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SYNOPSIS

The |thesis considers the interaction between rigid retaining walls and the soil
retained by them and below them. Finite element method is employed for non-
linealr two dimensional retaining wall-soil interaction analysis. Data preparation
for the computer program is largely automated.

A study of the stresses and strains in the soil revealed that the extent of soil to
be included in the finite element mesh need not be very large. A horizontal
extent of soil (retained) equal to six times the wall height and a vertical extent
of soil below the footing equal to about three times the footing width have been

founid to be adequate for modelling a retaining wall-soil system.
| .

A plz:mned scheme of analyses of a number of rigid retaining walls with varying
heights, thickness of the stem, thickness of the wall footing and different
compressive strength of concrete were examined. The effect of soil properties
such|as effect of unit weight, Poisson's ratio, angle of internal friction and
surface slope of backfill soil, on the lateral soil force and the bending moment
at a given depth were investigated. In addition to this, effect of depth of
embedment of the wall into the original soil was examined. After analysis for
the self weight of the retaining wall-soil system, analyses were carried out for
surcharge load, i.e., line load and distributed load. Magnitude and location of
line load was varied to study the effect of these parameters. For uniformly
distributed load, only the magnitude of the load was changed.

It was observed that the moment of inertia of stem of the wall and the wall
footing do not affect the values of lateral soil force and moment. Concrete
strength has shown little effect.

Results show that the slope of soil surface has considerable effect on the
lateral soil force and the moment. It was observed that unit weight and
Poisson’s ratio produce linear variation to the lateral soil force and moment,
Angle of internal friction was observed to have smaller effect than that
predicted by the traditional analysis. Depth of embedment also affects the
lateral soil force and the moment.

It has been found that magnitude of line load has linear variation with lateral
soil force and moment. Distance of line load away from the wall face was




" found to have exponentially decaying effect on lateral soil force and moment.
Larger walls show a critical distance from the wall face at which the effect of
line load is maximum. Uniformly distributed load also shows a linear variation
like the previous case. It was observed that intermediate walls are subjected to
greater lateral soil force and moment for this case.

Finally, results of finite element analyses were compared with a few commonly
used methods. It was observed that for self weight of retaining wall-soil system,
the lateral soil force is greater than that predicted by the selected methods. But
for walls of larger height, moment was found to be smaller for horizontal
backfill. Effect of slope of soil surface was found to have greater effect than
that predicted by these methods. Location of the resultant of the lateral soil
force was found to be a function of the wall height and the slope of the soil
surface. Effect of line load was observed to be greater than that predicted by
Boussinesq equation but smaller than Trial Wedge method. For uniformly
distributed load, finite element method shows smaller effect than Rankine's or
Coulomb's method. On the other hand, Ramon's method shows smaller effect
than finite element method for small walls.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 INTRODUCTION

Moderate to large height retaining walls are frequently used to retain soil which
may support highway, railway or ordinary building systems. Structural
performance of these walls are influenced by the soil under them and by the
soils retained by them.

Retaining wall, being a structure supported on earth and supporting the soil on
one of its side, interacts with the soil. Soil, which is retained by the wall,
contributes to the performance of the wall; it helps to distribute the surcharge
load ( surface loads ) more evenly and reduces their intensity. At present state,
loads on the wall are calculated simply by the soil property. The structural
properties of the wall and its base are not taken into account. Due to the
deformation and rigid body movement of the retaining wall, stress
redistribution in the structure takes place. Thus the behaviour of a retaining
wall and the soil mass poses a complex problem and must be addressed by
applying the principles of structure-soil interaction. This interaction can only be
studied by a realistic and comprehensive finite element model.

In this study attempts have been made to construct an analytical model that
closely resembles the real field behaviour. Detailed investigations have been
performed to study the fundamental behaviour of rigid retaining walls under

various conditions. ‘

1.2 REVIEW OF INTERACTIVE ANALYSIS

For an interactive analysis few exhaustive methods are available. Most of these
methods simplify the behaviour of the structure or the soil or both and give
results which are insufficient. The traditional concept attacks the problem as a
two phase system. The structure is one and the soil is the other. Attempts are
- then made to account for the interaction between these two phases by some
simplified approach. Either the structure is supported by a fictitious soil or the
soil is analysed, with the structure being represented by an artificial model.
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Since the original development of the concept of interaction of building frames
with their supporting soil and the need for inclusion of structural rigidity in
calculating settlements of their supports by Meyerhof (1947), much progress
has been made and the phenomenon of structure-soil interaction has received
extensive attention of research workers. An extensive review is obtained in the
works performed by Rahman (1978). In the recent past a number of texts
dealing specially with structure-soil interaction problems and their solutions
have appeared, most significant among them is that by Desai and Christian
(1977), which covers a wide range of problems and gives a useful introduction
to analysis techniques. Other important texts are by Gudehus (1977),
Zienkiewicz (1978) and Selvadurai (1979). Selvadurai presents an exhaustive
treatment of analytical methods for the solution of problems involving beams
and plates on a soil mass represented by either a winkler material or an elastic
continuum. Of particular value is the summary of solutions for a plate on a
elastic half-space, which is of direct utility in the design of raft foundations.
Three comprehensive general reviews have also been published. Hooper ( 1978)
summarises methods and solutions for the linear elastic analysis of foundation
under static loading, including raft, pile groups, pile-raft foundations and
problems in which superstructure stiffness is accounted for. Meyerhof (1979)
considers a similar range of problems but also summarises some available data
on allowable deformation of structures. A feature of Meyerhof's paper is the
compact and clear representation of a number of theoretical and experimental
results in a readily usable form. Poulos (1981) gives a general report reviewing
the development in the area of structure-soil interaction since 1977. Karim
(1985) petformed a series of plane strain finite element analyses of large
diameter flexible pipe culverts. In the interaction analysis Karim (1985)
represented the culvert by straight Beain-Column elements and the soil by four
node Iso-P elements. He studied the effects of soil and structural parameters
such as stiffness of culvert, depth of cover above the crown, size and shape of
the culvert and Poisson's ratio of soil on the performance of flexible metal
culverts. Nazneen (1986) studied the interaction between framed structures
with orthotropic wall infills and their supporting soil by employing the finite
element methods, which considered the non-linear three dimensional structure-
soil interaction. Parameters such as deflections, bending moments, soil stresses,
wall stresses and crack propagation were examined in detail by her. Seraj
(1986) developed a two-dimensional non-linear finite element program to cater
for the interaction analysis of vatrious rigid culverts buried in soil. In his study
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Seraj (1986) examined the effects of installation conditions, depth of cover
above the crown and thickness of culvert on axial force, bending moment, shear
force and deflection at various points of the rigid pipe culvert. He represented
the rigid culvert by circular beam elements, soil by eight node isoparametric
element and used interface elements at the interface of soil and culvert. He took
care of tensile separation of the soil mass. Further development in this field was
carried out by Seraj and Rahman (1987). Later Bhattacharjee (1989) extended
the numerical model of Seraj (1986) and Seraj and Rahman (1987) for dynamic
analysis. He studied the dynamic response of soil without buried structure and
the interactive response of a buried structure subjected to impulsive loading on
the surface. Base conditions of rigid and semi-infinite cases were investigated
to study their influence on the response of the system. He performed a paralle]
series of non-linear static analyses for the maximum magnitude of shock
loading. Ziegler (1987) studied the displacement dependent earth pressure on
retaining walls interacting with sand. He confirmed that both magnitude and the
distribution of the earth pressure depends considerably on the type of wall
motions. Small displacements of the wall can cause significant change in the
earth pressure. His interaction analyses studied in the magnitude of resulting
active carth pressure force smaller than the classical value obtained with
Coulomb's theory and he recommended to consider displacement dependent
earth pressure in the design, instead of the classical theory with a linear earth
pressure distribution. Tien et al, (1988) studied the soil reinforcement using
roots by considering the contribution of the tensile force in a root segment that
intersects a potential slip surface in a soil-root system. They evaluate the tensile
force when the system is subjected to a shear displacement by considering the
root segment as a beam on elastic plastic support and as a cable for small and
large deflection. Equilibrium and displacement compatibility at a branch point
was used to analyse the distribution of forces between two root branches of a
root system, by them. Mauricio and Michel (1989) performed the interaction
analysis of pile groups for displacement and distribution of loads among the
pile heads by means of a stiffness matrix equation that incorporates individual
pile stiffness and the influence of piles on their neighbours using pile head
interaction factors. Harry (1988) found that if the soil between the piles in a
group is considered to be stiffer than the soil directly adjacent to the pile, the
settlement interaction between piles in a group is reduced. The extent of this
reduction depends on the ratio of Young's modulus of soil mass to the Young's
modulus of pile, the geometry and relative stiffness of the piles. He found that
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conventional analysis techniques provide conservative answers. Chow and Teh
(1991) presented a numerical model to study the behaviour of vertically loaded
pile groups embedded in a non-homogeneous soil with the pile caps in contact
with the ground. The considered soil profiles consist of soil with Young's
moduli increasing linearly with depth. They did not consider the non-linear
behaviour. They presented parametric solution to show the influence of the
distribution of the soil Young's moduli on the behaviour of the groups. John
(1993) proposed an improved model for soil-structure interaction analysis
which he termed as Reissner simplified continuum (RSC) and claimed it to be
the most accurate subgrade model developed to date for use in routine practice.
Software modifications to accommodate this model in structural analysis
software are relatively simple. Although the significantly improved accuracy of
this model compare.d to Winkler's hypothesis has been demonstrated both
theoretically and using case histories of mat foundations, acceptance and
implementation of the RSC in practice has been slow to date. Seraj (1993)
proposed physical models, in compliance with the concept of Compressive-
Force Path (CFP), to encompass reinforeed concrete footings and retaining
structures. He opined that, a reappraisal of the current design concepts, rather
than changes in the design equations, sh'oruld be prerequisite for any future code
revision. The author claimed that by introducing new design models the CFP
method, which departs radically from established design philosophy, may be
extended to a more realistic ultimate limit state design of reinforced concrete
geotechnical structures. ' '

1.3 OBJECTIVE OF THE PRESENT RESEARCH

The general objective of the research are:

(2) To use a plane strain finite element computer program for the non-linear
incremental analysis of rigid retaining wall and soil as an integral system, and
write routines to incorporate such features as automatic data generation, footing

shape, slope of soil surface, soil reinforcement etc.

b) To use the program to analyse a series of different retaining wall-soil
systems to gain an insight into their behaviour. '

¢) To study the effect of several parameters such as wall thickness, footing
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shape, wall height, surcharge load, siope of soil surface, unit weight of sojl,
Poisson's ratio, strength of concrete, on the performance of the retaining wall.

~ analyse the system represented by the model described in Chapter 4. The
program considers the retaining wall-soil as an integral system. The problem is
huge and would ordinarily be beyond the storage capacity and calculating
speed of most ordinary computers. Novel techniques, for the efficient storage

As 500n as the new subroutines ( Programs ) are developed, and associated with
the available plane-strain computer program for soil-structure interaction, it can
be used as an analytical too] to gain an insight into the behaviour of different
retaining wall-soil Systems. A planned scheme of analysis of retaining wall
with different height, wall and base thickness, soil and jts surface slope, shape
of footing was undertaken. The analyses are described in Chapter 5. Results are
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discussed in Chapter 6. Comparison of finite element analysis results with
results obtained from available methods for various cases are presented 1n
Chapter 7. Conclusions and recommendations for future research are presented

in Chapter 8.




| CHAPTER 2
 ANALYSIS METHODS FOR RETAINING WALL

2.1 INTRODUCTION

When a retaining wall is being designed, the designer must check the stability
of the wall. The wall must be stable against:

1. Stem shear and bending due to lateral earth pressure on the stem. This is
computed from soil parameter and height of the stem.

2. Base shear and bending moment at the stem caused by wall loading.
producing earth pressure on the base.

3. Overall wall stability, i.e.,.

a) Sliding-produced by earth pressure on the vertical plane. |
b) Overturning about the toe
¢) Rotational stability

4, Stability against bearing capacity failure.

* An attempt is made to estimate the shear and bending moment developed at the
base of stem by the lateral pressure due to soil and surcharge load by finite
element method for different types of soil, wall height etc. These values will be
compared with the values obtained from the traditional methods. A brief
discussion on the lateral earth pressure and its estimation by traditional
methods is made first.

2.2 TRADITIONAL METHODS OF ANALYSIS

For estimating the lateral pressure from earth, the most generally used method
is the method of plastic equilibrium as defined by Mohr's rupture envelope of
Figs 2.1 and 2.2. Active earth pressure refers to the plastic equilibrium state
defined by rupture circle AC of Fig.2a. The minimum principal stress,
OC = o; is termed the active earth pressure which is given by
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o3 = o tan’ (45°-/2) - 2C tan (45°-4/2)

for cohesionless soil putting C =0,.

03 = o) tan? (45°-¢/2).

Here, tan? (45°-¢/2) is termed as the active earth pressure coeﬂiment the usual
range of it for cohesionless soil is between 0.22 to 0.33.

To determine the loads on a retammg wall, following theoretical methods are
available:

a) Coulomb earth pressure theory

b) Rankine earth pressure theory

¢) Active earth pressure using theory of plasticity

d) Graphical solution for lateral earth pressure.
(Culmann's solution, trial-wedge method)

2.2.1 Coulomb Earth Pressure Theory

This 1s one of the earliest method for estimating earth pressure against wall by
Coulomb (1776). He made the following assumptions:

1) Soil is isotropic, homogeneous and has both internal friction and cohesion.

i) The rupture surface is a plane surface (like AE in Fig. 2.3) and the backfill
surface is planer (it may have slope but is not irregularly shaped).

ili) The friction resistance is distributed uniformly along the rupture surface and
the soil-to-soil friction coefficient is given by, f=tan ¢.

iv) The failure wedge is a rigid body undergoing translation.
v) There is wall friction i.e., as the failure wedge moves with respect to the

backface of the wall, a ﬁ‘lCtIOIl force is developed between soil and wall. This
friction angle is usually denoted as §.

vi) Failure is a plane strain prob[em; consider a unit slice from an infinitely
long wall.




Figure 2.3  Failure wedge used in deriving the Coulomb equation for
active pressure (Bowles, 1988)
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Figure 2.4  Forces acting on the failure wedge used in coulombs theory
' (Bowles, 1988)




The principal deficiencies in the Coulomb theory are in the assumption of an
ideal soil and that the rupture zone is a plane. But for clean sand in the active
pressure case photographs of model wall indicates ( Bowles, 1988 ) that the
rupture zone is very nearly a plane.

