of the unconfined compressive
strength of the sand. The unconfined compressive strength value used herein is that determined in

the unconfined compressive tests on the cubical samples as reported in Chapter IV.

Key information for all of the production tests is given in Table 6.1 to 6.3. The test identifi-
cation numbers used in the tables are the same as used in the tables in Chapter IV, where control

parameters in the tests are defined.
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Table 9. 6.1 Cyclic Shear Strength by CTX.

Serial No. Density U.CS.* Stress Ratio** Initial Liquefaction
(kN/m?) (kN/m?) (cycles)

LQ-1 15.07 0 0.292 9

LQ-2 15.07 0 0.264 12
LQ-3 15.07 0 0.235 15
LQ-4 15.07 0 0.179 40

LQ- 4a 15.07 0 0.160 100 < N < 110
LQ-5 15.07 46 0.329 17

LQ- 6 15.07 46 0.283 26
LQ-7 15.07 46 0.235 48
LQ-8 15.07 46 0.189 NL
LQ-9 15.07 76 0.377 16
LQ-10 15.07 76 0.283 50
LQ-11 15.07 76 0.235 107 < N <120
LQ-12 15.07 76 0.235 NL
LQ-13 15.38 0 0.424 10
LQ-14 15.38 0 0.283 15
LQ-15 15.38 0 0.235 40
LQ-16 15.38 0 0.189 89
LQ-17 15.38 62 0.424 21
LQ-18 15.38 62 0.377 23
LQ-19 15.38 62 0.283 52
LQ-20 15.38 62 0.189 NL
LQ-21 15.38 94 0.566 12
1Q-22 15.38 94 0.424 36
LQ-23 15.38 94 0.377 38
LQ-24 15.38 94 0.283 95
LQ-25 15.38 110 0.424 NL
LQ-26 15.38 110 0.424 100 < N < 120
LQ-27 15.38 110 0.377 NL
LQ-28 15.38 110 0.377 NL

* Unconfined Compressive Strength

*+ Cyclic Stress Ratio ;

(AToermax

(oacl)iniﬁal

NL No Liquefaction within 120 cycles.
N Number of cycles.
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Table 10. 6.2 Cyclic Shear Strength by CPS.

Serial No. Density U.CS.* Stress Ratio** Initial Liquefaction
(KN/m?) (AN/m?) (cycles)

LQ-29 15.07 0 0.424 7

LQ-30 15.07 0 0.354 11
LQ-31-a 15.07 0 0.283 19
LQ-31-b 15.07 0 0.263 29

LQ-32 15.07 0 0.247 54

LQ-33 15.07 46 0.566 7

LQ-34 15.07 46 0.424 17

LQ-35 15.07 46 0.235 NL (Low Saturation)

LQ-37 15.07 76 0.707 8

LQ-38 15.07 76 0.566 12

LQ-39 15.07 76 0.495 26

LQ-40 15.07 76 0.389 73

LQ-41 15.38 0 0.495 10

LQ-42 15.38 0 0.424 18

LQ-43 15.38 0 0.318 22

LQ-4 15.38 0 0.247 97

LQ-45 15.38 62 0.636 7

LQ-46 15.38 62 0.424 32

LQ-47 15.38 62 0.318 NL

LQ-48 15.38 62 0.318 NL

LQ-49 15.38 94 0.848 11

LQ-50 15.38 94 0.636 19

LQ-51 15.38 94 0.566 30

LQ-52 15.38 94 0.495 100 < N < 120

* Unconfined Compressive Strength

** Cyclic Stress Ratio ;

(ATocr)max

(O-ocl’)lnitial

NL No Liquefaction within 120 cycles.
N Number of cycles.
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Table 11. 6.3 Cyclic Shear Strength by CRE-TX, CRE-PS, CRC-TX, and CRC-PS.

Serial No. Density U.CS. Stress Ratio Initial Liquefaction
{Loading) (kN/m?) (kKN/m?) (cycles)

LQ-53 (CRE-TX) 15.07 0 0.207 9

LQ-54 (CRE-TX) 15.07 0 0.189 12
LQ-55 (CRE-TX) 15.07 0 0.141 42
LQ-56 (CRE-TX) 15.07 0 0.094 NL
L.Q-57 (CRE-PS) 15.07 0 0.283 8

LQ-58 (CRE-PS) 15.07 0 0.247 17
LQ-59 (CRE-PS) 15.07 0 0.212 35
LQ-60 (CRE-PS) 15.07 0 0.141 NL
LQ-61 (CRE-TX) 15.07 76 0.330 14
LQ-62 (CRE-TX) 15.07 76 0.283 20
LQ-63 (CRE-TX) 15.07 76 0.232 38
LQ-65 (CRE-TX) 1538 ° 0 0.283 9

LQ-66 (CRE-TX) 15.38 0 0.232 12
LQ-67 (CRE-TX) 15.38 0 0.189 47
LQ-68 (CRE-TX) 15.38 0 0.141 NL
LQ-69 (CRE-TX) 15.38 94 0.424 16
LQ-70 (CRE-TX) 15.38 94 0.377 28
LQ-71 (CRE-TX) 15.38 94 0.283 67
LQ-72 (CRE-TX) 15.38 94 0.189 NL
LQ-73 (CRC-TX) 15.07 0 0.189 4

LQ-74 (CRC-TX) 15.07 0 0.141 12
LQ-75 (CRC-TX) 15.07 0 0.122 17
LQ-76 (CRC-TX) 15.07 0 0.094 NL
LQ-77 (CRC-PS) 15.07 0 0.283 S

L.Q-78 (CRC-PS) 15.07 0 0.212 7

LQ-79 (CRC-PS) 15.07 0 0.177 24
LQ-80 (CRC-PS) 15.07 0 0.141 40
LQ-81 (CRC-TX) 15.07 76 0.471 4

LQ-82 (CRC-TX) 15.07 76 0.330 8

LQ-83 (CRC-TX) 15.07 76 0.236 21
LQ-84 (CRC-TX) 15.07 76 0.189 NL
LQ-85 (CRC-TX) 15.38 0 0.236 4

LQ-86 (CRC-TX) 15.38 0 0.189 8

LQ-87 (CRC-TX) 15.38 0 0.141 12
LQ-88 (CRC-TX) 15.38 0 0.094 NL
1.Q-89 (CRC-TX) 15.38 94 0.330 12
LQ-90 (CRC-TX) 15.38 94 0.282 17
LQ-91 (CRC-TX) 15.38 94 0.236 29
LQ-92 (CRC-TX) 15.38 94 0.217 50
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6.2 Liquefaction Of Cemented Sands Under CTX And CPS Loadings

6.2.1 Effect of Level of Cementation

Figure 6.1 shows the plot of cyclic stress ratio vs. number of cycles to cause liquefaction for
cemented sands under CTX loading. The curves are labeled according to the unconfined
compressive strength, ¢, , and density, y,, of the soil. The curve with the label ¢, = 0.0kN/m? and
v, = 15.07kN/m® is for uncemented loose sands; with ¢, = 76kN/m? and y, = 15.07kAN/m*® for
weakly cemented loose sands, and with ¢, = 94kN/m? and y, = 15.38kN/m® for weakly cemented
medium dense sands. All the unconfined strengths are relatively small; however, each higher level
of ¢, shows a definite increase in the liquefaction resistance of the soil. In the figure, the results of
the triaxial testing investigation of Shaffi-Rad and Clough (1982) are also shown. The curve ob-
tained with DCSVT1 is somewhat higher than that of Shaffi-Rad and Clough (1982) for equivalent
soil conditions. This finding will be addressed for the Chapter VII.

Figure 6.2, gives the CTX cyclic shear strengths for three soil conditions: uncemented loose
sand, uncemented medium dense sand, and very weakly cemented loose sand with g, = 46kN/m3.
The figure indicates that the effect of an unconfined strength of only 46 kN/m? is equivalent to that
due to change in density of uncemented sand from loose to medium dense. The same trend is

observed in the CPS results.

The influence of cementation on cyclic shear strength is shown in Figure 6.3, in which the cyclic
stress ratio to cause liquefaction in 10 and 50 cycles is plotted against unconfined compressive
strength. Results are shown in the figure for two different densities. As unconfined strength in-
creases, the cyclic stress ratio increases considerably for both densities; the curves sharply rise after
the strength is about 60 to 80 AN/m?. It is seen that the curves associated with stress ratio to cause
liquefaction in 10 cycles has larger variation than in 50 cycles for both loose and medium dense

sands. This indicates that the influence of cementation is more significant at a small number than
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at a large number of cycles to cause liquefaction. Also, the difference in the stress ratio is larger for
10 cycles than for 50 cycles. An alternative way to view the relative stress ratio differences is given
in Figure 6.4, where the cyclic stress ratio of cemented sands is subtracted from those of unce-
n;ented sands. The figure shows cementation is more effective at a high level of cyclic shear stress

ratio. The same trend is noticed for the other types of loadings.

6.2.2 Effect of Density in Cemented Sand

Figure 6.5 (a) and (b) show the relationship between number of cycles and unconfined
compressive strengths for two different densities at stress ratios of 0.4 and 0.5 for CTX and 0.5 and
0.6 for CPS tests, respectively. For uncemented sands (g, = 0.0kN/m?) the number of cycles to
cause liquefactibn, when it is loose, are substantially different from those when it is dense. As un-
confined strength is increased due to cementation the difference in the humber of cycles required
to liquefy dense and loose samples is reduced. For example, if the unconfined strength is
q. = 80kN/m? , there is virtually no difference. Hence the density has little role to play at this
stage. It is interesting to note that the level of cementation at g, = 80kN/m? is not very high, i.e.,

it is not a “strongly” cemented sand, yet the density effect is minimal.

6.3 Liquefaction In CRE-TX, CRC-TX, CRE-PS, And CRC-PS Loadings

6.3.1 Uncemented Sands

The relationship between the cyclic stress ratio and the number of cycles to cause liquefaction
for the CTX, CRE-TX, and CRC-TX tests for uncemented loose and medium dense sands are
shown in Figure 6.6. In both cases, the more complex stress paths with principal stress rotation
effects yield the smaller cyclic strengths. Ranking of the tests from the highest strength to the lowest
is CTX, CRE-TX, and CRC-TX, with those from the CTX about 25 percent and 40 percent to

those from the CRE-TX and the CRC-TX tests, respectively.
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Figure 6.6 Cyclic Strength by the TX Series of Loading for Uncemented Sands.
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Figure 6.7 presents similar data to that in Figure 6.6, except that it is for the PS series of
loadings. The relationships between the cyclic strengths from the different tests is the same as for

the TX series, with the rotational tests yielding the lowest strengths.

A comparison of the cyclic strengths of the TX series of tests against those of the PS tests
(Figure 6.6 vs. 6.7) shows that the TX tests consistently give lower strengths. This finding will be

discussed further in Chapter VII.

6.3.2 Cemented Sands

The results of the TX series of tests on samples with cementation and no cementation, and for
‘loose and medium densities are shown in Figure 6.8. In this figure, the cyclic strength to cause
liquefaction in 10 and 50 cycles is plotted against unconfined compressive strength of the soil. As
with uncemented sands, the rotational type tests (CRE-TX and CRC-TX) provide lower strengths,
but the effect is reduced as cementation increases. The rotational tests, CRE-TX and CRC-TX,
give strengths for the cemented sands on the order of 15 percent to 30 percent less than that of the

CTX case, respectively.

Another trend which is observed in Figure 6.8 is that the difference between the results of the
uncemented and cemented sands is larger at 10 cycles than it is at 50 cycles to ﬁquefact{on. Thus,

the suggestion is that the effect of cementation will be larger in greater levels of seismic shaking.

6.4 Pore Pressure Development

6.4.1 Uncemented Sands

Nondimensionalized pore pressure generation curves are useful for comparing the results of
different types of tests. In this case, the excess pore pressure measured in a test is divided by the

initial effective hydrostatic stress, and plotted against the number of cycles in the test divided by the
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number of cycles in the test to liquefaction. Figure 6.9 shows typical pore pressure generation
curves for the CTX, CPS, CRE-TX, and CRC-TX tests on uncemented loose sands at low stress
ratios. All of the curves are very similar, showing a convex shape in the early stages followed by

an ascending straights line until initial liquefaction.

The effect of stress level on CPS tests is shown in Figure 6.10. As the stress ratio increases the
pore pressure curve tends to become more convex in shape. This same trend is observed for the

other stress paths and densities.

6.4.2 Cemented Sands

The pore pressure generation curves for cemented sand tested by CTX, CRE-TX, CRC-TX,
and CPS are shown in Figure 6.11 for a stress ratio of about 0.3. All of the curves tend to be

similar, showing a moderately convex shape.

