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ABSTRACT

Cyclic softening of fine grained soils has led to significant infrastructure damage in
previous earthquakes. Despite this, methods to evaluate the potential deformations due to cyclic
softening are not as well developed as methods to evaluate potential deformations due to
earthquake induced liquefaction. This is especially true for numerical analyses where clayey soils
are often modeled using a single undrained strength without considering the potential for strength
loss. When strain softening is considered, the solution may become mesh dependent leading to
unreliable results. This paper explores the use of two separate constitutive models to model the
cyclic softening behavior of a mildly sensitive clay. The first constitutive model studied is a total
stress based strain softening model with a softening-scaling based regularized implemented to
provide an approximately mesh insensitive solution. The second constitutive model investigated
is a critical state compatible effective-stress model which has been modified to model structural
degradation of a sensitive soil. The Fourth Avenue landslide, which was initiated by the 1964 Great
Alaska Earthquake, is used for this numerical evaluation. Deformation patterns and magnitudes
from numerical simulations are compared to site observations. Uncertainty due to the choice of the
input ground motion and the material properties are explored along with the effects of changing
the density of the mesh. Practical implications of each model are discussed as well as potential

limitations.
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CHAPTER 1: INTRODUCTION

1.1 Background

The potential for strength loss in fine grained soils poses a significant hazard for many
geotechnical projects. Damage to infrastructure attributed to strain softening of clayey soils has
been documented in many case histories involving both static (e.g., Gregersen 1981, Locat et al.
2017) and cyclic loading (e.g., Shannon and Wilson 1964, Heritage 2013, Nakamura et al. 2014).
For critical infrastructure projects, potential deformations due to cyclic loading are increasingly
being analyzed using nonlinear deformation analyses (NDAs). These analyses rely on constitutive
models which can represent the aspects of soil behavior important to the problem being analyzed.
Multiple validated constitutive models are available to evaluate potential deformations due to
liquefaction of granular soils (e.g., Elgamal et al. 2002, Beaty and Byrne 2011, Boulanger and
Ziotopoulou 2017), but relatively few models are available to evaluate potential deformations due
to cyclic softening in clayey soils.

Simple total stress based models exist which have many practical applications but do not
accurately capture all important aspects of soil behavior (e.g., Anderson and Jostad 2005, Beaty
and Dickenson 2015). These models often implement a simplified representation of stress-strain
response fitted to empirical data and cannot account for coupling between the soil and pore fluid
(Taibet et al. 2011). Complex effective stress based models that can treat the soil and pore fluid
separately present another option (e.g., Park 2011, Seidalinov and Taibet 2014, Boulanger and
Ziotopoulou 2018). Effective stress models are often grounded in a comprehensive theoretical
framework and tend to better capture nonlinear dynamic soil response (Lim et al. 2010). They may
however require tedious calibration involving numerous input parameters which may not be

directly available from standard lab tests (Hsieh et al. 2010).



Strain localization presents an additional challenge when modeling cyclic softening of
clays. In clays, strains tend to localize into thin shear bands during softening which can accelerate
strength loss (Park 2011). The residual soil strength where the shear band initiated may be reached
before residual strength along the complete failure surface is mobilized (Park 2011). The stress
required to activate a landslide may consequently be achieved prior to full softening of the material
along the entire shear surface (Figure 1). Natural shear banding has been observed in lab tests and
in the field. Henkel and Skempton (1955) described a distinct shear plane through a clay layer in
the Jackfield landslide, though the thickness of the localized region was not reported. Park (2011)
observed localized shear zones in centrifuge tests involving dynamic loading of weakly cemented
sensitive clay slopes. Gylland et al. (2014) presents a clear example of shear banding in a sensitive

clay specimen sheared in a triaxial test. (Figure 2).
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Figure 1: Example states of stress and strain along different regions of propagating shear

band (after Park 2011)
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Figure 2: Example of shear band observed in triaxial test (from Gylland et al. 2014)

In numerical simulations, strains tend to localize over a single row of elements resulting in
a mesh dependent solution (Thakur et al. 2006). The major challenge in modeling strain softening
is how to define the shear band numerically once localization initiates. To overcome this, various
approaches have been developed and applied to clays including softening-scaling (e.g.,
Pietruszczak and Mroz 1981), non-local constitutive models (e.g., Brinkgreve 1994), interface
elements (e.g., Jostad and Andersen 2004), extended finite elements (e.g., Septanika et al. 2007),
rate dependent models (e.g., Park 2011) and pore fluid coupling (e.g., Thakur et al. 2005). Such
methods which are used to address mesh dependency of numerical solutions are generally referred

to as regularization techniques.



The term sensitivity is used in two separate contexts in this document. The difference
between these two definitions of sensitivity is described here to avoid confusion. The first
definition will be referred to as clay sensitivity, or Bootlegger Cove Clay (BCC) sensitivity, which
describes the amount of strength loss expected for a sensitive strain softening clay. Clay sensitivity
(S;) is defined as the ratio of the peak undrained shear strength to the residual undrained shear
strength of the clay. The term numerical sensitivity will also be used in this document. Numerical
sensitivity describes how the numerical solution responds to variations in model parameters such
as material calibrations, input ground motions or mesh size.

1.2 Objective and Scope

The objective of this study is to evaluate the ability of two different constitutive models to
accurately reproduce earthquake induced deformation patterns and magnitudes resulting from
strain softening of a mildly sensitive clay. The first constitutive model studied is a Mohr-Coulomb
based total stress model which can represent strain softening by allowing the undrained shear
strength to decrease with increasing plastic shear strain. A softening-scaling based regularization
technique is also implemented into the total stress model in an attempt to reduce mesh dependency
of the solution. This proposed constitutive model will be referred to as the regularized strain
softening model.

The second constitutive model studied is a modified version of PM4Silt (Boulanger and
Ziotopoulou 2018). PM4Silt is an effective stress based critical state compatible bounding surface
plasticity model which is formulated to represent the cyclic behavior of low plasticity fine grained
soils. The PM4Silt model requires few input parameters from the user with a relatively
straightforward calibration procedure. PM4Silt is modified by the author such that the critical state

line intercept at 1 kPa decreases with increasing plastic shear strain to model structural degradation



inherent to sensitive clays. This proposed constitutive model will be referred to as the modified
PM4Silt model.

The case history chosen for evaluation is the Fourth Avenue Landslide which occurred
during the 1964 Great Alaska Earthquake. Simulation results from finite difference analyses are
compared to observed deformations at the Fourth Avenue site using each model. Limited
numerical sensitivity studies are performed for each model to examine how variations in input
motion and model parameters affect the results. Mesh dependency of the solutions are also
investigated. Practical implications of the results from each p model are discussed as well as
potential limitations.

