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ABSTRACT

Numerical Modeling of Passive Earth Pressure for Normally and Over
Consolidated Sands

Riad Diab
Concordia University, 1994

Previous experimental and analytical investigations on passive earth pressure showed -
that the current available theories did not take into consideration the effect of the critical
state soil mechanics parameters. They also ignored the effect of the stress history of the
soil represented by the Over Consolidation Ratio (OCR) on the passive earth pressure
coefficient (Kp). This may lead to an overestimation or underestimation of the evaluation
of Kp and accordingly to an uneconomical or unsafe design respectively.

The present thesis is oriented to study the effect of the above mentioned parameters on
the value of passive earth pressure developed behind a vertical rigid wall translating
horizontally into a Normally or Over Consolidated horizontal cohesionless backfill.

A numerical model of a translating wall was developed using the finite element
technique and the program CRISP which was developed at Cambridge University. The
deduced stress distribution and failure mechanism in the soil mass were examined against
the available theories and good agreement was achieved.

The results, for Normally Consolidated soil, were preseﬁted in form of parametric study
to determine the effect of each of the critical state parameters on the value of Kp. These
" results were compared with the existing theories on passive earth pressure and it was
found that the theoretical value of Kp obtained by Coulomb and by Shields produced
intermediate values inside the rarige of Kp obtained by the critical state theory. '

For Over Consolidated soil, the results showed that the soil stress history had a very
significant effect on the passive earth pressure, as the value of Kp increases considerably
due to an increase of OCR. Based on this fact an empirical relationship was proposed to
relate Kp to the OCR.
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CHAPTER 1
INTRODUCTION

1.1 Preface

In the construction and design of many structures, the determination of earth
pressure, to which these structures are subjected, is required. Among these structures are
retaining walls, sheet piles, temporary sheathings for supporting vertical cuts in soils and
earth anchors. The prediction of lateral earth pressure-to- which- the -above- types—of - ——— -- — -
structures are subjected has been among the most important problems in geotechnical
engineering. The development of active lateral earth pressure in particular has received a
considerable amount of attention. This is due to the fact that the majority of these
retaining structures are made to support active earth pressure. However, design of many
geotechnical structures requires the evaluation of passive lateral earth pressures. In the
literature, several theoretical and experimental studies are reported to ‘investigate the
magnitude and distribution of passive earth pressure behind a retaining wall. Most of these
studies considered the shear strength of the soil (the cohesion ¢ and the angle of shearing
resistance ¢) as the only parameters affecting the values of earth pressure and further,
none of them took into consideration effect of the stress history of the soil represented by
the Over Consolidation Ratio (OCR). Furthermore, no attempts were made to analyze the
problem and to estimate the value of passive earth pressure using the parameters of the
theories of critical state soil mechanics which reflect realistically and with a great degree of

precision the behavior of soils.

1.2 Research objectives
The objectives of this research program are:
a. To conduct and report a literature review on passive earth pressure and over

consolidation ratio for sand.




b. To develop a numerical model, using finite element technique, of a vertical rigid
wall translating horizontally into a mass of homogeneous dry sand of horizontal surface.

¢. To compare the theoretical values produced by the numerical model with those
obtained from the available theories.

d. To conduct a parametric study on passive earth pressure developed behind the
above described wall, where the soil is represented by the critical state soil mechanics
parameters.

e. To study the effect of degree of over consolidation on the coefficient of passive
earth pressure K,

f. To develop some design charts to be used by practicing engineers for estimating

the value of K, in case of homogeneous normally consolidated sand.

1.3 Scope of the thesis

A review of the classical theories for passive earth pressure for homogenous
normally consolidated soil is given in chapter 2. Chapter 3 describes the formulation of the
finite element mode! proposed for the problem and a .brief review on the critical state
theory. The results and the ahalysis are discussed in chapter 4. Finally, the conclusion and

the recommendations are presented in chapter 5.




CHAPTER 2
LITERATURE REVIEW

2.1 General

Earth pressure problems have intrigued and challenged engineers for a very long
time and they still occupy a place of high importance in the field of soil mechanics.

Over three hundred years ago, failure of retaining wall was not perceived as a
geotechnical problem, but mostly due to the structure. these walls were ‘therefore
reinforced many times more than needed, resulting in uneconomical structures such as
walls 10 feet to 20 feet wide.

Later on, with the development of the instrumentation in geotechnical engineering
and powerful computers, researchers started to examine the problem from the theoretical
and experimental point of view, data was gathered and exchanged, and experience began

to play a role in solving the problem.

2.2 Historical development

The first recorded resuits of experimental work on lateral earth pressure were those
of the French researcher Belidore in 1729, who concluded that the surface of rupture
behind a retaining wall was on a slope of 1:1 . That was later modified by Mayniel, in
1808, to a slope of 2:4. '

In 1758, Gauthey succeeded in measuring the earth pressures at five different depths
showing that the pressure was increasing with depth.

. In 1776, Coulomb was the first to suggest a mathematical solution for the
calculation of earth pressure, taking into consideration the wall-soil friction angle, he
assumed that the failure surface was plane and that the friction forces were distributed
uniformly along this rupture surface. He gave his equation of total passive earth pressure,

which is being used so far, as follows:




1
Pp ='-2-’YH2KP 2-1)

1 1
where = { )2 (2-2)
P cosd 1 2
("—"cosq)) ytan ¢ +tan¢ tand
and Py, is the total pas;sive earth pressure

v is the unit weight of the soil

H is the height of the wall

K, is the coefficient of passive earth pressure

d is the angle of wall-soil friction

¢ is the angle of shearing resistance

In 1857, Rankine found a mathematical solution using an entirely different approach

from that of coulomb. He assumed that the whole earth mass is in a state of plastic
equilibrium and he showed that the two systems of straight parallel lines, intersecting at
angles of 90° +¢ formed the rupture lines. He used the condition of failure defined by
Mohr-Coulomb criterion of the soil to give his famous equation for smooth retaining wall
(8 = 0) as follows: .
®
2 .
In 1906, in Germany, Muller-Breslau, found that the point of application of the

K,= tan2(45° ++) (2-3)

resultant of active and passive earth pressure was somewhere between 0.33 and 0.36 of
the height of the wall, for the case of no surcharge existing above the ground surface.

In 1920, Terzaghi adopted a method for predicting the passive earth pressure
assuming that the failure surface consists of two parts: logarithmic spiral and straight line.
He recorded some measurements of horizontal and vertical force components of passive

earth pressure and reported that passive pressure coefficients K, were obtained to be




greater than 10 for dense sand after a small wall displacement and about 2 for loose sand
at a wall displacement equal to 15% of the wall height.

In 1924, Franzius determined experimentally the effects of wall friction on passive
resistance and concluded that the observed values of passive earth pressure of rough walls
were at least twice the values for smooth walls.

Caquot and Kerisel, in 1948, derived solutions for passive pressure acting on the
face of a wall showing that the magnitude of the wall friction angle & depends on the type
of wall movement.

An extensive study of rupture surfaces under different types of wall movements was
made by Hansen in 1953. His findings indicated differences in the shape and size of the
rupture wedges under different wall movements and with different wall friction.

Rowe and Peaker (1965) have used elaborated equipment which allowed thc control
of the wall direction to measure passive earth pressure in the laboratory . They directed
their research to study the relationship between the average mobilized angle of shearing
resistance ¢ _ along the failure plane and the deduced average coefficient of earth pressure
Kom- They concluded that the slip line emerged at the sand surface at a stage which did
not necessarily coincide with the achievement of Kpmax but at a stage which generally lay
in the vicinity of the peak value of ¢ yx They also found that the distribution of pressure
on a horizontally translating wall was essentially linear at each stage of deformation up to
failure.

