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ABSTRACT

Deterministic slope stability design charts for cohesive-frictional (c— @) soils have been used
by geotechnical engineers to examine the effects of earthquakes on slopes by identifying
the critical seismic loading which brings the slope to a state of limit equilibrium. However,
seismic slope stability design charts have yet to be extended to probabilistic analysis. In this
study, the seismic stability of slopes, modeled using a two-dimensional spatially random
¢ — ¢ soil, is studied using finite element analysis. Probabilistic analyses of seismically
loaded slopes are performed by Monte Carlo simulations using the Random Finite Element
Method (RFEM). A series of new slope stability design charts are provided that consider
the influence of the spatial variability of soil for seismically loaded slopes with ;15 = 20°.
The charts may be used in the safe design of slopes subject to seismic loading, providing

estimates of the probability of slope failure without requiring computer simulations.

vil



LIST OF ABBREVIATIONS AND SYMBOLS USED

BPT Becker penetration test for in-situ soil testing
CPT Cone penetration test for in-situ soil testing
CRR Cyclic resistance ratio

CSR Cyclic stress ratio

GM Ground motion

LAS Local average subdivisions

LL Liquid limit

PGA Peak ground acceleration

PGV Peak ground velocity

PI Plasticity index

PSHA Probabilistic seismiic hazard analysis
MRD Mean rate density

MSF Magnitude scaling factor

RFEM Random finite element method

SPT Standard penetration test for in-situ soil testing

SRV Single random variable approach

a area of a slice

a; regression coefficients in PSHA,:=1,2,3,4,5,6,7,8,9, 10
Omax maximum recorded horizontal acceleration

Qyield yield acceleration

viii



A; curve fitting parameters in Vg liquefaction analysis, ¢ = 1, 2

b; fines content (f.) dependent coefficients used in the clean-sands approxi-
mation for SPT analysis,i=1, 2

B; regression coefficients for probabilistic liquefaction analysis, 7 = 1, 2

c cohesion

Cr factored cohesion

Co normalizing factor used in CPT analysis

CRR;5 cyclic resistance ratio for an earthquake magnitude, M, of 7.5
CSR,s cyclic stress ratio for an earthquake magnitude, ), of 7.5

CSR,; uncorrected cyclic stress ratio for an earthquake magnitude, 1/, of 7.5

d sliding-block displacement in PSHA

D depth factor

DH depth to hard layer

E Young’s modulus

fe fines content

fi functions used in the evaluation of log-spiral failure surfaces, :=1,2,3,4
fr friction ratio

fs sleeve resistance in CPT field tests

F static factor of safety

Fy seismic factor of safety

Iy factor of safety against liquefaction

F} set safety level for F7, in probabilistic analysis
g gravity

1X



GM a placeholder for a ground motion variable in scalar PSHA

GM, a placeholder for a ground motion variable invector PSHA
GM, a placeholder for a ground motion variable in vector PSHA
H height of the slope

1. soil behaviour type index

k seismic coefficient

k. critical seismic coefficient

Ktim theoretical limiting seismic coefficient

K, CPT clean sands correction factor

LL liquid limit

M earthquake magnitude

My, moment magnitude

MRD mean rate density of the ground motion used in PSHA

MSF earthquake magnitude scaling factor used in liquefaction analysis

n size of a random field

n’ soil behaviour parameter in liquefaction analysis

N static stability number

N, pscudo-static stability number

Ngc blow count number

(Nso normalization of SPT blow count for an overburden stress of 100 kPa and

a hammer efficiency of 60%

N1)soes clean sands normalization o ow count for an overburden stress o
(N1)so, 1 d alization of SPT bl fi burd f
100 kPa and a hammer efficiency of 60%

