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Abstract

A study of the deformation behavior of marine soil subjected to long term cyclic
loading is presented in this thesis. The study includes both experimental data and
analytical predictions. Constitutive relationships relevant to time-dependent defor-
mation behavior of marine cohesive soil under long term cyclic loading are derived
based on a number of classic rheological models. The experimental method for
determining the creep function is described. Long term cyclic loading tests were
conducted on a load-controlled cyclic triaxial system. The theoretical predictions
of the deformations are presented and compared to laboratory results. The poten-
tial applications of each rheological model to marine geotechnical engineering are
discussed.

This thesis also presents the results of an investigation performed to study the
liquefaction potential or cyclic strength of four soils from the Beaufort Sea and one
from Newfoundland. Results from the different soils are compared under different
drainage conditions and overconsolidation ratios. The effects of cyclic stress ratio.
dilatancy and mean particle size were also studied and are presented. The stress-
strain relationships of the soils are demonstrated and discussed.

An understanding of the stability threshold and dynamic stiffness behavior of
marine soils under cyclic loading is required in the dynamic analysis of offshore
structures subjected to earthquake excitation or storm wave action. Therefore.
the third objective of this experimental investigation was to quantify the stability
threshold and dynamic modulus for saturated Beaufort Sea soils under different
over-consolidation ratios. The laboratory experiments were conducted on a load-

controlled cyclic triaxial system.
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Nomenclature

The symbols listed below and used in this thesis are defined when they first

appear in the text.

Ay = pore pressure parameter at failure
B = Skempton's pore pressure coefficient
¢ = effective cohesion intercept

Cc = coefficient of curvature

C. = compression index

C, = expansion index

CSR = cyclic stress ratio

Cu = uniformity coefficient

c, = coeflicient of consolidation

Dso = mean particle size

D, = relative density

ep = initial void ratio

E; = dynamic Young's modulus

Er = elastic modulus during relaxation
G4 = dynamic shear modulus
G = specific gravity of solids
I(t) = Heaviside step function

Ip = plastic index

K. = consolidation ratio

Ko = coefficient of earth pressure at rest

N = number of cycles

OCR = overconsolidation ratio

p’ = mean effective stress

q¢ = deviatoric stress

S(t) = deformation of the soil layer at a given time
S: = sensitivity

X1






Chapter 1

Introduction

1.1 Background

The main areas of concern in offshore geotechnical engineering are connected with
the foundations of gravity platforms, pipelines, sediment instability, and piling. It
has been reported that liquefaction is a potential problem for the artificial islands
used for hvdrocarbon exploration in the Beaufort Sea (Ladd et al., 1985). The
majority of reported damage to offshore structures has occurred in the Gulf of
Mexico, where storms have resulted in sediment slides and slumps. Even in the
denser soils of the North Sea, dynamic loading could also be a problem. Eide et al.
(1979) reported on observed platform behavior of sandy and clayey sediments in the
North Sea over the period 1973-1978. During storms with maximum wave forces
up to 45% of the design wave forces, pore-water pressure increases up to 20kPa
were recorded. The author thus concluded that storm wave loading does generate
excess pore water pressure in both sand and clay, degrades the clay structure.
and decreases the stiffness and strength of the soil. Also the sequences resulting
from dynamic loadings may induce liquefaction of sandy sediments or strength
degradation and significant deformation of clayey deposits. This may influence the
design parameters for displacement and stability of offshore platforms.
Exploration and development of natural resources in the Arctic ocean have
necessitated the construction of artificial drilling islands in the Alaskan and the

Canadian Beaufort Sea. Safe and reliable data obtained from geotechnical inves-



tigations have been of importance for structures using sand fills. Nerlerk is an
important case history in this regard, because massive failures of the Nerlerk berm
occurred during construction, resulting in cancellation of the project. The present
thesis topic was therefore put forward. A number of marine soils from the Beaufort
Sea and Lundrigan Silt from St. John’s, Newfoundland, were investigated under

the conditions of cyclic loading using a cyclic triaxial testing system.

1.2 Objectives

The objectives of this project were:

(1) to document the dynamic properties including cyclic deformation character-
istics, cyclic strength, stability threshold, and cyclic modulus of various types of
Beaufort Sea soils and Lundrigan Silt under cyclic loading;

(2) to develop the constitutive relationship of marine soils for deformation charac-

teristics under long term cyclic loading.

1.3 Scope of Work

The main focus of this research work is directed to the estimation of cyclic strength
and liquefaction potential of a number of different marine soils with various overcon-
solidation ratios and different drainage conditions. The eftects of dilatancy, mean
particle size and cyclic stress ratio were also studied. The stress-strain relationships
of various types of soils under different states of relative density are demonstrated
and discussed.