Brooker and Ireland, in 1965, were the first to conduct an extensive study on the
effect of soil stress history on earth pressure. Their experimental results indicated that the
stress history governs the value of the coefficient of lateral earth pressure in at-rest state
(Ko), and they concluded that an increase in the OCR leads to an increase in (Ko).

Later in 1966, Schmidt plotted Ko against over consolidation ratio OCR using
logarithmic axes for both. He found a linear relationship and he gave a simple expression

relating Ko to OCR as follows:




K= K,..OCR® (2-4)
where Knc is the coefficient of lateral earth pressure at rest under normally consolidation
state. The value of the parameter b was found to be between 0.3 and 0.55 depending on
- the plasticity index of the soil (PI).

In 1969 , Narain , Saran and Nandakumaran investigated experimentally the
determination of the rupture surface and the pressures behind a wall subjected to:
translation or rotation about the bottom or the top in case of loose and dense sand. They
concluded that the magnitude of passive pressure and the displacement required to cause
its maximum are the highest when the wall is rotated about its bottom and the lowest
when the wall is rotated about its top. They also reported that in case of translation
Kpmax occurs when the displacement is about 8.5% of the height oi the wall in case of
loose sand and about 6.5% in case of dense sand. The distribution of passive pressure
along the height of the wall is a triangular one only in the case of horizontal translation of
the wall while it is a parabolic one in the case of wall rotation. The rupture surface for all
types of wall movements were curved .

James and Bransby (1970) studied the distribution of normal and shear stresses on
wall rotating about its toe into mass of dry sand, they showed that the earth pressure
reaches first its peak value near the top of the wall where the rupture surfaces were first
observed and no rupture surface below the mid height of the wall was observed. When a
wall is rotated about its top there is a single rupture surfaces extended from the toe of the
wall up to the sand surface. They also confirmed the observation made by Narain et al
concerning the non linear distribution of the normal stress on the rotating wall at any stage
of the test. Finally they showed that the locally mobilized angle of sand-wall friction &
varies from a value close to the éngle of shearing resistance ¢ of the soil at the top of the
wall to almost zero at the bottom of the wall.

In 1971, Clough and Duncan were the first to develop procedure for representing

the interface between a structure and the adjacent soil in a finite element analysis of soil
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structure interaction. However, the study was directed to investigate the active earth
pressure of the sand behind a rigid wall. Two dimensional linear strain quadrilateral
elements were employed to represent the backfill. The sand behavior was described in
terms of bulk elastic modulus(K) and elastic shear modulus (G)

In 1972 and later in 1973 Shields and Tolunay followed Terzaghi's suggestion of
failure surface composed of a logarithmic spiral and a straight line. They computed values
of passive earth pressure coefficient Kp using a simplified method of slices similar to that
of Bishop for slope stability analysis and they proposed the following equation :

_ B +XOWtan(ax +¢)] 2

P~ 1-tand tan(a,, + ) yH? -5
where
1 o
P, =—YyH? tan(45 +9l)
2 2
where Pr is passive Rankine force acting on soil height H; located at some

horizontal distance from the wall, beyond which no vertical shear, caused by the
wall roughness, exists.
0 is the wall friction angle
Oty is the angle between the horizontal and the failure surface at the wall.
o is the angle between the horizontal and the failure surface for each slice.
W is the weight of the slice .
H is the height of the wall.

Ghahramani and Sabzevari (1974) presented an analytical formulation for estimating
the passive earth pressure of a retaining wall rotated about its toe into a dry loose and
dense sands. They concluded that the distribution of the normal as well as the shear
stresses acting on the wall are not linear. Furthermore the stresses decrease towards the
toe but the decrease is not as much as the experimental results obtained by James and

Bransby (1970) indicate. Their theory predicted also a peak value for the normal force as




the wall progressively rotates into dense and medium sand and the peak occurred at about
4 degrees wall rotation.

In 1976, Bellotti, Formigoni and Jamiolkowski conducted an experimental
investigation to study the effect of OCR on (Ko). Their results were in good agreement
with the relationship proposed by Schmidt. Also they proposed a value of 0.42 to the non
dimensional exponent b.

Wroth (1975) proposed an alternative relationship between Ko, Knc and OCR to
that of Schmidt. This relationship was as follow:

K, =OCR.K,, —-l—_Eﬁ-(OCR— 1) (2-6)

where p is the Poisson ratio of the soil.
Wroth stated that this relation is only valid for lightly over consolidated soil (OCR up to
5) and a range of p between 0.254 and 0.37i.

Meyerhof, in 1976, modified the experimental relationship found by Schmidt to the
following form:

Ky =K,..OCR% (2-7)

In 1987, Bang and Kim described an analytical solution to predict the transition of
the passive earth pressure from the at-rest state to an initial-passive to the full passive state
of a vertical rigid retaining wall rotating about its toe or top into a dry sand. They used the
condition of failure defined by Mohr-Coulomb criterion and equilibrium condition to
obtain the necessary equations for solution. The results from the proposed method of
analysis were compared with the experimental results reported by Narain et al. and the

comparison showed to be generally in good agreement,

2.3 Discussion
All the previous analytical and experimental studies related to the calculation of

passive earth pressure are based on the assumption that the shear strength parameter of




the soil (¢) and the wall friction angle (5) are the only variables affecting Kp . These
studies have been helpful for understanding the mechanism of failure of the soil mass
behind the wall for all kinds of wall movements. However none of them analyzed the
problem using the theories of the critical state soil mechanics. It is believed that some
discrepancy between existing theories will vanish, to a great extent, when the critical state
soil mechanics parameters are taken into consideration for predicting the value of passive
earth pressure coefficient (Kp). Also no attempts were made to study the effect of the in-
situ stress condition or the degree of over consolidation on Kp.

The purpose of the present thesis is to present a parametric study, based on finite
element analysis, of passive earth pressure behind a vertical rigid wall translating
horizontally into a mass of homogeneous normally consolidated or over consolidated soil.

The soil is represented by the critical state soil mechanics parameters.




CHAPTER 3
NUMERICAL MODELING

3.1 General

The finite element method is a powerful technique to solve varieties of science and
engineering problems. It has become very popular in recent years in the field of
geotechnical engineering to provide solution to problems including foundations, dams and
earth retaining structures.

The following steps are usually taken in developing solutions by means of the finite
element technique:

a. Establish the governing equation and boundary conditions for the given problem,
then the appropriate finite element solution algorithm can be obtained.

b. Divide region under investigation into a number of elements.

c. Select interpolation function based on the number of points within the elements,
to define the displacement field.

d. Determine element properties: Each element makes a contribution to the overall
region which is a function of element geometry, material properties, number of nodal
points, and other variables.

e. Element properties should be assembled to form a set of algebraic equations for
the nodal values of the physical variables.

f. Many standard techniques are available to give a solution of global equations
whether the global equations are linear or non-linear.

g. Vcriﬁcatiop of solution: two conditions must be satisfied in the theory of finite
element analysis, these are:

1) The forces acting on the elements must be in equilibrium




2) The displacements of each element as a result of the applied forces must be
consistent with the physical properties of the material as well as the specified boundary

conditions.

3.2 Mesh Geometry and Element type

The choice of element and mesh design has to reflect a compromise between an
acceptable degree of accuracy and computing costs. The finite element mesh that was
used in the analysis, immediately after excavation of the soil in front of the wall as
explained in section 3-9, is shown in figure 3-1. This mesh has smaller elements in the
regions near the wall where rapidly varying stress/strain are expected.

Figures 3-2 and 3-3 represent the finite element mesh at the in-sitv stage (before any
loading). These figures show that the soil and the wall were modeled by 272 eight nod:. 4
Linear Strain Quadrilateral (LSQ) element, this type of element is recommended by Britto
and Gun (1981) to be used for plane strain and drained analysis. The total number of

corner nodes was 306.