In Fig 2.3 from triangle ABD

BD/AB =sin( 180-a-p)

BD=ABsin(a-p)

also from Triangle ABE

AE _ AB
sin(a +B) sin(p-f)
From Fig 2.3

H .
— = sina
AB
AB =H sina
Hence area of the failure wedge ABE

= lBD. AE
2

= l.AB.sin(a + p).-AB.M
2 sin{p—PB)
H?  sin(o +p).sin(o +B)

Area = ———. -
2sin”“ o sin{p —B)

so, weight of the wedge per unit width

oy HE . sin (oL + )
W= 5 .[sxn(a+p).m———sin(pmﬁ)]

2sin” o

The active force P, is a component of the weight vector as shown Fig 2.4c.
Applying law of sines,

P, 3 W
sin(p—¢) . sin(180~a—p+¢+d)

or,
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OF=0Bcos §§
OG=yzcos P

_OE _OF-EF _OE'
T 0G OF+FG 0G

after simplification and noting that, o 3 hor =ca cos 8
Equation becomes,

P =% K,y H? | (2.3)

a

where,

cosp — J cos’ B—cos® ¢

K, =cosp
CosB + \/ cos’ B — cos® ¢

a

2.2.3 Graphical and Computer Solution for Lateral Earth Pressure

To estimate lateral forces when the backfill is irregular-shaped or there are line
loads, there are several graphical solutions. These two conditions do not fit the
Coulomb or Rankine theory. Available methods are: Culmann's (1986) method,
the Trial-Wedge method (1877), and logarithmic spiral method.

The Culmann and Trial-wedge methods are very similar except for the general
orientation on the force polygons. Both methods rely on computing the known
forces on a trial wedge which includes any external load on the backfill, the
weight of the trial wedge, the shear force on the trial rupture surface and from
known slopes of the wall force P and the resultant force R on the rupture
surface, plot a force polygon and graphically obtain Pa. The log spiral is similar
" but uses a part of a log spiral to define the rupture surface where the Culmann
and trial wedge method use a plane surface. '

The point of application of the active earth pressure is suggested by Terzaghi
(1943) for different load cases i.e., (i) No concentrated load, but may have
other surcharge (ii) concentrated load as line load within the failure wedge (iii)
concentrated load or line load outside the failure wedge. Bowels suggests that
the best solution for total wall force and point of application when there are
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concentrated load of any type is to:

1. Obtain the coulomb or Rankine solution.
2. Obtain theory of Elasticity solution
3. Combine solutions 1 and 2 to find total force and point of application using

P = 2B

= ZPiYi
y P

11

Then use the value of y with trial wedge Py
2.2.4 Active earth Pressure Using Theory of Plasticity

Caquot and Kerisel (1948) produced tables of earth pressure based on non
plane-failure surfaces, later Janbu (1957) and more recently Shields and
Tolunay (1973) proposed an approach to the earth pressure problem similar to
the method of slices used in slope-stability analysis. Sokolovski (1960)
presented a finite difference solution using a highly mathematical method. All
these methods give smaller values for passive-earth pressure coefficient. None
of the methods improves on the Coulomb or Rankine active-earth pressure
coefficients. .

Rosenfarb and Chen (1972) developed a closed form solution using plasticity
theory which also solves earth pressure problem for active and passive
pressure. They considered several failure surfaces, and the combination of a
long sandwich mechanism which compared most favourably with the
Sokolovski solution.

2.3 ANALYSIS FOR SURCHARGE LOAD

Surcharge loads may be (i) Line foad (ii) Uniformly distributed load.
Traditional methods such as Coulomb's method or Rankine's method can not

deal with line load but can deal with uniformly distributed load. To estimate the
effect of surcharge load in addition to the above stated methods, following
methods are available.




1) Boussinesq equation
i) Trial wedge solution
iii) Ramon's solution for strip loading -

2.3.1 Boussinesq Equation
To compute the lateral earth pressure against the wall from surface surcharge -
one of the methods which appears in the text books is the use of Boussinesq

equation. The equation is based on theory of elasticity. The Boussmesq
equation is

(2.4)

g, =

2v)cos® 0
27rz?

3sin?0.cos’ 6 — (-
1+ cosO

Equation 2.4 can also be written as

c'z_};_[m»zz_ (1—2v)] @25)
" 2nl R° R(R+2z)

Where terms as 6, z, 1, R is shown in Fig. 2.7, v is the Poisson's ratio and P is
the line load. The method can be used both for concentrated and line loading.

2.3.2 Trial Wedge Solution

The Trial-wedge method seems to be overly conservative in estimating the
lateral force against a wall when there are surcharge on the backfill. For this
reason this method is not very popular now a days.

2.3.3 Ramon's Solution for Strip Loading

Ramon Jarquio(1981) provides an analytical approach for direct solutlon for the
surcharge pressure due to strip load as shown in Fig. 2.8.

Ramon doubled the horizontal pressure against unyielding walls from surcharge
load to fit experiment data and proposed

o, = %—(B—sinﬁ.ces&x) ’ (2.6)
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Transforming above equation and substituting.

B = (Ba"-eb)
(Ba +9b)
oa = ——
2
G, =X,

equation 2.6 yields

X = _zﬂ[(ea ;Bb)— (sin®, cosB, —sind, cosb,, )]
T

dP=Xdy

P = [ Xdy
Integrating and evaluating limits

_2¢h
—
when 07 and 01 are expressed in degrees

P 6,-9,) ' . | 2.7

and distance of resultant fm'm.thie top is given by

W0, -0)+(R-Q)-57.03.ah 2.9)
Y= 2h(0, -8, - |

where ,

R = (a+b)? (90- 6;)




Q=1%(90-0,)
SO bendiﬁg moment M is given by
- M=P(h-y) : (2.10)

For active earth pressure condition (a+b) <h tan (45°-¢/2)
i.e., load should be applied within the failure plane.

2.3.4 Analysis for Surcharge Load by Cou'lomb's and Rankine's Method
The surcharge load, which is essentially an uniformly distributed load, is
converted into an equivalent depth of soil and then analysis is made for the
given height of the wall. These methods are explained in Fig. 2.9.

2.4 Methods selected for comparing results of finite element analyses:

For comparing results of finite element analyses, the following methods are
selected and listed with the particular cases:

Case 1: For self weight only
a) Rankine's method.
b) Coulomb's method.

Case 2: For line loading (excluding self weight)
a) Boussinesq equation.

b) Trial wedge solution,

Case 3: For uniformly distributed load

a) Rankine's method
b) Coulomb's method
- ¢) Ramon's method
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(a) Wall with surcharge load
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Figure 2.9  Determination of lateral force and its location for uniformly
' distributed load by Coulomb's or Rankine's method
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' CHAPTER 3

ANALYTICAL REPRESENTATIONIOF THE
INTERACTION PROBLEM

3.1 INTRODUCTION

To determine the ‘actual behaviour of the retaining wall-soil -system it is
essential to apply the finite element method. The main difficulties encountered
during the programming phase was the construction of analytical models that
closely resemble actual field behaviour and at the same time, striking a balance
between rigorous mechanics and engineering simplicity. In case of retaining
wall-soil system, construction of the analytical model considers the aspect of
structure-sotl system, i.e., structural constitutive model, soil constitutive model,
simulation of footing shape, wall size, non-linearity of soil, boundary
conditions etc. Considering all the above mentioned aspects of the retaining
wall-soil system, a finite element computer program has been suitably adapted
so that these aspects representing the actual field behaviour are included.

Three types of elements have been used in the computer program to study the
behaviour of the retaining wall-soil system.

a) To represent the retaining wall, beam element (Fig.3.1) having three degrees
of freedom at each node, was used. The degrees of freedom are horizontal and
vertical displacement and a rotation in its plane.

b} To represent the tie/soil reinforcement (whenever used) truss element
(Fig.3.2) with two degrees of freedom at each node, was used. The degrees of
freedom are horizontal and vertical movement.

¢) Four nddéd isoparametric/quadrilateral elements (Fig.3.3) with two degrees
of freedom at each node was used to represent the soil. The degrees of
freedoms are horizontal and vertical displacement.

To simulate the non-linear stress-strain characteristics of soil, spline function
has been used.
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Figure 3.1 Beam element
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Figure 3.2 Truss element -




Figure 3.3 Four Node Isoparametric element




3.2 BEAM ELEMENT

Stiffness matrix of a two noded beam element with three degrees of freedom at
each node (axial and transverse displacement and rotation) in local co-ordinates

1s given by
B 1
EA o _EA 0
L | L
, 12BL 6Bl  ° 12El GEI
12 T
GEI  4El _GEL  2EI
2 2
K= |m “ Y m I Gh
' =2 0 0 — 0 0
L L
12E1  6EI 12EI  6EI
T A S
6E1 2Bl GEI  4EI
- 5 Y = T :
I ¥ L L L | 5

‘For the local axes system x'y' making an angle 6 with the global axes system
xy, the transformation matrix can be written as

sin® 0 0 0

[ cos® 0
—sin@ cos®@ O O 0 0
0 0 1 0 O 0

T= . (3.2)
0 0 0 cos® sin® O
0 0 0 -sin® cos@ O
0 0 0 0 0 1

When stiffness matrix for an element in local axes and transformation matrix
with respect to global Cartesian axes is known, stiffness matrix in global co-
ordinate can be obtained from following equation.
K=TKT (3.3)
It should be noted that values of modulus of elasticity for simple tension and

plane strain analysis are not the same. The expression of modulus of elasticity
for plane strain can be written as ‘
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E
E'=
1-v2

(3.4)

Where E' is the apparent Young's modulus for the plane~stfain case and used in

place of E in equation (3.1).

3.3 TRUSS ELEMENT

Stiffness matrix of a truss element with two degrees of freedom at each node
(horizontal and vertical displacement) in global co-ordinate can be directly

written as
[ ¢? cc, -¢! -CC]
2 - 2
« - EAICC, ¢l -CcC, -C,
L|-¢? -cc, ¢! ccC,
2 2
cc, -¢’ ¢ Cf
Where
C, =cos6
C, =sinb

y

3.4 FOUR NODED ISOPARAMETRIC ELEMENT
Stiffness matrix in plane strain case is given by

K = t[[B]'[D][B]d(Area)

where

B = strain-displacement matrix

- D = elasticity matrix |

For plane-strain case, the D matrix is given by
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(3.6)
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(3.8)




[2(1-v) 2v

(1-2v) (1-2v)
2v 2(1-v)

(1-2v) (1-2v)
0 0

(3.9)
1

_ ]

Strain-displacement relation for small displacement is given by

0
éy‘:’l [:J - (3.10).
H | | |

X

For a four noded Isoparametric element
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[Nl 0 N, 0 Ny 0 N, 0]v;

=
| |
I

vi[o N, 0 N, 0 N, 0 N,[u,
_ v,
Uy
[ Va |
= [N] [3] | | G.11)

where,
N,. N,, N, N, are the shape functions for node 1,2,3,4 respectively.

u, u, u, u, are the displacements along x-direction of nodes 1,2,3.4
respectively. '

v, V, V, v, are the displacements along y-direction of nodes 1,2,3,4
respectively.

Shape function N in local co-ordinate &, (Fig. 3.4) are given as

N¢=iu—®u—n)

Nz=%U+QU—n)

N =2 (+E)(+ )

N, = (1-8)1+m) | | (3.13)

From equation 3.10 and 3.11




B A
| ox
e=|o0 Z|ws]
dy
8 9
| &y Ox
e = [B][5]
Where,
Ny AN, ANy N,y
o aN or N oN N,
ay oy oy dy
oN, oN, oN, oN, N, oN, ON, oN,
vy ax &y & ¥y &x oy ax |

(3.13)

(3.14)

Since shape functions are in terms of local co-ordinates(¢,n) and equation 3.14
contain derivatives in global Cartesian xy co-ordinates, transformation of the

derivatives is necessary.

Considering any function ¢ (£,17) , the chain rule of differentiation in matrix

form can be written as

&) [ o)
ay_€ &Ki|ox
o || oo
on on onj Loy
%
=01 %
Loy

The Jacobian matrix J is given by

oN, &N, &N, N, %

ol E® o E @ |x
ON; 0N ON3 Ny | x,
o m m an x,

Y2

Y3
Ya
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Obtained J is inversed numerically, giving

% %
ox | _y-1 o
% %
oy on

and in particular the following array can be evaluated

ON, N, N, N, N, N, N, éN,
8N, &N, N, N, |~ ) laN, N, oN, oN, :
& o 9y O n on dn on

" with the Cartesian derivatives known, B matrix can be obtained with equation
3.14 and K matrix can be obtained from equation 3.8 by numerical integration.

3.5 CHARACTERISATION OF SOIL RESPONSE

The mechanical behaviour of soil is dependent upon a number of factors such
as dry density, void ratio, stress level, stress path, stress history, temperature,
time and degree of saturation. If the results of an analysis is to be realistic, it
is important that the stress-strain characteristics of the soil be represented in a
proper way. It is difficult to evolve a general constitutive (stress-strain) law
which is valid for all soils under all placement and loading conditions.
Simplified constitutive models based on phenomenological consideration have
been employed to represent soil behaviour in analysing stress and displacement
of soil mass. '

Various simplified models for defining time independent behaviour of soil can
be classified as: (1) Linear elastic models (2) Non-linear elastic models (3)
Higher order elastic models (4) Plasticity models.

3.5.1 Linear Elastic Models
This is the simplest approach to model the stress-strain behaviour of soil. The

stress-strain relationship, which is governed by the generalised Hook's law of
elastic deformations, may be expressed as follows for plane strain condition
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Oy Ch Cp O Ex
(9] = C12 C22 ’ 0 €
T 0 0 Cy

(3.17)

¥

Ty

in which {0x0y,T9}T and {s&,yo}" are the stress and strain vectors
respectively.

To define coefficients Ci,Ciz2,C2,Cs, only two independent elastic moduli are
needed, assuming material isotropy. Any pair of the following elastic moduli
may be selected : Young's modulus (E) and Poisson's ratio (v), shear modulus
(G) and bulk modulus (k), shear modulus (G) and constrained modulus (M),
Lame's parameter (A} and principal stress ratio in uniaxial strain (Ko). A
summary of the relationships between the various elastic moduli was given by
Baladi (1979). '

3.5.2 Non-linear Elastic Models

Non-linear elastic models have been used successfully by many authors
mcluding Cunnel (1974), Girija, Vallabhan and Jain (1972), Lee and Shen
(1969), Nobari and Duncan (1972), Desai (1974) and Ruser and Dawkins
(1972). The state of stress is assumed to be a function of state of strain only.