This study also looked into the deformation characteristics and permanent defor-
mation of marine soils under long term cyclic wave loadings with different frequen-
cies and under different confining pressures. In addition, constitutive relationships
relevant to time-dependent deformation behavior of ocean cohesive soils under long
term wave loadings are derived based on a number of classic rheological models.
The theoretical results of the deformation predictions are presented and compared

with laboratory results.

[S]



The stability threshold and dynamic modulus for saturated Beaufort Sea soils
were quantified under different overconsolidation ratios. The investigation also
displayed the development of axial deformation, the changes of dynamic pore-water
pressure, and the stress-strain relationship during testing.

Eight types of Beaufort Sea soils and Lundrigan Silt were investigated in this
study. Types of soil ranged from sand, silt, silty clay to clay. The primary experi-
mental setup is a load-controlled cyclic triaxial system.

The method of normalization for dynamic characterization of the tested soils is

adopted in most data reduction.



Chapter 2

Review of Literature

2.1 Cyclic Strength and Liquefaction Potential

The effects of testing procedures and material characteristics on the cyclic triaxial
strength of cohesionless soils are reviewed with the intent of categorizing the signif-
icance of these factors in relation to the author’s experiments. The criteria of cyclic
strength and liquefaction potential of soils are described in section 1 of chapter 6.
From previous work, it is found that specimen preparation methods, differences
between undisturbed and reconstituted specimens, density, and prestraining have
major effects on cyclic strength.

Apart from those factors, intermediate but significant effects influencing cyclic
strength are confining stress, loading wave form, material grain size (Dsg) and gra-
dation. overconsolidation ratio (OCR), consolidation stress ratio (K.), and resting
equipment. Other factors having minor effects are loading frequency, specimen size,
and friction on the caps and bases (Townsend and Mulilis, 1978).

From the available literature, various factors influencing cyclic triaxial test re-

sults are summarized in this chapter.

2.1.1 Factors Affecting Liquefaction Potential and Cyclic
Strength of Cohesionless Soils

Specimen Preparation

Mulilis et al. (1978) present data reproduced here as Figure 2.1 which shows

that specimens of Monterey No. 0 sand prepared to a relative density of 60%
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Figure 2.1: Effect of Specimen Preparation Method (After Mulilis et al., 1978).

by “moist tamping” are approximately 58% stronger than comparable specimens
prepared by dry rodding.

These results concerning specimen preparation effects on cyclic strength of sands
obviously indicate a different structure (fabric) (Mitchell et al., 1976) or Ko (coef-

ficient of earth pressure at rest) values or both.

Effects of Freezing Intact Specimens

Walberg (1977) examines freezing effects on cyclic strength of undisturbed and
reconstituted sand specimens. His results indicate that freezing has practically no
effect on cyclic strength, and hence becomes one method of preserving the fabric of
clean sands during transportation and storage. The method of course is restricted
to free-draining clean sands where pockets of water could not occur and form ice

lenses during freezing.
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Figure 2.2: Effect of Loading Wave Form on Cycles to Initial Liquefaction for
Moist-Tamped Specimen (After Mulilis et al., 1978).

Effects of Confining Stress (o3)

The data demonstrate that the cyclic stress ratio (i.e., 7%) decreases with in-
creasing confining pressure and that the magnitude of this decrease is dependent
upon relative density, soil type, and specimen preparation procedure (Ladd and
Foott, 1974). Nevertheless, as pointed out by Lee and Focht (1975), for practical

purposes within small ranges of pressure, cyclic strength is directly proportional to

effective confining pressure.

Effects of Loading Wave Form

The results obtained by Mulilis et al. (1978) demonstrate that rectangular
loading wave forms produce cyclic strengths lower than smooth sine wave loading,
with degraded rectangular or triangular loading wave forms (Figure 2.2).

Annaki and Lee (1976) observe that when converting from irregular to uniform

cycles, extension peaks produce approximately 90% of the total damage, because



the undrained strength of sand is less in extension than in compression. Because of
this asvmmetric effect existing in triaxial tests, good agreement in converting from
irregular to uniform extension cycles is obtained only when the damaging effects of

compression and extension cycles are considered separately.

Effects of Frequency on Cyclic Strength

Many scholars have evaluated frequency effects over a range of 1 to 60 cpm
(0.016667 to 1 Hz). Wang’s experiments (1972) are over a range of 1 to 28 Hz.
but the load wave form transforms from rectangular to rounded triangular at the
higher frequencies. Lee and Fitton (1969) and Lee and Focht (1975) find that
slower loading frequencies produce slightly (< 10%) lower strengths. Wong et al.
(1975), Mulilis (1975) and Wang (1972) find that slower frequencies give slightly
higher strengths (approximately 10%). Although this is conflicting, it can be safely
concluded that frequency effects have only a minor (< 10%) effect on cyclic strength
of cohesionless soils.