3.3 Boundary Conditions

H 100m i
T e —— T l
Dispiacement Soll to be
direction excavated |
46 m
v 40m
- .
} 150 m i

The outer boundary should be placed as far away as possible from the region
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Figure (3-1): Finite element mesh immediately after excavation of the soil in front of the wall
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Figure (3-2): Finite element mesh before loading showing the number of elements
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Figure (3-3): Finite element mesh before loading showing the number of nodes

14




subjected to the largest change in the loading in order that no influence to the results will
be reported.

The height of the wall, as shown in the above figure, was chosen to be 6 m. The
locations of the outer boundaries were determined as follows: 100 m away from the wall,
in the direction of loading, and 50 m in the opposite direction, the. total height of the
studied mesh was 46 m. These dimensions were sufficient to eliminate any effect of
boundary.

The Boundary conditions of the mesh were specified as follows: the outer verﬁcd
boundaries (left and right sides) are restrained in the (x) direction. This means that these
boundaries are only free to move in the vertical (y) direction, the base of the mesh is
assumed to be rough and hence is restrained in both (x) and (y) directions which simulate

the field condition.

3.4 Wall and slip element model
Three material zones were assigned to the mesh representing: the wall, the soil and
the slip element. Each zone associates all the elements in it with a particular set of material

properties. The concrete wall vas considered to be a linear elastic model having the

following characteristics :
E. (Young's modulus) = 11,000,000 KN/m2
B¢ (Poison ratio) =0.11 '
Yc (unit weight) =23 KN/m3
The width of the wall was 0.5 m.

A slip (or interface) element was used in the analysis in order to simulate the
interface between the soil and the wall.
The following properties were assigned to this element:
O (the angle of wall-soil friction) =20/3

is (Poison's ratio) = it of soil
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E¢ (Young's modulus) = 65,000 KN/m2 for $=450
=50,000 KN/m2  for ¢ =40°
=135000KN/m2  for ¢=350

=20,000KN/m2  for ¢=30°
t (the thickness of the slip element) =10cm

3.5 Soil model

The soil was represented by the critical state soil mechanics parameters, it was
considered as a Modified Cam Clay model.

The Modified Cam Clay parameters are: the slope of the Critical State Line (CSL) A,
the slope of the swelling line k, the critical state void ratio ecs and Poisson's ratio p. A
brief review of the theory of critical state and a definition of the above mentioned

parameters will be presented in the next section

.3.5.1 Theoretical background on critical state soil mechanics

The theory of soil behavior known as critical state soil mechanics were developed
from the applicatién of the theory of plasticity to soil mechanics.
Three parameters, P' (the mean normal effective pressure), q (the deviator stress) and v

(the specific volume) describe the state of a sample of soil during a triaxial test, The

parameters are defined as :
p=0t20% @3-1)
3
q=0;—03 (3-2)
v=l+e (3-3)

where o : the major principal effective stress
O3 : the minor principal effective stress

e : the void ratio of the soil

16




The instantaneous state of a soil sample during a triaxial test can be represented by a
point in a three dimensional space with axes P', v and q and the line connecting these
points is called Effective Stress Path (ESP). From the theory of plasticity, it is concluded
that the ESP for a soil reaches a yield surface and moves on this surface until it reaches a
final destination at which failure occur, this final destination is called the critical state.

Figure 3-4 shows the ESP for family of drained test in q-P' and v-P’ space during a

standard triaxial test.

CSL

{a)

NCL
CSL

v
h

Figure (3-4): Effective Stress Path for a family of drained test in q-P' and v-P"
spaces.

All samples fail at values of q,P' and v which define a straight line in q-P' space

through the origin and a curved line in v-P' space . This single and unique line of failure
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points of both spaces is defined as the critical state line. Its crucial property is that failure
occurs once the stress states of the samples reach the line, irrespective of the stress path

followed by the samples on eir way to the critical state line.

3.5.1.1 Critical state line equations

In a standard drained triaxial test, the sample is subjected to:

i) isotropic compression pressure: during this part of the test the sample follows a
stress paths in (P',v) plots, which is called the Normal Consolidation Line (NCL), as
shown in figure 3-5a. Its state may be moved to the left of the (NCL) by unloading along a
swelling line, but it is not possible to move the state of the soil to the right of the NCL. In
critical state theory the virgin compression, swelling and recompression lines are assumed
to be straight line in (In(P"), v) plots with slope -A and -k respectively as shown in figure
3-5b.

The equation of the isotropic virgin compression line is:

v=N - AlnP' (3-9)
where N is a constant for a particular soil. It is the valueof v when InP'=0 or
P' = 1kN/m?
The equation of the swelling or recompression line is
v=vg-knP (3-5)

The value of v, depends upon which k line the soil is on, but it stays constant while
the soil is moving up or down the same line.

ii) Increase of the axial stress: during this part, the ESP approaches the Critical State
Line (CSL) (figure 3-4) at which failure occurs. As for NCL, the CSL, in (In(P',v) plot, is
assumed to be a straight line lying on the right of the NCL and parallel to it. The CSL has
the 2 following equations corresponding to its location in P'-q space and P'-v space
respectively:

q=MP' (3-6)

18




v=TI"-AlnP' (3-7
where M is the slope of CSL in g-P' space.
T is the value of v corresponding to P' = 1kN/m2 on the CSL.
Thus T locates the CSL in v-InP' plane in the same way that N locates the Normal
Compression Line. Equations (3-6) and (3-7) together define the position of the CSL in g-
P'-v space. M and T', like N, A and k are regarded as soil constants.
Figure 3-6 shows the critical state line in a three dimensional q-P'-v space, the

normal isotropic compression line is shown in the q=0 plane.

3.5.1.2 Elastic and plastic deformation of soil

The distinction betwcen elastic and plastic deformation is best illustrated by the
behavior during isotropic compression. If the soil is unloaded from B (figure 3-5b) it
moves along the swelling line BVy, if it is reloaded from V1, the soil retraces path Vi1
to B, after which additional compression occur as the sample moves down the normal
consolidation line to C. Similarly, if the sample is unloaded from C, it moves back along
the swelling or k line to Vi9. The strain is elastic along any swelling or k lines such as
Vi 1B and Vi1C, and is plastic along the Normal Consolidation Line.

3.5.1.3 Yield surface

When a triaxial test is conducted on a sample of soil, the stress state of the sample
can follow undetermined number of stress paths depending on two factors: The type of
test (drained or undrained) and the variation of the principal major and minor stresses.
Each stress path consists of 2 parts: elastic one, when the behaviour of the soil is elastic
and plastic one, when the soil is yielding. These 2 parts are separated by a point called the
yield point.

The yield curve is defined as the link of yield points, in P'-q plot, for all possible

stress paths for samples having the same initial stress state.
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Figure 3-7 shows the stress path for lightly Over Consolidated sample in both P'-q
and P'-v spaces. During the initial part of the test, before the ESP intersects the current
yield locus at B, the soil behavior is elastic. After point B the soil is yielding and each
stress state on BF is associated with a new (enlarged) yield locus. Finally the soil fails
when the ESP intersects the CSL at point F.

Figure 3-8 shows different yield curves, each one is associated with a particular
initial stress state, a set of all yield curves, in P'-g-v space, forms a yield surface.

Clearly this surface is considered as a Stable State Boundary Surface (SSBS) with
the Critical State Line lying on it, when the stress state of the sample is inside this surface,
its behavior is elastic, when the stress path moves on the surface, its behavior is plastic and

the stress state cannot lie outside the surface.

3.5.1.4 Cam clay model

Cam Clay is the name given to an elasto-plastic model of soil behavior. Thus Cam
Clay is not a real soil. However, the Cam Clay equations developed at Cambridge
University can describe many real soils if appropriate material parameters are chosen.

