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Abstract

Effect of Wall-Soil Interface Parameters on Seismic Response of Retaining Walls

Mohammadhashem Arabzadeh

Reinforced soil retaining walls are important public structurgpically there are two kinds of
reinforced soil retaining walls: cantilever retaining walld @eosynthetic reinforced soil retaining
walls. While seismic performance of retaining walls is very important for public safety in the event
of an earthquake, there are very limigtddies on thaflhe mainobjectives of thepresent thesis
areto (i) examine the behavior of the interface between structure and soil under various loading
and boundary conditionfer RC cantilever retaining walls; (ii) conduct sensitivity study on the
seismic response of such walls considering the key parameters ghettalsesion (C), friction
angle (04), Ss)h moamal stéfriessf(§ n e s s @ Kdna (i) study the gije
(height) effect of the relating walls on the seismic performance of such walls

In order to achieve the above objectives, a basalimgel of an RC cantilever retaining wall has
been constructed for static and dynamic analysis using the Finite Difference Method (FDM). The
data for the baseline model are obtained from a published work on seismic response such a wall
subjected to an eadhake in India (1991 Uttarkashi earthquake Ptober), which used the
Finite Element Method (FEM) for analysi§he validated baseline model is then used for an
extensive parametric study on the static and dynamic behavior of the system which aslaloleav

in the literature.

Based on the results of numerical modeling, in the static condition, wall deformation was
decreased by increasing the cohe)snormastifn€ss, fri
(Knp) and dil at i o namic gehavior aftha wall was quitediffesteptrirom the static
behavior. With increasing the values of shear strength parameters (Cohesion and friction angle)
and also shear stiffness Kthe wall displacements increased whereas with increasing normal

stiffness (k) value, the wall deformation decreased.



A sensitivity analysis of walboil interface parameters on seismic response of the retaining wall
was carried out using the ground motion records from Canada earthquake motion dathbase (6
March, Quebec2005) and the results were compared to the Uttarkashi earthquake in India. The
results of this comparison showed tlia¢ response parametansterms ofthe retaining wall

deformationare similarfor bothearthquakes.

Moreover, parametric studies on thehavior of the soil retaining walls under Montreal
earthquake with three differeheights(3 m, 6 m and 9m), andtwo differenttypesof soil (clay
and sand) andightinput earthquakes motions were performed. Results show that the behavior of
wall facing in terms of displacement in both horizontal and vertical direction is differedthe
typeof soil has a main role in the wall deformation.

Finally, a statistical estimation of parameters between soil and retaining wall structure was done.
According b this statistical study, cumulative percentage distribution of cohesion (C) and stiffness
parameters (shear and normal) against wall deformation were calculated. Then, lower and upper

boundary ranges of wadloil parameters were established for bothstatd dynamic condition.
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Chapter 1. Introduction

1.1. Background
Reinforced earth structured e vel oped i n, alexdnhipdsite structuret)iBah are

constructed by artificial reinforcing strips within s@ishan,2010. They have similar function
astraditional retaining wallsbut could be higherFurthermore, the reinforcement enhanites
earth by increasing sellearing capacity and diminishing the settlem@vernment of India,
2005)

Principally there are two main methods for the design of reinfesoddetaining wallspseudo
static and pseudo dynamic approaxfihey are based on an iterative equivalent linear classic and
incremental elasticanalysis approachs, respectively (Muthucumarasamy1992) For both
reinforced and unreinforced walls, the shortcoming of calculating pseudo dynamic pressure on a
rigid vertical etaining wall is eliminated by some analytical methsuch ashehorizontal slices
method(Ghanbari2008.

In addition, the seismic behavior of retaining structures under earthquake loading is one of the
most important aspects in the study of retaivradl structures. Generallyhe seismic design of
retaining walls is carried out by both pseudo static and dynamic analyses. Mononobe and Okabe
(1924), developed the pseudo static approach for design of retaining(Malienobe 1929
Nouri, 2008 Okabe 1926)

Moreover, the interaction between retaining structure and sail isportantaspectfor both
static and seismic analyses. In recent years, investigation of Soil Structure Interaction (SSI) has
been extensively developéor dynamic analysis of taining walls structureand Enrique Luco
(1973) was one of the pioneavbo developed the theories for S8lthis contex{JE, 1973)

Typically, asoil structure interaction (SSI) method is based on added motion formulation theory
and use of three dimsional structual system(RClough 1993. Typically, there are two common
numerical methods to investigate the seismic response of reinfsodedtaining walls according
to pseudo static and dynamic tihistory analysis; Finite Element Method (FEM) alfithite
Difference Method (FDMJRichardson and Le&975 Bathurst and Hatami, 1988)



The finite element method has been developed to simulate the behavior of geotechnical earth
structure under static and dynamic loading conditions. The FEM is a nuheoidaling approach
in which continuous media is replaced by finite humber of elements interconnected at finite
number of grid points. This method can be used to calculate the displacement field at grid points
and stresses within elements. A number oéaeshers have uselde FE approach to investigate
the behavior of reinforcedoil retaining wall under earthquake load{i@pllin, 1986. Roweand
Ho, 1997) In most of the studies, the simulation of dynamic soil structure response is conducted
by consideing nonlinear soil behavidfSegrestin and Bastick, 1988. Helwany et24l01).

On the other handhe finite difference methods one of the oldestumerical technigueused
for the solution of sets of differential equations. In the finite difference method, every derivative
in the relative equations replacel by an algebraic expression written in terms of the field

variables such as stress or displacement at sepaiatevithin elements.

A number of gnamic analysis studiassed the finite difference method to simulate reinforced
soil retaining wall and also investigdtevall-soil interaction behavior under seismic loading
(Hatami, and Bathurs001 Cdlisto and Sacodato, 2007EI-Emam, M, Bathurst and Hatami,
2004. Krishna, 2010. Green and Ebeling, 2003)

Most ofthe FDM studies usethe commercially available softwaiel, AC for the simulation of
earth retaining wall structure. FLAC is a tlonensionaglexplicit, finite difference program based
on the Lagrangian calculation scheme. This program simulates the behavior of structures built of
soil that can come across with plastic flow when their yield limits are reached.

1.2 Problem statement

Reinforced earth wis areone of the most important permanent public structures. During last
two decadesthe useof various soil retaining structurdmveincreased innfrastructuralcivil
projectssuch as cantilever walls, gravity walls and steepened slopes. Also, one of the most

important issues in earth retaining structure is the earthquake resistant design.

Most of earth retaining structugare built inurban areaand their failure poses grdazards to
the local habitants such as Montreal earthquake on September 16, 1732, with considerable damage,
including cracked walls and 300 damaged houddse 1988 Saguenay earthquake5™"
November) also caused damage to buildings and urban infrastrumtound Quebec City.
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Furthermore, the destructive effects of earthquakes in the earthquake prone areas highlights even
more the significant role of reinforced earth walls. Thus, design and construction of the earth
retaining structureunder earthquakeoadition is as an essentiasuein civil engineering projects.
Considering the abovéhe proposed research is very important.

1.3. Research objectives

While there arssomerecent numericastudiesreportedon reinforcel-soil retaining walls, rost
of themconsidered the behavior of interface between structure and soil under dynamic cendition
without any rigorous treatment to the effect of the variation in key parameters and ground.motions

In order to address these shortcomings, the present thasse$oan the followingbjectives.

) To examine the behavior of the interface between structure and soil under various loading
and boundary conditions for RC cantilever retaining walls;

(i) To conduct sensitivity study on the seismic response of such wallgleang the key
parameters such as the cohesi ony, ro@al, fr
stiffnress(k) and dil ation (y); and

(i)  Tostudy the size (height) effect of the relating walls on the seismic performance of such

walls.
In order to achies the above objectives, the followings tasks have been undertaken.

(a) The behavior of interface between structure and surrounding soil material of retaining walls
is investigated considering the continuously yielding joint model.

(b) Because the behavior of infgce has a critical role in separation and slip of the soil and
structure, in accordance with that, displacement and stress response change. A sensitivity
analysis of the parameters associated with this model is carried out determine the influence
of thekey parameters in the seismic response of retaining wall structure.

(c) The effects of the shear strength and stiffness parameters of interface between wall and soil
under earthquake loading is investigated numerically and results is comparednwith
earthquake ilfCanada (Quebec).

(d) A parametric studys conductedn the behavior of the reinforced soil retaining walls with
three different wall height, two different kind of sédr a set of earthquakes relevant to

Montreal.



(e) A statistical studys canductedto estimate the lower and upper bound rargfewall-soil

interface parameters.

