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SUMMARY

This thesis is concerned with a theoretical and’
experimental study of rectangular reinforced earth retaining
walls built on a rigid foundation. '

Previous design methods based on conventional earth
pressure theory, the theory of elasticity and the finite
element method have been reviewed along with the results
of laboratory and field tests made by other investigators.

A new Energy theory has been proposed for reinforced
earth wall design in an attempt to overcome the disadvantages
of previous approaches based on Rankine theory. This new
theory takes account of a non-linear tension distribution
over the length of the reinforcing ties, the deflected
shape of the wall and of the effect of tie length on the
tension developed. Simplified assumptions were made to
obtain expressions for the tje tension and the factor of
safety against pull out failure.

Apparatus was constructed to enable model walls to be
tested. Free field strain coils were developed to measure
soil strains and the horizontal deflections of the front
face of the walls. Strain gauges and pressure cells were
calibrated for the measurement of tie tensioans and the
vertical soil stresses. ‘

The model tests conducted were:

(a) Tests to failure with the main observations being made
on conditions at failure. In some of these walls, the tie
tensions were also obtained.

(b) Instrumented walls not tested to failure. In these
tests the stresses and deformations of the ties and the soil
were observed during wall construction and after completion

of the walls.

The tests to failure were conducted on walls failing
by tie breaking or tie pull out modes of failure, and using



(x)

perspex panel skin elements. In the tie breaking tests,
aluminium foil ties were used. The results from these

tests were compared with theoretical predictions and previous
relevant tie breaking failure tests,

The conventional design approaches based on the Rankine,
Meyerhof and the Trapezoidal methods were found to predict
practically the same critical wall heights but were only
about 28 per cent to 39 per cent of the experimental results.

Various expressions designated T.L.L.A., T.L.L.D., T.P.P.D.,
LO.L.A., and LO.L.D. were obtained from the Energy theory,
depending on different assumptions. Each of these
expressions predicted a range of critical heights which were
slightly lower than, but cleser—tu the experimental results,
than the values predicted by the existing.theories.  The
;ﬁiimum discrepancy between the experimentﬁl results and the
Energy theories predictions was about 37 per cent of the

observed values.

The tie breaking test results were found to be consistent
with other similar model tests conducted in France(7) and
in the vU.S.a. (45)

The pull out tests were conducted using either aluminium
foil ties or perspex ties. The walls built with the perspex
ties were instrumented to measure the tie tensions. The

>

results from these tests indicated that the maximum tie temsion

decreased with increasing tie length. The existing theories
were found to predict different patterns and magnitudes from
the observed values while the Energy theory (T.L.L.D.) and
(T.L.P.D.) reasonably took account of the effect of tie length
on the maximum tie tension.

On éomparing the observed adherence lengths and the
corresponding predicted adherence lengths, the theoretical
values were found to be larger than the experimental results,
' hence further tests were undertaken to check the internal
wall stability on a non-ultimate strength concept.

Thirty-five walls were built to a maximum height of 500mm.

The walls were instrumented to obtain:
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(i) The tie tensions at various wall levels.
(ii) The wall deflections.
(iii) The strains in the soil.

(iv) The stresses in the soil.

From the results of these tests the following relation-
ships were established:

(1) The tie tension distribution over the tie length
and at various levels in the walls.

(2) The maximum tension envelopes.
(3) The tension versus fill height curves.

(4) The horizontal strains over vertical and horizontal
sections in the wall.

(8) The wall deflection curves.

(6) The vertical stress variation over a horizontal

section in the wall.

The comparison between the observed tensions and the
theoretical predictions revealed closer agreement with the
Epergy theory (L.O.L.A.) than with the existing theories.

The experimental safety factors against tie pull out
failure were evaluated by assuming either the total tie
length to be effective, or the tie length beyond the maximum
tension position effective, and using either the maximum or
average tie tensions. Experimental safety factors against
pull out were calculated from the slope of the tie temnsion
distribution curves, using a computer programme developed
for this purpose. The experimental safety factor against
tie pull out was found to be a minimum at the top of the
wall and increased towards the bottom of the wall.
Comparison with the existing and the Energy theories
indicated that none of the existing theories gave a general
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agreement with the observed results, The Energy theory
(LO.L.A,) appeared to follow the general pattern of the
observed points and agreement in magnitude was reached in

some cases,

(29)

Test results reported on a full écale wall built
at Granton, were analysed. This was the first example of

the use of reinforced earth in the U.K,

It was fsund that the pattern of the tie tension
distribution curves was. generally similar to the tension
distributions observed in the model. In addition, it was
found that the full scale wall behaviour was affected by
the construction procedure, especially the compaction
operation. Analysis of tie tensions showed thét compaction
effects on tie tensions were more pronounced at low (% 1,5m)
£ill heights above tie level. A simplified theoretical
model gave a similar trend to the observed results and
indicated that probably compaction did influence the tie
tension.

The observed tie tensions were noted as generally higher
than the theoretical predictions, especially when a coefficient
of earth pressure corresponding to the fill condition as
placed was used. The Energy théory (LO.L.A.) was found to
give a pattern of the maximum tie tension distribution with
wall height, which was similar to the general pattern of the
observed results.

The completed full scale wall had an adequate safety
factor against pull out and tie breaking failures. Analysis
also showed that a critical setage may occur during the wall
construction, since at low fill heights, above the tie level,
the safety factor against pull out tended to be less than one.
This was shown to be mainly due to compaction stresses. )

An established plane strain finite element programme was
used to analyse both the model and the full scale walls.
The analysis was mainly intended to investigate the
magnitude and patterns of the various stresses and strains
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acting in the soil, and the tie tension development. The
programme uses a non-linear, stress dependent model for the
soil behaviour and takes into account the incremental wall
construction. It was found that the results of the finite
element analysis were sensitive to the soil properties and
other simplifying assumptions adopted in the programme.

Comparison between the finite element solution and the
model wall behaviour showed similarities in pattern between
the predicted and the observed wall deflections although
they did not correspond completely with each other in
magnitude,. The predicted tie tensions were generally greater
than the observed tie tensions.

In the knowledge that the actual full scale wall
behaviour was affected by the construction procedure, the
finite element analysis showed that the stresses and
deformations of a full scale wall can also be affected by
foundations and skin element conditions.

It was finally recommended that the Energy theory be
extended to take account of the skin element and foundation
conditions and the compaction stresses.
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NOTATION

General constants
Factor for comparison between existing theories
Factor for comparison between Energy theories

Tie X-sectional area

Tie width

Factor for comparison between critical wall
height expressions

Unit cohesion of soil

Distribution factor

Coefficients in the Energy theories (Total
equilibrium) '

Depth of uniformly distributed surcharge load

Coefficient in the Energy theories (Local
equilibrium)

Relative density

Eccentricity

Modulus of elasticity (Young's modulus)

Modulus of elasticity of tie material

-Modulus of elasticity of soil

Tangent modulus of elasticity

Initial tangent modulus of elasticity

Equivalent modulus of elasticity of reinforced
earth material

Tie/soil coefficient of friction

Total tie resistance against pull out

Fi1l height above tie level

Total f£fill height above base of a wall

Critical height of a wall

vertical tie spacing

Subscript denoting the number of a reinforced earth

layer from top of the wall
Ratio of horizontal to vertical stress
Coefficient of active earth pressure
Coefficient of at rest earth pressure
Tie length & adherence length
Increment of tie length

Moment of earth pressure about the toe of the wall.
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Total number of reinforced layers in a wall
Number of ties from top of the wall to the level
where the first tie crosses the theoretical

Coulomb plane
Earth pressure force
Total resisting force

Total sliding force
Wheel load

Earth pressure at depth Z below surface of the wall
Reaction

Resisting momenf

Tensile strength of tie material

Horizontal tie spacing

Factor of safety

Thickness of tie

Tie tension

Maximum tie tension over wall height H

" Maximum tension along a tie of length L.
Total tension in ties over wall height H.
Total external work

Strain energy stored in a tie

Increment of external work
Weight of soil

Cartesian coordinates

Deflected shape of wall
Banerjee's empirical coefficient

Coefficients used to define the shape of the tie
tension distribution over tie length curves

Angles of inclination of the Coulomb failure plane
with the horizontal and vertical respectively

Axial and volumetric soll strains respectively

Horizontal strain and vertical soil strains
respectively

vield stress of tie material
Horizontal and vertical soil stresses respectively
Major and minor principal stresses
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Xy, ny Shear stress and strain respectively

Wall deflection

.eon

Angle of internal friction of soil
¥ Density of soil

e Non-dimensional tension factor

Non-dimensional factor in Banerjee's equation

<

Poissons ratio
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CHAPTER ONE

INTRODUCT ION

1.1 General Introduction

A rational method of reinforced earth design has recently
been introduced by H. Vidal, a French architect and engineer.
However, the soil reinforcement technique itself is probably
an old practice. Lee et 31(45) and Chang et gl(ls) described
some forms of earth reinforcements occurring naturally or
used by man,. The stabilization of soil.by plants' roots
is well known. Man, throughout his history, has used
various forms of soil reinforcement, e.g. in the construction
of roads on swampy areas using tree trunks and branches, in
the construction of low dykes from mud and sticks, the
stabilizing of river bank soil by fagotting and in other
applications.

Reinforced earth can be defined as an associatipn of
earth with reinforcements whereby the frictional forces
between the two materials are mobilized.

The term "earth" applies generally to all soil types.
In practice, only soils which are predominantly granular
are used. The reinforcements have to be of high tensile
strength, corrosion resistant and offering a satisfactory
angle of friction on soil.

It was shown by vidal"7'7?) inat reinforced earth

could be used for tne construction of different works such
as quay walls, raft foundations, swimming pools, arches and
other structures varying in shape and function. This
reflects the flexibility of reinforced earth, although at
present reinforced earth is used essentially in the con-
struction cf retaining walls, bridge abutments and earth
embankments,

A retaining wall with rectangular cross section, Fig
(1.1) is constructed by alternating layers of compacted
granular soil and metal ties which are distributed at
convenient horizontal and vertical intervals. The ties
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Fig.l.l Schematic representation of reinforced earth wall .
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are attached at one end to a thin membrane known as the
skin which provides stability of the soil in direct contact
with it and also maintains the life of the structure. Two
types of skin elements are used in practice:

(1) Semi-elliptical skin elements of non;corrosive metal
(Fig 1.2.a).

(2) Concrete panel skin elements (Fig 1.2.b).

The use of reinforced earth material in retaining
structures is known to possess certain advantages which make
it preferable in most cases to conventional retaining walls.

These advantages were described by Schlosser and Vidal,(67)

(6) Lrpin 2 (30)

Barclay, and Gedney et al.
advantages are: '

The main

(1) Economy in the total cost of the job.

A cost analysis of four types of retaining walls is shown in
Fig (1.3) and demonstrates that reinforced earth is the
cheapest. ‘

(2) The material can withstaud large differential
settlements, and has been used at sites with poor foundations

and alsgo in highway construction on steep slopes in
mountainous areas. '

(3) The material is suitable for the comsiruction of
temporary retaining structures.

The external and internal stability of reinforced earth
walls has to be checked when the design of these walls is
considered. The external stability of this type of
retaining wall requires checking against:

(i) Overturning of the wall as a solid mass.

(ii) Failure of the wall by horizontal shearing along
the base or at any horizontal plane, parallel to
the direction of the ties.

(iii) Foundation failure.



Thickness® 1,5=4.0 mn

»

25

o/

Fig.l.Lb Concrete panel skin element{(dimensions in mg).

Figd1.2)Types of skin clements
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These aspects of reinforced earth wall design can be
dealt with, within the context of conventional soil mechanics

approaches.

(iv) An external failure can also occur due to

tearing or buckling of the skin elements.

The internal stability of a reinforced earth wall is
mainly dependent on the tie forces. These forces are a
function of various factors such as the wall geometry, the
type of foundation, type of loading and the properties of
materials used within and beyond the reinforced earth wall.

Simple analytical methods, based on the conventional
Rankine and Coulomb earth pressure theories, have been
suggested for the design of the internal stability of reinforced
earth walls, These methods are mainly based on the
assumption of homogeneity and isotropy of the wall backfill.
Reinforced earth, being essentially a composite ﬁaterial,
deviates from these assumptions.

Closed form solutions based on the theory of elasticity
and the finite element method have also been applied to the

analysis of reinforced earth material by Harrison et a1(32)

and to Romstad 33 ﬁl(54) respectively.

Most of the model tests conducted to study the internal
stability of reinforced earth walls, have been based on an
ultimate strength concept and the main observations made were
for conditions at failure,. Existing design methods based
on the conventional earth pressure theory, were tested on the
basis of these model tests and a discrepancy was found(3 7, 63)
between the Rankine theory and the model test results,

Although results from full scale walls have been found(zg’ss.

to be affected considerably by the construction procedure,
- they are valuable in understanding reinforced earth behaviour
and in evaluating the internal stability of a particular
(63) .

o
behave in a different manner from the assumptions on which
conventional design methods, such as the Rankine theory were

structure, Full scale walls have also been found

based.
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This thesis is concerned with the theoretical and
experimental investigation of the internal stability of
rectangular reinforced earth retaining walls built on rigid
foundations , the purpose being to evaluate existing and
new theories against the actual performance of model and
full scale reinforced earth walls.

1.2, Scope of Thesis

A review of literature pertaining to theoretical and
experimental studies on reinforced earth retaining walls is
presented. The simple analytical design approaches are
compared and discussed.

An Energy theory based on the principle of elastic
strain energy of ties and the external work done due to
elastic deformation of the wall is developed to overcome
the shortcomings of the simple linear Rankine design method
which is currently accepted as a basis for reinforced earth
wall design.

Model reinforced earth retaining walls built on rigid
foundations, using a cohesionless material are studied for
ultimate and non-ultimate strength concepts. Some walls
were instrumented to obtain the tie tension distribution
the strains in the soil, the wall deflections, and the
stresses in the soil. The observations fitted reasonably
with the proposed new theoretical approach.

Actual field data taken from the instrumented section in
a full scale reinforced earth retaining wall are evaluated in
terms of the existing and the Energy theories. The full
scale wall and model wall results were compared.

Because of the complexity of reinforced earth wall
behaviour and the various factors that could affect the wall
performance, an established finite element programme is used
to analyse the model and the full scale walls, The
results of the analyses are presented and compared with
observed wall behaviour,.

Finally conclusions are drawn from various approaches used
to study reinforced earth retaining walls, and recommendations

for future studies on these walls are made.
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CHAPTER TWO

LITERATURE REVIEW

The aim of this chapter is to give a brief account of the
theoretical and experimental studies which have been carried
out on reinforced earth walls by previous investigators.

These studies will only be outlined at this stage and will
be referred to in detail where necessary in later chapters.

The theory of reinforced earth was presented by Vidal in a
series of papers7zmb7%&kn which he gave the basic concepts
underlying the principle of reinforced earth.

Schlosser and Vidal67 made further contributions to

design methods for reinforced walls. Simple equations, based
on the Rankine and Coulomb earth pressure theories were given
for the evaluation of the internal stability of these walls.
Methods of determining the tension in the ties were discussed
and later modified by Schlosser60’61 on the basis of a
different distribution of vertical pressure on horizontal
sections suggested by Meyerhof. Schlosser also suggested
methods of evaluating the resistance of ties to failure by
pullout.

Using similar methods to Schlosser and Vidal, Lee 23 2145

developed simple equations for checking the internal stability

63

of walls and Schlosser et al incorporated a reduction

factor to design methods u;;ng the Rankine theory of earth
pressure, partly to account for the difference noted between
Rankine theory and the model test results and also to give an
expression which agrees with the wall behaviour suggested by

the tension distribution mechanism shown in Fig (2.1).

Baner jee 5 envisaged a design method for the internal
stability of reinforced earth retaining walls, based on a
failure surface which is similar to the Coulomb failure plane.
This method uses an empirical coefficient in the derivation of
the expressions and takes account of the soil cohesion which
is neglected in the other design approaches.

Symons 72 gave a comprehensive review of most of the fore-
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going design methods.

Harrison and Gerrard(32? presented a mathematical model
for reinforced earth which is not of direct applicability
to the reinforced earth retaining wall problem.

Finite element methods have been apﬁlied to the

analysis of reinforced earth retaining walls by Vauloup(76)
(81) (21) (5)

have also investigated this method

and Corte
(54)

Yziquel working in France, Baner jee
and Romstad et al

in the U.K. and U.S. A, respectively.

Model studies on reinforced earth retaining walls have

been carrried out in Laboratoire Central des Ponts et
(7,47,61,64 to 67)

Chausse€es by several investigators in the

University of Lyon(3’9’17’46) in California(44’45) and also
(75) o

in Japan.

Fewer observations have been made on actual wall
behaviour in the field. Schlosser and Vida1(67) and
(62)
at Incarville. Baguelin et a1(4)
geometry, tae site conditions and the theoretical safety
factors against slippage at the base on Vigna (I) Vviga (II)
and Peyronnet walls. Marec et al (48) published information
of wall geometry, soil and tie material properties and the.
sizes and statistics of the ties and the skin elements adopted
in La Giraude, Bava, Menieri and Ricard walls. Tests from
walls at Dunkirk in France were reported by different
authors(6'47'61). published the final report
on a wall in Los Angeles County, which was built by the
Department of Transportation of the State of California,
U.S.A. . Finlay and Sutherland(zg) published the test results

Schlosser presented results of observations on a wall

reported surveys of the

observed on 2 wall at Granton in the U.K.



CHAPTER THREE

THEORY AND DESIGN OF REINFORCED EARTH RETAINING
WALLS

3.1 Introduction

In this chapter the conventional analytical approaches
to the design of reinforced earth walls are first considéred.
Methods of assessing the internal stability are compared as

are the resultant expressions for the calculation of:

(i) The tension in the ties.
(ii) The critical wall height for walls failing by
the ties breaking.
(iii) The adherence length of a tie to prevent wall

failure by tie pull out.

The original methods of analysis were based on earth
pressure theories such as Rankine and Coulomb, The
Rankine theory is mainly used in designing full scale
reinforced earth retaining walls. The shear stfesses
which can develop at the soil/tis interface are ﬂeg}ected
and this gives a linear tension distribution with wall
depth which is at variance with realit%ﬁ” The Rankine
theory was found to give an overestimate of the tie tension
when compared with observations on models and to imply a
wall bchaviour thch is different from the wall behaviour

observed on full scale wallé§3)

A new energy theory has therefore been advanced in this

chapter, This theory is based on the equilibrium of the
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external work done and the internal energy stored in the tie

and takes into account:

(i) The effect of tie length on the tension

magnitude.

(ii) The non-linear tension variation along the tie

length and with the wall height.

(iii) The deflected shape of the wall.

Some attempt will be made in this chapter to indicate
which of the theories is most appropriate for the general
problem, This can be done for most of the theories only
by comparing the results with those obtained from model
or full scale tests, and this approack will be followed up

in Chapters Five and Six.

Conclusions drawn are given at the end of this chapter,
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3.2 Factors Influencing Stresses in Reinforcing Ties

The level of tie tension in a reinforced earth wall
and its mode of variation along a tie length is dependent

on the following parameters:
(1) Type of the soil used as the backfill material.
(2) Type of the reinforcing tie material.
(3) The spacing of the ties.

(4) The tie position within the height of the reinforced

earth wall,

(5) The tie geometry (length, width and thickness).
(6) The flexibility of the skin elements.

(7) The gebmetry of the reinforced earth wall.

(8) The method of wall construction.

(9) The properties of soil underlying the reinforced

earth wall.

(10) The frictional characteristics of the interfaces
between the soll and the ties and also between the

backfill and the skin elements.

(11) The density of the backfill.

(12) The moisture content of the backfill.

(13) The type of loading on the reinforced earth wall.
(14) The elastic properties of the backfill material.

(15) Time effects.



Hence it is rather difficult to formulate a theory
which takes all these parameters into account, In the
theories outlined in this chapter, various simplifying

assumptions have been made and are noted.
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3.3 Theoretical Expressions For Tie Tension

The analytical expressions derived by previous authors
to determine the tie tension at various tie levels in a

reinforced earth wall will be outlined at this stage.

3.3.1 Rankine Theory

The design of reinforced earth retaining walls, using
the Rankine theory was discussed by Schlosser and Vida{§7)
The reinforced earth mass was assumed to be isotropic and
homogeneous, and the wall facing smooth. If these condi-
tions are satisfied, then the vertical direction will be a
principal direction for the vertical stress. The expression
for the tension in the ties usiag this mefhod is obtained by
considering the equilibrium of the horizontal pressure force

acting on the wall face and the tension in the tie.

From Fig (3.1a) the vertical stress at any depth h is
o o .h ® ® 8 9 & 0 5 8 0 0 O O 6 S S eSS0 S s (3.1)
y Y
and the horizontal stress is related to it by the coefficient

of the earth pressure K

o, = K.Y.h PR ¢ 2% )

This coefficient depends on the soil type, the wall
deflection and geometry of the wall. For granular, dense
backfills a very small deflection of the wall causes the
value of K to drop to the minimum active staté73) and K

will be equal to the coefficient of active earth pressure Ka‘

Considering local equilibrium of the tie and the skin
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elements Fig (3.1b), the tie tension per unit width of the

wall is

T = ax. AH

substituting for o, = Ka.y .h

The tension expression is

T = K. y.H AH  ......... e .. G.0

By adopting an approach which is similar to Rankine,

1(67) and Schlosseg'soéerived tension

Schlosser and Vida
expressions based on a Trapezoidal and Meyerhof's vertical
stress distributions respectively. The derivations of the

tension expressions using these methods are as follows:

3.3.1.1 The Trapezoidasl vertical stress distribution

A trapezoidal vertical stress distribution due to the
combined effect of vertical and horizontal thrusts is often
asswuned on_horizontal planes within conventional retaining
walls.

In considering this vertical stress distribution in the
reinforced earth wall design, the wall is assumed rigid and

capable of transferring the moment produced by the thrust

on the back of the wall to the sections near to the wall

face Fig (3.2).

The moment M due to the horizontal thrust P on a wall of

height H is:
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Mm = pH
3
2
where P = %.Ka.y.ll
_ 1 3
M = -6— Ka.Y .H

The vertical stress at sections 1 and 2, Fig (3.2) is given

as

1,2

Q
=
14
N =

where 'z’=L76 and W = Y.H.L

2
. o = + H

The maximum tension per unit wall width

Thax = X;-%y; - AH
or T = R, YEAH [1+k, (2)?2 (3.5)
max a * a L’ | es e s 00 .

3.3.1.2 Meyerhof's vertical stress distribution

By adopting Meyerhof's vertical stress distribution the
effect of the thrust acting at the back of the wall in
increasing the vertical stress is approximated by assuming
a uniform stress distribution over a base length equal to

L - 2e where e is the eccentricity of the reaction, Fig (3.3).

The vertical stress oy = w
' L - 2e
where e g . W 6 " T
“y - Y.L.h 5
L - i K h
3 a L
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By taking the equilibrium of the horizontal stress
acting over a wall height h and the force in the tie,

the tie tension per unit wall width is given as

T =K o, .AH

a 'y
Yh

a
1 h .2
1““3'Ka(‘L)

The maximum tension at the bottom of the wall is

= yH :
Tmax Ka - T " (H )2 .AH .......... (3.6b)
3 a" L

3.3.2 Coulomb Theory

The use of the Coulomb earth pressure theory in the
design of the internal stability of reinforced earth retain-
ing walls was first advanced by Schlosser & Vida{67)
who derived an expression for tie tension based on the

assumption that the active earth pressure thrust was resisted

by the tension in the ties.

In the special case of a retaining wall with smooth
vertical face and horizontal backfill, the resultant total
tension in the ties lying in plane AB. Fig (3.4a) may be
computed by considering the equilibrium of a failure wedge

ABC. The forces acting on this wedge are:

(1) The weight W of the soil contained in the

wedge ABC.

(ii) The reaction R of the earth acting on plane AC.

This is inclined at an angle ¢ with the normal
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to this plane, since the soil is assumed to

be in a failure state.

(iii) The total tension XT which is the sum of the

forces in the ties lying in the plane AC,

From triangle of forces Fig (3.4b)

ET = W.tan(0 - ¢)
substituting W = 0.5. YH2.Cotg 0

XT = 0.5.Y .H2Cotge .tan(@ - ¢)

The maximum value of the total temnsion 2T 1is given when

Q-H = 0. This gives

de

4] = (.‘_'- + ..i
4 2 )

2

XT = O.S.Ka. Y.H” (per unit wall width)

Assuming a linear tension distribution with wall height,

the tie tension at the i'P layer, is . given by
T, = —31 K. y.H AH
i (n + 1) * a. L] *

The maximum tension Tmax per unit wall width, is obtained

where 1 = n as
n

T E

nax K- Y.HLAH ...l 3.7

n +1

Lee et 1“5) also derived a tie tension expression

using the Coulomb method but equated the moments about the

toe of the wall, of the earth pressure thrust and the tension
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in the ties. A linear tension distribution over the wall
height has been assumed. The maxiumum tie tension per

unit wall width Tmax was given as

2
n
Tmax T“-. Kaa Y'H'AH ® 000060 c0 000000000 (3.8)
n -1

For walls in which n is large, the coefficients

2
in equations (3.7) and (3.8) approach unity.

n
and
n+1 n2-1

Therefore the maximum tension per unit wall width, given

by these equations can be written as

Tax - Kg-Y -H. AH LR TRTRREE ciene. (3.9)

Equation(3.9) is identical to equation (3.4). Therefore
in the particular case of a rectangular wall with a large
number of reinforced layers and a smooth back, in which the
tie tension is assumed linearly varying with the wall height
the Rankine and Coulomb theories give identical tension

expressions.

Generally the Coulomb theory has the advantage that it
can be adopted for walls with irregular geometry and rough

back.

3.3.3 Comparison between the maximum tension expressions

The Rankine tie tension expression is mainly adopted in
practice, The other design methods, mentioned in the

previous section, give identical or slightly higher tie
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tension than the Rankine theory. In order to show the
differences between the Rankine, Coulomb, the Trapezoidal
and Meyerhof tie tension expressions, the maximum tie
tension expression given by these methods can be presented

in the general form

Tmax = A.KaY H. AH per unit wall width ........ (3.10)

where A is a factor depending on the ratio of the wall

height to tie length % . and also on the angle of the internal

friction of the soil ¢. In the cases of the Rankine and

Coulomb theories, A = 1.0 for all %rratios and ¢ values,

Considering the Trapezoidal and Meyerhof Methods

the coefficient A is given by

A= (1 + K ( % )2) Trapezoidal ........ (3.11)

A -‘}/(1 - %’Ki( % )2) Meyerhof ceceoees (3.12)

values of A have been calculated for values of ¢ and

% ratios ranging between 25° - 50° and 0.5 - 1.5 respectively

and plotted against ¢ values as shown in Fig (3.5).

It can be seen that the maximum tension predicted from
the Trapezoidal and Meyerhof vertical stress distributions
increases with increasing % ratio and decreases with
increasing ¢ values, These methods always predict larger

'tensions than the Rankine theory depending on the % ratio

and § values used in the design of the wall.
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(5)
3.4 Banerjee's Analysis of Reinforced Earth Retaining Walls

This approach is basically similar to Coulomb theory,
but instead of resolving the forces in the vertical and the
horizontal directions to get the total tension in the ties
as a function of the angle of inclination of the failure
plane, forces are resolved along the inclined plane and
compared to get the safety factor against sliding of the
wedge. In his analysis the soil is assumed to have a
cohesion. ¢ which increases the wedge resistance against

sliding.

Considering the equilibrium of the plane A-C, Fig (3.6),
inclined at angle. p,,ﬁith the vertical, the total sliding

and resisting forces per unit wall width are calculated as
The sliding force Ps = O.S'YHZ.sinp 1

The resisting 2
force P. = 0.5YH“ sinB.tanpiand

T IT(tan«b-cosp + sinB) + c.H.secP

where ¢ = unit cohesion of the soil

The safety factory is given by . )<
Pr -
SF = — .eeie.e.. cesecerscesestessrcccensns . (3.13)
Ps
Assigning,
2cH
A =0.5YH® x= X' ana x, = 2cH
w A A
w w

The safety factor is given as:

SF = tanp.tan ¢+ X(tandcotP + 1) + X - cosec 2B ... (3.14) ié

i‘
H



This expression is a function of the non-dimensional
tension parameter ¥ and the angle of the failure plane
inclination with the vertical . These -two factors vary
dependently (Appendix(I)). In order to get the value of
corresponding to the minimum safety factor, Banerjee assumed

that X and B were independent.

By differentiating equation (3.14) with respect to B
and equating it to zero, the value of P corresponding to

the minimum safety factor was given as

B =tan™l | ZXtanb X, ) ... (3.18)
"\ 2tané +Xo

In the case of granular soil xo = 0 and

B=tan i( x )vi P ¢ 3 1) B
"——n.ﬁnp‘——}
', -
I.ik
VA4 |
H / T —+

1}
v.
| -

IR R IR TR TR TR

Fir{36) Pzranecters of T’-aneljee's cruation,
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3.5 Theoretical Expressions for Critical Height of Walls
Failing by Tie Breaking

The concept of the critical wall height was introduced
by Schlosser and Vidal67 in studying model walls failing
by tie breaking. This concept made it possible to examine
the theories against model test results without measuring
the tension in the tie, by assuming that the maximum tie
tension Tmax' was equal to the tensile strength of the tie

material R when failure occurred.

t

In this section the different critical wall height
expressions based on the conventional approaches and

Banerjee's analysis will be presented and cowpared,

3.5.1 The Rankine and Coulomb Methods

The raximum tie tension over a wall width S is given by

Twax ~ K, Y.H.AH.S
substituting
Ry = Taax
and Hc' = H
Rt
Hc e e Lttt teisetrsecese st (3.17)
K .y.AH.S

It is possible to get two expressions of the critical
wall height by proceeding as in the Rankine and Coulomb cases
and using the Trapezoidal and Meyerhof's vertical pressure

distributions.
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3.5.2 The Trapezoidal Method

3.