This theory was developed for Normally Consolidated and lightly Over Consolidated
soil.

The Cam Clay State Boundary Surface equation as developed by research team at
Cambridge University is as follows:

4= 2 (C+h-k=v-AInP) (3-8)

Figure 3-9 shows this equation in P'-q-v space
The state boundary surface intersects the v-P' plane along the normal consolidation
line where g=0 and v=N-AInP' (NCL). Hence, from equation (3-8):
N=T+A-k (3-9)

Equation (3-8) can also be written as :
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Figure (3-5a): Normal Consolidation Figure (3-5b): Normal Consolidation
Line and swelling line in v-P’' space. Line and Swelling Line in v-In(P')
space.
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Figure (3-6); Critical State Line and Normal Consolidation Line in three

dimensional q-P'-v space.
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Figure (3-8): Yield curves
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Figure (3-7): Stress path for lightly
over consolidated sample in both
q-P' and v-P' spaces,

Figure (3-9): Cam clay Stable State
Boundary Surface in q-P'-v space.
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w=r+@A-k)1-vM) (3-10)
where 1 is the stress ratio.

v is defined as a specific volume at reference section.
Elastic straining underneath the SSBS corresponds tc niovement along a k-line, with a
corresponding change in v. Thus when an elastic sample is brought to the point of yield it
must simultaneously lie on both the k-line and the SSBS. Therefore the intersection of the
SSBS with the k-line equation gives the current yield surface :

q=MPIn(P'(/P) | G-11)
where P’ is the size of the current yield locus. This point lies on the isotropic normal
consolidation line.

It is of interest to note that when q=0, P'c=P". Thus, for an over consolidated soil,

P'c=P'max when no deviator stress exists (q=0).

3.5.1.5 Modified Cam clay model
Modified Cam Clay model modifies essentially the shape of the yield locus in the
original Cam Clay model, to be an elliptical one. So the equation of the SSBS will change

to: :
vy, =+ (A=K)[In(2) - In(1+(n / M)?] (3-12)
The equation of the isotropic NCL is the same as for Cam Clay
v=N - Aln(P)
but N=T+(A-k)In2 (3-13)

and the current yield locus will be given by :
¢*+M*pi=M2P'P; (3-14)

3.5.1.6 Summary of parameters used in (Modified) Cam clay model
The critical state soil parameters can all be determined from the normal range of

laboratory tests that are performed on a soil. These parameters are :
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a. The frictional constant M

M is the slope of the CSL in q-P' space. Triaxial tests on isotropically consolidated
samples can be used to obtain the frictional constant M. A number of tests need to be
carried out with different consolidation pressures, for each test, P' and q have to be
determined. The frictional constant M and the angle of shearing resistance ¢ are related
with the following equation (see figure 3-4):

6sind
M=
3-sin@

(3-15)

b. Slope of the normal consolidation line A and swelling line k

These parameters can be obtained from odometer test or from triaxial tests on
sample either isotropically or with K, normally consolidated. A is the slope of NCL or
CSL in (In(P"),v) or (In(P"),e) plot. k is the slope of the swelling line in the same plot.

c. Critical state void ratio ecs
ecs is defined as the void ratio on the critical state line for a P'=1 or InP'=0. This

parameter determines the location of the CSL in v-InP' space. ecs is obtained from:

ecs=I-1 (3-16)

d. Poison's ratio p

Poisson's ratio may be evaluated from the ratio of the lateral strain to axial strain
during a triaxial compression test with axial loading. This parameter is needed to calculate
the terms of the D matrix for (modified) Cam Clay under the yield locus when the

behavior of the soil is ela tic.



" e. Size of the initial yield locus P’

Knowing the stress history of the ground, one can calculate P'myax and gmax as

follows:
P'm‘x = (?.C'xmx'-fo'ymx ) /3 (3-17)
Imax =0 ymax~0 xmax
o' = OCR.0'

where ymax Y (3-18)

C'smax = Knc'c'ymax

where ky is defined in section 3.6.

Substituting these values in the expression for the Cam Clay (or modified Cam Clay)
yield locus (equations 3-11 and 3-14), we obtain P' value for any point as :

For Cam Clay :

P'= P, Yo/ MP ) (3-19)
For modified Cam Clay:

P.'= (@uax | M)? 1 P o+ P' (3-20)

It is obvious that in case of normally consolidated soil P'pay=P' and qpax=q.

3.6 In-situ stagt

In this stage, the mesh covers the whole area including the region of soil in front of
the wall which is going to be excavated (figure 3-1). Since the soil is subjected, at this
stage, only to its self-weight, the in situ-stresses are specified at the bottom and the top of

the mesh as follows :

c,'=7Yy
o,'=0,'=Ko,’ (321

1”=0

P is calculated from equation (3-20), in cases of normally and over

consolidated soil.




G'y and o'y are the normal and the horizontal effective stresses respectively
y =0 at the top of the mesh and y = 46 m. at the bottom
Ko is the coefficient of earth pressure at-rest.
This coefficient was calculated, in case of normally consolidated soil, from the
experimental relation of Jaky (1944):
K, =1-sin(}) (3-22)
In the case of over consolidated soil, the experimental relationship found by Schmidt
(1966) and modified by Meyerhof (1976) case was used:
K,=K, .JOCR (3-23)
where '
kyc is the coefficient of earth pressure at-rest under normally consolidated state.

Txy is the shear stress

3.7 Program CRISP

The finite element program which was used in the present investigation was CRISP
(CRltical State Program) version 1990. This program was written and developed by a
Geotechnical Group in Cambridge starting in 1975. The program allows several types of
analysis: drained, undrained, consolidation analysis for three or two dimensional plane
strain or axisymmetric solid bodies. The soil models which can be used are : anisotripic
elastic, unhomogeneous elastic, critical state soil models and elastic perfectly plastic
model. Finally, several types of elements can be used like: linear strain triangle (LST),
cubic strain triangle (CuST), linear strain quadrilateral (LSQ) and the 20-node brick
clement.

The program consists of "geometry program" and "main program", the input data
which must be supplied to the program are:
1. Information describing the finite element mesh, the number of super elements, the

coordinates and number of super nodes, number of divisions of each side of the super
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elements etc. . Based on this information, the program generates the node and element
numbering system.
2.  Material properties associated with each super element.

3.  In-situ stress and boundary conditions of the region under investigation.

3.8 Variables considered
The Critical State Soil Mechanics parameters were isolated in order to determine
their effects on the value oif Kp. Table (3-1) summarizes the range of physical and

mechanical characteristics of the sand employed in the present investigation.

Table (3-1): Summary of the range of physical and mechanical characteristics of the
and in the present investigation.
A e

30 to 45

0.1100.3

0.00125 to 0.01

0.5t03

0.2t00.4

17 to 21.5

1tod

The range of the Critical State soil parameters: A, k and ecs used in the present
investigation were taken from Atkinson (An Introduction to The Mechanics of Soils and
Foundation Through Critical State Soil Mechanics, 1993). The unit weight of the soil 7y
was constant for each value of ¢. Finally the theoretical range of Poisson's ratio . was
taken from 0.2 to 0.4 for each value of ¢.

3-9 Loading increment
The entire loading was divided into 11 increments. These inc.ments are grouped

into 2 increments blocks:
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a. Block increment 1 consists of only one increment which is the excavation of the soil in
front of the wall and, at the same time, replace it by an equivalent triangular loading. This
loading takes a value of kyY h at the bottom of the wall and 0 at the top.

During this increment block, the soil is in at-rest state.

b.  Block increment 2 is divided into 10 increments of equal load. This number of
increment loading was sufficient to give a good accuracy to the results. This load consists
of pushing the wall horizontally toward the soil by me;:ns of imposing a constant (x)
displacement along the height of the wall. The total imposed displacement was 0.7 m,
which means that each displacement increment was 0.07 m.