1.3 Organization of Thesis

Chapter 2 provides background information regarding the chosen case history. The Great
Alaska earthquake and resulting ground failures in the Anchorage area are presented first. The
Fourth Avenue slide that was chosen for numerical evaluation is then described in detail using
information published by Shannon and Wilson (1964). Site investigations performed near the
Fourth Avenue site by previous researchers (Shannon and Wilson 1964, Woodward-Clyde 1982,
Nath et al. 1997, Stark and Contreras 1998) are used to determine general soil properties for each
soil layer and compared to values selected by Beaty and Dickenson (2015). The ground motions
used in this study are finally presented and discussed.

Chapter 3 is focused on numerical simulations using the regularized strain softening Mohr-
Coulomb model. The selected constitutive model and regularization technique are discussed as
well as similar regularization techniques, which have been successfully implemented by previous
authors (e.g., Pietruszczak and Mréz 1981, Potts et al. 1990, Anastasopoulos et al. 2007). The

modeling approach used in this chapter is then discussed in regard to constitutive models, boundary



conditions, model initialization and application of the input motions. Input parameters used for the
BCC with the regularized strain softening model are then discussed. Simulation results are finally
presented and examined. The information in this chapter is based on research previously published
by Kiernan and Montgomery (2018) but slight changes have been made so that the soil properties
used are more consistent with the values used in Chapter 4 of this paper.

Chapter 4 is focused on numerical simulations using the modified PM4Silt constitutive
model. The modeling approach used in this chapter is first presented in terms of boundary
conditions, model initialization and application of the input motions. Constitutive models for
dynamic loading are then addressed as well as the required calibration procedures. The
modification of the PM4Silt model used for the critical BCC layer is then outlined as well as the
calibration procedure. Simulation results are finally presented and discussed. The information in
this chapter has been previously published by Kiernan and Montgomery (2019).

Chapter 5 summarizes the results of this study and draws conclusions based on the
modeling results and discussions. Practical implementations for each model are discussed as well

as potential limitations.



CHAPTER 2: CASE HISTORY AND BACKROUND INFORMATION

2.1 Great Alaska Earthquake

The Fourth Avenue landslide was initiated by the 1964 Great Alaska Earthquake on March
27th, 1964. The moment magnitude (Mw) 9.2 earthquake was caused by the rupture of a
subduction zone interface near Prince William Sound (Ichinose et al. 2007). Ground motions
recordings for this event do not exist, but eyewitness accounts and damage patterns estimate two
to three minutes of strong shaking and a PGA of up to 0.2 g (Moriwaki 1985). Ground failures
were extensive in the Anchorage area; approximately 120 km from the epicenter of the earthquake.
Figure 3 shows the relative locations and slide mass areas for some notable landslides induced by
the ground shaking including the Turnagain, L Street, Government Hill, and Fourth Avenue
landslides. Figure 4 shows the damage caused by each of these landslides. Cyclic softening of the
sensitive Bootlegger Cove Clay (BCC) presents a common link between each of these failures
(Shannon and Wilson 1964).
2.2 Fourth Avenue Landslide

Cyclic softening of the strain softening BCC layer due to ground shaking is the likely cause
of the Fourth Avenue landslide. The Fourth Avenue slide mass was 490 m long and 275 m wide
with maximum lateral displacements over 5m near the bluff at Fourth Avenue (Idriss 1985).
Graben formation was observed on the bluff behind the slide mass and pressure ridges were
observed near the toe of the slope (Shannon and Wilson 1964). Eyewitness accounts suggest the
slide initiated about 2 minutes after the shaking began with slide movement ceasing about the same
time ground shaking stopped (Hanson 1965).

The Fourth Avenue landslide was chosen for numerical evaluation in this study due to its

simple stratigraphy and failure mechanism as well as the extensive site characterizations



performed in the area. A simplified cross-section of the Fourth Avenue slide with observed
deformations is shown in Figure 5 as estimated from investigations performed by Shannon and
Wilson (1964). Figure 6 shows the ground deformation patterns observed at the Fourth Avenue
site as presented by Shannon and Wilson (1964) with the location of the selected cross section
represented by the blue line for reference. The boring locations used to estimate the cross section
are also shown by orange squares on Figure 6 and are documented in Shannon and Wilson (1964).
The simplified cross section in Figure 5 is comparable to those presented by previous researchers
(e.g., Shannon and Wilson 1964, Idriss 1985, Stark and Contreras 1998, Beaty and Dickenson

2015).
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Figure 3: Relative locations and sizes of notable ground failures caused by the
Great Alaska Earthquake. Figure taken from Moriwaki et al. (1985) with scale and

North arrow added by author.
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Figure 6: Fourth Avenue landslide ground displacements (from Shannon and
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Shannon and Wilson 1964) and CPTs (performed by Woodward-Clyde 1982)

2.3 Site Investigations and General Soil Properties

Site investigations for the Fourth Avenue site consist of standard penetration tests (SPTs),
field vane tests and index tests performed by Shannon and Wilson (1964). Woodward-Clyde
(1982) performed SPTs, CPTs, miniature vane shear tests, direct simple shear (DSS) and direct

shear (DS) tests. Constant volume ring shear tests (CVRS) were also performed on BCC specimens
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by Stark and Contreras (1998). The locations of the CPTs by Woodward-Clyde (1982) used in this
study are represented by dark blue triangles in Figure 6. Shear wave velocities were estimated
using results from downhole tests at a nearby site (Nath et al. 1997). The selected shear wave
velocity profile from this study (Figure 7) is consistent with those of previous researchers (e.g.,
Beaty and Dickenson 2015). The general soil properties selected for each soil layer are shown in
Table 1 and are consistent with those chosen by Beaty and Dickenson (2015). Specific soil
properties and input parameter values used for dynamic loading with each proposed constitutive
model are discussed in detail in the follow chapters.

Table 1: Estimated soil properties for each layer

Outwash Interbedded Sand BCC Stiff Clay
Ymoist (KN/m?) 20.0 19.5 19.5 18.5 20.0
¢’ (deg) 38 35 35 30 35
Vs (m/s) 300 300 300 220 450
Su/c'y N/A 0.35 N/A 0.23 0.35
’ "o A4 Y I :
® ® 8 Outwash
[ o o e o @g=-= === e R
® & Interbedded and
] Sand Layers
gy B ers s B B S g B ygpeiiied- - - - -~ - ---c---oe- -
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(] b4 B § ®
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Figure 7: Shear wave velocity profile for Fourth Avenue site
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2.3.1 BCC General Soil Properties

The sensitive BCC typically classifies as a low plasticity silty clay with PI values below
20 and LL values around 35 (Shannon and Wilson 1964, Moriwaki et al. 1985). The peak
undrained shear strength ratio (S, pk/0y) for the critical BCC layer was calculated from equation
1 provided by Woodward-Clyde (1982) which was derived from DSS tests (Figure 8). Woodward-
Clyde (1982) reported a mean OCR of 1.3 for the BCC. Using equation 1 with an OCR of 1.3 the
value of S, yx /oy for the BCC used in this study was calculated to be 0.23. It should be noted that
this value is on the low end of the range of undrained shear strength ratios reported by Stark and
Contreras (1998) which ranged from 0.23 to 0.28 based on CVRS tests. DSS tests are thought to
better represent seismic loading conditions and are therefore considered most appropriate for

selecting the undrained shear strength ratios for this study.