Rt
Hc = Hc 2 ------------- (3.18)
K.v.AH.S (1 +K (=) )
a a
L
.3. Meyerhof Method
R H 2.
t 1 c
H = (1l-=K (=) )...... . (3.19)
¢ K,-Y. AHS 3 2 L )

3.5.4 Banerjee' s5 Method

as

He considered two cases:

(a) Failure of the first tie at the bottom of the
wall in tension. For this case it was assumed that

the non-dimensional tension factor X was given by

T
Yh AHS
enelysis).

= 0.35 (as found from a finite element

Proceeding as before, the critical wall height

was given as

H = L e... (3.202)

(b) The failure of all the ties in tension,

The total non-dimensional factor X was given by Banerjee

o.svnf O.SYHE

where n is the number of ties per unit wall width



.......................... (3.20Db)

The assumption of all the ties breaking simultaneously
is only valid if the ties have a constant safety factor

against tie breaking failure, which is not fulfilled for

rectangular walls with constant strip density. In modei
studies Schlosser and Vidaf67) noticed that failure of

rectangular reinforced earth walls with uniform strip
distribution, starts at the toe of the wall. Therefore,
equation (3.20a) given by Banerjee will be considered for

comparison with other theories.

3.5.5 Comparison between the expressions for critical wall
height for cohesionless backfill

In a similar manner to the comparison made between the
tension expressions the author has expressed the critical

wall height as

Ry

H = B — ... A ¢ 3 § |
¢ K,Y.AH.S

where B = 1.0 for the Rankine theory,

B = 1 — s  Trapezoidal ........... (3.22)
1 +K (c)
a T
1 H
B = 1-— (= )2 Meyerhof .............. (3.23)
3 a L .
Ka
= Banerjee .........c.0.. 3.24
B 0.35 J ( )

The variation of the coefficient B with the angle of
H

internal friction ¢ of the soil and different —-E ratios
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is shown in Fig (3.7). The Trapezoidal and Meyerhof's
pressure distribhutions predict critical wall heights which

. . . c i i v wi iner
increase with decreasing — TYatio and increase with increas-

L
ing (!)value, but are always less than the critical wall

height predicted by the Rankine theory.

Banerjee's expression predicts lower critical wall
heights than the Rankinec theory for ¢>va1ues greater than
H .

28° for all -S ratios.
L

Further discussion of these methods will be madelin the

‘next chapter in terms of model test results,
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3.6 Theoretical Design Methods Assuming Tie Pull QOut Failure

3.6.1 Introduction

In order to calculate the tie length which provides
stability for walls failing by tie pull out, estimates of
tie pull out resistance and the tension in a tie are
required. The latter quantity may be calculated by one
of the previous methods. The tie pull out resistance is a’
function of the tie surface area,its depth below the wall
surface and the tie/soil coefficient of friction. Simplify-
ing assumptions have been made in calculating this forcéGO)u
The coefficient of friction £, is normally assumed constant

and the vertical stress distribution is constant and

identical on opposite faces of the tie.

3.6.2 The Rankine and Meyerhof methods 'Schlosser60’61'
(e0)
Schlosser derived expressions for the adherence

length by assuming that all the tie length was effective in
providing resistance against pull out failure. For a tie
of length L and width b. and under an overburden pressure

¥h, the tie resistance against pull out failure F.. is
F. = 20LY¥hf ....... e, veeecaaes. (3.25)

where f iz the soil/tie coefficient of friction. The

tension per unit wall width in a tie at a given depth. h.

" below the surface of a reinforced earth wall can be calculated
from the Rankine theory by equation (3.3). By equating
equations (3.25) and (3.3) and considering a wall of width

S, the adherence length was given as:
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K
L = 2 BHS. (3.26)
a 2.b.f,

0,61

In a similar manner Schlosser derived an expression

for the adherence length by assuming the Meyerhof method for the
tie tension calculation, and equation (3.25) for estimating

the tie resistance against pull out failure,

The adherence length was given as:
h? K, K, AH.S
L = — 0 + B cereeresens (3.27)

a 3L a , h 2
2bf(1--§-(i) )

Equation (3.27) gives an adherence length which increases
with wall depth, At the top of the wall, i.e. when h = O,
this equation gives an identical result to equation (3.26).
Schlosser60 compared both equations for a full scale
wall and found that for practical purposes, the fesults
from the two equations can be taken as similar. Equation
(3.26) jis mairly used in practice for the design of

reinforced earth retaining walls,

' 45
3.6.3 The Rankine Method using Lee's assumption (Lee et al )

Lee et derived an expression forvthe‘adherence
length by assuming that the tie tension is given by the
Rankine theory, but that only the tie length extending
beyond the Coulomb failure plane was effective in providing

resistance against tie pull out failure,

Considering Fig (3.8) the tension in the tie at a

depth h, below the wall surface, using Rankine theory is

i

T = Ka.‘Y-hi.AH.S

i
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The tie resistance against pull out at level i Dbelow

the wall surface is

Fry = 2.b¥h,.f (L - (- h;)tanp)

i

The safety factor against pull out

Fr,
1

SF =
Ti

above equations

substituting for Fri and Ti from the

sp o= 2L (L. @E-bptan)...iiiiiiiinn.... (3.28)

K, AH.S

The adherence length can be obtained by substituting SF = 1
and B = (45 - g ) in equation (3.28). This gives

K
= alAHS
‘a oot (H-h) /K . (3.29)

Equation (3.29) predicts an adherence length which
increases with increasing wall ha2ight. It gives a minimum

adherence length at the base of the wall (i.e. when h, = H)

i
which is identical to the adherence length predicted by

equation (3.26).

3.6.4 The Coulomb force method

Lee et ngS) envisaged a method of design for tie
pull out failure based on the Coulomb theory. He assumed
that the reinforced earth wall behaves monolithically and
that only the tie length extending beyond the Coulomb failure

'plane is effective in preventing tie pull out failure.

An expression for the safety factor against tie pull

out failure was obtained by comparing the total tie resisting
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force against pull out and the earth pressure force as

follows:

The earth pressure force P for a wall height H and

width S is
2
P = 0.5 Kd¥5H S
The pull out resistance of a tie at level 1 Fig (3.8) is

Fr = 2bf-Y-hiLi

i

or Fr = 2bfx.h

i (L —(H - hi) ta.nB)

i
By summing all tie resistances and comparing them to the
earth pressure force P, the safety factori against tie

pull out was given as

L
4bf 2
SF = h, (L-H tanB) +h ,“.tan B8] ... (3.30)
x S [ by B +hy".tanp

———

i=N

N is the number of ties from top of the wall to the
level wheire the first tie crosses the theoretical Coulomb
failure plane.

Substituting for h; = iAH and H = nAH in equation (3.30)

we get

n
SF = %-_:-T%AE E_’ i (L -BH@-1) /K ) ...... (3.31)
a i=N

The adherence length can be calculated from equation (3.31)

by assigning the safety factor equal one,
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3.6.5 The Coulomb moment method

In this method Lee et afas) adopted the same assump-

tions previously made in the Coulomb force method.

The expression of the safety factor against tie pull
out was obtained by comparing the total resisting moment
of the tie frictional force, and the earth pressure moment
about the toe of the wall as follows:

The tie resisting moment RM, at level i, Fig (3.8) is
RMi = 2bthiLi H - hi)

The total resisting moment is
n

%N 2b-£4h L (H - h)

n
E 2bf.Y-hi(L - (H - hi) tanf) (H—hi)

i=N
The total moment due to the earth pressure force is
K, ¥ H3.8

M-
6

SF = RM/M
12bf

SF = -—K—-I';S—S— _;_ hi(L - (H - hi)tanp) (H - hi)
a i=N

substituting for hi = i. AH and H = n. AH.
12bf. AHZ E
SF = i(n - 1) [ L -~ AH(n -i)\/ Ka]... (3.32)

n3s

The adherence length corresponding to the safety factor

against pull out equal one can be calculated from equation

(3.32).
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) .
3.6.6 Banerjee'gsexpression of the adherence length for
cohesionless backfill

For a soil with an angle of internal friction ¢ and a
unit cohesion c, according to Banerjeésthe sum of tension
forces in the ties is given by

D
T = E 2 &b Li( C+ Y.hitan¢) ceconsens ces.0(3.33)
i=1 ’
’Li and hi are shown in Fig (3.8) and ot is an empirical
coefficient, suggested to be in the range 0.4 << % 0.60,
For a wall of width S, Banerjee's non-dimensional tension

parameter x is given by

x- T __
0.5Y¥ H”S

From equation (3.14), in the case of gfanular soil and
a safety factor equal one, the non-dimensional tension X is

equal to the coefficient of active earth pressure Ki.' Hence,
IT =0.5 xax-nz.s .......... Ceteeeeieeaeaeaa (3.34)

For granmnlar soil c = Q. The expression for the
adherence can be derived by equating equations (3.33) and
(3.34), substituting

L, = L~ (H- hitanﬁ) and

i
carrying out the summation we get
K H2 S
a C

L
a 2 o, b AH (n? +n) tan®

where tanp = ‘/Ka‘

+ H tanp —A—sl-i- (2n +1)tanp
ee... (3.35)



3.6.7. Comparison between the theoretical design methods

assuming tie pull out failure

The foregoing theoretical design methods assuming tie
pull out failure do not lend themselves to a simple compara-

tive analysis as has been done for the tie tension and
critical wall height expressions in sections (3.3.3) and
(3.5.5) respectively. This is bec#use the final expressions
contain terms which are directly comparable only for
particular cases and cannot'easily be compared in a general

way.

However, comparisons will bz made in Chapter Five based

on regsults of model tests.
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3.7 Comments on existing theories

In the foregoing sections the methods of analysis of
reinforced earth walls have been presented.’ Basically these
methods were derived from the Rankine and Coulomb earth
pressure theories, which assume that the backfill of a
retaining wall is homogeneous and isotropic. The reinforced
earth material being essentially a composite material,
deviated from these assumptions. When the Rankine theory
was applied to the reinforcedlearth wall design it neglected
-the shear stresses developing at the soil/tie interface,
which is a basic requirement for the internal stability of
a reinforced earth wall. As a result, this theory gave a
linear tension distribution with wall height, which was at
variance with observations made on full scale walls€6114)
The Rankine method implied a maximum tension near the wall
face and the Toulomb theory implied a constant tension along
the tie length. Both implied assumptions were not in
agreement with the tension variation along a tie observed on
full scale wallssm’zg'”’)These methods do not take into account
~the tie length effect on the tie tension which has been
indicated in model tests{3,17) The Rankine theory has been
found to overestimate the tie tension when compared with

model test results&6317 )

The Trapezoidal and Meyehof design methods were derived
on similar bases to Rankine theory and differ from it only
by considering the effect of the thrust on the back of the

wall on the vertical stress distribution. Thus these methods
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resulted in a higher tie tension than the Rankine theory

and therefore will lead to a more conservative reinforced

earth wall design.

The methods of designing reinforced earth retaining walls
based on failure surfaces,such as Banerjee's method have

t
been reported to be unsuitable for reinforced earth wall design§3}

It is therefore necessary to derive a theory which takes
into account the nonlinear tie temsion variation along a tie
length observed on full scale walls, the non -linear tie
tension distribution with wall height, the deflected shape
of wall and the tie length effect on the tension in a tie.
The author has developed a theory based on an energy approach
which attempts to take these factors into account. The
assumptions and derivations of this theory will be presented

in the next section.
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3.8 Strain Energy Theory

3.8.1 Introduction and general statement of approach

The strain energy theory obtains expr;ssions for the
reinforced earth wall design by establishing energy relations
from elastic deformations of the reinforced earth wall facing
and the ties, under the action of the earth pressure and the

" tension forces respectively.

The external work done is calculated first by assuming
that the wall yields to a stable position given by the
general function y(Z) under the action of the earth pressure
force p(Z) which varies in the general manner shown in

Fig (3.9).

The incremental external work over a height dZ and
wall width S is given by

Uext = S.p(2).y(2).dz ...........; ........ .. (3.36)

and the total external work can be calculated. by summing
these increments over the total wall height H and width §

as
H

Upgt = S Jp(Z).y(Z).dZ................. (3.37)
) .
The external work done is assumed to be stored in the
reinforcing ties as an elastic strain energy and the strain
energy stored in the skin elements is assumed to be
negligible. Provided that the tenmsion distribution along

the tie length is specified, the strain energy stored in the
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Fig.(3-9) The Energy theory parameters
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Fig(3-10a) Earth pressure

distribution @
Fig.(3-10b) Idealized deflected shape of wall, section A-B,




- 44 -

tie can be calculated by equation (I].1 ) derived in

Appendix(I]) which gives the internal work done as
L
T(x) dx :
U = ———— s a8 a8 * » m e se e L B B I L I I I Y > 0 o 0 (3038
1 S 2 AE )
fo) rrtr
where

T(x) = function which gives the tension variation
along the tie

A, = cross-sectional area of the tie
E. = the Young's modulus of the tie material

By equating the external work done at a given tie level
and the strain energy stored in the tie, it is possible to

obtain an expression for the tie tension.

3.8.2, Assumptions

’
To produce an analytical solution, assumptions regarding

the earth pressure distribution with the wall height, the
tension variation along the tie length and the deflected
shape of the wall have to be made.

3.8.2.1. Pressure distribution over wall height

Different pressure distributions with wall height can
be incorporated in equation (3.37). to calculate the external
work. In the present study hydrostatic pressure distribution

'is assumed Fig (3.10a)mainly to simplify the solution of the

equation.

For a wall without a surcharge the pressure at depth 2
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below the wall surface is given by

P(Z) = K.Y .2  iriiiiannnnn. A e (3.39)

3.8.2.2., Tension variation along a tie length

(6&29)
Observations on field structures showed that the

tension variation along the tie length may have the following

characteristics:

| (1) The maximum tension occurs at a distance (BL) from the
wall face Fig (3.11). This distance varies according to
the tie position in the reinforced earth wall, It is small
for ties lying atAthe bottom of the wall and increases with
increasing wall height. Therefore ﬁ may be assumed to

A
vary between zero and 0.50 for real walls and 0 < X < 1.

(2) The tension decreases to zero at the free end of the

tie.

In view of these observations twe assumptions have been
made regardirg the tension distribution along the tie length.
These are a linear distribution and a parabolic distribution
9s shown in Fig (3.11). The strain energy stored in the tie
was calculated from these tension distributions using
equation (3.38). For the assumed linear and parabolic

tension variations, the strain energy stored in the tie was

found to be

Linear U, - Tm .L__ L (3-40 )
6 rr '
4 2L

Parabolic U = _— . ceeo (3.40D)
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Fig.(3-11) Assumed tension distribution along a tie length used in
derivation of the energy theory expressions,
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respectively as shown in Appendix(I]l) .
Tm is the maximum tension along the tie Fig(3.11).

3.8.2.3. Deflected shape of wall

The reinforced earth wall is assumed to behave as a
composite material with a constant elastic modulus Eq
, Which is a function of the elastic modulus of the
tie material. Er’ cross-sectional area A; and the area of
the soil bounding the tie AS% and is given by
E_A

67 _
E = I+ T schlosser and Vidal  ............ (3.41)

q
AS©

The deflected shape of.the wall was approximated by
an approach similar to Jakobson(as) Fig (3.12). The
soil backfill was assumed to be initially 1ﬁ an at rest
condition and the horizontal bressure at depth Z below the
wall surface is given by

KO-Y‘ZO ® & 0 0 060 06855 0 080 0000 080G OO O s NO SO0 eo0 (3042)

As the wall deflects the pressure chaﬂkes from an
at rest state To an active state characterized by the co-
efficient of active earth pressure Ki, the decrease in

pressure will be
(KO-K)'Y.Z oooooooo e e 0060 0000000000000 (3.43)

As the pressure changes the zone near the wall face will tend
to fail. As a first approximation this zone is assumed to
be a wedge bounded by a plane inclined at (45 + 4V2) with the

horizontal, Assuming that the skin elements do not inter-
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fere in the wall deflection, the displacement at depth Z

is given by
K -K H-Z '
y(2), = O a g e (3.44a)
B, tan(45 + ¥/2)

Since this equation includes the term (K, - K) it is

referred to as the pressure difference equation. Or, if only

the active earth pressure is assumed to cause this deforma-

tion, then the deflected shape of the wall is given as

. K
y@», - 2 . y.z. H-2 e (3.44b)
q tan (45 +'472)

Since this equation is derived in terms of the active earth

pressure coefficient Ka’ it is referred to as the active earth

pressure equation.

Equations (3.44a) and (3.44b) give a parébolic deflected
shape of wall vhick is similar to the idealized deflected

- shape of wall shown in Fig (3.10b).

A C
T 7 .
¥
H . g
|y
// - JKL } %
< K¥Z 1
| RN \

Fife -12) Wall deflection parameters(After Jakobson(35)),
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3.8.3 The Energy Theory

3.8.3.1. Introduction

Two approaches were used to obtain expressions for the
tie tension, critical height of the wall failing by tie
breaking, the safety factor against pull out failure and the
adherence lengths of the ties from the energy theory. These

methods are:

(1) A Total equilibrium energ& approach in which the'

the external work is calculated first and then a distribu-

tion factor C is assumed in order to obtain the external

i
work at each tie level. The strain energy stored at that
wall level is equated to the external work. The governing
equation is
Ui - CiUext .......................... 0000000'0000(3.45)

(2) A Local equilibrium energy approach in which‘the

incremental external work at a depth h below the wall sur-
face, over a swrall wall height . AH, is equuted to the
strain energy of the tie calculated from the tie tension

distribution. The governing equation is

3.8.3.2. Method 1: Total equilibrium energy approach

The total external work is calculated by adopting the
general equation (3.37) and assuming a linear earth pressure

distribution and equation (3.44a) for the wall deflection,

i.e.
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H

Ut = sj P(D).y(2) .z
o

kK, YZ(K - K))YZ. (H - Z) dz

H
Uext = 55
o E»q.tan(45 + °/2)

E_A .
substituting for li:q = _rT , K = 1l - sin®
AS© a 1 + sin®
. .36
and K = (1 - sind) Jaky's expression

o
and simplifying, we get:

sinth.l(z‘s. 82 ) AH.‘Y2.H4
U -

ext 12.A .E
r r

when the wall deflection equation (3.44b) is used instead of
equation (3.44a). The external work expression will be
. 2
282 anyiet

U - e, ...(3.47D)
ext .
12.4_.E,

This work is assumed to be stored as an elastic strain
energy in t.he ties. 'To get the external work done at each
tie level,a certain distribution of the total work has to be
assumed. This may be achieved by adopting a distribution

n

factor Ci which must satisfy the condition x Ci -1,
i=1

Linear, parabolic and sinusoidal modes of the external

work distribution were considered.

The linear distribution factor, first advanced by

67

Schlosser and Vidal is of the form



The parabolic and sinusoidal distribution factors

suggested by the author are

6i (n - 1)

i parabolic ....... (3.48b)
n(n2 - 1)

c, = sin I tan T sinusoidal ...... (3.48¢)
n 2n
These latter two variations are almost identical Fig (3.13),

therefore either of them may be assumed for nonlinear energy

variation with wall depth.

Using Equation (3.45) and substituting for Ui’ Uext and
c, from equations (3.40), (3.47) and (3.48), the expressions
fo? the tension in the ties from the total energy equilibrium

are oﬁtained.

3.8.3.2.1. Expressions from the total equilibrium energy
approach

The assumptions used in the derivation of the energy
expressions are summarized in Table (3.1) . It is possible
to get eight sets of expressions by combining the tension
variation along the tie length, the energy distribution with
wall depth and the wall deflection assumptions. The general

form of these equations are:

(i) The tie tension is given by

2.5 AH 2
- ‘@-Ka LSl s YH L (3.49)

Ty



(ii) The maximum tension

(iii) The critical wall height for wall failing by tie

breaking %
Rt /C3L
H = -\/ ............ (3.51)
© 8.¥ Ag 29
' a
(iv) The safety factor against pull out
3/2 _—
2vL % Ca A7 (3.52)
SF = 2 . —————g— ....... .
SH x:

(v) The adherence length

[T

Cs_Ki.s SH2 3
La = (————-———) . —_— ...(3.53)
AH 2Dbf _J
where Cl’ C2, C3’ C4 and C5 are coefficients. Their

values depend on the assumpiions adopted in the derivation of
each equation. The values of these coefficients are shown

in Table (3.2) for each set of assumptions.
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2 : . Parabolic

8inusoidall

" 00 0.1 0.2
The coefficient of energy distribution- Ci

Fig(343)Assumptions of strain enérgy distribution with wall depth



Assumptions
Approaches

Tension distribution
over the tie length

The strain energy
distribution with
wall height

The deflected shape
of the wall

Linear Fig (3.11#)

Linear, 1i.e.
n(n + 1)

Using Eq. (3.44a)
derived by assuming
pressure difference

Total
equilibrium
Parabolic Fig(3.11lb) Parabolic, i.e. Using Eq. (3.44b)
: 6i(n - 1) derived by assuming
Cy - active earth pressure
n(n+l) (n-1)
Linear Fig (3.1l1la) Using Eq. (3.44a)
: derived by assuming
pressure difference
Local
equilibrium

Parabolic Fig(3.11b)

Using Eq. (3.44Db)
derived by assuming
active earth pressure

TABLE (3.1) Summary of the approaches and assumptions used in the derivation of the

energy theory expressions.




Coefficients
Assumption Cl C2 C3 C4 C5
T.L.L.D, isind® sin® (n+l) in(n+l1) _sin®
n(n+}) (n+1) sin® sing® in(n+1)
T.L.L.A A ! ——l————
.L.L.A, oo+ ] (n+l) in(n+l) in(n+l)
3i(n-i)sind® 3n.sind 4 (n2:1) in(n2-1) 3(n-i)sind
T.L.P.D, 1y —g - . 2
n(n® - 1) 4(n” - 1) 3 n.sin® | 3(n-i1)sind in (n€ - 1)
T.L.P.A 31 (-0 _3n 4 (0°-) | in@-1) 3 (n-1) i
. n(n“-1) 4(n: -1} 3 n 3(n-1i) in(n“-1) «
i
T.P.L.D. ising sind 1.6(n+l) 1.6.1i.n(n+l) _sing
l1.6n(n+l) 1.6(n+l) sing sin¢ 1.6in(n+1)
i ' 1 1
T.P.L.A. .lm m 1.6(n+1? 1.6in(n +1) 1.61in(n+1)
T.P.P.D. 151 (n-1)sin¢ | 15 n sing | 32@%-1) | 8 ina®-1) 15 (n-i)sing
8n (n<-1) 32 (n<-1) 15 n sin®| 15 (n-i)sing 8 i.n(n%-1)
T.P.P.A. 151 (n-1) 15 _ =n 32 -1 | 810wy | 15 (-1i)
8n (n°-1) 32 (n2-1) 15 n |15 (n-i) 8 in (n2-1)

TABLE (3.2).

The values of the Coefficients Cl’ CZ’ C3, C4 and 05 corresponding to the differ-
ent assumptions in the total equilibrium enefgy equations.

Abbreviations: The abbreviations shown in Table (3.2) stand for the assumptions adopted in

the derivation of the tie tension expressions as indicated in Table (3.3).
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TABLE(3.3) Abbreviations adopted in the designation of the

expressions derived by the total equilibrium energy approach

Energy Tie tension Energy distribution| Earth pressure
Approach variation over wall height in wall deflec-
tion
Total Linear Linear Active
or or or
Parabolic Parabolic Difference

3.8.3.3., Method 2: Local equilibrium energy approach

Using the local equilibrium energy approach based on
equation (3.46), four sets of equations are obtained from
different combinations of assumptionS$ shown on Table (3.1).

These equations are of the form:

(1) Tension in the tie

g2 5 |
a ) .¥.h, AH.S. </H-h .....(3.54)

T = (D.
1 L

(ii) The maximum tension in the tie

K29 3 3/
T = (n a ).y‘Ansn 2 (3.55)
max 2 L . . e = e e s e e e o s o0 o .
(iii) The critical wall height

2
R, D,L 3

H = |— S (3.56)
c .AHS Kz.s .

a
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(iv) The safety factor against tie pull out

. 3/2
2b L 1l
SF" _———————— . .n..---o-(3.57)
S. AH *\// 2 5 N
(D4Ka (H - h)
(v) The adherence length
} 2/3
- .5 ’ S AH o
L, ((Ds . Kz (H -h) ) P )  eeeee. (3.58)

where Dl’ D2, D3, Q4 and D5 Qre coefficients. Their values
depend on the assumptions adopted in the derivation of the
particular equation. A list or the values of these
coefficients is shown on Table (3.4) for each set of

assumptions.
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TABLE (3.4) The values of the coefficients Dl’ D2, D3, D4

and D5 corresponding to the different assump-

tions in the local equilibrium energy approach

oefficient
D D D D D
Assumptions _ 1 2 3 4 5
8 . 4 9
LO.L.D 6.sin —si — 6 sin 6 sin
¢ 9 o 8sind b ?
LO.L.A. 6 . 8 S 6 6
9 8
15 5 9 . 15 15
LO.P.D. si 2sind | 2 =2sin -zsin¢
4 =0 9 5 sind | 4 ¢
L0.P.A. 15 5 9 15 15
4 9 5 4 4

Abbreviations

The abbreviations stand for the assumptions adopted in the

derivation of a particular equation as indicated in Table (3.5)
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TABLE (3.5) Assumptions adopted in the local equilibrium

approach
Energy Tie tension Earth pressure
Approach variation in wall
‘ deflection
LOcal Linear Active
or or
Parabolic Difference
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3.8.4 Comparison between the energy theory tie tension

expressions

Twelve tie tension expressions have been obtained by
adopting different assumptions in the energy theory. It is
necessary to choose only some of these equations to facilitate
further comparative analysis with the other theories and test

results.

To help in visualizing the effect of the different
assumptions, a wall comprising 15 layers and a @ value of
-]
40 was assumed. The tie tension expressions given by the

energy theory were expressed in the general form

5 - |
T - Ai\/( sind. AH.K; ) S Y.EL.LLLL. ... (3.59)

L

where Ai is coefficient which is different for different
assumptions and its values are shown in Table (3.6) against

the corresponding assumptions:
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TABLE(3.6) The values of the coefficient Ai corresponding
to different assumptions -
Assumption Coefficient Ai
n(n+l)
T.L.P.D /3i(n-1)
n(n2-1)
T.P.L.D, 1
1.6n(n+l)
T.P.P.D - /51 (n-1)
8n(n2-1)
/ i
T.L.L.A \/L(n+1)sin¢
/Si(n-l')
T.L.p.A. ———2——1—-'— N.B. The
n(n”-1)sing abbreviations shown
in this table stand
T P.L.A _Wv// 1 for the assumptions
e F o Helhe adopted in deriving
l1.6n(n+l)sing@ a particular
? expression as shown.
5i(n - {) on Tables (3.3)
T.P.P.A. 3 (3.5). ’
8n(n“-1l)sing
L0.L.A. 1,/88=0
n sin®
i
1L.0.L.D. -9 6 (n-1i)
n .
10.P.A. L, /31l
n sing
i -
10.P.D. ;2 3.75(n-1)
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The values of the coefficient Ai were computed and the
results are shown on Figs (3.14) to (3.16). Obviously,
particular patterns of tie tension distribution with wall

height emerged with similarities. A reduction in the number

of equations can be made by choosing two from each -
general approach, The following expressions have been
selected:

(1) T.L.L.D. )
) Fig (3.14)
(ii) T.P.P.D. ) ~
(iii) LO.L.A. )
) Fig (3.15)
(iv) LWO.L.D. )
(vy T.L.L.A,)
) Fig (3.16)
(vi) T.L.P.A. )

It will be seen in Chapter Five that the tie tension
expression based on the local equilibrium energy approach
has been recommended in designing for the internal stability

of reinforzed earth walls.
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(T.L.LAY)

Parabolic tension & linear energy
assunptions (TP LA)

‘v Parabolic tension &parabolic energy
g assunptions (T.P.PA)

° \ .

> 10; \) Linear tension &parabolic energy
g

\ assumptions. (TLPA.)

5 = )

04 0.2 0.3
coefficient A

i

Fig(3.1_s) Cemparison between tension expressions derived from energy
theory total equilibrium approach{Active earth pressure '

assuzptions )
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3.8.5 Comparison between the energy theory and the existing

theories

The analytical design expressions der%ved from the
energy theory contain the same parameters, e.g. (Ka’ L, h,
AH, S, H), as the existing theories. However, the
functional relationships between these parameters is

different in the energy and the existing theories.

Because of these differences, it has been found diffiicult

to compare generally between the energy and the existing
theories. A detailed discussion and comparisons will be

presented in future chapters in terms cf test results.

3.9 Conclusions

The original methods of ihe reinforced earth wall
design were based on the Rankine and Coulomb earth pressure
theories, which assume that the backfill of a reinforced
earth wall is homogeneous aad isotropic. This assumption
is unrealistic, since the presence of the ties in the soil
mass modifies its properties. The Rankine theory neglects

the shear stresses developed at tkLe soil/tie interface.

For a wall with large numbers of 1ay9rs, having a
smooth back and assuming a linear tension variation over.wail
height in the Coulomb theory, the Rankine and Coulomb theories
give identical tension expressions. The Coulomb theory
can, however, be applied for walls with irregular geometry

and a rough back.
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Comparison between the Rankine, Coulomb, the Trapezoidal
and Meyerhof's tie tension expressions showed that the latter
two methods predict higher tie tensions than the Rankine and
Coulomb theories. For practical purposes, i.e. when H/L
ratio approaches unity and the values of @ are relatively
high, the differences in predicted tie tensions, between the
Rankine, Coulomb, the Trapezoidal and Meyerhof are relatively

small (i.e. & 25 per cent of Rankine values ).