An interesting sidelight of Wang’s work is the effect of confining medium on
frequency effects due to a secondary resonant effect. This effect disappears when

air is substituted for water as the confining medium.

Effects of Specimen Size and Shape

Wong et al. (1975) compares the effects of size on 70- and 300-mm diameter
sand specimens with similar height-to-diameter ratios. Their results, Figure 2.3,
show that the 300-mm (12 in) diameter specimen is approximately 10% stronger
than the 70-mm (2.8 in) diameter specimen.

Wang (1972) compares the effects of height-to-diameter ratios of 1.0 to 2.3; how-
ever, these tests are conducted using full-friction stones. As might be anticipated.
the specimens with a height-to-diameter ratio of 1.0 are approximately 20 to 50%

stronger than the standard specimens.

Effects of Frictionless Caps and Bases

-1
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Figure 2.3: Effect of Specimen Size (After Wong et al., 1975).

Mulilis (1975) and Wang (1972) both find that cyclic strength is insensitive to

cap and base roughness no matter if the frequencies are higher or lower.

Effects of Relative Density

Seed and Idriss (1971) use a linear relationship to calibrate cyclic stress ratio

up to 50% relative density, whereby

g4 D,.
(D = 50%) =

where o4 1s the cyclic deviatoric stress, o, is the consolidation stress, and D, is the

gd

(D,) =

(2.1)

20, 20,

relative density.

Mulilis (1975) also shows that cyclic stress ratio to cause liquefaction in 10 cy-
cles is linear with relative density to approximately D, = T0%. Relative densities
above 70% are required for safety against large strains. The data (Townsend and

Mulilis, 1978) presented in Figure 2.4 show that the slope of this linear relationship
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Figure 2.4: Cyclic Stress Ratio at the 10th Cycle for Initial Liquefaction vs Relative
Density (After Townsend and Mulilis, 1978).

is a function of confining pressure, o,. Additional data (Ladd et al., 1977) indicate

that this linear relationship is also a function of failure criteria.

Effects of Particle Size and Gradation

Wong et al. (1975) summarize the effects of particle size on cyclic strength,
and show a 30-60% increase in cyclic strength to cause +2.5% and +10% strain,
respectively, as the mean particle size, Dso, increases from 0.1 to 30 mm. At
the opposite end of the grain size distribution, as the mean grain diameter, Dso.
continues to decrease to silt and clay sizes. the cyclic strength rapidly increases.
Hence, materials having a D5 of approximately 0.1 mm possess the least resistance
to cyclic stresses.

Wong et al. (1975) also find as shown in Figure 2.5 that well-graded material
1s somewhat weaker than uniformly graded material. This finding is attributed to

a greater densification tendency in well-graded soils. This densification tendency












Effects of Shear Stress Reversal

Results obtained by Konrad (1985) show that unsymmetrical cyclic loading leads
to compressive failure, in which the mode of failure is independent of the amount
of shear stress reversal. Symmetrical cyclic loading leads to an extension failure
characterized by large strains. The normalized cyclic deviatoric stress at failure for

tests with K. = 2 is 125% higher than that for tests with A, = 1.

Effects of Dilatancy

The S-shaped effective stress paths for the normally consolidated (NC) spec-

! 7

imens shown in Figure 2.6 (where ¢ = 51;—01 and p = 5'%-;) are unusual for
cohesive soils, as they indicate significant dilation near failure. This behavior for
cohesive Beaufort Sea soils has been mentioned in the literature (Wang et al.. 1982;
Jefferies. 1987. 1988). McCarron and Been (1990) have addressed this issue and
noted that by consolidating specimens to pressure approximately three times the

maximum previous consolidation pressure. this behavior typical of normally con-

solidated conditions is obtained (see the test T7 in Figure 2.6).

Effects of Shearing Strain Amplitude and Soil Type

The data (Stokoe et al., 1980) show that offshore silty samples degrade more
at higher shearing strain amplitudes. This is consistent with data reported for
fine-grained soils (Thiers and Seed, 1969; Idriss et al., 1978). In contrast, the data
for more silty material (Dso equal to 0.041 mm versus Dso equal to 0.0075 mm for
the specimens mentioned above), show that it stiffens with cyclic loading at strains

above approximately 0.03%.

Effects of Plasticity

The general increase of normalized cyclic resistance with increasing plasticity is
evident. [t has been known since the inception of soil mechanics that clays are less

susceptible to densification by vibration than sands. These results suggest a fair

13
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3.2.1 Triaxial Cell

A triaxial cell consists of four major components:

e a base, which forms a pedestal on which a specimen rests and incorporates

various pressure connections.

e a removable cylinder and top plate, which encloses the specimen and enables

fluid pressure to be applied,
e a load shaft, which applies the axial cyclic stress to the specimen, and

e an efficient connection between the specimen cap and the loading shaft, which
will produce enough force (suction and friction) to support two-way loads.
l.e., extension and compression forces resulting from cyclic loading. Beside
the friction and suction type, the join between cap and loading shaft can be

designed as magnetic type or mechanical type.