In non-linear elastic models, a given set of stress-strain curves are represented
by using mathematical functions such as a hyperbolic function, power function,
parabolic function, Lagrangian formula, spline function or others. The most
widely used functional relationship was developed by Duncan and Chang
(1970). The model is based on Kondner's finding (1963) that stress-strain
curves for a number of soils could be approximated by hyperbolas. Wong and
Duncan (1974) listed the values of the hyperbolic parameters determined for
more than one hundred different soils tested under drained and undrained
conditions. This wide data base can be used to estimate reasonable values of
the parameter in cases where the available information on the soil is restricted
to descriptive classification. |

The Hardin model (1970) provides a relationship for the recent shear modulus
of soils as a function of accumulated shear strain and hydrostatic pressure. The
major advantage of the model lies in the extensive correlation's between Hardin
parameters and soil index properties (Void ratio, percent saturation and
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plasticity index) that have been established for a wide variety of soils. Katona
(1978) developed a hyperbolic Poisson's ratio function which provided the
second elastic soil modulus for the Hardin model.

Duncan et al. (1978) proposed a modified hyperbolic model which employed
bulk modulus in place of Poisson's ratio in Duncan-Chang model. The model
assumed that bulk modulus is independent of deviatoric stress and that varies
with confining pressure. Duncan et al. (1978) provided values of the bulk
modulus parameters for a wide variety of soils and revised and summarised in
1979,

Desai (1971) proposed the use of cubic spline functions for simulating a set of
stress-strain data. The cubic spline function approximates a given set of stress-
strain data by a piece wise cubic polynomial such that the polynomial along
with its first and second derivatives is continuous over the entire range of the
data.

Leonards and Roy (1976), Rahman (1978), employed the cubic spline function
to represent soil behaviour and compared the results with those obtained by
other functional representation (c.g. Duncan-Chang model, Hardin models,
modified Duncan model etc.). They also compared the results obtained by the.
analyses with their experimental results. The cubic spline function
representation was found to provide better simulation of stress-strain criteria
than those obtained by other functional representations.

3.5.3 Higher Order Elasticity Models
There are two types of models (a) hyper elastic models (b) hypo elastic models.

The hyper elastic models rely on finding constitutive relations by
differentiation of a strain energy function, with respect to invariants of strain.

In hypo elastic models rely on ﬁndmg constitutive relations by differentiation
of a strain energy.

In hypo elastic formulation the stress increment is a function of strain
increment and the function is dependent upon the state of stress. However, a
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number of difficulties are encountered in the use of the models:

1) The response parameters are not unique, their values being dependent on the
types of test that are selected to be performed.

2) No relation has been found between the response parameter and the resulting
change in stress-strain-volume change behaviour of soils.

3.5.4 Plasticity Models

In recent years, many plasticity soil models have been proposed and some were
incorporated in finite element analysis of stresses and deformation of soil
IMasses.

It has been shown experimentally that yield function and plastic potential
function are not identical for most soils. Plasticity soil models encounter two
serious difficulties:

1) The elastic plastic stress-strain matrix is not usually symmetrical, which
results in a huge increase of computer storage and computation effort over the
use of soil model with associated plasticity, and

‘2) Unlike associated plasticity soil models, the uniqueness and stability of the
solutions is no longer guaranteed.

3.5.5 Selection of Soil Model for Analysis

Poor representation of the stress-strain characteristics of soil can lead to
calculated modes of behaviour which are completely different from actual ones.
Inspite of considerable work, as mentioned previously, a general and versatile
way of representing the stress-strain characteristics of soils has not yet been
established. A compromise between simplicity and accuracy is necessary.

Assumption of linear elastic behaviour of soil is unrealistic, because soils never
behave as a linear elastic material (Rahman, 1978). Non-linear elastic soil
models have been found to provide an expedient, and often satisfactory means
for solving many geotechnical engineeﬁng problems. The cubic spline function
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representation was found to provide better simulation of stress-strain curves
compared with other functional relationships for non-linear elastic model
(Desai, 1971, 1974; Leonard and Roy, 1976, Rahman, 1978). Plasticity models
of soil usually produce unsymmetric stress-strain matrix. In additton plasticity
model does not assure uniqueness and stability of solution. So the non-linear
elastic model is selected.

3.6 The Incremental Method

To account for the non-linear behaviour of soil, incremental method of analysis
is adopted in the program. Octahedral shear stress and octahedral shear strain
curves are used to represent the non-linear soil properties. Four node
isoparametric elements representing the soil have different values of octahedral
initial normal stress which is a function of the depth of the soil element. This
influence their stress-strain behaviour under subsequent loading. In this method
of analysis, the total load on the structure is devided into a number of small
increment. The system of load displacement equation is solved repeatedly with
each of these incremental loads. The stiffness matrix is obtained each time by
substituting the values of shear modulus, G, that correspond to current level of
octahedral shear strain in each element. |

33




CHAPTER_ 4
THE FINITE ELEMENT COMPUTER PROGRAM

4.1 INTRODUCTION

Important aspects of the retaining wall-soil interaction problem along with the
methods of considering non-linearity have been presented in the preceding
chapters. The purpose of this chapter is to utilise these methods and to develop
programs for the analysis of rigid retaining wall and their surrounding soil as an
integral system. The nature of the programs is general and they can be used to
analyse a variety of retaining wall soil systems. They provide facilities for the
incorporation of various backfill, and loading conditions. Special care has been
taken to reduce the use of computer core storage and execution time. The
~ programs described here are written in FORTRAN 77 and were tested and run
on the 486 microcomputer at the Computer Centre of Civil Engineering
Department, Bangladesh University of Engineering and Technology. The
programs were originally developed around a suite of rtoutines by Rahman
(1978) for CDC 7600 bo’mputer . Karim (1985) for IBM 370 computer and
Seraj (1986) for IBM 4331-K02 computer. Seraj and Rahman (1987) developed
a two-dimensional non-linear finite element computer program for the
interaction analysis of rigid culverts. The numerical model incorporated various
routines developed by Rahman (1978) and Karim (1985). In the present study,
special routines for generating data, automated finite element mesh adjustment
for different height of wall and soil surface slope in the finite element analysis
etc. were written, tested and subsequently adopted by the author.

4.2 GENERAL FEATURES OF THE COMPUTER PROGRAM
The general features of the program are as follows:

(a) Reduction of the use of core storage by utilising an efficient storage scheme
of the stiffness matrix. |

(b) To utilise the backing storage facilities so that only a part of the stiffness
matrix is held in the core at a time.
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(¢) Development of routines for computation of stiffness of Truss element,
Beam element and four node isoparametric element.

(d) Utilisation of a construction scheme of the stiffness matrix in two phases.in
order to isolate the part of it which remains unaltered in successive analyses
from that which is changed by contributions of non-linear elements.

(e) Utilisation of a technique of assembling stiffness matrix joint by joint to
simplify the storage techniques and minimise 1/O operations with disc.

(f) Use of an efficient solution routine ensuring an efficient transfer between
the core and the backing store of the stiffness matrix solution blocks.

(g) Use of spline functions to implement a smooth representation of non-linear
soil properties. ' '

{(h) Computer implementation of data generation and mesh adjustment.
4.2.1 Storage of the Stiffness Matrix

The analysis of a retaining wall, its shape and the soil gives rise to a large,
sparse, symmetric and positive _def'mite stiffness matrix. The number of
equations to be solved is also very high. The problem becomes more complex
with the adoption of a non-linear incremental technique. Therefore, the scheme
of storage of the stiffness matrix has been carefully selected to reduce the use
of core space without an undue increase in the execution time. A variable band
width storage scheme suggested by Jennigs (1966, 1977) was adopted. Only the
clements between the first non-zero and the leading diagonal in each row of the
lower triangle of the matrix were stored (Fig. 4.1). This was achieved by
storing the elements in a continuous one dimensional array in a row-by-row
sequence. '

4.2.2 Construction of the Stiffness Matrix
Program modules take advantage of the baéking storage facilities so that only a

part of the stiffness is held in the core at a time. This was attained by opening
five working files in the disc backing store. When a part of the stiffness matrix
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is fully constructed it is written into the backing store. The same area of the
core space is then used to construct the next part of the stiffness matrix. To
reduce the number of transfers, stiffness matrix K was subdivided in such a
way as to make its parts independent of each other during the assembly process.

The overall stiffness matrix is constructed in two phases. In the first phase, the
matrix is constructed with the contributions from the linear elastic beam
clements only. This incomplete stiffness matrix remains unaltered in the
successive analyses. In the second phase of construction, the contribution from
the non-linear elements are superimposed on this matrix. In each increment of
the load only the second phase of construction is repeated by incorporating
appropriate value of instantaneous shear modulus of each soil element.

4.2.3 The Solution Routine

A program for solution of simultaneous linear equations by Gaussian
elimination technique modified to suite the compact storage scheme developed
by Rahman (1978) is used in this thesis. The stiffness matrix is divided into a
number of segments in such a way that each segment contains a number of
complete rows. The direct access backing store file is also divided into fixed
length blocks such that each complete segment wholly or partly fills the block.

4.2.4 The Use of Spline Functions

A program was written by Rahman (1978) to formulate the spline functions for
a set of Toct - Yoot curves. For any particular set of curves obtained for a given
soil, this program is run only once and the output is used fepeatedly for all the
analyses with this soil. This output consists of the nodal values of 7Tgct, Yoct
and the second derivatives ¢ at each node for each curve. |

Two subroutines GVALUE and GVALU1 are included in the main program to
calculate the values of toct and G for any value of yoct of original soil and
filled soil respectively ( Seraj and Rahman, 1987; Seraj 1986 ). the routines are
entered before each increment of the load to obtain the instantaneous shear
modulus of each isoparametric element representing soil.
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4.2.5 Automatic Data Generation

To reduce the manual data preparation, a facility is included in the programs to
generate automatically significant portion of the input data. Data such as nodal
co-ordinates of line elements, isoparametric soil elements and the nodal degrees
of freedom are generated by appropriate subroutines. Appropriate material
properties of the elements repfesenting retaining wall-soil are also specified
within the routines. The subroutine MESH is capable of adjusting the co-
ordinates of a tentative finite element mesh. '

4.3 THE STRUCTURE OF THE COMPUTER PROGRAM

The general retaining wall-soil interaction finite element program was
developed by a logical combination of some thirty six subroutines and a main
program spreading over about 2500 FORTRAN 77 source statements. The
subroutines can be grouped into four categories depending on the functions
they perform. These are (i) control routines, (ii) ancillary routines, (iii) element
routines, and (iv) speciality routines.

The control routines perform such functions as the overall management of the
data and control of incremental analysis process. The main segment of the
program connects different routines together and regulates the overall
interactive analysis. A few routines in this group reads and generates the nodal
co-ordinates and element connectivity. The non-linear analysis is initiated by
generating initial values of non-linear elastic parameters. The assembly of the
global stiffness matrix in each increment of load is performed by another
routine belonging to this group. A separate routine alters the non-linear elastic
properties of soil as the analysis progresses.

Ancillary routines are used for performing various computational chores. These
routines include the generation of the least joint number of each joint,
reconstruction of the load vector after each increment of load, formulation of
joint displacement matrix from the solution vector, calculation of instantaneous
values of G and so on.

The element subroutines formulate each type of finite element used in the
program. They evaluate the element stiffness matrices and calculate the
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stresses, the strains, the forces and the moments at various locations. of the
retaining wall and soil.

Three speciality subroutine pérform the solution of simultaneous equations,
Gaussian elimination method coupled with the compact storage scheme is used
in the solution routine.

An executable module is formed by combining the subroutinés during linkage
editing. A simplified flow chart of the complete program is shown in F 1g. 4.2.




START

/ -
Input Original and Filled Soil data by calling subroutincs SOILT and SOIL2
s

CALL subruotinc INPUT to rcad and penerale most of the finite clement data
and material properties. To find out the initial values of shear modubus G
in the clements representing the soil subroutines GVALUE and GVALUI

arc called

Put no. of iteration ITER=1 and increment no IN=0

l

CALL subroutinc SELFW to calculate scif weight of the four node Iso-P
clements and transform it info nodal loads.

CALL subrouting PSTIF to calculate stiffness of the four node 1so-P elements

0

CALL subroutine BSELF (o calculate sclf weight of beam clements

l

CALL subroutine LINQ to find joint with Icast number connected with each

mml

CAD

il

Figure 4.2 Simplified flow chart of the computer program
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CALL subroutinc FRMDS to form the diagonal address sequence array
; CALL subroutine STIFF (o calculate stiffness of beam elemcnis

v

CALL TIESTIF (o calculate the stiffness of tic elements if TTE nc 0

CALL subroutinc ASSEM to assemble the global stifThess matrix

CB

CALL subroutine LOADS to lorm the Load Vector from Load Matrix

v

CALL subroutine SOLVE to solve the system of simultanious linear
equatons L = K.X

CALL subroutinc DISVEC 10 calculate the joint Displacement
. from the solution vector

F igilre 4.2 Simplified flow chart (confinued) of the computer program
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CPa

l

CALL subroutine BSTRES to calculate stress in beam elements

l

CALL subroutine STRESS to calculate stress at the centroid of the

four node Tso-P elements

CALL subroutine NODSTR. to calculate the incremental and total

nodal stresses in the four node Iso-P elements by averaging the
centroidal stress of the Iso-P elements connected to it

l

CALL subroutine CONTRL to calculate the values of G at each
stape of loading and increaction to update the stiffness matrix

-

CALL subroutine QUTPUT for producing results

ITER=ITERH

< IF STER=2 >.&,.
| | lYES

>

Figure 4.2 Simplified flow chart (continued) of the computer program
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p ' CALL subroutine INCREM to READ no of loaded Jjoinis LY and incremental

nodal loads
NO
< IS Li=0 >——--—> IN=IN+1
- - ‘ lYES

STOP

Fig'ure 4.2 Simplified flow chart (continued) of the computer program
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CHAPTER 5

INTERACTION ANALYSIS OF RIGID RETAINING
WALLS

3.1 INTRODUCTION

The method of analysing an integrated 'retaining wall-soil system has been
described in the preceding chapters. The finite element computer program used
in this study can now be employed for analysing a variety of retaining wall-soil
interaction problems.