The Rankine theory has mainly been used in practice.
This theory gives a linear tension distribution with wall
height, implies a maximum tie tension near the wall face,
and overestimates the tie tensions when applied to model

reinforced earth wallsjﬂ?

The methods of reinforced earth wall design based on an
ultimate strength concept such as Banerjee's method, have

d63 unsuitable for the reinforced wall design,

been foun
mainly‘because these methods do not permit calculation of

stresses in the ties at different wall levels,

A new energy theory is presented. This is based on the
premise that the external work done by the earth pressure is
stored as an elastic strain energy in the ties. By assuming
an earth pressure distributi&n with wall height, a deflected
shape of wall and a tie tension variation over the tie length,
analytical expressions which can be used for the reinforced

earth wall design were obtained.
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Six energy expressions for tie tension have been
chosen as representing the ranges of tension distribution
with wall height and tie tension magnitudes,indicated by a
simple comparative analysis carried out between the energy
expressions,

It will be shown in Chapter Five that the local
equilibrium energy approach assumirg a linear tension ,
variation over the tie length and an active earth pressure
in the wall deflection equation (LO.L.A.), gives good agree-
ment with the observed model wall behaviour.
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CHAPTER FOUR

THE MODEL DESIGN, WALL BUILDING PROCEDURE AND
INSTRUMENTAT ION

4.1, Introduction

The use of models in the solution of soil mechanics
éflS@ﬁGﬂl ™
have mainly been used: Those which are intended to predict
the detailed behaviour of the prototype and in which the
principles of similitude are fully satisfied and the second
types are those which serve as prototypes themselves and
these require that the basic assumptions inherent in the

problems is an accepted practic o types of models

analysis are satisfied, e.g. plane strain conditions.

In the present investigation the latter type of model
was adopted. This was thought to be more appropriate in
understanding the prototype wall behaviour on a qualitative
basis, in testing the theories that may be used in designing
full scale structures, in checking the theoretical assump-
tions on which the theoretical analysis was based and in

examining different parameters related to the design of full
scale walls .

This chapter will describe the test apparatus including
the instrumentation for measuring stresses in the ties and
the soil, and strains in the soil.

4.2. Details of Test Apparatus

4.2.1 The Model

Plane strain conditions were sim&lated by a rigid-sided
open-fronted plywood box, Fig (4.1). The dimensions were
chosen to give reasonable volume of sand which could be handled
by one person, A maximum wall height of 500 mm was chosen
to give measurable stresses and deformations in the wall, ‘The
width of the model was decided by adopting a width upon height
ratio greater than 1-3, to minimize the effect of the side
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wall shear stresses in reducing the earth pressure force on

the wall face.l':?‘:58 The length of the model was determined

by considering a length of the reinforced earth wall which

is approximately equal to the wall height and a distance
between the end of the wall and the rear side of the model
which reduces the effect of the model rear side on the internal
stresses. Tests dealing with this effect will be described
later in the main test series.

4.2.2 Other features of the test apparatus

These includeda simple raining device consisting of a
perforated sand container which was adJustablev‘to a constant
height above the layer being deposited to ensure a constant
density, A false front was made for the box comprising five
perspex planks slotted into the sides of the box, Figs (4.2
and 4.3) to prevent excessive forward wall movement and
spillage of sand, to mount strain measuring devices at
different levels and to provide, through an aluminium bracer
(Fig 4.4 and 4.5) temporary support to the facing elements
while the wall was under construction.

4.2.3 §§in elements

Previous mention of rigid and flexible skin elements
in full scale walls has been made in Chapter One. Since the
skin elements are assumed not to affect the internal stability
of the reinforced earth wall, the present study is restricted
to rigid skin elements only.

These were designed such that they could rotate freely
on each other to simulate the full scale panel behaviour.'
Their rigidity was ensured by adopting 6 mm thick perspex
panels. More details about these panels will be given in
Chapter Five.

4.2.4 The soil

Dry sand was used in this investigation. This sand had
a particle size distribution shown in Fig (4.6) and a specific
gravity of 2.65. The maximum and minimum dry densities
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determined according to reference (39 ), were 1.6954 and

1.3970 gm/cm3 respectively.

The sand density has been shown previously to have
little effect on the reinforced earth wall behaviour.l’5
The present study was carried out at an average sand density
of 1.6145 * . 0100 gm/cms. This corresponds to a relative

density of 76.5%.

The shear strength of the sand was measured using 100 mm
diameter, and 200 mm high triaxial samples, tested in a dry and
saturated condition. These gave an angle of internal
friction @ = 40.0 & .50° as shown in Figs (4.7) and (4.8).

4.2.5 The Ties

It has been noted that reinforced earth walls can fail
by one of two mechanisms: (a) Breaking of the ties and
(b) Slippage of the ties, To study stability against
breaking it was necessary to use a thin material for the
ties such as aluminium foil, but to study slippage a more
rigid tie such as perspex could be used.

Because of this, aluminium ties were cut in widths
varying from 3 mm to 7 mm of thickness ranging between 20 and
45 uam, The perspex ties were cut in 22 mm width from
perspex sheets approximately 1.5 mm thick.

The ties were provided with extensions made of adhesive
tape to allow for attachment to the perspex panels.,

The coefficient of friction between the ties and the sand
was determined using a controlled stress shear box, 134mm
by 98.6 mm in plan, which wae filled with compacted sand
average density equal to 1.590 gm/cms.

Precautions were taken to ensure uniform distribution
of the vertical stress and the effects from edges of the box
‘were accounted for by conducting calibration tests while the

box was empty, Figs (4.9a) and (4.9b ).

The coefficients of friction were found to be:
Aluminium foil/sand coefficient of friction
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f = 0.517, Fig (410a); perspex/sand coefficient of
friction f = 0.398 (Fig 4.10b).

The aluminium foil/sand coefficieint of friction was
also determined from a direct pull out test, Fig (4.11), which
gave £ = 0,503 as shown in Fig (4.12).

4.3 Wall Construction

The lowest section of the perspex false front was placed
in position and clamped. The lower panels were erected 50
to 70 mm behind it using spacers between the panels and the
false front. The panels were prevented from slipping for-
ward by a small perspex upstand fixed in front of them,

To prevent the sand from spilling around the ends of
the wall facing elements, cotton wool was packed between them
and the sides of the box, Fig (4.13).

The sand was weighed and introduced behind the facing
panels in 50 mm thick layers by pouring from the sand
container held at a constant height of 500 mm above the layer
being placed. Each layer was 1evelled'off horizontally and
checked by a spirit level. |

On reaching the level of the lowest series of ties, the
ties were fixed to the panels, then laid on the soil surface,
Construction proceeded in the same manner for subsequent
layers. The density of the sand backfill was determined
from the known weight of the sand and the volume occupied.

4.4 Sand Density Control

One of the main problems in tests involving sand is in
ensuring a uniform density throughout the volume of the
container.

Preliminary tests were carried out on sand compacted by
tamping, vibration and by a raining device, and the results
indicated that deposition by raining gave a more consistent
density than the other methods.

The density of the sand under the deposition procedure
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was measured at various points within the sand mass in two
ways:
(1) By using a miniature vane to obtain values for
torque and converting these to density by means of a
calibration curve, Fig (4.14) and Table (4.1).

(2) By using perspex boxes (50 x 50 x 40 mm) at
various levels within the mass, The results are
shown in Table (4.2).

The observations indicated that the perspex box system
gave more reliable results, a standard deviation of 0.44%
being obtained compared with 9% for the miniature vane method.
The difference in average density, 1.6159 gm/cm3 compared with
1.556 gm/cm3 was due to the height of deposition being
different in the two cases.

4,5 Stress Measurements on Ties

One of the objectives of the present investigation was
to monitor the stresses built up in reinforcing ties while
the wall was under construction.

In full scale walls, electrical resistance strain gauges
have beeu attached to the reinforcing ties, and the strains
measured have been converted to stresses by using the 14
appropriate value of Young's modulus for the tie material
or by individual calibration of the ties.29

In modecl studies with aluminium foil ties 13 am thick,
Lee et a145 used strain gauges mounted on brass strips
25 ym thick introduced in series with the aluminium foil.
In these tests the lead wires appeared to interfere with the
performance of the ties.

Preliminary tests by the author using commercially avail-
able strain gauges on aluminium ties 45 um thick led to the
discovery that although the gauges worked well in tension,
distortion of the ties in situ caused the development of

bending strains in the gauges.
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©

®

®

(Z),,_Position of vane ghear

O,

Layer The miniature vane shear reading in degrees
height
above
base-mm 1 2 3 ¢ | 5 Average |

7 35 36.5 46 37 - 38.6

175 34 33 29 31 30 31.4

275 36 36 37 32 36 35.4

375 33 26 30 37 33 © 31,8
475 33 32 32 32 35 | 32.8

Average torque = 34% 9%
Table 41 Torque variation in degrees 2, dengity =1,556.% 9%
@srvperspex' '
boxes
@

holgnt

£1g,.
gee | Yo 1% | | Y,

25 1.6212 | 1.6081 | 1,6103 |1,6132 _

75 1.6190 1.6000 | 1.6290 |1.6160 Average density

Xav, = 106159 i‘o44%

325 1,6221 | 1.6191 | 1,6180 [1,6190
415 1.6150 | 1.6070 | 1.6128 | 1.6116

Table

42 The density measurement at different layers of the wall
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This bending effect was studied by means of a simple
apparatus designed to produce measured tensile and bending
stresses on a tie. Attempts were made to eliminate the
effect of bending by using adhesive to make the gauges more
rigid, and by measuring strain on both faces of the tie,
The results of this investigation are summarised in Table
(4.3). It was concluded that in order to minimize the
bending effect the gauge must be rigid and the strains must
be measured on both faces of the tie.

As a result of these tests it was decided to attach the
gauges to small perspex strips glued in series with the
aluminium tie, Fig (4.15). This configuration was used in
the first series of model tests described in Chapter Five,
and apart from some problems which arose in connection with
the different properties of the perspex and the aluminium,
gave reasonable results.

In order to study walls failing by pull out or under
stable conditions, relatively rigid ties could be used.
Because of this, and in order to eliminate problems arising
from using two different materials, perspex ties were used.
These were gauged on opposite faces,Fig (4.16) using strain
gauges manufactured by Micro Measurements Company, Type
EA-41-125BB-120. . These gauges were mainly adopted
for the stress measurement in the present investigation.

An attempt was also made to increase the bending stiff-
ness of the tie at the strain gauges position to make them
relatively insensitive to bending, Fig (4.17) shows the
modified mounting for the strain gauges in the form of a
gauged vertical perspex beam fixed to the ends of a slot in
the perspex tie, This method of stress measurement was
only used in a few tests because of the suspected modifica-
tion of the frictional characteri stics of the tie, since
slots were made to accommodate the gauges.

All the strain gauges used in the model tests, whether
mounted on aluminium foil or on perspex were calibrated using



No. of
Material Range of strain Coating applied S:ns%:i;iig Response to Result of
Type tie gauges on gauges szresses bending the test
thicknesses| mounted
Aluminiuh 45 am to One Plastic Sensitivity Bending strain Appreciable
Foil 0.15 mm coating ranging be- is 8N axial | bending
tween load per each stresses
(100-26)us/N | degreé of
rotation
Aluminium Two Plastic Sensitivity " Appreciable
Foil " gauges Coating {(100-26) us /N bending i
mounted 0
back-to- w
back I
Aluminium " One Plastic Sensitivity to'Bending strain Improvement,
Foil Coating plus axial stresses| o 4N axial i.e. less
Quick set reduced by |joading per response to
adhesive 46% degree of b:nding
rotation stresses
Aluminium " Two Plastic " Bending strain Bending
Foil gauges Coating plus 0.1N axial resulted in
mounted Quick set load per nearly equal
back-to- adhesive degree of strains of
back rotation . opposite signs
TABLE (4.3) Results of preliminary investigation into the stress gauges response to

bending and axial stresses




TABLE (4.4) Ranges of Calibration factors of the tension gauges

Gauge Type

Range of Calibration Factor

Strain gauges mounted
on perspex beams and
connected in series
with aluminium tie
(Fig 4.9)

Strain gauges mounted on
perspex tie Fig
(4.10)

Strain gauges mounted on
perspex beams and fixed
in slots in perspex tie
Fig (4.11)

(173-176) us/N

(20-38) us/N-

For half and full bridge
configurations
respectively.

(24-33) ps/N
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the loading frame shown in Fig (4.18), to provide a direct
reading of stress v. electrical output. Precautions were
taken regarding loading and unloading, repetition of loading
cycles and the test temperature. Typical calibration curves
are shown in Fig (4.19)and the range of the calibration
factors obtained is shown in Table (4.4).

4.6 Strain Measurement in the Soil

4.6.1 Introduction

The importance of measuring the strain in models and
full scale structuré'is well recognized by previous
investigators?zss

In the present study it is intended to observe the

strains set up in the backfill of the model walls,

Selig68 reported that the main requirements of a
suitable strain gauge are that the gauge should freely
follow the movement of the soil and the gauge/soil attach-
ment should be satisfactory.

Most of the instruments used for strain measurements
in soil are physically coupled. These consist of two
discs connected by a sliding rod which provides a gauge
lengtu between the discs. Movement is measured by linear
transducer incorporated in the sliding rod. These types
of gauge have problems of placement and interference of
soil due to presence of the rod in the gauge length.s8

Other methods of strair measurement in soil use opticaf
or X--ray57 techniques. The optical methods have the
disadvantage that only the strains adjacent to the trans-
parent side of a model can be observed. These are liable
to be considerably affected by friction on the side of the
- model. The X-ray technique can only be used in thin models

because of the limited power of penetration of the X-rays.

In the present investigation free field strain coils
were developed from an original design by Truesdale and



- 91 -~

Anderson,74 and were used for strain measurement in the
backfill of the reinforced earth model retaining walls and
also in the wall deflection observations.

4.6.2 Theory of operation of the strain coils

The strain coils theory is based on the differential
transformer principle. The driver and detector coils
Fig (4.20), correspond to the primary and secondary trans-
former windings respectively. When a high frequency signal
is applied to the driver coils, the magnetic field produced
induces a voltage in the detector coils. The magnitude of
the induced voltage is a function of the magnetic linkage
and hence a function of the coils' separation. The output
from the bridge is amplified so that a very small change in
the spacing can be detected.

The coils are connected in opposing series so that when
the separation of the embedded coils is identical to the
reference coils the output voltage is zero. When the spacing'
of the embedded pair is altered thLe resulting voltage can be
nullod by operating the micrometer attached to the reference
pair. The change in distance required is identical to the
change in spacing of the embedded pair.

4.6,3 Development of the strain measuring systenm

This connsists of electrical equipment which plays an
important role in the sensitivity and stability of the read-
ings, and coils which act as sensing elements.

4.6.3.1 The electrical equipment

Truesdale and Anderson74 originally used the
electrical components indicated in Fig (4.21). Morgan
and Gerrardl'9 used a similar circuit, Fig (4.22) and added a
filter tuned to the oscillator frequency to increase the
stability of the output signal.
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In the present study a measuring circuit consisting of
an available oscillator, a voltmeter and locally constructed
filter amplifier unit was assembled, Fig (4.23). The
circuit was designed so that it would pass and amplify only
at a frequency equal to 15 KHZ which has been found 49
to give maximum sensitivity.

The new feature of the present circuit is the D.C,
filter amplifier unit which increased the stability and
sensitivity of the system.

4.6.3.2 The coils

In the original design by Truesdale and Anderson74
no detailed iniormation was given about coil construction.

Generally, the coil size is determined by the relative
size of the coil with respect to the soil mass, the coils'
separation and the sensitivity desired. For laboratory use
small coils are needed to decrease the coils' effect on the
sand medium.

An empirical approach was undertaken to determine the
coil sizes needed in this study.

Two sets of coils were manufactured. The first sets
of coils were produced with the specifications shown on
Table (4.5) and were used in the sensitivity,linearity checks
and in assessing the effect of the sand medium on the calibra-
tion factor of the coils.

TABLE (4.5) Specifications of the first set of the strain

coils
Coil outside diameter 49 mm
Coil inside diameter 14 mm
Wire diamter 0.12 mm (40 S.V¥.G.)
Number of turns 1,500
Coil electrical resistance 140 Q
Coil inductance 33 m.H.

AY glue and HY 951 hardener were used to bind the coils.
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The second set of coils was intended for measuring the
strain in the wall backfill. The coils had to be as small
as possible to minimize disturbance of the soil mass in which
they were installed, and using fine lead wires to avoid any
possible reinforcing effect of the soil and permit free move-
ment of the coils. The separation of the coils had to be
as large as possible to provide a long gauge length without
reducing sensitivity. Taking these requirements into
consideration the coils were designed with the specification
shown in Table (4.6) and eighteen pairs were manufactured.

TABLE (4.6) Specifications of the second set of the strain

coils
Coil outside diameter 23 mm
Coil inside diameter 7 mm
Wirz diameter 0.1 mm
Number of turns 1,800
Coil electrical resistance 290 ©
Colil inductance 39 mH
Density after finishing 3

and potting in araldite 1.8-2.1 gm/cm

4.6.3.2.1 The lead wires

If thin lead wires are used to connect the strain coils
to the readout circuit, the wires will be magnetised and any
agitation or presence of magnetic objects in their vicinity
will cause considerable drift. Therefore thin flexible lead
wires were used within the body of the sand up to the side
of the model, where thick shielded wires were attached and
then conrected to the readout circuit.

The coils intended to measure the wall deflection were
equipped with shielded wires.

4.6.4 Calibration of the strain coils

In an ideal situation the embedded coils and the reference
coils movements are identical. Because of the small
differences in manufacturing the coils,the movements of the
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embedded and the reference coils are slightly different.
Therefore a calibration procedure is needed to deduce the
movement of the embedded pair of coils from the observed

readings of the reference coils.

The calibration procedure is also meant to assess the
influence of the sand medium on the calibration factors
established in air, to check linearity, reproducibility,
and the stability of the readings and to assess the effect
of tramslation or rotation of one coil with respect to the

other coil on the calibration factor.

4. 6.4.1 Air calibration of the strain coils

The strain coils and the reference coils were mounted
on similar jigs, Fig (4.24) and the sensitivity, linearity
and reproducibility of the readings were checked.

A sensitivity as good as the bench m1crometer resolution
(1 x 10 mm) was obtained with a driving voltage and
frequency settings equal to 6V and 15 KHZ respectively for the
large diameter coils. In the case of the small diameter
coils this sensitivity was achieved by adopting a voltage
and frequency settings of 12V and 15 KHZ respectively.

By changing the strain coils separation, bringing the
circuit to null position using the micrometer attachment on
the reference coils and observing the readings on both
micrometers a calibration curve was drawn for each pair of
strain coils, Figs (4.25) and (4.26). The strain coil
readings were found to vary linearly with the reference coil
readings in the ranges of coils spacings adopted. The
average calibration factor of the strain coils intended for
measuring the strains in the model was 1.1024 with a standard
deviation equal to 0.0158, i.e. 1.4 per cent which showed that
the variation in the winding of these coils was small,
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4.6.4.2 Effect of sand on the strain coils performance

This calibration test was intended to assess the effect
of the sand medium on the sensitivity and linearity of the
coil readings which had been established in air,.

The large diameter coils were fixed on perspex discs
and placed on top and bottom of a standard triaxial dry sand
sample, Fig (4.27). Wooden spacers were provided at the
top and bottom of the perspex discs to keep the coils away
from metal that would otherwise interfere with the coil
performance.

The strains measured from the overall deflection of the
sample were found to be in agreement with the strains measured
using the strain coils, Fig (4.28). For the range of the
strains investigated the variation was linear, Thus the
sand can be considered to have no effect on the strain coils’

performance.

4,6.4.3 Errors arising from the coils' misalignment

The embedded coils and the reierence coils have to be
initially placed coaxial and parallel. Deviation from this
will result in decreasing the calibration factor of the coils.

Truesdale et 3174£oundthat the allowable relative rotational
and lateral misalignment increased with increasing coils'
spacing. If the coils could be placed with not greater than
,100-150 relative rotation and/or lateral misalignment of 10
per cent of the coils' spacing, the errors could be neglected.

Morgan et 5} 49 studied the effect of misalignment
on the calibration factors of strain coils 24 mm in diameter
and initially placed 13.5 mm apart. A decrease in the
calibration factor of approximately 1 per cent was noted for
2.5 mm coils' lateral misalignment and 10° coils’ relative

rotation.

The coils developed in the present investigation were
assumed to behave in a similar manner to the coils developed
by previous investigators with regard to the rotational and

lateral misalignment,
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4.6.5 Coils'placement in the sand

4.6.5.1 Vertical placement for measuring horizontal strains

Coaxial and parallel alignment of the strain coils was
achieved by means of a simple jig consisting of an aluminium
plate with two parallel slots made to accommodate the coils
and give small tolerances to prevent the sand jamming between
the coils and the sides of the jig, Fig (4.29).

After the coils were placed and covered completely with
sand a series of readings was taken, the average of which
was adopted as the initial reading of the coils. The
initial coils! separation was assumed equal to the reference
coils' separation.

4.6.5.2 Horizontal placement for measuring vertical strains

A method similar to Truesdale et al'Z? was adopted.

An alignment rod 1 mm diameter was passed through the strain

coil which was initially placed flat on the sand surface.

The level of the second coil was marked off on the alignment
rod and the sand was distributed up to that mark. The second
coil was then placed and it was gently pressed down. The
aligoment rod was removed after the upper coil was completely
covered with sand. The initial reading was taken from which
the initial coils' separation was registered. -

4.7 Stress Measurement in the Soil

Pressure cells were chosen to measure the pressure
distribution in the backfill of model reinforced earth walls,

An attempt was made to construct a pressure cell to
handle specific low stress levels in the model based on design
by Morgan et al all°9 and Scala59 . Unfortunately,
calibration under hydrostatic pressure revealed that the
pressure cell was not very sensitive to small pressure changes
(sensitivity obtained was = llps/KN/m ). This was thought
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to be due to the small central deflection to diameter ratio
(1/5,000) adopted in the design and the further stiffening of
the cell diaphragm by the insulating wax and araldite layers
Fig (4.30).

It was therefore decided to use available Redshaw type
pressure cells previously used hy Neale 50 Fig (4.31).

One of the basic difficulties in using pressure cells
is in obtaining a relationship between applied pressure and
output signal. Other obszervers"9 have shown that this
relationship varies depending on whether ithe cell is
calibrated hydrostatically, triaxially or in plane strain.
The following section describes calibration procedures and
results for Redshaw pressure cells under the three types of
applied pressure.

4.7.1 Calibration of Redshaw pressure cells

4.7.i.1 Calibration under hydrbstatic pressure

This was intended to examine the pressure cell sensitivity
to applied pressure and can also Ye used to convert the cell
responses into gressure units when the cell was placed in the
triaxial sample or in the box for calibration.

Eight Redshaw pressure cells were calibrated hydrostati-
cally by rlacing them in turn ir a triaxial cell and applying
hydrostatic pressure. The water pressure was varied ten
times between O and 300 KN/m2 to remove initial material
non-linearity and then readings from three loading and
unloading cycles of the pressure_cell response and the
applied pressure were recorded to establish a calibration
factor for each presssure. A typical test result is shown

in Fig (4.32).

4.7.1.2 Sand calibration

' 49
It has been reported that in order to interpret
the pressure cell readings care must be given to the
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reproducihility in the calibration procedure,of the pressure
cell placement, the stress field and the density of the soil.

In this investigation the pressure cells were calibrated
in triaxial sand samples to allow for the vertical and
horizontal stresses calibration and in the test box to obtain
the same stress field as the one to which the cells will be
subjected when used in the model. The cell placements in the
two calibration procedures was adopted as recommended by
Hadala.31

4.7.1.2.1 Triaxial calibration

The pressure cells were placed in turn in horizontal
and vertical orientations in the middle of a triaxial sand
sample 200 mm high and 100 mm in diameter, prepared at an
initial density which was approximately equal to the model
sand density. Assembly and preparation of the samples
proceeded as in the case of the conventional triaxial test.

Vertical stresses di were varied by applying static

load on top of the ram and horizontal stresses °§ were

applied through the cell pressure.

The strain indicator readings and the corresponding
applieqd pressures were plotted and the relationship was
approximated by a straight line to get a calibration factor
for the vertical and horizontal stress neasurements, e.g.
Figs (4.33) and(4.34).

4.7.1.2.2 Plane strain calibration

The test box was closed at its front and the pressure
cells were placed on top of a sand layer 50 mm thick and
covered by a thin layer of sand, Fig (4.35). The initial
readings were taken at this stage and layers of sand 50 mm
thick were deposited using the raining device, The density
of each layer was measured using small perspex boxes and the
cell responses were recorded. This procedure was repeated
for the subsequent layers, until the full height of the model
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was reached. The vertical stresses were computed from the
layers' densities and their corresponding overburden heights.
The pressure cell responses were plotted against the over-
burden pressures. The relationship was assumed linear and
a calibration factor was obtained using reéression analysis,
e.g. Fig (4.36).

4.7.2. Advantages and disadvantages of each method of

calibration

4.7.2,1 Triaxial calibration

(i) Advantages

(a) The pressure cell can be subjected to different
stress ratios and more thorough investigation into the

cell behaviour can be made.
(b) The applied stresses can be accurately measured.

(ii) Disadvantages

(a) The pressure cells will be subjected to plane stress
conditions when placed in the model, while these were
calibrated in a triaxial stress situation. This might
lead to an error in the calibration factor.

(b) The method is time consuming since each cell has
to be tested separately.

4.7.2.2 Plane strain calibration

(i) Advantages

(a) The pressure cells are subjected to the same stress
field in which they will be placed. .

(b) Less time is needed since eight of them could be
calibrated in one test.

(ii) Disadvantages

(a) The pressure cells could only be subjected to one

stress condition,.
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(b) The vertical stresses could only be approximately
determined as equal to the overburden pressure, This
would result in an inaccuracy of the calibration factors.

(c) The calibration for the horizontal stresses is
difficult to get.

The calibration factors obtained from the plane strain
calibration procedure were adopted to interpret the pressure
cell readings observed in the main test series, since these
were found to give more consistent results than the calibra-
tion factors of the pressure cells established in the triaxial

cell.

4.8 Conclusions

(1) An apparatus has been designed and constructed,
which can be used for building model walls. Different
accessories which can give relatively uniform beds of
sand or support the model wall as it is built up, were
provided.

(2) Instrumentation consisting of:

(1) Tension gauges

(ii) Free field strain coils

(iii) Pressure cells
were developed and calibrated. These can be used to
monitor the mcdel wall behaviour,
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CHAPTER FIVE

MODEL TEST RESULTS

5.1 Introduction

5.1.1 Review of previous model tests

In this section a review of previous model tests,
carried out to study the internal stability of reinforced
earth walls, failing by tie breaking or tie pull out, will
he presented. Most of these model reinforced earth walls
tested failed by tie breaking and this failure mode will
first be considered. Few model tests have been previously
conducted to study thetiepull out mode of failure. A limited
number of model walls were instrumented, and some model walls
reported were tested under a surcharge load. The test
results from these various studies will now be discuseed.

5.1.1a Tie breaking mode of failure

Model reinforced earth walls designed to fail by tie
breaking were mainly intended to test the validity of the
theoretical approaches suggested for designing reinforced
earth walls assuming this type of failure.

The factors influencing the critical haight of walls
failing by tie breaking and considered by previous
investigators, included the tensile strength of the tie
material, the tie length, the backfill density, the vertical
tie spacing, the skin elements, and the foundation conditions.
A review of the reported results on the influence of these
factors on the critical wall height will be given in this

section.

5.1.1.a.1 Tensile strength of tie material

The effect of the tensile strength of the tie on the
critical height of rectangular model reinforced earth walls
with uniform tie distribution was investigated, using steel
pins as backfill, by Schlosser and Vidal67 Schlosser

et a1 63 , Long et Elé7 and Bonfante et 319 Bacota,
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Binquet et al 7 , Chapuis et 3117 , Lareal et al 42 ,
Lee et EEAS and Schlosser et 3363 used models with sand
backfill. The critical wall heights observed in these
tests were found to increase with increasing tensile
strength of the tie which was varied by varying the tie
width3'z17 or the horizontal tie spacing9547’67
The observed critical wall heights were compared mainly
with the Rankine theory prediction 3,745 nd in some studies
the observed critical wall heights were compared with the
theoretical critical wall heights predicted by Meyerhof
and the Trapezoidal design methods.”/ 9 The critical
wall heights predicted by the three methods were seen to
be appreciably lower than the observed critical heights
with the exception of one study45 in which the observed
critical wall heights were found to be in fair agreement
with the Rankine theory prediction when medium dense sand

was used as backfill material.

The discrepancy between the predicted critical wall
heights using the Rankine theory and the observed data was
attributed by Schlosser et 3163 to the simplifying
assumptions on which the Rankine theory was based. Long
et al attributed this discrepancy to the rigidity of the
skin elements used in building the walls. Tests by Long
et 53247 conducted to study the effect of thne skin element

rigidity on the critical wall height, revealed that the
skin element rigidity only slightly increases the critical
height of low model walls. For high walls the skin element
rigidity was noted to have no effect on the critical wall
height. '

5.1.1.a.2 The tie length

The influence of the tie length on the critical height

of model reinforced earth walls was studied by Schlosser and

Vidal67 , Levadoux et a146 ’ Bacot3 , Schlosser

et a161'66 , Long et Ei?and Chapuis 33 51J7 The critical
wall height was found to increase with increasing tie length,
Bacot3 indicated that the ratio between the critical
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H
height of the wall and the tie length 1? , lay between

2.5 - 3.55. Schlosser and Vidal (67) and Long et al (47)
compared the observed critical wall heights with the
theoretical values predicted by the conventional design
methods. Fig (5.1) shows the relationship between the
experimental results and the theoretical results using the
Rankine, the Trapezoidal and Meyerhof methods and is taken
from a review paper by Symons.(72) The information on
which this figure is based is contained in the papers b
Schlosser and Vida1£67) Long et 51(47) and Schlosser.(a{)
Trapezoidal and Meyerhof methods predicted a similar pattern
to the experimental results but the magnitudes of the
theoretical critical heights were lower than the observed
results. The Rankine method predicted a critical wall
height which was independent of the tie length. Schlosser
et al (66) compared the experimental critical wall heights

with the theoretical values predicted by the Meyerhof method,

The

Fig (5.2). This method underestimated the observed critical
wall height but followed a similar pattern to the experimental
data. In this study Schlosser et al also showed that a

reinforced earth wall could be built to slightly greater
heigh: on flexible foundations than on rigid foundations.