The triaxial cell used in this study has the following features:

a cylindrical specimen of 35.6 mm in diameter and 80 mm long,
e capability of applying compression as well as extension loading,
e two ends drainage,.

e cell pressure (confining pressure) is applied by compressed air and transmitted

by water, the confining medium,

e the cell is designed to accept specimens of different sizes, where the base

pedestal and specimen cap could be replaced correspondingly, and
e the cell cannot be used for static strength tests.

A picture of the triaxial cell and control panel is shown in Figure 3.4. The cylindrical
acrylic chamber is 300 mm in outside diameter, 12.8 mm thick. and 450 mm long.

O-rings were used for sealing the top plate and the base plate to the acrylic chamber.
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Figure 3.4: Triaxial Cell and Control Panel.
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Figure 3.7: Volume Change Measurement Device.




3.2.5 Axial Deformation Measurement Setup

Axial deformation in the specimen during the test is measured by means of a LVDT
mounted on a clamp. The clamp is held by a rigid steel rod which is extended from
one of three rods between the top plate and the base. The probe of the LVDT rests
on the LVDT holder which is attached to the loading shaft. Such a device is shown

in Figure 3.5.

3.3 Data Acquisition and Control System
3.3.1 Data Acquisition and Control System

The data acquisition and control system used in this study is Keithley's Model
575-2 as shown in Figure 3.8. This system is a high speed, high resolution data
acquisition system for analogue input and output, digital I/O, and power control.
The system is ideal for small-scale measurement and control tasks requiring high
performance and expansion capability.

This system has the following features:

high-performance instrumentation support for testing,
e 16-bit (50,000 rdg/sec) A/D for high-speed and sensitive measurements,
e fully software programmable,

e true hardware trigger circuit for external analogue, or digital control of ana-

logue input,
e expansion slot for specialized signal conditioning or I/O modules,

e directly powered from PC. or from optional AC wall transformer or automo-

tive adapter,

e interface for IBM PC/XT/AT/386. PSY2 25 & 30 and compatibles. and
KDAC500/1 software for interpreted BASIC. C, or other Microsoft and Bor-

land languages.
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Figure 3.9: Flow Chart for the Data Acquisition and Processing Routine.

35



































































Chapter 5

Deformation Characteristics and
Predictions Under Long Term
Cyclic Loading

Dynamic loading in a marine environment can induce deformation in soils around
or beneath offshore structures. Storm wave loading is of great importance, either
directly by causing pressure fluctuations in sub-bottom sediments, or indirectly by
impacting structures and causing cyclic loading of the soil beneath the structure.
Offshore geotechnical design requires that possible permanent deformations pro-
duced by wave loading of prescribed intensity and duration be evaluated. Therefore,
there is a need to develop more general constitutive relations in marine geotechnical
engineering.

This chapter presents a theoretical method which uses rheological mechanics
to evaluate the time-dependent deformation of soil subjected to long term cyclic
loading. This method takes into consideration the rheological quality of cohesive
soils. Various models such as the Maxwell Model, the Kelvin-Voigt Model, etc.
were adopted to simulate the viscous characteristics of cohesive soils. The numerical
results from these models under a rectangular wave cyclic load were evaluated.

Cyclic triaxial testing was conducted to investigate the validity of these rheo-
logical models. The results of theoretical analysis were compared with those from
the cyclic triaxial testing to ascertain the accuracy of the models for the evaluation

of permanent deformation (i.e., long term deformation). The materials tested were
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To quantitatively fit the true creep curve, a more complex model is required.
The following equation introduces the Generalized Burgers Model (Figure 5.5).

The creep function for this model is

11 ] o
Jt)=—+—t+> —(1—e nt). 5.18
) L ;#i( ) (5.18)

The proper selection of the parameters g; and 7; in the model can yield a good

fit of the true creep curve.

5.2 Test Materials and Load Form

The samples investigated in this portion of the study were Beaufort Sea Clay (BS
Clay) and Lundrigan Silt (L Silt). Frequencies of 0.01 - 0.1 Hz are of interest when

considering introgravity and gravity wave loading. Testing frequencies of 0.1 and
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Figure 5.11: Definition of Rapidly Applied Static Loading.

e Previous tests (Mulilis et al., 1978) have shown that a much larger deforma-
tion is caused by rapidly applied loads (e.g. square wave cyclic loading) than
by progressively applied loads (e.g. sine wave cyclic loading, triangular wave
cyclic loading or trochoidal wave cyclic loading). Therefore, the selection of
square wave cyclic loading in this study to evaluate permanent deformations

caused by gravity waves is conservative.