S
“Pk _ 0.185(0CR)"7® 1)
v
The term clay sensitivity (S;) describes the amount of strength loss expected for a strain
softening material and is defined as the ratio of peak undrained shear strength to remolded
undrained shear strength. Idriss (1985) reported BCC sensitivities ranging from 2 to 11 with an
average clay sensitivity of 3.3 based on miniature vane shear tests, CPTs, and DS tests. Stark and

Contreras (1998) report a clay sensitivity near 4 for the BCC in the slide area based on CVRS tests.

The shear wave velocity of the BCC was estimated to be 220 m/s (Figure 7).

12



S,/c", = 0.185(OCR)®78

Shear Strength Ratio

0-1 1 1 L 1 1 L 1 L

OCR
Figure 8: Relationship between undrained shear strength ratio and OCR based

on DSS tests performed by Woodward-Clyde (1982)

2.3.2 Interbedded Zone and Stiff Clay General Properties

The interbedded zone consists of overconsolidated BCC with thin lenses of silts and fine
sands (Shannon and Wilson 1964). This interbedded layer is modeled as one fine grained layer as
it is primarily clay and the cohesionless zones within this layer are not thought to be continuous
(Beaty and Dickenson 2015). The stiff clay layer is a silty clay with coarse sand (Shannon and
Wilson 1964). The data available for estimating the strength characteristics of these layers are
limited and somewhat uncertain compared to the sensitive BCC. This study assumes the strength
characteristics of the interbedded and stiff clay layers to be similar as they are both stiff deposits

of BCC. The limited data in each layer is used to estimate a common S, /0y value for both

layers. Idriss (1985) reports the OCR of the interbedded zone to be as high as 4 which corresponds

to a Sy pk/0y Vvalue of 0.55 using equation 1. The OCR for the stiff clay layer may be as low as
about 1.3 indicating a S, /0y, of 0.23 using equation 1. Though this OCR information is limited

to a few samples in the upper few meters of the stiff clay deposit (Idriss 1985). CPT data collected

near the Fourth Avenue site by Woodward-Clyde (1982) is highly variable in the upper 30 m where

13



the interbedded zone exists which may be due to the presence of thin dense sand seams. The CPT
data becomes more consistent below the sand layer with S, /0y values generally centered about
0.20 in the stiff clay using the procedure of Robertson (2009) and a Ny value of 14 (Figure 9). A
Su,pk/0y value of 0.35 was used in this study for both the interbedded and stiff clay layers. The
shear wave velocities for the interbedded and stiff clay layers were estimated to be 300 m/s and

450 m/s respectively.
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Figure 9: Undrained shear strength ratio estimated from CPTs performed by

Woodward-Clyde (1982)

2.3.3 Sand and Outwash General Properties

The outwash deposit consists of dense gravels and sands (Idriss 1985) and the sand layer
consists of finer dense silty sands (Shannon and Wilson 1964). The strength characteristics of
these coarse-grained soils were estimated from SPTs performed by Shannon and Wilson (1964) in
the form of (N,), values (Figure 10). The sand and outwash layers were estimated to have average
(N1)g0 values of about 45 and 50 respectively. This study uses friction angles of 38 and 35 for the

sand outwash and sand layers, respectively, which are the values used by Beaty and Dickenson
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(2015). It should be noted these friction angle values are slightly lower than would be predicted
based on the corresponding (N )¢, values using relationships published by previous researchers
(e.g., Teng 1962, Peck et al 1974, Bowles 1996). A shear wave velocity of 300 m/s was estimated

for both the sand and outwash layers (Nath et al. 1997).
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Figure 10: (N1)6o values estimated from SPTs performed by Shannon and

Wilson (1964)

2.4 Ground Motions

No ground motion recordings exist from the Great Alaska Earthquake, so recordings from
other large magnitude subduction zone quakes were used in this study. All recordings were
downloaded from the Center for Engineering Strong Motion Data database (CESMD 2017). Pre-
processed recordings from four stations were selected from the 2010 M8.8 Chile earthquake. Raw
recordings from two stations were selected from the 2011 M9.0 Tohoku earthquake in Japan and
processed according to the guidelines provided by Ancheta et al. (2013). The two horizontal
components from each station were considered independently for a total of 12 ground motion
records. Selected properties of each motion are shown in Table 2. A target spectrum for the Fourth

Avenue site was previously developed by Beaty and Dickenson (2015) using ground motion
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prediction equations for subduction zone events (Figure 11). The horizontal components of ground
motions were linearly scaled to match this target spectrum between periods of 0.6 to 1.0 seconds,
which roughly encompasses the low strain period of the site. Vertical and horizontal components
of each motion were used with the same scaling factor applied to each. The spectral accelerations
at short periods are higher in the scaled motions than the target spectra (Figure 11), but the range
of acceleration values from the scaled records is consistent with results from regional ground
motion simulations of this event performed by Mavroeidis et al. (2008). The range of PGAs for
the scaled records varies between 0.16g to 0.35g which is consistent with the estimates of
Moriwaki et al. (1985) and the simulations performed by Mavroeidis et al. (2008).

Table 2: Properties of selected input motions

Earthquake Station Epicentral Scale  PGA of Scaled Aria.s Vs3o
Name ID CH - Mw Distance Factor Motion (g) Intensity (m/s)

(km) (m/s)

NS 0.60 0.28 3.8
CUR EW 8.8 171 0.55 0.23 3.3 325

L 0.43 0.16 1.4
ﬁé HUA 88 136 043 0.1 L6 530
BT N T A
I Y T R

N 1.2 . 2.

S = EW . 2 1.2
N
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Figure 11: Pseudo-spectral acceleration (PSa) response spectra for scaled

motions compared to Fourth Avenue landslide target spectrum developed by
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CHAPTER 3: REGULARIZED STRAIN SOFTENING MOHR-COULOMB MODEL

Note: The simulations presented in this chapter are based on research previously published in
Kiernan and Montgomery (2018). Details of the simulations, including model input parameters,
have been changed to be more consistent with the simulations presented in the next chapter. The
results obtained were consistent with those of Kiernan and Montgomery (2018). The text and
formatting have been modified to fit the organization and style of this thesis.