5.1.1.a.3 Soil density and vertical tie spacing

Tests conducted by Long et al (47)  in which the back-
£ill density was varied presenfed difficulty in keeping
other parameters nearly constant. The change in density
resulted in changing the angle of internal friction @, and
hence the earth bressure coefficient. )

The critical wall height was found to vary directhf; with

% and the experimental results were nearly 23 per cent

greater than the theoretical results calculated from the
Rankine theory.

Obs?zza2%§ns on critical wall heights reported by
Lee et al, ﬁsing loose and medium dense sand, indicated that
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there was no noticeable difference between the critical

height of walls built using loose and medium dense sand.

Longet 2147 investigated the effect of varying
the vertical tie spacing OH, on the critical height of
model reinforced earth walls, The test results showed
that the critical wall height Hc’ varies almost linearly

with L .
aH

5.1.1.b Tie pull out mode of failure

As stated in the introduction the observations
described in Section 5.1.la referred to walls failing by
tie breaking. Fewer tests have been conducted into the
pull out failure mode. Schlosser and Vidal S5’ first
recognised this type of failure which was brought about by
slipping of the ties from the reinforced earth mass,

Their test results indicated that for rectangular walls
the minimum ratio between the tie length to total wall
height % should be approximately equal to 0.8 to prevent
this type of failure.

3

Some tieéPull out tests were carried out by Bacot.
Lareal et gl‘ and Levadoux et 3146
France and indicated an increasing critical wall height with

increasing tie length.

working in

Lee et a14® studied walls failing by the tie pull
out mode of failure, using loose and medium dense sand as
backfill. The observed adherence length at failure was
compared with the theoretical adherence length calculated
by the Rankine and Coulomb adherence length expressions
derived by Lee et 145 The Coulomb methods were found

to be in better agreement with the observed data than the
Rankine theory, Fig (5.3).

'5.1.1.c Instrumented reinforced earth model retaining walls

Some of the model tests previously described were
instrumented to provide additional information regarding the
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performance of the reinforced earth walls.

Schlosser and Vidal 67 and Long 2 g_]._lﬂ used

pressure recorders to measure the variation in vertical

stresses at the base of model reinforced earth walls, The
results were generally scattered but the a&erage recorded
stress compared well with the theoretical vertical stress
computed from the backfill density ¥ and the fill height

h.

Lee et g145 attempted to instrument eight model
reinforced earth walls to obtain stresses in the ties,
vertical and horizontal stresses in the soil, and horizontal
wall deflection.Strain gauges were used to measure stresses
'in the ties near the reinforced earth wall face and in a
few cases the strain gauges were located along the tie,

The lead wires seemed to present a problem by affecting

the stress distribution around the tie and in most of the
tests only tie stresses at the reinforced earth wall face
were measured. In these model tests nov great emphasis

was placed on the vertical and horizontal stresses measured
by the pressure cells because of calibration problems, and
the horizontal wall deflection was measured relative to a
deflected wall position.

5.1.1.d Model reinforced earth wall with surcharge

Schlosser et al 65 reported results of model tests
carried out to study failure of reinforced earth walls under
.a surcharge point load. A method of designing for this type
of load was proposed.

5.1.1.e Conclusions from previous model tests

(1) Most of the reinforced earth retaining walls
tested were rectangular in cross-section with a uniform
tie distribution. The majority of these model tests
used elliptical metal skin elements, aluminium foil
ties and sand or stainless steel pins as backfill.

(2) The majority of the model tests reported were
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based on an ultimate strength concept and only
conditions at failure were observed. This approach
only gives an overall safety factor against failure
by tie breaking and leads to an uneconomic design.

{3) The study of tie pull out mode of failure in
model tests was limited to the observation of wall
heights as the tie length was increased. No attempt
was made to assess the stability of ties at different
wall levels or to check the assumptions on which the
theoretical design approaches assuming this type of
failure, were based.

(4) Few model tests were reported in which the stresses
in the ties, the vertical soil stresses and wall deflec-
tion were measured. No attempt was made to measure
the strain in the backfill of model reinforced earth
retaining walls, which helps in indicatiug the state

of stress in the reinforced earth backfill,

5.1.2 Objectives of this study

The present study was intended to serve as an extension
to the previous model studies.

Model reinforced earth walls using an ultimaste strength
concept will first be considered, with the aim of assessing
the theoretical approaches based on this fallure concept.
The advantages and disadvantages of the ultimate strength
approach for designing reinforced earth walls will be out-
lined. '

An optimum design of a reinforced earth retaining wall
requires checking the safety factors against tie breaking
and tie pull out failure, at each tie level in the reinforced
earth wall, This can only be done by measuring the stress
distribution in the ties, Measurement of stresses and
strains in the soil, and wall deflection will contribute to
the understanding of the reinforced earth wall behaviour and
allow the various assumptions on which different theories
are based to be checked, This approach will also be followed
up in the present experimental programme.
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5.1.3 Summary of the model test programme

The present model test programme consisted of five
tests series designated A, B, C, D and E. A summary of these
test series will be outlined in this section.

Properties of ties, skin elements and sand used in
these tests are shown in Table (5.1). Previous mention of
the skin elements and ties design has been made in Chapter
Four sections (4.2.3) and (4.25) respectively.

Series A tests

Series A tests were intended to detérmine a minimum
distance between the rear side of the model and the back of
the reinforced earth wall at which the effect of the friction
betweeén the soil and the rear side of the modelon the reinforced
earth wall behaviour can be neglected.

In this series 33 reinforced earth walls were built up
to an unstable height at which the ties pulled out of the
sand mass. The critical height of these walls was observed
as a function of the distance between the back of the wall
and the rear side of the model, which was varied by construct-
ing a movable wall inside the model.

Results of model reinforced earth walls tested in
series A, in which the presence of the rear side of the
model was knownu not to influence the critical wall height,
were used as experimental data and the corresponding theoretical
adherence lengths were computed and were compared with the
observed adherence length,

Series B tests

The objective of series B tests was to examine the
~reinforced earth theories intended for the reinforced earth
wall design assuming tie breaking failure. Eight model walls
were built using 20 um thick aluminium foil ties and the
maximum height of the walls was observed as the tie width
was varied. The experimental critical heights were




TABLE (5.,1) - Properties of the ties, skin elements and sand used in the present model test programme

Prcperties of the components

Components
Series A & C Series B Series D Series E
Aluminium foil ties Aluminium foil ties Perspex ties Perspex ties
Thickness = 45 am Thickness = 20 um Thickness = 1.5 mm | Thickness = 1,37 mm
Width = 4.4 mm Width (Varied) Width = 22.7 mm] Width = 22,3 mm
Ties f = ,510 Length = 400 mm Length (Varied) Length = 400 mm
Tie Length R, = 1.011 ¥ .033 N/mm £ = 0.398 £ = 0.398
Series A = 305-315mm
Series C = 400 mm
Perspex panels Perspex panels Perspex panels Series E tests used
Thickne 6 é Thickness = 6 mm the same skin
ckmess = 6 mn Thiclmess = T ckne elements as Series
Skin Width = 150 mm Width = 150 mm Width = 300 mm A and D to allow
vary the '
elements | yeight = 100 mm Height = 100 mm Helght =250 mn | 1ot ‘:;:cing.
Weignt = 1N Weight = 1N Weight = 5.48 '
4 - 3 lative densit - 6.
Backfill nin gm/cm3 Re y Dr 76.5%
material Sand o = 1,6954 gm/cm G - 2.65
max o
3 g - W
Y = 1.6145 gn/em
K - 0.217

- ¥ol -~
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compared with the theoretical predictions using the
conventional and the energy theories and also with previous

relevant model test results.

Series C tests

The series C model reinforced earth walls were intended
to serve as preliminary walls to investigate the methods of
tie tension and wall deflection measurements.

Three walls were built in this series to a maximum
height of 500 mm, The forces in the ties and horizontal
wall deflection were observed during the construction of the
walls, using the preliminary tension gauge design shown in
Fig (4.15) in Chapter Four, and the strain coils respectively.
The tension gauges, apart from problems regarding the use of
two different materials in the gauge construction, gave
reasonable results. The strain coils satisfactorily measured
the wall deflection,

Series D tests

The objective of this test series was to investigate
the tie pull out mode of failure using an ultimate strength
approach. In this test series it was also intended to
observe variation in tie tension aloag a tie length and with
increasing fill height above the tie level. The effect of

~the tie length on the maximum tension in the tie was assessed.

In investigating the influence of tie length on the
maximum tie tension various paramecters such as the tie level
above the wall base can affect the maximum tie tension. To
reduce the number of parameters involved and to get measur-
able stresses in the ties, large vertical tie spacing
(250 - 125 mm) was adopted. Twenty~two nodel reinforced
earth walls were built in this series, with varying tie
lengths and horizontal tie spacing.

Series E tests

This test series was intended to study the internal stability



- 126 -

of reinforced earth walls on a non-ultimate strength basis.
The previous tie breaking failure tests provide a method of
designing reinforced earth walls failing by tie breaking,
based on the most stressed tie in the wall which has been
assumed to be at the bottom of the wall 87 . This approach
will lead to an overdesign for the ties in the middle and
top of the wall. The pull out failure tests provide no
information regarding the actual safety factors against tie
pull out failure at different reinforced layers and because
of the limited results from these tests, cannot be used to
check the assumptions on which various theories were based.
To overcome the limitations of the tie breaking and tie pull
out tests series E was designed.

This test series consisted of 35 walls built to a
maximum height of 500 mm using a constant tie length of 400
mm, The tie tension was measured at different locations
alonz a tie length and at various levels in the wall., The
horizontal and vertical tie spacings were varied and the
maximum tie tension over the wall height was determined and

compared with different theories. The non-~-dimensional
tension parameter X and the safety factors against tie pull
out at different tie levels, were computed and compared

with the corresponding theoretical values.

zn this test series the walls were also instrumented to
measure the horizontal and vertical strain in the soil, the
horizontal wall deflectioan and the vertical stresses in the
soil.

5.2 Series A Tests
Model rear wall effect on maximum height of reinforced

earth wall

5.2.1 Intrbduction

It has been mentioned in Chapter Four, Section 421
that side effects on reinforced earth wall behaviour could
arise from width upon height ratio of the model and also
from rigidity of the sides of the model? These effects
have been taken care of in the design of the model by
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adopting a width upon height ratio of 1.8 and stiffening the
sides of the box to ensure its rigidity. A third possibility
which might be of lesser importance, could arise from the
limited extent of the model in the direction of the ties.

If the distance between the rear side of the model and the
back of a reinforced earth wall is not large, the friction

of the rear side of the model would result in lowering the
earth pressure on the back of the reinforced earth wall and
this, in turn, could lead to a change in the vertical stress
distribution in the reinforced earth fill,

To investigate this problem, reinforced earth walls
were designed to fail by tie pull out mode of failure, since
this is more dependent on the vertical stress distribution
than the tie breaking mode of féilure. Two sets of walls
were built using tie lengths equal to 315 and 305 mm,

These tie lengths were chosen to give critical wall heights
which would cover the range of wall heights intended to be
built in the model, In each set of walls the distance
between the back of the wall and the rear side of the model
was varied by constructing a movable barrier fitted inside
the model and the maximum height of the walls was observed.

The apparatus used in building the walls, the material
propertias and the method of wall construction will be outlined
in the following section.

5.2.2 Apparatus and wall construction

Box dimensions and skin elements used for building walls
in series A tests are shown in Figs(5.4) and (5.5) respectively.
The ties used consisted of 45 um thick aluminium foil, of
average width 4.4 mm, The soil/tie coefficient of friction
used was 0.51 and the average density of the sand backfill
was 1,.6143 gm/cma. The horizontal and vertical tie spacings
were kept constant at 150 mm and 100 mm respectively. Tie
lengths adopted in this series were 315 and 305 mm., The wall
construction proceeded as was described in Section (4.3) in

Chapter Four,
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Initially the walls failed at lower heights than was
expected. This was mainly because of the aluminium clamps
used to anchor the ties after they were passed through the
skin elements Fig (5.6a). The edges of the clamps tore the
aluminium foll ties before the walls reached their maximum
height. This resulted in an early tie breaking failure
instead of a pull out failure. Adhesive tape was later
used to fix the ties to the skin elements Fig (5.6b), and
this proved to be a more satisfactory method than the

aluminium clamps,

All the walls built using the adhesive tape to attach
the ties to the skin elements, failed by tie pull out.
Some of these walls were used as data for comparison between
experimental and theoretical adherence lengths. These were
termed series A(l), and they will be presented later when
discussing the results of the series D tests.

5.2,3 Series A test results

The results of series A tests regarding the relation
between the parameters Hc and LB shown in Fig (5.7), and the
subsidiary observations made during the wall construction
and after failure of the walls will be summarized in this
section,

(i) The observed critical wall heights Hc and the

corresponding distance LB between the back of the wall

and the movable barrier, are shown in Table (5.2) and

Fig (5.8). The graph showed that when LB is greater

than about 250 mm an almost constant failure height was

given. Scme scatter in the data was noted for the

315 mm tie length, when LB was small, This is possibly

because this length was just critical for tie pull out

failure as indicated by the energy theory. By

_examining the ties after failure of the walls built

using 315 mm tie length, some of the ties at the wall

bottom were found broken.
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TABLE (5.2) - Series A Test Results

L = 315 mn L = 305 mm
Tﬁgt i: gﬁ géﬁcms T;zt ;i zﬁ g:;cms
7A 115 290 1.545 18A 125 355 1.592
8A 115 400 1.626 22A 5 350 1.609
9A 115 420 1,626 23A 55 355 1.649
10A 65 325 1.632 24A 250 385 1.609
11A 65 420 1.614 25A 190 340 1.613
12A 15 350 1.637 26A 310 400 1.624
13A 15 495 1.614 27A 370 376 1.627
14A 15 500 1.613 28A 435 380
15A 40 520 1.610 . 29A 470 380 1.591
16A 165 420 1.610 33A 525 395
17A 265 490 1.591 Wall design parameters
19A 290 460 1.605 b = 4,39 mm AH = 100 mm
20A 265 147 1.582 l f - 0.51 S = 150 mm
21A 395 490  1.626 t = 45 am ¢ = 40°

Ka = 0.217
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(ii) Failure of the walls by tie pull out was
observed to be catastrophic and abrupt. The measured

deformations were small before failure.

(iii) The inclination of the failure surface with
the horizontal plane was determined approximately by
measuring the position of the failure plane, at the
wall surface, after failure of the walls. The
average value of all tests was 67.8°. This is
slightly greater than the theoretical value given by
the Coulomb failure plane which is equal to 65° based
on a triaxial angle of friction @ = 40° measured at
an average density equal to 1l.605 gm/cm3.

(iv) The wall deflection at 150 mm above the base

of the model was also observed, during the construction
of the wall and just prior to the collapse of the wall.
This was expressed as a ratio of the total wall height
prior to failure. An average value of this was
0.675%.

5.2.4 Conclusions

(1) The tests conducted in this series aimed at
determining a distance, LB, between the back of the
reinforced earth wall and the rear wall of the model,
which when adopted, would produce a minimum effect by
the rear wall on the stresses in the reinforced earth
£ill. The walls built with varying LB, failed at

low heights when the distance LB was small, possibly
due to the reduction in the vertical stresses by the
friction of the rear wall of the model. An increase
of the critical height of about 10% to 11.5% was noted
when LB was greater than 250 mm, The critical height
of the walls remained almost constant for the 305 mm
tie length. With the 315 mm tie length some scatter
in the data was noticed for small LB, but the general
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trend of the observations remained the same as the
results obtained for the walls built using the 305 mm
tie length. In the tests carried out in future series
this distance was kept over 300 mmn.

(ii) Some of the walls tested in this series were
used as data for comparison between the observed and
predicted adherence length and will be presented later
when discussing the series D tests.

(iii) From subsidiary observations on the wall it

was noted that the angle of inclination of the failure
plane was approximately equal to the inclination of
the theoretical Coulomb failure plane.

(iv) The average ratio of the horizontal wall
deflection and the total wall height was 0.675%.
Probably this indicated that the soil backfill near
the wall face was in an active state of earth pressure?.3
5.3 Series B tests

Tie Breaking Mode of Failure

5.3.1 Introduction

In the previous test series the reinforced earth walls
were designed to fail by tie pull out, The tests were
mainly intended to study the effect of friction of the rear
side of the model on the critical height of the wall,

In the present test series eight walls were built and
were designed to fail by tie breaking. These tests were
intended to compare the actual tensile stresses developed
in the ties with the predicted values, The main observa-
tion made in this series was of the maximum stable height
to which the walls could be constructed. Some subsidiary
observations on the positions of breakage of the ties and
the distarce of the failure plane from the inside of the
skin elements were also made. '

Comparisons were made between the critical heights of
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walls tested in this series and the Rankine, the Trapezoidal,
Meyerhof, Banerjee and the Energy theories and are discussed
in the results and the conclusions of the present test

series.

5.3.2 Apparatus and wall construction

The model and properties of the materials used in
series B tests will be described in this section.

The present test series used the test model and skin
elements previously adopted in series A tests and schemati-
cally shown in Fig (5.4) and (5.5). The ties were cut from
aluminium foil rolls 20 um average thickness in 400 mm
lengths . This length was adopted to exclude a tie pull out
failure. The tensile strength Rt of the tie material was
determined using the loading frame shown in Fig (5.9).

Tests to rupture on 15 samples of varying widths of tie

from 4.4 mmto 17,1 mm, gave a value of R, = 1.011 ¥ 0.33 N/mm.
The horizontal and vertical tie spacings adopted in this
series were 150 and 100 mm respectively. The method of
wall construction followed the sequence of wall building
procedure previously described in Chapter Four, Section
(4.3).

5.3.3 Series B test results

The main observations made on walls built in this
test series, were of the critical height. Subsidiary
observations were also made on the position of the failure
plane. These test results will be presented and compared
with theoretical predictions in this section.

A summary of series B test results is shown on Table
(5.3). Fig (5.10) shows the observed critical wall heights
and the corresponding tie width B, which is proportional
to the tensile strength of the tie. The theoretical
results were compared with the observed critical heights

and all of the Energy theories gave closer agreement than the
existing theories. The Conventional design methods uysing the
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A Experimental results
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Rankine, the Trapezoidal and Meyerhof methods predicted
practically the same critical wall height and substantially
underestimated the observed critical wall height.

Banerjee's expression based on the assumption of breaking

of the first tie at the bottom of the wall, gave appreciably
lower values than the observed data.

Two observations were made in order to determine the
approximate position of the failure plane.

(a) After each test the positions at which the ties
broke were noted. The average value of the tie
breaking position at each tie level was determined and
was plotted against the wall height as shown in Fig.
(5.11). The cbserved average tie breaking positions
are generally contained within the Coulomb failure
wedge. Most of the ties at the top of the walls

did not break and failed by pulling out.

(b) The position of the failure at the surface of
the wall was noted in each test. The average
inclination of the failure plane with the horizontal
was 63.8° which was nearly equal to the theoretical
inclination of the failure plane for an unreinforced
wall, given by 0 = 45°+ 2 .  For @ = 40° the

2
appropriate value for the backfill as placed, 0 = 650.

5.3.4 Comparison between series B test results and previous
test results

In the foregoing section the series B test results
were presented and were compared with the values predicted
by various theoretical approaches, In this section
comparison will also be made between the critical wall
heights observed in series B tests and the similar model
test results conducted in France by the Laboratoire

Central des Ponts et Chaussées | and in the U.S.A. by

Lee et 2155
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TABLE(5.3) - Summary of Series B Test Results
(Tie breaking mode of failure)

"Wall design Test Tie Critical (2] L
parameters No Width height /cm3
° b - mm Hc - mm {em
1B 2.39 150 62.1 1.615
Y = 1.6143
gm/cm
2B 3.41 235 64.19 1.616
D =176.5%
r
g = 40° 3B - 4.42 255 66.8 1.603
Ky = 0.217 4B 5. 64 335 57.7 | 1.584
= 400 mm
5B 6.81 420 - 1.629
AH = 100 mm
= 150 mm 6B 3.40 170 64.3 —
t =20 pnm
7B 4,12 270 64.3 1.614
Rt = 1,011 N/mm
8B 4.78 330 67.45 1.6405

© = inclination of the failure plane measured at
the surface of the wall.
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The French results were obtained using 9 am aluminium

foil having a tensile strength equal to (.525 N/mm width, with
ties length equal to 600mm. The tie width was varied from

3 to 10 mm. The sand was medium dense with an average
density equal to 1.5350 gm/cm3 and ¢ = 35°, Lee's model
tests used sand at two densities, a medium dense sand

with g = 44° and a density of 1.496 gm/cm3 and loose sand
with g = 31° and a density of 1.3575 gm/cm>., The ties used
were cut from aluminium foil 13 um thick with an average
tensile strength of 1.267 N/mm width, The average tie
length and width were 400 and 3.9 mm respectively. Both

the French and Lee's model tests used elliptical skin
elements 30 mm and 25 mm in height respectively. In the
French tests, as with the present laboratory model tests,
the tie width was varied while the horizontal and vertical
tie spacing was kept constant. In Lee's tests the
horizontal tie spacing was varied and the tie width and

the vertical tie spacing were kept constant.

Fig (5.12) shows the experimental results from the
Glasgow, the French, and Lee's model test results, plotted
against the non-dimensional parameter §21L§ i.e. the soil

r
area bounding a tie divided by the tie cross-sectional area
Ar' These test results followed the same pattern and gave
the same order of critical heights, The differences in
density seemed not to atfect the experimental values. The
Glasgow laboratory test results were slightly higher than
the French, and Lee's results, possiktly due to different

skin elements being used.

5.3.5 Conclusions

(1) The observed critical wall heights increased with

increasing tensile strength of the tie and were found

to be in closer agreement with the Energy theories than the
existing theories, The Rankine,the Trapezoidal and Meyerhof

methods predicted practically similar critical heights
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which were appreciably lower than the observed results,
The discrepancy between the critical heights predicted
by these latter methods and the observed values, ranged
between 61% -~ 72% of the observed critical heights,

The Banerjee equation based on the breaking of the

first tie at the bottom of a wall assumption, also
appreciably underestimated the observed critical heights.

(ii) The critical wall heights observed in this test
series were shown to be consistent with previous model
test results carried out in France and in the U.S.A,

The differences in density and skin elements used
seemed to have no significant effect on the experimental
results. |

(1ii) The average inclination of the experimental
failure plane measured at the wall surface and by
observing the distances from the wall face at which tie
breaks were found to be in reasonable agreement with
the theoretical Coulomb value for an unreinforced wall
given by © = 45  + 9/2.

5.4 Series C Tests
Preliminary walls

5.4.1 Introduction

The series A and B tests were designed to fail by tie
pull out or by tie breaking and no observation on the actual
stresses in the ties and the soil were made. In theDand E test
series the intention is to monitor the wall behaviour to study
the prefailure conditions in the wall. The present test
series consisted of three walls designed to act as preliminary
walls for checking the performance of the instrumentation
used for tie tension and wall deflection measurements.

The various stages in developing a reliable method for
measuring stresses in the ties were presented in Chapter Four.
It has also been mentioned that a preliminary tension gauge
design consisting of 0.60 mm thick 6 mm wide x 35 mm long
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perspex strip on which strain gauges were mounted on both
faces was constructed. This was connected in series with
the aluminium tie in the manner shown in Fig (4.15) in
Chapter Four, and was used for tie tension measurement in
the present test series.

The horizontal deflection of the model wall face was
initially measured using dial gauges. This system required
additional accessories to provide a fixed datum for mounting
the dial gauges, which was found to occupy appreciable space
in front of the model and obstructed the wall construction.
To avoid this difficulty, a set of strain coils previously
described in Chapter Four was used in this test series for
measuring the horizontal deflection of the front face of the
wall,

The result from this test serles indicated that the
methods of stress measurement in the ties adopted in this
series, apart from inconsistercies in the coefficientsof
friction introduced by using two different materials for
the tie and mounting the gauges, gave reasonable results.

The strain coils satisfactorily measured the deflection of
the front face of the wall.

5.4.2 Apparatus and wall construction

The series C tests used a similar arrangemént of box and
skin elements previously used in Series A and T' tests and
schematically represented in Figs (5.4) and (5.5). The
ties used in this series were 400 mm in length cut in 4 mm
widths from a 45 um thick aluminium foil roll. The
horizontal and vertical tie spacings adopted were 150 mm
and 100 mm respectively. The tie dimensions were chosen
such that the wall would not fail within the height of the
model, thus allowing investigation of the performance of
the instruments used for monitoring the tie tension and the
horizontal deflection of the wall face for the maximum range
of height available in the model. The walls were constructed
in a similar manner to Series A and B tests, adopting the
wall building procedure previously described in Chapter Four,

Section (4.3).
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5.4.3 Series C test results

The test results obtained from Series C tests included
the observations made on the tie tension and the horizontal
deflection of the reinforced earth wall face. These will
be presented in this section. )

5.4.3.a The tie tension

The tie tension was measured in two model walls, using
the prelimimry tension gauge design previously described in '
the introduction of this test series.

In the first test the tie tension variation along a tie
length and with increasing overburden height was observed
using tension gauges fixed in series at three locations
along the aluminium foil tie Fig (5.13q). Two gauged
ties were placed at two different wall levels and the tension
developed in the ties was observed as the fill height was
increased, The test results are shown in Table (5.4) and
Fig (5.14) and indicated a maximum tie tension near the wall
face whica decreased towards the free end of the tie.

In the second test the tie tension near the wall face
Fig (5.13b) was observed. The results from this test are
shown in Table (5.5) and Fig (5.15) and indicated an increas-
ing tie tension with wall depth.

5.4.3.b The wall deflection measurements

As shown in Fig (5}16), the outward deflection of the
front face of the wall was measured using five pairs of
strain coils which had been previously calibrated against
a pair of reference coils. The strain coils were fixed in
pairs at each tie level one on the wall facing and the other
on a fixed datum provided by 25 mm thick perspex planks
situated in front of the model. Wall deflection measure-
ments were taken after the placing of each 50 mm thick sand

layer.

The measured horizontal wall deflection in the various
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Fig (5.13a) Tie tension measurement along a tie length

(Series C tests)

L=400 mm
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TABLE (5.4) - Measured tie tension along the tie length

(Series C tests)

Measured tie tension along tie length - N

Total Wall (Fig543.a)

h

eight 1 2 3 4 5 6

mm

100 0.67 | 0.55 | 0.42 |
200 4.8 | 6.3 3.7 0.74 | 0.60 | 0.42
300 13.25 | 8.2 4.9 7.9 5.3 3
400 15.2 9.6 6.2 9.3 6.6 3.7

. -
500 16.7 |10.6 7.5 |10.6 7.2 4.9
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Fig (5.13b) Tie tension measurement at 20 mm from the wall

face (Series C tests)

Tie level — mm

o
/

—
\imcations of tension gauged 20 mm from
wall face)

TABLE (5.5) - Measured tie tension near the wall face

{Series C tests)

Total Wall Measured tie tension - N @ locations
height 1 - 5, Fig (513.b)
mm
\
1 2 3 4 5

200 2.7 - - - -
300 9.8 2.41 0.40 - -
400 9.9 4,66 4.3 2.8 -
500 13.5 6.2 2.0 10.0 3.5
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stages of the wall construction was plotted against the
wall depth, Fig (5.17) and showed a maximum wall deflection
approximately at midheight of the wall.

5.4.4 Discussion of Series C test results

The results of the tie tension measurement using strain

gauges mounted on perspex strip and fixed in series with the

aluminium tie, gave reasonable tie forces regarding their
magnitude and pattern. However, the present method of tie
tension measurement was noted to have the limitation of
using different materials for the tie and for mounting the
strain gauges. The perspex and the aluminium have different
coefficients of friction with the sand. Possibly this would
result in modifying the shear stresses developing at the
soil/tie interface and this ia turn would probably affect the
tie teision distribution along the tie lergth.

In theD and E test series the strain gauges will be
mounted directly on the perspex ties in the manner described
in Chapter Four, Section(45)

Measurement of the horizontal wall deflection using
the strain coils was satisfactory and possessed certain
advantages over the dial gauge system, which was initially
tried. The coils being uncoupled did not obstruct the
movement of the wall and the coils could easily be installed
in the test apparatus, The readings are accurate enough

( = 11000 mm) , provided that the distance between the coils
, :

is kept in the range of coils' separation used in the
calibration. This can easily be achieved by providing
suitable spacers to locate the coils at a predetermined

initial separation Fig (5.16).

5.4.5 Conclusions

(1) The tie tension measurement using strain gauges
mounted on perspex and connectéd in series with the
aluminium tie gave reasonable results. An improvement
in the tie tension measurement can be made by adopting
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a perspex tie on which the strain gauges can be mounted.
This overconmes the disadvantages of using two
different materials,

(2) The wall deflection measurement using the strain

coils was satisfactory. This method has the advantage
that the strain coils being uncoupled did not obstruct
the movement of the wall. The coils could easily be

installed and monitored.