1.4. Layout of thesis

This thesis is composed of seven chapters. Chapters 1 and 2 consist of introduction and literature
review, respectively.n order to investigatené seismic response oantileverreinforcedsoll
retaining wall the finite difference method considered to design of retaining wall as presented in
chapter 3. Then in chapterthe effect of shear strength and stiffness parameters of interface on
seismic response of retaining wall is investigated. Furthermore, in chapter 5, based on acceleration
time-history of an earthquake in eastern of Canada (Quebec), a sensitivity analysissdfilwall
interface parameters on seismic response of retainingisvalestigated and compared with a
similar earthquake in India and a range of vgall interface parameter value is performed.
Moreover, in chapter 6, a parametric study on the behavior of the reinforced soil retaining walls
with different condition ofwall height and soil properties under Montreal earthquake loading is
performed. Finally, summary and conclusions of this study is presented in chapter 7.



Chapter 2. Literature Review

2.1. Introduction

Most of cases investigated literature relew section aredivided into two main parts:
geosynthetic reinforced soil retaining veadir cantilever earthretaining walls All of the studies
conductedn this section consist ad dynamic model afetaining walls (reinforced earthalls or
cantileverretaining wall3, that isconstruced based orthe Finite ElementMethod (FEM) and
Finite Difference Method (FDM). In fact, most researchers wa@ddimensional plane strain
numerical models (FEM or FDMp investigate the behavior of retaining wati$oth reinforced
earthwallsand cantilever retaining wallsrder earthquake loading. Alsn,most case studies, the

numerical results were compared to physical modelling.

Most ofthenumericalstudies covered in the literature revisgctionconsideed the behavior of
interface between structure and soil under dynamic condi#dso, some studies considered the
wall-soil interaction as a continuum or wahinterfacethateffects theearthquakeesponse. Most
numerical analysesesults focused on the effect of seismic loading on wall desgement,

displacement between facing units @uodeleration responseroughouthe height of the wall.

A number of researchelgve considered the behavior of soil dnd effects of soil properties
on the b&avior of reinforceesoil retaining walls under earthquake loadifgrthermore the
constitutive modeto represent geomechanical material behawias the MohCoulomb shear

failure criterion.

In addition,in order to apply acceleration tirméstory in d/namic analyses, several earthquake
motions with different dominant frequency rangereused in most caseSome of studies used a

series okhaking table tesfor simulation of behavior of a wall.

2.2.Type ofretaining walls
Reinforced solil retaining walls can be broadly categorized into following two types; Cantilever
retaining walls andeosynthetic reinforced soil retaining wallThe two main types of retaining

walls are explained below in further detail.



2.2.1.Cantilever retaining wall
Cantilever eartkretaining wallsare madeof castin-placeand steetreinforced concrete. Also,

cantilever retaining wallsis able to retain soil behind it according to internal strength

characteristics and rigiditfzigure 2.1 shows a typal cantilever earth retaining wall.
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Figure2.1. Cantilever earthretaining wall

2.2.2.Geosynthetic reinforced soil retaining walll

Geosyntheticainforcedsoil retaining walls consist of several horizontal layers of geosynthetic
or steel reinforcementsxtended intca soil backfill and are generally pinned to a hard facing
(Figure 2.2)

Ground Surface

Retaini/ng/WaII

Figure2.2 Geosyntheticeinforced soil retaining wall



2.3.Seismic analysis of reinforced soil retaining walls using numerical modeling
A number of studies have approached the seismic analysis of reinforced soil retaining walls using
numerical modeling such &mite Element ofFinite Difference methosl(Siddharth and Siddharth,

2015. Cai and Bathurst, 199ome of these works are further explained as follows.

Cai and Bathurst (1995), used a FEM numerical apprmestudythe loaddeformation response
under simulateé earthquake mgeosynthetic reinforced segmental retaining watighat study
the reinforcement material was simulated using a similar hysteretic model arsbilvadterface

shear was investigat€@ai and Bathurst, 1995The initial configuratiorof geogrid reinforced
retaining wallin Cai and Bathurstesearchs illustrated inFigure 2.3,
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Figure2.3. Geometrical parameters oéggrid reinforced soil wall in Cai and Bathurst st#i995)

In the above studyhe wall designed according to stdtiadingc o n s i d etie-trealc k hwe dig e 0
method based on Coulo@tsarth pressure theory. And algothe numericahnalysesthefactors
of safety (FOS)used wasrecommended by the NCMA (The National Concrete Masonry

Association).
The nitial configuration of the finite element mesh d soil reinforced retaining wathodelin

Cai and Bathurst stud{t995)is shownin Figure 2.4.
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Figure2.4. Finite element mesh for simulation of retaining walCiai and Bathurst stud1995)

With regard to Figure2.4, the bottom and top portion ofie numerical model in thstudy
considered fix and free, respectivelynelenergy absorbing boundamgre applied tahe right

side of the model as the boundary condition.

The failure criterion for simulatioaf the soil b&avior inthe abovestudy was the Mok€oulomb
shear failure criterion. According tégure 2.5, the shear behavior of granular soils under cyclic
loadingwassimulated by a notinear and hysteretic constitutive relation that follows the Masing
rule durirg unloading and reloadirn(@inn, W.D.L., Yogendrakimar and Yoshida986).

AT AT
. T Tmax__
stress-strain cap
G G,
M~ stress-strain cap > (vr %)
t=Ff{)= Gmax ¥ reload Gimax
|1+ (Grae / T 7 /‘ ek g LA
> / »
Y V .
unload
a) stress-strain cap b) unload-reload

Figure2.5.The failure criteriorusedin Cai and Bathurst studit995)
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Equation 1 shows the relation between shear stlassl shear strain for the initial loading
phase.

T Q J. s (2-1)
Where,
G: Initial shear modulus

T : Maximum shear stress

The Masing stresstrain relation for the unloading or reloading conditi@sobtained by follow
equation(Cai and Bathurst, 1995)

j
j s s (2-2)

Where, andft , are the stress state at which the shear stress reverses direction.

According to Figure 2.6, i€ai and Bathurst studyhe base reference acceleratiome-history
usedin the dynamianalysis was scaled ECentro 1940 earthquake record. Based on spectrum
analysis of the input acceleration recdtd dominant frequency range obtaingdsbetween 0.5
Hz and2 Hz. Figure 2.7 shows the displacemdinte histories at selected locationsray the
retaining wall face due to tlggoundexcitation with a peak acceleration of 0.Z6@i and Bathurst,
1995)
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Figure2.6. Acceleration timénistory of base reference input acceleratio@ai and Bathurst stud$995)
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Figure2.7. Displacement timhistory at selected locations @ai and Bathurst studyL995)

Karpurapu and Bathurst (1995), developédingte Element model to investigate the behavior of
geosynthetic reinforcedoil retaining wallandalsothe FEMresult was compared to the physical
modelling Karpuapu and Bathurst, 1995) schematic diagram of the retaining wall modeled in
(Karpuapu and Batirst, 1995hand the instruments installed for monitoring the structure is shown

in Figure 2.8.
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Figure2.8. Initial configuration of the retaining walhd the instruments that was installed for monitoring in
Karpurapu and Bathurst wo(k995)

Figure2.9 shows the initial configuration ¢finite Element analysis iarpurapu and Bathurst

research.
panel
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| | |
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Figure2.9. Finite element mesh for simulation retaining walarpurapu and Bathurst wo(k995)

According toFigure 2.9, the bottom ofFinite Elementmodéd was fixedin both X and Y
directions. The right side was fix@a X direction. The surcharge presswasapplied on theop

of the modein increments of 0.28Pa per load step.
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In the above studyg modified form of gperbolic constitutive modevasused for simulation of
thesoil behavior with a minimum number of parameters. Furthertiweslated parametevgere
obtained by routine laboratory testifgso, for simulation ofeinforced soil structures, the stick
slip type models and hyperbolic meldwereused. In additionthe interface parameters between

the wdl panels and backfill soilveredetermined by direct shear testd pull out test

For considering time historin dynamic analysisthe 100 hour isochronous curve used in the

models sincahe sucharge pressure incremeragplied in roughly 100 hour time steps in the
physical experiments.

