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Abstract

The objective of this thesis is to advance the understanding of the processes governin;, the
collapse of very loose sands leading to flow liquefaction. Current methods of flow liquefaction
analysis assume that once liquefaction is triggered the subsequent deformation is undrained. This
is a gross over-simplification of the process since it does not take into account differing rates of
drainage. For example with gravel the rate of dissipation of pore pressures could be
commensurate with the rate of pore pressure generation. This would result only in volume

changes without any loss of strength required for full scale failure, i.e., flow liquefaction.

An effective stress based theory is introduced to calculate the pore pressures developing
during flow liquefaction is proposed in this thesis. The theory emanates from the state boundary
surface concept that provides a constitutive relation between volume change and stress change
during the collapse of very loose sand. It is shown that material instabilities exist on the state
boundary surface that manifest themselves as increments of volumetric creep. In this study both

the structural contraction along the state boundary surface and the structural collapse phenomena

have been incorporated into a simple theory of pore pressure generation.

Material properties and parameters for the state boundary surface have been obtained by
testing very loosc dry sand under a variety of triaxial stress paths. Necessary monitoring of
volume changes was accomplished by direct measurement of axial and lateral deformations. For

measurement of lateral deformations a new resistance wire transducer was developed and is

described in this study.
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Chapter 1

INTRODUCTION

Liguefaction phenomena have attracted serious research attention over the last
decade as the geotechnical community became increasingly concerned with the lack of
understanding of processes governing liquefaction. The endeavor to b~1ge this gap
resulted in the development of a number of design procedures, primarily for design
against carthquake triggered liquefaction failures. These procedures are most
commonly based on the work of Seed and Idriss (1971). The empirical refationships
between the SPT (Nj)so blowcount and the liquefaction resistance developed by Seed
are able to discriminate, for a given carthquake, between liquefiable and stable sand.
Experience has shown that these empirical relationships provide a reasonable and
conservative approach. However, recently with increasing pressure for economical
and safc designs these methods have been under intensive scrutiny for their possible
excessive built-in conservatism. Foundation soils of Duncan Dam, Canada, evaluated
using the above methodology were found susceptibie to liquefaction. Extremely high
quality sampling and testing provided a convincing basis for re-evaluating the site and
as a result very expensive anti-liquefaction ground improvement measures were
eliminated (Byrne et al. 1993 ). This experience contributed to the desire to replace
methods based on empiricism with fundamental concepts. It is an often repeated story
in geotechnical engineering that designs are initially based on general or regional
experience and only later with the advance of our understanding of the governing
processes can they be explained and thoroughly quantified. In addition, the original
Seed empirical relationship has been reevaluated on a case by case basis to check its

consistency (Fear and McRoberts 1994).

Another frequent problem relates to the terminology used to define liquefaction.

The term liquefaction often has been used to describe fundamentally different



phenomena. So Castro (1969) defined liquefaction as the strain softening of a loose
sand to an ultimate steady state of constant effective stress and deformation. Seced ct
al. (1983) defined liquefaction as the condition of zero effective stress due to cyclic
loading. Ishihara (1993) proposed that liquefaction can be defined in terms of the
magnitude of cyclic stress ratio required to produce a given level of strain, typically
5% double amplitude axial strain. Recently a more consitent terminology which
recognizes gravitational flow liquefaction and seismic cyclic liquefaction has been
introduced (Robertson 1994). In the literature dating back as far as 1956 (Terzaghi)
flow liquefaction was also referred to as spontancous liquefaction or static
liquefaction. This thesis deals in general with this type of failure but it appears that the
fundamental concepts discovered during the course of the research apply to the cyclic

events as well.

The objective of this thesis is to study the fundamental mechanics of the flow
liquefaction phenomenon rather than provide design guidelines. This task is
accomplished by testing dry sand wherein the behavior is controlled solely by the
material itself (pore pressures controlling the effective stresses during liquefaction flow
are excluded by definition). The study also attempts to quantify the amount of
material weakening during collapse and flow liquefaction. The state boundary surface
approach (Sasitharan et al. 1994) based on the collapse surface concept (Sladen ct al.
1986) is explored for a very loose dry sand, proven applicable for very loose dry sand,

and used as a basis for addressing the objective of this rescarch.

QOutline of Thesis

This thesis is presented in paper format. Each chapter is a modificd version of a
paper submitted for publication in a major geotechnical journal. The chapters describe
the testing program, observations on the fundamentals of the behavior of very loose

dry sand and present an effective stress based theory for evaluation of liquefaction.



The contents are as follows. The second chapter introduces the results of the
experimental study on collapse behavior of very loose dry sand. It is based on testing
of very loose dry Ottawa sand under loading conditions that are known to initiate
collapse followed by flow liquefaction in an identical very loose saturated sand. It is
demonstrated that the very loose dry sand exhibits discontinuous behavior at stress
states when the flow liquefaction is triggered in an identical, i.e., same density,
saturated Ottawa sand. It is shown that this discontinuous behavior is associated with
increased compressibility presented as structural contraction and occasionally with
vigorous stress independent contractive events named structural collapse. A
framework is proposed to relate the behavior of saturated sand to dry very loose sand.
It is concluded that flow liquefaction is a result of a specific contractive response of a
very loose sand structure and that this response is independent of drainage conditions,

and it can be triggered by a loading path with no excess pore pressures, i.e., drained.

Bascd on the discontinuous phenomenon described in the second chapter, a
testing program is outlined in the third chapter to characterize the conditions at which
the discontinuity is initiated. The testing program is composed of a variety of different
triaxial stress paths. It is concluded that these conditions obey the state boundary
surface concept (Roscoe et al. 1958). This state boundary surface is shown to be
geometrically similar to that found for very loose saturated sand (Sasitharan et al.
1994). In addition, two tests on dense dry sand are shown to investigate the behavior
of dilatant sand within the framework of state boundary surface concept. It is shown
that the sand exhibits a temporary contractive stage before it starts to dilate towards
the steady state. This observation appears to be consistent with a phenomenon
associated with the instability (Lade 1993) or critical stress ratio line (Vaid and Chern

1985) for saturated sand.

The fourth chapter applies the observations reported in the previous two
chapters and introduces an eftective stress based theory for evaluation of the potential

for liquefaction. Two models are presented to calculate the magnitude of pore



pressures generated when an element of soil travels along the state boundary surface
and when structural collapse is initiated. These two models make use of linking a
perfectly drained response of dry sand to the response of saturated sand controlled by
specific boundary conditions and material propertics. It is shown that the signiticant
pore pressures needed for material weakening and progressive propagation are
generated during a structural collapse. It is also shown that the travel of the stress
state of a soil element along the state boundary surfacc alone can gencrate excess pore
pressures due to the enhanced compressibility especially if substantial loading rates

related to rapid construction are imposed.

A novel solution to the problem of measurement of local strains inside a triaxial
cell used for calculating volume changes of dry triaxial specimens is described in the
fifth chapter. This measuring system utilizes a resistance wire transducer mounted on
the wall of a sample. The system appears to be suitable for a wide variety of direct

displacement measurements, especially in situation, when space restrictions apply.

Conclusions and recommendations for further studics are presented in the sixth
chapter. The last section of the thesis includes processed test data from the sixtcen

tests carried out in the course of this study.
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Chapter 2

COLLAPSE OF DRY SAND'

INTRODUCTION

Liquefaction is an important phenomenon. Dramatic effects of carthquake
triggered liquefaction failures in 1964 in Japan and Alaska marked the onset of a
concentrated research effort to understand the triggering mechanisms of such events.

The result of this endeavor is a fairly solid understanding of the behavior of sands

under cyclic loading conditions.

Neverthcless, failures have also been observed for which no source of cyclic
loading has been identified. Terzaghi (1956) describes several cases of submarine
slope failures where only minor triggering mechanisms could be detected. He refers to
this phenomenon of sudden liquefaction as spontaneous liquefaction. Such failures
of natural or man made slopes, commonly called flowslides, are believed to be
initiated by minor changes in stresses such as ground water table fluctuations or toe
crosion, hence essentially by static loading. Therefore, today the term spontaneous

liquefaction is often used interchangeably with the term static liquefaction.

Casagrande (1936) described an experiment in which a weight had been placed
on the surface of a very loose saturated sand and a stick was driven into the sand
adjacent to the weight. The slight disturbance produced by the penetration of the stick

initiated a collapse of the essentially metastable sand structure which quickly

' A version of this paper has been accepted for publication. Skopek, P., Morgenstern, N. R.,
Robertson, P. K.. and Sego, D. C. (1994). Canadian Geotechnical Journal.



propagated throughout the entire mass with the simultancous generation of pore
pressures. The pore pressures decreased the frictional resistance so that the weight
could no longer be supported and it sank below the surface. The stick penetration
essentially simulates a minor change in stresses in a metastable sand structure resulting

in statically triggered liquefaction.

Further studies on liquefaction behavior of sands under static loading (¢.g.
Castro 1969, Castro and Poulos 1977, Poulos et al. 1985, Kramer and Seed 1988, and
Alarcon-Guzman et al. 1988) concluded that for liquefaction to occur the material
must be loose, i.c., contractive during shearing at large strains, and the loading path
must not allow for excessive volume changes prior te the collapse. Also the material
must be saturated and have a sufficiently low permeability to sustain the generated
pore pressures. The ultimate steady state shear strength must be less than the in situ
driving shear stress, i.e., there must be a potential for weakening and assaciated stress
redistribution possibly leading to full scale liquefaction. The underlying assumption of
these criteria is that the deformation during liquefaction is undrained. Based on this a
number of evaluation methods and parameters have been developed for design against
static liquefaction (Poulos et al. 1985, Casagrande 1976, Bishop 1967, and Kramer
and Seed 1988).

Recently the concept of the collapse surface, which will be discussed later in this
paper, has been introduced to explain the 1983 submarine flowslides at Nerlerk in the
Beaufort Sea (Sladen et al. 1985a). A total of six liquefaction slides occurred during
the construction of a subsea berm. These slides were apparently triggered by static
loading arising from the hydraulic placement of sand. The void ratio of the sand
within the berm was approximately 0.8 with a permeability in the order of 10°° mis.
The initial slopes and height of the berm were in the range between 10° to 12 and 25

to 30 meters, respectively. The flowslides came to rest at very flat postfailure slopes

of 1° to 2° after a runout of up to 100 meters.



Similar events were observed in coking coal stockpiles at northern Australian
coal export terminals. The stockpiles were about 15 meters high and failed within 10
to 20 seconds reaching runouts of about 60 meters. A laboratory testing program at
James Cook University (Eckersley 1990) investigated these events by conducting a
series of 19 model tests to induce flowslides in an instrumented test tank. The
stockpiles were modeled by placement of the moist coal in a tank 1 meter high, sloping
at 36°, and at various average void ratios depending on the placement method used.
Flowslides were then induced by slowly raising the water table in thc model from
behind the slope. The failure of the loose coal berms occurred in a period from 2 to
10 seconds at movement velocities of about 1 m/s and reached flat postfailure slopes
of approximately 5°. Furthermore, the instrumentation supplied information on pore
pressure generaton in the collapse zone. Hence, it could be established that the excess

pore pressures were generated after the first movements and were consequent to the

collapse.

The occurrence of collapse liquefaction (collapse followed by liquefaction)
phenomena in coal mine waste dumps is more enigmatic. A study of Rocky Mountain
coal mine waste dumps (Golder Associates - private communication) shows that there
have been a number of slope failures with long runouts up to 2.5 kilometers, typical of
flowslides. The common belief prevails that there is insufficient saturation inside the
waste dumps because of the natural particle segregation during dumping resulting in a
free draining toe. A study by Dawson et al. (1992) shows that when somewhat finer
material is deposited from the dump crest a blanket of a considerable thickness can be
created and is subsequently covered by successive dumping. This finer layer inside the
dump can be very loose, can retain water and its permeability can be sufficiently low to

sustain pore pressures necessary for the development of liquefaction flowslides.