5.5 8Series D Tests
Tie pull out failure

5.5.1 Introduction

Series D tests consisted of 22 model reinforced earth
retaining walls, intended to investigate a tie pull out mode
of failure, In this test series it was also intended to
observe the tie tension variation along a tie length and
with increasing fill height above the tie level, The
influence of the tie length on the maximum tie tension was
also assessed in this test searies.

In order to'study the effect of the tie length on the
maximum tie tension, the wall design parameters such as
the horizontdl and vertical tie spacings and the soil
density have to be considered. To decrease the number of
parameters involved, the maximum tie tension was assumed to
vary linearly with the horizoutal tie spacing as noted in

previous model tests."5 A large vertical tie spacing
was adopted (250 - 125 mm) and the wall built consisted of
one or two reinforced layers. The soil density was kept

constant,

The tie length as well as the horizontal tie spacing
was varied in this test series. The main observations
were of tie tension variation along a tie length and with
increasing fill height above the tie level and the maximum
wall height at failure, From these observations the



curves showing the tie tension distribution along a tie
length were drawn. The curves of the maximum tie tension
versus height of fill above the tie level were constructed
and compared with the theoretical values. The maximum
shear resistance of the tie at failure. was computed from
the observed maximum tension values and was plotted against
mean vertical stress Yh to obtain a measure of the tie/soil
angle of friction from failing reinforced earth model walls,
The influence of the tie length on the maximum tie tension
was assessed and was compared with the theoretical predic-
tions. Comparison was also made between the adherence
lengths observed in the present and the series A tests and
the adherence lengths calculated by various theoretical
approaches.

The test apparatus and method of wall construction
adopted in the Series D tests will be outlined in the follow-
ing section.

5.5.2 Apparatus and wall construction

This test series used the box and skin elements shown
in Figs (5.18) and (5.19) respectively. The skin elements
consisted of 6 mm thick perspex panels 300 mm wide and 250
mm high, which were designed to allow more than one tie to
be fixed on each facing element. Using these skin elements
it was possible to vary the horizontal and vertical tie
spacings to suit the requirement of each test. Perspex
ties of 1.5 and 22.7 mm average thickness and width
respectively with lengths ranging between 170 - 500 mm,
were used in this series, The soil/tie coefficient of
friction determined from a controlled stress shear box was
0.398. A vertical tie spacing of 250 mm was adopted in
most of the tests although in a few cases walls were built
using a vertical tie spacing of 125 mm. Three horizontal
tie spacings of 100, 150 and 300 mm were used to construct
the walls in the present test series. A summary of tie
lengths, the observed critical heights and tie spacing are
shown in Table (5.6). The walls tested in this series were
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TABLE (5.6) - Summary of Tie Lengths, Spacings and

Critical Wall Heights of Series D Tests (AH = 250 mm)

Test L He g H, ,
No. mm mm mm L
1(D) 500 440 300 0.88
2(D) 480 375 300 0.78
3(D) 480 315 300 0.66
4 (D) 480 365 300 0.76
5 (D) 460 330 300 0.72
6 (D) 490 410 300 0.84
7 (D) 470 340 300 0.72
8 (D) 460 350 300 0.76
9 (D) 500 360 300 0.72
10(D) 500 465 300 0.93
11(D) 450 310 300 0.69
12(D) 440 320 300 0.73
13(D) 440 278 300 0.63
14 (D) 250 330 150 1.32
15 (D) 250 ass 150 1.43
16 (D) 250 350 150 1.40
17 (D) 240 305 150 1.27
18 (D) 170 310 100 1.82
20 (D) 250 265 300 1.06 AH=125
21(D) 170 350 100 2.06
22(D) 167 340 100 2.04
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constructed as outlined in Chapter Four, Section (4.3).

The tie tension was observed using strain gauges mounted
on both faces of the perspex tie as shown in Fig (4.16)

in Chapter Four, This method of tie tension measurement
gave more satisfactory results than the method previously
adopted for measuring tie tension, in Series C tests., On a
few occasions the tension gauge shown in Fig (4.17) in
Chapter Four was used to check the tie tension magnitude
observed in this test series. It was found that the tie
tension measured using the latter temnsion gauge was similar
to the tie tension measured using strain gauges directly
mounted on the perspex tie.

5.5.3 Theoretical background for Series D tests based on
the Energy Theory (Total equilibrium approach)

e e 2 o - -
FigcErol

d D lLDL...Y-d . :
- e4;&4+1{;;;;;&3 Li&&ij'ij_

Fig (5.20) Theoretical analysis of Series D tests

Using the total equilibrium approach, the tie tensioﬂ
expressions were derived in Chapter Three for a case of a
reinforced earth wall comprising n layers. A distribution
factor was assumed to obtain the external work done at each
tie level. In the present test series walls were built
with one or two reinforced layers and the tie tension
expressions can be derived using the total equilibrium energy
approach by directly equating the external work and the
internal strain energy stored in a tie,.

As shown in Fig (5.20), a reinforced earth wall of height
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ho acted on by a surcharge equal to Yd is considered.

The height of the wall ho in this series corresponds to the
height of the lower facing element and d is the height of
sand lying above the lower skin element. For the assumed
linear and parabolic tie tension distributions over the tie
length and a pressure difference in the wall deflection
equation, the total equilibrium energy approach gives the
following tie tension expressions:

(i) Assuming linear tie tension distribution

2.5
.. sing 7. AH
T = ( Ka ) ¥'sh ((h + 2d)2+ 2d2)é ... (T.L.D.)
2L o o

(ii) Assuming parabolic tie tension distribution

2.5

sing@ Ka . AH

T = (

2 2 3
) sh ((h +2d)° +2d°) ... (T.P.D.)
3.2L : o o

The form of the tie tension expression derived in
Chap*er Three, using the local equilibrium approach, can be
used directly in the analysis of Series D tests. .

5.,5.4 Series D test results

The Series D test results consisted of the tie tension
measurements and the observed adherence lengths at failure
of tihe walls, A summary of the tie tension observations is
shown in Appendix ( IV ) and typical test results of these
observations as well as the cbserved adherence lengths will
be presented and compared with the corresponding theoretical
values in this section.

5.5.4.a Observations on tie tension

As shown in Fig (5.20) the tie . tensions were observed
in a reinforced layer lying at 125 mm above the base of the
model. The effect of increasing £ill height on tie tension
was observed at two, three and four locations along the tie,

depending on the tie length,
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5.5.4.a4 The variation in tie tension along a tie

Fig (5.21) shows the observed tie tension variation over
the tie length. This indicated a maximum tie tension close
to the wall face which decreased to zero at the free end of
the tie. The observed mode of tie tensién variation along
a tie remained almost the same for.different tie lengths and
overburden heights used in the tests. As tie tension
measurements were made at only one wall level in this test
series, the ties at the upper wall levels may have different
mode of tie tension variation. This problem will be dealt
with in Series E tests.

5.5.4.q.2 Variation in tie tension with £ill height above
tie level

The curves of the experimental and the theoretical
maximum tie tension versus fill height above the tie level
are shown in Fig (5.22). The observed tie tension increased
with increasing £ill height and the results indicated a tie
length effect on the maximum tie tension. For long ties,
the Rankine tie tension expression which is independent of
the tie length predicted higher tie tension than the
experimental results. As the tie length was decreased the
discrepancy between the Rankine theory and the observed data
decreased. The Energy theory based on the total equilibrium
energy approach (T.L.D.) was found to give a general agreement
with the observed results. The local equilibrium approach
(L0.L.A.,) predicted relatively higher tie tension than the
experimental results.

5.5.4.b The tie pull out resistance

At the moment of failure the maximum tie tension was
assumed equal to the tie resitance Fr against failure by pull '
out, This is also a common assumption used by most of the
theoretical adherence length expressions. Table (5.7)
gives the values of the force F,, and the corresponding over-
burden pressure, which was calculated from the measured
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density X , during the test and the overburden height h.

The shear stress was then calculated and plotted against

the overburden pressure Yh, This gave an angle of friction
between the tie and the soil equal to 22° Fig (5.23), which
compared quite well with the tie/soil angle of friction of
21.5° measured using a controlled stress shear box test.

This result probably indicates that the total length of a

tie lying near the bottom of a reinforced earth wall is
effective against tie pull out failure.

5.5.4.c¢ Effect of tie length on the tie tension magnitude

For three wall heights of 250, 300 and 350 mm the values
of the maximum tie tension were interpolated from the
maximum tie tension versus fill height above the tie level
curves. The maximum tietension per unit wall width Tm/S
was plotted against the tie length, A typical result is
shown in Fig (5.24). The experimental values showed a
decrease in the maximum tie tension with increasing tie
length.

The experimental results were compared with the
theoretical values predicted by the Rankine, the Trapezoidal,
Meyerhof and the Energy theories, Fig (5.24). The Rankine
the Trapezoidal and Meyerhof methods predicied a tie tension
which 1s of different pattern from the experimental results
and also of higher magnitude. The Energy theories (T.P.D.)
and (T.L.D.) predicted nearly similar pattern and magnitude
to the experimental results. The Energy theory local
equilibrium approach (LO.L.A.), predicted tie tension values
which were of a similar pattern to the experimental results but
of higher magnitudes.

T —_—
Vi
5.5.4.d AN Versus horizontal tie spacin;curve

According to the energy theory the quantity 732 L
H™ VAH

varies linearly with the horizontal tie spacing S,
irrespective of the variation in the tie length L. The
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~ The Maximum Tie Resistance against Pull Out

F. and the corresponding Overburden Pressure (Series D

Test Results)

Test | L X 83 | SV gy T~
No. mm kNAnz
1(D) 500 1.610 4.97 52,49 2.31
2 (D) 480 1.610 3.94 33.81 1.55
4(D) 480 1.610 3.79 31.10 1.43
5 (D) 460 1.610 3.23 26.01 1.245
6 (D) 490 1.610 4.50 | 36.79 1.65
7 (D) 470 1.610 3.39 28.11 1.32
8 (D) 460 1.618 3.55 32.07 1.535
9 (D) 500 1.622 3.74 31.89 1.405
10 (D) 500 1.6146 5.38 47.37 2.08
11(D) 450 1.6146 2.93 22,28 1.09
12 (D) 440 1.610 3.08 27.22 1.363
13 (D) 440 1.6033 2.41 21.13 1.057
14(D) | 250 1.6010 3.21 16. 59 1.462
15 (D) 250 1.6220 3.70 21.00 1.852
16 (D) 250 1.589 3.51 19. 30 1.705
17 (D) 240 1.5960 2.81 15.84 1.450
18 (D) 170 1.6146 2,93 10.19 1.323
20(D) 250 1.610 3.19 20.06 1.768
21 (D) 170 1. 6167 3.57 11.90 1.421




- 163 -

/A/

// v
v
o

1.2'3%255

‘Normal strese -~ KN

-

shear stress- KN/M2
N
41

a
Pig.522 Perspex/soil angle of friction obtained by a shear box test.

1 2 3 24 5 6
Normal stress - KN/M

b
Fig.5:23 Perspex tie /soil angle of friction calculated from

pullout failure tests results




Tension per unit wall width- N/mm

0450

010

o
o
o

- 164 -

Total wall Leight

\

Ex3

herimentg

1l results

Trape

Mey;;;Ei}"~;~

\
by

~

\

o

" Ener

100

200

300

400

Tie length - L (mm)

500

600

Pig.5.24 Theoretidalf&experimental‘variation in tension
with tie length, '

R T —————

300 mm




- 165 -

experimental values of this quantity were calculated for
wall heights of 300 and 350 mm and were plotted against
the horizontal tie spacing S, Fig (5.25). The experimental

TIm [L_

yH2 AH
horizontal tie spacing in agreement with the energy theory

values of varied almost linearly with the

prediction,. The Rankine theory, which does not take the
tie length effect into account, gave a non-linear variation

T
of 2 \AJE with respect to the horizontal tie spacing S.
YaZ VAH

5.5.4.e¢ Comparison between experimental and theoretical
adherence length

Two sets of experimental adherence lengths were made
available for comparison with different theories. The first
set of data was obtained from Series A tests, as has been
mentioned previously. The walls were built with horizontal
and vertical tie spacings of 150 and 100 mm respectively.
The ties were cut in 4.4 mm width from aluminium fo0il which
has a coefficient of friction of 0.51 with the sand. The
second set of data consisted of the failure heights and the
corresponding tie lengths noted in the preseat test series
Table (5.6). Both experimental results were compared with
the theoretical predictions as shown in Figs (5.26a) and
(5.26D).

Generally all the different theories predicted longer
ties than the experimental resuvlts with the exception of
the energy theory, total equilibrium approach (T.L,L,D,) which
slightly underestimated the adherence length, when compared
with the feries D test results. The adherence lengths
predicted by the energy theory local equilibrium approach
(LO.L.A.), were generally closer to the observed data than
the adherence lengths predicted by the existing design

approaches.
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5.5.5 Conclusions

(i) From tie tension measurements in a reinforced
layer lying 125 mm above the base of the model, a
maximum tie tension was observed near the wall face,
and was found to decrease to zero at the free end of
the tie. This mode of tie tension variation remained
almost the same for different tie lengths and over-
burden heights used in the tests.

(ii) The observed maximum tie tension was noted to
increase with increasing fill height above the tie
level, The Energy theory (T.L.D.) predicted

a maximum tie tension which was in general agreement
with the observed values, for all tie lengths adopted in
the tests. The local equilibrium energy approach(LOLA)
predicted comparatively higher tie tension than the
observed results. The Rankine theory predicted higher
tie tension than the experimental values and the
discrepancy between the Rankine values and the experi-
mental results, decreased with decreasing tie length.

(iii) The angle of friction between the perspex ties
and the sand, estimated from the measured force in the
tie prior to the wall failure and the corresponding
overburden pressure, agreed well with the perspex/sand
angle of friction measured using a controlled stress
shear box test. This probably indicates that for a
reinforced layer lying near the base of a wall, all

the tie length is effective against tie pull out failure.

(iv) The maximum tie tension was noted to decrease
with increasing tie length. The Rankine, the
Trapezoidal and Meyerhof methods gave theoretical values
of maximum tie tension which were of different pattern
from the experimental results and appreciably higher

in magnitude than the observed values. The Energy
theory expressions took into account the tie length
effect on the maximum tie tension, and gave nearly the
same mode of variation as the experimental results.
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The Energy theory (T.L.D.) and (T.P.D.) predicted nearly
similar pattern and magnitude to the experimental results,
although the local equilibrium energy approach (LO.L.A\))
predicted relatively higher values than the experimental

results.

(v) In agreement with the energy theory prediction, the
experimental values of Tm L were found to vary
YHE AH

almost linearly with the horizontal tie spacing.

(vi) Comparison between the theoretical and the
experimental adherence lengths, showed that generally
all the theories predicted longer ties than required for
stability. The Energy theory (LO.L.A.) predicted
adherence lengths which were closer to the observed
results than the existing design methods.

5.6. Series E Tests

Instrumented not carried to failure tests

5.6.1 Introduction

The prescnt test series was intended to study the
internal stability of model reinforced earth walls by
observing the stresses and strains in the ties and in the
s0il during and after the wall construction,

In the previous Series B and D tests the internal
stability of the model reinforced earth walls was studied
on an ultimate strength basis and the main observations were
concerned with conditions at failure, Although the tie
breaking failure test results allowed a comparison to be
made between the theoretical and the observed maximum tie
tension, it gave no indication of the state of stress in
the ties at the middle and top of the wall. The tie pull
out test results gave an overall adherence length, but the
actual safety factors against tie pull out failure were not
revealed from the test results, The observations made on
walls failing by tie breaking or tie pull out were limited
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and cannot be used to investigate fully the assumption on
which the theoretical analyses were based,

The Series E tests were designed to overcome the limita-
tions noted in the previous test series. Walls in this test
series were built with the five horizontal tie spacings shown
in Table (5.8). Using each of the five tie spacings an
average of seven walls were built to obtain a record of the
tie tension distribution along a tie length and in different
levels of the walls, the horizontal and vertical strains in
the soil, the vertical stresses in the soil and the
horizontal wall deflection. A number of walls were built
at each tie spacing, because for each wall built, not more
than two ties were instrumented, in order to avoid the
reinforcing action of the lead wires on the walls.

From the results of the tie tersion observations the
curves of the tie tension variation along a tie length at
different levels were constructed. The curves of the
maximur tie tension over the wall height, and the maximum
tie tension versus fill height above a tie level were drawn
and compared with the Rankine and the Energy theories
predictions, The Rankine theory was chosen since it is
mainly used for the design of full scale walls and also
since the Coulomb, the Trapezoidal and Meyerhof methods give
similar results to the Rankiae theory as shown in Chapter
Three, especially for % ratio and @ values used in the
present test series, The potential failure surfaces
formed by joining the positions of the maximum tie temnsion
in each tie level were constructed, ‘Curves showing the
variation in the horizontal and vertical strains in the soil,
the variation in the vertical stresses in the soil and the
horizontal deflection of the face of thewalls were also

drawn.

Using the results of the tie tension measurements, the
non-dimensional tension parameter and the safety factors
against tie pull out were evaluated from the results of the
Series E tests and compared with the corresponding theoretical

values.
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TABLE (5.8) - Design Parameters of Series E Tests

Design parameters

AH S Skin elements

Width = 300 mm
250 100 Heignt = 250 mm
Thickness = 6 mm

83.3 100

Width = 300 mm
83.3 150 Height = 250 mm
Thickness = 6 mm

83.3 300

Width = 150 mm
100 150 Thickness = 6 mm
Height = 100 mm

Tie length = 400 mm Soil density = 1.610 gm/cm3
Tie width = 22.3 mm g = 40°
Tie thickness = 1,37 mm
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The test apparatus, the wall design and properties of
the test materials will be outlined in the following

_section.

5.6.2 Test apparatus, and wall design

The test model and accessories used for building the
walls in the present test programme were described in
Chapter Four, Section (4.2).

In designing the present series of model walls the
main design parameters of a reinforced earth wall were first
considered. These were the vertical and horizontal tie
spacings, the skin elements, the size of the tie, the
properties of the soil backfill ( ¥ and @), the soil/tie
coefficient of friction and the total wall height.

In practice the vertical tie spacing is chosen to give

an optimum height of compacted 1ayer41

y» & reasonable
skin element size and weight and an easy method of wall
building procedure to avoid bracing the wall during construc-
tion. The horizontal tie spacing is restricted only by the
size of the skin element if concrete panel skin elements

are used, and by the flexural rigidity of the skin element,
if elliptical metal skin elements are used. Lesser restric-
tions are imposed on the vertical and horizontal tie spacings
in the model. In the presceut test series tie spacings

were varied to provide a wider scope for comparison between
the experimental data and the theoretical predictions.

Table (5.8) shows the vertical and horizontal tie spacings
and skin elements used in each set of tests. The skin
elements were assumed to have no effect on the internal
stability of the wall and were chosen to allow the tie spacing

to be varied. .

This test series used perspex ties to facilitate the
measurement of the tie tension. The tie width was kept nearly
the same as in the Series D tests at 22.3mm. A tie length
of 400 mm was found necessary to exclude tie pull out mode
of failure for walls built up to a maximum height of 500 mm
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using the tie spacings shown in Table (5.8). The soil
density, the angle of internal friction of the soil and the
tie/soil coefficient of friction were the same as in the
Series D tests at 1.610 gm/cms, 40° and 0.398 respectively.

The walls were constructed in the manner described in
Chapter Four, Section (4.3). The instrumentation used
consisted of strain gauges mounted on the perspex ties for
measuring the tension in the ties, strain coils for measuring
the strain in the reinforced earth backfill and also for
measuring the horizontal deflection of the face of the walls,
Pressure cells were used to measure the vertical stress
distribution in the backfill of the walls. The devel opment
and calibration of these instruments was described in Chapter
Four,

A summary of the Series E test results is shown in
Appendix (V) . Typical test results of this test series
will now be presented.

5.6.3.a Tie tension variation along the ties

Figs (5.27) and (5.28) show typical test results of
the tie tension distribution along the tie length observed

in the present test series. The maximum tie tension was
found to occur in the front half of the tie and decreased
to zero at the free end of the tie. This pattern remained

almost unchanged for different vertical and horizontal tie
spacings adopted in the construction of the walls in this
test series. The tension distribution on ties at the
bottom of the Series E walls, géve a similar pattern to that
observed in the Series D tests.

The present tie tension observations will be used to
evaluate the experimental safety factors against pull out
later in this study.

5.6.3.b Maximum tie tension variation over the wall height

The maximum observed tie tension at each tie level in
the five walls studied in this test series was found to have
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a similar pattern of distribution with wall depth. Typical
test results from the walls studied are shown in Figs (5.29)
and (5.30). The experimental maximum tie tension generally
increased with increasing wall depth and a decrease in the
value of the observed tie tension was noted at the tie

level just above the base of the wall Fig (5.29). This is
possibly due to the fixity of the toe of the wall.

Figs (5.29) and (5.30) also show a comparison between
the observed and the theoretical maximum tie tension
envelopes, calculated using the Energy theory (LO.L.A,) and .
(T.L.L.D.).and the Rankine theory (using Ka and Ko earth
pressure coefficients).

In Fig (5.29), the Energy Theory (LO.L.A,) generally
followed the pattern of the points of observed maximum tie
tension, but predicted higher magnitudes. The discrepancy
between the Energy theory (LO.L.A.) and the observed results
decreased for the case of the smaller tie spacing shown in
Fig (5.30). In this figure also the Energy theory (T.L.L.D.)
slightly underestimated the observed maximum tie tension,
although in Fig (5,29) this rethod predicted 2 maximum tie
tension envelope which fell approximately within the observed
results,

At the top of the wall, as shown in Fig (5.29), the
observed maximum tie tension approached the Rankine values
using Ka’ and in Fig (5.30) the observed maximum tie tension
was greater than the Rankine theory prediction using an
active earth pressure coefficient Kh, but less than the
Rankine values based on an at rest earth pressure coefficient,

Ko.

At the bottom of the walls, the Rankine theory predicted
higher tie tension than the observed results.

5.6.3.¢c Maximum tie tension versus fill height above the tie
level |

Fig (5.31) shows that the observed maximum tie tension
increases with increasing fill height. The corresponding
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theoretical curves calculated from the Energy theory (LO.L.A.)
and (T.L.L.D.) and the Rankine theory gave a linear

variation of tie tension with increasing fill height. The
Rankine theory was found to predict higher tie tension for
the ties near the bottom of the wall, Fig (5.31) a and b,

and slightly smaller values for the ties near the top of the
wall, Fig (5.31) c and d.

5.6.3.d The maximum tension curve

Fig (5.32) shows the curves formed by joining the
observed positions of the maximum tension in the ties at
different wall levels. The observed maximum tension curve,
in Series E tests, was nearly coincident with the Coulomb
failure plane, near the bottom of the wall. Near the top
of the wall, the observed maximum tension -curve, for the
case of relatively small tie spacings, Fig (5.32) a and c,
tended to shift away from the Coulomb failure plane towards
the face of the wall.

72 52 63
Symons, Price and Schlosser et al

accounted for reinforced earth wall behaviour on the basis
of the maximum tension curve. This was reported as
dividing the reinforced earth wall into twec zones. In the
first zone, located near the face of the wall, the soil is
in an active failure state and tends to pull out the ties.
In the second zone, located behind the maximum tension curve,
the shear stresses exerted by the soil on the ties, are
directed towaids the back of the wall, and the soil is
anchoring the ties.
72 52 63

Symons, Price and Schlosser et al
also reported that the maximum tension curves vary with
various factors, not investigated here, such as the foundation
condition, the soil tie coefficient of friction and the
geometry of the wall.

5.6.3.e Horizontal strain in the soil

The horizontal strain in the backfill of some of the
reinforced earth walls built in the present Series E tests,
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was measured at three different wall levels using the strain
coil transducers described in Chapter Four, Section (4.6).

As shown in Fig (5.33) and (5.34) the horizontal strain
in the sand is a maximum near the wall face and decreases

towards the back of the reinforced earth wall. The
variation of the horizontal strain in the sand with wall
height is shown in Figs(5.35) and (5.36). The horizontal

strain increased with wall height to a maximum near the

middle of the wall, then decreased towards the top of

the wall. The horizontal strain in vertical sections close
to the wall face and near the middle of the reinforced earth
wall, Fig (5.35) were found to be +ve, indicating expansion
and probably the soll was tending towards an active state

of stress. In a section lying furthest from the face of the
wall -ve strains were observed, indicating compression, and
probably the soil was tending towards a passive state of
stress,

The magnitude of the horizontal strain was found to
increase with increasing vertical tie spacirgs, Figs (5.35),
(5.36).

5.6.3.f Vertical strain in the soil

Fig (5.37) shows the observed variation of the vertical
strain in the so0il with the distance from the face of the
wall, measured at three levels in the reinforced earth wall.
The vertical strains in the soil were generally compressive
having a maximum value near the wall face. This is
probably due to the effect of the horizontal thrust acting
at the back of the wall,

5.6.3.g Vertical stress in the soil

The variation in the vertical stress at the bottom of
Series E model reinforced earth walls was measured using
the Redshaw pressure cells, previously described in Chapter
Four, Section (4.7). In some cases the pressure cell
readings were found to lie near the overburden pressure,
Fig (5.38). In other cases, the pressure cell readings
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were nearly twice the overburden pressure, Fig (5.39)
indicating an instrumental error.

The vertical soil strain patterns shown in Fig (5.37)
and the corresponding soil stress pattern, shown in Fig
(5.38), do not appear to be compatible. Although the soil
strain patterns Fig (5.37) appear to indicate the effect of
the horizontal thrust acting at the back of the wall, the
soll stress pattern showed an opposite effect te what was
expected. Doubts must be cast on the earth pressure measure-
ments, with particular regard to the behaviour of the
pressure cells. Previous investigators 28,44,50 using
pressure cells for the soil stress measurement, have had
similar problens.

5.6.3.h The horizontal wall deflection

Figs (5.40) and (5.41) show a summary of the horizontal
deflections of two model reinforced earth walls, measured
using the strain coils previously described in Chapter Four
Section (4.6). The observations were noted during and
after the wall construction. The maximum wall deflections
occurred near the midheight of the walls.

The calculated horizontal wall deflections from the
measured horizontal strains in the soil are also shown in
Figs (5.40)and (5.41) and these seem to compare reasonably
with the wall deflections measured directly by the strain
coils, with one exception at the top of the wall in Fig
(5.40) where the calculated deflection was smaller than
the observed value. This indicates compatibility between
the horizontal soil strain measurements and the observed
wall deflectlons.

5.6.4 Comments on Series E tests

In the Series E testé,the walls which were not carried to fail-
ure,were built with different vertical and horizontal tie
spacings, to a maximum height of 500 mm. In these tests

the tie tension, the horizontal and vertical strains in the
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soil, the vertical stresses in the soil and the horizontal
deflections of the wall face were observed and the results
were presented in the previous section. The observed
maximum tie tension variation with wall height and with

fill height above the tie level, was compared with the
corresponding theoretical values computed from the Energy and
Rankine theories,

The intention in Sections 5.6.5 and 5.6.6 is to use the
tie tension measurements in the Series E tests, to evaluate
the non-dimensional tension parameter X and the safety
factor against internal failure of the wall, The observed
X and safety factor values can be used to test the various
theories for reinforced earth wall design.

Tn

5.6.5 The non-dimensional tension parameter X = _2 _
¥h AHS

The non-dimensional factor X was first advanced by
Schlosser and Vidal67 in a study on a full scale wall.
If the wall behaves in accordance with the Rankine theory the
non-dimensional tension X will have a constant value at
different wall levels, which will correspond to the co-
efficient of active earth pressure K_. Baner jee 5
evaluated the non-dimensional tension, using the finite
element method, for walls in service conditions and reported
a value of 0.35 for the non-dinensional tension factor,

In the present study the non-dimensional tension ) was
computed from the observed maximum tie tension at different
levels of Series E walls, built to a maximum height of 500 mm,
The experimentalvalues were plotted against the fill height
above a tie level Fig (5.42). The experimental X values
were at a maximum near the top of the wall (i.e. small f£ill
heights above the tie level h) and decreased towards the
bottom of the wall. The theoretical non-dimensional tension
calculated from the local equilibrium energy approach (LO.L.A.)
gave a reasonable agreement with the observed non-dimensional
tension variation, The conventional and Banerjee methods,
predicted nondimensional tension values, which were of
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different pattern and magnitude from the experimental
results, Hence the adoption of the conventional and
Banerjee methods in the design of reinforced earth walls,
assuming tie breaking failure, will result in an over or
under estimate of the actual tension in the ties.

5.6.6 The internal stability of Series E model walls

5.6.6.a Introduction

An internal failure of a reinforced earth wall occurs
normally by a tie breaking or tie pull out mode of failure.
In practice, the safety factors against tie breaking failure
are greater than needed for the design of a full scale wall
since [—

(a) In order to account for corrosion which may occur
during the lifetime of the structure, larger tie cross-

sectional areas are adopted.

{(b) The safety factors against tie breaking are estimated

in practice using the yield stress of the tie material as a
failure criteria instead of the ultimate stress which is
greater than the yield stress. This leads to a hidden safety
factor against tie breaking failure.

(c) The conventional theories usually over estimate the actual
stresses in the ties, This results in a lower value of the
theoretical safety factors compared with the actual safety
factors against tie breaking.

Therefore a full scale wall is more likely to fail by
tie pull out than by tie breaking. In the present study
the safety factor against tie pull out of Series E walls
will be studied in more detail than the safety factor against
tie breaking.

5.6.6.b The safety factors against tie breaking of Series E

walls

The safety factors against tie breaking, SF, can directly
be estimated from the equation:



where: A, 1is the tie cross sectional area

o 1is the ultimate or yield stress of the tie
material

Tm is the maximum tie tension

For constant Ar and o values as in the case of the
Series E tests, the safety factor depends on the tie tension.
The actual safety factor against tie breaking of the
Series E walls can be calculated from Equation (5.3) using
the observed maximum tie tension envelope, for each tie
spacing adopted in the construction of Series E walls, e.g.
for the cases of the experimental and the theoretical
maximum tie tension envelopes shown in Figs (5.29) and (5.30)
the corresponding safety factors against tie break, were
evaluated from Equation (5.3) and are illustrated in Fig
(5.43).