The effect of high stress level on the CPS tests is shown in Figure 6.12. The pore pressure
generation curves obtained with stress ratios of 0.636, 0.707 for cemented loose samples, and 0.848
for a cemented medium dense sample show jumps or discontinuities. These jumps are thought to
be due to sudden breakage of the cementation in the soil structure due to higher stress ratio; test

results for lower stress ratios do not show these types of features.

6.5 Relationship Between Pore Pressure Development And Octahedral

Shear Strains

In the previous discussion, pore pressure development in the test results is presented in a con-
ventional format. In this section we will consider the results in terms of a more general plot. The
form of the plot involves pore pressure ratio versus the octahedral shear strain that develops in a

test. The octahedral shear strain is defined as :
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The octahedral shear strain is considered appropriate as a parameter defining the response of the
soil in these tests since it brings a measure of the strain in all three principal directions, not just one

as is the case in most definitions.

6.5.1 Uncemented Sands

In Figure 6.13, the pore pressure ratio is plotted versus the octahedral shear strain for a series
of tests with different stress paths. The tests were sclected so that they represent cases where the
number of cycles to liquefaction is in the range of 15. This means that the numbers of the cycles
to liquefaction in the tests are : (1) similar in magnitude; and, (2) small enough to model the
number of cycles normally encountered in a earthquake. The pore pressure curves are all very
similar, and show a gradual trend in development of shear strains as the pore pressure increases
towards initial liquefaction. In the case with a density of 15.07 AN/m?, the octahedral shear strain
reached at a value of about one percent when initial liquefaction occurs, and this is seen to be in-
dependent of the stress path. When the density is 15.38 kN/m3, liquefaction is reached at an

octahedral strain of about 0.4 percent.

When the number of cycles to initial liquefaction increases, the strains tend to develop more
slowly, and initial liquefaction can occur with much less than one percent strain and the shape of
the curve changes. In Figure 6.14 results for CTX tests with the number of cycles to liquefaction
of 45 for a loose sand and 40 and 88 for medium dense sand are compared to that for a CTX test

with small cycles to liquefaction.

6.5.2 Cemented Sands

The relationship between pore pressure ratio and octahedral shear strain for cemented sands is

different than that for uncemented sands as can be seen by comparing the data in Figure 6.15 and
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6.16 to that for uncemented sands in Figure 6.14. The cemented sands show thdt the octahedral
shear strains in these materials develop very slowly as the pore pressure ratio rises to values as high
as 0.8. After this, the octahedral shear strains increase rapidly with small change in pore pressure
ratio. The fact that the form of the pore pressure curve in this diagram is so different from that of

uncemented sands makes this type of response a type of signature for cementation in sand.

Interestingly, regardless of the type of stress path, level of stress ratio or number of cycles to
liquefacfion, initial liquefaction tends to occur at 0.2 to 0.4 percent octahedral shear strain. This
type of consistent behavior might be used in further studies to develop a new means for predicting

pore pressure development in cemented sands.
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CHAPTER VII

DISCUSSION OF TEST RESULTS

7.1 Liquefaction Resistance Determined in DCSVT1 Using the CTX
Loading on Cemented Sands Versus That From the Conventional

Triaxial Device

One of the motivations for undertaking the design and fabrication of the DCSVT1 was to as-
certain if stress concentrations in the conventional triaxial test caused premature failure of cemented
sand samples, and hence, led to an underestimation of the liquefaction resistance of these soils. In
Figure 7.1 the stress ratios from liquefaction tests in both cubical and triaxial devices are plotted
versus the number of cycles required to produce liquefaction for cemented samples. The samples

have comparable densities and strengths.

The tests performed in the cubical device yielded consistently higher numbers of cycles to
liquefaction, although the degree of this effect is greater at high stress ratios than at low ones. The
greater liquefaction resistance developed in the tests with the DCSVT]1 supports the notion that
stress concentration effects are minimized in this apparatus. The fact that the differences in the
results are greatest at high loads is also consistent with this idea since stress concentrations would
have more impact when the loads are greater, and, thus, lead to lower strengths for the triaxial tests

relative to those from the DCSVTI.

It may be remembered that comparisons of test results for uncemented sands as obtained from
the DCSVT1 and triaxial tests showed that for pluviated samples, the DCSVT]1 also gave higher

liquefaction resistances than the triaxial test. However, the differences in this case were not as large
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as observed for the cemented sands. This seems reasonable since stress concentration effects are

likely to be more prominent in cemented sands than uncemented sands.

7.2 Liquefaction Resistance in Cyclic Pure Shear Versus Cyclic

Triaxial Shear Loadings

As was explained in Chapter III, the cyclic pure shear stress path differs from that of the cyclic
triaxial shear in that no changes occur in mean normal stress when the shear loading is applied,
while this is not the case in the triaxial loadings. The change in the mean normal stress occurs in
the triaxial test on each loading cycle, and because the soil sample in the test is saturated, the change

in the mean normal stress is directly reflected in a change in pore pressure.

In Figure 7.2, the stress ratios from CTX and CPS tests for uncemented and cemented samples
with comparable conditions are plotted versus the number of cycles to liquefaction. The CPS tests
consistently yield higher liquefaction resistances than the CTX tests for both cemented and unce-
mented sands. This can be explained in terms of the lower excess pore pressures that develop in
the CPS tests. This observation is not surprising. Similar behavior is found when comparing
conventional simple shear and triaxial liquefaction results, and, although the stress conditions in the
simple shear test are not completely understood, it is accepted that the loading in this device applies
very little, if any, mean normal stress increase during cyclic ldading. Because the lateral stress
conditions in the simple shear test are not fully understood, the stress ratio is defined in terms only

of the cyclic shear and the effective vertical stress applied to consolidate the soil:

Stress Ratio = — (Simple Shear Test)

(Gv)i

Making assumptions about the degree of lateral stress generated in the simple shear test allows one
to theoretically relate the simple shear stress ratio to that of the triaxial test (Seed and Peacock,
1971). However, the theoretical equivalency has been shown to be inconsistent with actual test

results, and this is in large part attributed to the fact that less pore pressure develops in the simple
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shear test than in the triaxial test as a result of the difference in mean normal stress changes in the
two tests. In the end, an empirical correction is typically used to generate a correlation between the
tests. The result allows for about a 15 percent modification on the theoretical correction for the
triaxial test results to make them the same as simple shear, with the 15 percent factor caused by the

reduced pore pressure in the simple shear test.

In Figure 7.2 the CPS liquefaction resistance at any number of cycles and for either uncemented
or cemented sand is 22 to 33 percent higher than those for CTX tests. Note that no theoretical
correction is needed to relate the CPS to the CTX tests since the use of the octahedral stress ratio
concept allows for a direct comparison, and in terms of directly known stresses. The differences in
the CPS and CTX test results are fully accounted for by the differences in stress paths in the two
tests. This shows that if an earthquake induces a CPS type of loading and not a CTX type, the
CTX result will underestimate the soil strength. Of course, even the CPS loading simplifies the

problem since it is only representative of a one-dimensional wave passage through the soil.

7.3 Liquefaction Resistance in Complex Loading Versus Simplified Loading

As was shown in Figure 6.6 to. 6.8, the cyclic tests with rotational effects in the loading
(CRE-TX, CRC-TX, CRE-PS, CRC-PS) lead to a lower liquefaction resistance for either unce-
mented or cemented sands relative to the CTX or CPS tests. This finding for uncemented sands
is consistent with that of other investigations where multiaxial loading is used (see discussion in
Chapter III). Also, it is observed that the “TX” series of tests in all cases leads to lower strengths
than that of the comparable “PS” series of tests. In table 7.1 the liquefaction strengths of the various

tests for the condition where the soil liquefied in 10 cycles is given relative to that of the CTX test.

The following conclusions can be drawn:
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Table 12. 7.1 Relative Strengths in Different Types of Stress Paths.

UNCEMENTED SAND
Ya CRE-TX/CTX|CRC-TX/CTX| CPS/CTX |CRE-PS/CTX|CRC-PS/CTX
(kN/m?)
15.07 -25 -42 +32 0 -25
15.38 -27 -50 +22 - -
CEMENTED SAND
15.07 -23 -33 +33 - -
15.38 -15 -41 +25 - -
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1.) Reduction of strengths due to the rotational loading are greater for uncemented sands than ce-

mented sands.
2.) The CRC series of loadings causes a greater reduction in strength than does the CRE loading.

3.) The reduction in strengths in the case of CRC loadings are as high as 50 percent.

The reasons for the effects of the rotational types of loading can only be speculated upon. One
clear difference in the situation with the more complex paths is that the principal stresses are ro-
tating and the planes upon which the maximum shear is applied also rotate within the sample
during cyclic loading. In either the CTX or CPS type of loading, the maximum shear planes only

have one orientation.

The fact that the CRC series of tests has a greater effect than the CRE series is apparently
caused by the application of the same maximum shear on all planes in the test. The CRE loading

has a less severe shear in some directions than others, while that in the CRC case is uniform.

Given the lower resistance in the rotational loadings, it then follows that where soils are sub-
jected to the simultaneous passage of different wave types, liquefaction is more likely to occur than
where only a one-dimensional wave passes. If this were the only effect to influence the behavior
of sands under seismic loading, and we assumed that in practice we always used one-dimensional
type tests to define the strength of the soil, our predictions of liquefaction should be on the unsafe
side where the multiwave loading occurs. However, there are many other factors which are as im-
portant as multiwave effects that make simple conclusions about predicting liquefaction resistance
inadvisable. Actually, the trend in practice is towards the use of empirical correlations based on the
results of in-situ tests for predicting liquefaction potential in sands. However, the effects of the
multiaxial loadings are important to understand in explaining differences in soil responses at differ-
ent sites. It is clear based on the results of the tests of this investigation that a sand can undergo

liquefaction at some sites where the multiaxial loading occurs, while the same sand under the same
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conditions may not liquefy if one-dimensional loading is the primary factor. This information helps

explain some of the scatter often seen in empirical type correlation with observed field behavior.

7.4 Pore Pressure Development Patterns

Pore pressure development responses in the tests are depicted in Chapter VI in terms of two
types of nondimensional plots. In the first, the pore pressure ratio is plotted against the
nondimensionalized number of cycles in the test. In the second, the pore pressure ratio is plotted

versus octahedral shear strain that develops in the test. The following trends are observed:
1.) As observed by Milstone (1985), the trend of pore pressure development for a cemented sand
is affected by the stress level applied in a test.

2.) The pore pressure ratio plots against number of cycles to liquefaction tend to be somewhat

different for the “PS” series of tests than those for the “TX” series of tests.

3.) The pore pressure ratio plots against octahedral shear strain of uncemented sand at small

number of cycles to liquefaction are different than those at large number of cycles to liquefaction.

4.) The relationship between pore pressure ratio and octahedral strain for cemented sands is dif-

ferent than that for uncemented sands.

At high stress ratios for cemented sands, sudden changes in pore pressure generation curves are
observed. These are thought to be caused by the fracture of the cemented soil structure due to high

stress level.
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7.5 Simplified Pore Pressure Modeling in Cemented Sands

The simplified model proposed by Seed and Martin (1976) for uncemented sands is discussed
in Chapter II. Basically, this model proposes an empirical curve fitting for the relationship between
pore pressure ratio, and nondimensionalized number of cycles to liquefaction. The relationship
proposed by Seed and Martin (1976) has a general form, although they note that the constants
which define its actual location can be selected on the basis of average behavior for uncemented.

sands. The equation and the constant for uncemented sands is as follows:
Yo=1 + Larcsin@2 x yj= — 1
“ 2 n
where a = 0.7 is the average value.

Because of nature of the equation, the curve using the recommended constant is ” S ” shaped.
In the case of cemented sands this form of curve does not fit most of the behavior types observed.
The " S " shaped curve tends to be applicable only for very weakly cemented sands, low stress ratios,
and CTX types of loadings. Other conditions in cemented sands tend towards a simple convex
curve with no reversals in curvature; therefore, the nature of the curves is not like that of the Seed

and Martin model (1976).

All pore pressure generation curves for cemented samples are plotted in Figure 7.3. These
curves converge in a band, and a simplified model for this response can be developed. The re-

lationship is:
r,=axrj

where, r, is the pore pressure ratio, denoted as u/(G.),
ry 1s the cyclic ratio, denoted as N/N,

a and «a is coefficient.
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Values of @ = 4 or 1.5 provide bounds to the upper and lower curves for all of the data in Figure
7.3. An a = 2.1 provides a fitting of the center of the response data (Figure 7.4). There is a very
good match between the predicted and observed response. Apparently, the simplified equation for
pore pressure ratio can be used to make accurate prediction of the pore pressures for cemented

sands.
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CHAPTER VIII

SUMMARY AND CONCLUSIONS

This investigation was undertaken with two main objectives. The first involves the develop-
ment of a three-dimensional testing device to allow for better modeling of the effects of liquefaction
due to earthquake loading on soils, particularly cemented soils. The second concerns sorting out
the effects of a range of parameters on liquefaction of cemented sands when such materials are

subjected to earthquake loadings.