The purpose of this chapter is to demonstrate the use of a relatively simple strain softening
model to examine potential deformations from cyclic softening of sensitive clays. The model uses
a Mohr-Coulomb based formulation which has been modified to allow for strain softening. The
model requires few input parameters and the issue of mesh dependency after softening is addressed
using a softening-scaling regularization approach (Pietruszczak and Mr6z 1981). The use of the
model is demonstrated through an analysis of the Fourth Avenue slide. A limited numerical
sensitivity study is performed to examine the effect of varying the mesh size, the input ground
motion and the BCC sensitivity on the results. Potential uses and limitations of this model are
discussed.

3.1 Selected Constitutive Model

This chapter uses the total stress Mohr-Coulomb model that incorporates strain softening.
The Mohr-Coulomb yield surface is a hexagonal pyramid in principle stress space which makes
an equal angle with each principle stress axis. The Mohr-Coulomb yield surface (Kt line) can also
be visualized as a function of mean effective stress (p’) and deviatoric stress (q) (Figure 12a). The
slope and position of the yield surface is defined by the material friction angle (¢) and cohesion
intercept. Strain softening Mohr-Coulomb models allows the properties of the model to change

with increasing plastic strain (Itasca 2016). The yield surfaces at the peak and residual strength
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states for a Mohr-Coulomb model with strain softening are shown in Figure 12b with the yield

surface now represented by an undrained shear strength with a friction angle of zero.
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Figure 12: K lines for (a) standard Mohr-Coulomb model under drained loading with a
given friction angle and cohesion intercept; (b) strain softening Mohr-Coulomb model for
undrained loading with friction angle of zero and given values of peak and residual

undrained shear strength

Strain softening Mohr-Coulomb models have been used by Potts et al. (1990) to examine
the progressive failure of a dam and by Anastasopoulos et al. (2007) to examine fault rupture
propagation through sand. The model used in this chapter is a modification of the strain
hardening/softening constitutive model implemented in the commercial finite difference software
FLAC (Itasca 2016). Further details of the formulation and implementation of the model are
discussed in Itasca (2016).

The version of the model used in this study only considers softening of the cohesion with
increasing plastic deviatoric strain (Figure 13a). The amount of softening is specified using a clay
sensitivity (S¢), which relates the peak undrained shear strength (cohesion) to the remolded

undrained shear strength (Figure 13a). The rate of softening is specified using a strain to remold
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(Yrem). In the current model, softening is assumed to occur within a thin shear band and the

corresponding element behavior is derived using a softening scaling approach as discussed below.
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Figure 13: Strain softening in the selected model at (a) the shear band level and
(b) the corresponding behavior at the element level after applying softening-

scaling

A length scale was implemented into the strain softening Mohr-Coulomb model following
the softening-scaling approach proposed by Pietruszczak and Mraz (1981) to reduce the effects of
mesh dependency on the solution. This method scales the rate of softening based on the size of the
element to keep the ratio of the softening rate and element size constant. The concept of this
approach is illustrated in Figure 14. In the current implementation this is done by linearly scaling
the plastic deviatoric strain at the element level (Yelem) to approximate the magnitude of strain (ysb)
that would have occurred in a shear band of thickness hg, for the same overall displacement. This
scaled strain is then used to calculate an amount of softening and the cohesion for the element is
reduced based on the assigned S; value. This process is demonstrated in Figure 13b. A similar
softening-scaling approach has been used successfully by previous researchers to obtain mesh
insensitive solutions for localization problems in both sands (e.g., Anastasopoulos et al. 2007) and

clays (e.g., Brinkgreve 1994, Andresen and Jostad 1998). One drawback of this approach is that
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the thickness of the shear band (hsy) and the rate of softening (yrem) must be assumed by the user
at the start of the simulation. These values are difficult to obtain from standard laboratory tests but

can be assumed based on values in literature (e.g., Thakur 2007, Gylland et al. 2014).
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Figure 14: Illustration of softening-scaling approach

3.2 Regularized Strain Softening Model Numerical Simulations

Numerical simulations were performed to examine the ability of the constitutive model
discussed above to reproduce the pattern and magnitude of displacements observed at the Fourth
Avenue slide. Simulations were performed using FLAC, Version 8.0 (Itasca 2016). The critical
BCC layer is modeled using the regularized strain softening model described above, which was
implemented as a user defined material in a dynamic link library (DLL). Other layers were
modeled using the standard Mohr-Coulomb model implemented in FLAC (Itasca 2016) to isolate
the effects of the strain softening model on the overall response. The edges of the model were
extended approximately 300 m and 200 m beyond the upper and lower edges of the slope,
respectively, to reduce the effects of the boundaries. The baseline mesh (referred to as the coarse
mesh) included a total of 6,707 elements and an average element size in the BCC of 1.8m.
Numerical sensitivity related to mesh size was examined using finer meshes with average mesh
size decreased by factors of 1.5 (15,558 elements; referred to as the medium mesh) and 2 (26,828
elements; referred to as the fine mesh). Numerical sensitivity of the results to the chosen mesh size

will be discussed in later sections.
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3.2.1 Regularized Strain Softening Model Input Parameters

A BCC S; value of 7 was used for the baseline simulations as this value was found to
produce displacements consistent with site observations. The effect of changing the S value on
the numerical results will be examined later. Two additional parameters need to be specified for
the strain softening model, hg, and yrem. These parameters are not independent (Figure 13) and
using a larger hg, with a correspondingly smaller yrem Will yield the same overall element behavior.
For the baseline simulation, hsy was assumed to be equal to Smm and yrem = 200%. This value of
Yrem 1S consistent with experimental results (e.g., Gylland et al. 2014), but identical results would
have been obtained using hgy = 1mm and Yrem = 1000% or hsy = 1cm and Yrem = 100%.
3.2.2 Regularized Strain Softening Simulation Procedure

The numerical simulations were conducted in two stages. During the first stage, static
stresses were initialized by placing one row of elements at a time and solving for static equilibrium
using drained strengths. The water table was then raised in stages to its final level (Figure 3).
During this stage, the base of the model was fixed while the side boundaries were fixed in the
horizontal direction. During the second stage, vertical and horizontal quiet boundaries were used
along the base of the model and free-field boundaries were used along the sides to simulate the
earthquake shaking. Details of these dynamic boundary conditions are provided by Itasca (2016).
The strength properties for all layers were then updated for dynamic loading. The undrained shear
strength of the sand and outwash layers were set equal to their respective drained Mohr-Coulomb
strengths using the effective stress in each zone after reaching static equilibrium. The fine grained
layers were assigned undrained strengths defined in chapter 2. Both the vertical and horizontal

components of the selected input motion were applied to the base of the model as stress time
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histories. Simulations were run until the end of shaking or until the simulation stopped due to
excessive deformation of the mesh. No re-meshing was used in these simulations.
3.3 Simulation Results

A baseline simulation was performed to examine the ability of the modeling approach
described above to approximate the displacements observed at the Fourth Avenue landslide. The
baseline analysis utilized the HUA-T input motion, the coarsest mesh and a clay sensitivity of 7
for the BCC layer. The softening parameters hs, and yrem were assumed to be 5 mm and 200%,
respectively.