A series of analyses on rigid retaining walls were carried out in order to study
the interaction behaviour and to investigate the influence of various parameters.
The height of wall, thickness of wall stem, thickness of wall footing, concrete
strength, embedded depth, slope of retained soil surface, soil properties (such
as Poisson's ratio, 'unit weight of backfill, angle of internal friction), effect of
magnitude and location of line load, effect of uniformly distributed load were
the variable parameters. This chapter describes the analyses scheme, properties
of different elements of the structure-soil system, and the loading conditions.
The finite element discretization and boundary conditions and the selected soil
model have also been presented in detail.

5.2 LOADS ON STRUCTURES

Since the analysis of a retaining wall is a plane strain problem, thus a slice of
unit thickness through the retaining wall-soil system is considered in the
numerical modelling. The vertical load comprises the dead weight of the
retaining wall, the soil and any surcharge load placed on the soil surface. Unit
weight of different materials used in the studies are listed in Table 5.1. These
values are utilised in calculating the self weight of the various components of
the system. | |

Both line load and uniformly distributed loads were considered in the course of
analysing different retaining walls. Line loads of magnitude of 1 kip, to 10 kips
were applied at steps of 1 kip at Varying distance from the wall face. Similarly
Distributed load of 1 kip/ft to 10 kip/ft in steps of 1 kip/ft was applied for the
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analyses purpose.

Table 5.1 Unit weight of materials used

Member Unit Weight kip/ft®
Concrete wall and base - 0.150
Highly compacted soil 0.120
Medium compacted soil 0.1 ]d
Loose backfill 0.100
5.3 MATERIAL PROPERTIES

For the analysis purpose, the retaining wall and its base material is assumed to
behave elastically. For all but the analyses concerning the effect of concrete
strength, E¢ was calculated for a concrete cylinder strength, £/, of 2700 psi.

In the analyses exploring the effect of modulus of elasticity of concrete on the
interaction of retaining wall with soil £ value of 2500, 2700, 3000, 3500 psi
were used. Modulus of Elasticity E¢ was calculated using the relationship E¢ =

57500 ff! psi. |
Poisson's ratio of concrete was kept constant at 0.2 in all the runs.

The soil properties were obtained from two sets of octahedral shear stress and
octahedral shear strain curves shown in Fig. 5.1 ( Seraj, 1986 and Seraj and
Rahman 1987 ). The curves of Fig. 5.1(a) were used to represent original soil or
highly compacted fill. The curves of Fig. 5.1(b) were used for representing
moderately and loosely ‘compacted backfill. For properties of soil element with
Outi values not coinciding with the values indicated in the curves, suitable
interpolation or extrapolation schemes were used. Although the curves shown
in Fig. 5.1 are tentative, they represent a set of practical values of soil
properties. These were used in the absence of test results for a parﬁcu!ar type of
original and filled soil. For all the analysis Poisson's ratio of the original soil
and backfill were chosen to be 0.45.
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To study the effect of Poisson's ratio on the interaction of retaining wall with
soil, Poisson's ratio of 0.45, 0.46 and 0.47 were used. The: values of angle of
internal friction of original and backfill soil were taken as 40°, 28° respectively.
The value of cohesion for al types of soil were considered to be zero.

5.4 FINITE ELEMENT DISCRETIZATION AND BOUNDARY
CONDITIONS :

In the retaining wall-soil interaction, the effect of loading or disturbance in soil
decreases with increasing distance from the wall. ‘There should be an optimum
distance from the wall after which the soil and load will have no effect on the
wall. Similarly, the extent of soil below the wall footing should be large enough
to simulate infinite depth of homogeneous soil mass. F igure 5.2 shows
configuration of the finite clement mesh of retaining wall-soil systems
considered in this thesis.

In the analysis, the bottom boundary was restrained from vertical displacement
but could move horizontally. The lateral boundaries were restrained against
horizontal movement but they were free to displace vertically. Nodes at the
surface of soil were allowed to move vertically as well as horizontally. Nodes
representing the wall were allowed to move vertically, horizontally and rotate
in its own plane, '

5.5 SUMMARY OF ANALYSIS SCHEME

To analyse the interaction of retaining wall with soil and to evaluate the effect
of different parameters, following analyses were conducted. (" Moment" and
"Lateral soil force” throughout the text refers to the moment and lateral soil
_ force at depth H from the top of soil surface, as s‘hbwn in Figures of Chapter 6
and Chapter 7)

5.5.1 Effect of Moment of Inertia of Area of Wall -

To study the effect of moment of inertia of area of the wall on the lateral soil
force, walls with thickness of 12 inch at the top and of bottom thickness 12
inch to 20 inch at steps of 2 inch were used. Accordingly, moment of inertia at
the base of the wall was found to be equal to 0.0833 fi', 0.1323 f*, 0.1975 ¢,
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Figure 5.2a Finite element mesh of Retaining Wall-Soil system (Horizontal Backfill)
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0.2813 ft*, 0.3858 ft*. Inertia between the top and bottom of wall had a fourth
degree parabolic variation with respect to wall depth, since the thickness from
top to bottom varied linearly. To study the effect of this parameter thoroughly,
walls with heights 9 ft, 12 ft, 15 ft and 18 ft were studied. Thickness of wall
footing was kept constant at 24 inch. Soil below the wall was taken as original
soil with angle of internal friction, ¢ = 40° , unit weight y 120 pef and
Poisson's ratio v 0.45. The backfill material used had properties, § = 28°, y =
120 pcf and v = 0.45. The soil surface was taken as horizontal surface.
Embedded depth of wall within the soil was kept constant at 1 feet. Strength of
concrete was considered as 2700 psi and Poisson's ratio of concrete was taken
to be 0.2

5.5.2 Effect of Moment of Inertia of Area of Wall Footing:

To study the effect of moment of inertia of area of wall footing on lateral soil
force and the moment on wall, the thickness of wall footing was taken as 24
inch, 28 inch, 30 inch and 36 inch i.e., inertia of wall footing were taken as
0.6667 ft*, 1.0587 ft, 1.5803 ft* and 2.2500 £ . Similar to the case study
(3.5.1), in an effort to gain an insight into the interaction behaviour studies
were made for walls having height equal to 9 ft. 12 fi, 15 fi and 18 ft. Other
properties were same as described in section 5.5.1.

5.5.3 Effect of Concrete Strength :

To study the effect of concrete strength on the retaining wall-soil interaction,
‘concrete having f! equal to 2500 psi, 2700 psi, 3000 psi and 3500 psi were
used. From these values the modulus of elasticity were calculated as 4.140x10°
ksf, 4.302x10° ksf, 4.540x10 5 ksf and 4.900x10 3 ksf Like the previous
analyses, height of wall was taken as 9 ft, 12 ft, 15 ft and 18 ft. Thickness of
wall at top and bottom were taken as 12 inch and 16 inch, respectively.
Thickness of wall footing was taken as 24 inch. Other concrete and soil
properties were same as those described in section 5.5.1.

- 3.5.4 Effect Slope of Soil Surface :

To study the effect of slope of soil surface with horizontal, angle of the soil
surface with horizontal was taken as 0°, 5° 10° 15° and 20°. Height of wall,
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thickness of wall, thickness of wall foundation were same as those described in
‘section 5.5.3, Other material properties were same as described in section 5.5.1.

5.5.5 Effect of Unit Weight of Backfill;

Traditional methods shows a linear variation of lateral soil force and moment
values with unit weight of backfill. An attempt was made to check this
assumption. For this purpose the unit weight of backfill were varied from 100
pef to 120 pef in steps of 10 pef, while the unit weight and Poisson's ratio of
the original soil below the wall were kept constant at 120 pcf and 0.45
respectively. Properties of wall and soil were as described in section 5.5.3 and
section 5.5.1, respectively.

5.5.6 Effect of Poisson's Ratio of Soil:

Conventional analysis methods do not include the effect of Poisson's ratio of
soil on the lateral soil force or moment. From the knowledge of elasticity, it is
clear that Poisson's ratio must influence these values because it establishes the
relation between vertical and horizontal forces. According to Bowles(1988), the
conventional methods probably uses a value of 0.5 for Poisson's ratio which
may or may not be realistic for a given problem. In this study, Poisson's ratio of
0.45, 0.46 and 0.47 were used to study the effect of this parameter on lateral
soil force and moment. Once again, wall height, properties of soil and structure
are available in section 5.5.1 and section 5.5.3.

5.5.7 Effect of Angle of Internal Friction of Soil:

Traditional methods show a specified variation of earth pressure with the angle
of internal friction of soil. To study this effect and to compare the values with
the available methods, angle of internal friction were selected as 28° and 40°.
Unit weight of backfill was taken as 120 pcf. Other structural properties are
described in section 5.5.3 and soil properties in section 5.5.1.

5.5.8 Effect of Embedded Depth of the Wall Into the Original Soil:

" To study the effect of depth of embedment of the wall into the ground,
embedded depth of 1.0 f, 1.5 ft, 1.75 £ and 2.0 ft were used in the analysis.
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Like the previous investigations, studies were carried out for walls of height 9
ft, 12 ft, 15 ft, 18 ft with properties described in section 5.5.3. Soil properties
are described in section 5.5.1.

5.5.9 Effect of Line load:

Methods that appear'in the available literature show a linear variation of lateral
earth force and bending moment with the magnitude of the applied load. An
attempt was made to study the effect of magnitude and distance of load on the
lateral soil force and the bending moment. Wall height used in the analysis
were 9 ft, 12 ft, 15 ft, 18 ft. Magnitude of applied load was varied from | kip to
10 kip with an increment of 1 kip. Distances of applied load from the face of
the wall were 4 ft, 7.25 ft, 10.50 ft and 13.75 ft for wall of 9 ft height and 4 fi,
8.92 ft, 12.83 ft, 18.75 ft for 12 ft, 15 ft and 18 fi high wall. Properties of the
wall are described in section 5.5.4 and soil properttes are described in section
55.1.

5.5.10 Effect of Distributed Load:

To study the effect of distributed load, studies were carried out for walls with
height 9 ft, 12 ft, 15 ft and 18 ft. Distributed load of 1 kip/ft was applied first
and then increased by 1 kip/ft up to 10 kip./ft. The loads were applied 4 fi away
from the wall face. For 9 ft high wall loaded length was 9.75 ft and for other
cases loaded length was 14.75 f.

5.6 SELECTION OF HORIZONTAL AND VERTICAL EXTENT OF
SOIL IN THE FINITE ELEMENT MESH.

Traditional methods take an inclined failure plane, to determine the lateral soil
force on the retaining wall. Instead of taking such a plane, for finite element
analyses the horizontal extent of soil was varied by a factor multiplying the
wall height to obtain an optimum extent of soil for which the lateral soil forces
becomes almost constant. Inclusion of soil elements, in the finite element
discretization, beyond this extent is not warranted. Results of the analyses are
shown in Fig.5.3. It was observed that this distance becomes optimum at about
six times the wall heightt To determine the suitable depth of
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soil below the wali footing in the finite element mesh nodal strain gy , in the
soil was considered. Variation of nodal strain Ey for a wall of 9 ft height along
the vertical line coinciding with the wall is plotted in Fig.5.4. The steep
gradient of the strain distribution along the depth demonstrates that contribution
of soil at greater depths to deformation of structure diminish rapidly. This is
because the soil elements become stiffer with the increase in depth by having a
hugher value of confining stress, 6, . This leads to the conclusion that a large
extent of soil need not to be included below the footing in the finite element
analysis of rigid retaining walls. The finding confirms that of Seraj (1986), who
investigated the interaction of buried rigid culverts with soil and of Nazneen
(1986), who investigated the interaction of building structures with soil. It was
observed that at a depth of 20 ft, which is about three times the width of wall
footing, below the wall footing the strain becomes very small so for all analyses
purpose this depth was kept constant at 20 ft. Since the interaction problem
requires a large number of matrices for the solution of simultaneous linear
equations, the execution of the computer program requires a huge computer
memory and long time. For this reason, first of all, mesh dependency of the
program was checked. For this at first it was checked whether there should be
any difference in the number of beam elements between walls of 9 ft and 18 ft
height. The 9 ft height wall was analysed with seven vertical beam elements,
The 18 ft wall was analysed with both seven and fourteen vertical beam
elements. It was observed that due to this increase i.e., the number of vertical
beam elements were increased by 100%, soil elements by 57%, and the
resulting moment was increased by 5.04% only. The next step was to check the
- width of soil elements at the right most side of the mesh, since the aspect ratio
of these elements was large. In Figs.5.2(a) and 5. 2(b) in the horizontal direction
five divisions are shown. To check the above mentioned effect, eight divisions
were used instead. It caused an increase in the number of soil elements by 21%,
while the moment was reduced by 1.04% only. So when both the number of
beam elements and the soil elements are increased by increasing the number of
divisions, the change in moment would be less than 5%, while the increase in
execution time of the program and memory required by it will be formidable.
To make a rational compromise between accuracy and time of execution and
computer memory, the same mesh as shown in Figs.5.2(a) and 5.2(b) was
selected for all wall height, only the dimension of the beam elements and soil
elements was varied using automated mesh adjustment routines.
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- CHAPTER 6

DISCUSSION ON FINITE ELEMENT ANALYSES
RESULTS

6.1 INTRODUCTION

In the previous chapters 3, 4 and 5, the finite element representation of
retaining wall, selection of soil model, the computer program and the analyses
scheme have been described. This chapter describes the results obtained from
the finite element analyses. The influence of various parameters are reported in
this chapter. From results of analyses a few equations are derived in this
chapter , these equations are subjected to some limitations and described in
sec.6.6. ‘

6.2 EFFECT OF VARIOUS PARAMETERS ON LATERAL SOIL
FORCE AND MOMEN T

As described earlier, the various parameters considered for the interaction
behaviour of retaining wall-soil system, can be classified as i) structural
parameters and ii) soil parameters.

Structural parameters considered were:
a) Moment of Inertia of wall b) Moment of Inertia of wall footing
c) Compressive Strength of concrete.

The following Soil parameters were considered :
i) Slope of soil surface ii) Unit weight of backfill material 111) Poisson's ratio of

backfill iv) Angle of internal ﬁicnon of soil.

In addition to the above stated parameters, studies were carried out for
embedment ratio also.