During this increment block, the soil is in passive state,

Several trials were made in o.der to examine the soil reaction against the
displacement of the wall and it was found that the distribution of passive pressure along
the height of the wall was triangular. The plot of distribution of passive pressure against
the height of the wall is given in chapter 4. Readings of the stress created at the bottom of
the wall (at 5.88 m depth) for each increment were taken and the wall displacement versus
pressure for each trial analysis were plotted.

Figures 3-10 and 3-11 show typical wall displacement versus pressure curve in case
of loose and dense sand, respectively.

The determination of the failure stress (Gg) was made by plotting two tangent lines
on the two portions of the load-pressure curve (as shown in the same figures). Their
intersection was considered as the stress at which general failure occurs. So the coefficient

of passive earth pressure kp was calculated as follows:

Of
kyp= —y—h* (3-249)

where Gg is the stress at the bottom of the wall at failure (KN/m2)
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Figure (3-10): Typical wall displacement versus pressure for loose sand at a depth of
5.88 m on the wall
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CHAPTER 4
RESULTS AND ANALYSIS

4.1 General

In this investigation, 384 trial analyses were conducted using the numerical model
described in chapter three to examine the parameters affecting the value of the coefficient
of passive earth pressure (Kp). 288 trials were conducted on normally consolidated sand
while 96 analysis were conducted to examine the effect the Over Consolidation Ratio
(OCR) on (Kp). The distribution of passive earth pressure behind the wall was also
examined,

The testing program was divided into 5 groups, 4 groups for the case of Normally
Consolidated sands corresponding to ¢ = 30, 35, 40 and 45 degrees each of them is
divided into 2 series: series 1 concemns the case when A/k=80 and series 2 is for A/k=30.
The last group is for the case of Over Consolidated sand, this group is divided into: series
1 when OCR = 2 and series 2 when OCR =4,

The design parameters which are believed to have a direct effect on the value of the
coefficient of passive earth pressure (Kp) were isolated and examined in order to
determine their effects on (Kp) values.

Table 4-1 to 4-8 present the test results for Normally Consolidated sand. Table 4-9

and 4-10 present the test results for the case of Over Consolidated sand.

4.2 Passive pressure distribution behind the wall and rupture surface
Several trial analyses were made in order to examine the distribution of the passive
earth pressure behind a vertical rigid wall. Reading of the stress at 6 different depths (0.88,
1.88, 2.88, 3.88, 4.88 and 5.88 m.) close to the wall were taken at various stage of wall
displacement. This distribution was found to be approximately linear at every stage of wall

displacement starting from a value of 0 at the top of the wall and reaching a
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Table (4-1): Test Results: Passive Earth Pressure
Coefficients for Normally Consolidated Soil
SO Group T o R Sereet
A6 & S0R L VR

R
4 \\g\\&*\(}&g\\
SRR

P
1
2
3
4
5
6 . .
7 2 0.00125 0.2 18.96
8 0.3 14.60
9 0.4 11.28
10 3 0.00125 0.2 37.10
11 0.3 24.90
12 04 16.53
13 0.2 0.5 0.00025 0.2 5.4
14 0.3 4.85
15 04 4.51
16 1 0.00025 0.2 1.20
17 0.3 - 6.20
18 04 3.50
19 2 0.00025 0.2 14.40
20 0.3 11.00
21 04 8.10
22 3 0.00025 0.2 26.90
23 0.3 18.10
P 04 12.10
25 0.3 0.5 0.00375 0.2 3.77
26 0.3 3.16
27 0.4 2.66
28 1 0.00125 0.2 5.30
29 0.3 4.10
30 0.4 3.30
3 2 0.00375 0.2 10.00
32 0.3 7.35
33 04 5.02
' 34 3 0.00375 0.2 19.30
35 0.3 12.20
36 0.4 7.77
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Table (4-2): Test Results: Passive Earth Pressure
Coefficients for Normally Consolidated Soil
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0.00667 0.2 2.39
0.3 2.06

04 1.77

0.00667 0.2 3.15
0.3 2.64

04 2.25

0.00667 0.2 5.60
03 4.50
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0.00667 0.2 9.70
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0.4 5.75

0.01667 0.2 1.84
0.3 1.57

04 1.33

0 0.2 2.45
0.3 2.08

04 1.73

0.01 0.2 4.36
0.3 3.50

0.4 2.74

0.01 0.2 7.68
03 6.04

04 4.67
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Table (4-3): Test Results: Passive Earth Pressure
___Coefficients for Normaliy Consolidated Soil
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1 0.1 117
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3 7.05
4 15.50
3 11.95
6 s 8.60
7 2 0.00125 0.2 27.90
8 0.3 18.80
9 X 0.4 12.67
10 3 0.00125 0.2 48.60
11 0.3 32.00
12 0.4 18.87
13 0.2 0.5 0.00025 0.2 8.37
14 0.3 6.62
15 0.4 5.05
16 1 0.00025 0.2 10.80
17 0.3 8.41
18 04 6.20
19 2 0.00025 0.2 19.90
20 0.3 14.10
21 0.4 9.27
22 3 0.00025 0.2 35.50
23 0.3 22.60
P 04 14.02
25 0.3 0.5 0.00375 0.2 5.41
26 0.3 4.33
27 04 3.34
28 1 0.00375 0.2 7.27
29 0.3 5.59
30 04 4.14
31 2 0.00375 0.2 14.00
32 0.3 9.34
33 04 6.25
34 3 0.00375 0.2 25.00
35 0.3 15.60
36 0.4 9.64
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Table (4-4): Test Results: Passive Earth Pressure
Coefficients for Normally
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1 0.1 0.5 0.00125 0.2 3.73
2 0.3 3.15
3 0.4 2.66
4 1 0.00125 0.2 48
5 0.3 4.10
6 0.4 3.36
7 2 0.00125 0.2 8.20
8 0.3 6.51
9 0.4 3.01
10 3 0.00125 0.2 14.20
11 0.3 11.10
12 0.4 8.10
13 0.2 0.5 0.00025 0.2 2.96
14 0.3 2.52
15 04 2.16
16 1 0.00025 0.2 3.89
17 0.3 3.21
18 0.4 2.73
19 2 0.00025 0.2 6.59
20 0.3 5.30
21 0.4 4.13
22 3 0.00025 0.2 1145
23 0.3 8.60
P 0.4 : 6.67
25 0.3 0.5 0.00375 0.2 2.17
26 0.3 1.93
21 04 1.7
28 1 0.00375 0.2 2.87
29 0.3 249
30 0.4 2.15
K} 2 0.00375 0.2 5.00
32 0.3 4.16
33 04 3.28
K 3 0.00375 0.2 8.77
35 0.3 6.90
36 0.4 5.32
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Table (4-5): Test Results: Passive Earth Pressure
Coefficients for Normally Consolidated Soil
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1 0.1 0.5 0.00125 0.2 16.16
2 0.3 11.64
3 04 197
4 1 0.00125 0.2 21.20
S 0.3 14.90
6 0.4 9.80
7 2 0.00125 0.2 36.20
8 0.3 23.60
9 04 14.22
10 3 0.00125 0.2 62.40
11 0.3 38.90
12 0.4 21.80
13 0.2 0.5 0.00025 0.2 11.48
14 0.3 8.52
15 04 5.71
16 1 0.00025 0.2 14.90
17 0.3 10.90
18 04 6.90
19 2 0.00025 0.2 26.80
20 0.3 17.70
21 04 11.13
22 3 0.00025 0.2 44.60
23 03 29.10
A 04 15.91
25 0.3 0.5 0.00375 0.2 6.85
26 0.3 5.41
27 0.4 4.09
28 1 0.00375 0.2 9.10
29 0.3 7.10
30 0.4 5.08
31 2 0.00375 0.2 17.90
32 0.3 11.70
33 04 7.65
34 3 0.00375 0.2 30.90
35 0.3 19.40
36 0.4 11.90
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Table (4-6): Test Results: Passive Earth Pressure
Coefficients for ol Consolidated Soil