Testing to model the effects of earthquakes on soils has largely concentré.tcd on attempting to
simulate the passage of a one-dimensional wave through the soil. This is usually done via a con-
ventional triaxial device in which stresses are changed along only one axis, or in a simple shear de-
vice which allows alternating application of shear stresses on the horizontal plane of a soil sample.
Both of these devices have advantages, but they are limited to modeling only a one-dimensional

wave effect, and can cause stress concentrations in a cemented specimen.

In some cases it is enough to simulate an earthquake by modeling only the case of a one-
dimensional wave passing through the soil. However, this is generally not true, since there is evi-
dence that soils in many cases are subjected to multiaxial loading during a seismic event. Some
studies of this type of loading have been performed, but the devices used have not allowed a full
study of the problem. The evidence from the reported multiaxial loading of soils suggests that soils
liquefy at lower stress levels if multiaxial loading is involved. Thus, if we were to assume that we
based on practice of predicting liquefaction resistance only on simple tests which ignore multiaxial
loading, our conventional prediction would be unconservative. Of course, there are many other
factors that tend to complicate this picture, and these serve to counter the effects of not modeling

the multiaxial loading. Nevertheless, it is important to understand the effects of multiaxial loading
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to help explain why certain sites may liquefy, when sites with very similar soil and water conditions

do not.

The three-dimensional device developed in this study uses a stress controlled system to load the
soil. Each of the three principal stresses can be controlled independently, and , as a result, a wide
range of loading paths can be applied. In addition to the cubical shear box itself, one of the keys
to the apparatus is the implementation of a microcomputer control system for the device that
controls the application of the stresses, and automatically monitors the information from the test.
The system can be operated with suitable accuracy to load rates of 2 to 3 cycles per second, fast

enough for the modeling of an earthquake.

A series of standardized loading paths were designed for the test program with increasing levels
of complexity. At the simplest level, the test is designed to model the stress path of the conven-
tional triaxial test. Experiments performed in this mode are useful since the results can be compared
to those obtained in the conventional tests. Other forms of cyclic stress paths involved pure shear,
and a series of what are referred to as rotational elliptical and rotational circular of either the pure
shear or the triaxial mode. The pure shear test loadiﬁg is distinct in that only shear stresses are
cycled and no normal stress changes occur. This is not the case in the triaxial test. The rotational
elliptical path attempts to model the situation where the cyclic soil stresses along the horizontal axis
are twice those of the vertical axis. The rotational circular path represents the circumstances where
the cyclic stresses in the soil mass are equal along all axes. Depending upon the type of earthquake,
it may be said that one of these stress systems will simulate the effects. For example, the conven-
tional triaxial or pure shear tests addresses the case where the one-dimensional wave predominates.
On the other hand, the rotational elliptical or circular path models earthquake conditions where

multiaxial loading occurs.

The comblex stress paths are further subdivided as being tied to either the triaxial or pure shear

modes. In the triaxial mode, an increment of mean normal stress is included in the loading which
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is the same as that used in the conventional triaxial test. In the pure shear mode, no increment of

mean normal stress is added to the loading, as is the case in a pure shear test.

A comprehensive series of tests were performed to define the range of strains over which the
three-dimensional shear box could be expected to achieve accurate results. It was found that the
device worked well until the sample reached initial failure, after which the measured strains became
unrepresentative of the sample behavior as a whole. Fortunately, this was found to involve a
condition where the strain levels were in the range of five or more percent. Such conditions are
beyond the interest of this work, since the main interest is in initial liquefaction, and this occurs at

strain levels of one to two percent.

The production test program with the cubical shear device involved about 100 tests on unce-
mented and cemented sands. All of the samples for the tests were prepared by pluviation. The
cemented sands were created by adding a small amount of Portland cement to the sand before the
sand was pluviated into the sample mold. Special procedures were developed to aveid particle
segregation during the pluviation process, and it was found that the samples could be prepared with
consistent properties. After pluviation, the cemented samples were submerged in water for about
15 days in most cases to allow for wet curing. Both dense and loose densities were prepared as well

as weak to strong levels of cementation.

The principal conclusions of the test program are as follows:

1.) The cubical shear box allows for accurate testing of uncemented and cemented sands under a

wide range of cyclic loading paths.

2.) The conventional cyclic triaxial test can be modeled using the cubical system, and the results

of the two types of tests are in general agreement for uncemented sands.
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3.) The cubical shear box shows that cemented sands have a greater resistance to liquefaction than
is found in triaxial tests, probably because of stress concentrations that are set up in the cemented

sands in the conventional test.

4) Resistance to liquefaction for either uncemented or cemented sands is higher in pure shear
loading than in triaxial loading because the triaxial test induces an increment of mean normal stress

in every cycle which causes higher pore pressures than in pure shear.

5.) The stress paths that simulate the passage of more than one wave type through the soil during
an earthquake (multiaxial loading) lead to a lowered liquefaction resistance relative to the triaxial

or pure shear condition. This applies to both cemented or uncemented sands.

6.) The most severe form of loading is that applied in the rotational circular stress path, apparently
because this involves applying equal cyclic shearing to all planes in the sample rather than only one

or several as in the case of the other tests.

7.) The complex stress paths using the mean normal stress increment as in the triaxial test con-
sistently yielded lower strengths than those without it. As in the case of the simple tests, this in-
crement causes a rise of pore pressure that does not exist in the pure shear case, and leads to

premature failure of the soil.

8.) Special considerations have to be given to the use of simplified pore pressure models for ce-
mented sands since the form of the pore pressure development curves vary depending upon the

stress level.

9.) The relationship between the pore pressure ratio and the octahedral strain developed in the
sample during a test is different for a cemented sand as opposed to that for an uncemented sand.
It is believed that this unique relationship could be used to formulate special models for cemented

sands.
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APPENDIX A

OPERATION MANUAL FOR DCSVT1

A.1 INTRODUCTION

This manual is addressed to the usage of DCSVT1 toward static and dynamic soil tests. The
manual describes test procedures in sequence with instructions related to the operation of the
DCSVTI1. To follow the directions, the system should be set up as described in the following
sections. Step by step directions for the soil test are shown afterwards. The computer software for
the soil tests is listed at the end. The necessary matenals and equipment are introduced in Appendix
B.

A.2 INITIAL SET UP

Each unit of the device is described in Chapter V; therefore, the description of the system ar-
rangement refers only to the initial set up of the cubical shear box, the pressure panel, an analog-

digital converter, and a microcomputer.

A.2.1 Cubical Shear Box

The aluminium cubical shear box assembly as decribed in chapter V is equipped with pressure
modules on all the six faces for pressure applications. These modules are made of RTV silicone

rubber (General Electric RTV 660, see Appendix B). Molding of the silicone rubber needs the
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special mold which is shown in Figure A.1. The silicone compound is poured into the mold taking
care not to allow any air bubbles entraped; this is done by vacuum boiling. Then it is baked in the
oven for three hours. The detailed procedure of making the silicone module out of the RTV com-
pound can be found in the manual MOLDMAKERS supplied by the General Electric.

A.2.2 Pressure Panel

Figure A.2 shows the connection circuit of the panel and Figure A.3 shows the locations of the
various units on the panel. The inhouse air pressure of 180 psi in the laboratory is connected to
the pressure chamber (1) which absorbs small fluctuations of the supplied air pressure when the
compressor is running. Then, the pressure is transmitted to six lines; one for the confining pressure,
one for the back pressure(2), one for the air filter (3), and three for voltage-pressure transducers (4),

hereafter abribiated as VPT.

The air filter (2) cleans the compressed air from the chamber and sends 20 psi compressed air
with which the VPTs can regulate the output pressure according to the voltage received. The
source pressure is obtained from the pressure chamber (1). The output pressure is monitored by
pressure gages (5). The air regulator (6) controls the confining pressure. It has a gage (7) to
monitor the output pressure, and is connected to three three-way valves (8). Therefore, either a
constant confining pressure or different pressure on each of the faces can be easily applied. The line
from the chamber to the air regulator (9) controls the back pressure and the pressure is monitored
by the gage (10). The line extends to the water reservoir (11) and to the volume change gage (12).
Through the water, the air pressure is transformed to the water pressure, then extended to the
three-way valve (13) which selects lines between the reservoir and the volume change measuring

cylinder.

Before applying the pressuré to a sample, check the following:
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(i) Disconnect the extension tubes from the cubical box (see the locations of these tubes connected

on the panel in Figure A.3).

(ii) All three three-way valves (8) are set to have the pressure from the air regulator (5); the di-
rections of the valves are written on the panel. Then, open the pressure regulator gradually until

the pressure gage (7) reads S psi. If it does, release the pressure.

(iii) The three-way valve (13) is set to have the back pressure from the water reservoir (11). Then,

open the air regulator (9) gradually until the gage (10) reads S psi. Release the pressure.
(iv) The air filter (2) is fully open so that the gage on the filter reads 20 psi.

(v) The drainage tubes from the inside of the cubical box are connected to the panel.

A.2.3 The Analog-Digital Converter

The setup of the A/D converter is important for proper selection of the working voltage range.
Five switches, S-7 ,10 ,and 12 on the main board, S-2 on the interface card I-130, and S-3 on the
preamp I-140 are needed to be set properly ; the location of the switches can be seen when the top

lid of the converter is opened. The setup of the switches is shown in Table A.1.

The converter is connected to the transducers with the extension board which is attached at the
back of the converter. The board has 16 input and 4 output channels. The proper connection for

the transducers is summarized in Table A.2.

The A/D converter and the microcomputer are connected by a interface cable. The one end of
the cable is embedded on the slot number 2 in the microcomputer and the other is inserted on the
socket on the A/D converter. The A/D converter and the I-140 preamp system are connected by
a interface cable. One end of the cable is attached on the interface card I-130 which is embedded

on the slot number 2 in the converter and the other is attached on the extension socket in the
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Table 13. A.l1 Set Up of the DIP Switches in the Converter.
-1- -2- -3- -4- | Note
S-7 on on off off | Input Voltage Range + 5 Volt.
S-10 on off off off | Output Voltage Range = 10 Volt.
S-12 EXT e e ** Power Supply 15 Volt.
S-2 on off on off | Input Voltage + 100 mV.
S-3 on off off off | Input Voltage £ 100 mV.

155




Table 14. A.2 Chanel Connections for Reading of Surrounding Electrical Circuits

(Analog to Digital Conversion).

A/D Channel No. -0- -1- -2- -3-
LVDT* op**(+)z-a op(+) x-a*** op(+)y-a
op(+) z-b op(+) x-b op(+) y-b
Diff. Trans. - - - op(+)
Channel earth earth earth earth
LVDT op(-) z-a op(-) x-a op(-) y-a -
op(-) z-b op(-) x-b op(-) y-b -
Diff. Trans. - - - op(-)
A/D S-10n I-140 -0- -1- -2- -3-
P.P.trans. op(+) - - op(-)

(*) :input (+) and (-) to the LVDTs are provided by 24 volts power supply.

(**) :( op ) stands for output.

(***) : A pair of LVDTs for a direction of z is denoted as ( -a ) and ( -b ).
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Table 1S. A.3 Chanel Connections for Controlling the VPTs.

(Digital to Analog Conversion).

D/A Channel No. -0- -1- -2- -3-
VPT & PP.Trans ip*(+)toz ip(+) to x** ip(+)toy | ip(+) to pp.trans.
Channel earth earth carth earth
VPT & pp.trans ip(-) from z ip(-) from x ip(-) from y | ip(-) from pp.trans.

(*) : (ip) stands for input.

(**) : z, x, and y are the loading directions.
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preamp system. These connections have been set already. For the details, refer Apple Based

Laboratory Computer System Reference Manual (The Hardware Portion of ISAAC System).

A.2.4 Microcomputer

A soil test program is written using BASIC and LABSOFT. Two languages are employed by
running the APPLE DOS 3.1 and APPLESOFT sequentially at the beginning. Insert the DOS in
the floppy disk, and type “ IN#6 “. This stores necessary commands for disk operational system
and BASIC. Do the same procedure for APPLESOFT. The details for the DOS and
APPLESOFT are described in APPLE II Tutorial and Labosoft Reference Manual (Labosoft

Language), respectively.

A.3 TEST PROCEDURE

The test procedure is as follows:
(1) Membrane Making
(2) Sample Set Up
(3) Test

(4) Data Compilation
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A.3.1 Membrane Making

The matenials required are : (1) thin rubber sheet, (2) draft tape, (3) plastic liquid rubber cement,
(4) rubber cement, and (5) teflon spaghetti tube (see Appendix B). Make two types of membranes,
a cylindrical membrane and square membranes, which are used in the sample preparation. The

direction for making the membranes are given hereafter:

CYLINDRICAL MEMBRANE
(a) Cut a rectangular sheet of size 6 x 8.25 in. (Figure A.4.a) from the thin rubber sheet.