6.2.1 Effect of Moment of Inertia of Retaining Wall

To study the effect of moment of inertia of the retaining wall on the interaction
behaviour, moment of inertia of sectional area of wall was varied. This study
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was carried out since the traditional methods do not include any effect of the
wall stiffness on the magnitude of lateral soil force and moment to be resisted
by the wall. . ‘

To investigate the effect of this parameter, instead of increasing the thickness of
wall from top to bottom by same amount, thickness of wall was changed
linearly from top to bottom. In all the investigations, thickness of wall at the top
was kept constant at 12 inch and the thicknesses at the bottom were 12 inch,
14 inch, 16 inch, 18 inch and 20 inch. This resulted in an increase in the
moment of inertia of the wall at the base by 59%, 137%, 238% and 363% with
respect to the wall having 12 inch bottom thickness. For separating the effect of
this parameter from the effect of other parameters, all other variables were kept
constant. Results of finite element analyses are graphically presented in Figs.
6.1 and 6.2. These results are also tabulated in Table A.1 in appendix A.

It has been observed that for walls of 9 ft height, increasing the moment of
inertia of wall at the base by 59%, 137%, 238% and 363% _the lateral soil force
were changed by 2.65%, 8.30%, 1.07%, .2.40% and the change in moment
was 0.4%, 2.4%, 1.9% and 4.6% respectively.

For wall of 12 fi height, changing the moment of inertia of wall at base by the .
amounts adopted in the preceding study, the percentage of change in lateral soil
force of 3.4%, 4.9%, 6.5% and 3.6% was observed . For the same runs, the
change in moment was 2.2%, 4.8%, 4.5% and 8.0%, respectively. And for
walls of 15 ft height the same chahges_ in the moment of inertia of wall at its
base causes a change of 3.2%, 2.7%, 1.3%, and 2.0% in lateral soil force and
3.3%, 17.5%, 5.0% and 6.4% change in the magnitude of moment. For the
walls of 18 ft height changing the moment of inertia of wall by same amount
the lateral soil force was changed by 0.2%, 6.0%, 7.0% and 0.3% where as the
moments were changed by 5%, 6.5%, 5.7%, 9.5%, respectively. |

Comparing the large percentage of change in moment of inertia of wall at its
base with the small percentage of change in lateral soil forces and observing
Fig. 6.1 and Fig 6.2 it can be concluded that neglecting the effect of moment of
inertia of wall traditional methods do not introduce any significant error and no
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improvement of formula is necessary to incorporate thé effect of this factor.
The effect of moment of inertia of wall would have been significant if the base
of the wall have been prevented from rigid body movement. For realistic
analyses this was not done.

6.2.2 Effect of Moment of Inertia of Wall Footing

To study the effect of moment of inertia of wall footing, thickness of wall
footing was varied by keeping all other variables constant. Like the previous
~ study this study was also carried out to investigate whether it is realistic to
neglect the effect of stiffness of wall footing dun'ng the determination of lateral
soil forces or not. To explore the effect of this parameter, wall footing having
thickness 24 inch, 28 inch, 32 inch and 36 inches were selected; the resulting
moment of inertia of area of the wall footing were 0.67 ft%, 1.06 ft* 1.58 ft! and
2.251tY, i.c., the incremient in moment of inertia of area of the wall footing with
respect to the wall having footing thickness of 24 inch was 59%, 137% and
238% respectively. Results obtained from the finite element analyses are given
in Table A.2. in Appendix A. The same results are graphically represented in -
Fig. 6.3 and Fig. 6.4.

From Table A.2 in Appendix A, it was observed that for walls of 9 ft height,
increasing moment of inertia of wall footing by 59%, 137% and 238%, the
change in lateral soil force was 4.5%, 1.4%, 2.0% and change in moment was
0.7, 2.8% and 3.0% respectively. For wall of 12 ft height, change in lateral soil
force was 3.7%, 0.5%, 1.8% and changes in moment was 1.0%, 3.0% and 1.6%
respectively. For wall of 15 ft height, change in lateral soil force was 5.5%,
1.6% and 2.1% respectively whereas the changes in moment was 2.4%, 3.7%
and 5.3% respectively. For walls of 18 ft height changes in lateral soil force
was 5.4%, 5.9%, 6.2% and the change in moment was 0.5%, 1.8% and 2.3%
respectively. '

From Fig. 6.3 and Fig. 6.4 it is clear that the percentage of variations would
have been further smaller if ‘they were calculated from the average line.
- Observing this fact and comparing the large percentage of increase in moment
of inertia of wall footing with the small percentage of changes in lateral soil
force and moments, it appears that the effect of moment of inertia of wall
footing need not be considered during determining the values of lateral soil
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force. So the traditional methods do not introduce any appreciable error by
neglecting the effect of moment of inertia of wall footing.

6.2.3 Effect of Compressive Strength of Concrete

To study the role of compressive strength of concrete, concrete having strengths
2500, 2700, 3000 and 3500 psi were chosen for analyses purpose. Results
obtained from the finite element analyses are presented in Table A3 in
Appendix A. They are graphically presented in Fig. 6.5 and Fig. 6.6. From
Table A3, for a wall of 9 ft height increasing f by 8.0%, 20.0% and 40.0%,
the lateral soil force is changed by 1.5%, 1.4% and 4.2%. At the same time,
moments are changed by 1.0%, 0.7%, and 1.4%, respectively. For walls of
height 12 ft, same increase in the J. value changes the lateral soil force by
3.5% ,5.5% and 1.0% whereas the moments are changed by 0.8%, 0.5% and
1.4%, respectively. For walls of height 15 ft, changes in lateral soil force are
1.9%, 2.9% and 1.8% and in moments are changed by 1.0%, 0.1%, 1.1%. For
walls of 18 ft height, changes in lateral soil force are 5.5%, 0.7% and 0.3% and
moments are changed by 0.2%, 0.5% and 0.7%. |

Observing that the changes in lateral soil force and moments are small and
considering that the band in which concrete strength is expected to vary is

narrow, this parameter can also be neglected for a. simplified analysis
| procedure. ' ‘ '

6.2.4 Effect of Slope of Soil Surface

To study the effect of soil surface slope on the behaviour of retaining wall-soil
system, back fill with surface slope of 0°,5°10° 15° and 20° with the horizontal
were considered. Table A.4 in Appendix A contains the results obtained from
finite element analyses and Fig.6.7 and Fig.6.8 show the graphical
representation of the obtained results. | ‘

From Table A.4, in Appendix A it can be seen that for walls of 9 ft height,
changing the slope to 5°, 10°,15° or 20° from 0° increases lateral soil force by
30%, 70%, 105% and 168% respectively, and changes in moment were 36%,
86%, 167% and 248%.
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For walls with 12 ft height, changes in lateral soil force was 18%, 44.5%, 75%,
75% and 97% and for moments changes were 21%, 67%, 118% and 173%. For
walls with 15 ft height, changes in lateral soil force was 18%, 49%, 71%, 102%
and for moments changes were 15%, 49%, 92%, 134%, Similarly for wall of 18

ft height, changes in lateral soil force was 15%, 44%, 46% and 88% and for
" moments changes were 26%, 68%, 110% and 154%,

From the above, it is clear that for a small increase in the slope of soil surface
with the horizontal there occurs an appreciable increase in the horizontal force
and the moment that is to be resisted by the wall. This achievement is
satisfactory since P equal to 90° would produce a wall with infinite height and
hence the force and the moment.

It is interesting to note that for a given value of B, variation of percentage of
change with respect to height is parabolic. It first decreases with height of wall
and then again increases.

Variation of moment with respectto B can be approximated as

M, = M, [1+(2+%)sinﬁ]

where B is in degrees. ‘

The above equation neglects the effect of height which is mentioned previously
and 1s based on the average variation obtained from walls of different heights
for any given value.of B. | ; |

When the effect of height is taken into consideration,

M = M, [1+{(2+-§Jsinﬁ}(z;o74*10‘3ﬂ3—0.0669H2+0.587H)]

Results (% of increase with respect to horizbntal ) from finite element analysis |
and from proposed formulae is shown in Table A.5 in Appendix A.

Comparing the above tables it can be concluded that the proposed formulae is
satisfactory.




6.2.5 Effect of Unit Weight of Backfill Material

Traditional methods, from their analytical formulation, show that lateral soil
force is directly proportional to the unit weight of backfill material, To verify
this proportionality, an attempt was made to analyse various retaining walls
with backfill materials having unit weights of 100 pcf, 110 pef, and 120 pcf.
Results of the finite element analyses are given in Table A.6 in Appendix A.
These results are also graphically presented in Figs. 6.9 and 6.10.

Figures 6.9 and 6.10 show that the lateral soil force and the moment varies
linearly with unit weight of the backfill. Table A.7 in the Appendix A shows
the variation of lateral soil force and the moment as a percentage of change
with respect to unit weight of 100 pcf and 110 pef. 1t is observed that the
average variation for 10 pcf increment in 100 pef unit weight is equal to 10%
and for 20 pef increment the variation is equal to 20%. Unit weight of backfill
material is, indeed, a linear contributor to lateral soil force, as postulated in the
traditional ways of thinking.

So it can be concluded that the traditional concept of M o ‘y'and P, o yis
satisfactory.

6.2.6 Effect of Poisson's Ratio of Backfill Material:

Traditional methods do not show any variation of lateral soil force or moment
with Poisson's ratio v, but from the knowledge of elasticity it is expected that
there must be some relationship of the lateral soil force and the moment with
Poisson's ratio, since it establishes the relationship between the two orthogonal
directions. To investigate the effect of Poisson's ratio, analyses were done for 9
ft, 12 ft, 15 ft and 18 ft walls using Poisson's ratio of 0.45, 0.46 and 0.47.

Table A.8 in Appendix A contains the results obtained from the finite element
analyses and Figs 6.11 and 6.12 show the graphical representation of the results
obtained from the analyses. '

From Table A8, it is observed that a small change in the Poisson's ratio causes
an appreciable amount of change in the lateral soil force and moment
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which can not be neglected. From the table it has been noted that a change in
the value of v from 0.45 to 0.46 i.e., an increment of 2.22% causes an average
increase of lateral soil force of about 5%, a change in v from 0.46 to 0.47 i.e,,
an increroent of 2.17% causes an average increase of 4.5% in the lateral soil
force and moment. For the total change of v form 0.45 to 0.47, an increment of
4.44% is considered, a total increment of 7.75% in the average lateral soil force
and moment is observed.

Now, it has been previously established that .

M o ¥y
Assuming

M a vy,

for walls with horizontal backfill taking M, = vy f(H)
using results presented in Table A.8. |

o

and M= M, f(,H)

M, = vy [—0.0183767}14 +0.623182H7 - 4.5024833H° + 17.6917H]

6.2.7 Effect of Angle of Internal Friction of Backfill Material

In the absence of test results, octahedral shear stress and octahedral shear strain
curves for different confining pressures for soil of angle of internal friction of
28° and 40° as reported by Seraj (1986) and Seraj and Rahman (1987) have
been used. Table 6.9 in Appendix A shows the results of the finite element
- analyses. '

From the results of finite element analyses, as presented in Table A.9, in
Appendix A it is evident that as the value of ¢ 1s changed from 40° to 28° i.e.,
when soil becomes loose, lateral pressure increases resulting an increase in

lateral soil force and in moment. The variation in moment is simultaneously
dependent on ¢ and H. In the absence of adequate data, a thorough study for the
effect of internal friction of soil was not possible. But studying that changing
from loose soil (¢ = 28°) to stiff soil (¢ = 40°) the results are not appreciably
changed; use of lower ¢ values is, however, recommended to be on the safe
side.
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6.2.8 Effect of Embedment Depth of Wall into the Original Soil

Conventionally, retaining walls are designed for their total height by assuming
a linear pressure distribution. These methods neglect any effect on pressure
distribution, that may be caused by the depth of embedment, i.e., the depth of
the wall into the soil. To investigate the effect, depth of embedment that were
selected for analyses are 1 ft, 1.5 ft, 1.75 ft and 2 fi. Analyses were conducted
for walls having 9 ft, 12 ft, 15 i and 18 It height. Results of finite element
analyses are presented in Table A.10 in Appendix A and their graphical
Tepresentation is given in Fig. 6.15. and 6.16,

Results of finite element analyses shows that for embedded depth of up to 1.75
ft, the magnitude of moment increases at a point for increasing the depth of
embedment below that point. This is due to the fact that additional embedment
results in additional restraint at the footing end of the wall. Consequently, the

wall moment is increased. This finding is in line Ziegler (1987), as mentioned
earlier. ' |

For wall of 9 fi height, ratio of embedment to height were 0:11, 0. 17, 0.19 and
0.22. Changing the embedment ratio from 0.11 to the others, the lateral soil
force increases by 6;8%, 4.6%, 7.9% and in moment was 13.0%, 14.3%, 13.9%
respectively. For wall of 12 fi height embedment ratio was 0.083, 0.125, 0.146,
0.167. Changing the embedment ratio from 0.083 to the others the changes in
lateral soil force was 0.16%, 0.62% - 3.47% and changes in moments was
4.09%, 8.16%, 1.88%. for wall of 15 ft height embedment ratios were 0.067,
0.100, 0.167 and 0.133. Changing the embedment ratio from the first one to the
others changes to the lateral soil force was 2.40%, 1.10%, 1.67%, and in
moments was -0.06%, 2.18%, 0.47%. For wall of 18 ft height embedment
Tatios were 0.056, 0.083, 0.097 and 0.111. Changing the embedment ratio from
0.056 to the others the changes in lateral soil pressure forces was -2.04%, -
3.15%, -3.27% and in Change moment was 3.76%, 3.95%, -0.46%. Inspection
of the above percentage of changes lead to the conclusion that the effect of
embedment on lateral soil pressure force and moment is not directly governed
by the amount of embedment but is governed by the ratio of embedded depth
and height of wall. For wall of smaller height, when the ratio was large, the
changes were also large and for large walls where the ratio was small the effect
was also small.
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Another observation from the obtained results was that the pressure distribution
changes with the change of embedment, by observing the values of moment and
lateral soil force, since their ratio changes with amount of embedment, ie.,
location of the resultant horizontal force changes. From the results of analyses
and above discussion it appears that the lateral soil force and moment are
influenced by the embedment ratio. For walls of small and moderate height,
maximum increase was found to be 14.3%. For walls of larger height no
significant varjation was observed. For stmplicity the values of lateral soil force
and moment can be increased by 15% for any embedment ratio,

ie, M=115M,

6.3 EFFECT OF LINE LOAD

To study the effect of line loading, line load of 1 kip/ft of width of wall with an

increment of 1 kip/ft up to 10 kip/ft was applied. Results obtained from the

analyses are presented in Tabular form in Table Allto A 14 in Appendix A,

These results are obtained by deducting the effect of self weight from the

combined effect of self weight and line load. The results are graphically
presented in Figs. 6.17 to 6.24. The ﬁgﬁres show the total effect of self weight

and line loading, At any stage of loading, the effect of line load can be obtained

by deducting the initial ordinate from the ordinate cotresponding to that
loading. For wall of 9 ft when load is applied at 4 ft away from the wall face,
equation of moment for line loading becomes M; equal to 1.558P where M; is
the moment due to line load and P is the applied line load. And when the load
is applied at 7.25 &, 10.5 fi and 13.75 ft respectively equation of line load
moment is given by M, equal to 1.231P, M, equal to 0.884P and M; equal to
0.562P. For walls of height 12 ft, 15 ft and 18 ft load was applied at a distance
of 4.00 ft, 8.92 ft, 13.83 ft and 18.75 ft. The equation of moment for these
walls can be expressed as M;=K.P. The K values are given in Table.6.1

Table 6.1 Values of K for equation M;= K.P

H X=400 fi X =8921 X = 1383 R X = 18.7511
a .