Dy probability of failure

P[] probability operator



PGA
PGV

PI

qc
(qclN )
(QClN)c.s

Q

Ug

Uqg

atmospheric pressure

probability of liquefaction

peak ground acceleration

peak ground velocity

plasticity index

field test result for cone penetration tip resistance
dimensionless normalized penetration tip resistance
dimensionless normalized clean sands cone penetration tip resistance
normalized cone tip resistance

radius of a log-spiral surface

inital radius of a log-spiral surface

radial factor

stress reduction coefficient

pore water pressure coefficient; a rough estimate commonly used when
groundwater is considered in slope analysis
actual shear strength

spatial positions in a random field. 2 = 1,2, ...,a,b,n
initial pore-water pressure

dynamic pore-water pressure

change in pore-water pressure

coeficient of variation

coeficient of variation for cohesion, ¢

coeficient of variation for a variable/parameter ’x’

xi



v

81

‘/TS)_,CS

W

coeficient of variation for the unit weight, y

coeficient of variation for the internal friction angle, ¢
coeficient of variation for the tangent of the ¢

shear wave velocity

over-burden stress corrected shear wave velocity

limiting upper value of V,, for liquefaction occurance

clean sands over-burden stress corrected shear wave velocity
water content of the soil

weight of the soil mass

a displacement level to which the estimated displacement is compared in

PSHA to determine failure
a Gaussian random field

random variable at postion Z;

a given level of ground motion, used in PHSA
a lognormal random field

a given level of ground motion, used in PSHA
soil depth in liquefaction analysis

inclination angle of pseudo-static force

slope angle

unit weight

annual rate of displacement exceedance in PSHA
correlation length

correlation length in direction ¢

log-space correlation length for cohesion

Xii



Ointan 6

GMW
He
Mz
Han ¢

He

p(T)

Oz

OmCRR; 5

O¢

Td

T

Pm

log-space correlation length for tan ¢

log-space correlation length for a variable/parameter *z’
stability factor

mean cohesion

mean value of a lognormal variable/parameter ’x’

mean of tan ¢

mean friction angle

Poisson’s ratio

correlation structure

standard deviation of cohesion

total normal stress

standard deviation of tan ¢

total vertical over-burden stress

effective vertical over-burden stress

standard deviation of a lognormal variable/parameter ’z’
standard deviation in the error of the natural logarithm of C RR; 5
model standard deviation in the performance based liquefaction assess-
ment

spacing between positions

shear stress

equilibrium shear stress

spacing between positions in direction ¢

friction angle

pseudo-static factored friction angle

Xiil



O

Wo

%z

static factored friction angle

effective friction angle

angle of the radius of a log-spiral surface
initial angle of the radius of a log-spiral surface

angle of the radius of a log-spiral surface for a slope height H

Xiv



ACKNOWLEDGEMENTS

I would like express my thanks to my supervisor, Dr. Gordon A. Fenton, for extending to
me this opportunity to learn beyond my element, and to explore how to apply that which I’'ve
learned over my academic career. I am particularly thankful for his guidance, constructive
criticism, and patience, which have helped me considerably throughout the learning process

of this thesis. His mentoring has been a truly invaluable experience.

This work was made possible by the generous support provided by a Special Research
Project Grant from the Ministry of Transportation of Ontario (Canada), for which I am

grateful.

I am grateful to my committee members, Dr. Guy Kember, Dr. Craig Lake, and Dr.

Farzaneh Naghibi, for sharing their insights in the development of this work.

I also wish to extend my gratitude to my colleagues within the Engineering Mathematics
department for providing a friendly and constructive work environment. Special thanks
belong to the department secretary, Claire Chisholm, who continues to go above and beyond
for both faculty and students. Additionally, I am sincerely thankful to the department head,
Dr. William Phillips, as well as Dr. Wendy Gentleman and Dr. Farzanch Naghibi, for their

invaluable advice throughout the thesis process.

Finally, I am beyond grateful to my family for their constant support throughout the entirety

of my academic career.