(b) Put a draft tape on the left margin as shown in the figure. The draft tape prevents the margin
from rolling and shrinking when glue is applied on.

(c) Paint rubber cement over the margin, and overlap the area with the other side of the sheet so

that it turns out to be cylindrical.

(d) Peel the tape off (Figure A.4.b). Make sure there are no wrinkles and air voids remaining over

the margin. Stretch the margin to eliminate any air voids if present.

SQUARE MEMBRANE
(a) Cut a square sheet of thin rubber of size 2.25 x 2.25 in. (Figure A.5.a).
(b) Make a pin hole at the point shown in Figure A.5.a.

(c) Insert teflon Spaghetti tube into the hole, and adjust the length of the tube so that the tip is
roughly at the center of the square sheet. It is recommended that the mouth of the tube be trimmed
into an acute angle and the wide mouth be placed facing against the plate so that the total area of

the mouth becomes wider for drainage.
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(d) Put liquid rubber at the intersection of the sheet and the tube from the top and bottom side of

the sheet, and then, place the small patch of the thin rubber as shown in Figure A.5.b.

(e) Make another square flat sheet for the bottom cover.

A.3.2 Sample Set up

A sample is wrapped by the membranes in a special mold (Figure A.6); and then it is confined
with vacuum. Finally, the cubical sample is placed in the cubical shear box. This sequential pro-

cedure is described as following:

(a) Place the cylindrical membrane (see A.3.1) inside the mold, and then, wrap the mold with inside

out.

(b) Apply vacuum to the mold. Tighten the membrane around the bottom of the mold by a rubber
band, and stretch the membrane from the top of the mold to eliminate any wrinkles on it. Pick
up the teflon tube which is not attached to the square membrane, and hold the tip of the tube.
Insert it into the top drainage canal in the cubical frame from inside to outside (ref. Figure 4.3).

Do the same for the bottom drainage.

(c) Fit the nuts (cf.tube fitting in Appendix B) to the ends of the tubes coming out of the top and
bottom drainage canals, and then connect them to the drainage board (Figure A.7).

(d) Now, look at the bottom of the vacuum mold. Paint Rubber Cement on the flat rectangular
margin of the membrane on the bottom of the mold. Take the square membrane coming out of

the bottom drainage line, and then, place it over the glued area.

(e) Press well and make sure no wrinkles and air voids are present. Note that most of the leakages

occur around here.

(f) Tum over the mold. Place a filter paper and a porous teflon paper in the order, at the bottom

of the mold.
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Figure A.7 Front View of The Drainage Board.
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(g) Place the soil specimen inside of the mold.
(h) Spread a porous teflon paper and a filter paper at the top surface of the specimen.

(i) Seal the top of the membrane with the other square membrane by the same manner as (c) and
(d). Note that the direction of the tubes leading out of the top and the bottom must go opposite

so that they accord the locations of the drainage canals in the cubical frame (ref. Figure 4.3).

(§) Release the vacuum to the mold gradually and apply it to the soil specimen through the drainage

board.

(k) At this stage, the soil specimen is vacuum frozen. Push it with a finger and confirm the sample

confined with the vacuum. If soft, there is some leakage (Figure A.8).

(1) Take off the membrane from the mold, and disassemble the mold. Trim excess part of the thin

membrane.

(m) Measure the size and the weight of the specimen. Note that the weight of the rubber mem-
brane, filter papers, and teflon porous paper must be subtracted from the total weight, however, if
the rubber sheets are cut as the sizes shown in Figure A.4 and 5, the total weight is 6.2 gram. The
weigth of the filter paper is 0.8 gram and that of the teflon paper is neglegible. The thickness of the
rubber is approximately 0.20 mm and that of the filter paper is approximately 0.25 mm. Thickness

of the teflon papter is neglegible.

(m) Bring the specimen near the cubical box, and push the excess tubes inside to outside through

the drainage canals. Place the sample inside the box (Figure A.9).

(n) Close the box with the silicone membrane pressure modules. Apply small amount of confining

pressure, say S psi, by opening the air regulator, then, release the vacuum (Figure A.10)

The sample is ready to be tested.

165



=
C
Bt
3
=]
=
=4
:
=
@
=
V]
£
£
E
B

Drainage Tube

‘Figure A.8 The Top of the Sample in the Vacuum Mold Is Sealed By The Square Membrane.

166



2
=
=
=

%]

e
=

=
=
]

o
=
=
31
&

>

Figure A.9 Vacuum Confined Samples in The Shear Box.

167



e |
_ Microcomputer

) o

— g0 )

% IF READY, MIT CRETURN) N
® =3 ’ 4
i

BT

Figure A.10 Ambient Pressure Is Applied to The Box and The Test Is About to Start.

168



A.3.3 Test

Run the program called “ SOIL TEST “ and choose the option; static test or dynamic test.
Up to the consolidation procedure, the process is the same for both tests. The test procedure is

divided into three sections; (1) consolidation, (2) static loading, and (3) dynamic loading .

CONSOLIDATION
(1) Set the three-way value of drainage selection to the water reservoir.

(2) Input the information sequentially on the screen display: (a) NAME OF THE FILE, (b) TI-
TLE OF THE TEST, (c) CONDITION OF THE TEST, and (d) SERIAL NUMBER OF THE
TEST.

(3) Input the initial condition of the soil such as the size (inch), weight (Ib), and water contents

(percent).

(4) Input the consolidation and drainage condition so that the screen display confirms the condition

of the test such as “ consolidated and drained test with volumetric measurement ” or the others.

The computer stores the input information on the disk; sequentially it executes the initial reading
of the sample in terms of the initial location and volume of the sample in the cubical shear box.
These steps can be repeated from the beginning by inputting the order, if anything wrong in the

process.

(5) Saturate sample. The details of the procedure are explained in the Chapter V. The screen dis-
play instructs briefly about this procedure with reference to the operation of the pressure regulators

and three-way values on the panel.

(6) The desired back pressure and effective confining pressure are set by two pressure regulators.
The three independent pressure for three directions are activated by the program with input of the

initial loading condition. Since the three-way valves are on the pressures from the manual air
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pressure regulators, the three independent pressures do not affect the sample. The necessary in-
struction for this procedure is seen on the screen display. At this stage, the four pressure gages show

amount of the pressure according to the input values.

(7) Change the drainage line from the water reservoir to the volumetric change measurement cyl-

inder by turning the three-way valve.

(8) Input the amount of time for consolidation in minutes.

The steps instructed lead to the completion of the process up to the consolidation.

STATIC LOADING TEST

(1) Very quickly turn the three-way valves of the pressure sauces from the manual pressure regulator
to the others. Also, according to the drainage condition, undrained or drained, the three-way valve

of the drainage selection must be set.

(2) Input the target pressures for three directions of the sample and the time interval. Loading and
measurement are automatically done. During this step some of the tentative options such as ” no

increment of of load but measurement “, “ end of the test *, and so on, are asked.

(3) At the end of the test, three-way valves of the pressure sources are to return to the manual

pressure regulator and the the valves of the drainage selection to the water reservoir.

(4) Slowly release all pressures by turning the regulators on the panel.

DYNAMIC LOADING
(1) Do the same as directed in (1) of the static loading .

(2) Input one of the loading types; (a) CTX, (b) CPS, (c) CRE-TX, (d) CRC-TX, (e) CRE-PS,
and (f) CRC-PS and the stress amplitude which is the ratio of the increment of the vertical stress

divided by the effective confining pressure.
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(3) Input the number of cycles to be loaded. The loading and measurement are automatically

performed.

(4) At the end of the test do the same on the three-way valves described on the steps (3) and (4)

in the static loading test.

A.3.4 Data Compilation

Measured values are automatically stored on the diskette under the name input at the beginning
of the test. The screen display asks if monitoring the data is wanted. If so, the data is plotted on
the screen or written on the line printer depending on the optional number chosen by the user.
In the case that the data is sent to the main frame, insert VICITERM and run; this connects the
microcomputer to the main frame computer and the data is ready to be sent to there. For details,

consult © User’s Manual of VICITERM " (Appendix B).

A.4 ”“SOIL TEST” LISTING

The listing of the program “ SOIL TEST ” is given below. The program is written by BASIC;
however, the commands related to the A/D converter and the screen display are written by using

LABSOFT commands. For further details, consult LABSOFT manual.
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0 REH  AEEEKEEFAXEEXEEEL
23 REH

3¢ REH SOIL TEELT

4 REH

S0 REH ¥EEXEZAERXNREXXEEN
ol Reif

&5 HUHE

7G FPRINT : PRINT : PRINT : PRI
20 PRINT ” (1} BTATIC TES
75  PRINT

100 PRINT 7 (23 DYHAHIC TEST”

110 PRINT

12 INPUT 7 SELECT 1) QR (2) ";&§
134 PRINT

H
i = CHRY (4)
140 IF & = 1 THEN FRIKT
I
£

sYRUN STATIC TESTY
;PRUH DYNARIC TEST”

J
F & = 2 THEW PRINT J%

I0 REH SAXERENAREXNELEEXFRELLERH
12 REH

14 REH RTATIC 3-0 TEERT

15 REH PROGRANK (JUK. 8&:

I8 REH BY J. IHABUCHI

1?7 REH

DG REH EREAERENEXAREXEENAEEXEER
22 RER

23 DIH AC20G): DIH B(20Q): RIN CiZ200)
I8 DIW RDC(200,7)

27 FF(G) = Q,0762:FF (1) = Q. 0753:FF(2) = 0,0738:FF(3) = 0, 825:FF (4} = 4,
31254

28 FF{8) = (,825:FF (7} = 00,0123

2 DEF OFN VIGX) = (X % Q.14681 ~ 0.761031 % 407,¢

30 DEF FH ¥V2iX) = (X # (,155%1 - 0.731641 % 40%,8

Ii DBEF FN V3Ii(X}) = (X % 0,141656 - 0.,51020) % 407,48

32 DEF FH PV(X) = X / 409,56 - 4,748

33 DEF FN PP(X) = X % 2 [/ 40.76 - 200

76 HOHE
21 PRINT : PRINT : PRINT : PRINT : PRINT
73 PRINT kXS5 ¥ANSFNFNXCREENAEHNXRNNRXRENNENNREART Y PRINT

: PRINT

25 PRIKT 7 STATIC 3-02 TEST?: BRRINT

35 PRINT ¢ PRINT ; PBRINT

7  PRINT “XEXAXXXEEFRYNA4XRENESRSANSNRNAESRNRRNREY ) PRIHT ¢ FRIAT
33 INPUT 7 IF READY, HIT (RETURN) 7:¥¥%

9% HOHE
Fx ]

ica ﬁanT
Rk 47
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red .
Lom e TTY g K

3TAGE 5. AHIT AL htdu-Vu ”: PRIﬁ

o P EREXRER AP SR L E AR AR NS F XXX FRRNIEIEY . FRTHT
28 CHR$ (4): REK CTRL-J

g JE:“0PEN";A$: PRINT J$;“BELETLY ;A%

73 J$;“0PEK”;A%: PRIKT J$;7HRITE" ;A%

a¢ Bi: PRINT C#%: PRINT D%

05  PRINT X(1): PRINT X(2): PRIHT X(3): PRINT H
10 PRINT CH: PRINT PR

15 PRINT J$;7CLOZE" ;A%

e & = ¢

20 GOIUB el

22 PRIRT : FRINT

25 INPET 7 AHYTHIHG WRONG > (Y/H) “;¥$: IF ¥$ = #v7 GITC Zee
30 HOHE : PRINT

35 PRRINT PEEEXXEREXXEXEXELALARNEREXEXXFSXREXRRRERT 7 PRINT
40 PRINT ” SATGE &. SAHPLE FATURATIGH "i PRINT

45 PRIWT FEERREENENKEEREEFAEELEENEXEREXXNREXNRNEREY  PRIHT
3 ARINT 7 FOR CG-2 HETHOD ": PRINT

35 PRINT 7 (1) FLBSH Cg-2 °

37 PRIKT ” (2) FLUSH H-2-0"

52 PRINT ” (3i IHCRE455 COK. AKD BACK PREZS. *

PRIKT (4} MEASURE B-VALUE *: PRINT

PRINT * FOR VACUUH ﬁETHOD”: PRINT

PRINT * (1} FLUY3H H-2-0, SAY [ HOUR ”

PRINT * (2} RE-SET & PRI AND 10 HG”

PRINT 7 (3} CHECK AIR ¥0ID3 FLOWIHG OUT": PRINT
PRINT 7 (4} HAIT AWOTHEE 1 Houz ”