Al so, some of the numerical models were perfo

degreBO) y=Eigures 2. 10 s hdsplesemantscwhiohpvare abtsimed o f
from the numerical modeling and laboratory measurement.
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Figure2.10. Lateral panel displacements at the end of surcharge increamEarpurapu and Bathurst wo(k995)
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Ling et al, (1995), developed a generalized plasticity soil model and also bounding surface
geosynthetic modelising finite element method to investigate the behavior of geosynthetic
reinforced soil retaining walld.ing et al. 1995)The configuration ofhe Public Works Research
Institute Wall (PWRI) as used in Ling et £1995)is shown in Figure 2.11.
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Figure2.11. Public works research institute wallLimg et al,study (1995)
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In Ling et al study, the finite element analy$s bothPWRI (PublicWorks Researchnstitute)
and centrifuge retaining walls were done under-tlivoensional plane strain condition by a
modified version of Diariecwandynéll (Zienkiewicz et al1998. The typical finite element mesh

for the retaining wall model is shown Figure2.12

Rubber

Reinforcement Facing
10.0 ‘

75 Hinge (Soft Layer)

5.0

Rubber

2.5+

0.04

e L A B o o S s e L S o L S e T S A e e S A A e e S|
0.0 25 5.0 7.5 10.0 125 15.0 175 20.0 225

(Unit:m)

Figure2.12. Initial configuration of finite element meshLimg et al,study (1995)

According to Figure2.12 in Ling et al,(1995)for both right and left sidesf the numerical
model, rubber formased asboundary wave absorbers. Tiattom of the model iBxed in both

directions X and Y, and the top of the model was free.

The above model used the Meioulomb failure criteria with tension cutoff for modelling the
soil behavior. A generalized plasticity soil modleing and Liu,2003 was used to simulate the
soil behavior. This behavior of soil, was an improvement over the PAmokiewica Chan
model(Pastor and Chari,990, which was developed specifically for simulating the behavior of
sands under dynamic loading. The generaligkedticity soil model needed 15 parameters for
simulating cyclic loading, in whiching et al studyof these parameters were obtained from static
tests. In addition, for simulation of the behavior of a wall, Ling e{1#8195)used a series of five
shakirg table tests. In the centrifugal shaking table tests, 20 cycle sinusoidal wave with 2 Hz
frequency and of acceleration amplitude of 0.2g were used and the results were compared with the
results of analysis. According to Figure 2.1t% horizontal displaaments of the facing wall, the
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lateral stress distributions behind the wall andwleical stress distributions at the foundation
were compared to the measured valbas the different fill heights dring the course of

construction.
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Figure2.13. Public Works Research Institute Wall results; a) Facing horizontal displacement, b) Lateral earth
pressure, c) Vertical stredsifig et al. 2004
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Ling et al (2005), in another study, carried out a parametric study on the behavior of reinforced
soil wall under earthquake loading by finite element methodhdn study, the effects of soil

properties, earthquake motions, and reinforeentayouts were considered

In the abovestudy, a series of twalimensional plane strain finite element models wesdyaed
using a modified versn of DianaSwandynell program (Zienkiewicz et al. 1998]he base case
of the Fnite Element mesh is illustrated Figure2.14

4.2m

6m

3m

20m 10m

3m

°v

Figure2.14. Initial configuration of finite element meshLimg et al,study (2005)

To eliminate the effect of artificial boundary on the structilme right sideof the modekxtended
to a distance of 10 nkurthermore, the side boundaries (left and right) of model were rakers
boundary wave absorbevghereas velocities fixed in theottom. In the dynamic analysis, to
prevent the reflection of the boundary waves, the columns of elements close to the side boundaries

assigned softer elastic properties and larger width.

Soil failure criteria used in the Ling et al stuflyng et al.2005 was MohrCoulomb failure
criteria to simulate blodlblock and soilblock interactions.

In order to apply seismic analysighich, several earthquake motions used in dynamic models
as shown in Figure 2.15.
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Figure2.15. Earthquake motions used.img et al study (2005)

Figure 2.16 illustrates the effect of earthquake motions on the wall performance in Ling et al
study(2005)for three different parameters; facing lateral displacement, maximum reinforcement

(Geosynthetic) and lateral earth pressure behind facing.

17



4

-]
¢

ol oW
20,
Fa'a

A H
el ¢

atatateys
e

. Earthquakes
B | —=— Kobe-EW

_ KobeNS
. —-a— Northridge
: —»—Loma Prieta
AR Taﬂ""""‘l

» —+—El Centro

gy -~ EOC-Base Case

S
piy

3
!

¥,

1]
e eans:
Ea Ry Vs e

]
ata

R
B

Y
&y
.

h/H

L]
sl " 2ESrerSeds s

WLt g o g
SR3tseRele.

i
8593

=

[
i
v
1
i
i
W
"
»
v
4
1
I
I
|
I
:
i
T
'
H
]
v
'
I
.
*
H
5
I
'
.
'
I
]
13
i
5
i
'
i
i
'
!
o
I
=
&
v
% o
1 1

0 2 4 6 0 10203040 00 02 04 0.6 0.8
ﬂresfH (%) Tueakﬂ-i (%) Gh,peakaH

1 M 1 " 1 ) Lot s Lo L 1

Figure2.16. Effect of earthquake motions on seismic wall performance; a) facing lateral displacement; b) Maximum
reinforcement; c) lateral earth pressure behind facihgnig et al study (2005)

Bathurst and Hatami (2001), investigated the effect of different design parameters on dynamic
response of a geosynthetic reinforegl retaining wall by using numericahalysis. The FDM

wasused to simulate the dynamic modelshatstudy(Hatami and Bathurs001).

Initial configuration of the retaining wall andthe zoning of finite difference model is
demonstrated ifigure2.17.

18



Modular
0.30 7.00

T
Aﬁ
|

i

Block Facing
T 1 [ T T T T 7 T T T I
A Y Y 1 |
o
S Baddil -
H }} },‘ (Granular Soil) —
ffffff L=asom
T 1T T [T 1T 17
Y Y A Y Y A 360
N N Y Y I I |
N Y A T Y I A
N N Y Y N N N A NN I B
******** B A B A s
o e o e B e B A
I Y Y Y A I Y N A O
[T T T 1T T T T 1T 1T 1T T T 71 L
Interfaces ‘ ‘ 750 \ ]
0.30 Fixed Boundary (accelerated
under dynamic loading)

Figure2.17. Finite difference mesh of retaining wallBathurst and Hatansitudy (2001)

In thefinite difference model in Bathurst and Hatami st{@§01) the right side and the bottom
boundarywerefixed and the top of model was free in both X and Y direcfidre backfill soil

wassimulated base aime Mohr-Coulomb failure criterion.

In order toconductdynamic analysis ithe abovestudy,a series o8 ground motiongs shown
in Figure 2.18 were selected anded as input accelerograms to the retaining wall model
(Naumoski et al. 1993)urthermoreFigure2.19 shows théime histories of lateral displacement

at the top oftie wall for 8ground motiorrecordedas input acceleration.

19



u, (g) U, (g) u; (g) U, (g) Uy (g u; (g

u, (g

uu (&)

Figure2.18 Input acceleration histories applied to dynamic modeBaithurstand Hatamstudy (2001)
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Figure2.19 Time history of facing lateral displacement at the top of wall for 8 ground motion recorBaghimrst
and Hatamstudy (2001)

The response of reinforced soil retaining walls to base acceleration using a serchsced re
scale shaking table tests and numerical modekirgté Difference method) was investigated in
El-Emamet al., study (2004). Ithat study, the numerical modelling results obtairfiexin the
FLAC code (1998yvere verified by physical test results.

Figure 2.20 shows the initial configuration of a plastrain Finite Difference analysis irthe

researchieported in (ElEmam et al. 2004)
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Figure2.20Q Initial configuration of Finite difference mesh for soil model retaining waltl-Emamet al. research
(2004)

According to Figure 2.2Qhe bottom othe numerical modehas &ixed base. For right side of
the model used very stiff material as wellagfacing panel. Alsothetop ofthe numerical model
was free in both X and Y directionsloreover, he materiapropertiesused in(EI-Emam et al.
2004) followed Mohr-Coulomb failure criterionAs the input earthquake motion, a stepped
amplitude sinusoidal velocity function with a frequency of 5 Hz and zero vertical veloagy
applied horipntally to all nodes on the boundary at the foundation level. According to the Figure
2.21, the input velocity amplitude was increased every 5 secomstisia 00.05g base acceleration
increments until excessive deformation occurred.
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Figure2.21 Input base acceleration used in dynamic modelsl-Emamet al. researcf2004)
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Typical deformation shapes for both numerical and physicalelsare shown in Figurg.22
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Callisto and Soccodato (2007) presented the result of the dynamic numerical analysis of a
cantilever retaining wall confined in a coag®ined soil. Inthat study, the retaining wall as
designed using the pseudo static method and a small setsmificient and a recorded
acceleratiortime-history was considered, whietasapplied to the bedrodkvel The numerical

simulation was based on a hysteretic soil model followingstigl yield criterion

The initial configuration of the finite differee grid of retaining wall with an excavation in

Callisto and Soccodato study is illustratedrigure 2.23

6 m

g
<

8m

30m

free-field boundary
free-field boundary

bedrock
50 m

Figure2.23 Initial configuration of finite difference of retaining structuneCallisto and Soccodato stu¢®¥007)

According to Figure 2.23, the bottom of the modd|Gallisto and Soccodato, 2003)nsists of
bed rock and the acceleration titistory was applied to that level. On the right and left side of
model, the dynamic boundary applied astjpoundariegLysmer and Kuhlemeyer, 1968jat in
turn were connectetb freefield boundariesin thatstudy an elastiperfectly plastic soil model

with a MohrCoulomb failure criterionvasused to simulate the soil behavior.