e Y

1 6.1 0.5 0.00333 0.2 4.55
2 0.3 3.75
3 0.4 3.12
4 1 0.00333 0.2 5.80
5 03 4,76
6 04 3.86
7 2 0.00333 0.2 10.10
8 0.3 7.91
9 0.4 5.93
10 3 0.00333 0.2 16.20
11 0.3 12.30
12 0.4 9.08
13 02 0.5 0.00667 0.2 3.66
14 0.3 3.06
15 0.4 2.54
16 1 0.00667 0.2 4.70
17 03 3.90
18 0.4 3.15
19 2 0.00667 0.2 8.20
20 0.3 6.31
21 0.4 4,93
22 3 0.00667 0.2 13.40
23 0.3 10.05
% 0.4 7.5
25 03 0.5 0.01667 02 2.54
26 0.3 2.24
27 0.4 2.00
28 1 0.01667 0.2 3.30
29 ‘ 0.3 2.90
30 0.4 2.50
31 2 001667 02 6.12
32 03 4.83
33 0.4 3.89 ]
34 3 0.01667 0.2 10.10
35 0.3 8.10
36 0.4 6.09
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Table (4-7): Test Resuits: Passive Earth Pressure

VTN AT
N \\Q\% \\\\%\\?&\. xR \%\ \\\\\;\;\\\\\\\t\\\\}\\‘

R
R ..

sl
1 0.1 0.5 0.00125 0.2 20.87
2 0.3 14.33
3 0.4 8.88
4 1 0.00125 0.2 27.50
5 6.3 18.30
6 0.4 11.10
7 2 0.00125 0.2 45.10
8 0.3 28.10
9 0.4 16.00
10 3 0.00125 0.2 79.20
11 0.3 47.9
12 0.4 25.40
13 0.2 0.5 0.00025 0.2 14.70
14 0.3 10.43
15 0.4 6.43
16 1 0.00025 0.2 19.10
17 0.3 13.40
18 0.4 7.90
19 2 0.00025 0.2 33.10 |
20 0.3 21.60
21 0.4 12.20
22 3 0.00025 0.2 57.10
23 0.3 35.80
4 0.4 18.95
25 0.3 0.5 0.00375 0.2 8.83
26 0.3 6.77
27 0.4 492
28 1 0.00375 0.2 11.80
29 0.3 8.70
30 0.4 6.05
31 2 0.00375 0.2 21.60
32 03 13.80
33 0.4 9.50
34 3 0.00375 0.2 38.40
35 0.3 23.20
36 04 14.60
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Table (4-8): Test Results: Passive Earth Pressure
Coefficients for Normally Consolidated Soil

5.51

i

1 0.1 0.5

2 03 4.54
3 04 3.75
4 1 000333 | 0.2 7.03
5 03 5.66
6 04 4.40
7 2 000333 | 02 11.74
8 0.3 9.10
9 04 6.80
10 3 000667 | 0.2 19.00
11 03 14.50
12 04 10.26 _4
13 0.2 05 000667 | 0.2 438
14 0.3 3.62
15 04 2.90
16 1 000667 | 0.2 5.67
17 03 4.58
18 04 3.60
19 2 000667 | 02 9.50
20 0.3 7.48
21 0.4 5.60
22 3 000667 | 02 15.90
23 03 11.90
24 0.4 8.60
25 03 0.5 0001667 | 0.z 3.10
26 03 2.61
27 04 2.36
28 1 001667 | 0.2 4.07
29 03 3.40
30 04 2.93
31 2 001667 | 02 6.95
32 03 5.50
33 04 445
34 3 001667 | 02 12.45
35 03 9.40
36 0.4 6.98

39




Table (4-9): Test Results: Passive Earth Pressure
Coefficients for Over Consolidated Soil
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0.00125 0.2

0.00333 0.2

0.00125 0.3

0.00333 0.3

0.0025 0.2

0.0067 0.2

0.0025 04

0.0067 0.4

0.00375 0.3

0.01 0.3

0.00375 0.4

0.01 04

13 35 18.5 0.1 0.5 0.00125 0.2
14 0.00333 0.2
15 1 0.00125 0.3
16 0.00333 0.3
17 0.2 1 0.0025 0.2
18 0.00667 0.2
19 2 0.0025 04
20 0.00667 0.4
21 0.3 2 0.00375 0.3
22 0.01 0.3
23 3 0.00375 04
24 001 | 04
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25 40 20 0.1 0.5 , .6

26 0.00333 0.2 7.87

27 1 0.00125 0.3 26.47
28 0.00333 0.3 941

29 0.2 1 0.0025 0.2 27.13
30 0.0067 0.2 .63
31 2 0.0025 0.4 21.50
32 0.0067 04 9.67
33 0.3 2 0.00375 0.3 22.42
34 0.01 0.3 9.31

35 3 0.00375 0.4 23.71
36 0.01 0.4 12.23
37 45 21.5 0.1 0.5 0.00125 0.2 40.26
38 0.00333 0.2 9.30
39 1 0.00125 0.3 35.10
40 0.00333 0.3 12.31
41 0.2 1 0.0025 0.2 36.45
42 0.00667 0.2 10.24
43 2 0.0025 04 23.38
44 0.00667 0.4 11.87
45 0.3 2 0.00375 0.3 2841
46 0.01 0.3 10.60
47 3 0.00375 0.4 30.14
48 0.01 04 14.84
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Table (4-10): Test Results: Passive Earth Pressure
CoefTicients for Over Consolidated Soil
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33 0.3 2 0.00375 0.3 34.53
34 0.01 0.3 15.16
35 3 0.00375 0.4 36.11
36 0.01 04 18.11
37 45 215 0.1 0.5 0.00125 0.2 66.51
38 0.00333 0.2 17.13
39 1 0.00125 0.3 63.06
40 0.00333 0.3 18.26
41 0.2 1 0.0025 0.2 65.91
42 0.00667 0.2 17.84
43 2 0.0025 04 43.20
44 0.00667 0.4 20.21
45 03 2 0.00375 0.3 44.93
46 0.01 03 19.21
47 3 0.00375 04 51.27
48 0.01 0.4 25.25
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maximum value at the bottom. Figure 4-1 shows typical pressure distribution on the wall

at different stage of wall movement corresponding to wall displacement equal to: 0, 0.14,
0.28 and 0.42m. It is of interest to note that when the displacement is equal to O (the first
line in figure 4-1), the soil is in at-rest state.

Also, several trials analysis were conducted to examine the variation of pressure, at
different depths on the wall, with wall displacement. It was found that the pressure, at all
depths, increases with increased wall displacements and the maximum pressures at all
points are reached simultaneously. Figure 4-2 shows a typical pressure variation, at three
different depths on the wall (1.88, 3.88 and 5.88 m) with wall displacements

From the typical wall displacement versus pressure for loose and dense sand (figure
3-1 and 3-2), it can be seen that failure occurred at wall displacement of about 0.45m in
case of loose sand and 0.37m in case of dense sand which represent 7.5% and 6.2% of the
height of the wall respectively. These values were, generally, not affected by the other
critical state soil mechanics parameters.