Ce. O O
LS N S

W =]

(T BT NS B I SO«

2 PRINT ” (5) INCREASE C.P. AND 3.P.,GET B({L) *
I PRINT
5 INRUT ¥ READY T8 G@ AHEAR “;¥#
80  HGHE : FRIAT
00 PRIHT ¥ SA¥ESASAEFNSRAXEFNEANANRAEHAFERHRES"; FRINT
F3  ARIAT " STAGE 7. STRESS APPLICATION 7: PRINT
400 PRINT "SEXEXXRXXEXZEXNXERERFRNRNENEXRANRRRLNERTr PRINT

435 PRINT “ EFFECTIVE PRINCIPLE STRESZED ": PRINT
4aé  INPUT 7 STRESS (L. (A813 73581: PRIKT
407 INPUT 7 STRERE () (P31} "3:52: PRINT

408  INPET 7 ITHESS (X! (PRI} 7;831 PRINT
407 3P IHT T * BACH PPTIN MaBR: PRINT
$jp 0F = i1 ¢ BP:3Y = I w BF:EL = 21 ¢ BF
$19  PRINT
Hafut * ANYTHING KROUG » (Y/HD “p¥s: IF Y§ = 7YV7 67¢ 1
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STAGE 9., AUTO-COHTRGLL CHECK "1 PRIAT
TEXEFEEEEIAFAAFEAARLF SR EX XX R REF2ER¥587 FRTH
“ (1§ HARE SURE NG AIR VQIDS IN THRE 7

K

# (2) IWPUT CON.P.AT THE FREZENT “3F
FH YI(RI:P2 = FN V2(PI:PI = FHN VI(R)

& AOUT,(DV) = PI1,(CH#) = ¢
& AQUT, (DV) = P2,(C#) = 1
& AQUT, (DV) = PI,(CR) = 2

PRINT
FRIKT * (3} CHECK PRESR AT AUTO-CORT. *
PRINT
PRINT 7 {4} IF QK , TURK T.E.YALVES”
PRINT
IHFYT 7 {3} DORE 7 YT
PRINT
PRIAT * {6} INCREASE B.F. HHILE C.P, CHAHWGES”
PRINT
INPUT 7 (73 READY 2 7;¥3%
J o=
GOsSUB 1000
BZ = (3 - P} /7 5:DY = (&Y - P} / 5:DX = (8X = P} [/ &
Vi = P:¥y = P:VX = P
FOR I =1 T0 5
= ¥Z + DZsVY = VY £ DY:VX = ¥X + DX
= FH VIGVEI:YY = FR ¥V2(VYi:XX = FN VI(VXJ
BEEP

"~1'<

AQUT, (vl = Z2Z.(C#) = 0
= YY,(C#) = |
AQUT, (DVi = XX, (C#) = 2

PAUSE = 10
EXT I
J = 2: G0SHE 100¢C
IF CH$ < > "CONSOLIDATION - " THEHR 6870 &0
PRIKT : PRINT
PRIHT * SAHPLE IH CONEOLIDATION PROCEIURE i PRINT
PRINT
IHPUT 7 SET TIHER FOR CONSQLIDATION (HINJ ";TH
PRINT
TH = TH % 60: & PAUSE = TH
FLAGH
& BEEP OK
INPET ¥ TIKE IS UF, HIT (RETURN} “;Y$: HORHAL : %
HOHE & FRINT

&
&
& AGUT, DV}
&
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PRINT “AF¥ X sX¥a X XSy As i8N bR AR R ES RN SR E5E8" PATHT

PRINT * ATAGE 18. STATIC LOAGING ": PRINT

DRIHT "resyXyX s sis xR i3 ¥EREXFRANERANEXER22T DIINT

PRINT & FRIAT

PRIAT “LOADING PRUCESS (1) LIHEAR INCREHENT 4R ": PRIHT

FRINT * (27 HOK-LINZAR o “r BRINT

IHAHT * IHPUT i OR (2} 31L&

PRINT : PRINT

INPUT “IF READY, HIT (RETURN! 7;7$

PRINT : PRINT : PRINT

PRINT e SR s RN RN AR R RN NN RN NN R RN

If L& = [ THEN GQ&UR 1300 . e Ce

IF L3 = 2 THEN GOTd &4¢
X:0% = TX / IX:DY = TY /7 IK

P ¥ LP:B o= FX ¢ DX % [P0 = 3Y £ DY % LF
: GOSUB 1oad

A(J! = A:B({Jd} = F:C{J} = (: GOEUB 1600
& PAUSE. =

PRINT

PRINT "PFRESENT STRESE LEVEL (&) *;
PRIKT “PRESENT STRESS LEVEL (X! 7;
PRINT “PRESENT STRESS LEVEL (Y) "
PRINT "PRESENT STEP "
& PAUSE = 10

HEXT LP

INPUT = CORTINUE (¥Y/H) 2 7;73$
IF ¥Y$ < 2 "K" THEN GOTQ 380

HOME : PRINT : PRINT : PRINT : PRINT : PRINT
INPUT "HEXT TARGET EFFECTIVEL STRESS (I} ;A
INPHT “NEXT TARGET EFFECTIVE STRESS (X} ”“;B
INPHT “HEXT TARGET EFFECTIVE STRESS (Yi ¥;¢
= A+ 8Z:B =B + &§X:0 = & + 3Y

PRINT : PRINT : PRINT

INPUT “AKYTHING RRORG 2 (Y/K) 7;HN%

IF K¢ = Y7 THEN &40

Jo= 0 o+ 1 GOSUB 1000

A(J} = A:B(J) = B:C(J) = C: GOSUB 600
PRIKT : PRINT

INPUT ¥ CONTIHUE (Y/N} 2?2 7;7%
IF Y$ ¢ ) “N" THEN GOTO &40

INPUT ~ ARE YOQU SURE (Y/N} 7 “;7#
IF Y$ ( » “Y” THEN GQTO 380

G078 &ao

END

HOHE

PRIKT c&;7HONW C, 1,87

ARINT J#;7APPEHD" ; A%

PRINT J$;7HRITE" ;A%

ARINT T1: BRINT 52: PRINT 531 PRINT B8°: PRINT 5R
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AN
I
104
ooz
1604
10G5
igos
13438
igia
10is
1020
1023
1030
1034
1035
103¢
L7
1¢is
16440
10435
iGag0
145%
jgag@
1061
i0e2
10635
1dée
1670
1078
1080
ial2
fraa
1103
1114

1112

111
1115
i1za

;s
Ldid

REXT 1
NEI\] L
ARINT J#;7CLOSE";
FRINT J%;7KOMON C,
PRINT : PRINT
TNPUT 7 QyTARUT
IF aP% =
EHD
REH FEXEELXERNR
REH
REH SUBROUTINE
REH
REH EXEXELXEREER
REHM

& AIN,(TV) d,(
4 = 4 & FF{LJ
ROC(I, L} = @

REXT L

IF 2 ¢

FOR L = ¢ T8
!

4 THEW

A
1,0

DATA (Y/H) 7

ERESEEREXER
READIHG

LXEEEEXELTE

c#) = L, (FU)

GOTO 1036

{

TY* THEN PRINT J$;"RUN

: PRINT Cil

“;0P$

DATASHEET”

Fi PY{RAHL!

PRINT

IF DR ¢ > 1 THEK GOTO (018

& AIN,(TV) = @,(C#}) = 3, (FU} = FN PVIRAHLI

g = @ % FI(4): GOTO 1440

& AIN,(TY: = G,(0%) = 1,{C8} = QG (Fi} = FH PR{RAWL}
RO(J,3) = @ = FF(3)

HOHE : PRINT

PRINT ’*********4******&&&***&«*****#ﬁif&*b#**”:
PRINT * SPLACENKENTS(IN) STRAINK (%) "1 PRINT
IFJd ¢ >4 THtN GOTO 10e3

RD(J, 4

Garg fi1caQ

Jit = J - 1

IF J % 3 THEN JH

FOR I = G T80 3

IN =1 + 4:1] = 1]
) =

= 0,Q:R0(4

L*;S.)

=3
+ 1

= L33 RD(I, 6}

RO(J,IN (RDB(JI, 1) ~- RD(JM,I13 /7 X(I1} % 10¢

REXT !

PRINT ¢ Z-DIR. ";RD{(J,0}" “IRDCJI, 41 PRINT
PRIKT * Y-DIR. ";RD(J,1)" “iRE(J,5i: PRINT
PRIHT * X-DIR. ";RB(J,21" PsRO{I, 601 PRINT
PRIRT » ¥V QR 2 ";RD{J,3)" YIRODGI,TI: PRIAT
FRINT ¢ PRIKT * AT THE PREVIGUS LGADRING STEF
PRINT “FEXEEEXFEFEXRXFFERRAAAANERARAANEREREEERY
& BUIZ

& PAYSE = 3

= 0.0:RD(J,7) = 0.0

i,
H

FRINT
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P3¢ RETURH
SO0 HaHE
I3G72 PRIKT "S5 4¥ ¥4 EXFSXRFREFXRLXERSEF R EXExRX 26827 POINT : FRIHT
1504  PRINT ” SET TARGET STRESS LEVEL AND TINE ”: FRINT
1206 FRINT "% X¥i¥33sX£XXXXEFENRFEAXRNAEN006R4%25887 7 PRINT 1 FRIHT
g8 IdpuET ” TARGET EFFECTIVE STRESE LEVEL (2} *;TZ: PRINT
1510 INPHT 7 TARGET CFFECTIVE STRESES LEVEL (X) ";7TX: FRINT
15312 INPUT TARGET EFFECTIVE STREZE LEVEL (Y) *;TY: PRINT
151 INPUHT * TIHE JPENT OH STRESE APPLICATION ";T3: BRINT
1916 INRUT ” NG, OF STEPS TO COMPLETE LOADING ";I1X: PRIAT
1518 PRIKNT : IKPUT 7 I3 THAT RIGHT 2 (¥Y/H) “;Y%: IF Y¥% = “H” THEH
1300
1820 7T = 73 # 0 / IX
154G RETURH
1600 Al = FH VI(AY:BI = FH VZI(B}:C1 = Fi ¥VIi(ll
leld & AQUT,(DVY = Al,(C#) = ¢
1620 & AQUT,(DV: = BI,(C#) = 1
led0 & AQUT, (RBVI = L1,(C#) = 2
1640 RETURH
I LOHEH: 16384
10 REH REXEEXERERRNREEEXXKEXXENS
12 REH
14 REH HONITOR D, TEST
16 REH
T8 REH SEEEXEEEREXEXXEXXNEEENEIXSN
20 REH
25 DIH LV(40R,3): RIH RD(3,7!
3G FF(G) = Q,0783:FF(1) = (.0733;FF(2) = 00,0758
32 FF{3) = 1,3C0:FF(41 = (,01254
35 DEF FN PV(X) = X [/ 407.86 - 4,745
36 DEF FH PP(X} = X % 4 / 40.%6 - 2040
40 EXAX = 105.4:EMIKN = 89.3
45 HOHE : PRINT : PRINT : PRINT
a0 INPUT * INPUT KAHE QF FILE “":A$: PRINT
59 PRIKT ¥ READING HAL BEEN STARTED v
&0 J¥ = CHR$ ($)
&% PRINT J$;“HOK C,I1,07
70  PRINT J$;“0PEK”;A$
7% PRINT J¥%;”READ”;A$
30 INPUT Bs: IKPUT C3: INPUT D3
88 IRPUT X{1i: IKPUT X(2}): INPUT X(3): INPUT H
90 INPUT CH; INPUT DR
25 IKPYT 51: INPUT 52: INPUT E£3: INPHT BP: INPUT 3R
i00 FOR J = 070 3
05 FOR I = ¢ T8 7
110 INPET RD(OJ,I)
1% HWNEXT 1
128 NEXZT J
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175 INAUT
136 FOR L = 0 TO K

136 FOR H = ¢ TO IS

138 1 = L % 16 + K

140 FOR G = ¢ T0 3

145 INPUT L¥(I,J}

150 WEXT J: NEXT H: NEXT L
155 PRINT J$;“CLOSE";AS
160 PRINT J$;“HOHON C,1,0"

" "o o=

130 REH EXEENFEEREXANEFARAARNES
182 REH

184 REH HONITOR SECTION

186 REH

I88 REH  SESEBEXERZXEEXFREAEARS

182 X(4) = X{1}) % X{2} % X(3)

200 UK = H 7 X(4) ¢ (2 * 3

202 RLD = (UK - 89.3) / (105.4 - 89.3)  103.4 7/ Ud
204 IF DR = 1 THEH GOTO 206

205 L4 = LVi0,3):L4 = FN PP(L4): GOTO 207

206 L4 = LV(0,3):04 = FH PY(L4):Ll4 = L4 % FF{4]
207 L1 = LV(O,0):0l = FK PV(LI}:ll = L1 % FF(OJ
208 L2 = LV(G,1):L2 = FN PV(L2):L2 = L2 * FF(1)
209 L3 = LV(0,2):L3 = FN PY(LI):L3 = L3 ¥ FF(Z)
210 WM = (N - 1) % ]¢