In all cases presented above, calculations based on limit equilibrium along a

distinct failure plane yielded Factors of Safety well above unity. In the case of the



Nerlerk failures the calculated Factors of Safety were as high as 3 (Lade 1993). In the
case of Rocky Mountain coal mine waste dumps the Factor of Satety was usuaily
calculated around 1.2 (Dawson et al. 1994). Hence, the concepts embraced in the
classical equilibrium approach were insufficient to properly assess the behavior of
these loose materials. A Rocky Mountain waste dump failure and Eckersley’s
flowslide model test were analyzed by Dawson et al. (1992) using the finite clement
liquefzction model developed by Gu (1992) and Gu et al. (1993). The calculations
demon: -ated the progressive propagation of pore pressures due to weakening of the
material in undrained loading during collapse and confirmed Casagrande’s opinion that
there is no need for the liquefaction of the entire failing body, since “rhe overlving

mass can slide out as if suddenly placed on roller bearings” (Casagrande 19306).

The common factor of the above events are dramatic failures without warning
and without any obvious trigger followed by long runouts at high speeds and very flat
postfailure slopes suggesting significant loss of internal friction resistance. Classical
equilibrium methods of geotechnical engineering consistently overestimate the Factor
of Safety of these structures, because they are based on ultimate steady state friction
values and pre-failure pore pressures. The catastrophic nature of these cvents, i.c., the
collapse of the metastable material followed by very mobile flow liquefaction, makes

this problem very real and its understanding is crucial to certain geotechnical designs.

Throughout this thesis some generic terms will often be used to describe certain
events or conditions of sand behavior. Therefore, in this paper the term collapse
refers to the specific response of the very loose structure which can be exhibited cither
as rapid contractive strains under fully drained conditions with no pore pressure
generation or as vigorous pore pressure generation under undrained conditions. The
term liquefaction or flow liquefaction (Robertson 1994) refers to the behavior of a
saturated material immediately after the collapse when the generated pore pressures

significantly decrease the effective stresses and the mass strains in a manner resembling
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the flow of a wick viscous liquid. The combination of the above two terms yields the
term collapse liquefaction to describe the behavior when the material collapse results
in flow liquefaction. The term very loose is used in this paper to describe the

metastable sand structure which can ccllapse at certain stress states.

COLLAPSE SURFACE AND STATE BOUNDARY

The collapse surface concept adopted to explain the Nerlerk subsea berm
flowslide was first published by Sladen et al. (1985b). They observed that the peaks of
the undrained effective stress path for Nerlerk sand samples at the same void ratic but
at various initial stress states fell on a straight linc in the p' - q (mean principal stress -
deviatoric stress) plane and that these stress paths eventually reached the same state,
i.c., the ultimate steady state. The line joining the peaks of the stress paths to the
ultimatc steady state was called the collapse line. The same material tested at
different void ratios yielded collapse lines of the same slope but ending at different
ultimate steady state points. The global picture could then be obtained inp'-q -e
(mean principal stress - deviatoric stress - void ratio) space where the collapse lines
compose the collapse surface and the ultimate steady state points compose the
ultimate steady state or critical state line. The collapse surface can be imagined as
the locus of state conditions (combination of void ratio and stress state) at which the
collapse of a very loose soil structure is initiated during undrained loading. Hence, the

collapse surface constitutes a triggering criterion for collapse in undrained loading.

This concept was further examined by Alarcon-Guzman et al. (1988) and
Ishihara et al. (1991). They demonstrated that a state boundary surface can be
defined in p' - q - e space above which a state condition for a particular material is not
admissible. The state boundary surface is positioned above the coilapse surface and is
an envelope composed of the post peak portions of the undrained stress paths

(Fig. 2.1). Sasitharan et al. (1993) demonstrated that an attempt to cross this

B



boundary for a very loose saturated sand by a q = constant stress path resulted in
collapse and flow liquefaction. Such a stress path essentially simulates the natural
condition of a rising water table investigated in Eckersley’s flowslide modeling.
Furthermore, Sasitharan et al. (1994) showed that when a sample was brought to a
stress state on the state boundary surface during undrained strain controlled loading
and the loading was changed to triaxial compression or to p' = constant stress path, the
state condition remained on and traveled along the same state boundary surface. These
tests demonstrate that the state boundary surface controls the state condition of an soil

clement by forcing it to adjust and follow along the state boundary surface.

OBJECTIVE OF THE STUDY

The objective of this study s to investigate the phenomenon of collapse of very
loose sand by exploring the beliavior of very loose dry sand. From the work by
Eckersley (1990) and Sasitharan et al. (1993) it appears that the mechanism of flow
liquefaction is not controlled by drainage conditions. Both studies reported triggering
of flow liquefaction during fully drained, i.e., without any excess pore pressures,

q = constant loading. This suggcsts that the liquefaction phenomenon is driven by the
material response rather than by specific drainage conditions and that the generated
pore pressures are the consequence and not the cause of the collapse. The absence of
the pore water in a dry sand predicates fully drained conditions by delinitior and
ensures that the response is controlled exclusively by the material properties. 11 the
collapse is found to be a material property and shown to be related to pore pressure
generation during flow liquefaction of saturated sand, a theory of liquefaction in terms

of effective stresses can be later advanced.



TESTING PROGRAM

In this study samples of essentially dry Ottawa sand were subjected to triaxial
q = constant stress paths. Tests were conducted using 2 Wykeham Farrance loading
frame modified to accommodate the application of dead load to the top of the sample.
During the test, readings of axial load, cell pressure, axial deformation and sample
circumference changes were recorded on a computer through a DAS16 interface
board. A high speed data acquisition system (10 readings/second) was utilized, sirce

monitoring of time development of volume changes was essential.

The novel technical challenge was the need for accurate volume change
measurements. This is particularly difficult, since there is no pore fluid in the dry
sample. For this purpose a special transducer for circumference change measurement
was developed (Skopek and Cyre 1994). A high resistance wire, 0.063 mm diameter,
390 Q/m was wrapped once around the sample, tensioned by a 20 g load and excited
by 6V. The voltage potential difference was then measured in the wire between the
two fixed points on the sample circumference. As the sample deforms the length of
the wire between the two fixed points changes and this is reflected in the voltage
differential signal output. The signal is amplified 5O times and recorded by the data
acquisition system. This wire transducer has a resolution of 0.01 mm/division and
excellent output stability. It should be noted that, due to the conductive character of
the wire transducer, compressed air instead of water or oil was used as a cell pressure
medium which required a little more care in cell pressure control, since the high
compressibility of air hampers the control of pressure change. Sample volume was
calculated after the deformed cross-section was established using the circumference
change readings recorded at Y, Y2 and % of the height of the sample along with the
axial deformation reading. The volume was calculated by integration of the defermed

cross-section. Once the volume was calculated, the void ratio calculation was

straightforward.
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Ottawa sand (C109) from Ottawa, Illinois was used for this study. This sand is a
uniform, medium sand composed primarily from round to subrounded quartz grains
with a specific gravity of 2.67, mean grain size Dsy = 0.34 mm, €pin = 0.5, €y = 0.82
according to ASTM D2049. Samples were prepared in the laboratory using the moist
tamping method with about 2.5% moisture. The samples were 64 mm in diameter and

about 118 mm high. Prepared void ratios ranged between 0.75 - 0.85.

Only samples prepared by the moist tamping preparation technique were
sufficiently loose for the purposes of the study. Dry pluviation produced samples too
dense to exhibit collapse. It is believed that the low moisture content of about 2.5%
did not affect the test results and the estimated suction in the samples of less than §

kPa was much smaller than the applied stress levels during the test.

The tests were conducted in three stages. The samples in the triaxial cell were
first subjected to an all round pressure and then the deviatoric load was applied in
steps up to the desired magnitude. The third stage of the test was conducted at
approximately q = constant conditions. The cell pressure was slowly decreased
manually at an overall average rate of 1 kPa/min. The resulting stress path is only
approximately q = constant, since the magnitude of vertically transmitted load is
affected by the decreasing cell pressure due to the fixed connection between the top

cap and the loading ram. Thus, q is slowly increased as the cell pressure decreases.

TEST RESULTS

Only three tests from the total of sixteen tests arc presented in detail in this

chapter and their characteristics are summarized in Table 2.1.

Typical sand behavior during tests

The typical course of a test is shown in Figures 2.2 and 2.3.



1. In the first stage (Fig. 2.3, from a to b) the isotropic loading of the sample
produced only minor axial deformation (less than 0.3%) and negligible lateral
deformation. The associated void ratio change was a contraction of about -
0.01. This stage usually lasted for about 10 to 20 minutes before all changes
had stabilized.

2. During the second stage (Fig. 2.3, stretch from b to ¢) the application of the
deviatoric stress, i.e., dead load, produced only a small effect on the lateral
deformation of the sample. Axial deformations of about 0.5% were recorded.
The void ratio changes resulted in a contraction of less than -0.02. The dead
load was applied in steps for approximately 5-10 minutes each to completion
of the volume changes.

3. In the following third stage (Fig. 2.3, from c to d) a gradual cell pressure
decrease produced almost negligible volume changes and the sand behaved as
an essentially elastic material. This behavior continued up to a certain distinct
stress level when the material started to contract and both the axial and lateral
strains increased slightly. This is shown in p' - e plane as a deflection in the
direction of the stress path (Fig. 2.3, point d). Shortly after, a new
compressibility Ae/Ap' was established. At this stage more pronounced time
dependent deformation could be observed after each incremental cell pressure
change but all movements stabilized within several minutes.

4. Further decreases in the confining pressure resulted in discreet contractive
response during which the axial strain jumped' by about 2% with an
associated void ratio contraction of -0.05. These discreet jumps accelerated in
terms of seconds (20s) and decelerated over a minute (Fig. 2.4). Usually 2 or

3 contractive “jumps” could be recorded during each test.
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EXPLANATION OF OBSERVED PHENOMENON

All tests have shown that very loose essentially dry Ottawa sand when subjected
to triaxial q = constant stress path first behaves essentially elastically, then at a certain
point the deformation response abruptly changes. The material contracts and exhibits
a significant increase in compressibility. Thus the initial direction of a stress path in
the p' - e plane is notably deflected. After this short transition period a new and
significantly higher compressibility is observed (Fig. 2.3). As the sample is further
loaded two different straining patterns can be detected. The first pattern is associated
with moderate slips at grain contacts which have both a stress dependent and time
dependent component (Fig. 2.2). This response will be referred to as structural
contraction. The second straining pattern is characterized by rapid contractive strains
of primarily time dependent (constant stress) nature (Fig. 2.2 and Fig. 2.4). These
strains accelerate rapidly within 10 to 20 seconds and then slowly dccelerate over a
minute. It is believed that this second straining pattern is peculiar to the collapsc of

very loose saturated sand and it will be further referred to as the structural collapse.

The structural collapse of very loose dry sand is a result of progressive
destabilization of the grain structure. This process of structural destabilization
commences as small strains/slips at grain contacts. The grains try to reorient to
accommodate the developing instability. This accounts for the first straining pattern.
Later the ability of the material to compensate is insufficient and the entire structure
collapses and contracts. The contractive strains densify (harden) the dry sand which
results in self-stabilization of the collapse and all movements eventually ccase. The
new state condition of the material is still far from the ultimate steady state condition
and so the process can repeat itself under further loading. The densification
(hardening) of saturated sand during a structural collapse is inhibited by the pore water

and so pore pressures are generated. The generation of pore pressures leads to



material weakening and progressive propagation of collapse, which may result in full

scale flow liquefaction.