The experimental safety factors against tie break
were a maximum near the top of the wall and decreased towards
the bottom of the wall. In Fig (5.43a) the experimental
safely factor increased again at the bottom tie level.

In Fig (5.43a) the Energy theory (T.L.L.D.) and the
Rankine theory predictions fell near to the minimum
experimental results, although these methods, as shown in
Fig (5.43b) tended to give an over or an under estimate of
the experimental safety factor against tie break, depending
on the wall level considered. The Energy theory (LO.L.A.)
seemed to predict smaller safety factors against tie break
at the top and the middle of the walls than the Rankine and
the Encrgy (T.L.L.D.) theories, At the bottom of the
walls, the Energy theory (LO.L.A.) gave larger safety
factors against tie break than the Rankine and the Energy
(T.L.L.D.) theories.
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5.6.6.c Safety factors against tie pull out failure of
Series E Walls

For an optimum design of a reinforced earth wall,
failing by tie pull out, a theoretical procedure for evaluat-~
ing the safety factor against tie pull out at each tie level
1s needed.

The'intention of the present study is to check the effect
of the assumption of the tie length, which is effective in
providing pull out resistance and also the effect of the tie
tension (Maximum or average) on the experimental safety
factor. The experiméntal and the theoretical safety factors
against tie pull out will also be compared. This was done
by evaluating the safety factors against tie pull out from

the equation, SF = 2bLYhf ..., ceecenee (5.4)

- T
and using:
(1) The experimental maximum tie tension Tm and assuming
all the tie length effective against tie pull out failure.

(2) The experimental maximum tie tension Tm and assuming
only the tie length extending beyond the maximum tension

position on the tie, as effective against tie pull out failure.

(3) The experimental average tie tension Tav and assuming
all the tie length effective against tie pull out failure.

(4) The experimental safety factor against tie pull out was
also evaluated from the slope of the observed tie tension
distribution along the tie length curves, using the following
relationship, originally advanced by Schlosser and Vidal.s7
= 2p¥hE (5.5)

( AT/ AL)
Calculations of the safety factor against tie pull out based
on equation (5.5) was facilitated by the computer programme
shown in Appendix (V1]) . The experimental safety factors

SF

calculated on the basis of the four preceding assumptions
will be compared. Comparison will also be made between the
experimental and the theoretical safety factors against tie
pull out of the Series E walls,
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The results obtained from this analysis will now be

presented.

5.6.6.d Experimental safety factors against tie pull out

Figs(5.44) to (5.47)show the experimeﬁtal safety factors
against tie pull out calculated on the basis of assumptions
1 to 4 mentioned in Section 5.6.6.c. Methods 1, 2 and 3
gave reasonably smooth curves and indicated that for a
rectangular reinforced earth wall with uniform tie distribu-
tion, the safety factors against tie pull out were a minimum
at the top of the wall and increased to a maximum at the
bottem of the wall.

The method number 4 based on the slope of the tie tension
distribution along the tie length curves, is probably the most
realistic approach for calculating the experimental safety
factor against tie pull out, but the derivation of the
safety factor based on this approach, depends to a great
extent on the number of the observations of tie tension
along the tie iength. For relatively few observations of tie
tensions along a tie, as was the case of the Series E model
tests, large scatter was noted in the experimental safety
factor calculated from the slope of the tie tension
distribution curves, Because of this, it was decided to
use the experimental safety factors calcuiated from the
maximum tie tersion and assuming that only the tie length
extending beyond the maximum tension position as effective
against tie pull out failure, for the comparison between the
experimental and the theoretical factor of sarfety against
tie pull out, since this method offered a minimum value of
the experimental safety factor against tie pull out.

5.6.6.e Comparison between experimental and theoretical
safety factors against tie pull out

The experimental safety factors against tie pull out for
the series E tests, calculated from the maximum tie tension
and assuming all or part tie length effective and the
corresponding theoretical predictions, computed from the
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Rankine (all or part tie length effective), the Coulomb
force, the Coulomb moment, Banerjee and the Energy (LO.L.A.)
and (T.L.L.D.) methods, are all shown in Figs (5.48) to
(5.51).

The Rankine (all tie length effectivei, the Coulomb
force, the Coulomb moment and Banerjee methods predicted
constant safety factors with wall height, which seemed to be
generally greater than the experimental safety factors against
tie pull out at the top of the wall and to be smaller than
it at the bottom of the wall.

The Rankine (part length effective) predicted a linearly
varying safety factor against tie pull out with wall depth
which was generally smaller than the experimental values at
the bottom of the wall although at the top of the wall seemed
to lie near to the experimental results.

The Energy theory (LO.L.A.) predicted a non-linearly
varying safety factor against tie pull out, which appeared
to agree with the general trend of the experimental points,
although it did not correspond coapletely in magnitude with
the =2xperimental safety factors against tie pull out. The
Energy theory (T.L.L.D.) predicted safety factors against
tie pull out wnich were greater than the experimental values.

5.6.7 Conclusions from Series E tests

(i) The tie tension distribution along the tie length
curves, for ties lying in different levels of the model
reinforced earth walls, had a maximum value of tie
tension in the first half of the tie which decreased
to zero at the free end of the tie.

(ii) The plots of maximum tie tension versus wall height
and maximum tie tension versus fill height above the tie
level, indicated that the Rankine theory generally
underestimated the observed maximum tie tension at the
top of the wall, and overestimated it at the bottom of
the wall. The Energy theory (LO.L.A.) was found to
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predict a similar pattern to the observed maximum tie
tension distribution with wall height, but with larger
magnitudes. This discrepancy was noted to decrease
with decreasing tie spacing. The Energy theory
(T.L.L.D.), predicted maximum tie tensions which 1lie
near to the observed values, although this method was
noted to underestimate the maximum tie tension for
walls built with relatively small tie spacing.

(iii) At the bottom of the wall, the curves formed by
joining the maximum tension positions in the ties, at
different wall levels, were found to be nearly
coincident with the Coulomb failure plane, for an
unreinforced earth wall. At the top of the wall, these
curves were noted to shift away from the Coulomb plane
towards the wall face, when relatively small tie spacing
was adopted. V

(iv) From measurements of the horizontal strains in

the backfill of the wall, maximum positive strains were
observed near the wall face, indicating expansion and
probably the soil was tending towards an active state of
stress, In a section lying furthest from the wall face,
negative strains were observed, indicating compression
and probably the soil was tending towards a passive
state of stress.

(v) The maximum horizontal deflection of the wall face
was found to occur near the middle of the wall. The
calculated wall deflections from the observed horizontal
soil strains, were found to lie close to the wall
deflections measured directly by the strain coils.

Hence the horizontal strain measurements were considered
to be compatible with the observed wall deflections.

(vi) The vertical soil strain was a maximum and
compressive near the wall face and decreased towards
the back of the wall. This was attributed to the
effect of the horizontal thrust acting at the back of
the reinforced earth wall,.



- 205 -

(vii) The Redshaw pressure cells used for the vertical
soil stress measurement, in some cases gave an
inconsistent indication of the vertical soil stress, and
in some other cases the measured vertical stress, by these
presure cells, was found to lie near the overburden
pressure Yh. The vertical soil strain pattern and

the corresponding soil stress pattern did not appear to

be compatible. This was attributed mainly to the

errors associated with the pressure cells.

(viii) The non-dimensional tension factor X, computed
from the observed maximum tie tension, was a maximum at
the top of the wall and decreased towards the bottom of
the wall. This behaviour was reasonably predicted by
the Energy theory (LO.L.A.). Baner jee's non-dimensional
tension factor was found to be different in magnitude
and pattern from the observed results.

(ix) For a rectangular model reinforced earth wall with
uniform tie distribution, the safety factor against tie
breaking was a maximum near the top of the wall and

decreased with wall depth. The Energy theory (LO.L.A.)

seemed to give a lower limit for the observed safety

factor. The Rankine and the Energy (T.L.L.D) theories predicted
higher safety factors than the observed values in some cases,

(x) For the Series E model walls the experimental safety
factors against tie pull out were found to be a minimum
near the top of the wall and increased with wall depth.

(xi) None of the theories agreed completely with the
observed safety factors against tie pull out, although
the Energy theory (LO.L.A.) seemed to predict the general
trend of the observed points.

5.7. Conclusions from Chapter Five

Detailed conclusions were given at the end of each test
series carried out in the laboratory test programme. A
summary of these conclusions will be outlined in this section.
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Preliminary model walls were built to study the effect
of the friction of the back of the model on the critical
height of the reinforced earth walls and also to check the
performance of the instrumentation designed to monitor the
tie forces and wall deflections. A minimum distance of 250
mm was found necessary between the back of the model and the
back of the reinforced earth wall. The strain coils initially
developed to measure the strain in the soil were found to be
applicable also in the measurement of the horizontal wall
deflections. The stresses in the ties were satisfactorily

measured by mounting strain gauges on perspex.

From the observed critical wall heights of walls failing
by tie breaking and comparison with the theoretical predictions
it was found that the Rankine, Meyerhof and the Trapezoidal
methods predict practically identical critical wall heights
which were about 28°%-39¢%, of the observed critical wall
heights, The theoretical critical heights predicted by the
Energy theory, (T.P.P.D.), (T.L.L.D.), (T.L.L.A.), (LO.L.A.)
and (LO.L.D.) approaches, were noted to lie nearer to the
observed values than the existing theories,

The Glasgow tie breaking failure test results were found
to be consistent with the previous tie breaking failure tests
conducted in France’ and in the U.S.Af’5

The adherence lengths obtained from walls failing by tie
pull out were noted to be shorter than the theoretical
adherence lengths predicted by the Rankine (all or part
length effective), the Coulomb force, the Coulomb moment,
Banerjee and the Energy theory (LO.L.A.).

In the Series D tests, the effect of the tie length on
the maximum tie tension was assessed and the maximum tie ten-
sion was observed to decrease with increasing tie length.

The Energy theory (LO.L.A.), (T. L.D.) and (T. P.D.,) gave
similar pattern to the observed data. The Energy theory

(T. L.D.) and (T. P.D.,) also reasonably agreed in magnitude
with the observed tie tensions. The Rankine, Meyerhof and
the Trapezoidal methods were found to give different pattern



- 207 -

and magnitudes from the observed results.

From tie tension measurements, on walls not tested to
failure, a maximum tie tension was seen in the front half of
the tie which decreased to zero at the free end of the tie.

From the plots of the observed and the theoretical
maximum tie tension variation with wall height, the Energy
theory (LO.L.A.) was found to predict similar patterns to the
observed results but with larger magnitudes and the
discrepancy was found to decrease with decreasing tie spacing.
The Energy theory (T.L.L.D.) predicted a maximum tie tension
which lay within the observed maximum tension points. For
walls built with relatively small tie spacings this method
predicted tie tensions which were about 25% lower than the
observed values, At the top and middle of the wall the
Rankine theory generally underestimated the observed maximum
tie tension (by %28% of the observed value). At the bottom
of the wall the Rankine theory overestimated the maximum tie
tension by % 37°% of the observed value.

T

The observed non-dimensinnal tension factor X = n
Yh.A HS

was found to be a maximum at the top of the wall and decreased

to a minimum value at the bottom of the wall. The Energy
theory (LO.L.A.) reasonably followed the pattern of the
experimental results. Banerjee and the Rankine methods gave
constant values of the non-dimensional tension factor X ,
which were different in magnitvde and pattern from the observed

results.

For rectangular reinforced earth walls with uniform tie
distribution, a maximum safety factor against tie break was
noted at the top of the wall, decreasing towards the bottom
of the wall. For these walls also a minimum factor of
safety against tie pull out was seen at the top of the wall
and increased towards the bottom of the walls.

Comparison between the experimental safety factors
against tie pull out and the corresponding theoretical values
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computed from the existing » the Energy (LO.L.A.) and
(T.L.L.D.) theories, indicated that there was no general
agreement between the experimental safety factors against

tie pull out and the values predicted by the existing theories.

The Energy theory (LO.L.A.), predicted similar trends to the
experiment results, but it did not correspond completely in
magnitude with the experimental safety factors against tie
pull out. The Energy theory (T.L.L.D.) predicted higher
values of safety factors against tie pull out than the
experimental results,

From the horizontal soil strain measurements a maximum
+ve strain, indicating expansion, was observed near the wall
face and a -ve strain, indicating compression, was observed
at a section lying furthest from the wall face.

The deflections of the front face of the wall, calculated
from the horizontal soil strain measurements were found to 1lie
close to the measured wall deflections. Hence, compatibility
between the horizontal soil strain measurements and the
horizontal wall deflections appeared to exist.

The vertical soil strain was observed to be a maximum and
-ve indicating compression near the wall face and decreased
towards the back of the wall. This pattern was attributed
to the effect of the horizontal thrust acting at the back of
the wall.

The measurements of the vertical soil stress were found
to be inconsistent and the pattern of the vertical soil stress
distribution was incompatible with the observed vertical soil
strain measurements, This was attributed probably to the
difficulties associated with the pressure cells for the
soil stress measurements,
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CHAPTER SIX

FULL SCALE REINFORCED EARTH RETAINING
WALLS

6.1 Introduction

6.1.1 Objectives of the present chapter

Reinforced earth retaining wall theories have been presented
in Chapter Three. In Chapter Five, the behaviour of reinforced
earth retaining walls was studied on a laboratory scale model
and the reinforced earth theories were tested on the basis
of these model test results.

In the present chapter, reference will be made to full
scale walls reported in the literature and a brief review will
be given of the test results reported on these walls. The
observations reported on Granton field wall(zg? will be
considered in order to investigate the similarities and
differences between model wall and field wall behaviour,
to compare the reinforced earth theories with the field wall
behaviour, and to investigate the effect of compaction on the
stresses and deformations measured in the Graaton wall.

6.1.2 Literature review

In Chapter Two reference has been made to full scale
reinforced earth retaining walls reported in the literature,
The main walls which were instrumented and reported were:

(a) The Incarville experimental wall
(b) Dunkirk harbour wall

(c) Los Angeles County wall, and

(d) The Granton reinforced earth wall

A brief review of these walls will now be given.

6.1.2.a The Incarville experimental wall

(62)

1(67) and Schlosser ;.

This was reported by Schlosser & Vida
The wall was 10 m X 10 m in cross-section and 165 m long.
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The backfill material consisted of gravelly sand, with angle
of internal friction ¢ and an average backfill density of 40°
and 20 kN/m3 respectively. A number of ties were equipped
with strain gauges at 1.7m intervals. The vertical and
horizontal pressures were measured using Glotzl pressure
cells. Aluminium ties were used, with Young's modulus

equal to 6.86 x 104 MN/m2 and tensile strength equal Tc _X

324 MN/m2,

At the bottom third of the wall two ties were coupled
together and spaced at 1lm centre to centre. In the middle
third single ties were placed at 1lm intervals and at the top
third of the wall, single ties were placed at two metre
intervals, The skin elements were elliptical in cross-
section 0.25m high giving a vertical tie spacing of 0.25m.

| 6.1.2.a.1 ' The Incarville wall test results
(i) Tie tension

The tie tension distribution along a tie length showed a
substantial variation. Generally a maximum tie tension was
observed near the wall face and decreased towards the free
end of the tie. The shape of the tie tension distribution
curves was influenced by wall construction procedures such

as compaction.

The observed maximum tie tension was drawn versus the
wall height and compared with the Rankine and the Trapezoidal
methods. At the top of the wall, the maximum tie tension was
found to lie near the Rankine theory prediction using an at
rest earth pressure coefficient Ko. Near the bottom of the
wall, the observed maximum tie tension was nearly equal to
the theoretical tie tension predicted by the Trapezoidal

hethod.

(ii) Vertical stresses in the soil

The vertical stress distribution along horizontal
sections in the Incarville wall was non-linear, being at a
maximum near the wall face and decreasing towards the back
of the wall, The ratio of the horizontal soil stress to the
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o
vertical soil stress Ei , was found to vary between 0.5-0.6

at the top of the wall¥to 0.35 at the base of the wall. The
measured stress ratio at the top of the wall was found to be
greater than the coefficient of earth pressure at rest Ko and
this has been atiributed to compaction stresses.

4
6.1.2.b Dunkirk wall 1

This was built as part of a storage yard in Dunkirk
harbour in France. The wall was double-faced, 15m high by
15m wide,was approximately 1,000m long and carried a 1,200
tonne travelling crane. The wall was founded on a rather
soft ground, and because of this the reinforced earth method
was the only feasible solution, Barclay.(e)

Three test sections in the wall were equipped with
strain gauges for measuring tie tension. Long et El (47)
and Schlosser (61) presented some of these results which
indicated a maximum tie tension near the wall faces and
decreased to a minimum value at the line of symmetry of the

wall,

The forces developed in the ties as a result of the
passage of the crane have been compared(53) wvith the theoretical
values calculated from an assumed vertical stress distribution
suggested by Schlosser et al.(63) At the top of the wall,

the predicted tie forces were aporeciably higher than the
observed tie forces. At the bottom ofthe wall the theoretical
and the observed values appeared to approach similar wvalues.

6.1.2.¢c The Los Angeles County wall

This was reported by Chang(14), Chang et al(ls) and
Chang et 5}(16) The wall was buiit on Hig;;é;-SQ hear Los
Angeles. The reinforced earth fill had a maximum height of
16.8m, built on an embankment composed of random fill,

The Rankine method was adopted for the design of
reinforcements against both tie breaking and slippage failures.

The backfill material had an angle of intermnal friction
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equal to 40°, The angle of friction between tie-soil was 31°,
The reinforcements consisted of galvanized steel strips 3mm

in thickness, 60 mm width with a total length ranging between
7 and 14 metres. The elastic modulus of the strip material

was 1.97 x 108 kN/m2 and Poisson's ratio was 0.28.

Wall instrumentation comprised:

(i) slope indicators to measure internal deformations
of the embankment;

(ii) settlement platforms for vertical settlement
observations;

(iii) extensometers to measure soil strains;

(iv) soil pressure cells;

(v) strain gauges for measuring the strains in the
ties and the skin elements;

(vi) gauge points for measuring the wall and skin
deformations.

These were monitored during the wall construction and one
year after the wall had been completed.

6.1.2.c.1 Test results

(i) Tie tension

The observed tie temnsions in the Los Angeles County wall
showed an appreciable variation with time. The maximum tie
tension was found to develop in the middle portion of the tie.

In some ties the tie tension increased with time and approached
the Rankine values based on an at rest earth pressure coefficient
Ko’ In some other ties, the observed maximum tie tension was
found to vary with time and approached the Rankine values

based on an active coefficient of earth pressure Ka' The
variation in the tie tension with time was attributed to the

settlement and horizontal movements of the foundation.

Compressive tie forces were observed in some ties located
near the bottom of the wall. This was attributed to the
effect of the berm, constructed at the toe of the wall,
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(ii) The soil stresses

The coefficient obtained by dividigg the horizontal soil
stress by the vertical soil stress K = 65’ was found to vary
irregularly during the construction of tKe wall. This was
attributed to compaction effects. As conétruction proceeded,
the effect of compaction on the soil stress at a particular
level appeared to become less. After the completion of the
wall K values varied between 0,11-0.41 at one test section,
compared with the active and an at rest coefficients of earth
pressure of 0.22-0.36 respectively. At another test section
K values varied in a wider range of 0.20-0.¢0.

(iii) Strain in the ties and the soil

The observed strain in the ties and in the soil were
found to be compatible, except in one of the test sections
in which near the top of the wall the strain in the ties was
found to be higher than the strain in the soil. This was
attributed probably to slippage between the soil and the ties.

(iv) Field pulling tests

Dpummy ties of lengths varyiag between 1.5 m to 14 m were
installed in the reinforced earth f£ill, under overburden
heights ranging from 2.3 m to 11 6 m and were pulled out
artificially.

The results indicated that the soil/tie angle of friction
decreased with increasing overburden height over the ties ievel.
The investigators reported that this anomaly cannot be
explained on any theoretical basis. The safety factor
against tie pull out was evaluated from the observed peak tie
resistance against pull out. For a constant tie length the
safety factor against tie pull out was seen to decrease with
increasing overburden height. The observed peak tie resistance
against pull out, was found to be greater than the theoretical
skin friction force, when the tie length was over three metres.

6.1.2.d The Granton wall

The Granton wall was the first example of the use of the
reinforced earth method in the U.K. Finlay and Sutherland(29)



reported on the wall geometry, structural components, method
of construction and the results of the stresses and
deformations observed on the wall during and after completion

of the wall construction.

The Granton wall is 105.84 m in length, with some sections
curved in plan, The height of the wall varies between 1,79
to 7.165 m measured from top of foundation slab to top of
wall coping.

The wall was founded on a burnt oil shale (blaes) which
was used to replace a soft clay layer, originally present on
the site.

6.1.2.d.1 Material properties

The skin elements used in the Granton wall consisted of
concrete panels, approximately 1.5 m x 1.5 m and 180 mm

thick. The ties were of stainless steel 80 mm wide, 1.5 mm
thick and 6.5 m in length. The average horizontal and
vertical tie spacings were 0.75 m, The backfill material

consisted of a burnt oil shale (blaes). This had an angle

of internal friction of 46° and a cohesion u= 41.4 kN/mz,
measured at a field density of 16.65 kN/m3, using an undrained
triaxial test. The tie/soil coefficient of friction was 0.32.

6.1.2.d4.2 Wall instrumentation

Electrical resistance, strain gauges were installed on
ties to measure the tie tension at different locations along
the tie length and also to measure the earth pressure on the

panels,

The vertical and horizontal movements of the facing
panels were measured by observing steel pins inserted in the
panels.

6.1.2.d.3 Test results

(i) The tie stresses

The tie stresses in the Granton wall were found to
increase from the face of the wall to a maximum in the front
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half of the tie and decreased to zero at the free end of the
tie. Comparison with the Rankine theory indicated that the
average measured tension on the tie was 72% of the theoretical
Rankine value using a design value of Ka = 0.30. For Ka = 0.163,
the appropriate value for the fill as placed, the measured
average tie tension was 30% greater than the Rankine prediction.
The compaction procedure was noted to affect the tie tension
distribution as well as its magnitude.

(ii) The wall movement

The total downward vertical wall movement over a wall
height of 6.30 m was 35 mm. The first horizontal wall move-
ments were taken after part of the fill had been placed. The
average translation movement between panel joints was 4.7 mm
and the rotational movement due to outward tilt of the panel
was very much larger than the translation movement, This was
of the order of nearly 50 mm and was mainly attributed to
compaction procedure.

(iii) Pressure on the panels

Pressures on the panels observed at the Granton wall were
found to be affected by the compaction equipment and pressures
greater than those corresponding to the active earth pressure

were observed,

6.1.3 Conclusions from reports on field walls

(1) In the Incarville wall, the tie tension distribution along

the tie length, showed a substantial variation. This was

attributed to the effect of the wall construction procedure,

At the top of the wall, the observed maximum tie tension was

nearly equal to the Rankine values based on the at rest
coefficient of earth pressure Ko’ At the bottom of the

wall, the maximum tie tension appeared to be coincident with
the theoretical values calculated from a Trapezoidal vertical

stress distribution,.

(2) In the Dunkirk harbour double-faced wall, a maximum tie
tension was observed near the wall face decreasing to a minimum
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value at the line of symmetry of the wall.

(3) In the Los Angeles County wall, a maximum tie tension

was found to occur in the middle portion of the tie and it

showed an appreciable variation with time. ° The variation

- of the tie tension with time was attributed probably to the
settlement and horizontal movement of the foundation.

(4) In the Granton wall, the tie tension increased from the
back of the wall to a maximum in the front half of the tie and
decreased to zero at the free end of the tie. The magnitude
of the tie tension was found to be affected by the compaction

operation,

(5) 1In the Incarville wall, the ratio of the horizontal to
vertical soil stresses was found to be greater, at the top

of the wall,than the at rest coefficient of earth pressure
Ko. This was attributed to the effect of compaction. At
the bottom of the wall, the stress ratio was greater than the
coefficient of active earth pressure Ki, but less than Ko.

In the Los Angeles County well the effect of compaction
on the stress ratio was noted to diminish with increasing fill

height above the instrumentation level.

6.2 Detailed Study of Tie Teusion in a Full Scale Wall

In the foregoing section, a literature review of the
test results obtained from walls at Incarville, Dunkirk, Los
Angeles and Granton was presented.

Unlike a model wall, a full scale wall is affected by
the construction procedure. In an attempt to analyse the tie
tension in a full scale wall, the observations made on the
Granton field wall will be considered, since details of the
Granton wall data are more accessible to the author than any
other field wall,

The aim of the present section is, therefore, for the

Granton wall.— X
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(1) To study the effect of compaction on the observed
maximum tie tension, by means of a simplified theoretical

analysis.

(2) To compare the observed maximum tie tension with the
Energy and the Rankine theories.

(3) To compare the observed and predicted non-dimensional
tension X .

(4) To evaluate the experimental safety factors against tie
break and tie pull out and to compare the minimum observed
results with the theoretical values.

(5) To outline the similarities and differences between the
observations from a model wall and the behaviour of the full
scale wall at Granton.

The results of these analyses will now be discussed.

6.2.1 Effect of compaction on tie tension

6.2.1.a Introduction

The use of compaction equipment was reported by
Casagrande(13) as causing an increase in the lateral earth
pressure in coaventional retaining walls, After the passage
of the compaction equipment, part of the lateral pressure
developed by soil compaction is relieved. The remaining
part of the lateral pressure developed by soil compaction was
referred to by Sowers et 51(69) as the residual compaction
pressure. Sowers et 31(69) also reported that the residual
compaction pressures are considerably larger than the at rest
earth pressures. D'Appolonia et 21(22) found experimentally
that the lateral pressures in the soil build up with increas-
ing number of roller passes, Aggour and Brown(l) attempted
to predict theoretically the lateral pressure developed during
compaction behind conventional retaining walls.

In the case of full scale reinforced earth walls the
process of compaction was reported to have an effect on the
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tie tension in the Incarville(67) and the Granton(zg) walls,
The ratios of the horizontal to vertical soil stresses, which
were greater than the at rest coefficient of earth pressure
Ko’ observed in the Incarville wall, were attributed to

(67) In the Los Angeles County wall, the effect

compaction,
of compaction on the stress ratio in the soil was found to
diminish with increasing fill height above the instrumentation

1eve1.(14)

In the present section it is intended to show the effect
of compaction on the maximum tie tension observed at the
Granton wall, This was done by considering for each tie,
the curves of the observed maximum tie tension versus fill
height, e.g. Fig (6.1). The corresponding theoretical curves
shown were straight lines. To simplify discussions, the term
AT shown in Fig (6.1) was evaluated from the observed and
f%g theoretical curves and plotted against fill height above
the tie level, For the case illustrated by Fig (6.1), the AT
values calculated from the Energy (LO.L.A.,) and the Rankine n

theories were constant and equal to 0.99 and 1.52 respectively.

6.2.1.b Results of the analysis

As shown in Figs (6.2) and (6.3), the increase in the
AT

Ah ’
above the tie level was computed for the cases of six ties

observed tie tension per unit increase in fi.l height

in the Granton wall and drawn versus the fill height above the
tie level, The corresponding theoretica1‘§% values
calculated from the Energy (LO.L.A.) and the Rankine theories

were constant.

The general trend of the observed %% with increase in
£ill height, was for a high value at low fill heights,
followed by a reduction in the value of 2—;? as the fill height
increased, until é% tended towards the theoretical constant
value as the wall approached its maximum height,

The variation of the observed'%% values with fill height,
appears to be due to compaction stresses, since the compaction
operation has been found29 as affecting the tie tension in
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the Granton wall. The pattern of f% variation with
increasing fill height above a tie level, shows that the

compaction effect on the tie tension diminishes with increasing
fill height.

In the following section an attempt will be made to
account theoretically for the observed variation in ﬁg with
fill height, by means of a simplified theoretical approach.

6.2.1.¢c Theoretical analysis of compaction stresses

(1)

As pointed out by Aggour and Brown a rigorous analysis

of the compaction pressures requires a knowledge of various
factors, such as the loading and unloading moduli of the earth
£fill, the wall flexibility, the number of the roller passes
and the backfill geometry. Hence it was found rather
difficult to account theoretically for the variation in tie
tension due to compaction stresses.

However, the author has adopted a simplified theoretical
model to studv ithe effect of compaction on the tie tension on
an approximate basis. In this model the roller was
represenced by three point loads and its position was altered
to obtain the maximum horizontal stress on the facing panels.
These calculations were made according to a modified
Boussinesq theory suggested by Spangler,(7°) for the analysis
of stresses due to surface concentrated loads on conventional
retaining walls, Appendix (VIIa). The data pertaining to the
roller are also shown in Appendix (VIIb).

The theoretical %% values computed from the transient
effects of the roller weight were added to the Ag values
calculated from the Rankine theory and plotted against £fill
height, Fig (6.4). Also shown on Fig (6.4) are the average

%% values obtained by interpolation from Figs (6.2) and (6.3).

The fact that both the average observed points and the
theoretical curve show a similar trend would seem to indicate
that compaction does influence the build up of tension in the
reinforcing ties.
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6.2.2 Comparison between the observed and the theoretical

maximum tie tension

As shown in Fig (6.5), the maximum tie tensions observed
at the Granton wall, were drawn versus the wall height and
compared with the Energy theory (I.0.L.A.) and the Rankine

theory predictions.

The observed maximum tie tension points,generally indicated
an increasing tie tension with wall depth. The low value of
the observed maximum tie tension near the bottom of the wall,
was probably due to the fixity of the toe of the wall,

For Ka = (0.163, the appropriate value for the fill, the
Energy theory (LO.L.A.) and the Rankine theory predicted
appreciably lower maximum tie tension than the observed
results. The observed maximum tie tension points were
found to be contained within the Energy theory (LO.L.A.)
curves, evaluated by assuming K = 0.18 and 0.327, Fig (6.5).