Also, in thatstudy, dynamic models condudten onedimensional conditions by applying the
vertical propagation cdheamwaves. Inthefirst step, single frequency acceleration pulses (Ricker
wavelets) applied as input data. Then, according to a databdise Itdlian acceleration time

histories ecorded on rock a real seismic recordiaga wasised. Actually, in dynamic model, the

24



Tolmezzo NS timéhistorywasapplied which was characterized by the highest Arias Intensity la
= 0.79 m/s and by a peak acceleratipax& 0.357g. Also, the acceleiats were chosen toe
0.35 g according to the Italian codadthe maximum acceleration on rock associated to a return

period of 475 years

The deformatiorof the wall and thg@round surface iallisto and Soccodato model is shown in
Figure 2.24.
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Figure2.24. Walls deformation and ground surface in Callisto and Soccodato model (2007)

Green and Ebeling (2003), presented the dynamic response of cantilevaewanihg walls
using finite difference method and FLAC software. Green and Ebeling degefrthe wall and
soil model parameters and simulated the \wall interface The numerical resultserecompared
with the resuls of a simplified techniques for computing dynamic earth pressures ancgpent
wall displacements (Green and Ebeling, 200@)e nitial configuration of cantilever earh

retaining walls in Green and Ebeling study is illustrateigure 2.25
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Figure2.25. Initial configuration of finite element model of cantileearthretaining wall in Green and Ebeling
study(2003)

TheFLAC model base on finite difference method in Green and Ebeling study is shBiguana
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Figure2.26 Finite difference mesh using FLAC softwaneGreen and Ebeling stugg2003)
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In the FLAC models in(Green and Ebeling, 2003)he boundariegondition was applied
according to timéhistory recorded of Loma Prieta earthquake (1989). Also, an giksttc
constitutive model based on Me@oulomb failure criterion was used to model the soil behavior.

In the abovestudy, a fredield acceleration timdnistory recorded at the surface of a USGS site
class B profile during the 1989 Loma Prieta earthquwekgused in dynamic analysis. Also, a 1
D site response analysis performed using a modified version of SHAKE®Ss (8&Sun 1992).
Also, Figure2.27 shown the comparisons of the wall displacement whichtained by numerical
modeling (FLAC softwareandNewmark sliding block anases (Newmark 1965).
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Figure2.27. Comparison of the wall displacement from FLAC resalbhd Newmark sliding block analyssGreen
and Ebeling studg2003)

Parihar and Saxena (20li@yestigated the effects of wadbil-structure interaction on seismic
response of retaining wall¥heyused a FE numerical approachetaaminewall-soil interaction
as a continuum or with interface and its effect on earthquake corsdifioe deformation process
wasmodeled based on a plane strain conditionwesadl inputicceleration in the form of a typical
earthquake motioriThe cantilever retaining wallised in (Parihar and Saxena, 20i803hown in
Figure2.28
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1 Al dimensions are in meter (m).

Backfill

Figure2.28 Geometrical parameters of cantilever retaining \weRarihar and Saxena stu(®010)

The planestrain twedimensional finite element modekedin Parihar and Saxena study is

shownin Figure2.29

-

£

[

Figure2.29 Zoning of finite element modéh Parihar and Saxena stu(®010)

In Parihar and Saxena study, in the backfill section, the artificial boundary was put at 2.5 times

the height of wall towards the heel side and equal to the heigihe ofall towards toe side. And

also, the right and left sideerefixed in both X and Y gection. In the foundation patte soil
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were modelled to a depth of 0.5 times the height of wall and the vela@@tg fixed in both

horizontal and vertical direction.

For dynamic analysis, th#991 Uttarkashi earthquaketh a PGA of 0.242g or 2.372 B€¢
were useds input motion data applied to the retaining wall model. Duratitimeoécorded time
history of the motion was 40 seconds. According to Figusg most of the peaks occurred within
20 seconds of the motion.

Acceleration (m/g)
o

10 12 14 16 18 20
-1
-2
-3
Time (Sec)

Figure2.30 Input timehistory in Parihar and Saxena stu(®010)

Krishna (2010) investigated seismic lateral earth pressure on retaining wall structure using the
Finite Difference method. Ithatstudy, the behavior of cantilever retainwwglls under dynamic

loadingwassimulated using the FLAC softwafkasca 2008.

Two-dimensional numerical model usikgnite Difference method and FLAC software timat

research is illustrated in FiguBe31
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Figure2.31 Finite difference mesh of cantilever retaining walKrishnaresearch (2010)

According to Figure2.31, the right and left side dhe numerical model irffKrishna,2010)was
fixed in X direction and the bottomvasfixed in both X and Y directios The back fill material
wassimulated as Mok€oulomb material with typical properties corresponding to unfooarse
sand.

The dynamic load applied as a velocitythe form of arexcitation of targeted acceleration and
frequency. Also, eachinite Element modelvasset up by 10 ycles of sinusoidal excitation of
different acceleration between range of 0.1 to 0.5g and frequency levels of 2Hz to TiheHz.
variation of seismic earth pressumstermined in that studgt different acceleration levels is

presented ifrigure 2.32.
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Figure2.32 Seismic earth pressure at different acceleration léwédsishna research (2010)

2.4. Summary

All of the studies in literature review have focused on geosynthetic reinforced soil retaining walls
and also cantilever eartietaining walls. Cas studies conducted in this chapter were analyzed
under earthquake loading condition numerically by eithevl e FDM. Furthermore, a number
of researclworkswereconducted onhe behavior of walkoil interface of retaining walls under
earthquake loadingAlso, they considered the behavior of soil properties and its effects on the

behavior of interface between structure and soil under dynamic condition.

The main issuesidentified in literature revieware the lack of adequate studies on sall
interface behavior on the dynamic response of earth retaining walls and influence of key
parameterdn the current thesighe validation othenumerical models carried out based on the
work by Parihar and Saxen@010) In that study only the effect of walkoil interface on the
retaining wall deformatiorwas investigated no parametic stud/ or the effect of different

earthquakes motions on walbil system was reported
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Chapter 3. Numerical Modeling of Cantilever Earth-Retaining Wall using
Finite Difference Method

3.1. Introduction
Considering the restrictions of the pseudo static limit equilibrium method to simulate both static

and dynamic analyses, numerical methods have been developed accordingly. In recent years,

numerical methogl have become quite powerful in analyzing the static and dynamic behavior of

earth retaining structures.

Most of studies conductedith numerical analysis are generally based onRin¢e Element
Method(FEM) andFinite Difference MethodRDM). In order b investigate the seismic response
of reinforcedsoil cantileverretaining wall the Finite Difference Method (FDM) isonsideed

here. A the first step, atatic model of cantilever retaining wall is developed in FDM. Then,

dynamic analysis isonductedvith earthquake ground motion.
Finally, for the purpose of validatiprihe numerical resultare comparedwith the available

published results.

3.2 Retaining wall geometry
The initial configuration of cantilever retaining wall in this study is showhRigure 3.1 The

retaining wall design is conducted according
(Brooks, 2010).
)‘ rfO.Sm
|
|
| |
6.0m ‘
|
| |
| ~——24m 7-‘ 0.6m |
I P %
= 4.0m %

Figure 3.1. Cantilever retaining wall geomefBrooks, 201

32



3.3. Finite difference method

Finite DifferenceMethod(FDM) is one ofthe oldest numerical technique used for the solution
of sets of differential equations. In tROM, every derivative in the relative equatiosseplacel
by an algebraic expression written in terms of the field variables such as stress oentisptaat
separate point within elementBut Finite Element Method (FEM) is a numerical modeling
approach in which continuous media is replaced by finite number of elements interconnected at
finite number of nodes. This method can be used to calculdighlacement at the nodes and

stresses within elements.