The mobilized friction angles at the points of observed structural collapse range
from 20.4° to 30.1° which is below the ultimate steady state mobilized friction angle
(Figure 2.5, Table. 2.1). This observation is consistent with the observations made for
collapse of a very loose saturated sand and supports the fact that geotechnical design
cannot always rely on the ultimate steady state mobilized friction angle as a guarantee
of safety. The undrained collapse leading to flow liquefaction of a saturated sand,
which appears to be equivalent to the structural collapse of a very loose dry sand, can
occur at mobilized friction angles much below the ultimate steady state mobilized

friction angle.

The relationship between the mobilized friction angle ¢'w and the vertical
displacement dH during presented q = constant tests is shown in Fig. 2.6. This
diagram shows that the behavior of the sand is consistent with the behavior of the
same sand tested by Sasitharan et al. (1994) and also that the tests are mutually
consistent. The mobilized friction angle approaches the ultimate steady state value of

about 30° which is expected for Ottawa sand.

CONCLUSIONS

The deflection of the original direction of the stress paths in p' - q - € space is
shown as an increased compressibility. This breakpoint in material response and onset
of structural contraction resulting in establishment of a new path direction in the p' - e
plane is believed to be conceptually similar to the behavior of a very loose saturated
sand attaining the state boundary surface. Figure 2.3 and Table 2.1 show that the
mobilized friction angles at the observed breakpoints are significantly smaller than the

ultimate steady state friction angle for Ottawa sand.
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The contractive character of very loose dry Ottawa sand collapse is conceptually
consistent with the behavior of very loose saturated sand. In very loose saturated sand
the structural collapse of the sand matrix is exhibited by pore pressure generation and,
if the pore pressures cannot dissipate sufficiently rapidly, a consequent decrease in
effective stress and significant loss of shear strength can eccur. This can result in flow
liquefaction. In the dry sand there is no incompressible pore medium, therefore the
collapse reflects itself in contractive volume change. The collapse is confined by self’

stabilization due to hardening as a result of densification.

The pore pressure generation in very loose saturated sand has already been
shown to be a consequence and not a cause of collapse (Eckersley 1990, Sasitharan et
al. 1993). This observation is supported in this study by means of structural collapse
of dry sand, which did not have any triggering pore pressure levels available but

collapse still occurred.

Conclusions of the presented study can be summarized as follows:

1. Very loose essentially dry Ottawa sand during q = constant loading attains a
discreet state condition where the loading path in p' - q - ¢ space is deflected
and a new significantly higher compressibility associated with structural
contraction is established. This change occurs at a mobilized friction angle
considerably smaller than the ultimate stcady state mobilized friction angle
(Fig. 2.3) and agrees with the state boundary surface concept established for
saturated sand.

2. Further loading of the element renders the structure increasingly unstable,
which eventually results in discreet contractive time dependent “jumps”, which
have been referred to as structural collapses. It is our opinion that these
structural collapses are responsible for the pore pressure generation during the

collapse of very loose saturated sand which results in flow liquefaction. The



structural collapses occur at mobilized frictional angles significantly smaller

than the ultimate steady state mobilized friction angle.

19



Test identification 48 #9 #12

Initial parameters

void ratio e 0.825 0.833 0.813

moisture content (%) 2.73 2.54 2.51

p'/q (kPa) 300/98 240/ 77 246/ 130

Onset of structural contraction

p'/q (kPa) 182/ 108 123 /81 191/ 131

d'm (°) 15.7 17.3 17.9

Characteristics of structural | o3/ e / ¢'m ca/ e /| ¢'m ca/l e [/ dm

collapse 1" 70/0.780/24.6  77/0.810/204  75/0.762/27.0
2™ 64/0.768/26.5 54/0.786/262  68/0.754/279
3" (unitsarekPaand degrees) 49 /(0783 /27.2  58/0.744/30.1

Table 2.1 Summary of test initial parameters, parameters at the onset of structural

contraction and characteristics of structural collapses
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Chapter 3

STATE BOUNDARY SURFACE FOR VERY LOOSE
SAND'

INTRODUCTION

Loose cohesionless materials have been responsible for a number of serious or
catastrophic liquefaction failures. Dramatic effects of earthquake triggered flowslides
in Japan and Alaska in 1964 initiated a concentrated research effort to understand the
mechanism of these events. The result of this endeavor is an improved understanding
of the behavior of sands during cyclic loading. Nevertheless failures have also been
observed for which no considerable source of cyclic loading has been detected.
Terzaghi (1956) describes several cases of submarine flowslides where no external
trigger could be identified. He refers to this phenomenon of sudden liquefaction
without a presence of cyclic shear stresses as spontaneous liquefaction. Such
failures of natural or man-made slopes are believed to be instigated by minor stress
changes such as ground water table fluctuations or toe erosion, hence essentially by

static loading.

Casagrande (1936) reported an elegant experiment to demonstrate this
spontaneous (also called static) liquefaction. A tank was filled with sand in a loose,
saturated state and a weight was placed on the surface. Then a stick was thrust into

the sand adjacent to the weight. The slight disturbance produced by the penetration of

' A version of this paper has been submitted for publication. Skopek, P., Morgenstern, N. 1%,
and Robertson, P. K. (1994). Journal of the Geotechnical Engineering Division ASCE.,

30



the stick created local pore pressures which triggered collapse of the essentially
metastable loose sand structure. Pore pressures quickly propagated throughout the
entire soil mass resulting in significant loss of bearing capacity and the weight sank

below the sand surface. The stick penetration simulated minor stress change which

was by no means cyclic.

Cases have been recorded where structures have failed and reached long runouts
over a short period of tome even though the slopes were built at or even less than the
angle of repose (Sladen et al. 1985a; Dawson et al. 1992). Hence conventional limit
cquilibrium methods of analysis have been incapable of accounting for these failures.
This lead to a need for a better understanding of the triggering mechanism of statically
induced liquefaction events. Studies by Castro (1969), Castro and Poulos (1977),
Poulos et al. (1985), Kramer and Seed (1988), Alarcon-Guzman et al. (1988), and
many other concluded that for liquefaction to occur the material must be loose, i.e.,
contractive at the onset of liquefaction, saturated, and have sufficiently low
permeability to sustain generated pore pressures. The ultimate steady state shear
strength must be less than the in situ driving shear stress, i.e., there must be a potential
for material weakening and associated stress redistribution leading to progressive
propagation of liquefaction. Robertson (1993) has suggested the term flow

liquefaction to describe the above phenomenon.

Sladen et al. (1985b) introduced the collapse surface concept which explained
submarine flowslides at Nerlerk in the Beaufort Sea. In this instance conventional
limit equilibrium analysis yielded Factors of Safety as high as 3 (Lade 1993). The
collapse surface concept, based on critical state soil mechanics, defines a locus of state
conditions in p' - q - e (mean principle stress - deviatoric stress - void ratio) space at
which weakening is initiated during undrained loading. The locus was shown to be
composed of collapse lines. The collapse line was defined as a line in the p' - q plane

joining the peaks of the undrained stress paths at the same void ratio, therefore ending
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at the same ultimate state. The same material tested at different void ratios yielded
collapse lines of the same slope but ending at different ultimate state points along the
ultimate steady state line. The complete picture could then be obtainedinp'-q-¢
space where the collapse lines compose the warped collapse surface and the ultimate
steady state points compose the ultimate steady state or critical void ratio line
(Fig. 3.1). Thus the collapse surface was defined as a concept peculiar to undrained

loading of very loose saturated sands.

Sasitharan et al. (1993) showed that undrained loading is not a prerequisite for
collapse to occur. They demonstrated experimentally that a very loose saturated sand
can collapse and liquefy under fully drained conditions with no excess pore pressure
during a q = constant stress path at the moment when the loading path trics to cross a
surface which is an envelope to the post peak portions of the undrained stress paths.
Work by Alarcon-Guzman et al. (1988) and Ishihara et al. (1991) showed that for
some materials the post peak portion of undrained stress paths may be curved, rising
significantly above the collapse surface. Sasitharan et al. (1994) also showed that for
any stress path the state condition would never exist above the enveloping surface and
that it would stay on the surface even when the loading direction is changed. Hence
such a surface complies with criteria set forth for a state boundary surface as defined

in Roscoe et al. (1958).

It is believed that the state boundary surface for very loose dry sand can provide
a fundamental insight in the mechanism of collapse liquefaction, i.c. collapse
generating sufficient pore pressures to develop flow liquefaction. The objective of this
study is to investigate the state boundary surface for very loose dry sand and to

formulate the parameters for its mathematical form.
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STATE BOUNDARY SURFACE

Roscoe et al. (1958) showed that there is a surface defined in ¢' - 1 - e space for

remolded clays above which a state condition of a soil element is not admissible:

“Lxperimental evidence suggests that in each type of test the
loading paths have a surface as their envelope in o’ - t- ¢
space, and as yield continues, the loading paths continue to lie

?”

on that surface.

All stress paths terminate on the critical void ratio line characterizing the critical
state. Stress path for normally consolidated clays originate on the virgin consolidation
line, follow the above surface and end on the critical void ratio line. This implies that
such a yield surface, also called the Roscoe surface, originates from the virgin
consolidation line. Loading paths for overconsolidated clays first exist in the
essentially elastic domain below the yield surface but eventually reach this surface and
under further loading follow it to critical state (Schofield and Wroth 1968). Hence
this yield surface was shown also to be a state boundary surface, i.e. a boundary
above which a state condition for a given material is not admissible. The concept
provided a means of predicting soil behavior based on its initial void ratio and stress

state.

Initially the practical application of critical state soil mechanics and the state
boundary surface to granular materials (Wroth and Basset 1965 and others) was
somewhat limited due to the fact that there seemed to be no unique virgin
consolidation line for most engineering stress ranges, which was required to define one
side of the surface. Moreover, apart from liquefaction, sands were not considered to
be a geotechnically difficult material and the rather complex critical state mechanics

could be substituted with simple conventional methodologies.
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MECHANISM OF COLLAPSE

For investigating the mechanism of collapse the q = constant loading path was
selected. The q = constant test simulates a stress path which was believed to be
responsible for the occurrence of flowslides in coking coal stockpiles at northern
Australian coal export terminals (Eckersley 1990). The triggering mechanism was
shown to be a very slow rise of the water table. This stress path is also considered as
a possible triggering mechanism of coal mine waste dump flowslides in the Rocky

Mountains (Dawson 1994).

The q = constant loading path has another fundamental significance. Since the
collapse is triggered under essentially drained loading with no excess pore pressures,
consequent liquefaction cannot be explained as a result of undrained drainage
conditions. Therefore, it must be some material property which generates the pore
pressures and triggers flow liquefaction. Skopek et al. (1994) investigated this
fundamental mechanics by examining the response of very loose dry sand. When
testing a dry sand any pore pressure generation is excluded by definition and the
response of a sand is controlled purely by the properties of the sand and sand
structure. The q = constant test on very loose saturated sand results in dramatic
generation of pore pressures and is followed by significant loss of shear resistance and
flow liquefaction. The q = constant test on very loose dry sand results in significantly
increased compressibility as well as in a distinct accelerated contractive volume
changes. Hence, the pronounced volume change of very loose dry sand is believed to
be an equivalent response of the same mechanism which generates pore pressures in

very loose saturated sand.
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COLLAPSE CRITERION

The state boundary surface provides a powerful concept which enables
prediction of the constitutive behavior of an element of soil during any kind of loading.
The existence of the state boundary surface was successfully proven for very loose
saturated sand (Sasitharan et al. 1994). It allowed formulation of a triggering
criterion for weakening during certain loading paths. Evidence of increased
compressibility and structural collapse given by Skopek et al. (1994) provides some
insight into the fundamental mechanism of pore pressure generation during the
initiation of collapse liquefaction. The formulation of a collapse criterion which
would quantify the extent and the intensity of collapse can be attempted by
investigating the rate of volume change of very loose dry sand and linking it to pore
pressure generation in an identical saturated sand. In order to formulate such a
criterion a concept which would enable prediction of the loading path after collapse is
initiated is needed. The existence of a state boundary surface for very loose dry sand

could fulfill this role.