This fact seemed to indicate that the compaction
procedure had increased the coefficient of earth pressure in
the scil, to values well above the coefficient of active
earth pressure Kﬁ = 0.163.

To prevent this happening in practice, it is desirable
that the compaction procedur2 should be controlled during
construction. This is, in fact, done at present by means
of a specification clause(41) which does not allow rolling
within a distance of two metres from the wall facing. However,
in practice, it is not always possible to enforce this require-
ment rigidly, as illustrated by the performance of the Granton

wa11.(29)

6.2.3 The non-dimensional tension

In an attempt to compare the model wall and field wall

behaviour, the non-dimensional tension X = _Tm was
¥h AH.S

calculated from the maximum tie tension Tm observed in each
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level of the Granton wall,; Tm being the maximum tension
observed when the wall has reached its full height, The
observed non-dimensional tensions were plotted against the
height of fill above the ties. The results are shown in
Fig (6.6). Although the observed non-dimensional tension
values were affected by the wall construction procedure,
they appeared to indicate a pattern of decreasing non-
dimensional tension with increasing fill height above the
tie level. This was the general trend of the experimental
results observed on the laboratory scale models shown in
Fig (5.42) in Chapter Five,

Comparison between the observed and the predicted non-
dimensional tension X , Fig (6.6) showed that the energy
theory (LO.L.A.) gave a similar pattern to the experimental
results, The Rankine and Banerjee methods gave constant
values differing from the experimental results.

6.2.4 The internal stability of the Granton wall

The tie tersions in the Granton wall have been found(zg)

to be affected by the compaction procedure and consequently
the safety factors against tie breaking and tie pull out were
also affected.

In the present section the safety factors against tie
breaking and tie pull out will be evaluated from the observed
maximum tie tension and the minimum values of these will be
compared with the theoretical values.

6.2.4.2a Safety factor against tie break

The variation in the safety factor against tie break
with £ill height above the tie level is shown in Fig (6.7).
These were evaluated for the cases of four ties from the

relationship %1 A,
SF = —_—

T
m

using a yield strength for the stainless steel of 0.49
kN/mmz.
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Fig (6.7) shows a sharp decrease in the observed safety
factor against tie break, in the first 1.5 metre height of
fill above the tie. Probably this was due to the compaction
stresses, which were more pronounced at smaller fill heights
above the tie level.

The safety factors against tie break of the completed
wall were drawn versus wall height and are shown in Fig
(6.8). These generally decreased with wall height to a
minimum value of 4.93 at a wall level of 2,63 metre above the
base of the wall and increased again with wall height.

Table (6.1) shows a comparison between the observed and
the theoretical safety factors against tie break, for the
completed field wall. All the theories predicted a safety
factor against tie break which is higher than the minimum
experimental value, but less than the observed maximum value.

The increase in the tie tension by the compaction
operation, probably led to a decrease in the experimental
safety factor against tie break.

6.2.4.b The safety factor against tie pull out failure

Fig (6.9) shows the variation of the safety factor against
tie pull out with fill height above the tie level, for the
cases of four ties in the Granton wall. These were calculated
using the relationship

2bLX.hf

R

and assuming the total tie length, L, as effective in providing
resistance against pull out. The observed maximum tie tension
Tm was adopted in these calculations,

The safety factor against tie pull out increased with
increasing £ill height above the tie level. For the case of tie
C2’ Fig (6.9b), the safety factor was less than 1.0, for fill
heights less than 1,70 m, As pointed out by Finlay and

4(29)

Sutherlan a localized slip might have taken place,
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. Safety factor
Wall design Method against tie
parameters break
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o kﬁ/ m2
yl =0.49 MM | Rankine 6.1
b = 80mm Trapezoidal 5.3
.t = 1.5mn Meyerhof 5.8
K = ,163
8 Banerjee 6.4
AH = 0.75m
Energy
S =0.75m (LO.L.A.) 9.9
Y = kN
16'65/m3 Energy
H = 6.3m (T.L.L.A.) 10.1

TABLE (6.1) - Comparison between the observed and the
theoretical safety factor against tie
break (Granton ful} scale wall).
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The lowering of the safety factor against pull out to
values less than 1.0 could be due to compaction., This may
be shown by considering Fig (6.10) in which the safety
factor against tie pull out and AT yere drawn versus the
fill Xgight above the tie level, for the case of tie Cz.
When —-

Ah
the safety factor against pull out was less than 1.0.

values were high, possibly due to compaction stresses,

The safety factors against tie pull out of the completed
Granton wall are shown in Fig (6.1l1l) versus the wall height.
The maximum safety factor against tie pull out was found at
the bottom tie level,

Table (6.2) shows a comparison between the observed
maximum, average and minimum safety factor against tie pull

out and the theoretical minimum values. The actual safety
factors of the wall against tie pull out could have been
lowered by the construction procedure. For Ka = 0.163,

corresponding to the state of the fill as placed all the
theories predicted higher safety factors against tie pull out,
than the observed minimum value of 1.70, but less than the
observed maximum value of 4.75, =xcept Banerjee's method
which gave appreciably bigher safety factor than the observed
maximum value. |

The Granton wall was found to have a minimum factor of
safety against tie break of 4,93 . This is appreciably greater
than the minimum factor of safety against tie pull out of
1.70. Therefore the wall is more likely to fail by tie pull
out than by tie breaking, as has been pointed out in Chapter
Five.

6.2.5 Comparison between model wall and full scale wall

Although the observations made on the Granton wall, have

o
(29) to be affected considerably by the

been reported
construction technique, some general similarities between the
tie tensions measured in the Granton wall and the model walls,
were found. These similarities can be summarized in the

following points:

(1) The tension distribution along the tie in the Granton



- 233 -

SF.= safety factor

8
9
a \.
\' -
6 \
2 ¥
a 2 ’\
q
e 4 :
4 .
s, | st
»
g {
'H 2 QD el e
NS o
o o-——--"P/‘\-cm J .
8 |/ v
3 W
a_, \ .
0 1 2 3 4 5

Fi1l1 height above tie level - m

Fir.6:10 Uifect of compaction

on S.FF, against pullout,




o
w

&)

»

w

3
4
'h

h\.
I N

Height above base -m
~N
pd

o

gafeéy fa%torgagafhst §ie ﬁ%llout

Fig. 6.11 - variation in the observed safety factor against
tie pull out failure with wall height (Granton wall

H=6.3m
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: i
. Safety factor
gziimgﬁzign Method . against tie pull
: out (Theoretical)
b = 80mm Rankine
- (all length :
L=65m effective 3.63
K = 0.163
a Rankine
AH = 0.75m (part length .
S = 0.75m effective) - 2.50
Y - 16.65 KN/ | Coulomb force 3.2
: 3
n Coulomb moment 2.9
f =0.32
Baner jee 7.5
Energy (LO.L.A.) 2.66
Energy (T.L.L.AD)  2.02
|

TABLE (6.2) - Comparisbn between the observed and
the theoretical safety factor agaimst tie pull
out (Granton full scale wall).
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wall, was reported(zg) to increase from the back of the wall

to a maximum value in the front half of the tie and to decrease
to zero at the free end of the tie. This observation was
generally applicable to the tie tension distribution observed

in the model walls,

(2) 1In the Granton wall the maximum tie tension variation over
the wall height was found to increase with wall depth and to
drop at the tie level just above the base of the wall., This
was also the trend of the tie tension curves observed on the

model walls,
(3) The non-dimensional tension parameter X., observed from

Granton wall and the model walls was found to decrease with
increasing fill height above the tie level for both walls.

6.3 Conclusions From a Study cn Tie Tension at The Granton Wall

In Sections(6.2.1) to (6.2.5) a study on tie tensions
observed at the Granton full scale wall was presented.
Conclusions reached in this study will now be outlined,

(i) Effect of compaction on the observed maximum tie tension
was studied by considering the observed maximum tie tension
versus fill height curves,. Probably the compaction operation
increased the tie tension when thLe f£ill height above the tie
was small, The effect of compaction on the observed tie
tension diminished with increasing fill height above the tie
level. A simplified theoretical model adopted to study the
compaction effect, gave similar trends to the observed
behaviour and iandicated most probably that the compaction did
influence the tie tension.

(ii) In tke Granton full scale wall, the observed maximum
tie tension was appreciably higherthan the Energy (LO.L.A.)
and the Rankine theory predictions,. This discrepancy can be
attributed probably to the compaction effect.

In practice it is desirable tc contro]l the compaction

procedure during the construction of the wall to minimize the
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the build up of earth pressures on the wall facing.

(iii) For the Granton full scale case, the observed non-
dimensional tension parameter %X, was found to decrease with
increasing fill height above the tie level.. The Energy
theory (LO.L.A.) gave a similar mode of variation to the
observed results. The Rankine and Banerjee approaches gave
constant values of X, which were different from the observed

results,

(iv) The safety factor against tie break, was found to
decrease sharply with increasing £ill height above the tie
level, in the first 1.5 m fill height and then remained almost
constant. The initial drop in the safety factor was
attributed probably to compaction. The completed wall had a
minimum factor of safety against tie break of 4.93,which was
less than the prediction of all the existing theories.

(v) The safety factor against tie pull out was found to
increase with increasing f£ill height above the tie level,
The resultse indicated probable slipping of the ties due to
compaction at fill height of less than 1.7 m,

The completed wall had an adequate factor of safety
against tie pull out, with a minimum value of 1.70. This is
less than the ninimum safety factor against tie break of
4.93 . Therefore the wall is more likely to fail by tie pull
out than by tie break, All the theoriecs predicted higher
safety factors against tie pull out than the minimum observed

value.

(vi) Althoughthe tie tensions observed in the Granton wall
were affected by the construction procedure, some similarities
in the mode of variation of tie tension over the tie length
and with wall depth and in the non~dimensional tension
variation with fill height were noted to exist between the
model wall and the Granton full scale wall.
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CHAPTER SEVEN

FINITE ELEMENT ANALYSIS OF MODEL AND FIELD

REINFORCED EARTH RETAINING WALLS

7.1 Introduction

7.1.1 General

The finite element approach has been widely and success-
fully used in the solution of geotechnical engineering

problemszo"zl"’25 , including analysis of conventional retain-

ing walls!9
The main difficulty in applying this method in the solution

of so0il mechanics problems arises from the complexity inherent

in the stress-strain relationships of soils. Despite this

shortcoming the finite element method proves useful and

gives satisfactory engineering solutions even when relatively

simp1%1forms of soil idealization are adopted, e.g. Penman

et al

In Chapter Two mention has been made of the use of the

finite clement method in Frannem’n;"81

for the analysis of
reinforced earth retaining walls, This analysis idealized
the wall as a plane strain problem and used quadrilateral
and bar elements to represent the soil and ties respectively.
Reinforcement by sheet and perfect bond at the tie/soil

interface were assumed.

The results of this study irdicated a tie tension
distribution along the tie length which was at a maximum
near the wall face and decreased towards the free end of the
tie. The results from this analysis were not compared by
the authors with any observed data.

Banerjee5 analysed reinforced earth walls in service
conditions using a plane strain finite element programme in
which the soil and ties were represented by triangular and
bar elements respectively. The soil modulus of elasticity
was assumed either constant or linearly increasing with wall
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depth. In the first case the nondimensional tension

X = _r was found to vary parabolically over the

¥h. AH.S
tie length having a maximum value at the middle of the tie

equal to 0.3S5. This value was seen to vary over a range
of hy 10% in the case where the elasticity modulus was

assumed linearly increasing with wall depth.

Finlay & Sutherland29 compared Banerjee's non-
dimensional tension with test results obtained at Granton.
The experimental non-dimensional tension values were found
to range between 0.26 - 0.80 with an average of 0.40.

More recently, Romstad et 1154 and Chih-Kang Shen
et 3118 adopted a composite material approach in
deriving the stress-strain relationships of a reinforced
earth mass. This was incorporated in a finite element
programme, originally developed at the University of
California, U.S.A, .

The reinforced earth mass was theoretically sub-
divided into "Tnit Cells'; a "Unit cell"” comprising a tie
bounded by centrelines of horizontal and vertical tie
spacings. The equivalent composite material properties
were calculated for each "unit cell".

In forming the stress-strain matrix of the composite
material it was assumed that the composite stress-strain
state in a direction perpendicular to the tie was equal
to the soil stress-strain state, the strain in the composite
material parallel to the centreline of the tie was equal to
the strain in the soil and the soil/tie interface was in
perfect bond.

The first assumption made in deriving the composite
material properties is valid where the percentagesgy volume
~of the ties to the reinforced earth mass is small,
which is the usual case in reinforced earth walls (e.g.

% 0.023% for the Granton wall), The assumption of perfect
bond at the soil/tie interface,made in the finite element
analyses, is doubtful especially for low fill heights above

the tie level29 .
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This programme was used to analyse Los Angeles County
wall in California14 , U.S.A. The results of the
theoretical analysis were compared with the observed data.
Good agreement was noted between the computed and the observed
soil stresses and horizontal wall movements. The computed
stresses in the ties were appreciably greater than the
measured stresses, although the computed stress distribution
along the tie length, was generally similar to the observed

distribution.

The disagreement between the observed and computed
results was mainly attributed to the plane strain assumption
used in the programme, since the real wall was a three
dimensional problem. The stresses in the ties continued to
change with time, The programme does not take the time
factor into consideration. The construction of the wall
was almost continuous. In the programme, only a finite
number of construction increments is specified.

This programme will be adopted in this chapter for the
analyses of model and field walls.

7.1.2 Objectives of the present study

In the model tests presented in Chapter Five the follow-
ing parameters were measured:

(1) The forces in the ties.
(ii1) The horizontal and vertical strains in the
reinforced earth wall backfill.
(1ii1) The vertical stress distribution near the bottom
of the wall.
(iv) The horizontal wall deflection,

Although these constitute most of the important parameters
needed to study the performance of a reinforced earth fill,
there are some variables which were not observed, nor could
be calculated from the observed data. These are:

(i) The shear stresses in the soil.
(ii) The shear strains in the soil.
(iii) The principal stresses and the angle of orientation
of the major principal stress vith the horizontal,
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The present finite element analyses is carried out to compare
the theoretical values with the experimentally observed
results and to obtain a more complete picture of the stresses
and strains in the reinforced earth fill.

The field wall behaviour could also bé affected by the
presence of cohesion in the soil backfill, compaction, the
foundation flexibility and the rigidity of the facing panels.
The finite element analysis can help to study these factors.

In this chapter the main features of the finite element
programme adopted here will be given, the limitations of the
programme will be outlined and the results of the analyses
will be presented and compared with the model and field wall
behaviour. The results of the finite element approach will
be compared with predictions from reinforced earth design

methods.

Conclusions will be drawn at the end of this chapter,

7.2 General Features of the Finite Element Programme used

in this Investigation

The listing and manual of the programme used in the
14

The
main fteatures of this programme can be summarized as follows:

present study are given in a report by Chang

(1) It is a plane strain finite element programme which
uses quadrilateral, triangular and bar (bending)
elements.

(2) The quadrilateral element was developed by Herrmann33
and was shown to be more accurate than the previous
simple elements.

(3) The programme has two options to represent the non-
linear, overburden dependent soil behaviour:

(i) By providing a table of soil stiffness and
Poisson's ratio at corresponding wall levels, the
programme will interpolate the values of Young's
modulus and Poisson's ratio at the centre of each
element at a given wall depth.

(ii) The empirical hyperbolic model first suggested
by Kondnerl'o for representing the stress-strain

curve of soil can be used.
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(4) The programme has self generation procedures for
locating the coordinates of the nodal points, specify-
ing the element connection data and the boundary

conditions,

(5) External, internal and pressure loads can be applied
to any node at any construction increment. The self
weight of the soil is automatically calculated by the
programme and applied at each nodal point.

(6) The programme takes into account incremental wall

construction,

7.3 Scope of the Finite Element Programme

7.3.1 Input data

14
Details of this were given by Chang EE il

A brief summary is presented in Table (7.1).

7.3.2 Output data

This was described by Chang". The programme

mainly gives a print out of the input data, the stresses

and strains in the soil, the axial force and moment in the
ties and the stresses and strains in the skin elements, The
programme also gives the displacements of various nodal
points, from which the wall deflection can be obtained.

7.4 Limitations of the Finite Element Programme used in
this Study

In the introduction to this chapter it was stated that
the accuracy of the finite element results depend to a large
extent on the properties of the soil. Although a non-
linear overburden dependent model was used to represent the
soil behaviour in this programme, a more realistic inelastic
and orthotropic soil behaviour has to be incorporated in
order to achieve a better accuracy. In addition, the
accuracy of the results can be affected by the finite number
of construction increments, the two dimensional ide..lization
of the reinforced earth wall, the simplifying assumptions
used in obtaining the stress-strain relationships of the
reinforced earth composite, and the presence of failure
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TABLE (7.1) Summary of Input Data

Information Details

-
Title General title of the problem to be analysed
Construction The total number of construction incrementﬁ
Increments used in the analysis. Each construction
' increment resembles a stage reached in the
construction of the wall.

Material The materials which may be used are:
properties

(1) Isotropic material
(ii) Orthotropic material
(iii) Reinforced earth material
(iv) Strip plate (beam) material

For each the appropriate elastic constants
must be given. For the reinforced earth
material additional information regarding
tie spacings and elastic constants must be
given,

Nodal point
coordinate
informa-~
tion

: points coordinates have to be specified.

Using the self generation options of the
programme or otherwise, all the nodal

Element
connection

data

Using the self generation options of the
programme or otherwise, all the element
connection information, the material type
of each element and the construction
increment in which a particular element
becomes part of the structure has to be
specified.

The Boundary

The known displacements and forces at the

Conditions appropriate construction increments must bﬂ
given,
Miscellaneous The half-band width of the structural

material must be checked not to exceed
56. If it exceeds 56, then a new nodal
numbering has to be tried.
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zones in the backfill of reinforced earth wall which might
develop near the wall face.

7.5 Reinforced Earth Walls analysed by the Programme

The series E laboratory tests and the Granton full
scale wall previously described in Chapters Five and Six
respectively, were analysed using the programme.

The series E walls used perspex ties and were mainly
intended to study reinforced earth wall behaviour by observ-
ing the stresses and strains in the soil and the ties and
the wall deflections. Various tie spacings used in building
these walls are shown in Table (7.2).

.The Granton reinforced earth wall was constructed using
concrete panels as skin element and stainless steel for the
ties. Tie spacing adopted is shown in Table (7.2).

7.6 Details of the Data Used in the Finite Element Programme

A summary of the finite element runs and the meshes
used for the analyses of model and field walls are shown in
Table (7.2) and Figs (7.1) to (7.3), respeciively. The
properties of the different materials used in the finite
element analyses will be described in this section.

7.6.1 Properties of soils

It is important to establish the stress-strain
characteristics of soil to be used in the programme,

It has been mentioned in Section (7.2) that the present
programme uses two options to account for the nonlinear
overburden dependent soil behaviour, In the first option
the tangent elastic modulus and the corresponding wall
levels are fed into the programme, The second option
uses equation ( VIIl1 ) shown in Appendix(VIll ) for the
tangent modulus of the soil. The derivation of this equa-
tion was based on the empirical hyperbolic model suggested
by Kondnerﬁoto represent the stres-strain relationship of



TABLE (7.2) - Details of the Finite Element runs

on the Model and Field Reinforced Earth Retaining Walls

Verticall Horizontal - Skin Numbex Number Fumber | Number | Time
Run | @ype of Tie Tie Foundation elements of of Mesh| of of of the
No. | Structure |Spacing | Spacing Condition . . | construction| No,|elements|nodal run
AHnm S mn conditionimateriais| "y, . nents points | (secs)
1 Model E 250 100 Rigid No effect 2 10 1 80 99 39
2 Model E 83.3 100 Rigid No effect 2 10 1 80 99 39
3 Model E 83.3 150 Rigid No effect 2 10 1 80 99 38
4 Model E 83,3 300 Rigid No effect 2 10 1 80 99 38.7
5 Model E 100 150 Rigid No effect 2 10 1 80 99 38.55
6 Field Wall] 750 750 Rigid No effect 3 4 2 56 75 20
7 Field Wall| 750 750 Rigid Rigid 4 4 2 6G 75 20.5
8 Field Walll 750 750 Flexible No effect 4 4 3 84 109 27
9 Field Walll 750 750 Flexible Rigid 5 4 3 88 27.5

109
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soils. This option was adopted in the present study, since

26

the hyperbolic model was found to approximate very

closely the stress-strain curves of soils,

The soil parameters used in this empi?ical relation-
ship are shown in Table (7.3). These were determined from
triaxial tests carried on 100 mm diameter sand and the burnt oil
shale (blaes) samples.

The Poisson's ratio v values for the sand
were calculated from the axial and volumetric strains
observed in the triaxial tests, using the equation

ag, - aey '
L A e P S (7.1)

2A£1 |

The triaxial test results gave Poisson's ratio of 0.39
initially, increasing with increasing deviator stress to
0.72, Previous investigators26 noted this kind of
variation in Vv , but with smaller valhes, e.g. Duncan et
3126 obtained a range of 0.11 to 0.65 for a sand tested
in a dense state and a range of 0.1l to 0.40 for a sand
tested in a loose state. The increase in v values with
increasing stress level was attributed by Duncan et 2126
to dilatancy effect. High values of v obtained in the

present tests may have been due tvo inaccuracies in measuring
volume changes which occurred, using available laboratory
equipment,

51

An approximate procedure used by Penman EE gl
for determining v for the condition of small lateral
deformation was adopted. This procedure requires a
knowledge of Ko which may be obtained from the empirical
relationship suggested by Jaky3§ and lately verified by
Bishop and Brooker et 3}11 The value of v

calculated in this way was equal to 0.263.

Poisson's ratio of the blaes was determined from the
axial and volumetric strains observed in the triaxial test
using equation (7.1). A representative value of v was
taken as 0.31, Appendix{VIll-c¢)
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7.6.2 Properties of ties

The properties and dimensions of ties used in the model
and field walls are shown in Table (7.4).

The elastic modulus of the perspex was taken from the
technical service note, published by I.C.I.34 Plastic
Division, at a temperature of 20°c equal to the mean
laboratory temperatutre. Laboratory tests on the tie material
at this temperature gave values within + 4% of the I.C.I.

value.

The elastic modulus of the stainless steel ties, used
in the Granton field wall, was determined from a laboratory
test and is shown in Table (7.4).

7.6.3 Properties of foundation material

The model walls were assumed to rest oa an infinitely
rigid foundation,

The Granton wall was analysed assuming a rigid founda-
tion and flexible foundation conditions. 1In the latter case
the 2.50 m deep soft clay layer was modelled by assuming it
as an isotropic material and nominal values of E and v
were assigned to represent soft clay and no volume
change conditions respectively as shown in Table (7.5).

7.6.4 Properties of skin elements and stone pitching

In the model tests, the effect of the skin elements on
the internal stability of the walls was neglected and the
skin elements were designed to rotate freely on each other
to simulate the full scale panel behaviour. In the present
finite element analysis, the stiffness of the model skin
elements was assumed not to affect the theoretical wall
- behaviour.

For the Granton wall, nominal concrete elastic properties
and density were assigned for the skin elements as shown in
Table (7.6). The stone pitching at the back of the field
wall was assumed to have identical elastic properties and

density to the concrete.
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TABLE (7.3) The Soil Properties
The soil SAND BLAES
parameter used in model tests used in the
Granton wall
Angle of internal o
Friction g 40 46
Cohesion ¢ 0 41.37 kN/m2
-5 3 ; 3

Density 4 1.587 x 10 N/mm 16.65 EN/m
Poisson's
ratio v 0.263 0.310

- 2 4 2
Intercept a 2.12 N/mm 1.39 x 10" kN/m
Slope B |1.549 x 10° 223

where a and b are the intercepts and slope of the initial

tangent modulus Ei M

Equation (7.2)

the confiving prssure o

curve
3

Method of determining the constants a,b for the sand
and the blaes is shown in Appendix (VIII), Sections (b)

and (c) respectively.
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TABLE (7.4) Properties of Ties
Parameters Model Walls Field Wall
. 2 o 8 ..., 2
Elastic modulus 2896 N/mm @ 20°C 1.965 x 10 kN/m
Tie Width 22.3 mm 80 mm
Tie Thickness 1.37 mm 1.5 mm
Tie Length 0.40 m 6.50 m
Horizontal tie
spacing 100, 150, 300 mm 750 mm
Vertical tie
spacing 83.3, 100, 250 mm 750 mm
TABLE (7.5) Properties of Foundation Material
Parameter Model Walls Field Wall
Elastic modulus Rigid foundation 1.20 x 10% xN/m?
Poisson's ratio " 0.495
1" 3
Density 18.85 kN/m
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TABLE(7.6 ) Properties of Skin Elements

Parameter The Field Wall Skin Element
) *Concrete"
Area (unit width ) 0.18m2

Moment of

inertia (UNit width) 0.486 x 10~3 n?

7

Elasticity modulus - 3.00 x 10 kN/m2

Poisson's raiio 0.300
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7.7 Results of the Finite Element Analysis

In this section the results obtained by idealizing the
model and the field wall behaviour will be presented.
Further comparison with the observed model and field wall
behaviour will be presented in Section (7.8).

7.7.1 Model Walls

From the model wall results the contours of the follow-
ing parameters were drawn:

- The tie forces

- The non-dimensional tension K= =
YhAH.S

- The theoretical vertical stress oy

- The theoretical horizontal stress oy
Ox

o
y

- The theoretical vertical soil strain &y

- The stress ratio

- The theoretical horizontal soil strain €y

- The theoretical shear stress in the soil txy

- TLe theoretical shear strain in the soil ¥xy

7.7.1la The tie forces

Contours of the tie forces predicted by the finite
element method for model walls built in series E tests are
shown in Figs (7.4) to (7.8).

It can be seen that the patterns of the tie force
distribution are similar for the different vertical and
horizontal tie spacings, The magnitude of the tie force
depends on the tie spacing, and increases with increasing
horizontal or vertical tie spacing. The finite element
analysis gave a tie tension distribution along horizontal
planes in the wall, which is a maximum near the wall face and
decreases towards the back of the wall.
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7.7.1b The non-dimensional tension

From the predicted tie forces the non-dimensional tension

X = T was computed for each tie spacing used in the
Yh. AH.S

Series E tests and the results are shown in Figs(7.9) to (7.13).

The contour maps of the non-dimensional tension X are
practically similar in pattern and identical in magnitude
dirrespective of the different horizontal and vertical tie
spacings used in the walls,

The theoretical non-dimensional tension decreases from
a maximum value at the top of the wall to a minimum value at
the bottom of the wall and this is in agreement with the
observed model and field wall behaviour and the energy
theory (LO.L.A.) prediction indicated in Chapters Five and
Six, Figs (5.42) and (6. 6 ) respectively.

7.7.)Jc Stresses in thesoil

Contours of the vertical stress oy, the horizontal
o
stress o, the stress ratio —;5 , and the maximum principal
y
stress 0&, were drawn for the tie spacing (AH=100 ,S=150mm) and are
shown in Figs(7.14) to (7.17)., Similar patterns of stress
distribution can be expected for the rest of series E tests.

The variation in the vertical stress qy along horizontal
sections in the reinforced earth wall and its backfill are
uearly uniform, This indicates that the variaticn in the
vertical stiffnesses of the wall and the backfill almost have
no effect on the vertical stress variation.

The contours of horizontal stresses Fig (7.15) showed
a large drop at the back of the reinforced earth walls,
probably due to the difference in horizontal stiffness of
the reinforced earth wall and the soil backfill just behind
it. The theoretical horizontal stresses are all compressive
as was expected,
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o
The contours of the stress ratio —65 are shown in Fig

y
(7.16). These have a minimum value of 0.1 in the backfill

of the wall and a maximum value of 0.35 in the reinforced
earth fill. Comparing these values with the active and at
rest coefficients of earth pressure which are 0.22 and 0.36
respectively, it can be seen that the finite element analysis
predicts an at rest state of stress in the reinforced earth

o
£fi1l. Values of T" less than K, may indicate the
y
inadequacy of the isotropic assumption of the backfill soil
behaviour 18

Contours of the theoretical maximum principal stress
are shown in Fig (7.17). These are generally uniformly
distributed over horizontal sections in the reinforced earth
fill, and no obvious potential failure surface can be deduced
from the graph.

7.7.1.4 Strains in the soil

Contours of the vertical and horizontal strains are
shown in Figs (7.18) and (7.19) respectively. The contours
of th2 vertical strains are similar to the vertical stress
contours and almost regularly spaced over the vertical section.
The horizontal strain contours show a large difference
betwern the horizontal strains in the reinforced earth fill
and the strains in the backfill. The latter are much larger
than the former. The positive sign of these indicates a
stretch in the reinforced mass and its backfill, The
contours of the lateral strains in the reinforced earth wall
generally have a similar pattern to the contours of the tie
forces shownin Fig (7.4). Probably this is due to the
assumption of perfect bond between the tie and the soil used
in the analysis.

The contours of the shear stress and strain in the soil
‘are shown in Figs (7.20), (7.21). The distribution patterns
are generally similar and almost symmetrical about the
dividing line between the reinforced earth fill and the
retained soil behind it.
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7.7.2 Field Wall

In the Granton reinforced earth field wall the tie forces
were observed. From the results of the finite element
analysis, the theoretical contours of the tie forces and the
non-dimensional tension were drawn for four different combina-
tions of foundation and skin element rigidity. The results
are shown in Figs (7.22) to (7.29).

The effect of compaction on the reinforced earth wall
behaviour was neglected, since a realistic representation
requires a knowledge of the unloading modulus of the reinforced
earth fill and the fill at the back of the wall, )

Therefore the forces developed in the ties are those due
to the self weight of the fill, the weight of the spreader
beam and the reinforced concrete cope.