5.4 Comparison Between the Theoretical and
Test Results

The numerical analysis results from this study for the Kelvin-Voigt and Burgers
Models are shown in Figure 5.12 and Figure 5.13. Figure 5.14 displays the perma-
nent deformations obtained from the different rheological models. By comparing

Figure 5.14 with Figure 5.8c. the following conclusions relevant to the four rheo-
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tween the permanent deformation values and between numerical analysis and test
results leads to the following conclusions.

The deformation characteristics described in the results of the last section are
reflected in the rheological models as shown in the respective deformation curves.
The models also reflect the rebound of the soil during unloading. The permanent
deformation values shown in the figures indicate that the deformation values ob-
tained from the rheological models are close to the actual deformations. For soils
with high plasticity, like Beaufort Sea Clay, taking viscous flow into account is 1m-
portant during the evaluation of the deformation under long term cyclic loading.
In addition, the longer the cyclic period of repeated loading, the better the results
from the rheological models, as the soil is allowed to develop viscous deformation

under long period loading.

5.5 Determination of Creep Function — Creep
Test

In a creep test, the material specimen, which is initially in a virgin state, is subjected
to an instantaneous load which is varied in such a manner so as to keep the effective
stress at a constant value after load application. The resulting deformation or strain
in the specimen is measured as a function of the time elapsed from application of
the load. If the time of load-application is chosen as the origin of the time scale,

the stress in the specimen will have the form
o(t) = oo * I(2). (5.19)

In the above equation, oy is a constant depending on the magnitude of the
applied load and the dimensions of the specimen, and I(t) denotes the Heaviside

step function. The strain responds to the stress in the form
€(t) = oo x J(t). (5.20)

Thus the creep function, J(t), can be readily determined by dividing the mea-

sured strain response by the known constant oo. The p and 7 values for the different
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stress level exceeded the stability threshold. The strain was not symmetrical about
a horizontal axis even for the first few cycles except for those samples tested at
a stress level below the stability threshold. Rather, the residual strain increased
rapidly after the start of testing. For samples tested above the stability threshold.
in most cases it was observed that large cyclic strains in excess of 2.5%. occurred
before the pore pressure ratio, u/o,. approached 1. This is contrary to test re-
sults using Nerlerk sands where failure was caused by liquefaction. The tests were
characterized by peak-to-peak strain, ., or residual strain ¢,, increasing with each
successive stress cycle. Failure during testing was always under a compression state.
The behavior of the silt and clay was therefore quite different from that of the sat-
urated sands, in which strains developed only after the pore pressure ratio u/o;
approached 1 and accelerated when u/c, approximately equaled 1 (as shown in
Figure 6.1). Failure for Nerlerk Mud and Lundrigan Silt was therefore determined
from the cyclic strain criterion and corresponded to either 2.5% double amplitude

strain or 2.5% residual strain, whichever occurred first.

6.4.1 Effect of Over-Consolidation Ratio

Sediments in a marine environment tend to be subjected to some degree of overcon-
solidation and this may bring about a hardening effect in the soils and a consequent
increase in the cyclic strength. Figure 6.5 shows the effect of over-consolidation ra-
tio on the CSR. The test results for Nerlerk Mud showed that an over-consolidation
ratio of 2 could increase the cyclic strength by as much as 70% over the strength
of normally consolidated specimens. The OCR effect in Lundrigan Silt was not as
pronounced as in Nerlerk Mud. This may be interpreted as the influence of particle

size.
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Figure 6.5: Effect of OCR on (a) Nerlerk Mud and (b) Lundrigan Silt.

6.4.2 Effect of Mean Particle Size

The CSR has been plotted in Figure 6.6 against the mean particle size, Dsg, of the
specimens. This figure shows that the strength increased as the mean particle size
decreased to a certain extent and Lundrigan Silt had higher cyclic strength than
Nerlerk Mud and the Nerlerk sands. The lower cyclic strength in Nerlerk Mud may

be due to the high water content in the seafloor mud which could result in large

deformations.

6.5 Stress-Strain Relationship

Typical curves for cyclic deviatoric stress vs axial strain (only for an initial limited
number of cycles for each type of soil) are shown in Figure 6.7. In the specimens
where positive pore pressure developed with increasing number of cycles, the back-

bone curve of the stress-strain relationship decreased gradually. In the specimens
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Figure 6.7: Stress-Strain Relationship for (a) Medium Dense Nerlerk #2 Sand. (b)
Dense Nerlerk #2 Sand, (c¢) Nerlerk Mud. and (d) Lundrigan Silt.
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In reality, however, the combined deviatoric stresses measured in soils may be

larger than those obtained from the above equation. This is due to strain rate
effects in cyclic tests that result from the short duration of load application during
each cycle. Nevertheless, under these conditions, failure in cvclic tests is imminent

and the failure envelope from static tests may still provide an adequate reference

strength.