TESTING PROGRAM

In this study samples of essentially dry Ottawa sand were subjected to several
different triaxial stress paths while the three governing parameters p', q, and e were
closely monitored. The detailed testing procedure is described by Skopek et al. (1994).

The solution to the problem of monitoring abrupt and extensive volume changes in a

dry material by special girth transducers is described by Skopek and Cyre (1994).

Samples were subjected to four different stress paths. One was a series of
q = constant stress paths which were previously shown to be “collapsible” for very
loose saturated Ottawa sand (Sasitharan et al. 1993). This pilot series was

complemented with a conventional triaxial strain controlled compression test, strain
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and load controlled p = constant stress path, and a special stress path, which was
essentially q = constant stress path with limited straining, when the deviatoric stress
was released slightly upon developing strains. In addition two ¢ = constant tests were
conducted on samples with the initial state on the dilatant (i.e. dense) side to
investigate the behavior of dense sand within the framework of state boundary surface

concept.
\

Ottawa sand (C109) from Ottawa, Illinois was used for this study. This sand is a
uniform, medium sand composed primarily from round to subrounded quartz grains
with a specific gravity of 2.67, mean grain size 0.34 mm, ¢yin = 0.5, ¢y~ 0.82
according to ASTM D2049. Samples were prepared in the laboratory using the moist
tamping method with 2.5% moisture. The samples were 64 mm in diameter and about
118 mm high. Prepared void ratios ranged between 0.75 to 0.85. It is believed that
the very low moisture content of about 2.5% did not affect the test results. The
estimated suction in the samples was less than 10 kPa which was much smaller than

the stress levels applied during the test.

INTERPRETATION OF TEST RESULTS

Only five tests from the total of sixteen tests on loose sand are presented in
detail in this paper. These are two q = constant tests at two extreme void ratios
(Fig. 3.2), i.e. very loose and loose, a conventional strain controlled compression test
(Fig. 3.3), a load controlled p = constant test (Fig. 3.4), and a special stress path test
(Fig. 3.5). The characteristics of each test are compiled in Table 3.1 For the
mathematical formulation of the state boundary surface loading paths from all sixteen
tests were used. All tests were plotted in p' - q - e space and a surface containing the
final portions of these stress paths was defined. The variety of different stress paths
ensured that the formulation of the state boundary surface would not be biased by

response peculiar to a specific family of loading paths.
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Mathematical formulation of the state boundary surface in p' - q - e space was

based on the equation of a warped surface derived by Sasitharan et al. (1994):

e~-T

) , or after rearrangement

q=ﬂ*p'+(M—ﬂ)*exr>(

e:F-l*ln(-qﬂ),
M-p

where: p', q, and e are mean principle stress, deviatoric stress and void ratio
respectively on the state boundary surface, M is the slope of the ultimate steady state
line in the p' - q plane, I and A are the parameters defining the ultimate steady state
line in In(p') - € plane , and B is the approximate slope of the envelope to all undrained
stress paths at the same void ratio, i.e., slope of the state boundary line in the p' - q

plane, i.e., constant volume plane (Fig. 3.1).

For this equation p', q, and e were given by the measured loading path during a
test, M, I" and A are constants based on the shape and location of the ultimate steady
state line for a given material. The only missing parameter is the slope of the collapse
line B. The triaxial testing of dry sand in this study did not have the benefit of
containing the loading path within a constant volume, i.e. undrained, plane, and  is
difficult to obtain. Therefore, 8 was used as a surface fitting parameter and varied in
an attempt to obtain good agreement between the measured and expected loading
paths. The comparison between the measured and expected loading path was
accomplished by calculating the expected value for one of the three controlling
parameters (p', q or ) based on the other two measured parameters. For example, for
a q = constant tests, shown in Fig. 3.2 the expected void ratio (€) on the state
boundary surface in the p' - e plane (solid line) associated with the measured values of
p' and q was compared with the actual measured void ratio (dots). There were three

requirements for the surface fit to be considered successful:



1. Deflection of the loading path from its initial direction occurs in close vicinity
of the state boundary surface (Fig. 3.2, point a).

2. The loading path after the deflection point follows closely the calculated state
boundary surface (Fig. 3.2, zone b).

3. Both of the above requirements need to be satisfied with the same 3 for all

tested stress paths.

The parameters for the state boundary surface were found to be as follows:
M = 1.154 I' = 0.9303 A = 0.0337 00

This state boundary surface for very loose dry sand compares reasonably well
with the state boundary surface found for very loose saturated sand (Sasitharan et al.
1994). It is considered plausible that the exact parameters controlling the position and
shape can vary for a saturated and dry sand. Further study on the rclationship between

the dry and saturated state boundary surface has to be undertaken.

The agreement between the measured and expected loading paths (Fig. 3.2 to
Fig. 3.5 and Appendix B) is remarkably consistent over the whole range of tested
stress paths. This consistency is compelling evidence of the existence of the state
boundary surface for very loose dry sand. The fact that neither of the tested loading
paths is allowed to cross this surface and rise significantly above it confirms that this

surface is a state boundary.

It is evidenced in the figures that the state boundary surface dramatically affects
the behavior of a sand and acts as an impenetrable wall for the loading paths. Since in
any test there can be full control only over two of the three governing parameters p', g,
and e, the remaining parameter is forced to vary to keep the state condition on the
state boundary surface. In undrained loading the void ratio remains constant, but in all
other loading paths the void ratio is free to change. For all triaxial loading paths in

this study the sample initially behaved essentially elastically with modest volume
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change. This changed dramatically as the loading path approached the state boundary
surface. The gross compressibility of the sample was greatly increased to adjust the
direction of the loading path to follow along the state boundary surface. This

phenomenon is shown schematically for a q = constant stress path in Fig. 3.6.

This increased compressibility is a result of changed structural response on the
state boundary surface and has been given the term structural contraction (Skopek et
al. 1994). Structural contraction is initiated by a stress ratio increase, hence it is stress
dependent. However, there is also a stress independent (creep) character which brings
the state condition from an intrinsically unstable state on the state boundary surface
into the stable essentially elastic domain below. Besides the slow structural
contraction the sample can also undergo accelerated contractive strains which almost
instantaneously bring the state condition below the state boundary surface. The
dramatic “collapse” nature of these strains justifies the name structural collapse. The
associated drop from the state boundary surface into the elastic domain temporarily
stabilizes the structure due to densification. Consequently the response of the sample
to further loading is again initially elastic and then at the approach to the state

boundary the process of contraction repeats.

To aid in the presentation of results from this study, data for the tests #9, #14,
and #spec have been shown in a normalized stress space of q/p's; versus p'/p's
(Fig. 3.7). This normalization was carried out with respect to the effective mean
principal stress at the ultimate steady state (p's) for the current void ratio. This
normalized stress space allows results at different void ratio to be shown in one plane.
Figure 3.7 shows a summary of the test results from this study in terms of the initial
states of each test and the state at which a sudden change in void ratio (i.e. onset of
contraction) was observed. Figure 3.7 clearly shows that for all the tests the onset of

contraction occurs on a normalized state boundary surface passing through the



ultimate steady state point. The results of the remaining thirteen tests also plot ot

normalized state boundary surface.

The additional two q = constant tests on dense dry sand were expected to
behave essentially elastically until the state condition attained an equivalenit of the

Hvorslev’s surface and then were expected to dilate to reach their ultimate stcady

state. However, both sand samples exhibited a small but distinct contraction durira_e

the test before they started to dilate. The amount of contraction was significantly

smaller than that for the loose samples. It was found convenient for comparison o EEEEE—G—GT——ES————

tests to plot this data in the normalized stress space along with the results of tests «————

very loose samples (Fig. 3.7). If the onset of the small contraction of the dense sa 1—

plotted in this plot, it appears that they compose a line passing through the origin .

Such a line seems to assume the same property as the instability line (Lade 1993) cw

the critical stress ratio line (Vaid and Chern 1985). This line is associated with

temporary weakening of a saturated material under undrained conditions resulting T ——————
the so called quasi steady state (Ishihara 1993). The existence of this line for a dry~ -~ ~——————

sand would enable a fundamental insight into the mechanism of quasi steady state

behavior. However, it is important to note that the amount of volumetric strain for w——
dense sand samples was significantly smaller than that observed for the loose sam > R
If drainage were not restricted this small amount of contraction may not result in

undrained behavior for the dense sand in situ.

PRACTICAL IMPLICATIONS OF OBSERVED PHENOMENONSN

For very loose saturated sand collapse liquefaction can be encountered on th e

state boundary surface during q = constant loading. For very ioose dry sand the

collapse during the same loading path results in a structural contraction and structim zzz==— = —
collapses on the state boundary surface. Hence, it appears that these phenomena a s ——————

only different responses to the same mechanism. Therefore, the intensity of structLm sen—————



contraction/collapse of very loose dry sand can be indicative of the intensity of the
pore pressitre generation in very loose saturated sand. Of course, the consequences of
such pore pressure generation in very loose saturated sand vary with the ability of the
sand to sustain or dissipate the pore pressures. This ability is controlled by the
permeability and compressibility of the sand, and the length of the drainage path in the

particular soil formation.

For a body of very loose saturated sand to completely (or sufficiently) liquefy a
suflicient pore pressure generation is required. The pore pressure generation is
controlled by the propagation of structural contraction/collapse through the very loose
granular structure. If no pore pressures are dissipated, the state condition follows the
constant volume stress path along the state boundary, hence the element loses shear
resistance, i.e., weakens and moves directly towards its ultimate steady state. The
weakening of the element causes the adjacent elements to carry the excessive load,
which can generate additional pore pressures due to structural contraction/collapse.
Hence, the progressive propagation of collapse leading to full scale flow liquefaction
failure can be established. This progressive propagation can be modeled numerically

as shown by Gu et al. (1993).

In the case of drainage permitting the pore pressures to partially or fully
dissipate, the associated volume change strengthens (densifies) the element and the
loss of shear resistance may or may not be sufficien: for the adjacent mass to collapse
and liquefy due to the initial stress redistribution. If all the pore pressures dissipate
during the structural contraction/collapse, fully drained behavior associated with no
loss of shear strength inhibits progressive propagation of liquefaction and failure is
impossible. This hypothesis is consistent with the observations published by Eckersley

(1990) and Lade (1993). They showed that statically triggered flowslides were

observed for saturated cohesionless materials with permeabilities less than 10-4 mys.

Evans et al. (1992) cite several cases histories where liquefaction of gravels and
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gravelly soil occurred. In all cases the sand content was at least 40% which must have
contributed to the temporary impeded drainage conditions and reduced permeability.
Yegian et al. (1994) cited several case histories where gravels liquefied during
earthquake loading in cases where dissipation of pore pressures was impeded by a low

permeability surface layer.

The ability to predict the amount and intensity of generated pore pressures based
on the volume change during structural contraction/collapse provides the essential
tools to formulate the collapse criterion. The collapse criterion should embrace
factors similar to those listed in Casagrande (1930), i.c., rate of pore pressure
generation during the structural contraction/collapsc and its dissipation, the dissipation
being a function of the amount of volume change, the size of the body, and

permeability and compressibility of the soil.

The state boundary surface gives, for a given loading path, a prediction of the
volume change which will take place before the ultimate state is achieved. This
available volume change is dependent on the direction of a loading path and the
location of the initial state condition relative to the state boundary surface. Slow
structural contractions allow more time for the material to dissipate pore pressures as
they are generated. The accelerated structural collapses may generate significant pore
pressures almost instantaneously. They in turn can decrease effective stresses for
sufficient time to trigger weakening resulting in stress redistribution and progressive
propagation of collapse leading to flow liquefaction. It appears that the intensity of
structural collapses decreases as the state condition approaches the ultimate state

(Fig. 4.2).