211 FOR I = 1 TO KW

213 LZ = LV(1,00:L2 = FN PV(LZ):l2 = LI * FF(Q)
Lver,00 = (LZ - L1) /7 X(1) # 100

LY = LV(I,1):LY = FN PVOLYDsLY = LY ¥ FF{L!
§OLY(I, 1) = (LY - L2} [/ X{2} % (@0

P SRS I SR B S F¥
i

[ Y
[ =
R I

[N
-
P

oy

a3
-4

Ly T AR VAN I P N EER"SNECI o
LA T LV lissisiA < CHALAS LA = LA ¥ T VL

LV(i,2y = (LX - L3} / X(3) % 1G0
IF DR = 1 THEN GOTO 222

;‘jl

218

219

220 LP = LV(I,3)sLP = FHK PP(LPI:LV(I,3) = (LP - L4) ¥ FF(3): GaTa 228
222 LP = L¥(1,3):LP = FN PVILPI:LP = LP % FF{4}
225 LV(I,3) = (LP - L4) / X(4} ¥ [0¢

228 NEXT I :

210 REM EEELEXEXXXNXNEENEEXNEN

231 REH

232 REH SHEAR STRAIN (OCTi

233 REH

234 REM EEEEXFNEXRSEXXEERNERRNNH

300 REH SEEEEEFREFEXXXEENNARERENS

301 RtH

302 RE#H GRAPHIC 3YSZTEH

303 REH

304 REH SEEEFNEXEXEEXNEXFNERNERS

IGS  REHM
310 TEXT & HOHE ¢ PRINT @ PRINT
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15 PRAINT "X45X35 ¥ %4224 7RFXAEERARAANNRFXENRET s 0¥ 08N 7 PAINT
8 PRINWT * HORITOR SYSTEM®: FRIHT
25 PRINT "HX¥XEXAFALXXFRFAAFCRXNASHERXARCRRRnnenxsy FRINT ¢ PRINT
26 PRIKT * (G} PORE PRESS., V&, CYCLE *: FRIKT
30 PRINT 7 (13 VL. CHANGE ¥3., Cvole ": PRINT
32 PRINT * (24 OCT E.5TRAIN Va. CYOLE 7 PRINT
33 PRIKT 7 (3) DATA SHEAT (PRINT QUT) *: PRIAT
4G  PRIKT 7 {4 FINITO / "3 PRINT
45 INFHT ” ENTER OPTION HUHBER . 0F
50 IF OP = 4 THEH END
55 IF 0P = 1 THEN GOTO 500
56 IF 0P ¢ ) DR THEN GOTO 310
S7 NL = N / S0:K = NL + 2
&¢ IF 0P = 2 THEN §5OTQ 400
62 IT = 1
&3 GOSHB 450
&4 85 = 33 - BP
5 FOR J = I TO 4%

Ho= (IT - 1} % 30 + J

IF PR = 0 THEN Y1 = 75 - 114 / 58 % LV(H,3)
IF DR = | THEN Y7 = 1té + LV(#,3) % 370
IF Y% ( 2 THEN Yi = 1

IF Y% > 155 THEN YL = 15%
X% = 5 ®# J + 10:XX% = XL 1

HPLOT XL,YL TO XXL,Y1.

PRINT “%% X %% “;Y1% %¥ Y ¥¥ “:Y]
NEXT ¢

INPUT * DUHP THE DISPLAY TO L.P. (Y/iIN} 7

W gt By

Ry e S

al )
~
pEN

£ad Und o Cad £ag Cod Cog Cad Gof Cad Gof Cod O Ond oy Cod g 0d Gd Ged G G0 Gag G G Gl G Gl Gag Bod g 4 G4 G Ly

0 D 00 OO D 03 U0 OO DO GO YN S N ) ) B

& IF Y$ ¢ » "Y' THEN GOTO 174

7 PRINT CHR$ (4);7PR#2”

8 PRINT CHR$ (2);"GDR"

F  PRINT CHRS (47;7FR¥0”

4 IT = IT * [

5 IF IT » K THEH GOTO 31¢

& GOTG 363
400 REH FEXEXEEXXEXRNFEXIREFER
448 6070 310

450 HGR : HCOLOR= 3

455 CL = 75:CB = CL + I
460 HPLOT 1,CL TO 278,CL
461 HPLOT 1,CB TO 273,CB
462 HPLOT 9,2 T0 9,138
463 HPLOT 10,2 TO 10,158
465 FOR I = ¢ TO 25
467 I1 = 10 % I + 20:J7
470 HPLOT 1I1,CB TO JJ,CB

IT + 1

71 0B = CF ¢ !y HPLOT II1,08 70 J7,C8
A

480 NEXT I
433 C1 = 23502 = 40:03 = 115:C04 = 134
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BN

4
4
4
3

R I Y]

r.

O A

DI T SR 9
AT T ¥

08
10
613
518
617
18

sz0

[

[

FgR [ = 7 70 277

Iy =17 2:d = 2 % [1% -1

IF J = & THEN GOTd 423

HPLOT I,C1: HPLOT I,02: HFLOT I,02: HPLOT 1,04

HEXT 1

= g

RETURK

FR¥ 2

FRINT CHR$ (27174”

PRINT CHR$% (27}7H”

PRINT CHR$ (71; CHR$ (1)

PRIHT : PRINT

PRINT 7 REEE AR RN S RN AN F R AR RNERNNTN AL SRS
»¥¥¥%"; PRINT

PRINT * LIGUEFACTION DATA SHEET I 7; PRINT
PRINT * EERKEFEAENERR AR NN A AN RGN AR AE NSRS S
sx¥%x?: PRINT

PRINT ” TYPE OF S0IL : “;Ds: PRINT

PRINT 7 DATE & ";C#%: PRINT

PRIKNT * TESTED BY : “;E$: PRINT

PRINT ¥ zzzz=zz==z= JNITIAL CONDITION =====
===="; PRINT

PRINT * 1) SIZES OF SAHPLE *: PRINT

PRINT * Z-DIR. (IKCH) : ";X(1}: PRINT

PRINT 7 Y-DIR. (INCH} : ”";X(2}: PRINT

PRINT ” X-DIR. (INCHI : ";X(3}: PRINT

PRINT : FPRINT

PRIKT * 2} HEIGHT OF SAHPLE “: PRINT

PRINT * DRY KT. (LB} : ";W: PRIHT

PRIKT 7 UNIT WT.(PCF) : “;UH: PRINT

PRINT * R.OENZITY (%) & ";RLD: PRIKT : PRINT
PRINT “ szzz=zzzz=z  YJLUKETRIC CHANGE =s====
==z==="; PRIKT : PRINT

PRINT 7 1) AFTER 3ZATURATION (C.P.} = 1G PEI

PRINT

PRINT “ Z-5TRAIN (%) = “:RP(1,0)

PRINT * Y-3TRAIN (1) = ”7RD(1.11

PRINT 7 X-STRAIN (%) = 7;RD(1,Z2}

PRINT * V=-3TRAIN (%} = “;RD{1,3}; PRINT

PRINT 7 2) AFTER K-0 LOAD (P.¥V.) = ";817 PRI ": PRIKT
PRINT * Z-STRAIN (%4} = ";RD{(2,0)

ARINT Y-STRAIH (%) = ";RB(2,1}

ARINT * X-STRAIN (%) = “;RD(2,2}

PRIKT 7 V-STRAIN (%3 = “;RD(2,3}: FRIKT

PRINT * 3} AFTER CONIOQLIDATION (B.P.} = #;BP" P5SI *
PRINT * Z=3TRAIN (”) = YARB(IL 00

PRINT * Y-3TRAIN (% = ";RD(3,1}

ARINT ¥ X-57TRAIH fu} = PD(J,;,

PRIKT *
PRINT

V-3TRAIN (%)
CHRI (12)

P an

“13D73,30: PRINT
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Ni = § & 2 & 2

PRINT ~ I T Ty I T TR
sxs%Y; PRIN
PRINT 7 LIGHEFACTION DATA FHLET I1I "; PRINT

BRINT 7 XA A AL E RN AR R RN AL AN SN ER AKX EEER R+ %
*x5x£7; PRIHT

FRINT # GTRERS RATIO 7";5R: PRINT : PRINT

RRINT * CYCLE I-5TRALIN Y-5TRAIN X-8TRAI
i V-3TRAIN “: PRINT
N = ¥ * 2 2

1 1

L
Td NN

-
-
Lot
“
W)

11s” ralvir,ar” LVl 137 il
i .
3

FEXFEXAEXFXEXRXXTRELRFEEXLH
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wn .

BIN [¥i904G,3)

Biu RRB(3,T!

FOO) = G,0762:FF(1) = 0.0TS3:FF(2) = 0,4758

Fil) G.825:FF(4) = 0,01254

DEF  FN VIGCX) = (X % 0.1486) - 0.78103) % 409.¢

FEF FN V2(X) = (X % 0,133%f - 0.,741c4) % 302.¢

DE i ¥ (,1d4lee - Q,51020) % 467,38
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=
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174

HEXT L
GOTE &40
HOHE
PRINT ¢ PRINT : PBEINT ¢ FRIET 1 PRIHT
ERIHT " F 55 FSXAFFRL LS EXFXAEFRANERLRANNELRRRRXAEY 1 SQTHT
PRINT LIQUIFACTION TESTY; ARIHT
FRINT ¥ PHRE SHEAR DYKAAIC LQAD  7: PRINT
FRINT : PRINT : PRINT .
PRIKT 7 XE5X¥F XN RNRAEREXANEXNNXZLFEXXXENXREY 2 PRINT
INPUT 7 IF REARY, HIT (RETHRN) ";Y3
HOHE
PRINT “XEAXXSSXXEEXNFREXENREERERNLEXNRFEXXRNXXNRY PRTNT
PRIRT * STAGE [, IDEHTITY OF FILE ": PRINT
PRINT “RS55#4XFEX¥EXEXREFXFFSEEXEFFEXXRFEXERRRRY 2 2RINT
PRINT : PRINT
IHPET 7 HABE QF FILE “:A3
PRINT : PRINT
INPUT * TESTLD BY *:B%
PRINT : PRINT
INFUT * DATE “:C$
FRINT : PRINT
INPUT # 30IL “:D¥
PRIKT : PRINT
SPEED= IQ
PRIKT * THANKS / i
SPEED= 254: HOME
PRINT “XEXERRENCEXEXXTEXEARENNXERAXNEXENLREEREXY 1 PRIKT
PRINT * STAGE 2. IRITIAL CONDITION “: PRINT
PRINT 7XEXEXXERNEEXXXXNNEXEFAEXNRNEESRNERRXRFEY 7 PRINT
PRINT * ENTER THE SIZES OF SAMPHE  *: PRINT : PRINT
INPHT 7 2 (INCHY = ";X(1}: INPUT “ ¥ (INCH!