12 1.491 1.232 0.875 0.514

15 1.178 1.126 0.857 0.546

13 0.853 0.983 0.809 0.572




LT (|
TN
~J{n

ool Mu
n

2

4.00 ft
ft
i
ft

N
oW

4=28°
" 4z )120pct
Yy =048

¢ =40°
g =120 pet
# =043

Lateral Soii Force Kip/ft of Wali

Moment kip—ft/ft of wall

25

20

15}

10

i

i

J

i.

N

4

5

6

5

F19.6.17 Effect of
for a Wall

‘Line load, kips.

Line load on Lateral Soil Force

of 9 'ft Height

2

I ]

<SOoPp o

4=20°
" € = 120pes
¥ =043

;:70-6
g z120pct
P =045

-

i i i !

4 5 6 7 8 9 10
Line Lood, Kips

Fig.6.18 Effect of Line load on Moment to be Resisted
by a Wall of 9 ft Height

73




Tox= 400t
AX= B892 ff gt
OX= 1383 ft 1 g wseea
0 X= 1875 ft > zoas

Lateral Soil Force kip/ft of Wall

L__

3 ] ] | J ] ]
0 1 2 3 4 S 6 7

Line Load, kips

Fig.6.19 Effect of Line Load on Lateral Soil Force
for o Wall of 12 ft Height '

#4]
w
—
(]

‘30 I ] { i | | | T T
p—x-f
(’:2;-:_ I
le:l?l)pt'
= [ o x= 400 t 3y s
o aX= 892 ft ; §oio
= o X= 1383 ft I8
% 0 X= 18.75 ft 7 0.3 h
+ 20 ~
S
T
o
~ 15
=
QL
E
o
10— ~
5 I | ! r | f | ] L]
0123.4567'8910

Line Loaod, kips

Fig.6.20 Effect of Line Lood on Moment to be Resisted
by a wall of 12 #t Height

74




Moment Kip—ft/ft of Wali

Lateral Soil Force: kip/ft of Wall

D X= 4.00 ft ¥z oms *

T ax= 892 ft o i
©X= 1383 ft '} ] p
0 X= 18.75 ft § rzoe

) €= 120pct

| I | ! ] | |

J

0 1 2 3 4 ) 6 7 8 9 10

35

30

Line Load, kips

Fig.6.21 Effect of Line Load on Lateral Soil Force
for o Wall of 15 ft Height

O X= 4.00 ft

[ 2 X= B892 ft 5 4 =100
0 X= 1383 ft § § 2o
0 X= 18.75 ft

4=20°

'U=l20p:f - /[]
Yy = 0,45

# =0.43

[ ! ! I i |

|
0 1 3

4 5 6 7 8 9 710
Line Load, kips

Fig.6.22 Etfect of Line Load on Moment to be Resisted
by o Wall of 15 ft Height

75




Lateral Seii Force Kip/ft of Wall

Moment Kip~ft/ft of Wall

1

10

35

30

25%

20

3¢ 3 5 ¢

dat

< O a

1
¥ =t20pet

¥ =043
] | ] | ! l ! L1 ]
0 1 2 3 4 S 6 7 8 9 10

Line Load, kips

. F19.6.23 Effect of Line Load on Loteral Soil Force

for o Wall of 18 #t Height

O X=4.00 it

8 X=  B.92 {t

O X= 13.83 f¢

0 X= 18.75 #t p

; —
1-1 ‘d =120 pct

J =043

. | | | | l i

0 1 2 3 4 5 -6 7

o0
ta]

10
Line Load, kips

F1g.6.24 Effect of Line Lood on Moment to be Resisted
by o Wall of 18 # Height

76




The results of the analyses are plotted in Figs. 6.25 to 6.32 to observe the type
of variation of shear and moment with. respect to the position of applied load.
From these figures, it has been observed that the variation of shear and moment
can be approximated as exponentially decaying with respect to the position of
applied load. From this observation, equation of line load moment was
developed as ' |

M, =a' e DX p

In the above equation x represents the distance of load from the wall face.
Values of a' and b' for the walls analysed are given in Table 6.2

Table 6.2 Values of a' and b' for the equation M, =a' eb'xp

H, ft a' b’
9 2.4934 0.1043
12 2.1611 0.07195
15 1.6124 0.0525
18 1.6479 0.0551

Values presented in Table.6.2 were used to derive a single equation for all wall
heights . The equation can be expressed as '

M, = aebXp

where,

1.57+-1—(H -16.25)?
45

0
I

1 .
b = 0.0511+—(H-16.25
880" )

The above equation gives values which are higher than those obtained for 18 fi
wall and x equal to 4 ft because this value was neglected during the regression
analyses and in other cases slightly small or large values due to the large
number of calculation and associated accumulated enor to reach to the final
equation.
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6.4 EFFECT OF DISTRIBUTED LOAD

Distributed load of 1 kip/ft per ft width of wall with an increment of 1 kip/ft up
to 10 kip/ft was applied to investigate the effect of uniformly distributed load
on retaining walls. For wall of 9 ft height, loaded length was 9.75 ft whereas
for wall of 12 f, 15 ft and 18 ft height, the length of loading was kept constant
at 14.75'ft. Results of finite element analyses are presented in Table A_15 in
Appendix A, and graphically presented in Figs 6.33 and 6.34. Table A.15 gives
the effect of uniformly distributed load only, whereas Fig. 6.33 and Fig 6.34
show the effect of self weight and uniformly distributed load. From the results
and graphs it is observed that the variation of moment and shear with respect to
load is linear. For 9 ft wall, the lateral soil force or stress shear is given by Vu

equal to 2.35 Py, My, equal to0 9.62 Py, where V), is the lateral soil force due to
' the uniformly distributed load Py only and M'u equal to moment due to Pu on]y_'
For a 12 ft wall these expressions are V,=2.896 Py, My=14.195 Py,. For 15 ft
wall Vy;=2.551 Py, and My=14.01 Py, similarly for 18 ft wall Vy=2.109 Py and
My=12.32 P, It is 'interesting to note that finite element analyses gives results
which show that same load causes greater effect for walls of intermediate

height.
6.5 DEFLECTED SHAPE AND STRESS-STRAIN IN SOIL

The basic assumption in the derivation of the traditional methods is that the
wall moves horizontally, parallel to its original position, only that much which
is required to develop the full shear resistance of the backfill soil, after this the
top of the wa!'l moves away from the backfill due to lateral soi] force. In the
finite element analyses the beam elements were allowed to move vertically,
horizontally and to rotate in its own plane, i.e., no restriction was imposed on
the movement along the 'vertical direction. To study the displacement
behaviour, deflected shape of the wall of 9 f height was plotted in Fig.6.35. To
show the deflected shape clearly, displacements have been magnified ten times.
It was observed that the movement of the wall occurs not only in horizontal
direction but also in vertical direction. For the 9 ft wall, horizontal
displacement at the top was 0.038 ft, and at the bottom of wall 0.0625 ft, the
wall moved down wards by 0.0633 ft. The wall foundation moved horizontally
by 0.0625 ft throughout its length, and vertically by 0.0526 ft at the outer side
of toe and by 0.0737 ft at the outer side of heel. From the deflected shape it
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was observed that the horizontal movement is greater at the base than that at
the top, it appears to be more realistic since the load which acts vertically
downward at the out side of heel of the wall foundation, and the horizontal
force at the wall stem would cause the wall to rotate with respect to the top of
the wall. Fig.6.36 shows the stress-strain diagram at two different depths, one
at the base of wall footing another at a depth of 13 ft below the wall footing,
but both on the same vertical line passing through the wall. It is observed that
the soil elements in contact with the wall footing is highly strained in
comparison to the soil at greater depth, but at same stress fevel.

6.6 LIMITATIONS OF EQUATIONS DERIVED FROM lNTERACTlON
ANALYSES |

Equations derived in this thesis do not consider the tensile separation of soil
mass and the slip between the wall and soil. Thus these equations do not -
represent the field condition. So these equations are not recommended for any
. practical use, and should not be used any where without experimental
verification and furthermore numerical analyses. ‘
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CHAPTER 7

COMPARISON OF FINITE ELEMENT ANALYSES
RESULTS WITH RESULTS OF CONVENTIONAL
| METHODS

7.1 INTRODUCTION

The methods available for the analysis of a rigid retaining wall has been

discussed in chapter 2. In chapters 3,4 and 5, finite element method for the
analysis of the wall has been described and in chapter 6, the results obtained by
the finite element method has been presented. This chapter compares the results
of the finite element analyses with the results obtained from available methods.

7.2 COMPARISON QF RESULTS FOR SELF WEIGHT ONLY

As stated in Chapter 2, hnalyses for self weight can be done by Coulomb's
method and Rankine's method for both lateral soil force and moment. In the
Tnal Wedge solution, one can determine the lateral soil force only. These
methods do not include the effect of structural stiffness of the retaining wall or

its footing, strength of concrete, Poisson's ratio of soil, effect of depth of

embedment, effect of confining pressure, etc. To compare the results of the

finite element analyses, walls with 9 ft, 12 ft, 15 ft and 18 ft height were
studied. Unit weight of the retained earth was taken to be 120 pcf, angle of

internal friction of soil was taken as 28° and the angle of soil surface with
horizontal (B) was varied from 0° to 20° with an increment of 5°.

Table A.16 in the Appendix A shows the results obtained from Coulomb's

method, Rankine's method and finite element method. Due to over conservative
results, Trial Wedge solution has been excluded from the results. Figures 7.1 to
7.8 show the graphical representation of obtained results. One of the
assumptions that cause the difference in results between the available methods
and the finite element method is that the traditional methods assume a linear
variation of lateral pressure and that the resultant acts at a distance of one third
the height of the wall, from the base of the wall. Finite element method does
not use such kind of assumption. Instead it calculates the self weight of all the
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isoparametric elements (representing the soil), beam eclements (representing the
wall and its base), stiffness of each type of elements, the load vector, the shear
modulus, the octahedral strain and stress from the confining pressure using the
soil data, solves hundreds of simultaneous linear equations to obtain the
displacement matrix, and then arrive at the forces. For surcharge load, the finite
element method reads the nodal load, then changes the load vector and does
similar operations to reach at the final goal. It is expected that due to the
absence of the assumption of a earth pressure coefficient and an assumed
pressure variation, results of finite element analyses should be different.
Results obtained from the finite element analyses were used to determine the
location of the resultant force. from the base of the wall and presented in terms
of height of the wall in Table A 17. in Appendix A

Results of finite element analyses as presented in Table A 18 in Appendix A,
confinns that the basic assumption used in the conventional methods is not
accurate but approximate. It was observed that deviation from the assumption is
increased with increasing wall height which indicate that the pressure
distribution is not linear. Finite element analyses shows that the resultant
horizontal force is Iocaped at 1/2.60 to h/6.04 from the base of the wall.

It can be seen from Table A.17 that with increasing wall height, the relative
location of resultant latera] soil force moves in the direction of wall footing.
For wall of 9 ft height, the resultant is located at h/3.38 distance from the base,
for wall of 12 ft height it is h/4.31, for 15 ft wail the value is h/4.52 and for 18
ft wall the location is at h/6.04. Values presented in Table A.17 indicate that
the pressure distribution is almost linear when the confining pressure is
relatively small but rapidly changes to polynomials of higher degrees with
increasing confining pressure i.c., for walls of larger height. This statement can
be used to support the expression of moment derived in article 6.2.6, which
shows that the equation of moment is not a third degree parabola. From Table
A.17, obserrvingr the location of lateral soil force for different angles of soil
surface and for the same height of wall, it appears that the pressure distribution \
changes with the angle of soil surface. For wall of 9 ft height, the distance of
resultant lateral soil force from the base is h/3.38 (B = 0o ), W3.23 (B =50),
W3.09 (B =100), 0/2.60 (B = 150 ), W/2.60 (B = 20° ), which show that the
location rapidly change for the initial changes of surface slope but later on
becomes more or less constant, which indicates that for a given height of wall,
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increase in confining pressure leads to a more or less constant type of pressure
diagram. |

It appears from Table A.18 that finite element solution gives larger values of
lateral soil force for walls of all heights. With the increase in the wall height,
the difference between the finite element analysis results come closer to the
results obtained from the traditional methods. '

7.3 COMPARISON OF RESULTS FOR LINE LOAD

To compare the results of finite clement results with results given by
Boussinesq equation or Trial Wedge method, line load of 10 kip per feet width
of wall was selected. Wall heights of 9 ft, 12 ft, 15 ft and 18 ft were taken for
analyses. For the 9 ft high wall. load was applied at a distance of 4 fi, 7.25 ft,
10.50 ft and 13.75 ft from the face of the wall. For 12 ft, 15 ft and 18 ft wall
load was applied at a distance of 4 ft, 8.92 ft, 13.83 ft and 18.75 ft from the '
wall face. Results of the analyses are given in Table A.19 in Appendix A. Same
results are graphically presented in Figs 7.9 to 7.16. Boussinesq equation or
trial wedge method shows that the magnitude of forces acting on the wall
decreases as the distance of the lipe load increase from the wall. But finite
element method shows that, for walls of larger heights there is a critical
location where the applied load shows maximum effect. For walls of height 15
ft and 18 ft the location is approximately 0.6H. But walls with relatively
smaller height, this critical location was not observed; rather these walls show
that with increasing distance the magnitude of lateral soil force and moment
" decreases.