Results from the baseline model show a large translational failure developing in the slope
(Figure 15) with peak lateral displacements of the crest of the uppermost slope approaching 4.6m.
This value is lower than the observed displacement of 5.3m, but the pattern of displacement is
similar to observations (Shannon and Wilson 1964). Displacement of the upper crest is shown
along with the input acceleration in Figure 16. Large displacements do not begin to develop until
approximately 30 seconds after shaking begins, which corresponds to the start of very strong
shaking. At this point the strain in the elements along the base of the BCC reaches the remolding
strain and the strength is reduced to its residual value. The slope then continues to move through

the end of the record, although the velocity levels off as the shaking intensity reduces.
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Figure 15: Lateral upper crest displacement contours in meters for baseline regularized

strain softening model with HUA-T input motion
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Figure 16: Time histories of (a) upper crest lateral displacement and (b) input
acceleration with HUA-T motion for baseline regularized strain softening

model

3.3.1 Effects of Input Ground Motion on Regularized Strain Softening Model Simulations

The effect of the input ground motion on the results was examined by repeating the baseline
simulation with the 12 ground motions shown in Figure 9. All the simulations show a very similar
pattern of lateral displacement although the magnitude of displacement varies. This variation is
shown in Figure 17 where the displacement of the upper crest is plotted versus the Arias Intensity
of the scaled motion. Arias Intensity has previously been shown to correlate with seismic slope
displacement as it combines the effects of intensity and duration (Travasarou et al. 2003). The
simulation results show that displacement tends to increase with increasing Arias Intensity. The
HUA-T motion gives approximately median displacements and so was used in the remaining

simulations.
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Figure 17: Comparison of upper crest displacement versus Arias Intensity for selected

motions using regularized strain softening model

3.3.2 Effect of BCC Sensitivity on Regularized Strain Softening Model Simulations

The influence of S; for the BCC layer was analyzed by repeating the baseline analyses with
the HUA-T motion and S; values of 3 and 11 which respectively correspond to the mean and
maximum BCC S; values reported by Idriss (1985). The displacements from these two models are
compared with the baseline model (St = 7) in Figure 18. All three models show that large
displacements begin at approximately 30 seconds, which corresponds with the onset of strong
shaking (Figure 16b), but the amount of displacement increases with increasing clay sensitivity,
as expected. The deformation pattern in all three simulations was similar to Figure 15. The
simulations with a S; value of 11 was stopped before the end of the record due to excessive mesh
deformation. The simulation with a S of 3 showed relatively little movement as the strength did
not drop low enough to cause major instability. These results suggest that using a clay sensitivity

between 7 and 11would produce displacements consistent with observations (~5.3m).
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Figure 18: Time histories of upper crest displacement for three BCC sensitivity values

using regularized strain softening model

3.3.3 Effect of Mesh Density on Regularized Strain Softening Model Simulations

The ability of the softening scaling to reduce numerical sensitivity related to mesh size was
examined by repeating the baseline analyses using the three mesh densities described above. All
results showed very similar displacements including a translational failure and nearly identical
shear strain contours. Displacements of the upper crest for the three mesh densities are shown in
Figure 19a. Onset of large deformations begin at the start of strong shaking and nearly identical
rates of displacement are observed up to 4 meters. At this point the mesh becomes too distorted in
the finer mesh for the solution to continue. The effect of the softening scaling approach can be
demonstrated further by repeating the simulations with the regularization scheme disabled. For
these simulations, the softening parameters are specified at the element level rather than the shear
band level. yrem Was reduced to 1% to ensure similar element level behavior between the scaled
and unscaled simulations for the fine mesh. The results (Figure 19b) show the coarsest mesh
experienced only about half the displacement magnitude of the finer two meshes. This occurs

because the magnitude of the shear strain in a single element increases with decreasing mesh size
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for a given amount of lateral displacement, leading to more softening in finer meshes for the same
amount of displacement. The BCC in the finer meshes was therefore able to fully soften during
strong shaking while the BCC in the coarse mesh did not. The regularization technique used in this
chapter overcomes this by defining the rate of softening at the shear band level and scaling the

strain required for softening based on the size of the element.
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Figure 19: Comparison of upper crest displacement for three mesh densities. Results are

shown with the softening-scaling regularization approach (a) and without scaling (b)

3.3.4 Effect of Vyrem on Regularized Strain Softening Model Simulations

To investigate the numerical sensitivity of the solution to the selected values for the
parameters Yrem and hsp, the baseline analysis was repeated with an increased yrem (Figure 20).
When yrem is increased to 400%, the response is similar to the baseline model, but large
displacements begin slightly later as it takes more strain to reach the same level of softening when
Yrem 18 increased. When yrem is increased to 600%, not enough strain occurs in the BCC to fully
remold the BCC during strong shaking and displacements are limited. Simulations were not
performed using smaller values of y.em but would be expected to lead to faster softening. This

demonstrates that the results will be sensitive to the value of yrem (and correspondingly hgp).
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Additional work is needed to further explore this numerical sensitivity and to develop

methodologies to reliably estimate these parameters in practice.
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Figure 20: Comparison of upper crest displacement for three remolding strains (yrem) on

the regularized strain softening model simulations

3.4 Discussion and Summary of Regularized Strain Softening Model Simulations

Cyclic softening in clayey soils has led to significant damage to civil infrastructure in
previous earthquakes, but methods to model the potential deformations associated with this
phenomenon are less developed than those for modeling liquefaction of sandy soils. One
complication that may contribute to this is the numerical solution will become mesh dependent
after softening occurs and strains localize. There are multiple regularization techniques to
overcome this mesh dependency, but many require advanced numerical formulations and effective
stress based constitutive models, which may not be publicly available or practical for projects with
limited information and resources.

This chapter has demonstrated the ability of a relatively simple strain softening Mohr-
Coulomb model to reproduce the pattern of displacements observed for the Fourth Avenue

landslide. A length scale was implemented into the model using the softening-scaling approach,
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which was shown to give results that were approximately insensitive to mesh size. A limited
numerical sensitivity analysis was performed to examine the effect of some of the modeling
parameters on the results. Additional analyses are needed to further test the ability of the
regularization technique to provide a mesh independent solution, to examine the effects of other
parameters on the results and to examine additional case histories. This work is ongoing.

The model and regularization technique require only two extra parameters beyond those
needed to define the strength and clay sensitivity of the soil (hs, and yrem), which were defined in
this paper based on values presented in literature. As demonstrated in Figure 13, these values are
not independent and identical results will be obtained if the product of the selected values remains
constant. Selecting values for specific soils remains a challenge as the thickness of the shear band
is not measured in routine lab testing. Advanced numerical simulations (e.g., Thakur et al. 2005)
may offer a means to provide reasonable bounds on these parameters.