Subsea flowslide failures encountered at Nerlerk were < -, inined by the
generation of temporary excess pore pressures in elements with in situ state conditions
close to the collapse surface due to hydraulic fill dumping or wave action. Such a

temporary undrained condition was believed to initiate the loss of shear strength
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(weakening) of the nucleus soil elements causing stress redistribution and progressive
propagation until the shear strength loss within a sufficient volume of the soil body
was overcome by the acting shear stresses and the mass of sand started to move. The
state boundary surface concept agrees with this except that it would suggest that the
initial stress changes triggered structural contraction/collapse which elevated excess
pore pressures and lead to progressive propagation of collapse and flow development

duc to the initial weakening.

Ixplanation of the flowslides in the coal stockpiles due to the slow raising water
table is possible only within the framework of the state boundary surface. A slow
raising water table represented a q = constant stress path. The conditions were
essentially drained, i.e., no excess pore pressures. Hence, there could not be a
temporary excess of pore pressures to trigger the collapse, but flow liquefaction was
initiated anyway. Hence, it must have been the structural contraction/collapse on the
state boundary surface which generated elevated pore pressures resulting in shear

strength loss and progressive propagation throughout the soil body.

The properties of the state boundary surface are very similar to the properties of
a yield surface. The behavior of an element is essentially elastic and dramatically
changes as the loading path attains the state boundary surface. Nevertheless, more
tests are needed in order to be able to apply plasticity concepts to make a more
definitive statement, if possible, about the direction of plastic strain increments on the

state boundary surface.

CONCLUSIONS

The state boundary surface has been found for very loose dry Ottawa sand. This
supports the concept of a fundamentally identical behavior of dry and saturated very
loose sand. It reveals a discontinuous behavior of very loose materials on this

boundary which renders the material intrinsically unstable. The collapse mechanism of



dry and saturated sand is the same and is independent of the drainage conditions; it is
the resulting behavior which is different. The concept of the state boundary surface
provides a way of explaining the dramatic phenomenon of flow liquefaction of very

loose saturated sand as a structural property.

Two tests on dense dry sand exhibited a temporary minor contraction before
dilating towards the ultimate steady state. It appears that this phenomenon agrees well
with the observations during undrained tests on saturated sand at the same void ratio
where the sand temporarily looses a portion of its shear strength and develops a so
called quasi sieady state. The existence of this effect for dense dry sand can provide a
deeper insight into the fundamental mechanism of the quasi stcady state. However

more testing on dry samples is needed to justify this claim.

Any loading path for any degree of saturation which eventually reaches the state
boundary surface will be forced into following along the surface by structural
contraction. During certain loading paths a sand can also experience rapid stress
independent structural collapses apart from the stress controlled structural contraction.
These structural volume changes can initiate dramatic pore pressure generation in a
saturated sand if the dissipation is impeded by boundary conditions or consolidation

properties of the sand.

The intensity of the collapse liquefaction of very loose saturated sand is’difﬁcult,
if not impossible, to quantify in the laboratory due to its sudden uncontrollable nature.
The quantification of the intensity (rate) of a structural collapse of very loose dry sand
is obtainable, since the collapse is not sustained by generated pore pressures, therefore
the rate of volume change can be measured. Hence, the collapse criterion can be
based on the quantification of the rate of structural collapse, which can be
consequently directly linked to the pore pressure generation during collapse

liquefaction. In addition the structural contraction itself has a potential to generate
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additional pore pressures which can enhance material weakening necessary for

progressive propagation.

The intrinsic instability of the sand on the state boundary surface has a direct
implication on the kind of measures applicable to limit triggering of collapse
liquefaction. Slow loading which would ensure complete dissipation of pore pressures
may not be the solution, since it would not necessarily preclude the collapse. It is
shown that the structural collapses take place independently of the presence of excess
pore pressures and that they are the response of a material to certain stress paths on
the state boundary surface. Therefore, collapse liquefaction appears to be a material
property rather than a consequence of certain type of loading. Hence, in order to
avoid collapse liquefaction the material must be changed so that it will not produce
structural collapses, i.e., changed from a very loose state. Another solution would be
to control the loading path so it would never reach the state boundary surface or force

the loading path to follow the state boundary surface in a safe direction, which is not

often a practical consideration.
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preparat:on

parameters (before

consolidation)

initial parameters (after
consolidation, before shear)

Test Type of test e m. c. c P q

P o

identification (%) (kPa) (kPa)

very loose load controlled, q = 0.85 2.54 0.83 240 77
#9 constant stress path

loose ditto above 0.80 249 0.79 240 13S
#14

compression strain controlled 0.85 2.72 0.85 55 0
#compr2  triaxial compression

p = constant load controlled, p = 0.84 2.70 0.82 105 0
pl constant stress path

special stress load controlled test 0.82 242 0.80 240 120

path #spec with load release

Table 3.1 Initial characteristics of presented tests
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Fig. 3.2 Stress path deflection due to the state boundary surface for
two g = constant tests (test #9, #14)
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Fig. 3.5 Stress path deflection due to the state boundary surface for
the special path test (test #spec)

51



yjed Buipeof juejsuod = b e uo soepns Auepunod ajejs ay} jo oaygsa syl 9'¢ ‘b4

aoeuns Alepunoq a,ki}s
uo INOJUOD Juelsuod = b
@ Aepunoq 8)ejs smojjoy

@ asuodsal onse|e
b

\

bujpeo| juejsuod = b
Buunp aoeuns

Alepunoq ajejs ay} uo

pajoajjap yjed buipeoy aul| ajess Apeays

2oepuns Aztepunoq ajels

aul Auepunoq aje)s

52



normmalized state
boundary surface

7 L]

4 -
3 -
—s 7]
Q -
-~ =
o -
2 —

. O

H

Loose samples

initial state

on the SBS

normalized state

15

boundary surface
T steady state line
. reduced to a point
10 — /
- /
" . e
- /
a
= 4
- / . .
0.5 — // e g Dense samples
i /// * ° ©  initial state
/'/ ’,//
. o 4  onset of contraction
- s ’ ’ o
00 : | ) ¥ ' l ) ¥ 1 I l V ] i 1 I
0.0 0.5 1.0
p'/p',
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Chapter 4

EFFECTIVE STRESS APPROACH TO EVALUATE
FLOW LIQUEFACTION'

INTRODUCTION

Liquefaction flowslides can be triggered both dynamically and statically.
Dynamic triggering due to cyclic loading associated with earthquakes has been much
studied. Current practice in this regard has been summarized by Marcuson et al.
(1992). A correlation between cyclic shear stress and standard penetration resistance
(or other correlatable in situ test) is used as the triggering criterion. If liquefaction is
triggered, the in situ undrained strength is taken as operational. If the acting shear

stresses exceed the undrained resistance, a liquefaction flowslide can ensue, or at least

large deformations will result.

Liquefaction flowslides have been observed for which no identifiable source of
cyclic loading had been detected. Terzaghi (1956) describes several cases of
significant submarine movement where no triggers could be identified. He referred to
this phenomenon of sudden liguefaction without presence of cyclic shear stresses as
spontaneous liquefaction. Such failures of natural or man-made are believed to be

instigated by minor stress changes such as groundwater fluctuation or toe erosion,

hence essentially by static loading.

' A version of this paper has been submitted for publication. Skopek, P., Morgenstern, N. R,,

and Robertson, P. K. (1994). Journal of the Geotechnical Engine ing Division ASCE.



The design against statically triggered flowslides in cohesionless soils is quite
enigmatic. Conventional limit equilibrium methods have proven to be unreliable. For
submarine flowslides at Nerlerk the Factor of Safety was calculated as high as 3 (Lade
1993). Coal mine waste dump failures in the Canadian Rocky Mountains have reached
runout distances 'p to 2.5 kilometers, indicating liquefaction flowslides. They were
initially considered safe with Factors of Safety around 1.2 (Dawson et al. 1994).
Obviously the concepts embraced in the characterization of very loose materials within
classical limit equilibrium methods fail to properly assess the behavior of cohesionless
liquefiable materials. Nevertheless, these failures are real and in some instances fatal.
Due to the fact that these types 5 catastrophic failures are restricted to very loose
saturated cohesionless materials, these events have not been sufticiently common to
attract considerable research attention. However, recently significant progress has
been made in understanding the fundamental mechanism of statically triggered flow

liquefaction in cohesionless soils.

Sladen et al. (1985) introduced the collapse surface concept which defines a
locus of state conditions in p' - q - € (mean principle stress - deviatoric stress - void
ratio) space at which collapse and weakening of an element, possibly leading to flow
liquefaction of the entire body, is initiated during undrained loading. Consequently it
was shown that undrained loading is not a prerequisite for collapse to occur.
Sasitharan et al. (1993) demonstrated expsrimentally that a very loose saturated sand
can collapse and liquefy under fully drained loading conditions with no excess pore
pressure during a triaxial q = constant stress path. These studies revealed that failure
is initiated when the loading path reaches a surface in p' - q - e space, which is an
envelope to the post peak portions of the undrained stress paths at different void ratios
(Fig. 4.1). They also showed that the state condition for a material cannot exist above

this surface, hence such a surface represents a state boundary. The collapse surface
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constitutes a triggering criterion regardless whether the material element approaches it

due to dynamic or static loading.

Current procedures that utilize the collapse surface in flow liquefaction analysis
(Gu et al. 1993) assume in common with other liquefaction analyses that once
liquefaction is triggered, subsequent deformation is undrained. This is a gross over-
simplification of the liquefaction process because it cannot distinguish between fine
sand and large boulders. In the latter case, the rate of dissipation of pore pressures
could be commensurate with the rate of generation and upon triggering of the

liquefaction only volume changes would be generated.

In this sense the question can be asked whether the test results reported by
Sasitharan et al. (1993), in which liquefaction developed under fully drained test
conditions, revealed material properties or were artifacts of the test. This is best
resolved by developing a theory of liquefaction in terms of effective stresses in order

to gain insight into the undrained response.

The purpose of this paper is to present experimental data on loose collapsing dry
sand in terms of effective stress, and to show how pore pressures developing during
flow liquefaction can be computed. This is an important issue in that it allows one to
evaluate whether very loose materials will fail drained, partly drained, or undrained
after collapse has been triggered. This new theory would allow liquefaction mitigation

measures to be designed in a more rational manner than is currently the case.

STATE BOUNDARY SURFACE

Skopek et al. (1994) and Sasitharan et al. (1994) have shown that a state
boundary surface exists in p' - q - e space. They concluded that the state boundary

surface can be approximated by the following equation:
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0=B* v~ ) *exs 0

where: p', q, and e are the mean principle stress, deviatoric stress and void
ratio respectively on the state boundary surface, M is the slope of the ultimate
steady state line in the p' - q plane, I" and A are the parameters defining the
ultimate steady state line in In(p') - e plane , and B is the approximate slope of
the envelupe to all undrained stress paths at the same void ratio in the p' - q

plane, i.e., constant volume plane (Fig. 4.1).

This equation approximates the state boundary surface as a warped surface
composed of straight lines which are an approximate envelope to the post peak

portions of undrained stress paths at the same void ratio.