Chapter 7

Stability Threshold and Dynamic
Stiffness of Saturated Clays

A common approach in geotechnical earthquake engineering is to express the undrained
resistance as a function of the number of load cycles to failure. However, when the
number of load cycles is very large and they are applied over a long period of time.
as in the case of wave loading, it is more convenient to express the cyclic undrained
resistance of clayey soils as a threshold. This threshold (i.e., stability threshold) is
defined as the stress level below which the soil will not fail regardless of the number
of applied cycles.

An understanding of the dynamic stiffness of marine soils is also required in the
analysis of offshore structures subjected to earthquake excitation or storm wave
action. This behavior is commonly expressed in terms of a modulus degradation of
the soil with an increase in strain.

The objective of this experimental investigation was to quantify the stability
threshold and dynamic modulus of saturated Beaufort Sea clays at various over-

consolidation ratios.

7.1 Stability Threshold

A compilation of published data on the stability threshold of clayey soils is presented
in Table 7.1. This list is restricted to data obtained from one-way cyclic triaxial

test results (which is the method used in the present experimental program), as it
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1s known that test type and loading conditions can influence the results.

This chapter presents the results of a laboratory testing program on the Beau-
fort Sea clayey soils aimed at studying the stability threshold problem. Stability
thresholds were determined for both overconsolidated and normally consolidated

specimens at a predetermined frequency.

7.1.1 Test Procedures

All tests were conducted on isotropically consolidated specimens subjected to undrained
conditions. An all-around consolidation pressure, o., higher than the apparent
preconsolidation pressure, 0‘;, was used for tests requiring normally consolidated
specimens. An all-around consolidation pressure lower than the apparent precon-
solidation pressure was used for tests requiring overconsolidated clay specimens.
Cyclic triaxial tests were performed under load-controlled conditions with a load-
ing frequency of 1 Hz which is the commonly used frequency in the dynamic design
of offshore structures. Deviator stress, o4, was alternated between zero and a pre-
selected maximum value (i.e., one-way cyclic load). The values of deviatoric stress.
o4, and confining pressure, o3 were recorded by a data acquisition system during
testing.

The soil samples investigated in this study were Nerlerk Mud, Shelf Siity Clay,.
Shelf Clay, Marine Silt, and Beaufort Sea Clay. These soils were previously de-
scribed 1n detail in Chapter 4.

7.1.2 Test Results

The typical development of normalized pore pressure, u/o. (or u/a; for OC speci-
mens), and axial strain, €,, with the number of loading cycles, N, is shown in Figure
7.1. The rest of the typical results for each type of soil are presented in Appendix
B. Due to the limitations set on the length of the thesis, only two typical figures
for each type of soil are presented in Appendix B.

The criterion for determining the stability threshold which was used in this

portion of the study is as follows. It was noticed that as the cyclic stress ratio
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(CSR) was increased, the u/o. (or u/a;) vs N plot or ¢, vs N plot changed from
concave downward to concave upward as shown in Figure 7.1. This change in the
shape of the curve to concave upward inferred that the soil would fail and was not
"stable”. The mean value of CSR of the first sample that was not stable and the
CSR of "stable” sample was defined as the stability threshold. This criterion is
essentially the same as the commonly used criterion, which states that the first
CSR which would fail eventually is defined as the stability threshold (Houston and
Herrmann, 1980; Lefebvre et al., 1989). Ideally, both methods require the CSR to
be increased in small steps to determine the stability threshold. However, such a
process would require many samples, and since a limited number of samples were
available for the current study, the CSR was increased in relatively large steps.
Stability thresholds obtained from the tested samples are summarized in Table
7.2 through Table 7.6 for both normally consolidated and overconsolidated speci-

mens.
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found in high plasticity clayey soils such as the Beaufort Sea Clay and Shelf
Clay. This can be attributed to the OCR effect described above. However, the
stability thresholds appeared to be independent of either individual consolida-
tion pressure or individual preconsolidation pressure. The stability threshold
values of relatively well graded and medium plasticity Shelf Silty Clay fell

between the values obtained for the above two soils.

e The average stability threshold for the clays was approximately 17.0% of o.
for normally consolidated specimens, 29.5% of a; for overconsolidated soils of
OCR=2, and 39.8% of a; for overconsolidated soils of OCR=4. For the silty
clay, these values were approximately 14%, 20% and 28%. respectively and for
the silt, approximately 25%, 41.5% and 58%. respectively. The OCR effect
is shown in Figure 7.3. The figure indicates that the effect of an increase in

OCR appears to be the same for all three types of soil.