3.4. FLAC Model

Most of FDM studies used FLAC softwali@ the simulation of earth retaining wall structure.
FLAC is a well-known, commercially availabletwo-dimensional explicitFinite Difference
program based on the Lagrangfarmulation This program simulates the behavior of structures
built of soil that can come across with plastic flow whiesir yield limits are reached. FLAC is
widely used in soil and dynamics sdil. In addition, variousonstitutive models are available in
the FLAC and can be modified by the user with minimal effort. FLAC also provides some built
in structural elements, which can be used as reinforcement or structural supports, and interface
elementsaswell (ltasca,Z)) . The dynamic option expands FLA
range of dynamic problems in disciplines such as earthquake engineering, seismology and

retaining walls

In this research, the behavior of interface between the retaining wall struatiuhe @urrounding

soil material is investigated using FLAC &l@asca 2015 which useg-inite Differencemethod

For fitting the grid to a problem region, it is important to experiment with the model to assess
boundary effects. In this study, for the pose of definition of model boundary, the first step starts
with a coarse grid and bracket the boundary effect using fixed and free boundary conditions while
changing the distance to the boundary. Then, the resulting effect of changing the boundary is
evalated in terms of differences in displacement calculated in the region of interest. Finally,

according to the Figure 3.2, the best fit for model boundary selected.
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Figure 3.2. Model boundary definition for A) right and left sides B) bottom boundary
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The initial configuration of numerical modeling by FLAC is illustrated in Figure 3.3.

Ret ai
Wa |l | k

9m

2 2n

Figure 33. Initial configuration of cantilever retaining wall modeled by FLAC

3.4.1.Mesh generation

Unlike many numerical software based on the finite element method, FLAC organizes its zones
in a rowandcolumn fashion, like a crossword puzzle. FLAC program, a pair of numbers (its row
and column numbers) is used as a particular zonerrdthn by an arbitrary ID number, as in finite

element programs (Itasca, 2015).

For optimizing the mesh size of retaining wall numerical model by FLAC program, a number of
different numerical model with different mesh generation examined. According toeF3,
displacement values are changing with increasing node numbers. But after a number of nodes
(2320 nodes), displacement trend is almost constant. For this purpose, retaining wall numerical

model built based on 2320 nodes.
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Figure 3.4. Mesh size @imizing for FLAC model of retaining wall

3.5. Static analysis

The objective of this section is to look into a retaining wall behavior from a numerical point of
view in static condition when considering boundary condition and soil behavior of mater@al. Als

with considering active soil pressure.

3.5.1. Static boundary condition

The boundary conditions in a numerical model consist of the valuéisedield variables,

including stress and displacement, which are prescribed at the boundary of the nunigrical gr

According to Figure 3.5he boundary conditions this modelconsist of roller boundaries on
the left and right sides of the model, as well as a fixed base while, the top boundary in this model

is a free surface.
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Figure 35. Static boundary condition in FLAC model

3.5.2. Soil constitutive nodel

The MohrCoulomb model is applicable for most general engineering studiess/ing soil
Also, MohrCoulomb parameters for cohesion and friction angle are usualtyneadily available
than other properties for gemgineering materials. For this purposethis study theMohr-
Coulomb failue criteria is used for simulating soil behavior modéie basic criterion fothe
material failure in FLAC is the MohCoulomb relation, which is a lineafailure surface

corresponding to shear failure according to Equatieh®8d 32 (ltasca2015).
M , L0 cwl (31
Where;
0 p OBIlj p OBl (32
01 = Major principal stressqompressive stress is negal
s = Minor principal stress
a = Friction angle
¢ = Cohesion

Mohr-Coulomb failure criterion is in Figure 3.6.
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Figure 3.6 Mohr-Coulomb failure criteriorfPortlandCement Association, 1992

According to Figure 3.6, friction angle (10G)
related to the sliding friction between individual soil grains and the interlocking of soil particles.

Cohesion (C) is analogoustiwo sheets of flypaper with their sticky sides in contact.

In addition, the angle of friction is the angle between the normal force (N) and the resultant force
(R) of normal force and friction. But, the angle of repose is the angle of maximum slopeawhere
object is placed on the slope just begins to slide. The major difference between them is that the
angle of friction is defined for rigid bodies while angle of repose is defined for granular particles.
Furthermore, the angle of shearing resistance rGateangle of frictionangle of frictional

resistancefi ) appsoximate angle of repose for clesamd it reduces wh moisture content and

is zero for a sheared, saturatdaly (Portland Cement Association, 1992)

Furthermorethe pincipal stressell:, 2, Us) &nd principal directions are evaluated from the

stress tensorormponents, and ordered so that according to following equation (I2£4&g;
” ” ” (3-3)

According toEquation3-3, the failure criterion may bepresented in the plafei] 3) &s shown

in Figure3.7.
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Figure3.7.Mohr-Coulomb failure criterion in FLAltasca, 2015)

As stated in Figure 3.7, the failure envelope is defined from point A to point B by the Mohr
Coulomb vyield function according togHation 31 and from B to C by a tension yield function
according to follow equation:

Q o, ” (3-4)

3.5.3. Material properties

According to Figure3.3, the numerical model consists of two kind of soil as a backfill and
foundation. The materigropertiesof backfill and foundatiornd also concrete asaaing wall
are shown in Table 3.1.

Table 3.1. Material Properties in FLAC modBkfihar and Saxena, 2010

. Bulk Shear ) Friction Dilation .
Density Cohesion Tension
Modules Modules Angle Angle
(Kg/m?) (Pa) (Pa)
(Pa) (Pa) (Degree) | (Degree)
Back fill 1960 1.67e7 le7 0.0 35 0.0 0.0
Foundation 2700 3.33e9 1.53e6 3e4 40 0.0 0.0
Concrete 2360 1.19e10 1.08e10
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3.5.4. Model parameters for walsoil interface

Interface elements are used to model the interaction betweernirtfogaed concrete retaining
wall and thesoil. However, FLAC does not allow interface elements to be used at the intersection
of branching structures (e.g. the intersection oteen and base of the cantilever wall). Interface
elements are used along the contact surfaces between the soil and wall, as depicted by the hatched

areas in Figur8.8.

Interface
Elements

6.0m

Figure 3.8 Location of interface elements in the FLAC model

The interface propertsbetween soiand wall is presented in Table 3.2.

Table 3.2. So#wall interface properties in FLAC moddbdrihar and Saxena, 2010

Normal Stiffness (Kn) [ Shear Stiffness (Ks) | Cohesion (C)| Friction Angle (¢) | Di | at i on
(Pa) (Pa) (Pa) (Degree) (Degree)
9.93e8 3.3e8 0.0 26.6 0.0

3.5.5. Safety factor

Factorof-safety calculation can be performed for stability analyses. Factor of safetyation
is performed here based shear strength reduction (SSR) meth®deshear strength reduction
method is an increasingly popular numerical method for evaluating factor of safety in geotechnics
problems andelevant for theMohr-Coulomb material The factor of safety calculated in this
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study for retaining wall i4.54 (Figure3.9) which is greatethan the minimum safety factor value

(1.5) for retaining walls according
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3.5.6. Static results

Figure3.9. Safety factor in FLAC model

to

ifbasi

Figures3.10 and.11 showdisplacement contours in X and Y direcwaspectively in the static

condition. According to displacement contours, maximum displacement occurs in the top of the

retaining wall.
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Figure3.10.Displacement contour in X direction in static condition
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Figure3.11.Displacement contour in Y direction in static condition

Also stress contours in X and Y directioespectively are presented in Figures 3.9 and 3.10 in
static condition According to Figures 32 and 3.B, maximum stress happens in the toe of

retaining wall.
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3.6. Dynamicanalysis

Dynamic analysis of cantilever retaining wall is conduatsithg an earthquake ground motion
considering adynamic boundary conditins. In FLAC,the dynamic analysis is based on the
explicit finite difference scheme to solve the full equations of motion, using lumped grid point

masses derived from the density of the materials in the surrounding zones.