Magnitude of the lateral soil force obtained by finite element analysis seems to
fall between that obtained by trial wedge method and the Boussinesq equation.
Finite element method shows that for same line load, effects are greater for
smaller wall but the other two methods show the reverse action.

Finite element method gives 3 to 11 times the value of lateral soil force given
by Boussinesq method and 6 to 14 times the value of moment given by the
same method. From the lateral soil force value and the magnitude of moment it
was observed that Boussinesq equation gives a large variation of location of
the resultant horizontal force when the position of the line load is changed but

92




T I ] T

7+ | H =9 1 §
U Finite Element Method
61 & Trial Wedge method A
0 Boussinesq Equation
S WP -1
4=28"
4t 4= 120pct B

y T 0.4%

Lateral Soil Force kip/ft of Wali

21 i}

\ﬂ
1+ . -
0 " P U Lo l\‘\,\._gJ
2 4 6 8 10 12 14

Distance of Lood (10 Xip) from wall (ft)

Fig.7.9 Comparison of Loteral Soil Force By Vorying
Position of Line load.

10— T T ;

9 H o= 12 ft 7
= gl o Finite Element Method N
= a Trial Wedge method
“ 7 © Boussinesq Equation
0 [ ’ : 7
T 6l i
o
x .
o O _
o
S af .
= !?
L?‘J 3 ¥ =t20pct -
— E\ J =043
D .
5 2f .
©
- 14 (I

0 M

0 5 10 15 *20
Distance of Load (10 kip) from Wall (ft)

Fig.7.10 Comparison of Lateral Soil Force by Varying
: Position of Line load.

93




Lateral Soil Force kip/ft of Wall

Lateral Soil Force kip/ft of Wall

10

10

T
B 1 § =120pcl
J =043
| H= 15 #t i
- O Finite Element Method -
4 Trial Wedge method
| O Boussinesq Equation )
S B S T ]
0 5 10 15 20

Distonce of Load (10 kip) from Wall (ft)

Fig.7.11 Comparison of Lateral Soil Force by Varying
Position of Line load.

| T I
- I-—x-. 4 i
4-2a"
, 9 =120pcr
f— Y045
H = 18 ft E} T
[~ . # ¢ =120pct -]
B Finite Element Method # =043
& Trial Wedge method N
© Boussinesq Equation
R R e—
0 5 10 15 " 20

Distance of Load (10 kip) from Wall (1)

Fig.7.12 Comparison of Loteral Soil Force by Varying
Position of Line lood. . '

o4




20 T T

15

¥ =120 pet
¥ =043

H= 9 ft

. Finite Element Method
Boussinesq Equation

Moment kip—ft/ft of Wall
S
|
o0

0 5 10 15
Distonce of Load (10 kip) from Wall (ft)

Fig.7.13 Comporison of Moment to be Resisted by Wall
for Varying Position of Line load.

15 I I
P
LEELE
"d:rwm—r
. RERL )
5 RN KA
= u*] ") 4 -40°
10 | ¥ =120 pet
% Yoy ozoay T
N "H = 12 #t
; D Finite Element Method
] O Boussinesq Equation
Q.
g
g 5 -
£
O
=
0 | B e

0 5 10 15 20
Distance of Load (10 kip) from Wall (ft)

Fig.7.14 Comparison of Moment to be Resisted by Wall
tor Varying Position of Line load.

95




Moment kip—ft/ft of Wall

Moment kip—ft/ft of Wall

15

10

10

I I T
H = 15 ft
O Finite Element Method
© Boussinesq Equation
Mi__J4-40°
g =170 pat 7
7 ¥ =0.43
a_l\ﬁl\e_‘r\o
0 5 10 15 20
Distance of Load (10 kip) from Wall (1)
Fig.7.15 Comparison of Moment to be Resisted by Woll
Wall for Varying Position of Line load.

|
- 18 ft -
- o Finite Element Method i
_ © Boussinesq Equation 3
_ 34 za0° -

¥ =120pct
- ¥ =043 N
.0 5 10 15 20

Distance of Load (10 kip) from Wall (ft)

Fig.7.16 Comparison of Moment to be Resisted by Wali
for Varying Position of Line load.

96




finite element method shows a very little change, the location is more or less
constant for walls of small and moderate height, i.e.. no appreciable change is
observed for them. Average distance of the resultant force from the base for 9
ft, 12 ft, 15 ft and 18 £ wall can be written as h/2.17, b/2.33, h/2.72 and h/2.83.

Trial wedge method gives very large value of the lateral soil force which is 2 to
10 times that given by finite element solution and appears to be unrealistic.

7.4 COMPARISON OF RESULTS FOR UNIF ORMLY DISTRIBUTED
LOAD :

The finite element results in this case was compared with Coulomb's method,
Rankine's method and the method proposed by ‘Rar'non. For analyses by
Ramon's method, load was applied in the Rankine zone so loaded length was

different from finite element analysis for the available methods.

Table A.20 in Appendix A, shows the results obtained for different methods.
These results are graphically presented in Figs 7.17 to 7.24. It has been
observed that for walls with relatively smaller height, Ramon's method gives
smaller values of lateral soil force than the Coulomb, Rankine or finjte element
- method. But for relatively large walls, the finite element analysis gives smaller
values of the above stated quantities. Finite element method shows a parabolic
variation of lateral soil force and moment with wall height which is similar to
the case of line load. But the other methods show that these quantities increase
with wall height for same load. The similarity between all cases is that the
magnitude of the lateral soil force and moment increase with the magnitude of
the applied load and the variation is linear.

Rankine and Coulomb's method assumes a constant distribution of lateral
pressure for the umfonn]y'distributed load. So, the resultant lateral soil force is
located at the mid height of the wall. Ramon gave a complicated expression for
the location of the resultant force, which has already been described in article.
2.3.3. From the finite element analyses results the location of the force can be

writtenas y = ——*—h——u_ , which indicates that location of resultant force
0.098h +1.287

is independent of the magnitude of applied load.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

8.1 CONCLUSIONS

The following are the conclusions that can be drawn from the preceding
chapters:

(1)  The general finite element program used in this study for the non-linear
two dimensional structure-soil interaction analysis appears to be an effective
tool for investigating the phenomenon of interaction in rigid retaining walls.

(2)  The reliability of using finite element (FE) method in interaction
analysis depends heavily upon the proper discretization of the structure-soil
system. In case of retaining wall-soil system, apart from mesh size, extent of
soil to be considered in the analysis is an important parameter. It has been
observed that for the soil system, a horizontal extent of soil (extent of backfill)
equal to about six times the wall height and vertical extent of soil equal to
about three times the width of wall footing below the footing of the wall are
adequate for fair analysis,

(3)  Traditional methods of neglecting the effect of stiffness of the wall,
stiffness of the footing , and the strength of concrete seem to be justified as the
parameters do not significantly influence the stress distribution either in the soil
or in the wall components. ' '

(4)  Finite element analysis shows that pressure distribution does not change
linearly with depth and as a result the resultant horizontal force is not located at
a distance of one third height of the wall, from the base of the wall.

(5) Finite clement analysis gives larger value of lateral soil force than
Rankine's or Coulomb's method. The deviation is small when the backfill

material is horizontal, but it sharply increases for sloping backfill.

(6)  Magnitude of moment to be resisted by the wall at its base as given by
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finite element analysis is greater for wall of smali height, compared to that
given by Rankine's or Coulomb's method. However, Rankine's method and
Coulomb's method give larger value of moment for intermediate to large walls,
when the backfill material is-horizontal, as compared to finite element analysis
results. But finite element analysis shows that the magnitude of moment
increases sharply with increasing slope compared to Rankine's or Coulomb'’s
method.

(7)  Finite element analysis shows that the lateral so1l force and moment is
proportional to the unit weight of backfill material. This is similar to the
solution of Rankine's and Coulomb's method.

(8)  Poisson's ratio affects the magnitude of lﬁteral soil force and moment;
although the traditional methods ignore the effect of Poisson’s ratio completely.

(9  Angle of internal friction of the backfill material has smaller effect on
the lateral soil force and moment than those given by the Rankine's or
Coulomb's method. '

(10) Ratio of depth of embedment of the wall into the original soil and height
of wall affects the lateral soil force and moment.

(11 Magnitude of moment to be resisted by the wall at its base for line
loading has been found to be proportional to the magnitude of applied load,
which is consistent with Boussinesq equation. The moment value was found to
be exponentially decaying with the distance of load from the wall face. For
larger walls, there is a critical location of load for which the effect of load is _
maximum. Finite element results fall between the-Boussinesq and Trial wedge
solution.

(12) Rankine's, Coulomb's or Ramon's method show that for the same
uniformly distributed load, greater lateral soil force and moment are obtained
for larger walls. But finite element analysis shows that there is a critical wall
height for a given load for which the effect of uniformly distributed load is
maximum.
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8.2 RECOMMENDATIONS

The followmg recommendations are made for future development of the
present research work:

(1) Tensile separation of soil element was not taken into consideration. The
program can be improved to take care of tensile cracking.

(2)  Triangular elements instead of four node iéoparametric elements, with
crack propagation facility as stated in (1) would give a better picture of wall
movement and failure plane. So program can be improved for this purpose.

(3)  Interface elements can be used in future studies to take care of wall
friction that acts between the wall elements and soil elements. This will
produce results that wiil represent the actual ficld behaviour more closely.

(4)  Walls with keys of different sizes and at different locations can be
studied to analyse the performance of such walls.

(5)  The existing program may be used in future, after suitable modifications
if needed, to analyse different tied retaining walls and sheet pile structures.
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Table A.1 Effect of Moment of Inertia of Area of Wall at its Base on Lateral Soil
Force (P,) and Moment (M)

1 H=9# H=12ft H=15# H=18 1

P, M P, M P, M P, M
Kip | Kip-ft Kip | Kipft | Kip | Kipft | Kip | Kip-ft

0833 2.608 6.518 4.170 11.603 6.222 18.785 | 7.873 | 23.526
1323 2.539 6.544 4.311 11.861 |. 4422 19.401 7.891 | 24.718
1975 2.392 6.3601 4.375 12.165 6.052 22066 | 8401 | 25053
2813 2.580 6.642 4439 | 12123 6.302 19.729 | 8.424 | 24877
3858 2671 6.251 4319 12.531 6.097 19992 | 7.894 | 25.759

Table A.2 Effect of Moment of Inertia of Area of Wall.Footing on Lateral Soil
Force (P,) and Moment (M)

I H=9# H=12ft H=i5ft H=181

P, M P, M P, M P, M
Kip Kip-fi Kip Kip-ft Kip Kip-ft Kip Kip-ft

0.6667 | 2.392 6.361 4.375 12.165 | 6.052 | 20.066 8.401 25.053
1.5087 | 2.499 6.403 . | 4.215 12.042 | 6.384 | 19.593 7.947 24.922
1.3803 2.426 6.186 4.354 11.757 | 6.148 | 19.316 7.905 24.596
22500 | 2.441 6.168 4.296 11969 | 5.925 18.995 7.876 24.478

Table A.3 Effect of Concrete Strength on Lateral Soil Force (P,) and

Moment (M) :

f! H=9ft H=12 ft H=15ft - H=18 ft

ksi P, M P, M. | P, M P, M
Kip | Kipft | Kip | Kipft | Kip | Kip- Kip Kip-ft

25 | 2428 | 6300 | 4229 | 12.074 | 6179 | 19.858 7.964 25.099

27 | 2392] 6361 | 4375 | 12.165 | 6.052 | 20.066 8.401 25.053

30 | 2394 |- 6.257 | 4461 | 12138 | 5996 | 19.849 8.023 24.971

35 | 2325 | 6391 | 4118 | 12244 | 6.293 | 19.631 7.989 24.930
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Table A.4 Effect of Slope of Seil Surface on Lateral Soil Force(p,)

“and Moment (M)
B H=9# H=12 f H=151 H=181t
deg
P, M P, M P, M P, M

Kip | Kipfi Kip | Kip-ft Kip | Kipft | Kip | Kip-ft

0 2.392 6.361 4.375 12.165 6.052 20.066 3.401 25.053
5 3.103 8.642 5.165 14.728 7.164 23.035 9.660 31.592
10 4.071 11.857 6.320 20.333 9.040 29905 | 12079 | 42.113
15 4.902 16.957 7.659 26.477 10.364 | 38580 { 12.256 | 52679
20 | 6.399 22.131 8.633 33.29%0 12.220 | 46.979 | 16.861 | 63.838

Table A.S Percentage of Increase in Moments with Respect to Horizontal
Backfill, for Increase of Slope of Soil Surface by Finite Element Method and by
Proposed Formulae

8 Finite ¢lement method Proposed formulae
deg :
Height of wall ' Height of wall
9t 121 15 fi 18 fi gft 12 ft 15t 18 f

5 36 21 15 26 - 36 26 20 26
10 36 67 49 68 95 68 52 68
15 167 118 71 110 178 128 97 128
20 248 173 102 154 283 203 154 203

Table A.6 Effect of Unit Weight of Backfill Material on Lateral Soil Force (P,)
and Moment to be Resisted by the Wall (M)

y H=9# . H=12ft H=15 ft H=18 fi

P, ‘M P, M | M P, M
Kip Kip-ft Kip Kip-ft Kip Kip-ft Kip Kip-ft

100 2.108 4.814 3.481 9.489 [ 5009 | 13218 | 6.544 20.103
110 2.103 5.918 3.967 | 10.693 | 5621 [ 15787 | 7312 22.945
120 2.392 6.361 4375 { 12.165 | 6.052 | 20.066 | 8.401 25.053




Table A.7 Percentage of Change in Lateral Soil Force (P,) and Moment (M)
for Changing Unit Weight

h % of change in P,, % of change in M
{f) :

=100 =110 =100 =100 =110 =100

to to to to to to
y=110 y=110 | y=120 | y=110 =120 =120

9 - 13.7 - 22,93 7.5 32.1

12 13.9 10.3 25.7 - 127 13.8 28.2

i5 12.2 7.7 20.8 19.4 27.1 51.8

— 18 11.7 . 149 284 14.1 9.2 246

Table A.8 Effect of Poisson's Ratio on Lateral Soil Force (Py) and the
Moment (M) ‘

n H=9f 1 B=12f H=15ft H=i8fi

Kip Kip-fi Kip Kip-ft Kip Kip-ft Kip Kip-ft

45 2,392 6.361 4.373 12.165 | 6.052 20.066 8.401 25053
46 2.593 7.085 4.473 12.606 | 6.419 20,437 | B.438 | 26378
A7 ' 2.549 7.410 4.470 12.877 | 6.482 21.066 | 8.959 28.063