7.1.4 Comparison with Other Results

A comparison of the stability thresholds for the clays obtained from this group of
experiments with the results for Grande Baleine clay from Hudson Bay in north-
western Quebec (Lefebvre et al., 1989), indicates that the stability thresholds of the
different types of the Beaufort Sea clays are lower than those reported by Lefebvre
et al. (1989) whether the clays are normally consolidated or overconsolidated. The
reason for this could be that the marine clays tested in this research had higher
water contents and the slight disturbance in some samples like the Nerlerk Mud due
to long-distance transport and long duration of storage degraded the clay structure.
Also, the difference in test results could be due to the shape of the particles and

mineralogy.

7.2 Dynamic Young’s Modulus

Clay stiffness during cyclic loading can be expressed using an undrained secant

modulus. such as dynamic Young's modulus, E4. and dynamic shear modulus, Gj.
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Figure 7.4: The Definition of Moduli.

The definition of these two moduli are shown in Figure 7.4 for cyclic triaxial tests.

The relation between longitudinal strain (or axial strain) and shear strain is

Ya = (1 +v)eq (7.1)
where
~4 1s the dynamic shear strain,
€q4 1s the dynamic longitudinal strain, and
v is the Poisson’s ratio (for undrained samples, v = 0.5).

Hence, the dynamic shear modulus can be expressed as

Td od Eq

- = (7.

Gy =
‘ v 2(l+v)es 2(1+4v)

-1
o

where
74 is the dynamic shear stress, and

o4 is the dynamic deviatoric stress (74 = %O’d).
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Figure 7.5: Stress-Strain Relationship for Normally Consolidated Shelf Clay.
7.2.1 Test Results

Figure 7.5 shows a typical curve of the corresponding cyclic stress - strain relation-
ship obtained from the normally consolidated Shelf Clay. Figure 7.6 - Figure 7.9

show the dynamic Young’s modulus, E4, vs €, curves for the Beaufort Sea Soils.

7.2.2 Discussion

For all soils, the cyclic stress-strain hysteresis loops were normally not closed. This
indicates that the hysteresis angle (see Figure 7.4) for each loading cycle was not
constant. This was due to plastic flow in the soil. Therefore, the soil can not be
described simply as a mass-damping-spring system. It can be concluded that the
elastic and damping parameters for the system are not constant. The response
shown in Figure 7.4 corresponds to an ideal visco-elastic soil only.

In Figure 7.6 - Figure 7.9, it is seen that the dynamic Young’s Modulus de-

creased with an increase in axial strain for all types of soil and for all OCR’s. The
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Figure 7.6: Dynamic Young’s Modulus vs Axial Strain for Nerlerk Mud.

effect of overconsolidation ratio was pronounced in all types of soil. Therefore, over-
consolidation ratio must be considered an important factor in the dynamic design
of offshore structures. In most cases, the magnitude of change in dynamic Young's
modulus for OC soils decreased with an increase in axial strain faster than for NC
soils during the range of large strain (see Figures 7.5, 7.6 and 7.7). This indicates
that large strains in the soil weakened the effect of OCR.

An interesting observation can be made from these figures. For cohesionless soil
(Marine Silt), E4/0. (or Ed/a;) vs €, curves are concave downward; for cohesive
soils (Beaufort Sea Clay and Nerlerk Mud), the curves are concave upward; while
for silty clay (Shelf Silty Clay), the curves are a combination: OC state is downward
and NC state is upward. It is known from previous work (Skotheim et al., 1985)
that Fy4/o. (or Ed/a;) vs €, curves are eventually concave upward as shown in
Figure 2.7. Marine Silt did not reach a final concave upward tate because of higher

bearing strength as compared to clays and silty clays. Similarly, the phenomenon
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Figure 7.7: Dynamic Young’s Modulus vs Axial Strain for Marine Silt.

in Shelf Silty Clay could be interpretered as higher strength in its OC state than
its NC state.

It 1s known that dynamic moduli obtained from cyclic triaxial tests correspond
to large strains, and those obtained from resonant column tests correspond to small
strains. If small strain moduli had been obtained in this study, the complete curves

similar to Figure 2.7 would have resulted. The expression for these curves is given

by (see Eq. 2.6):

Gy 1
Gma:_1+3‘r‘

(7.3)

where

Gmar 1s the maximum shear modulus and corresponds to a shear modulus for a
very low strain range, and

v, 1s the reference strain, 4, = Thmaz/Gmaz.
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Figure 7.8: Dynamic Young’s Modulus vs Axial Strain for Shelf Silty Clay.

Because of the limitation of the experimental setup and the limited number of
samples, the overall trend of the stress - strain relationship shown in Figure 2.7
could not be obtained.