The model used in this study is a total stress based model that provides a rather crude
approximation of the actual dynamic response of a sensitive clay. For example, the model is not
able to capture the effects of pore fluid coupling or small strain non-linearity, which may be
important for some problems. It also does not consider rate effects, anisotropy or the potential for
cracking which was observed at this site. More advanced constitutive models and simulation
approaches may be better able to capture these behaviors and additional research in this area is
encouraged. Despite these limitations, the proposed modeling approach provides a reasonable
approximation for the deformation of the Fourth Avenue landslide and it is hoped that the

simplicity of the formulation will make it useful for practicing engineers in the future.
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CHAPTER 4: MODIFIED PM4SILT EFFECTIVE STRESS MODEL

Note: The simulations presented in this chapter have been published in Kiernan and Montgomery
(2019). The text and formatting have been modified to fit the organization and style of this thesis,
but the results are unchanged from this publication.

This chapter uses the recently published PM4Silt constitutive model (Boulanger and
Ziotopoulou 2018) to simulate the response of the Fourth Avenue landslide. PM4Silt is a critical
state compatible effective stress based bounding surface plasticity model formulated to model the
cyclic response of low plasticity fine grained soils. Critical state theory represents a strength limit
state of soil in terms of both shear response and volumetric response (Schofield and Wroth 1968).
The critical state of a soil is typically defined using equations in p’-q space as well as e-log(p’)
space, where e is the void ratio of the soil. The critical state line in e-log(p’) space is shown in
Figure 21. The relative locations of the elastic range, critical state line and bounding surface for
PM4Silt in p-q space are shown in Figure 22. The bounding surface describes how high the peak
undrained shear strength may be compared to the critical state value. Further details on the

formulation of PM4Silt can be found in Boulanger and Ziotopoulou (2018).
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Figure 21: Example of critical state line in e-log(p) space (from Boulanger and Ziotopoulou

2018)
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This chapter introduces a modification to PM4Silt, which models the response of mildly
sensitive clays by accounting for the effects of structural degradation on the critical state line. The
modified model is first calibrated using single element simulations and then used to simulate the
Fourth Avenue landslide, which failed during the 1964 Great Alaska Earthquake. The influence of
the constitutive model parameters on the simulation results is explored. Potential limitations of
the proposed approach and possible future improvements are discussed.

4.1 Numerical Simulations Using the Modified PM4Silt Model

The commercial finite difference code FLAC (v8.0, Itasca 2016) was used to perform 2D
plane strain simulations. Pre-earthquake stresses were established using a fixed base and roller
boundaries along the sides. During this stage, the zones were assigned an elastic, perfectly plastic
Mohr-Coulomb constitutive model with stiffness and drained strength parameters described in
Chapter 2. Constitutive models are then updated for dynamic loading using the model calibrations
described below. During dynamic loading free-field boundaries are applied at the model sides with
a compliant boundary along the base. Details on the formulation and implementation of these
boundary conditions are given by Itasca (2016).

4.2 Constitutive Models Used for Dynamic Loading in Modified PM4Silt Simulations

In this chapter the non-BCC layers are modeled using the effective stress based PM4Sand
and PM4Silt models as described below. These constitutive models are chosen to provide a more
accurate system level response as their formulation is able to capture more complex soil behavior
including coupling between the soil and pore fluid. It is expected that this more complex
formulation will be able to more accurately propagate the seismic energy from the earthquake

compared to the elastic-perfectly plastic Mohr-Coulomb formulation used in the last chapter.
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The dynamic response of the sand and outwash layers are modeled using PM4Sand Version
3.1 (Boulanger and Ziotopoulou 2017). PM4Sand is a critical state compatible, effective stress-
based, bounding surface plasticity model used to model cyclic liquefaction in granular soils. The
formulation of PM4Sand is similar to that of the PM4Silt model previously discussed, but
PM4Sand uses a critical state line which is curved in e-log(p’) space to represent sand behavior
and the default parameters are calibrated to match typical design relationships used in liquefaction
analyses (Boulanger and Ziotopoulou 2017). The calibration of PM4Sand was performed using
single element direct simple shear simulations and setting the relative density for each layer based
on the estimated (N1)so values using the relationship recommended by Boulanger and Ziotopoulou
(2017). The shear modulus coefficients (G,) were set to achieve the desired shear wave velocities.
The h, parameter was adjusted so that the cyclic modulus reduction behavior for sands matched
the curves provided by EPRI (1993) at the appropriate layer depths. The h,, parameter was finally
adjusted to achieve the desired to cyclic stress ratio (CSR) to cause 3% strain in 15 uniform loading
cycles. The target CSR value was calculated using the relationships provided in Idriss and
Boulanger (2010) for the estimated (N1)so values with a cap of 0.8 on the target CSR.

The dynamic response of the stiff clay, interbedded zone and BCC layers were modeled
using PM4Silt. PM4Silt utilizes the framework of PM4Sand, but is adapted to better represent the
cyclic response of silts and clays as opposed to granular soils. Calibration of PM4Silt was
performed using single element direct simple shear simulations with the undrained shear strength
at critical state (Su,cs,eq/0’v) set to the estimated values (Table 3). The shear modulus coefficients
(Go) were set to achieve the desired shear wave velocities. The contraction rate parameter (hpo)
was then adjusted, so that the CSR required to cause 3% shear strain in 30 uniform loadings was

equal to 60% of Sucs,eq/0’v. All calibrations were performed using single element DSS drivers with
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o’y =100 kPa. Final calibration parameters for the non-BCC layers are summarized in Table 3.
Calibration of the BCC layer will be discussed in the next section.

Table 3: Summary of constitutive model input parameters for modified PM4Silt simulations

Layer (Su,cs,eq/G'V) nb,wet h, hpo Go (N1)60

Stiff Clay 0.35 0.8 1.6 2.5 1211 N/A

Interbedded 0.35 0.8 1.7 2 1303 N/A
Sand N/A N/A  0.65 0.034 1177 50
Outwash N/A N/A  0.62 0.012 2000 45