3.6.1. Dynamic boundary condition

In static analyses, fixed or elastic boundaries can be realistically located at some tlistance
the region of the wall. Whilan dynamic problems, such boundary conditions cause the reflection
of outward propagating waves back inte thodel and do not allow the necessary energy radiation.
For this purpose, using of larger model can reducétwndaries effect on the problebrecause
material damping will absorb most of energy in the waves reflected from distant boundaries.
Although tis solution resu#tin a large computational burden, the alternative is using quiet or
absorbing boundarieg.he relation between velocity and stress wave withsiheed of wave

propagation is according to follow Equations:
., G"0 U (35
., G700 (36)
Where;

0n: Applied normal stress
Us. Applied shear stress
}: Mass density
Cp: Speed of pvave propagation through medium
Cs: Speed of-wave propagation through medium
Vn: Input normal particle velocity
Vs. Input shear particleelocity
And Cp and Cs are given by:

6 — (37

6 Q0" (3-8)

Where K and G are bulk and shear moduli respectively.
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On the other hand, the seismic input is normally illustrated by plane waves propagating upward
through the underlying aterial. For this purpose, at the side of the mduebbundary conditions

shouldaccount for the freield motion that would exist in the absence of the structure.

The dynamic boundary conditions are applied in the FLAC mshl@ivn inFigure 3.14 Quid
boundary conditions are assigned in bothXhtendY directions of model and after that fréeld
boundary is set for the side boundaries. Then, the dynamic input is assigned to the bottom boundary

as a velocity record is converted into a skstegss bundary condition.

FRQafelbl bot i &t epo F 1 ¢

Dynamic input (Apply ve

Figure3.14.Dynamicboundary condition in FLAC model

3.6.2. Input earthquake motion

In this study, for dynamic analysis, the 1991, Uttarkasinthquake in India, which recorded a
PGA of 2.372 m/sécas the input motion data applied to the retaining wall model (Figure 2.30).
Duration of recorded acceleration tithestory of the motion was 40 seconds. According to Figure

3.30, as most of the pgemoccurred within 20 seconds of the motion

3.6.3. Dynamic results

In order to investigate the behavior of retaining wiaflormationin seismic conditionaccording

to Figure 3.1& historypointis consideed at the top of the wall.
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/

History Point

Figure3.15.History pointlocatedin FLAC model

Figure3.16shows the model deformation after applying earthquake motion.
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Figure3.16.Model deformation in dynamic condition

Changes of displacements, stresses, acceleration avmityelf top of the wall wasalculated
in dynamic modelFigures3.17to 3.20 present the displacement and stress in both direckon
and Y of top otheretaining wall respectively.
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Figure3.17.Displacement changes in X direction
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The \elocity and acceleratioof the top oftheretaining wall inX direction is shown idrigures
3.21and3.22
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Figure3.21 X-Velocity changes
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Figure3.22 X-Acceleration changes
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3.7.Model validation

For the purpose of validatipthe numerical results asemparedo available studies from the
literature The published numerical model {{Parihar and Saxena, 20%8usedfor validation of
the present numieal model.The geometry of cantilever retaining wall {(fParihar and Saxena,
2010)is shown inthe Figure2.28 Also, Parihar and Saxefi2010)used &inite ElementMethod
(FEM) usingthe commercially availablsoftware ANSYS to look into walsoil interaction
behavior in retaining walin both static and dynamic conditiorfsor validation ofthe baseline
model is created in the presesitidy, using the data for cassudy presented irn(Parihar and
Saxena, 2010) Furthemore, Parihar and Saxen@010)investigated the behavior of wabil
interface of retaining wall as well as the main subject of this reseatabh provides adequate

data for validation

Thereforejn the present study,Rnite Differencemodelof theretaining wallis set up according
to the details given irParihar et al. modg|Parihar and Saxena, 2010)hen, the geometry,
boundary condition and material properties in this sardgonsideedacording to that studyni
thestatic conditionthelateral active pressure distribution is compacethe published numerical

model in accordanasith Figure3.23.
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FLAC Model = = =Published Numerical Model (Parihar and Saxena, 2010)

Figure3.23.Lateralactive pressure distribution FLAC model and published numericaiodel
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Also, the numerical model is compared in dymic condition with published numericalodel
basel on the maximum displacement ahetop of the retaining wall in both X and Y direction
according to the Table 3.Barihar and Saxer{@010)reported only the maximum displacements
at the top of the walbased on the dynamic analysis. They compare quite well with results of the

present analysis.

Table 3.3. Model validation in dynamic condition

Max Displacement inX direction Max Displacement in Y direction
Published numerical Model Published numerical Model
FLAC [viget) (Parihar and Saxena, 2010) P il (Parihar and Saxena, 2010)
8.2mm 8.51mm 2.7mm 2.39mm

Figure 3.21 andable 33 show thatresuts obtained from the FLC model hageod agreement
with thepublished numerical model.

3.8. Summary

In this chapter, in the first part, the cantilever retaining wall modeled by Finite Difference Method
(FDM) and FLAC software in static boundary condition with considering M&dulomb criteria
as soil constitutive model. In the second part, accordingptmdary condition and also input
earthquake motion, dynamic analysis of cantilever retaining wall conducted. Finally, for the
purpose of validation, the numerical results in both static and dynamic condition compared with
the available studies from thedititure reviewParihar and Saxena, 2010)
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Chapter 4. Effects of theShear Strength and Stiffness Parameters ofWall-soil
I nterface under Earthquake Loading

4.1. Introduction

In this chapter, the wall interface shear behavior has been presentstudyhacludes series
of parametric studiesinder static and earthquake loading. The wall interface system considered
here is analyzed numerically Wyinite Difference method as discussed Chapter 3. All of the
interface parameters investigated in thect®n are based on shear strength and stiffness

parameters and also dilation value.

Furthermore, based on accelerattone history of a ypical earthquake which is recorded in
India (20" Octoker, Uttarkashi, 1991), the dynamic deformation of the rigtginvall under

different loadingconditions is investigated.

Finally, effect of interface roughness is investigated according to shear strength and stiffness
parameters with dilation changes.

4.2. Wall-soil interface definition

Generally in geomechanidld, there are several instances when it is desirable to represent

planes on whiclsliding or separation can occur as follow:
1. Joint, fault or bedohg planes in a geologic medium
2. An interface beveen a retaining wall structure and the soll
3. A contact plane between a bin or chute arelrtraterial that it contains
4. A contat between two colliding objects

In this research used the second definition for investigatitimedbehavior of interface between

structure and surrounding soil material of i@tag walls.

Also, an interface is represented as a normal and shear stiffness between two planes that may
contact each othein fact, in FLAC program, the spring parameters (normal and shear stiffness)
for the contact interfaces are defined from gridrid. Figure4.1 presend interface parameters in
FLAC.
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Figure4.l Interface parameters in FLA@asca,2015
Where;
S: Slider

T: Tensile Strength
Kn: Normal Stiffness
Ks Shear Stiffness

Lr andLm: Length associated with grbint Nand M

4.3. Direct shear test

The purpose of domdirect shear test t® determine the shear strength parameters of soil. The
shear strength is one of the most importangfireering properties of a soilhe shear strength is
needed for engineering situations such as determining the stability of slopes, calculating the
bearing capacity for foundations, and also calculating the pressure exerted by a soil on a retaining
wall. Furthermore, according to direct shéest, cohesion (C) and friction anglé fparameters

will beobtained.

According to Figured.2, the soil sample is set in a cubic shear box composed of an upper and
lower box. Distance between two parts of the b@pgroximately at the mid height of the sample.
A normal stress apigis at the top of loading plate and also shear stresseagmm side of box.

Horizontal and vertical displacemerage controlledby a strain gage. These measurements are
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then used toltain the stresstrain curve of the sample during the loading for the given normal

stressFigure 4.3.

Loading

Normal Vertical
Plate @

Force Deformation
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Figure4.2 Direct shear test set up

Co ¥
S

Figure4.3. Shearstrength curve
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4.4. Mohr-Coulomb interface model

The coulomb shesastrength criterion is useith numerical model$or simulationof wall-soil

interface according to following equatiitasca, 201p
t 6 , OAI(41)
Where;
t: Shear Stress
C: Cohesion
» . Normal stress

* : Friction Angle

4.5.Wall-soil interface parameters

Wall-soil interface parametetgpically can be separadeby shear strain parameters (cohesion
and friction angle), stiffness parameters (normal and shear) and ditatiss The objective of
this section is to investigatbe behavior of retaining walls according to the change of interface
parameters for both static and dynamic conditi@eformation changes for different interface
parameters are explained below in furtketail. The ranges of values of each parameter are
selected based on those reported in the literature (Green and EbelingCB8A8§.et al, 2013.
Krishna, 2010. EEmam et al, 2004. Parihar et al, 20d@tami, and Bathurst, 2001).