XV



CHAPTER 1

INTRODUCTION

1.1 GENERAL

Earthen slopes and embankments are commonly occurring geotechnical structures, be they
naturally formed, cut, or constructed. Slopes can often be found near or as part of a larger
geotechnical system, such as roadways, bridges, and dams. As such, earthen slopes are
routinely analyzed for their stability so as to prevent collapse, and potential damage, from
occurring. Traditionally, evaluation of slopes, such as the one shown in Figure 1.1, was
simplified by determining the average shear strength of the soils through sampling, and
consulting existing design chart for the slopes’ particular geometries. For situations based
upon static loading, where only the gravitational load is considered, such design charts
have been extensively researched for a broad range of geometries and soil conditions both
deterministically and, to a lesser extent, probabilistically. It is often the case, however, that
the serviceability of a slope is in part reliant upon its response to extreme events such as
carthquakes, which may cause significant slope deformation due to a rapid reduction in the

strength of the soil mass.



Figure 1.1 Sample diagram used in slope analysis

Despite difficulties in predicting the dynamic response of slopes due to earthquakes, analysis
of slope stability subject to seismic loading has been given considerable attention (see, e.g.
Mostyn and Small, 1987). Geotechnical researchers have developed methodologies to
overcome computational limitations and generate rough estimates of slope stability through
application of static-forcing which is equivalent to the dynamic load. Use of such methods
has allowed for the generation of several sets of deterministic design charts (e.g. Loukidis
et al., 2003) which roughly estimate the maximum amount of seismic excitation a slope
can withstand before failing. For simple slopes, use of such charts allows geotechnical
engineers a means to quickly estimate the seismic stability of a slope without having to
determine anything more than the soil strength parameters and slope geometries already
used in static slope analysis. However, the design charts currently used in seismic slope
analysis lack the means to account for the spatial variability of soils, which may result in
weakened portions of soil being overlooked. As such, the risk of slope failure from those

weakened sections excited by seismic motion may be masked by deterministic evaluations.



1.1.1 Thesis Objective

The objective of this work is the development of a design procedure for slopes subject to
seismic loading. To provide a procedure that quantifies the margin of safety of a slope, the
analysis within this work seeks to link the traditional factor of safety approaches common
in seismic analysis with probabilities of failure which capture the influence of variability
in soil strength parameters. By incorporating the results of this work into seismic design
charts, styled similarly to existing charts commonly used in practice, a procedure may be
developed to assist geotechnical engineers in the safe design of slopes when earthquake

loading is considered.

1.2 DETERMINISTIC SLOPE DESIGN METHODOLOGIES

Static slope stability analysis has been extensively developed in the past, with several
alternative approaches being described in geotechnical textbooks such as Coduto et al.
(2011). A typical slope problem, such as the one displayed in Figure 1.2, relies upon a
variety of slope parameters. Of particular importance in slope stability analyses are the
cohesion, ¢, and the internal friction angle, ¢, which jointly determine the shear strength
of soils. Other key parameters identified in Figure 1.2 are the height of the slope, X, the
depth factor, D, the slope angle, 8, and the unit weight of soil, v. Numerous evaluation
procedures use the parameters indicated in Figure 1.2 to determine the static stability of the
slope. Typically, Young’s modulus, %, and Poisson’s ratio, v, are not of key importance in
the evaluation of slope stability (although they are used to evaluate deformation), and are

often left as nominal values (s and Lane, 1999).