X (IKCH) = ";X(3i; PRINT

INFUT ~ HEIGHT OF SAHPLE (DRY) (LB) = ";H: HOHE

X(4) = X{(1) % X{2) * X(3)
HOHE : PRINT

BRINT “Er RSN E AN E SR SRR E AR AR E NS XN N N X RNRNRRY 2
PRIKT * STAGE 3. EKVIRNKENT OF TEST ": PRINT
PRINT 4R SX XN RN S SRR NN AR NREEREX NS CREXEREXRERY

CN¥ = "UNCONSOLIDATION - “
DR$ = "UNDRAIN TEST *

INPUT ~ CONGOLIBATION (13 QR KOT (G)  ";CH: IF CHN

“CONSOLIDATION - 7
PRINT

INPHT 7 DRAIN TEST {1} R HOT (G} ";PR: IF DR

"DRAIN TEST *
PRINT
PRIKT *  ";CH$;DR$

BRINT « INPUT 7 I3 THAT RIGHT 2 (Y/HI v;vé: IF

e~
]

PRI

NT

PRIRT

: PRINT

FRINT

I THEN CH$

I THEN DR%

“HY THEH

By

[2¥]
L]

183



o
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I ED )
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wn

=y oW

LR R WOT T A JURY FYR SO U SUE SR SR SR

RS D g RO

-

$ b

S I+ N« S N RN R |
(228

<

-~

“n

SRR SRR SR SO SR O S SR S R LI SR U SO S S SOR SRR S ORI SR S

FREIAT 1 FRIAT

IF DR = 1 THEA PRIKT * VILYHETRIC CHANGE KILL BE HEASURED 7
IF DR = | THEN §0TO8 227

PREINT * FORE PRESSURE HILL BE HEASURED 7

SPEED= 10

FRINT 7

SREED= 34

HOHE : PRINT

PRINT AN XN ENNRNEENERNNE NSRS XRNENKNENREREERT 2 PRINT

PRIRNT * STAGE 4. SAHPLE PREPARATION ": PRINT

PRINT "XEXEXEEXXNXXLENESSFEEREXNEXS SR CXNXARNENX" 2 PRINT ¢ PRIKT

PRINT 7 (1) HRAP SANPLE IN HOLD": PRINT

PRIKT * {21 APPLY VACUUH , 5 HG IH “: PRINT

PRINT ” {3) SET SAHPLE IN BIX": PRINT

PRINT 7 (4} APPLY CONF.PREZZ., ZAY & PRI ": PRINT
PRIKT * {3} CUT VACUUH AND QPEN VALVEES": PRINT
FRINT 7 {&) IKCREASE PREZSURE TO 14 FSI”: PRIRT
PRINT * {7) SET LVDT AKD TRANIDUCER 31 PRIAT
INPUT 7 IF READY TO GO AHEAD, HIT (RETURNI) 7;V$

HOME ¢ PRINT :
PRINT “SES¥EXESXEEXREEENENELARRNERERNERNRNRRER" PRINT
PRINT STAGE 5., INITIAL READING ": PRINT

ARINT XS XEXXXEXNEXAEENNEXFAXEXAXEENNENNLNNNNET 1 PRINT
J$ = CHR¥ (4}: REM CTRL-J

PRINT J$;“0PEN”;A$: PRINT J$;"DELETE" ;A%

PRINT J$;“0PEN";A%: PRINT J$;"URITE" ;A%

PRINT B$: PRINT C$: PRINT Ds

PRINT X¢1J): PRINT X(2): PRINT X(3}: PRINT H

PRINT CN: PRIKT DR

PRINT J%;"CLOSE" ;A%

L J o= ¢

g tn

s

B L L - N T P U
T O3 O o P

L R I P R N o R JIL™ Y I P &Y Iy

LEN R N ]

~d

GOSUB 100340

PRINT : PRINT

INPET ¥ ANYTHING WRGHG 7 (Y/NJ) “;Y$: IF ¥Y$ = "Y" G0FD 2e¢
HOHE : PRINT

PRINT " HXSKAXEXSEXFERFEXERNKLFENAERKEXRENERXXRRT 7 PRINT
PRINT ” STAGE &é. SAMPLE ZATULATION *: PRIKT
PRINT “SEXEEEXEXXXXXERERXRNFANERFRNEEENERRNENR587 7 PRINT

PRINT * FOR C0-2 HETHOD ": PRINT

PRINT * (1} FLUSH Co-2 7

PRIKT 7 (2) FLUSH H-2-0"

PRINT * {3) INCREASE CON. AND BACK PRESZ. *
PRIKT ” (4) NEASURE B-VALUE ": PRIKT

FRIAT 7 FOR VACUHUH HETHAR": PRINT

PRINT 7 (i) FLUSH #-2-0, SAY | HOUR ~

PRINT * 2} RE-SET 5 PRI AND 10 HG”

ARINT * (3) CHECK AIR VQIDPS FLONING QUT ~
PRIKT * (4) HWAITE ANOTHER I HOUR 7

ARINT ¢ {S) INCREASE C.P. AHD B.B.,517T 3 (42 7

PRINT



= r
N ¢

Ivs  IHRYT 7 READY TO G0 AHEAL 7“:V3

380G HOHE @ PRINT

TG PRINT “%¥s sy ¥ RS RFE 885X XXX NRNRNNNEL22T F
325 PRINT * STAGE 7. STRESS APPLICATION 71 PRIKT
A00  PRINT 7#XSEEXAXEXFERXNEREENFLXANEFEEENRERLFRELT 7 P
405  IHPUT 7 EFFECTIVE OVERBURDEH PRESS
$1G 52 = (.85 % 31:53 = &2

415 FRINT 7 EFFECTIVE HORIZONTAL PRESS. 7;32: PRINT
420 INPYT . I5 THAT RIGHT ? (YN "iYs

425 IF Y$ = “Y" THEN GOTQ 440

430 PRIANT

432 INPUT 7 STRESS (2) (PSI) ";51: PRINT
334 INPUT * STRESS (Y2 (P51} ";52: PRINT
436 INPUT " BTRESE (X) (PSI} ";33: PRINT
44¢  PRINT : INPUT " BACK PRESS. (P3I) *;BR: PRINT
442 INPUT * STRESS RATIO Y AR

443 D5 = SR % 51 / 4:DK = D3/ 2

444 81 = &1 + BP

445 52 = 532 + BP

446 83 = 83 + BP

447 FER I = 0 T8 2

448 A = 51 + DS % 1:A(1) = FN VI{A)

449  NEXT I
450 AC3) = A(1):A(4) = A(0I:A(S) = - A{I}:A(&) = - A(2I:A(7) = - A(I)

452 HOME : PRINT

455 PRINT "RENEXXESNRANNERNEXNEXRENFRNNUNXRXRNRNERT; PRINT
460 PRINT * STAGE 8., AUTO-CONTROLL CHECK ”: PRINT

465 PRINT “X¥XEssxiXsrfXXxXSXsnNssssXRyy¥eRasxexsse’; PRINT
470 PRINT ” {1) HKAKE SURE N0 AIR VOIDZ IN TUBE *

471 PRINT
475 IHPUT * {2) INPUT CON.P.AT THE PREZENT “;FP
480 P1 = FN V1(P):P2 = FN V2(PI:P3 = FN V3I(P)

481 & AQUT,(DV} = PI1,(C#}) = 0
482 & AQUT,iDV) = P2,(C#) = [
483 & ADUT,i(DV) = P3,(C#) = 2

485 PRINT
486 PRINT 7 (3) CHECKE PRE3: AT AUTO-CONT.
487 PRINT
433  PRINT * (4) IF QK , TURN T.H.VALVER": PRINT
492 INPUT " (5) DONE ? “:Y$
493 PRINT
425 PRINT * (é) INCREASE B.P. HHILE C.P. CHANGES *: PRINT
So0  INPUT {7) READY 2 ";Y#$
Sl Jd = 1
502 GOSUB 10440
S5 PZ = (81 - P} /3
= p:VY = P:¥VX = P
Si¢ FOR'I = 1 T9 5

= ¥z ¢+ DL

S
-
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Sie 2= FH Vivi:

0 & BEEP

522 & AGUT,(D¥. = 22,(C4i = 0

523 & AQUT,(DV) = Y¥,(C#} = |

S24 & ADUT,(DV} = XX, (C#} = 2

325§ PAUSE = 10

S26 NEXT I

528 & PAUSE = 30

529 J = 2: GOSUB 1000

530 IF CH$ < ) “COHSOLIDATION - * THEN @070 560

532 PRINT : PRINT

535 PRINT “  SAMPLE IN CONSOLIDATION FROCEDURE  “: PRINT
537 PRINT

540 INPGT * SET TIHER FOR CONSOLIDATION (HIK) “;TH

542 PRIKT

S45 TH = TH % 6G: & PAUSE = TH

S46  FLASH

€47 & BEEP OM

548 INPUT * TIHE I5 UP, HIT (RETURN} “;Y$: HOGRHAL ;

HOHE : PRINT
543 J = 3
550 GOSUB 1000
560 HOHE : PRINT
65 PRIHT S5 %S+ EsXEXERSFFEXEEAREENNLXNNFRERNNNRNT 1 PRIAT

<3

370 PRIANT * STASE 10. DATA AQUISITION “3 PRINT
7% PRINT FEERERRREEENERFEAXERFEEXNNEXRRANNERENNNRY 7 PRINT
580 PRINT : PRINT

3R INPUT ¥ INPUT NO., OF CYCLES ESTIHATEDR. ";N

5390  PRINT : PRINT

593 INPUT “ IF READY, HIT (RETURN} 7;Y%

S97  PRINT : PRINT : PRINT

G980  PRIKT " #aa sy sNEAfxyX R R NaaNENARNRFERNRNERNR"

600 GOTO 40

&10 PRINT J$;7"HON C, 1,07

§15 PRINT J4;7APPERD”; A%

£20  PRINT J$;"HRITE" ;A%

625 PRINT 51: PRINT 52: PRINT 53: PRINT B3P: PRINT 3R
432 FOR J = 0 T0 3

635 FOR I =0 T0 T

&40  PRINT RR(J,I)

645  NEXT I

650 NEXT 7

555 PRIRT K

456 FOR J =0 T2 3

©
§37  PRIHT LV(G,d)
658 NEXT 4
657 FOR L = L TO M
860G GJSUB 1200

=a% HEZIT L



iaqc
1302
1004
1005
1G6gé
1208
iglg
101s
1024
1425
1630
1033
{038
1640
145
10&¢
1¢55
1¢e0
1065
igro
1475
108¢
1082
l11ae
11Gs
111¢
i1i2
1113
1124¢
1128
1130
1200
1201
1202
1203
1204
1205
2140

-
[ 5

[ S O S SR

Yes,
g Cad B3 PO
wy T oAn

(S

LT

-

JE;FCLQEL7 0 A
ARINT JEUHOHIN c,1,4"
13

SRINT

Nay

ARIKNT FRINT
PRIKT 9K 7/ IT*5 DOHE ‘e PRINT
NPT 7 ACKITOR THE DATA ? (Y/K} 7;0P%

IF OPs = *Y# THEN PRINT J$:"RUN HONITGR”
4D
REH
REH
REH
REH
REH
REH
FOR L = 0 T
& AIN,(TV)
@ = Q@ % FF(LJ
RDCI, L = &
NEXT L

EEXEFXFXXEFEENEXLTEXRN

SUBROUTINE READING

FEREEZXXEXEXXEREXRERERN

d
S
Q,(C&) = L,(Fd; PYIRARTLS

Fi

SV | B |

& AIN,(TVI = @,(C#) = 3,(Fi) = FH PY(RANL)
g = 4 % FF(4)
RD(J,3) = &

PRINT

DK EREEEE RN R LN A AR RN RN EARAREN RGN SRR

DISPLACENERTS(IK) STRAIN
GaTd 1100

HONE :
PRINT
PRIKT
IF J =4
J# = J - §

THEN

FOR 1 = 0703
IH = 1+ 4:11 =1 %1
= (R

RD{JT, 1K) X(IIi = 100
HEXT I

PRINT 7 2-DIR.
FRINT " Y-DIR, :
PRINT “ X-DIR., “7;R0{J,20" TIROCI, 805 PRINT
PRINT * ¥V QR P ";RD(J,3}7 YIRD(F,Ti: PRINT
PRINT "H¥EEXAXEESRX AR ENRRANRNANEEXNERHSRELRY
& 3022
INPUT 7
RETURK
REH SEXsaNsyEXfiysssiisaess

Pid, 1} - ROCIH, 12D 7

FRIAKT
PRINT

“IRE(d,4):
“sRP(JI,5):

“sRDi(J, 007
TIRD(I, 1

IF READLY, HIT (RETURH) 7;Y4$

REN
REH SUBROUTINE HAX & MIAN
REH
AEH FESFXRXENEXNAXXXEEXRNNNR

REH
=& x
FOR P =

(L - 1) +1
0 T 3

HAX = LV(H,PI
HIN = LVIH,F)
FoR & = 1 70 7
I = 4% ¢ K

PRINT

(L} ": PRINT

PRINT
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0o

HEXT &
PAIHT HAX
PRINT HIH

HEXT @

arTan
RETURH

Fe) JH R N

Aude

14a RER FELEXFAEXEX X ZXRNENXN
1id REH

120 REH READ TEXT FILE

130 REH

140 REH EXXEEFFERELEXEXREEXS

145 DIH RO{20G0,72: DIW ACZ0CG1: DIH B(208): DId C(200:

148 DI RD$S(Z20¢,7}r: DIX A$(200): OIN B$¢2001: DIM Csi200)
148 EHAX = 105.4:EHIK = 89.3 '
i8¢ 0% = CHR% (4)

166 TEXT & PRINT

170 INPUT " NAHME OF TEXT FILE "; A%
133G PRINT : PRIKT : PRINT

210 PRINT ” I'H READING THE FILE 7
220 PRINT J$;"HON C,1,0°

23¢  PRINT

240 PRINT J$;"0PEN “; 4%

250 PRINT J$;"READ " ;A%

260  PRINT

264 INPUT B¥

2a6  INPUT (3

268 INPUT D#

274 INPUT X(12

276 INPUT X(2)

273 INPUT X131}

279 INPUT W

295 INPUT CH: INPUT DR

296 INPUT S1: INFUT S52: INPUT 53: INPUT BP
297 INPUT 3R

297  IHPUT J

Q¢ FOR K =0 T0 4

310 INPUT A(K): INPUT B(K): INPUT C(K)
340 FOR L = 0 TQ 7

- 350 INPUT RD(K,L)