4.5.1.Sensitivity analysis ofshear strength parameters

In this sectiona sensitivity analysis of thghear strength parametassociateds carried ouby
considering botlstatic condition and alsgeismicexcitation to retaining wall structures. Figures
4.4 to 4.11 show the displament contours in the static state in X direction and Y direction for
different values of cohesions (C=0, 1KPa, 10KPa and 100K®sgjlacement contours in Figures
4.4 to 4.11 show that in static condition with increasing cohesion, wall displacement# in bo

horizontal and vertical direction will decreases.
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Figures4.12and4.13showthe variation ofdeformationat thetop of retaining walin both X

and Y directioragainst different values of cohesion (C) between wall and sidiit al dynamic
condition

4.80E-02

4.00E-02 00— g— —

3.20E-02

2.40E-02

1.60E-02

Displacement (m)

——————————————————————— q‘
8.00E-034k = =4 A

0.00E+00
0.0E+0 1.0E+4 2.0E+4 3.0E+4 4.0E+4 5.0E+4 6.0E+4 7.0E+4 8.0E+4 9.0E+4 1.0E+5

Cohesion (Pa)

—@— Static = & = Dynamic
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Displacements contours in both X and Y directare presented inFigures4.14to 4.21 for
different values of friction anglé ( =2 9 O, a n3l2 (B, &ati§ Sandition.According to
displacement contours, wall displacements in both X and Y direction will decrease with increasing

friction angle values.
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The behavior of retaining wall deformation against different values of friction frghall-soil

interface are presentedkigures4.22 and4.23in both static ad seismic condition
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The numerical results shawat in the static conditigthewall displacements in both horizontal
and vertical diections wouldlecraseby increasing the cohesion (C) and friction anglev@lues.
But in dynamic analysjshe wall deformation is different and with increasing the values of shear

strength parameters (Cohesion and friction angle) the wall displacements increase.

4.5.2.Sensitivity analysis of stiffnesparameters

A schematic of the FLAC interface elemenpresented in Figuré.24 According to interface
mechanism, the element allows permanent separation and slip of the soil and the structure, as
controlled by the parameters T and S, respectively. Furthermore, for the cohesionléss soll
modeledwith T=0, whileSiss peci fi ed as a function of the ir

Side A of Interface

Zone Zone

Kgrid point
—

§Kn

Zone
Side B of Interface

grid point
S

Ks

7®

Figure4.24.Schematic of FLAC interface elemglitasca, 2015

Where

S = Slider

T = Tensile Strength
Kn = Normal Stiffness
Ks= Shear Stiffness

According to the FLAC softwardltasca 25, Theory and Bekground Manual), normal
stiffness (K1) andshear stiffnesgKs) be set to ten times the equivalent stiffness of the stiffest
neighboring zonéltasca, 2015)The apparent stiffness (expressed in stpesslistance units) of

azone in thenormal direction i®btainedaccording to following equation:

66



L P A oowy—_ (4-2)
Where;
K: Bulk moduli
G: Shear moduli

emin: Smallest width of an adjoining zone in the normal direction

Moreover, the shear stiffnegmrameter (K has themain role inthe behavior of walkoll

interface. For this purpose, tetermination of the shear stiffness)(kequired considerably more

effort than the determination of the other interface element parameters.

The interface eleant in FLAC, in shear behavior, essentially is an elpidstic model, with an

elastic stiffness oKs and yield strength SShear stiffnessK(s) value will obtained according to

equatiord-3 (Itasca, 2015)

0 v (4-3)

Ki: Dimensionless interface stiffness number for initial loading

"W Unit weight of water in consistent

Un: Normal stress acting on the interface

P At mospheric pressure in the same
n;: Dimensionless stiffness expent

Ry: Failure ratio

-~

a: I nterface friction angl e

Figures4.25t0 4.32illustrate displacement contours in X and Y direction for different values of

n

u

ni

ts

shear stiffnes¢Ks= 3.3e6, 5.6e6, 2e7 and 5efd)static stateDisplacement contours in Figures

4.25t0 4.32 show that with increasing shear stiffness, wall deformation will decrease.
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Figure4.25.Displacement contours in X direction fog#&3.3e6 Pa
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Figure4.26.Displacement contours in X direction fogK5e6 Pa
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Figure4.27. Displacementontours in X direction for K= 2e7 Pa
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Figure4.29 Displacement contours in Y direction fog3.3e6 Pa
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Figure4.30 Displacement contours in Y direction fogK5e6 Pa
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Figure4.31 Displacement contours in Y direction fogK2e7 Pa
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Figure4.32.Displacement contours in Y direction fogK5e7 Pa
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Deformation changes against the shear strength valjan@presented in Figurés33 and 4.34

for static ad dynamic condition
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Figure4.33 Displacement changes in X direction against different shear stiffness values in static condition
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Figure4.34 Displacement changes in Y direction against different shear stiffness values in static condition
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Displacement contours forfterent values of normal stiffneg&,=5e7Pa, 2e8Pa, 4e8Pa and
7e8Paj)n both X and Y direction are presenteddgures4.35to 4.42 These Figures show that

with increasing normal stiffness parameter, wall displacement decreases.
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Figure4.35 Displacenent contours in X direction for £5e7 Pa
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Figure4.36 Displacement contours in X direction for#e8 R
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Figure4.38 Displacement contours in X direction forK7e8 Pa
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Figure4.39 Displacement contours in Y direction for K5e7 Pa
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Figure4.40 Displacement contours in Y direction for2e8 Pa
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Figure4.42 Displacement contours in Y direction forK7e8 Pa

76




Figures4.43and4.44 illustratethe displacement changes retaining wall with different value

of shear stiffness parameternjKor both static and seismic loadiatate
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Figure4.43 Displacement changes in X direction against different nostifiiless values in static condition
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Figure4.44 Displacement changes in Y direction against different normal stiffness values in static condition
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Sensitivity analysis of the stiffness parameter of gall interface shows that, in static condition
with increasing normal and shear stiffness value, wall dispt@nt would decreased in both X
and Y direction But in dynamic condition, wall displacement increase with increasing shear

stiffness value whereas wallsglacement wouldecrease by increasilyghormal stiffness value.

4.5.3. Sensitivity analysis of itation

Dilation is governed in th&lohr-Coulombinterfacemodé by a specified dilation angley].
Also, dilation is a function of the direction of shearing. When the shear displacement inciement
in the same direction as the total shear displacgndilation increases btlte shear increment is
in the opposite direction, dilation will decreases.

During sliding, shear displacement can cause an increase in the effective stoessglbn the
interface, according to thiellowing equation(ltasca, 2015)

., . 2 _0AT 0 @49

Where;
1: Shear Stress

y: Dilation Angle

» . Normal stress

L: Effective Contact Length

Kn: Normal Stiffness

Ks Shear Stiffness

SGs : Magnitude ofShear Force

In this section, a sensitivity analysis of the dilation paramgler(has been conduct e
to different valyedoa@ahddjlbadiondi apylae e ment c
direction are shown in Figure 4.45 to 4.52 ftatie condition.According to the displacements

contours, with increasing dilation values, wall displacement decreases.

78



JOB TITLE : X-Dizsplacement i
L 1am
FLAC (Version 8.00)
LEGEMD
38017 1402 -1
step 40426
-1 229E+00 =x= 2 322E+01
SFT22E400 =y= 1 BT2E+M
H-dizplacement contours - e
. -4 00E-02
-3.50E-02
-3.00E-02
-2.50E-02
-2.00E-02 |- 0o
-1.50E-02
-1.00E-02
I -5.00E-03
0.00E+00
Contour interval= 2.50E-03 |- oo
Grid plot
L1 11 11
a SE O
L o.«m
T T T T T T
oam [1f= 1] 100 1.40 12m zZam
o)
Figure4.45 Di spl acement contOdegree in X direct
JOB TITLE : ¥-Displacement )
L 1am
FLAC (Version 8.00)
LEGEMD
3-Aug-17 1408 L 1zm
step 32687
-1 222B+00 =x= 2 322E+M
W7 T22E400 a2 1 BT2E+H
H-dizsplacement contours - e
. -3.75E-02
-3.25E-02
-2.75E-02
-2.25E-02
-1 .75E-02 |- 0o
-1.25E-02
-7 S0E-03
I -2 .50E-03
Contour interval= 2.50E-03 |- oo
Gricl plot
I I N |
0 SE 0
[ O.+«m
nzm odn 1o 1.4 1am zam
AT
Figure4.46.Di spl acement cont o=bdegree n X directi

79

i on

on

f

o



JOB TITLE : R-Displacement

[l g t]