Skopek et al. (1994) showed that the parameters for the state boundary surface

for very loose dry Ottawa sand were as follows:
M= 1154 I' = 0.9303 A = 0.0337 g =00

This state boundary surface was shown to control the behavior of very lacse dry
Ottawa sand during triaxial q = constant loading. Because there was no generation of
pore pressures, the dry sand could not liquefy but could freely deform in order to
maintain desired equilibrium. This was manifested as a significant increasc of
compressibility resulting in a pronounced decrease in void ratio. The change in void
ratio allowed the state condition to remain on the st:#< boundary surface, even when
the direction of the stress path tried to cross the boundary. Hence, the state boundary
surface caused the loading path to deflect and forced the state condition of an element
to follow on and along the state boundary surface. The state boundary surface acts as
an impenetrable wall for a loading path and causes a distinctly discontinuous behavior

of a soil element.
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STRUCTURAL CONTRACTION/COLLAPSE

A typical test result reported by Skopek et al. (1994) is shown in Fig. 4.2. This
was a triaxial test on very loose dry Ottawa sand where the deviatoric stress (q) was
kept constant and the mean effective principle stress (p') was decreased. During the
initial stages of the test the sand responded essentially elastically with little or no
change in void ratio (e). At a certain point the stress state reached the state boundary
surface and a pronounced increase in sand compressibility was observed. Skopek et
al. (1994) call this change in void ratio a structural contraction. Structural
contraction is initiated by a stress ratio increase, hence is stress dependent. However,
on detailed inspection of the test results shown in Fig. 4.2, the change in void ratio
along the state boundary surface is also associated with several sudden contractions at
constant stress ratio, hence a response that is independent of stress. Skopek et al.
(1994) named these sudden stress independent time dependent contractions structural
collapse. Following the structural collapse the soil state condition would drop below
the state boundary surface into a more stable elastic region. Figure 4.2 also shows an
expanded view of the three structural collapses in terms of void ratio versus time.
From Fig. .2 it appears that the amount of structural collapse decreases as the soil
state condition moves closer to the ultimate steady state line. This decrease in creep
deformation occurs even though the stress ratio is increasing. It appears that the
strengthening by densification dominates the process and the amount of structural
collapse decreases. The phenomenon of structural collapse is a result of the

intrinsically unstable state of a very loose sand on the state boundary surface.

MODE OF LIQUEFACTION FAILURE

It was shown that for a body containing very loose saturated granular material to
experience flow liquefaction, it is not necessary for the entire volume of the material to

liquefy (Gu et al. 1993). Thus, liquefaction can be limited to a relatively thin layer
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which acts as a roller bearing and carries unliquefied stable material as suggested by
(Casagrande 1936). This mode of failure was demonstrated experimentally by
Eckersley (1990) and detected in coal mine waste dump failures in the Rocky

Mountains (Dawson et al. 1992).

Several documented case histories provide valuable information on the effect of
permeability on failure development. Flowslide failures of the exploration subsea berm
in the Beaufort Sea at Nerlerk occurred in sand with an average permeability about
1.6-10° m/s but never reached into the underlying sand which had an average
permeability one order of magnitude higher of 2.3-10™ m/s (Lade 1993). Evans et al.
(1992) cite several cases histories where liquefaction of gravels and gravelly soils have
occurred. In all cases the sand content was at least 40% which must have contributed
to the temporary impeded drainage conditions and reduced permeability. Yegian et al.
(1994) report cases where a highly permeable silty-gravelly layer (k = 5-10" m/s)
liquefied but was capped with a practically impermeable 30 - 50 cm thick clayey
topsoil. A nearby site where a similar silty-gravelly deposit was topped with extremely
permeable gravel layer (k = 3-10' m/s) did not liquefy even though it experienced the
same ground accelerations. These case histories provide evidence that the resistance
against liquefaction is also governed by the ability of a material to dissipate generated
pore pressures. The dissipation of excess pore pressures is essentially a consolidation
problem and reflects the actual drainage conditions. Hence, if there is a prediction of
the amount and rate of excess pore pressures generated during undrained conditions,
consolidation theory can calculate the dissipation of these pore pressures under general

drainage conditions.

MATHEMATICAL MODELING

Pore pressure generation at the state boundary surface is controlled by the

propagation of structural volume changes through the very loose cohesionless
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structure. If no pore pressures are dissipated, the state condition follows the constant
volume stress path along the state boundary and the element can lose the maximum
possible shear resistance, weaken, and the state condition moves directly toward the
ultimate steady state at which a continuous deformation at constant volume and stress
can be sustained. The weakening of the element can cause adjacent elements to carry
the excessive load which can, in turn, generate additional pore pressures due to
structural volume changes. On the other hand, if all the pore pressures dissipate as

they are generated, fully drained behavior associated with no loss of shear resistance

will take place and flow liquefaction is impossible.

By knowing the fully undrained behavior of very loose saturated sand and the
equivalent fully drained response of the identical sand along the state boundary the
two limiting cases are defined. The difference in behavior is controlied primarily by the
different drainage conditions. Hence, the difference in behavior can be fully described

by different consolidation properties and treated as a consolidation problem.

Fully undrained behavior of saturated sand produces no volume change. Since
there is no pore pressure generation in dry sand the only response to the ongoing
loading is the volume change due to structural contraction/collapse. It is possible to

relate the undrained pore pressure generation to the fully drained volume change

(Martin et al. 1975) using:

Au = LS )

where:  Au is the pore pressure increment under undrained conditions
equivalent to the volumetric strain Ag.q under drained conditions. E,isa
rebound modulus of the material, n is the porosity and K, is the bulk modulus of

water.



Based on the above comments the following fundamental assumptions will be

made in the proposed mathematical modeling:

1. The amount of pore pressure generation will depend on the amount of volume
change that occurs on the state boundary surface during structural
contraction/collapse.

2. The rate of pore pressure generation will depend on the rate of volume
change.

3. The amount of dissipation will depend on the consolidation propertics of the

material, geometry of the investigated body and on the boundary conditions.

For the mathematical modeling the pore pressures can be generated either during
structural contraction or during structural collapse. The structural contraction is
caused by the travel along the state boundary and does not contain any information
about the rate of volume change needed for the calculation of pore pressure
generation. Therefore, for testing the effects of this phenomenon, a range of loading
rates will be evaluated. The actual modeling is conducted incrementally. The test
input variable is a time increment dt. The load increment is calculated from the
loading rate dp’/dt for a given time increment. During each load increment on the
state boundary surface a potential volume change is induced in dry material
(equation 1). This volume change is converted into a pore pressure increment in an
identical saturated material (equation 2). Then the resulting excess pore pressure is
dissipated over the same time increment dt, using Terzaghi’s consolidation theory:

c J*u _n
Y&t a
_ k*E,,
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C

v

64



where the coefficient of consolidation ¢, is calculated based on permeability k,
the deformation modulus Eq.¢ calculated from the slope dp'/de of the loading

path in the p' - e plane in Fig. 4.2. and the specific gravity of water Yuw..

Using this model it is possible to calculate the path of state conditions on the
state boundary surface during structural contraction. It predicts the amount of loss of
shear resistance, i.e., amount of material weakening, and the proximity of the material

to the ultimate steady state for a prescribed loading rate.

The structural collapses which can occur on top of structural contraction along
the state boundary surface are time dependent. Therefore, they contain information
about the rate of volume change. The modeling of the structural collapses is also
conducted incrementally. The test input variable is again a time increment dt. Then the
volume change during this time increment is determined from the measured structural
collapse. This volume change is once again converted into a pore pressure increment
in an identical saturated material (equation 2). However, structural collapses are stress
independent and the compressibility is infinite, which rules out the application of
Terzaghi's consolidation theory. Therefore, a theory considering consolidation of soils
under constant effective stress (creep) was adopted (Garlanger 1972):

& _k(l+e,) d'u

a . &
a_aa

4

(d') (4)
= +| —

a A \A),,

where: k is the permeability, €, is the initial void ratio and vy, is the specific

gravity of water.

The magnitude of the residual pore pressures indicate the amount of the material

weakening and the proximity of the material to the ultimate steady state.
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Detailed calculation algorithm of the effect of structural contraction on the

effective stress path during a q = constant loading

Figure 4.3 presents a schematic diagram of the resulting stress path during partly
drained conditions along the state boundary surface. This model is applicable if the
direction of a loading path is known. In the case presented, ¢ is assumed constant and

p' is decreasing at given rate dp'/dt.

1. During a q = constant loading an element of soil reaches the state boundary
surface (defined by M, I', A, and B); this state condition is fully defined by p',
q, and ¢ at the point on the state boundary surface (sbs) and is controlled by
the governing equation (1).

2. A decrement of dp' is applied to the element over a time increment dt, which
due to the effect of the state boundary surface produces a change in void ratio
de during fully drained conditions.

3. This drained void ratio change d;e is converted into an equivalent pore
pressure increment d;u which would be generated if the drainage conditions of
an identical saturated element were perfectly undrained (equation 2).

4. The time increment dt is available for the pore pressure increment dju to
dissipate through consolidation to the final excess pore pressure du;. The
amount of dissipation through consolidation is controlled by the actual
drainage conditions defined by k, Ey., Yw. and H (Iength of the drainage path)
in equation 3. It was found convenient to solve this differential equation using
the marching forward method.

5. The degree of dissipation of the initial pore pressure increment dyu is the
degree of consolidation, which is associated with a certain consolidation ratio
and which yields the amount of the actual volume (void ratio) change, d,e -
de,. If all the pore pressures are dissipated the initial, perfectly drained, void
ratio change d;e takes place: if none of the pore pressures are dissipated, no

volume change is observed. This calculation step results in a new soil state in
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terms of void ratio € = ey, - (d1€ - dey), p' = p'sws - (dju-du;) and q given by the
condition that the state remains on the state boundary surface by equation (1)
and an element arrives at point 1 in Fig. 4.3.

6. The second calculation cycle begins and an additional dp' decrement over a
time increment dt is applied which results through the above steps 2 and 3 in a
new undrained pore pressure increment dou. This pore pressure is added to
the undissipated pore pressure from the first calculation cycle du, and is
dissipated as in step 4 over the new time increment dt.

7. The degree of consolidation determines the amount of the volume change
which takes place during dissipation. The maximum volume change during
this cycle (d.e) is given by the sum of the void ratio decrement calculated in
step 6 and the undissipated volume change accumulated in previous steps
(dey). It is important to realize that if all the pore pressures are dissipated at
this point, the value of q reaches its original value as it would if the whole
process was perfectly drained. Now the new ¢, p', and q can be calculated.

This model calculates the loading path of one element during structural

contraction along the state boundary surface. It cannot predict whether a particular
soil body will liquefy. However the weakening of such an element certainly triggers
stress redistribution within the soil body which may lead to full scale flow liquefaction.
It is noted that material weakening is a prerequisite for progressive propagation of

flow liquefaction.

Detailed calculation algorithm of the effect of structural collapse on pore
pressure generation

The calculation of the pore pressure generation is very similar but simpler than
the calculation due to the effects of structural contraction. However, the calculation
must be performed with measured structural collapses which provide the information

about the rate of volume change is available.
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1. The data for a structural collapse are selected ¢ = f{t) (Fig. 4.2).

2. For a selected time increment the void ratio change is calculated.

3. This perfectly drained void ratio change is converted into the equivalent
undrained pore pressure generation (equation 2).

4. For the same time increment as above the pore pressure dissipation for real
drainage conditions is calculated using equation 4. It was found convenient to
solve this differential equation using a modified marching forward method
described in detail by Garlanger (1972).

5. The calculation cycle starts again in step 2 with the next time increment and
the pore pressures are accumulated.

6. Ultimately the largest pore pressure generated during a collapse is a measure
of the loss of shear resistance.

This model calculates the resulting pore pressures during one structural collapse.

It gives a measure of material weakening within onic efement. Similar to the structural
contraction model, the weakening of such an element is capable of causing stress

redistribution within the soil body which could result in full scale flow liquefaction.