The rupture surface was found to be curved, starting from the toe of the wall, going
down under the foundation level and then up to reach the sand surface, this is shown in the
deformed mesh figures (figure 4-3 and 4-4) where the deformation scale was taken equal
to 8 in order to exaggerate the view of the deformation. These figures represent a typical
deformed mesh in case of loose and dense sands at the end of increment number 8 for
loose sand and increment number 7 for dense sand (immediately after failure occurs)
where the wall displacement is equal to 0.49 and 0.42 m respectively. It can be seen from
these figures that the rupture wedge for dense sand is larger than that for loose sand.

Figures 4-5 and 4-6 represent the directions of the displacement vectors, at a scale
also equal to 8, at the end of increment number 8 and 7 for loose and dense sand
respectively. They, clearly, show the upward movement of the soil near the wall and the
downward movement of the soil under the foundation level due to the displacement of the

wall,




O displacement=0m

® displacement=0,14m

RINY e

2 QA
\ s 4  diplacement=0.42m

. failure

Depth of the wall (m)
&
]
1 /

0 100 200 300

Pressure (KN/m2)

Figure (4-1): Typical pressure distribution on wall at different stages of wall
movement
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& At 1.88 mdepth

1
8 At 3.88 m depth /

300 |1 a At5.88mdepth

Pressure (KN/m2)
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__

0.0 0.2 0.4 0.6 0.8
Wall Displacement (m)

Figure (4-2): Typical wall displacement versus pressure curve at different depth
on the wall
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Figure (4-3): Finite element deformed mesh immediately after failure for loose sand.
(The deformation scale is equal to 8)
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Figure (4-4): Finite element deformed mesh immediately after failure fe: dense sand.
(The deformation scale is equal to 8)
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All the above mentioned observations are in good agreement with the conclusions
made by Rowe and Peaker (1965) and by Narain et al (1969) concerning the passive
pressure distribution behind a wall translating horizontally into a mass of dry sand, as

described in chapter 2.

4.3 Passive earth pressure for normally consolidated sand

The results of analyses, for normally consolidated sand, are presented in form of a
parametric study. The parameters that affect the value of Kp were isolated in order to
determine their effects. These parameters are: the angle of shearing resistance ¢, the slope
of the CSL A, the slope of the swelling line k, the critical state void ratio ecs and Poisson's

ratio .

4.3.1 Effect of the critical state void ratio, ecs

The variation of Kp versus ecs for each value of A, ¢ and p is presented in figures 4-
7 to 4-14, These figures show that the value of Kp increases considerably due to an
increase of the critical state void ratio ecs. This increase is due to the fact that when ecs is
large, the CSL is located far away from the e axis in P' versus e plot and when ecs is s;mall,
the CSL is located, for the same A, near the e axis in the same plot. Thus the stress needed
to cause failure is greater in case of large ecs. Thus the value of Kp will be greater (see
figure 3-5b).

It is of interes: to note that the increase of Kp due to an increase of ecs is more

significant for a large values of ecs.

4.3.2 Effect of the elastic parameters k and p
The slope of the swelling line k and Poisson's ratio |1 are the elastic parameters of

the soil. A soil having a higher interlocked particles has small values of k and/or p which
St
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F_igure (4-7): Kp versus ecs for ¢ = 30? and A/k=80
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Passive Earth Pressure Coefficient, Kp
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Figure (4-8): Kp versus ecs for ¢ = 300 and k=30
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Passive Earth Pressure Coefficient, Kp
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Figure (4-9): Kp versus ecs for ¢ = 35° and A/k=80
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Figure (4-10): Kp versus ecs for ¢ = 359 and A/k=30
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Figure (4-11): Kp versus ecs for ¢ = 400 and A/k=80
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Figure (4-13): Kp versus ecs for ¢ = 459 and A/k=80

58

100 ' I
—@— A=0.1,p=0.2
- 2=0.1, =03
= A=0.1, u=04
m".n'”w H.Zp u’=0.2 /
e A=0.2, =03 /
e 2=0.2, u=0.4 /
-8~ 2=03,p=02 / /dl
AM A |
- A== A=03,p=0.3 // e
. / /
=== A=0.3,p=04 v
// / "",
= // ”:’:‘J
PR~
///’4/,;:—"’1
e _,_——//_—"":w“"ww
- ::/"’—‘—: ——‘:t ——:—”M - m—
sorerd - - __-_—;:;«M —’—’.__——
0.5 1.0 1.5 2.0 2.5 3.0




Passive Earth Pressure Coefficient, Kp
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Figure (4-14): Kp versus ecs for ¢ = 459 and A/k=30
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means that this soil is more rigid than that having large values of k and/or K. As expected,
the test results show that the smaller the elastic parameters, the greater the coefficient of
passive earth pressure, Kp.

When p decreases by an amount of 0.1, the value of Kp increases approximately
from about 15 for ¢ = 300 and Mk = 30 to about 70% for ¢ = 45° and Mk = 80. From
figures 4-7 to 4-14, it can be seen that the variation of Kp with 1 could be considered as a
linear one in all cases. A and ecs have a little or no effect on this variation.

The increase of Kp due to a decrease of k is a little more significant, this increase is
affected essentially by the value of y. Kp increases, when the ratio A/k increases from 30
to 80, from 2.5 to 4 times for a value of W cqual to 0.2 and it increases, for the same
variation of A/k, from 2 to 3 times for i equal to 0.4.

¢ and ecs have a little effect on this variation.

4.3.3 Effect of the slope of the CSL, A

The calculated value of Kp increases with a decrease of A. This can be explained by
the fact that the smaller the value of A, the smaller the initial void ratio. It is of interest to
note that A is also the slope of the NCL which is parallel to the CSL (chap 3). When the
soil i» isotropically consolidated to a given stress P1 and then to a given larger stress P2, if
the change in the specific volume is small, A is small and the initial void ratio is small
which implies that the value of Kp is large. If the change in v is large, A is large, the initial
void ratio is large and then the value of Kp is small.

The variation of Kp versus A for each value of ecs, ¢ and p are presented in figures
4-15 to 4-22. Tt can be seen from these figures that Kp varies approximately linearly with
the slope of the Critical State Line, A.
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Figure (4-21): Kp versus A for ¢ = 459 and A/k = 80
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4.3.4 Effect of the angle of shearing resistance, ¢

It is obvious that an increase of ¢ leads to an increase of Kp. Figures 4-7 to 4-14,
also 4-15 to 4-22 show the influence of ¢ on the value of Kp in a Kp versus ecs and Kp
versus A plots respectively for each value of ¢, after isolating A, p and A/k. It is noticed
from these graphs that the rate of change of Kp at a large value of ecs is bigger than that
a. a small value of ecs, it can also be seen that Kp increases, when the ratio Ak = 80, by an
amount of 20 to 40% due to an increase of ¢ by an amount of 59 , however Kp increases,

when A/k = 30, by an amount of 10 to 30% for the same increase of ¢.

4.4 Passive earth pressure for over consolidated sand
It is of interest to note that, in the analysis, the Over Consolidation Ratio (OCR) is
defined as the ratio of maximum vertical effective stress over the actual vertical effective
stress (O'ymax / O'y). Figure 4-23 presents a typical Kp versus OCR plot for different
values of ¢, A, I, ecs and k. This figure shows that as the OCR increases, the coefficient of
passive earth pressure Kp increases. This is due to the fact that a proportion of the
effective horizontal pressure at the at-rest state developed during initial loading being
retained in the soil when the effective vertical stress is reduced resulting in a stiffer soil.
Thus the stress needed to cause failure should be greater than that of normally
consolidated soil resulting in a larger value of Kp.
It was noticed that the increase of Kp was at a constant rate and was related
essentially to ¢. So an empirical relationship is proposed to relate Kp to OCR as follows:
K, =C.OCR* K, 4-1)
C=1 for Normally consolidated soil and
C=1.14 for Over Consolidated soil.
Kpnc is the coefficient of passive earth pressure for normally consolidated

soil {or the same soil characteristics and ¢ is in radian.
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Figure (4-23): Typical Kp versus OCR plot
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Figure 4-23 show a good agreement between the test results and this proposed
relation.