Je0  KEXT L

370 HEXT K

330 PRINT J4;"CLOSE "; A%

330 PRINT J$;”NOHON C,I,07

400 REN END OF READIKG THE FILE

410 UH = H / X(I} 7/ X¢2) 7 X(3) ¥ 127
S0 PR# Z

[¥%]



~1 N

T
Do)

whovn dn
L)

n
3 .
TN T ©

who

g d s
SN N

o ¢

oo O

LSRN RS B SRN EE N

o)
<

Lol
[N

PRINT CHR$ |
ARINT CHRY |
PRINT CHR% ¢
FRINT @ PRINT

PRINT *
FEEEEXERLERY
PRINT

PRINT ¥

“; PRINT
PRINT 7
EXEXXNEEEXT 2
PRINT 7
PRINT *
PRIKT “

PRINT 7
PRINT ¥
PRINT 7 1i

PRINT 7
PRINT

FRINT *
PRINT *
PRIKT * 2]
PRINT
PRINT ~
PRINT :

PRINT :
PRINT * 1}
PRINT 7 2]
PRINT
PRINT 7
PRINT *

PRIAT

IR Y L R R R E R E R RS A R R R

STATIC 3-0

Ll o

TEST ( DATA SHEELT - 1

EXE AN F S E N E RN FF AR ERF X A A X F LA A AL ER XN ERESE

PRINT
TYPE OF 301IL
DATE QF TESTING
TESTED BY

LURRCT Y

PRIRT : PRINT
SIZES GF SAHPLE ": PRI
X-DIR, (INCH)

Y-DIR., (INCH}
2-0IR. (INCH)
OF SAHPLE ”:
DRY HT.
UNIT HT.
: PRIKT

HEIGHTS

SSURE

CONF. PRESSUR
VaLuNE CHAKGE
X-STRAINW (%
Y-3TRAIN (%}
I=-STRAIN (4}

(P31}

u oy
H

v =
PRINT 7

PRINT
FOR K =
A¥(K) =
B (K} =
C$(K} =

FOR L =
RD$ (K, L)
HEXT L
NEXT K
PRINT “

EXERENNLREY ]

FRINT 7

2oy
2

RD(1,1)

£ RO(3,1) + RD(3,1)

V~STRAIN (%)

CHR$ (12)

¢ 10 J

STR$ (A(K:H)

STR$ (B(K))

STR$ (C(KD)

¢ T07

= BTR$ (RD(K,L))

“iC$: PRINT
“iDé: PRINT
II;B$',

“; PRINT :

PRIAT
= INITIAL

CONBITION
N
D SO 8

: TiX(2i:
: 3K (3;

FRINT

(LB)
(PCFI

-
2

.
»

*

H

s "iH: PRINT
; YiUH: PRINT

CONGOLIDATION

7 Il
:581:

PRINT

PRINT

TiRO(I, 3V PRIKT
"RD(I, 40 PRINT
"RD(3I, G0z PRINT
PRIRT

it =
H

22 XS S S R R R F R R R S SRR SRS EERE SRS RS R LSS S L SRS

FRINT

27T
w !

nATuT
ARINT

ATIC

-~

SHEET

[

i-0 T ( DATA i

TES
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210
720
1000

1a10

1026

1030

104¢
1250

1069
1063
1670

1080
1130
11t

1120

1146

i1s0

1160
1162
1170
1180

1176

PRIHT 7 P I s T E T EE EE S E SRR S LRSS R LR LN

S
STESS-STRAIN RELATION : PFRINT
AINT CHR$ (271707 CHRS (1) CHR$ (&) CHRY (12} CHR$ (1202 CHR$ (27
HAS (41} CHR$ (353 CrfRs ()

c
= CHRS (%)
INT * STEp B-5TRESE Y-5TRAIN Y-STRAIN Z-3TRA

5T = K - 3:5T% = GSTR$ (57)

PRINT H$;ST$;H$;A$(K);Hi;Bi(K};Hi;Ci(K};Hi;RDS(K,4);H$;RD$(K,i);ﬁ$;
ADS(K,6) '

PRINT

NEXT K

PRINT CHR3% (12}

BRINT * B S S T T I TR ST S F RS S S R R L 2
FEEXNEEXENEET PRINT

PRINT 7 STATIC 3-D TEST  DATA SHEET - 11l

) T PRINT

PRINT ¥ A EE AR R AR E RN AN AN NSNS AL SRR R A AT RENENNES
sxExexcxex%x”; PRINT : PRINT

PRINT 7 2} STREZS-DIRPLACEHENT RELATIGN ": PRINT

PRINT ¥ STEP D-5TRESE X-DISPT. Y-DISPT. Z-DI35PT
. my PRINT : PRINT

FOR K 4 70 7
37 = K - 3J:&37¢ = 3TR$ (57)

PRIHT H$;ST$;H$;A$(K);Hi;Bi(K);Hi;C$(K);HS;RDS(K,O};Hi;RD$(K,I);H$
sRD$(K,2)

NEXT K

PRINKT CHR$ (12}

PRINT ¥ R EEEEEE N E AR AR S AN S AN B SRR AT RN NN NP AN F AN ERRXS
EXEXEXXEEFENE" 2 PRIKT

PRINT 7 STATIC 3-D TEST ( DATA ZHEET - I¥
b "1 PRINT

PRIKT 7 A S LR N F RN NN A NN EN LS A EFFARERN NN SRS A RT RS
sRsEXERNEERTy PRINT 1 PRINT

PRINT * 31 STESS-PORE PRESSURE AND VILUHETRIC CHAKGE “:

PRINT * STEP p-STRESS P-PRESSE V-CHANGE *: PRINT
: PRIKT

FOR K = 4 T0 J
37 = K - 3:3T$ = G5TR$ (5T)

PRINT H$:5TS;HS;AS(K) ;H$;B3(K);HS;C8(KIjHS;RO(K, 3 ;H$;RD(K,7)

HEXT K

EHD
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APPENDIX B

LIST OF MATRERIALS AND EQUIPMENTS FOR DCSVT1

1. Thin Membrane

2. Spaghetti Tube

3-a. Silicone Rubber
3-b. MOLDMAKER

4. Rubber Cement
5. Liquid Rubber

6. Three way valve

7. Tube Fitting

8-a. Air Regurator
8-b. VPT

Dental Dam
One square Yard, 6 inch wide (Thin)
The Hygenic Corporation, Akron, Ohio 44310

Teflon Spaghetti Tubing
AWG Size 23 Nominal I.D. 0.025"
CHEMPLAST Inc., 150 Dey Road, Wayne, NJ.

RTYV Sicicone Rubber RTV660
General Electric Company Silicone Products Division
RTV Products Depertment, Waterford, Yew York 12188

“Victor RUBBER CEMENT,

Victor Automative Production Inc., Chicago, Il. 60641

Duro Plastic Rubber Loctite Corporation
Automotive and Consumer Group Cleveland , Chio 44129

3-Way Ball Valve, Catalog No. 0.43 x S4

Two way valve (Ball Valves), Catalog No. 0.43 x §4
Whitey Co. 318 Bishop Road, Highland Heights Ohio 44143

Nut, Swagelok Crowford Fitting Co.
295000 Solon Road, Solon Ohio 44139

Fairchild Model 10 Pneumatic Pressure Regurator
The Fairchild T5221 I/P and E/P Transducers

191



8-c. Air Filter Fairchild Startos Model 65 Pressure Regurator
Fairchild Industrial Products Co., 1501 Fairchild Drive
Winston-Salem, NC 27105

9. Pore Pressure Transducer Pressure Transducer Capacity 0 to 100 psi.
Entran Devices Inc.,Fairfield, NJ

10. Differential Transducer Validyne DP1S5 Validyne
8626 Wibur Ave, Northridge California, 91324

11-a ISAAC 91A | ISAAC 91A Cyborg Corporation
11-b REFERENCE MANUAL 55 Chapel St., Newton Ma, 02159

11-c HARDWARE MANUAL
12-A Apple II(Plus) Apple II (Plus) 48K, Apple Corporaion
12-B Apple Turotial Cupertino, Cal., 95014

13. VISITERM Visicorp, San Jose, California 95134
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APPENDIX C

TEST RESULTS OF DRAINED CYCLIC LOADING TEST

C.1 INTRODUCTION

Cyclic loading tests were conducted for investigating volumetric changes of uncemented and
cemented sand. Totally 10 cyclic loading tests were performed under consolidated-drained condition
with volumetric strain measurement on CTX loading of DCSVT1. Basic sample preparation and
test condition were succeeded from the previous liquefaction test program.

Both uncemented and cemented samples were prepared 'by air pluviation technique with
Monterey #0/30 sand for their density to be 15.07 (kN/m?). Cemented samples were cured for 12
days in water at room temperature. Unconfined compressive strength test was conducted for one
of seven samples cured for 12 days and its strength is 59 (kN/m?). Saturation of samples was done
with carbon dioxide method and vacuum procedure for uncemented and cemented samples, re-
spectively.

All tests were conducted by the cubical device on CTX loading. The samples were consolidated
isotropically under effective confining pressure at 104 (kN/m?) with back pressure at 208 ( kNim? )
approximately one hour or until no volumetric change was confirmed. For uncemented samples,

cyclic loadings were applied in 40 cycles and for cemented samples, 70 cycles.

C.3 TEST RESULTS

Relationship between volumetric change and number of cyclic loadings is shown for unce-

mented sand in Figure C.1. As seen, the higher the stress level, the larger the volumetric increase;
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volumetric increment for each cyclic loading is significantly reduced after half-way to the 40 cycles.
In 40 cycles, the final volumetric strains for U-2, U-3, and U-4 are 0.05, 2.1, and 0.33 percent, re-
spectively.

Figure C.2 shows the relationship for cemented sand. The tendency observed for uncemented
sand is similar in cemented sand except amount of volumetric strains developed under equivalent
stress levels to uncemented sand tests and small increment in volumetric strains at the beginning
of the loadings. The volumetric strains in 70 cycles for C-1, C-2, and C-3 are 0.1, 2.7, and 4.1, re-
spectively.

Note that test results of U-1, C-5, and U-6 are similar to those of tests which were done under
similar loading conditions, respectively. This indicates that the test results shown are consistent in
terms of measurement and loading condition.

Relationships between volumetric strain and octahedral shear strain are shown in Figure C.3
and C.4 for uncemented and cemented sands, respectively. Octahedral shear strain is defined by the

following equation:

Yoer = % x J&y = &2)* + (62 — &) + (3 — &)’

Note that in both figures, slight scatters are seen, mainly due to limitation of measuring accuracy
of LVDTs and multiplication of small error in three strains by the above equation.

Figure C.3 shows that the higher the stress level the larger the octahedral strains in 40 cycles
and the relationships secem to be linear in the range observed. The other remark is that the angles
of ascendent linear lines for different stress levels are close one another.

Some of the cemented samples had not been broken in 70 cyclic loadings. C-1 had still un-
confined compressive strength at the end of cyclic loadings and it is 23 (kN/m?). C-2 had the
strength to maintain its shape at the end of the test. However, C-3 and C-4 were confirmed as the
cemented samples broken when the samples were taken out of the cubical shear box.

The relationship for cemented sand is different from that for uncemented sand (Figure C.4).
C-1, C-2, and C-3 remain at small octahedral shear strain level at the beginning of cyclic loadings
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Figure C.1 Volumetric Strain vs. Number of Cyclic Loadings on Uncemented Loose Sand.
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Figure C.2 Volumetric Strain vs. Number of Cyclic Loadings on Cemented Loose Sand.

196



Do} uRNG JedyS pIpayEdQ

(%) ¥o €0 .N.e I'o
! _ _ | v | { | ™ o 00
e °* og 9
B OQQ% &
° o)
o i )74
o 2o =—55 | _
B o —t I'0
° 0o
° % ooo
o -
° OQ%
[ J
®e ol 5o
B (o] —4 7o
. fe |
. o §>
4INILOST = Ph o, 050 = omqw
B pues pojuadu) o oo _
)
[ o9
lo ¥
o*
B Se — ¢o
e
. 3§ [
SC0 = A%«N ')
_ _ _ _ 1 _ L _ | %) -

‘3 upEns dPumioA

Figure C.3 Volumetric Strain vs. Octahedral Shear Strain on Uncemented Loose Sand.
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with increment in volumetric strains, and subsequently, curves of these bent and develop volumetric
and octahedral shear strains whose relationships seem to linear. The angles of curves after the bent
are less than those of uncemented sand, however, the curve of C-3 is somewhat different, showing
shape raise after 0.1 percent of octahedral shear strain. The curve of C-4 is totally different to the

rest of the curves but similar to that of uncemented samples.
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