RESULTS

The proposed mathematical modeling attempts to explain the known behavior of
very loose saturated sand during a triaxial q = constant test. Sasitharan et al. (1993)
tested 120 :am nigh triaxial samples of very loose saturated Ottawa sand with open
drainage froii. ooth ends. These samples collapsed vigorously in undrained manner
whea liquefied upon reaching the state boundary surface. Ottawa sand is expected to
have a permeability according to Hazen’s formula in the order of 1-10° m/s. Figure
4.4 presents a series of lines at different permeabilities to illustrate the effect of loading
rate during structural contraction on an clement of sand with the drainage path H = 60
mm. A measure of weakening is expressed in terms of the ratio between the loss of

shear strength during the calculated loading path and the maximum possible loss of
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shear strength (0 = fully drained, 1 = fuily undrained) for a range of permeabilities.
From Fig. 4.4 it appears that only loading rates well in excess of 1 kPa/s are capable of
generating significant pore pressures due to structural contraction. The average
estimated loading rate in the test by Sasitharan et al. (1993) was 0.2 kPa/s. However,
it is known that loading was applied in increments and therefore the actual loading rate
during an increment could have been much higher. Figure 4.5 shows the calculated
stress paths and void ratio change during structural contiaction for a range of loading

rates for the material with permeability 1.10° rv's for the ix st reported by Sasitharan et

al. (1993).

The analysis of the effect of structural collapse (#2 {rom Fig. 4.2) on pore
pressurc generation is shown in Fig. 4.6. The amouni of maximum pore pressure
generated is expressed in a normalized form with respect to the initial mean effective
principle stress for a range of layer thicknesses and permeabilities. 1t is noted that the
pore pressurc buildup Juring the structural collapse first accelerates and later
decclerates as the volume change rate decreases to zero. The maximum pore pressure
which is built up during this event con:rols the amount of weakening and stress
redistribution. The model calculation neglects any pore pressure, which may have
been generated along the loading path: prior the structural collapse by structural
contraction. Hence, the calculated pore pressure acts on top of any previously

generated pore pressure and contributes further to the undrained weakening of an

element.

From Fig. 4 & it appears that significant pore pressures are generated in 120 mm
high specimens drained from both ends in soils with permeabilities about 1-10° mys,
which is less than the expected permeability of Ottawa sand. It seems that according
to this model the tests reported by Sasitharan’s et al. (1993) were just on the
borderline between liquefiable (undrained) and non-liquefiable (drained). The

temporary excess pore pressures during incremental loading and possible temporary
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impeded flow in the triaxial drainage system due to delayed hardware response time
may have played a significant role and caused the observed vigorous undrained

liquefaction failure. These comments require additional experimental investigation.

Application of the proposed models to in situ soil profiles reveals some
interesting points. Loading rates in nature cannot reasonably excced 0.0003 kPa/s (10
cm water table rise / hour). A loading rate of 1 kPa/s represents the rate of raising
water table of approximately 360 m/hour which appears hardly possible. It is shown in
Fig. 4.4 that the loading rate 0.0003 kPa/s will not generate any pore pressures for a
60 mm drainage path. Even for significantly longer drainage paths at this loading rate
the pore pressure generation is not sufficient to establish considerable material
weakening. This implies, that only in special cases of rapid loading associated with
some external activity (blast, dumping, extremely high consiruction rate), i.e., loading
commonly considered as undrained, could structural contraction itself produce
sufficient pore pressure. The experience from oilsand tailings cor struction (Piewes et
al. 1988) indicates that the large volumes of loose subaqueous tailings up to 15 meters
thick are susceptible 1o flowslides during intense seasonal construction of 30 - 40 cm/

day (0.0002 kPa/s)

The state of an element during the structural contraction on the state boundary
surface is intrinsically unstable and structural collapses can be initiated. Figure 4.6
illustrates that if the struciural collapse is initiated in a layer of liquefiable raaterial only
1 to 2 meters thick, large pore pres~cies can be gencrated. The total thickness of the
failing mass in the Nerlerk failures (Sladen et al. 1985a) varied between 5 to 12 meters
and the average permeability wa: lower than 1.10* m  ~ ade 1993). Figure 4.6
clearly predicts that extremely large pore pressures would be generated in this case. It
is also reasonable to expect that weakening due to one structural collapse can
instantaneously trigger additional collapse which can result in furtl. - pore pressure

elevation.
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Superposition of the two phenomena, i.e., structural contraction and collapse
appears 1o explain the mechanism of statically triggered flow liquefaction. The travel
of an clement along the state boundary surface initiates structural contraction, which
can generate some pore pressure but primarily renders the state of the sand
intrinsically unstable so that structural collapse associated with large pore pressure
generation can be triggered. This apparently accounts for spontaneous liquefaction
(Terzaghi 1956). The structural collapse phenomenon appears to be more important.
In nature the effect of pore pressure generation due to structural contraction can be
climinated by slow loading rates. However, in the laboratory the loading rates have to
be monitored carefully, since they can easily reach levels capable of generating
considerable pore pressures due to structural contraction and trigger sufficient

weakening which would be augmented further by initiating structural collapses.

CONCLUS{ONS

1. A state boundary surface has been presented that provides a constitutive
relation between volume change and stress change in terms of the effective
stress during the collapse of very loose sand. It has been shown that material
instabilities exist on the state boundary surface that manifest themselves as
increments of volumetric creep. I this paper both the contraction along the
state boundary surface and the structural coll ... phenomena have been
incorporated into a simple theory of pore pressure generation associated with
liquetaction. This provides a theory based on effective stress to explain f'ow

liquefaction.

o

Structural contraction enhances pore pressure generation and the derec to
which the pore pressures dissipate is a function of external loading rate. A
sufticiently slow loading rate will never produce any excess pore pressures

and the soil will remain stable. It appears that common “natural” loading
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rates do not have the potential for initiating significant weakening needed to
develop flow liquefaction.

. Structural collapse due to its vigorous nature generates large pore pressures
which may not be dissipated over the short duration of the collapse. Hence,
the structural collapse can produce significant weakening which can result in
triggering additional collapse which could further clevate the pore pressures
and promote material weakening. The magnitude of gencrated pore pressures
is controlled by the amount of contraction, i.¢., a structural collapse must
produce sufficient volume change. Hence, a material which does not exhibit
sufficient contraction during a structural collapse or does not exhibit
structural collapse at all may not be susceptible to static liquefaction under
“natural” loading rates even though it still exhibits weakening during
undrained loading.

. Higher loading rates result in more pronounced pore pressure generation and
weakening due to structural contraction. This may distort the results of
laboratory tests with incremental load control when the actual temporary
loading rate can be much higher than acceptable “natural™ or construction
loading rates. Therefore, very slow triaxial q = constant tests are needed to
separate thoroughly the effect of structural collapse from the effect of
structural contraction.

. The effective strcss model presented here incorporates permeability,
compressibility and drainage path for analysis of flow liquefaction. It can be
applied to numerical evaluation of structures or formations susceptible to
flow liquefaction under circumstances where liquefaction mitigating mcasures

are being developed.
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Chapter 5

A RESISTANCE WIRE RANSDUCER FOR
CIRCUMFERENTIAL STRAIN MEASUREMENT iM
TRIAXIAL TESTS'

INTRODUCTION

Tracking of local strains in a triaxial specimen has always been a difficult
challenge. In our study on collapsing sand, the task was further complicated by the
fact that the strains were occurring extremely rapidly, which required a stable fast
response measurement transducer and a high speed (up to 30 times per second) data
acquisition system. The measured deformations were later used for calculation of
volume changes of unsaturated specimens. '*:nce, during a test the changes in
specimen dimensions, namely axial and circumferential deformations, were measured

dircetly.

Measuring of axial deformation is simple and is routinely conducted during any
triaxial test usually with commercially available Lincar Voltage Displacement
Transducers (LVDT). Measurement of circumferential or lateral deformations is more
difficult. The few commercially available devices are usually designed for somewhat
specific cenditions and have considerable restrictions (working range, size, method of
data acquisition). This note presents a design of a transducer for measurement of

circumferential deformations of a specimen inside a triaxial cell.

' A version of this paper has bec a accepted for publication. Skopek. P., and Cyre, G. P.

(1994). Geotechnical Testing Journal.
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PROPOSED METHOD

In order to provide acceptable results, the transducer had to satisfy the following

critcnia;

1/ to be capable of measuring large circumferential deformations of up to 30 mm
corresponding to 10 mm diameter change

2/ to be small enough to fit into the cell and measure at several locations along
the specimen height

3/ to be stable for long duration

4/ to be accurate during rapid deformation changes and lend itself to high speed
automatic data acquisition

5/ not to load or restrain the specimen

6/ not to be affected by changing cell pressure

Several methods for direct measurement of lateral deformations are found in the
literature. They are, for example, the application of Hall Effect sensors is described by
Clayton et al. (1989), proximity sensors by Hird and Yung (1989) or strain gage
collars by Kolymbas and Wu (1989).

It was found that the existing mechanisms for measurement of lateral
deformations, while being quite accurate, were usually either too large or the working
range was unacceptably limited. Because of these limitations it was decided to pursue
the development of a transducer specific to our requirements. It appeared that a
solution with direct measurement of circumferential changes using a resistance wire
wound freely around the specimen was best suited for our purposcs. It was quite casy
to accommodate several of these resistance wire transducers along the height of the
specimen and so obtain an accurate measurement of its changing circumference. A
similar idea to the proposed system was used for measuring small lateral strains of

rock specimens by Attinger and Koppel (1983). This system was based on the

83



principle of the change of electrical resistance during straining of a fixed wrapped

resistance wire.

The main component of the resistance wire transducer is a high resistance
KARMA wire. The diameter of this wire is 0.063 mm and it is supplied by the firm
British Driver-Harris Co. Ltd., Stockport (GB). The specified resistance of the wire is
390 /m. The wire is wound once around the specimen (Fig. 5.1 and Fig. 5.2). One
end is fixed on one of the two gold plated pins, i.e., pins virtually without any
electrical impedance, fixed in the plastic plate. The plate is positioned on the side of
the specimen. The wire goes around the specimen, back to the plate, winds freely
around the second gold plated pin and tangentially turns bﬁck and hangs over a small
nonconductive cantilever. This end of the wire is tensioned by a 20 gram weight. The
load keeps the wire tight around the specimen and is sufficiently small that the wire
does not cut into the membrane and still allows free movement as the specimen
deforms. Also the plastic plate does not require any fixing to the specimen membrane

because the tension in the wire is sufficient to keep the whole system in place.

The resistance wire transducer is an active arm of a Wheatstone Bridge
(Fig. 5.3). The bridge completion is accomplished by using precision resistors. The
bridge is excited by 4 Volts in order to optimize the output to the data acquisition
system. Excessive excitation could result in heating of the wire, thus damaging the
membrane. As the specimen deforms the length of the wire between two fixed points
on the specimen circumference, i.e., between the two gold plated pins, increases. This
produces, due to the change of resistance, a change in the voltage differential signal
output. The signal is amplified 50 times and recorded by the data acquisition system

along with all other monitored data and timer information.

The calibration of the transducer was conducted using a micrometer and a
calibration setup shown in Fig. 5.4. The calibration data of several resistance wire

transducers is compiled in Fig. 5.5. It should be noted that the calibration is unique to
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the system rather than to the individual transducer. Additional testing conducted over
a duration of two weeks showed that longer term stability was not a concern. The
accuracy of the resistance wire transducer is similar to commercially available
rectilinear potentiometers. The resistance wire transducer has high output lincarity,
low noise problems and virtually infinitive resolution, which is controlled essentially
only by the quality of the data acquisition system. The calibration curve indicates that
the accuracy is about 0.01 % of full scale output, hence the transducer can be used for
measurement of small strains. Linearity was established by analysis using the Icast
squares method. The coefficient of determination (r?) combined for all calibration sets
was 0.999. It was found that the resistance wire transducer is not affected by the cell
pressure and can be used even for high stress ranges. The cffects of temperature
change were not considered after testing showed that the temperature sensitivity was
less than 0.005 %/°C. This value is similar to other rectilincar potentiometers. The
transducers were continuously excited hence any heating from excitation was not a

factor.