4.3 Modification of PM4Silt

PM4Silt is a critical state-compatible model, which means that the final undrained strength
of the soil is determined by the initial void ratio (e,) of the clay and the position of the critical state
line (CSL) (Boulanger and Ziotopoulou 2017). Within the model, the position of the CSL is set by
Sucseq/c’v and the peak strength is set by adjusting the calibration parameter n®>"*', For insensitive
clays, this approach works well, but for sensitive clays the difference between the peak and
remolded strength may be large and this calibration process becomes difficult. To overcome this,
the PM4Silt model was modified to allow the position of the CSL (defined through the intercept
I') to move during shearing to represent progressive structural degradation of the sensitive BCC
toward a residual limit (Figure 23a). This is conceptually similar to the movement of the normal
compression line, which has been observed in sensitive clays (e.g., Yong and Nagaraji 1977). In
the modified version of the model, the critical state line moves towards the remolded position with
increasing plastic shear strain (Figure 23b). The softening process only occurs when the
incremental stiffness (i.e., the change in shear stress divided by the change in shear strain) is
negative. The modification introduces two additional input parameters. The first is the residual

undrained shear strength ratio (Sures/c’v) which is determined by dividing the peak undrained shear
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strength ratio (Su,pk/c’v) by the clay sensitivity (S¢). The second additional input parameter is the

remolding strain (yrem), Which controls the interval of strain over which softening occurs.
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Figure 23: Schematic illustrating the strain softening process in the modified PM4Silt

model

The modified PM4Silt model required a slightly revised calibration procedure for the
critical BCC layer than described above. All model calibrations were performed using single
element DSS drivers with a vertical consolidation stress of 100 kPa as recommended by Boulanger
and Ziotopoulou (2017). The parameter G, was set to 420 to achieve the desired shear wave
velocity of 220 m/s. The remolded shear strength is specified through the remolded position of
the critical state line (Figure 23). The parameters n>"et and initial position of the CSL (I'initial) are
then iteratively adjusted to achieve the desired peak strength using a monotonic DSS driver. The
parameter Y,em 1S then adjusted to change the rate of softening. The parameter h, was then set to
match the modulus reduction curves provided by Vucetic and Dobry (1991) for clays with a PI
near 15. The contraction rate parameter (hpo) was set last, to achieve the desired cyclic strength
(3% strain in 30 cycles with a cyclic stress ratio equal to 50% of the peak undrained shear strength

ratio). Final input parameters for all BCC calibrations are shown in Table 4. Figure 24 illustrates
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the calibrated model behavior in undrained monotonic and cyclic DSS simulations for a clay
sensitivity of 4 and two different rates of softening.

Table 4: Final calibrated BCC input parameters for modified PM4Silt Model

St Softening Rate Sures/0'y  Dinitial Tresidual ~ Yrem DY hy Ty
3 Fast 0.075 1.1063 1.0588 0.04 065 03 17
4 Slow 0.056 1.1063 1.0438 0.08 0.65 03 17
*4 Fast 0.056 1.1063 1.0438 0.04 065 03 17
5 Fast 0.045 1.1063 1.0265 0.04 0.65 03 17

*Baseline Calibration
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Figure 24: Undrained monotonic (a) and cyclic (b) modified PM4Silt DSS simulation

results for a clay sensitivity of 4

4.4 Results and Discussion for Modified PM4Silt Simulations

The baseline simulations for the Fourth Avenue landslide used S¢ = 4 and the faster
softening rate, along with the HUA-T motion. Lateral displacement contours for the baseline case
are shown in Figure 25. Deformation patterns and magnitudes are comparable to those observed
at the Fourth Avenue site, including a well-defined translational failure mechanism and a failure
plane that intercepts the ground surface just behind the crest of the slope. Shear strains remained

roughly horizontal in the BCC until they propagated up to the bluff behind the upper crest. Pressure
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ridges can be seen at the toe consistent with observations. The deformation patterns are consistent
with the results of Chapter 3 using a strain softening Mohr-Coulomb model, although those models

required a higher clay sensitivity value to obtain comparable displacements.

Figure 25: Lateral displacement contours for modified PM4Silt baseline simulation (zero

contour omitted)

4.4.1 Effect of Input Motions on Modified PM4Silt Simulations

The effect of input motion was studied by repeating the baseline analyses for the modified
PM4Silt simulation with several input motions. Deformation patterns were similar to those shown
in Figure 20 across the suite of motions, but deformation magnitudes generally increased with
Arias intensity (Figure 26). This increase in displacement with Arias Intensity is consistent with
trends shown by previous studies (e.g., Travasarou et al. 2003). A similar trend would likely be
observed for other ground motion parameters that incorporate both magnitude and duration, such
as the destructiveness potential factor (Araya and Saragoni 1984). The HUA-T motion produces
approximately median displacements among the chosen records and is used for the remaining

simulations.
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Figure 26: Upper crest displacement versus Arias intensity for selected motions used in

modified PM4Silt simulations

4.4.2 Effect of BCC Sensitivity and Softening Rate for Modified PM4Silt Simulations

The effect of the BCC sensitivity was examined by repeating the baseline analysis with a
BCC sensitivity of 3 and 5. The effect of increasing the BCC sensitivity on the upper crest lateral
displacement is illustrated in Figure 27a. The BCC begins to soften in all three simulations after
approximately 35 seconds of shaking, which is where the peak acceleration occurs in the HUA-T
motion. The simulation with a BCC sensitivity of 3 showed an upper crest lateral displacement of
less than half the observed value. The simulation with a clay sensitivity of 5 was halted before the
end of shaking due to excessive mesh deformation. Simulations with the proposed model and a
BCC sensitivity between 4 and 5 would likely produce deformations consistent with site

observations. This range of clay sensitivities is slightly higher than the mean BCC sensitivities
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reported by previous authors (Idriss 1985, Stark and Contreras 1998), but well within the range of
measured values.

The effect of the BCC softening rate was examined by repeating the baseline analysis with
a softening rate that was approximately half as fast as the baseline simulation (Fig. 27b). The
results show that large displacements begin to occur at the same point in the record for both
softening rates. The two simulations also reach a similar final displacement value, although the
slower softening rate requires significantly more shaking to reach this value. These results indicate
that the softening rate does not appear to have a major effect on final deformation magnitudes if
the material is able to fully soften during shaking. This is expected as the final deformed shape
will be controlled more by the remolded strength (and therefore the clay sensitivity) than the

softening rate.
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Figure 27: Effect of BCC sensitivity (a) and softening rate (b) on modified PM4Silt

simulations

4.4.3 Effect of Mesh Density on Modified PM4Silt Simulations
The effect of mesh density was examined by repeating the baseline analysis with a finer
and coarser mesh. All previous analyses utilized a mesh with 14,602 zones with a maximum BCC

zone height of 1.3m. A coarser mesh (7,425 zones) and finer mesh (24,298 zones) with maximum
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BCC zones heights of 1.8m and 0.9m, respectively, were used to examine the effects of mesh size
on the results. The BCC calibration for S¢=4 and the slower softening rate are used in the following
simulations to ensure that the fine mesh models are not halted due to geometry errors. Figure 28
illustrates the effect of mesh density on the modified PM4Silt model. All three meshes show
displacements beginning to increase after approximately 35 seconds of shaking. The fine mesh
shows the fastest increase in displacement after this point, while the coarse mesh only shows a
slight increase of displacement with time. The final displacements of the fine and medium meshes
are similar although the softening rate is different. This result is expected, as the smaller zones will
experience larger strains, and therefore faster softening, for a given magnitude of displacement.
These results indicate that the solution is mesh dependent and a regularization scheme to reduce
this dependence would be beneficial. The authors are currently implementing a softening-scaling

approach similar to the one used in Chapter 3 to address this.
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Figure 28: Time histories of upper crest displacement for varying mesh densities