The general remarks that can be done on this relation is that when p=0.4, the test
results show values a little higher than the ones of Kp obtained from the above relation,
when §=0.3, the tes. results agree well with the relation and finally when n=0.2, the test
results are a little smaller than Kp obtained from the relation.

In order to examine the validity of the above relation, the experimental results on
over consolidated sand of Al-Khouri, I. (1994) were compared with equation 4-1. Al-
Khouri studied experimentally the effect of OCR on Kp using different angle of shearing
resistance, ¢, different wall friction angle, & and he varied OCR from a value of 1 to 4, His
results concerning ¢ = 300, 359, 40° and 450 , and for 8 = 2¢/3 are presented in table 4-
11. Also, the coefficient of passive earth pressure Kp obtained by equation 4-1,
considering the same value of Kp for normally consolidated sand (OCR = 1), are

presented beside.

Table (4-11): Comparison hetween the experimental values of Kp obtained by Al-

44 3.8 7.2 10.2 8.9 11.3 10.4
5.9 12.1 10.3 13.9 13.2 15.6 15.7
8.4 174 15.5 20.7 20.6 22.9 25.2
12.8 27.1 25.2 313 34.6 354 43.3

From table 4-11, it can be seen that the above proposed relation for over
consolidated sand agree, generally, well with the experimental results of Al-Khouri,

especially for OCR equal to 2 and 3.
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4-5 Comparison between the critical state, Coulomb and Shields results
for normally consolidated sand

Considering the range of critical state parameters for sand proposed by Atkinson
((table (3-1)), the minimum values of Kp were corresponding to: A =0.3,ecs =1, p =
0.4 and A/k = 30, and the maximum values were corresponding to: A = 0.1, ecs =3, u =

0.2 and Ak = 80. Thes: values are presented in table (4-12)

It can be noticed from this table that the differences between the minimum and
maximum values of Kp, for a given ¢, is large which prove that the exact determination of
the critical state parameters play a role of high importance in the estimation of passive
earth pressure coefficient.

Table 4-13 and figure 4-24 represent the minimum and maximum values of Kp after
fixing the elastic parameters of the soil to an average values: the ratio A/k =50 and p= 0.3.
These are, probably, the elastic parameters of the majority of sand.

The value of Kp obtained by Coulomb and by Shields for the same ¢ are presented in the
same table and plotted on the same figure for the purpose of comparison. These values
were obtained from equation (2-2) and equation (2-5) given in chapter two. It is seen from

the table that Shields values of Kp fit close to the low bound of the range of Kp
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Figure (4-24): Comparison between critical state' Kp, when A/k =50 and p= 0.3,
Coulomb' Kp and Shields Kp.

73




upper bound of the same range. This little difference with Coulomb' Kp is probably due to

his assumption considering a plane failure surface.

Table (4-13): Comparison between critical state's Kp, when Ak = 50
. and p= 0.3, Coulomb's Kp and Shields K

4-6. Determination of passive earth pressure coefficient using design
charts

In order to facilitate the use of the results of the present investigation, design charts,
for normally consolidated sand, are developed in figures 4-25 to 4-30 as a Kp versus ecs
plots. Several methods could be used in order evaluate Kp for a given critical state
parameters. A proposed procedure of using the design charts is demonstrated in the
following numerical example:

1- Determine the critical state soil mechanics parameters of the soil (¢, ecs, A, k and 1) as
explained in section 3-5-1-6 in chapter three. Also, determine the over consolidation ratio.
2- For example, if the soil parameters are: $=400, A=0.15, ecs=1.75, #=0.25, k=60 and
OCR =2, the following steps are proposed in order to determine Kp:

(a) From figure 4-25, find Kp for: $=400, A=0.1, M/k=80, ecs=1.75 and p=0.25.
Similarly, from figure 4-27, find Kp for: $=409> A=0.2, Ak=80, ecs=1.75 and p=0.25 as
shown in figure 4-31. These 2 values are: 26.7 and 19.8 respectively.
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(b) Find the valve of Kp for: ¢=409> A=0.15, Mk=80, ecs=1.75 and p=0.25 by
interpolating the 2 values obtained in step (a). This value is: 23.25.

(c) As in step (a), find Kp, from figures 4-26 and 4-28, for $=400> A=0.1, Ak=30,
ecs=1.75 and p=0.25 and for ¢=400> A=0.2, M/k=30, ecs=1.75 and n=C.25 as illustrateu in
figure 4-31. These are: 8 and 6.5 respectively.

(d) Find Kp for ¢=40° A=0.15, Mk=30, ecs=1.75 and p=0.25 similarly to step (b).
This average value is 7.25.

(e) By interpolating the 2 values of Kp found in steps (b) and (d) for A/k=50, the
coefficient of passive earth pressure for normally consolidated sand having the following
critical state parameters: $=400: A=0.15, Nk=60, ecs=1.75 apd n=0.25 will be 16.85.

| (f) Finally, apply equation (4-1) to find Kp for an Over Consolidation Ratio equal
to 2. The predicted value of Kp of this example will be 31.16.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Parametric study, based on finite element analysis, on the determination of passive
earth pressure developed behind a rigid vertical wall translating horizontally into a mass of
normally consolidated and over consolidated sand was conducted, the following can be
concluded:

1. Finite element technique is a powerful tool in solving retaining structure
problems.

2. The distribution of passive earth pressure behind the wall is a triangular one at
every stage of the wall displacement.

3. Soil failure occur at wall displacement equal to about 7.5% and 6.2% of the
height of the wall in case of loose and dense sand respectively. The critical state soil
parameters have a little effect on these values.

4, The rupture surface is curved., in all cases, starting from the toe of the wall, going
down under the foundation level and then up to reach the sand surface.

5. The assumption used of representing the soil by modified cam clay model, where
the equations of the critical state soil mechanics theory are assembled, is a reasonable
assumption. This is based on the fact that the results of the normally consolidated sand,
concerning the distribution of pressure behind the wall, the shape of the rupture surface
and the amount of wall displacement at which failure occurs, were compared with the
theoretical and experimental data available in literature, where agreement was achieved.

6. The critical state soil mechanics parameters have a significant influence on the
value of passive earth pressure coefficient, Kp. This is based on the fact that for given

angle of shearing resistance, ¢, there is a range of values of Kp and the exact




determination of the critical state parameters is of high importance in the estimation of
appropriate value of Kp.

7. The value of Kp increases due to an increase of critical state void ratio, ecs and a
decrease of the slope of the critical state line, A. Also Kp inc. es with a decrease of the
elastic parameters of the soil: The slope of the swelling line, k and Poisson ratio, 1.

8. For over consolidated sand, Kp incirases due to an increase of the Over
Consolidation Ratio (OCR), this increase satisfy the following proposed relationship:

K, =114.0CR* K,
9. Design charts are presented to assist the practicing engineers in determining the

appropriate values of Kp according to the critical state soil mechanics parameters.

5.2 Recommendations for future work

1. The present investigation should be exterded to deal with other type of wall
movement as rotation of the wall about its top or bottom.

2. The results of the present research program should be examined against
experimental data where critical state soil mechanics parameters will be measured and
recorded. The comparison between finite element and laboratory results would be
important.

3. Due to the fact that the failure surface starts from the toe of the wall and goes
down under the foundation level, it would of interest to study the effect of the variation of
the soil condition under the foundation level on the value of Kp.

4. All design chart presented in this research should be put forward in a simple
formulas introduced in a computer program to be directly used by practicing engineers.

5. The present investigation should be extended to study the effect of the critical
state soil mechanics parameters on the active earth pressure under different wall

movements and for the case of earth pressure at-rest.
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