112




Table A.9 Effect of Angle of Internal Friction on Lateral Soil Force (Py)

and Moment(M)
% of change
¢ =128° =40 “from $=28° to
h ¢=40°
fi .
P, M P, M P, - M
kip kip-ft kip kip-fi
9 2.392 6.361 2.446 6.301 -2.26 0.94
i2 4.375 12.165 3.846 10.239 12.09 I5.873
15 6.052 - 20.066 5.722 15518 5.45 22.67
. 18 8.401 25.053 7.372 - 21493 12.25 14.21

Table A.10 Effect of Embedded depth on Lateral Seil Force (P,) and

Moment (M)
Esnbedded
dfﬂP;h H=9ft H=12 fi H=15 ft H=18 fit
P, M P, M P, M P, M

Kip Kip-fi Kip Kip-ft Kip Kip-ft Kip Kip-ft
1.00 2.392 6.361 4375 | 12165 | 6.052 | 20.066 | 8401 | 25.053
1.50 2.555 7.191 4382 | 12.663 | 6.197 | 20053 | 823G | 25.995

- 1.75 2.503 7.272 4.402 13.158 | 6.118 20.503 8.136 26.043
2.00 2.580 7.242 4223 | 13394 | 6.153 | 20.160 | 8.126 | 24.938
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Table A.11 Effect of Magnitude and Location of Line Load ~on Lateral Soil
Force (P,) and Moment (M) for a Wall of 9 f t Height (Excluding Self Weight )

. P . X =41t X =7251# X=1051f X=13751 .
kip :

P, M P, M P, M P, M

kip kip-ft kip kip-ft kip kip-ft kip kip-fi

1 0.39 1.397 0.309 1.18 .203 834 132 0.499

2 0.75 3.033 0.602 2.381 431 1.909 267 1.037

3 1.114 4.655 0.908 3.668 643 2.867 392 1.599

4 1.481 6.238 1.216 4,921 ..852 3.795 523 2.224

5 1.842 7.157 1.522 6,137 1.054 4.668 650 2.830

-~ 6 2.204 9.277 1.823 7.312 1.262 5.563 193 3.426

7 2.567 10.808 2.111 8.498 1.478 6.414 9315 3.985

8 2.929 12.334 2,406 9.725 1.693 7.245 1.072 4.528

9 3.294 14.069 2.696 10.926 1.906 8.065 1.208 5.063

10 3.660 15.412 2.986 12.139 2,109 8.844 1.348 5.617

Table A.12 Effect of Magnitude and Location of Line Load on Lateral
Soil Force (Py) and Moment (M) for a Wall of 12 ft Height ( Excluding Self

Weight )
p X=41 X =892t X = 1383 ft X = 1875#
kip : :

P, M P, M P, M P, M
kip kip-ft kip kip-fi kip kip-ft kip kip-ft
1 0.295 1,440 0.255 1.173 0.155 0.754 0.090 0.452
2 0.569 2.908 0.501 2332 0.296 1548 | 0.19] 0.946
3 0.850 4.411 0.738 3.609 0.454 2.479 0.293 1.467
4 1.128 5.915 0.982 4.876 0.612 3.418 0.399 2.016
5 1.405 7417 1.230 6.111 0.776 4.355 0.504 2.548
6 1.680 8.883 1.481 | 7.362 0.942 5.269 0.608 3.062
\ 7 1.955 10.390 1.734 8.609 1.107 6.182 0.711 3.562
8 2.235 11.905 1.985 9.871 1.276 7.104 0.818 4.083
9 2.516 13.438 | 2.240 11.100 1.442 7.936 0.925 4.597
10 2,796 14,916 2.483 12,252 1,606 8.754 1.023 5.135
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Table A.13 Effect of Magni'tude and Location of Line Load on Lateral
Soil Force (P,) and Moment (M) for a Wall of 15 ft Height { Excluding Selfl

Weight )

P X =4ft X =8921 X =13830 | X=18751

kip :
P, M P, M P, M P, M
kip kipt | kip | kipft | kip kip-fl kip | kip-n
1 0.182 1083 | 0214 | 1041 | 0162 | 0723 | 0099 | 0421
2 0352 | 22064 | 0422 | 2233 | 0327 | 1566 | 0.212 | 0.985
3 0520 | 3439 | 0635 | 3.381 | 048 | 2472 | 0327 | 1592
4 0688 | 4679 | 0845 | 4526 | 0648 | 3371 | 0443 | 2.19
5 0858 | 5913 | 1057 | 5667 | 0809 | 4273 | 0.55 | 2.760
6 1033 | 7.124 | 1.266 | 6.776 | 0970 | 5.168 | 0.660 ; 3.316
7 1.208 8.32 1476 | 7.886 | 1.132 | 6068 [ 0764 | 3.869
8 1.383 9475 | 1.687 | 9012 | 1296 | 6.952 | 0.864 | 4420
9 1557 | 10649 | 1.898 | 10.141 | 1459 | 7.845 | 0962 | 4.953
10 T727 1 11836 | 2011 | 11279 | 1627 | 8716 | 1065 | 5506

Table A.14 Effect of Magnitude and Location of Line Load on Lateral
Seil Force (P;) and Momerit (M) for a Wall of 18 ft Height ( Excluding Self

Weight )
P X =41t X = 8921 X = 13831 X = 1875
kip
P, . M P, M P, M P, M
kip kip-ft kip kip-fi kip kip-ft kip kip-ft
1 009 | 0855 | 0173 | 0987 | 0.154 | 0824 | 0.106 0.593
2 0.193 1.708 | 0.346 1.965 [ 0.305 1,637 | 0.210 1.166
3 0290 | 2547 | 0519 | 2952 | 0456 | 2440 | 0311 1.739
4 0386 | 3.381 0693 | 3937 | 0607 | 3241 | 0415 | 2310
5 0476 | 4248 | 0866 | 4920 | 0.760 | 4048 | 0518 2872
6 0.567 | 5.109 1.042 | -5.901 0.911 4852 | 0622 | 3.434
7 0.657 | 5969 1.218 | 6.883 1.063 5658 | 0.724 | 3.996
§ 0.748 | 6.829 1396 | 7.866 1215 | 6463 | 0828 | 4.549
9 0.839 7.692 1.573 8.848 1.371 7.266 0.931 5.113
10 0.930 | 8.536 1.750 9.83 1.524 § 8.075 1.031 5.669
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Table A.15 Effect of Uniformly Distributed Load on Lateral Soil Force (P,)
and Moment (M) ( Excluding Self Weight )

h=9 ft - h=12f h=15ft h=18 fi
UDL ' .
kip/ft
P, M P, M P, | M P, M
kip kip-ft kip kip-fi kip kip-ft kip kip-fi
1 2.37 9.86 2.87 14.18 253 .| 1411 2.11 12,39
2 4,73 19.47 5.78 28.42 5.14 28.39 4,24 24.74
3 7.12 29.16 8.72 42.66 7.71 42,45 6.32 36.97
4 9.447 38.89 11.69 57.14 10.26 56.47 8.44 49.37
5 11.80 48.42 14.57 71.25 12.79 70.32 10.55 61.68
6 14.14 57.86 17.42 85.37 15.33. 84.17 12.68 74.07
7 16.44 67.24 20.29 99.38 17.83 98.03 14.78 86.35
8 18,75 76.66 23.14 113.46 | 20.36 111.76 16.88 98.55
9 21.07 86.05 | . 2599 12744 | 2291 125.54 18.96 110.72
10 23.40 95.50 28.84 141.41 25.44 139.26 | 21.06 122.91




Table A.16 Lateral Soil Force (PQ and the Moment (M) for Dead Load
only from Coulomb, Rankine and Finite Element Analyses ($=28%)

h B Rankine's method Coulomb's method Finite element
fi degree | 5 = 22° v = 0.45
P, M P, M P, M
kip kip-ft - kip kip-fl kip kip-fl
0 175 5.26 1.55 4.65 2.39 6.36
5 1.717 5.31 1.65. 495 3.10 8.64
9 10 1.82 5.46 1.76 5.30 4.07 11.86
15 1.92 5.76 - 1.90 572 4.90 16.96
20 2.10 6.31 2.10 6.31 6.40 2213
0 312 12.48 2.76 11.02 438 12,17
5 3.15 12.59 294 11.74 5.17 14.73
12 10 3.23 12.94 314 12.56 6.32 20.33
15 341 13.64 3.39 13.55 7.66 26.48
20 3.74 14,95 3.74 14.97 8.63 33.29
0 4.87 2437 4.31 21.53 6.05 20.07
15 5 492 24,59 4,58 22.93 E 7.16 23.04
10 5.05 2527 4.90 24,53 9.04 2991
15 533 26.64 5.29 26.48 10.36 38.58
20 5.84 . 29.21 5.84 29.24 12.22 46.98
0 7.02 _ 42.11 6.20 37.21 84 25.05
18 5 7.08 42.48 6.61 39..62 9.66 31.59
10 7.28 43.68 7.06 42.39 12.08 42.11
15 7.67 46.04 7.62 45.75 12.26 52.68
20 8.41 50.47 8.42 50.53 16.86 63.84

Table A.17 Ratio of Wall Height and Distance of Resultant Horizontal
Lateral Soil Force From the Base of Wall obtained from Finite Element Analyses

B ‘H=91t H=12 ft - H=ISHR H=18 fl

degree
0 ‘ 3.38 431 4.52 6.04
5 3.23 421 4.66 5.51
10 3.09 3.73 4.53 5.16
15 2.60 3.47 4.03 . 4.18
20 2.60 3.11 3.9] 4.75




“Table A.18 Percentage of Difference in Lateral Soil Force (P,) and
Moment (M) in Rankine and Coulomb's method with Respect to Finite
Element Method '

h [\ Rankine's method Coulomb's method
ft degrec '
P, - M Py M
0 26.8 17.3 35.1 269
5 429 385 46.8 42.7
9 10 55.3 53.9 56.8 553
15 - 60.8 66.0 61.2 66.3
20 67.2 71.5 67.2 71.5
0 288 -2.5 370 9.4
5 39.1 14.5 36.0 20.3
12 10 48.9 36.4 50.3 38.2
15 55.5 48.5 55.7 48.8
20 56.7 55.1 56.7"° 55.0
0 19.5 -21.4 28.8 =73
5 31.3 -6.7 36.0 0.5
15 10 - 441 15.5 458 . 179 -
15 48.6 30.9 48.9 1.4
20 52.2 37.8 52.2 37.8
0 ' 16.4 -68.1 26.2 -48.5
-5 26.7 -34.5 316 -25.4
18 10 . 39.7 -3.7 41.6 0.7
15 374 12.6 - 378 13.2
20 50.1 209 50.1 20.8
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Table A.19 Lateral Soil Fdrce and Moment for Line Load of 10 kip, by
Boussinesq, Trial wedge & Finite Element Method ( Excluding Self wt)

H
b
!
&
|
t height of Distance Boussincsq Equation Trial Finite Element
' wall, ft of Line v = 045 wedge v =045, ¢ = 28°
} load, i ¢ = 28°
¢ ' P, M P, P, M
' ' kip kip-fit kip kip kip-fi
9 4.00 333 1.11 7.76 3.66 15.41
' 7.25 .140 0.66 3.91 2.99 12.14
; 10.50 068 0.36 1.32 2.11 8.84
i 13.75 036 0.20 - 1.35 5.62
; 4.00 342 1.23 9.13 2.80 14.92
12 8.92 128 0.763 4.67 2.48 12.25
, 13.83 059 0.412 1.47 1.61 8.75
‘ 18.75 030 0.22 - 1.02 5.14
: 4.00 343 1.30 9.75 1.73 11.84
15 8.92 141 0.938 6.07 2.11 11.28
13.83 072 0.586 3.00 1.63 8.72
18.75 040 0.357 - 1.07 5.51
4 340 133 9.73 0.93 8.56
r 18 8.92 .148 1.06 7.06 1.75 9.83
‘ ' 13.83 081 0.735 433 '1.52 8.08
18.75 048 0.488 - 1.03 5.67

e e
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Table A.20 Lateral Soil Force and Moment for Uniformly Distributed Load by

Coulomb, Rankine, Ramon and Finite Element Method. (¢ =28°) .
h UDL Rankinc's Coulomb's Ramon's Finite clement ’
f kip/ft method mcthod method | method
h ¢ = 28° 5=22°4=28° o = 28° v = 0454 = 28°
: P, M P, M P, M C P, M
kip kip-ft kip kip-Qt kip kip/it kip kip-it
. 1 3.25 14.62 287 | 1292 07 | 345 2.37 986
3 9.75 43.86 8.61 38.76 2.1 10.34 116 29.16
A 9 5 16.25 73.10 14.36 64.6 35 17.24 118 4842
‘ 7 22.74 102.34 { 20.10 90.44 4.9 24.14 16.44 07.4
3 10 3245 146.2 28.71 129.2 7.0 34 48 23.40 95.5
t.\ ] 4.33 26.0 383 2297 1.58 10,96 2.87 14.18
¢ 3 13.00 18.0 11.49 | 6891 473 32.89 8.72 42.66
12 5 21.66 130.0 19.15 114.9 7.88 54 81 14.57 71.25
7 30.32 182.0 26.81 160.8 11.03 | 76.73 20.29 99.38
10 43.32 260.0 38.3 229.7 15.76 109.6 28.84 141.4)
1 5.42 40.01 4.79 3589 2.67 .| 2391 2.53 14.11
3 16.25 121.8 14.36 107.7 8.02 71.73 771 4245
15 5 2708 203.1 23.93 179.5 13.36 119.6 12.79 70.32
' 7 37.91 284.3 335 251.2 18.70 167.4 17.83 98.03
10 54.15 406.1 47 85 3589 | 26.72 | 2391 2544 139.26
R i 6.5 58.5 5.4 51.68 3.55 39.28 2.11 12.39
' 3 195 175.5 17.23 155.0 10.64 117.8 6.32 36.97
18 5 325 292.5 28.71 2584 17.73 196.4 10.55 61.68
7 455 409.5 40.19 361.8 | 24.82 | 2749 14.78 86.35
10 65.0 585.0 57.42 516.8 | 3546 | 3927 21,06 122,91
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