Input Parameters

¢ ¢ v

Figure 1.2 The static slope stability problem

1.2.1 Limit Equilibrium Approaches

Many approaches to the static slope stability problem are based on the concept of limit
equilibrium, which seeks to determine if the soil mass will slide (fail) under gravitational
loading along a planar or circular failure surface. The determination of equilibrium is
assessed through the static factor of safety, F’, defined as the ratio of stress caused by
gravitational loading upon a slope to the stress at which the slope mass will fail. The factor

of safety is evaluated using the expression (Coduto et al., 2011):

F=2 (1.1)

Te
where s is the actual shear strength determined from the Mohr-Coulomb failure criterion for
clasto-plastic materials, and 7, is the equilibrium shear stress (the required shear strength
to maintain equilibrium) determined from the shear force acting along the failure surface.
The factor of safety is assumed to be constant along the entire failure surface (Coduto et
al., 2011). Theoretically, a value of F' > 1 indicates that the slope remains stable, however

practical design criteria tend to require a higher value, typically ¥ > 1.5 to account for



uncertainty. Lower values, for example 1.2 < F' < 1.3, may be acceptable in non-essential
and temporary slope analyses (Coduto et al., 2011; NZ Transport Agency, 2013). Duncan
(1996) summarized a large number of limit equilibrium methodologies, such as the ordinary
method of slices (Fellenius, 1936), Bishop’s Modified method (Bishop 1955), and Spencer’s
method (Spencer, 1967), which account for varying shear strength along the failure surface

by discretizing the failure surface into smaller components, or ‘slices’.

1.2.2 Log-Spiral Failure Surfaces

Another approach to the evaluation of slope stability is through a kinematical limit analysis.
Chen (1975) described the most efficient kinematical approach to slope stability problems
as one which follows a rotational failure mode, and possesses a log-spiral failure surface

defined by:

r = roexp ((w — wp) tan ¢)) (1.2)

where 7 is the radius of the log-spiral at the angle w, and ry and wy are the initial values
of these two parameters. For a static stability number, IV, defined as N = (¢/vH)(1/F),
the critical height of the slope (the maximum height a slope, with a particular combination
of slope angle and soil strength parameters, can be before failure occurs, i.e. F' = 1) is

determined by the expression:

_ 2rotan@(fy — fo — f3 = f4)
N (exp[2(wy — wp) tan @] — 1)

(1.3)

where wy; 1s the angle of the log-spiral failure surface at the critical height, and the functions
f1 to f, are dependent upon wy, wyr, and B, and are defined by Chen (1975). Alternatively,
if H, c and ~y are known, the formula may be solved for the factor of safety, F', for c-¢ soils

as follows:



2(wy — wp)tan @

7= a1.4)
In[1+Zrytan¢(f; — f» — f5 — f)]
which, for purely cohesive soils (¢ = 0), reduces to:
1 —_
F c(wy — wp) (1.5)

T YH(fi— fam 5 — [
wnere To =79 an To 1S deemed to be a radi actor whic epen S upon ang €S O
h ¢ /H d A/H' d dtob dial £ hich d d 1 f

rotation, wy, Wy, and the slope angle 5.

This approach to slope stability analysis generally assumes homogeneous soil masses and
no influence from pore water pressure, yielding results which are roughly equivalent to
Bishop’s simplified method. Interested readers are directed to the work of Chen (1975)
for the basis of this approach, and the work of Michalowski (1995) which compares this
approach to limit equilibrium methodologies based upon slices and translational failure

mechanisms.

1.2.3 Chart Solutions

Stability charts are traditional geotechnical design tools used to estimate the factor of safety
for simple slopes (homogeneous slopes with geometry such as illustrated in Figure 1.2).
Development of stability design charts for slopes relies upon fundamental assumptions
regarding the soil strength parameters and the failure surface. For example, Taylor (1937)
developed stability charts for purely cohesive (¢ = 0) slopes with a circular failure surface;
Cousins (1978) produced stability charts for homogeneous cohesive-frictional (c-¢) slopes
with a critical failure surface (the failure surface with which possesses the lowest F' value)
that must pass through the toe of the slope; Michalowski (2002) used a kinematic equilibrium
approach with a log-spiral failure mechanism; Baker (2003) extended Taylor’s (1937) charts
to include ¢; and Steward et al. (2011) used limit equilibrium and circular slip analysis to

produce a single-iteration chart for c-¢ soils.