FLAC (\Version 8.00)

LEGEND

3-Bug-17 1410
step 92263
-1 222E+00 =x= 2 322E+01
-7 T22E+00 =y= 1 BTZE+01

r-displacement contours
. -3.75E-02
-3.25E-02
-2.75E-02
-2.25E-02
-1.75E-02
-1.25E-02
-7 S0E-03
-2.50E-03

Contour interyval= 2 .50E-03

Grid plot
I I
1] SE 0

oam os;m

Figure4.47. Di splacement contdOudegeee i n X direct
JOB TITLE : X-Displacement 3]
[ 1510
FLAC (Version 8.00)
LEGEMD
IBug-17 1415 .
step 195360
-1 222E+00 = 2 322E+01
7 TI2E400 =y= 1 BT2E+M __
Y-dizplacement contours E; - e
275E02 !
-2 00E-02 .
-1.25E-02 I
_5.00E-03 f
2 50E-03 =: L o.m
1.00E-02 i
1.75E-02 E=EE=S=s=c==t
Contour interval= 2 S0E-03
Grid plot L oom
L1111
0 5E O
[ O.«m
n=m nam J 1.4 12m zam
[ahls ¥l
Figure4.48.Di spl acement cont o=ulbdegréen X directi

80

(0]

on

n

f

0



10

JOB TITLE @ Y-Displacement
- [ 150
FLAC (Version 8.00)
LEGEND
1m0

3-Aug-17 14:02
step 40426
-1 222E+00 =x= 2.322E+01
-7 F22E+00 2y= 1 BT2E+DM

Y -dizplacement contours
B -3.50E-02
-2.50E-02
-1.50E-02
-5.00E-03
5.00E-03

. 1 50E-02

Contour interval= 5.00E-03

Grid plot
I |
o} SE O

o.«m

omm

-O.m

Figure4.49.Di spl acement cont o=Wrdegreé n Y di

3-Aug17 14:08
step 32687
-1 2226400 =x= 2 322E+01
7 T2IEH00 <y 1 GT2E+0

Y -displacement contours
B -3.00E-02
-2 00E-02
-1 .00E-02
0.00E+00
1.00E-02
2.00E-02
Contour interval= 5. 00E-03
Gridd plot
I I
1] SE O

JOB TITLE : -Displacement [l 2
| 1am
FLAC (Version 8.00)
LEGEND
12m

|
:
|
|
|
| o.m
H
11
| oom
| -0.m
T T T T T T
ozm n.am 1.4m 12m zzm

10m
[l 4t}

Figure4.50.Displacement contours¥ di r e c Ebdegreef or y

81

rect

on

o



JOB TITLE : v -Displacement

FLAC (Version 8.00)

LEGEND

3-Aug-17 14:11
step 52283
-1 222B+00 =x= 2. 322E+01
ST F22E+00 =y= 1 BT2E+01

Y-dizplacement contours
B -300E-02
-200E-02
-1 00E-02
0.00E+00
1.00E-02
2.00E-02
Contour interval= 5.00E-03
Grid plat
I
1} SE 0

ozm

1.40 12m 22m

3]

o=am

0.+m

oom

Figure4.51 Di spl acement contdldegee i n Y di
JOB TITLE : Y-Displacement D)
[ 1am
FLAC (Version 8.00)
LEGEND
Sfug7 1415 -
step 195360
-1 222E+00 =x= 2 322E+01
7 T22E+00 =y= 1 BT2E+01
H-dizplacement contours S
P 37E
-325E-02
-2.75E-02
-2.25E-02
-1.75E-02 [ o
-1 25E-02
-7 50E-03
I -2 50E-03
Contour interval= 2 50E-03 |- oo
Grid plot
A T |
0 SED
[0.«m
T T T T T T
ozam [af-nx) 100 1.40 12m rfen u)
[ [ ]
contobdegee i N Y di

Figure4.52

Di spl acement

82

rect

rect

on

on



Displacementshangesin lateral and vertical directiomgainst the shear dilatiowall-soil

interface(y) areshownin Figures4.53and 4.54, respectivelyof static ad dynamic condition
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Figure4.53.Displacement changes in X direction against different dilation values in static condition
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Figure4.54. Displacement changes inditection against different dilation values in static condition
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Surface

Figures4.53 and 4.54 shows that, in static state with increasing dilation angle value, wall
displacemenin both lateral and vertical orientations wodlecrease sharply whereas in dynamic

statewall deformationwould increase with increasing dilation angiglue.

4.6. Surfaceroughness

The dfect of interfaceroughness is one of the most important issndahe interface behavior
between wall and soil. For this purposejahnof the pastesearchocused orinterfacetype that
doesnot experiene normal unloadingandthe conclusionfrom such studies wetbat a rougher
interface exhibits higher shear strength and higher shear stiffness. In fact, interface roughness was
found to have anfiect on the shear zone thickisesnd shear failure model aaden control the
movement style of the soil particles along the inter{&@eeng et al. 2013)

In the presentesearch, thesall-soil interface is considerdthve anediumroughsurface where
with increasing shear stiffness, friction angle aiation parametersurfacerougmess increases
Furthermore, with decreasing shear stiffness ardidn angle, a smooth surface abtained.

Figure 4.55 shows the interface roughness diagram.
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Figure 4.55. Interface roughness diagram
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Figures 4.56 to 4.59 show the roughness surface for static and dynamic condition{rabdth

Y directions.
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Figure4.56 Surface roughness in static condition (X direction)

6.50E-03
6.00E-03
5.50E-03

5.00E-03

Displacement (m)

4.50E-03

4.00E-03
Smooth Medium Rough

Surface Roughness

Figure4.57. Surface roughness in static condition (Y direction)
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Figure4.58 Surface roughness in dynamic condition (X direction)
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Figure4.59 Surfaceoughness in dynamic condition (Y direction)
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4.7. Summary

In chapter 4, the behavior of interface between structure and soil under various loading and
boundary conditioms investigated. In fact, the effect of shear strength parameters (cohesion and
friction angle), stiffness parameters (normal and shear) and dilation e$oiaihterface on
seismic response of retaining wall was investigated in both static and dynamic condition. Results
showed that in the static condition, wall displacement was decrbgsadreasing the cohesion
(C), friction ang)mmdlétjness @heand sdii If dtniecrs ( K)
dynamic loading models, with increasing the values of shear strength parameters (Cohesion and
friction angle) and shear stiffag (K), the wall displacements were increased whereas with
increasing normal stiffness g{Kvalue, wall deformation was decreased. In additionrekelts at
different surfaceoughness for static and dynamanditions show that the rough interface tessu

in higher stiffness and reduces the displacement in both X and Y directions
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Chapter 5. Sensitivity Analysis on theBehavior of Soil Retaining Walls under
Sebsmic Responséccording to CanadaEarthquake

5.1. Introduction

Dynamic analyses conducted in Chapters 3 and 4 were performed according to the model
presented iffParihar and Saxena, 20Mhich used an Indian earthquake motion"(Ziktoker,
Uttarkashi, 1991 The results irChapter 3 was used primarily for validatipanrpose, while the
results inChapter 4 shows the sensitivity of different parameters to static and dynamic response
of the waltsoil system.

In this chapterthe dynamic behavior of the reference wall systemis studied fora set of
critical paramedrs found from the study @hapter 4Also, the retaining wall geometry considered
here was proportioned according to the Indian seismic conditions as reported in Parihar et al.
(2010). The study presented here usas earthquake excitation correspondingthe Quebec
region.For the purpose of comparison, the displacement response of th&oalfstem for the
selected seismic events in India and Canada is computed for each cased@&taled parametric
study is conducted for different soil propestie

In this chaptera Canadian earthquake moti@" March, Quebec, 200%3 appliedto the walt
soil system and dynamic time history analysis has been condé&ctethis purposeg sensitivity
analysis of the parameters associated wih-soil interface iscarried out looking into the seismic
resporse of retaining wall structure and results are compared to results corresponding to the Indian

earthquake.

5.2.Effects of theshear strength and stiffness parameters ofwall-soil interface
under Canada (Quebec) earthquake

In this section, aensitivity analysis of the parameters associatedintigéinface between soil and
structure iscarried outaccording to a selected Quebec earthquake. The assumption of dynamic
model analyzed in thisart is as samas the presented model in Chapter 3.

5.2.1. Quebec earthquake motion

According to Figure 5.1, the accelerattone-history usedn the dynamic analysis is accordance
with 6" March, 2005 Rivierelu-Loup earthquake in Quebe®he earthquake has a duratiof
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