The effective working range of the resistance wire transducer for measurement
of lateral deformations of a triaxial specimen is basically controlled by the height
position of the supportive cantilever. As the specimen deforms the tension weight
goes up and eventually is stopped on the cantilever. Therefore, the distance between
the initial position of the weight and the supportive cantilever also controls the amount
of measurable deformation. In the testing program circumference changes up to 34

mm were measured.

As a further check of reliability of the resistance wire transducer a graduated
grid paper tape (girth belt) was wrapped around the specimen. Visual readings werce
taken through the transparent plexiglass wall of the triaxial cell at times when
deformations were stabilized or sufficiently slow so that it was possible to synchronize

them to the computerized data acquisition system.
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An additional advantage of the resistance wire transducer in the determination of
lateral deformations is the logical averaging of strains across the whole cross-sectional
area of the specimen. It averages out any strain concentration within the appropriate
horizontal cross-section. Avcrage diameter deformations can be easily calculated
using the following formnla AD = AC / &, where AD is the diameter increment
(calculated) and AC is the circumference increment (measured). This approach

virtually increases the accuracy of the measurement over a direct lateral deformation

measurement by the factor n.

The transducer also allows for the measurement of decreasing as well as
increasing circumference The tension load keeps the wire stretched at all times.
Circumferential contraction was successfully measured during the initial application of
the cell pressure during triaxial tests. For measurement of contractive strains the
membranc has to be smooth and free of wrinkles. Irregularities in the membrane can
lock the wire and thus obstruct the necessary free movement around the gold plated
pin. In circumferential extension this “locking” of the wire does not occur even when

wrinkles develop because the movement is ensured by the strength of the wire.

Due to the conductive nature of the resistance wire transducer, compressed air
instead of water or oil was us2d as the cell pressure medium. Using air as the cell

medium introduced a small but tolerable inertia in cell pressure control.

APPLICATION

The resistance wire transducers are mounted before the triaxial cell is assembled
when the specimen is sufficiently stiff to be self-supportive or when a vacuum is
applied to supply the necessary stiffness. The resistance wire transducers have to be
aligned horizontally to maintain the shortest path as possible between the pins. One
transducer requires a band about 2.5 cm high on the circumference of the specimen to

be properly mounted, hence three transducers can be easily fixed on a 10 cm high
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specimen. The height of the tension weight above the base has to be properly adjusted
so the seating of transducers and/or consolidation of the specimen would not result in
excessive lowering of tension weights to the point of contacting the triaxial base. The
opening of the back loop (the horizontal distance between the membrane and the arm
of the wire going towards the supportive cantilever after turning around the gold
plated pin (Fig. 5.1)) has to be sufficient to avoid an clectrical short with the returning
arm of the transducer or contact between the wire and the membrane as t.¢ specimen
bulges. After the transducers are in place, the guide cylinders for the weights are

positioned to prevent swinging of the weights during the test.

During a test the volume of the specimen at any recording time is calculated
after a deformed cross-section is established using the circumference change and axial
deformation reading. The volume is calculated by integration of the deformed cross-
section. Typical results of a test with the volume change converted to void ratio arc

presented in Fig. 5.6.

SUMMARY

The proposed measuring system has proved acceptable and produced reliable
readings of circumferential deformations which can be easily converted into lateral
deformations. The resistance wire transducer is a simple device whose principle can
be used for a broad spectrum of analogous laboratory applications. The principle of
the resistance wire transducer is similar to commmercially available rectilinear
potentiometers. This category of devices has virtually an infinitive resolution, which is
controlled essentially ¢ *' by the quality of the data acquisition system. Therefore,
they can be used for measurement of small strains. The resistance wire transducers are
especially useful under conditions where space restrictions apply. It also appears that
they are not affected by the cell pressure and can be used even for extreme confining

stress ranges.
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Chapter 6

SUMMARY AND CONCLUSIONS

The detailed objectives of this study were to investigate:

1. the behavior of a very loose dry sand during a q = constant triaxial stress path
which was shown to initiate flow liquefaction in the same very loose saturated
sand.

2. the validity of the state boundary surface concept for very loose dry sand.

This was accomplished by testing the mater.al under a variety of different
triaxial stress paths.

3. the fundamental mechanisms controlling flow liquefaction in order to present a

theory in terms of effective stresses for evaluating flow liquefaction.

The behavior of very loose dry Ottawa sand during a q = constant triaxial stress
path is discussed in Chapter 2. It is shown that dry sand expericnces several distinct
stages during such a stress path. First it behaves almost elastically with very small
volume change. At a certain point the response changes, the sand becomes
increasingly compressible and the loading pathinap'-¢ planc is deflected and afier a
short transition stage establishes a new direction towards the ultimate stcady state.
This stage of high compressibility was named structural contraction. It is shown in
Chapter 3 that structural contraction occurs on the state boundary surface which acts
as an impenetrable wall for the loading path and forces the state condition to follow
along this surface. During structural contraction during a q = constant stress path test
the sand is unstable and structural collapses can arisc, i.¢., rapid stress independent
contractive events. The stress state for the element of soil then drops from the state
boundary surface into an essentially elastic domain below. During further loading the

soil element initially behaves almost elastically until it again rcaches the state boundary
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surface. The tests carried out in this study have demonstrated that the onset of
structural contraction is associated with attaining the state boundary surface and the
following structural collapses occur at mobilized effective friction angles well below
the ultimate steady state friction angle. It is shown in Chapter 3 that the state
boundary surface also controls and deflects the loading path of very loose dry Ottawa
sand during triaxial compression test, p' = constant tests and a special loading path test
with limited allowed strains. A unique mathematical formulation of the state boundary

surface based on the formulation presented for very loose saturated sand is derived for

very loose dry sand.

Two tests on medium dense dry Ottawa sand presented in Chapter 3 exhibited a
temporary minor contraction before dilating towards the ultimate steady state. It
appears that this phenomenon agrees well with the observations on the so called
instability line (Lade 1993) or critical stress ratio line (Vaid and Chern 1985) during
undrained tests on saturated sand where the sand temporarily looses a portion of its
shear strength and develops a so called quasi steady state. The existence of this effect
for medium dense dry sand can provide some insight into the fundamental mechanism

of the quasi steady state. However, more testing on dry samples is needed to justify

this claim.

Chapter 4 draws on the observations made during the triaxial laboratory testing
program and formulates an effective stress based theory for the evaluation of flow
liquefaction. It is recognized that the volume changes in dry material controlled by the
structural contraction on the state boundary surface and volume changes occurring
during structural collapse are inhibited by the presence of pore fluid in an identical
saturated material. The measure of the resistance against this volume change is
controlled by the rate at which the pore fluid can escape from the material, hence by

drainage conditions.
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Current procedures that utilize the collapse surface in flow liquefaction analysis
assume in common with other liquefaction analyses that once liquefaction is triggered,
subsequent deformation is undrained. This is obviously a gross over-simplification of
the liquefaction process because it cannot distinguish between a soil composed of
either fine sand or large boulders. In the latter case, the rate of dissipation of pore
pressures could be commensurate with the rate ~f pore pressure generation and upon

triggering of liquefaction only volume changes would be generated.

The proposed theory links the volume changes in a fully drained material with
the pore pressure generation in an identical saturated undrained material. Such
generated pore pressures are then dissipated according to a consolidation theory,
which introduces the actual drainage conditions in terms of the permeability and the
length of the drainage path. It is concluded that structural contraction along the state
boundary surface for “natural” loading rates does not have the potential for producing
large pore pressures necessary for initiating material weakening, stress redistribution
and progressive propagation of collapse. However, the experience from Suncor
tailings pond construction (Plewes et al. 1988) indicates that large volumes of loose
subaqueous tailings are susceptible to flowslides during intense scasonal construction

representing an increased loading rate.

Results based on the measured structural collapses calculated using the proposed
theory indicate that large pore pressures are generated in the soil even for relatively
short drainage paths and high permeabilities. Significant weakening can be produced
which can result in triggering another collapse which would further clevate the pore
pressures and boost material weakening. The magnitude of gencrated pore pressures
is also controlled by the amount of contraction, i.e., a structural collapse must produce
sufficient volume change. That implies that a limiting criterion can be based on the
amount of contraction. The material which does not exhibit sufficient contraction

during a structural collapse or does not exhibit structural collapse at all may not be
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susceptible to flow liquefaction under “natural” loading rates even though it still

exhibits weakening during triaxial undrained loading.

The presented theory for evaluation of liquefaction is considered to embrace
most of the important factors controlling liquefaction, i.e., permeability,
compressibility, and drainage path. It is capable of assessing the influence of specific
drainage conditions and can be applied to numerical evaluation of structures or
formations susceptible to liquefaction under circumstances where liquefaction

mitigating measures are being developed.

RECOMMENDATIONS FOR FUTURE WORK

The author is aware of the fact that this study deals with a field which is
relatively unresearched and therefore there is considerable additional work to be
undertaken. Testing of dry material eliminates any affects of the pore media and
discloses only the genuine material response. The biggest obstacle associated with this
type of testing is the monitoring of volume changes. However, this study presents a

very reasonable and flexible solution to this problem in Chapter 5.
The recommendations for the future work can be divided into several categories:

The first category are topics associated with the state boundary surface. It is
necessary to investigate the relationship between the saturated and dry state boundary
surface. It may be expected that these surfaces will be different due to the lubricating
effects of the pore fluid and other factors. For the constitutive modeling it is
necessary to investigate the actual shape of the state boundary surface (high stresses,
etc.), which is here approximated as a warped surface, in order to obtain information
about any change in curvature and other possible limiting surface geometry. There is
also the issue related to the intrinsic instability of the material on the state boundary

surface. Therefore, long term tests to study creep effects on the state boundary

98



surface are desired to gain some insight into the spontaneous trigger of flow

liquefaction. In addition many other stress paths merit investigation.

The second category deals with topics associated with structural collapse. It has
been shown, that structural collapses take place during triaxial q = constant loading on
the state boundary surface. However, no collapses were recorded during a
conventional triaxial compression test. Hence, a variety of difterent load controlled
triaxial stress paths should be applied to a “q = constant collapsible™ material in order

to define the stress path directions associated with structural collapses.

The third category relates to tests in extension and cyclic tests on very loose dry
sand. These tests would be valuable in order to extent the state boundary surface
concept as a general concept governing the behavior of loose granular materials. The
two tests on medium dense dilatant sand carried out in this study suggest that the
temporary instability commonly described in the literature during undrained triaxial
testing for both conventional and cyclic loading can be a result of the material
response. In general it appears that the concept of testing the dry material offers a
great potential of discerning the true material properties from phenomena controlled

by externally imposed drainage conditions.

The fourth category deals with the extension of the above to a broad spectrum
of natural materials. Ottawa sand is an excellent starting material, however, it will be
important to test other natural and man-made materials to gain more experience with

all the facets of the presented study.

The fifth category relates to the application of the presented effective stress
based theory of liquefaction evaluation to a numerical model. This theory provides an
extension to the currently available strain softening models which commonly assume
undrained behavior once material weakening is initiated. However, most of the above

mentioned issues should be addressed before this endeavor can be undertaken.
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The presented attempts to explain the intriguing phenomenon of flow
liquefaction in a very reasonable and sensible way. Moreover, it suggests a way of
handling the peculiarity of soil mechanics called the effective stresses. The research
was driven by well established soil mechanics axioms as well as by geotechnical
common sense. However, as it is commonly the case, at the end there are more

questions than at the beginning. Nonetheless, now we know, which questions need to

be addressed.
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APPENDIX II Course of the tests
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