4.4.4 Summary and Conclusions for Modified PM4Silt Simulations
A proposed modification to the existing PM4Silt constitutive model was used to simulate
the Fourth Avenue landslide which failed during the 1964 Great Alaska Earthquake. The proposed

modification softens the critical state line to a remolded state to replicate structural degradation in
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the sensitive BCC. The modification was shown capable of reproducing element level softening
behavior in monotonic and cyclic loading in single element DSS drivers. The modification was
also shown capable of reproducing system level cyclic softening behavior in full scale simulations
of the Fourth Avenue landslide. Deformation patterns and displacement magnitudes observed at
the Fourth Avenue site using simulations with the modified PM4Silt model were in reasonable
agreement with observations. The softening rate of the BCC did affect the rate of displacement
increase but did not significantly affect the final displacement because the duration of loading was
sufficient to remold the clay. Mesh dependency of the solution was observed and was most
significant for the coarsest mesh, which was not able to fully soften under the imposed loading.
Implementation of a regularization technique may be able to address this issue and remains an area
for future work. Simulations using additional case histories and lab test are needed to further

validate the modified PM4Silt model and identify areas where improvements are needed.
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CHAPTER 5: SUMMARY AND CONCLUSIONS

This study explored the ability of two separate constitutive models to reproduce
deformation patterns and magnitudes observed at the Fourth Avenue landslide which failed due to
cyclic softening of a sensitive clay. The first constitutive model studied was a simple total stress
Mohr-Coulomb based strain softening model with a softening-scaling based regularization
technique employed to reduce mesh dependency of the solution. The second constitutive model
studied is the effective stress critical state compatible PM4Silt model which has been modified to
represent structural degradation inherent to sensitive clays.

Both models were shown capable of reproducing the deformations observed at the Fourth
Avenue site except for the lack of graben formation behind the upper crest. The regularized strain
softening model required a BCC sensitivity of 7 to produce deformations comparable to those
observed. This clay sensitivity value is much higher than the average value of about 3 reported by
previous researchers. Numerical sensitivity studies showed that simulations generally behaved as
expected with variations of model input parameters. Deformation magnitudes generally increased
with increasing clay sensitivity and decreased as the remolding strain was increased. The BCC
sensitivity was found to have a greater effect on the model response compared to the remolding
strain. Similar displacements are therefore expected for a given residual strength value if the
material fully softens during shaking.

The modified PM4Silt model was able to produce deformations comparable to site
observations with a clay sensitivity of 4 which is more consistent with the reported average. The
modified PM4Silt simulations utilized material models formulated to represent cyclic softening
(i.e., PM4Silt and PM4Sand) in all soil layers, which likely improved the global model response

compared to the simple Mohr-Coulomb simulations. Limited numerical sensitivity studies were
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also performed for the modified PM4Silt model. Numerical simulations generally behaved as
expected with variations of model input parameters. Deformation magnitudes increased with
increasing BCC sensitivity and decreased for a slower rate of softening. BCC sensitivity was again
found to have a greater effect on deformation magnitudes compared to softening rate. Relatively
small variations in BCC sensitivity resulted in significant differences in deformation magnitudes
while decreasing the softening rate by a factor of 2 caused only a small decrease in upper crest
displacements. This confirms that the residual strength dictates the deformation magnitude if the
BCC fully softens during strong shaking.

The softening-scaling approach was found capable of reducing mesh dependency using the
regularized Mohr-Coulomb strain softening model. Simulations with the softening scaling
regularization enabled resulted in very similar deformation magnitudes across all mesh sizes. The
coarse mesh experienced an upper crest lateral displacement with only half the magnitude of the
fine and medium mesh when the regularization technique was disabled. This is because the shear
strain in the coarse mesh is not large enough to reduce the strength of the BCC to the residual value
under the given displacement when the regularization technique is disabled. The softening-scaling
approach overcomes this by defining strains based on an assumed shear band thickness rather than
the size of the element.

PMA4Silt does not currently include a regularization technique and the simulations showed
some dependency on the mesh size. Deformation magnitudes of the finer two meshes were
comparable as the element sizes were small enough that the given displacements caused the BCC
became to fully soften. The coarse mesh experienced minimal displacement as the element sizes
and magnitude of imposed loading did not allow for shear strains large enough to reduce the BCC

to its residual strength.
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Reducing mesh dependency in the modified PM4Silt solution is currently being
investigated by the author. One option to reduce mesh dependency of the modified PM4Silt
solution is to perform calibrations in terms of displacements rather than strain. For example, once
a remolding strain is selected for a given mesh size then the value of displacement required to
cause this strain can be used to determine remolding strain values for different zone sizes. This
concept is similar to the softening-scaling approach, but strains are scaled to a common
displacement value rather than a common shear band thickness. Another option to reduce mesh
dependency in the modified PM4Silt model is to use a softening-scaling approach similar to the
one used in chapter 3 to scale the element level strains to an assumed shear band thickness. Each
of these approaches would likely reduce mesh dependency of the solution. These approaches
would not however address the uncertainty involved in selecting the appropriate remolding strain
for a given zone size or shear band thickness.

The single case history investigated in this study is not enough to validate each of the
proposed constitutive models. Simulations utilizing additional case histories involving cyclic-
softening of clay is needed to ensure each model behaves consistently under a variety of situations.
Case histories involving monotonic softening of clay are also needed to examine the validity of
the proposed models when the loading is not cyclic. Numerical analyses of lab tests involving
sensitive clays would further validate each model and could be performed under cyclic and
monotonic loading. Evaluation of full-scale case histories with corresponding lab scale simulations
would also allow for comparison of appropriate remolding strain and shear band thickness values.

The influence of the non-BCC layers also presents an option for future research. The model
input parameters for the non-BCC layers are uncertain due to the lack of characterization data in

these layers. Studies to examine the effect of variations in the calibration of the non-BCC layers
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would provide insight into how much uncertainty is associated with the input parameters selected
for the non-critical layers. The effect of variations in the strength parameters in the non-BCC layers
and assumptions regarding drained or undrained loading parameters for the coarse grained layers
in the regularized strain softening model should be considered. Variations in the model calibrations
for the modified strain softening model should also be evaluated.

Despite the limitations of each model discussed herein it is hoped that they will each be
useful for future engineering analyses. The total stress based regularized strain softening model
has a straightforward formulation and a relatively simple softening-scaling based regularization
that was able to deliver an approximately mesh independent solution. The modified PM4Silt model
provides a more realistic representation of stress-strain response and was able to reproduce the
observed Fourth Avenue deformation magnitudes using a BCC sensitivity near the mean value
reported by Idriss (1985). The modified PM4Silt model exhibited mesh dependence and methods

to address this issue are currently under investigation.
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