Figure 7.5 shows that the slope of the stress - strain curve decreases with the
number of loading cycles, N (one hysteresis loop represents one cycle). This indi-
cates that the dynamic Young’s modulus of the soils degraded with the number of
cycles, N.

Cyclic modulus degradation can be evaluated by a degradation index, §, defined
as the ratio of G in cycle N (Gn) to G in the first cycle (G,). It has been empirically
found that the effect of degradation in clay accumulates with the increase of cyclic
straining and § decreases monotonically with N, such that é versus N for NC and
OC clays plots as a straight line in a log-log scale. The degradation index é can be

therefore determined as (Vucetic and Dobry, 1988)
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Figure 7.9: Dynamic Young's Modulus vs Axial Strain for Beaufort Sea Clay.

§=N" (7.4)

where t is the negative slope of the § vs N line, measuring the rate of change of é.
It is called the degradation parameter.
In a strain-controlled test, ¢ can be obtained directly from log (6) vs log (V)

curves or from the relationship:

_ logé
~ log N’

In a stress-controlled test, the method to obtain ¢ is more complex. Normally.

(7.5)

the following method is adopted. A family of G4 vs N curves are plotted in a log-log
scale. The points on different curves where the same shear strain, 74, can be found
are then joined. Consequently, a family of straight v4 contour lines can be obtained.

The slope of each line is the degradation parameter corresponding to that +, value.
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Since the author did not have enough samples of undisturbed Beaufort Sea soil.
the data obtained from the load-controlled tests were not sufficient to determine a

reliable modulus degradation index, 6.
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Chapter 8

Conclusions

8.1 Deformation under Long Term Cyclic Load-
ing

The results from a long term cyclic loading triaxial test program were compared to
a variety of rheological models. The experimental results and numerical analysis
show that close correspondence of strain path and final strain can be achieved
through the input of proper parameters. This indicates that for one-dimensional
loading, a theoretical treatment of the mechanical process is feasible.

On the basis of the analyses of test and theoretical results obtained from this
portion of the study, the following conclusions can be drawn for deformation char-
acteristics and predictions of seafloor sediment deformation under long term cyclic

loadings:

e A number of different rheological soil models were tested, and, after back-
analysis, good agreement was found between theoretical and experimental

results.

e Due to these promising results from the theoretical analyses, this one-dimensional

study should be further developed for use in engineering applications, and

e Rheological analysis of cyclic loaded soils may supplement other techniques

as a means of predicting long term deformations under cyclic loading.
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was somewhat difficult to measure even in specimens where failure occurred.

it generally did not show a sudden increase before failure.

The maximum measured strain of the non-stabilized samples at failure in
overconsolidated soils was less than that of normally consolidated soils. The
higher the OCR. the higher the stability threshold. An increase with OCR

appeared to be the same for all types of soil.

For normally consolidated specimens, higher stability thresholds were found
in Marine Silt and in Nerlerk Mud. For overconsolidated specimens. the
higher stability thresholds were found in high plasticity clayey soils such as the
Beaufort Sea Clay and Shelf Clay. The stability threshold values of relativelv
well graded and medium plasticity Shelf Siity Clay fell between the values of

the above two types of soil.

The open-ended stress-strain hysteresis loops indicate that the soil can not be
described simply as a mass-damping-spring system since the elastic parameter
and damping parameter for the system were not constant. The OCR effect of
silty and clayey marine soils was pronounced. However, large strains in soil
weakened the effect. The OC state of a soil had a higher modulus than its
NC state.

In general, the dynamic moduli of the silt and clays degraded with the number
of cycles. The test results indicate that Marine Silt had a higher modulus than
Shelf Silty Clay, and Shelf Silty Clay had a higher modulus than Beaufort Sea
Clay and Nerlerk Mud. In other words, Marine Silt had the highest bearing
strength among these samples. This is attributed to the relatively low plastic

index and the relatively low water content of Marine Silt.
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A.2 Derivation of Equations 4.7 and 4.8

The creep function for the Maxwell Model is given by (Lockett, 1972)

1

J(8) = (= + 1) % 1(t) (A.3)
g

By substituting this equation for J(t) in Eqn (A.2). the following can be derived:
for the loading period

1
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for the unloading period
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A.3 Derivation of Equations 4.10 and 4.11

The creep function of the Kelvin-Voigt Model is (Lockett, 1972)

-8y

J(t) = —(1 — e~ 54 1(2) (A.6)
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Substitution of the above in Eqn (A.2) can lead to the deduction of the following:

for the loading period
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Appendix B

B.1 Typical Results of u/o. (or u/a;) for OC spec-
imens) vs N and ¢, vs N in Chapter 7
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Figure B.1: Test Results from Overconsolidated Nerlerk Mud (OCR=2).
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Figure B.9: Test Results from Normally Consolidated Beaufort Sea Clay.
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