7.7.2.a Effect of foundation rigidity on the tie forces

As nas been mentioned in Section (6l2¢) in Chapter Six,
the Granton site was underlain by a rather soft clay stratum
2.50 metre deep, which overlies a gravel layer, To increase
the safety factor adopted in designing the foundation of the
wall to a value above 2.5, as required by the Edinburgh City
Engineer , the whole area under the reinforced earth wall
was dug out and replaced witn blaes.

Two computer runs were made; one for flexible and the
other for rigid foundation behaviour. In the first run the
clay stratum was taken as an isotropic material and nominal
values of E and v were assumed, as described previously
in the material properties, In the second run, the wall
was assumed to rest on an undeformable foundation. In both
cases the skin elements rigidity was neglected. The results
are shown in Figs (7.22) and (7.25). The predicted tie
forces werepractically similar at the top and middle of the
wall. At the wall bottom, however, larger tie forces were
induced when a flexible foundation was assumed.
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7.7.2.h Effect of skin elements rigidity on the tie forces

In the Granton reinforced earth field wall skin elements
used consisted of concrete panels, Finlay and Sutherland29
pointed out that these elements might have more effect on the
wall behaviour than flexible metal skin elements.

In the present programme there is provision for simulat-
ing the rigid skin element behaviour by idealizing it as a
beam element which has a stiffness and elastic properties
corresponding to the actual skin element in the field. The
effect of using such an idealization for the skin elements
on the tie forces can be seen by comparing Figs (7.22), (7.23)
and (7.24). When the skin element rigidity is considered,
compressive tie forces are predicted at the top third of the
wall for both the rigid and flexible foundation cases. The
tie tension magnitude is generally decreased when the skin
element rigidity is considered.

7.7.2.¢c The non-dimensional tension

The contours of the non-dimensional tension for the
Granton reinforced earth wall, drawn for the four computer
runs are shown in Figs (7.26) to (7.29).

It can be seen that the magni‘ude and pattern of the non-
dimensional tension depend on the conditions of the skin
elements and the foundation.

Minimum non-dimensional tension was obtained when the
skin element rigidity was taken into account. In this case
the non-dimensional tension increased with wall depth, and was
different from the theoretical result obtained in the
model walls,

When the skin element rigidity was ignored, the
theoretical analysis using flexible foundation resulted in
slightly higher non-dimensional tension than the analysis in
which rigid foundation was adopted.
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7.8 Comparison between the Observed and Predicted Reinforced
Earth Wall Behaviour

7.8.1 Model Walls

7.8.1.a Tie forces

The observed tie forces in the reinforced earth model
walls and the predicted tie forces by the programme are
shown in Figs (7.30) to (7.34). The predicted tie forces
are appreciably larger than the observed tie forces and
have a different mode of variation. The large discrepancy
in the values of the observed and the predicted tie forces
is probably due to the limitations of the present finite
element programme, outlined in Section (7.4). In addition,
the stiffness of the model skin elements was neglected in the
theoretical analysis, Consideration of the skin element
stiffness results in decreasing the magnitude of the tie
forces, as will be shown in the Granton field wall analysis.

7.8.1.b Vertical stresses in the soil

Comparison between the observed and the thecoretical
vertical soil stresses are shown in Figs (7.35) and (7.36).
The predicted vertical soil stress lay very near to the
theoretical overburden pressure Y.h.

In Fig (7.35) the measurad vertical stresses in
sections 50 and 250 mm from the wall face, are nearly twice
the theoretical values, which could be due to an instrumenta-
tion error. The measured vertical stress distribution shown
in Fig (7.36) is in reasonable agreement with the predicted
vertical stress,

7.8.1.¢ Strains in the soil

7.8.1.c.1 Horizontal strains

The horizontal strains observed at three vertical
sections in the model reinforced earth walls and the correspond-
ing theoretical horizontal strains are shown in Tables (7.7)
and (7.8). '
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The observed horizontal soil strains are substantially
larger than the predicted horizontal strains. This
difference may be attributed to:

(i) The theoretical analysis is based on small

strain assumption.

(ii) Only elastic strains were predicted by the
programme., The sand in the model was probably in a
failure condition especially near the reinforced earth
wall face.

(iii) In the programme the horizontal strain of the
composite was assumed equal to the strain in the soil.
Probably this is not valid for low fill heights, above
the tie level since slippage between the ties and the
soil might occur.

7.8.1.¢c.2 The vertical strains

The predicted vertical strains in the soil are
appreciably greater than the observed vertical strains as
shown in Table (7.9). Most probably the vertical soil stiff-
ness used in the theoretical analysis was larger than the
actual stiffness of the soil, since the sand was tested at
confining pressures slightly higher than the pressures
encountered in the model.

The predicted vertical soil strains are all -ve indicﬁt-
ing compression. In some regions of the wall +ve soil strain,
indicating expansion were measuced. Probably this is due
to a dilatancy effect, which is not accounted for in the

programme.

7.8.1.d Horizontal wall deflection

The measured horizontal model wall deflections, using
the free field strain coils and the computed wall deflections
are shown in Figs (7.37) to (7.39).

The predicted curves are nearly parabolic with the
maximum deflection occurring near the midheight of the walls.

Comparison between the experimental and the predicted
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wall deflections, showed that the discrepancy between the
observed and predicted deflections, probably depends on the
number of ties per skin element and the vertical tie
spacing AH, used in different tests. For the case of one
tie per panel and AH = 100 mm, Fig (7.37) reasonable agree-~
ment was obtained between the observed and predicted values.
For the case of three ties per skin element and AH = 250 mm
Fig (7.38), the observed and predicted wall deflections
reasonably agreed at the upper and lower thirds of the wall.
At the middle of the wall, the observed deflection was
appreciably larger than the predicted deflection, probably
due to the large vertical tie spacing of 250 mm adopted in
building this wall, For the case of six ties per panel and
AH = 83.3, Fig (3.39), the observed horizontal wall
deflection was smaller than the predicted wall deflection.
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TABLE (7.7) - Comparison between the observed and predicted

horizontal soil strain (model walls series E,

AH = 100 mm, S = 150 mm)

D;stance °f1 Level above| Observed Predicted
t et;ertica base of horizontal | horizontal

::il g:cerom the model strain strain

- £

S0 0.78 0.044

50 250 0.83 0.026

375 0.22 0.015

50 0.47 .024

150 250 0.74 .021

375 0.36 .0l14

50 -.128 0.018

250 250 0.379 0.019

375 0.360 0.012

TABLE(7.8) - Comparison between the observed and predicted
horizontal strains in the soil (model walls

series E, AH = 250; S = 100 mm)
Distance of Level above Observed Predicted
the vertical base of horizontal horizontal
section from the model strain strain
wall face - (mm) e % €%
mm
125 1.64 . 057
50 250 4.8 .035
375 0.183 .02
125 0.23 .04
150 250 -2.79 .033
375 0.157 .017
125 0.27 .048
250 250 0.21 .039
375 0.157 .019
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TABLE (7.9) - Comparison between observed and predicted
' vertical strain in the soil (model wall,

series E,

AH = 100, S = 150 mm)

Distance of

Distance Observed Predicted
thetgozizgg::l from Vertical Vertical
:gg mgdel base Wall face strain sgrain

nm (mm) &% y%
50 -,65 -5.4
S50 150 - -5.05
250 -.05 ~-4,96
50 -.,058 -4,37
150 150 +,15 -4,33
250 +0.09 -4,25
50 -,238 -3.36
250 150 +.21 -3.42
250 +.15 -3.39
~-ve Compression
+ve Expansion
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7.8.2 Field wall

In Section 7.8.1 comparisons were made between the
measured and predicted stresses and deformations, in the
model wall. Unlike the model wall, the measured stresses
and deformations in the Granton field wall were found
to be affected considerably by the construction procedure,
thus making a direct comparison between the idealized finite
element solution and the actual field wall behaviour difficult.
However, in this section the stresses and deformations
predicted by the finite element approach will be presented
together with the actual stresses and deformations observed
in the Granton field wall, to find out to what extent the
idealized finite element solution can grasp the basic modes
of variation of the stresses and deformations measured in

29

the Granton wall,

7.8.2.a The tie forces

Figs (7.40)-(7.41) show the measured and predicted tie
forces distribution along the ties. The predicted tie
force distribution showed an irregular variation differing
from -he observed tie force variation.

7.8.2.b Pressure on panels and relative panel tilt

The observed and predicted pressure on the panels and
the relative panel tilts are 3hown in Figs (7.42)-(7.43)
respectively. The observed values of the pressure on the
panels and relative panel tilts do not coincide with the
corresponding predicted values using different assumptions
of foundation aad skin elements conditions.
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7.9 Comparison between the finite element method and
the Energy and Rankine theories

The maximum tie tension observed in two model walls was
compared with the theoretical maximum tie tension envelopes
calculated from the energy theory, the Rankine theory and
the finite element prediction and are shown in Figs (7.44)
and (7.45).

At the top of the wall the theoretical results obtained
from the energy theory (LO.L.A.), the Rankine theory using
an at rest earth pressure coefficient Ko and the finite
element method are coincident.

At the middle and bottom of the walls the finite
element method predicted higher tie tension than the
observed data.

The general pattern of tha tie tension envelope predicted
by the finite element method, is similar to the tension
envelope predicted by the energy theory (LO.L.A.).



Wall lleight~mm

¥Wall lHeight-mm

500
\ .
\\ 8 |Observed| tie tension
\\ \
400 \\‘ \ Ereryy—theory{tocat oo Hobrian)-
N\ N\ (1o.1l.4.)
N\
\
\\ \\ -
300 AN 3 Firfite elemcht
\
) '\ pirediction
i N
200 y, b
ltanli:y N
\ .
_(_l_{ ) . I\ Hankine
N\ (k) -
100 : \\ +—— '
. \ . . \
/ - ../
00 o Gme Sap—— - cf am—— - . I \L

0o 10 20 - 30 40 50 60 65
Tie tension=N '
Fig.%4kComparison between tension envelopes predicted by the Energy

theory, lankine theory & the finite element method
\mordel walls serics L'y AHa250 mm, S=100 mm)

500
\\
\\\ ® QObserved tie tension.
\\
)
400 \8
\\ Energy theory{Local equilibrium)
\ LO.L.A
\ \ . i )_
300 \ \
\) \
\ Finitq element
N\
200 \‘ N prediction
)
\
\
00 — :
! v Rankine\[My .
() el l{ankxn?(kﬁ)
-] )
U“ -/.‘—-—‘ - -
ul 10 20 30 40 50

Tie . tensicn-N

i 7.A§_Cmn':_g,tlsnu between tension eavelopes predicted by - Enerey

theary, Rankine theory & the finite €lement_method,

(Model walls series I WOHR= 8331, S=150 pm)




- 290 -

7.10 Conclusions

In this Chapter the theoretical behaviour of model and
field reinforced earth retaining walls was studied using the
finite element method. The results from the theoretical
analyses were presented and compared with the observed data.
The study indicated that the finite element approach, gives
a complete theoretical solution for the stresses and strains
in a reinforced earth wall, Different parameters influencing
reinforced earth wall behaviour, such as skin element and
foundation conditions can be varied. In this way the finite
element analysis serves as a versatile mathematical tool,
which can be used to assess the relative influence of various
factors on reinforced earth wall behaviour.

However, from the results of the finite element method
and discussions presented in this chapter, several points
arose, regarding the model and the Granton field wall
behaviour. :

In the model the contours of the tie forces were found
to be similar in pattern, irrespective of the tie spacing
and showed a mode of tie tension variation along horizontal
sections in the wall, which is of a maximum at the wall face
and decreases towards the back oZ the wall. Comparison
between the results of the finite element analysis and the
observed stresses and deformations in the model revealed
that the finite element analysis predicted appreciably larger
tie forces and vertical soil strains than the observed values.
The predicted horizontal soil strains were appreciably lower
than the observed values. While the computed horizontal
wall deflections did not correspond completely in magnitude
with the observed deflections, deflected shape of the wall,
given by the computed and observed deflections was similar,
The discrepancy in the magnitude of the observed and predicted
wall deflections was found to depend on the vertical tie
spacing and the number of ties per skin element. For the
case of one tie per skin element and AH = 100 mm reasonable
agreement was noted between the observed and predicted wall
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deflections, The computed vertical stresses lay very near

to the overburden pressure ¥h, The pressure cells in some
cases gave an erroneous indication of the vertical stress

and in other cases gave reasonable agreement with the computed

vertical stresses,

The discrepancy between the observed and predicted
stresses and deformations in the model, was probably attributed
to the limitations of the programme outlinedin Section(7.4) .
In the programme the sand was assumed to be isotropic and to
behave elastically. It has been reported 26 that the
behaviour of materials which dilate, such as the sand used
in the present model, cannot be characterized accurately by
a single value of Poisson's ratio v . The stiffness of
the skin element was neglected in the theoretical analysis
of the model walls, and this may also have had an effect in
the deviation noted between the observed and predicted

values.

For the full scale situation, the finite element method
helped to study the relative effects of the skin element and
foundation conditions on the Granton fi=zld wall, The
actual stresses and deformations developed in the Granton
29 to be affected by the wall
construction procedure,and these were presented together
with the idealized finite element solution. The finite
element results showed some similarities in modes of varia-
tion with the observed field wall data, but the magnitudes
were different. :

wall, have been found

Comparison between the finite element solutions,
the Energy and the Rankine theories, for cases of two model
walls, revealed that the finite element prediction coincided
with the energy theory (LO.L.A.) and the Rankine theory
using an at rest coefficient of earth pressure Ko, at the
top of the wall, although the finite element method
appreciably overestimated the stresses in the ties near the
middle and bottom of the walls,

For the application of the finite element method in the
design of full scale reinforced earth walls, the effects of
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various aspects such as compaction stresses, skin element
stiffness and foundation conditions have to be accurately
modelled in the analysis. If the backfill material is
expected to dilate or contract,such as sand in dense and
loose states respectively, procedures which reflect the
effect of the shear stresses on the volume change

have to be incorporated in the finite element analysis,
Generally the use of the finite element in the design is
costly in terms of preparation time and computer facilities,
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CHAPTER EIGHT

CONCLUSIONS’

Detailed conclusions of the studies carried out on the
reinforced earth retaining walls ig this thesis have been
recorded at the end of each chapter. Conclusions based on
all the studies presented in the preceding chapters will only
be outlined in this concluding chapter.

With reference to the existing theories applied to
reinforced earth retaining walls, rectangular in cross-section
and using a cohesionless material as backfill, the following
conclusions were reached:

(1) For walls consisting of a large number of layers and
having a smooth back the Rankine and the Coulomb theories
predict identical values of tie tension.

(2) The Trapezoidal and Meyerhof vertical stress distributions
resulted in higher tie tensions than the Rankine theory,
depeading on the g ratio of the wall and @ value of the back-
£ill material. In most cases in practice, where % % 1

and O is relatively high, the Trapezoidal method predicts
higher tie tensions than Meyerhof methkod and the difference
between the tie tension predicted by the Tirapezoidal and the
Rankine methods is about 25 per cent or less compared to the

Rankine values.

(3) The Rankine theory, being the main theory currently used
in the design of reinforced earth walls is based on the
simplifying assumption that the vertical direction is principal
for the vertical stress. This gives a linear tie tension
distribution with wall depth and implies a maximum tie tension
at the face of the wall,

(4) None of the above theories takes into account a nonlinear
tie tension variation over the tie length. All the above
theories predict a maximum tie tension at the bottom of the
wall.

With reference to the Energy theory developed in the
present study the following conclusion was reached:
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(5) This theory can take into account non-linear tension
distribution both over the tie length and over the wall
depth, the effect of the tie length on the tie tension, and
the deflected shape of the wall.

With reference to the model test results, and their
comparison with design predictions, the following conclusions

were reached:

(6) The observed critical heights of walls failing by tie
breaking were appreciably higher than the theoretical values
predicted by the Rankine, the Trapezoidal, Meyerhof and
Baner jee methods. The various Energy theory expressions
(LO.L.A., LO.L.D.,, T.L.L.A,, T.L.L.D. and T.P.P.D.) each
predicted different critical heights but all the results
from the Energy theories were closer to the observed values
than the predictions from the existing theories.

(7) Comparison between the experimental and the theoretical
adherence lengths, indicated that generally all theories
overestimated considerably the adherence length. The Energy
theory (LO.L.A.) predicted shortes ties than any of the
existing theories.

(8) Measurements of the tie tersion in the model reinforced
earth walls indicated that the tie tension increases from the
face of the wall to a maximum in the front half of the tie and
decreases to zero at the free ead of the tie. For ties near
the bottom of the wall the maximum tie tension generally lies
near the wall face.

(9) The observed maximum tie tension was found to decrease
with increasing tie length. The Energy theory expressions
(T.L.D. und T.P.D.) predicted nearly similar trends and
magnitudes to the observed values, although the Energy theory
(LO.L.A.) gave higher magnitudes but with similar trend.

The Rankine theory predicted a constant value of tie tension
which was independent of the tie length. The Trapezoidal
and Meyerhof methods predicted a decreasing tie tension with
increasing tie length which approached the Rankine values
when the tie length L was large. The Rankine, the
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Trapezoidal and Meyerhof methods predicted higher magnitudes
of tie tension than the observed values.

(10) The observed maximum tie tension was found to increase
with increasing wall depth but a decrease in the value of

the observed maximum tie tension was noted at bottom tie
level. The Energy theory (LO.L.A,) gave a similar mode of
variation to the experimental results. This method predicted
larger tie tensions for walls built with relatively large tie
spacings, and the difference was found to decrease with
decreasing tie spacing. The Energy theory (T.L.L.D.) gave

a maximum underestimate of the observed tie tension of

about 25 per cent of the observed value. The Rankine theory
gave a maximum underestimate of the observed tie tension, at
the top of the wall, of about 28 per cent and minimum over-
estimate of 37 per cent of the observed tie tension at the
bottom of the wall.

T
m

¥h AHS
for model walls built to a maximum height of 500 mm, was
found to be a maximum at the top of the wall (= 0.40)
and decreased to a minimum value at the bottom of the wall
(= 0.075). The Energy theory (LO.L.A.) gave a similar
pattern to the observed results. The Trapezoidal and
Meyei'hof methods predicted an increasing non-dimensional
tension factor with fill height which was different in
magnitude and pattern from the observed non-dimensional
tension factor X . The Rankine and Banerjee methods gave
constant values of the non-dimensional tension equal to 0.22
and 0.35 respectively which were also different from the

(11) The non-dimensional tension factor X =

observed values.

(12) For a rectangular reinforced earth wall with uniform

tie distribution, the safety factor against tie break was a
maximum at the top of the wall and decreased towards the

bottom of the wall. The safety factor against tie pull out
calculated on the basis of various assumptions of tie tension
(maximum or average) and the tie length (all or part effective),
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was a minimum at the top of the wall and increased towards
the bottom of the wall,

(13) The Energy theory (LO.L.A.,) appeared to give a lower
limit of the observed safety factor against tie break. The
Energy theory (T.L.L.D.) and the Rankine theory predicted
higher safety factors against tie break in some cases.

(14) Comparison between the experimental and the theoretical
safety factors against tie pull out, indicated that none

of the existing methods suggested by the previous investigators
for calculation of the safety factor against tie pull out,
completely agree with the experimental results.

The Energy theory (LO.L,A,) appeared to predict the
general trend of the experimental results, although it did
not correspond completely in magnitude with the experimental
values, The Energy theory (T.L.L.D.) predicted higher
magnitudes and a different pattern from the experimental
results,

(15) Measurements of the horizountal strains in the soil,
showed maximum positive strains indicating expansicn, near

the wall faceland negative strains indicating compression

at sections lying furthest from the wall face. From these
strain measurements, it was concluded that the state of stress
in the souil near the wall face was probably tending towards
an active state of stress and the soil furthest from the

wall face was probably tending towards a passive state of
stress,

(16) The wall deflections calculated from the observed
horizontal strains in the soil, were found to lie close to
the directly measured horizontal wall deflections, indicating
compatibility between the observed horizontal soil strains
and the measured wall deflections.

(17) The pattern of the vertical soil strain appeared to
indicate the effect of the horizontal thrust at the back of
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the wall, The pattern of the vertical soil stress did not
show such an effect. These two measurements do not appear
to be compatible and were attributed probably to inconsistent
pressure cell behaviour with particular regard to their

calibration factors.

From analysis of tie tension at the Granton full scale
wall the following conclusions have been reached:

(18) A study of the maximum observed tie tension versus fill
height curves indicated that compaction stresses affect the
observed tie tension for low (= 1.50m) fill heights above the
tie level, and that the compaction effect diminishes with
increasing fill height above the tie level. A simplified
theoretical analysis showed a similar effect and supported
the supposition that the large increases in tie tension at
relatively low fill heights above the tie was due to the

compaction operation.

(19) The plots of the observed maximum tie tensions with
wall height along with predictions from the corresponding
Energy theory (LO.L.A.) and the Rankine theory indicated that
both theories appreciably underestimated the observed
maximum tie tension. The Energy theory (LO.L.A.) was found
to predict a pattern of tie tension distribution which is
similar to the general pattern of the observed tie tension,
The observed maximum tie tension points were found to lie
within the theoretical curves calculated from the Energy
theory for K = 0.18 and 0.327, Therefore, compaction
probably resulted in increasing the K value of the backfill.
To prevent this happening in practice it is desirable that
compaction procedure should be controlled.

(20) The non-dimensional tension factor X, evaluated from
the observed maximum tie tension, was found to be a maximum
at the top of the wall (= 0.30) and decreased towards the

the bottom of the wall (= 0.1). This behaviour was predicted
by the Energy theory (LO.L.A.). Banerjee and Rankine gave
constant non-dimensional tension factors which were different
from the observed results.
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(21) The construction procedure appeared to lower the
actual safety factors of the wall against tie break and

tie pull out, Localized slippage of the ties was possible
when the fill heights above the tie level were less than
1.70m. The completed full scale wall had a large safety
factor against tie break having a minimum value of 4.93 and a
smaller safety factor against tie pull out and its minimum
value was equal 1.70. Hence a full scale wall is more
likely to fail by tie pull out than by tie break.

(22) Some similarities in behaviour were noted between the
Granton full scale wall and model walls regarding the tie
tension distribution along a tie length and with wall height,
and also with the variation in the non-dimensional tension
factor with £ill height above a tie level.

From theoretical studies on the model walls based on
a plane strain finite element programme, the following
conzlusions have been reached:

(23) The plane strain finite elument analysis predicted a
maximum tie tension at the wall face decreasing towards the
back of the wall.

(24) The non-dimensional teasion factor X , predicted by
the finite element analysis was found to range between 0.45
at the top of the wall to 0.10 at the bottom of the wall.
This range was slightly higher than the observed range of
the non-dimensional tension factor, which was found to lie
between 0.40 at the top of the wall to 0.075 at the bottom
of the wall.

(25) The finite element analysis predicted generally
appreciably higher magnitudes of tie tensions and vertical
strains in the soil than the observed values. The predicted
horizontal strains in the soil were appreciably lower than
the observed values. The analysis predicted similar patterns
of wall deflections to the observed results and the

magnitudes of the two sets of results seemed to correspond
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with each other in some cases, The discrepancy between the
observed and the predicted values was attributed probably to
the limitations of the finite element programme, with
particular regard to the idealization of the sand as an
elastic material.

From the analysis of the Granton field wall, based on
the finite element approach, the following conclusions were

reached:

(26) The observed wall behaviour was found to be affected
by the construction procedure. The finite element analysis
indicated that the theoretical wall behaviour was also
affected by the foundation and the skin element conditions.

(27) The finite element analysis predicted some similarities
in mode of variation of the observed tie tensions, although
the magnitudes were different. No agreement was reached
between the observed relative panel tilts and pressure on

the panels ard the corresponding theoretical values.

(28) For the use of the finite element method in the design
of furll scale wall, additional factors such as compaction,
foundations and skin elements have to be taken into account.
If thue backfill material is expected to dilate under the
shear stresses, procedures which reflect the changes in
volume under shear stresses would have to be incorporated

in the finite element analysis,

Concluding Remark

The present study aimed at investigating the behaviour
of reinforced earth walls, rectangular in cross--ection with
cohesionless backfill and built on rigid foundation, on an
experimental and theoretical basis.

From the observations on model walls, a design procedure
founded on an energy approach has been developed. Comparisons
with experimental results obtained from laboratory scale
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model walls indicated closer agreement with the Energy
theory (LO.L.A.,) than the existing theories.

The Energy theory was further applied for a full scale
wall case and it was found to predict sma}ler tie stresses
than the observed values, This was attributed to the
construction procedure which appeared to have an effect on
the full scale wall behaviour,

Recommendations for further studies on reinforced earth
walls will be outlined in the following section.

Future Work

The following recommendutions are made for further
studies on reinforced earth retaining walls:

(1) The Energy theory proposed by the author for the design
of reinforced earth walls can be further extended to take
account of the foundation flexibility, the skin element
stiffness arnd the compaction stresses.

In this theory various modes of wall deflection, earth
pressure distribution and tension variation over the tie
length may be incorporated in the analysis. The results
may be compared with model test results.

(2) The model studies conducted by the author were limited
to rectangular walls, From the Energy theory it was shown.
that there may be an advantage in building walls of different
shapes to reach a nearly optimum design.

(3) Study of model walls under different types of surcharge
loadings is also recommended.

(4) Full scale wall behaviour may be affected by different
factors such as:

(a) The residual compaction stresses.

(b) The stiffness of the skin elements,

(c) The flexibility of the foundation.
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(d) The presence of clay fraction in the wall back
fill., This affects the soll-tie coefficient of
friction and the internal stability of the wall.

These aspects may be studied on laboratory scale models.
Pointsa,b, ¢ and d can also be studied on an analytical
basis.

(5) Study of suitable tie materials to be used in full scale-
reinforced earth structures. At present stainless steel and
aluminium are mainly used. Plastics and certain fabrics

may be considered as other alternatives,

(6) Study of corrosion of metal ties.

(7) The finite element analysis could be further developed to:

(1) Account for inelastic and anisotropic soil
behaviour,

(11) Represent the soil as a no-tension material.

(111) Allow for slip between the soil and the ties
and the development of plastic zones near the wall face.

(iv) Account for volume changes in the soil and the
subsequent changes in their elastic properties.
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APPENDIX I

Relationship between the non-dimensional tension
factor X and the angle B of inclination of the
failure plane with the vertical

The relationship between the non-dimensional tension
factor X and the angle B > of inclination of the failure
wedge with the vertical, Fig (3.6) was tested by calculating
the numerical values of X and P from equation (3.14),
using values of safety factors ranging from 2 to 8 and angles
of internal friction of soil @, from 25° to 50°. The
P values were varied from 10° to 80° and the corresponding
X, values were calculated. Results of calculations for
a cohesionless material are shown in Table (I.1l). It can
be seen from Table (I.1l) that % values increase with

increasing p values, up to a maximum and then decrease.

Similar behaviour of the relationship between X, and
P was noted for the case of a backfill material with some

cohesion.



Angle of The non-dimensional tension factor - Y

::;;:rﬂ Safety factor 'SP = 2' Safety factor 'SP - 4' Safety factor 'SP « 6' Safety factor 'SF = &'

:i::x::-p Bu25° |$=30°| $35°| Bas0C® | B=25° | $=30°| Pu35°| Be20° | Pu25°| B=30°| B-35°| Pa40® | #=25°| ¢#=30°| g=35° | gus0®
10 0.526 10.444| 0.378] 0.32211.075] 0.912] 0.780} 0.6t | 1.624) 1.380) 1.184] 1.016 ] 2.173| 1.848] 1.585| 1.364
20 .802 10.692] 0.597] 0.513 ] 1.679}1.465] 1.281} 1.118] 2.556] 2.239] 1.965]| 1.723 | 3.433| 3.012] 2.649 | 2.328
30 0.958 | 0.833] 0.721] 0.618 ] 2.064] 1.833] 1.625] 1.433}| 3.170} 2.833| 2.529| 2.248 4.277) 3.833| 3.436 | 3.063
40 1.0341} 0.898] 0.770] 0.645] 2.320] 2.083 | 1.860] 1.648 | 3.605} 3.267 ] 2.950] 2.648 | 4.891| 4.452| 4.041 3.648
50 1.0381} 0.884] 0.734] 0.587 | 2.476 ] 2.231 }1.994{ 1.761 | 3.913] 3.578} 3.254} 2.934 | 5.351| 4.926 4.514 4.108
60 0.9392 0.75 | 0.561) 0.368] 2.515] 2.250 ] 1.985{ 1.716 | 4.091| 3.75 | 3.409| 3.063 | 5.667 | 5.250 | 4.833 | 4.410
70 0.615 | 0.342] 0.061| -.234} 2.324( 1.995| 1.655] 1.298 | 4.034 | 3.647 | 3.248 | 2.830 | 5.744 | 5.300 4.342 4.362
80 =e596 }1.157| -1.754|-2.403 | 1.253| 0.659 | .0257|-0.661 | 3.101 | 2.474 | 1.806 | 1.0813| 4.949 4.289 | 3.586 {2.823

TABLE (I~1) - Values of the non-dimensional tension %, corresponding to the angle of inclination of the

failure wedge

with the vertical calculated from Equation (3.14) for different values of SF and § (cohesionless material

%€ = 0)

- €0¢€ -
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APPENDIX II

Equation of strain energy stored in a tie
due to normal loads

T(x)
1 o.=0
x * o0
x I A T .
C‘#‘ C Q—- c
C C C—ftmmmmmn 4 —_fd
L ax dx
DJL—H(D i voldx
Af 0] l =D 8'—— _(;D
— e capanod D'
2 I o,=0 vxﬁo_f |
T(X) b c
o

Fig 114
In order to calculate the strain energy stored in a

tie only axial stresses were assumed to be acting on a tie.
As shown in Fig (II.l) the elastic strain energy due to an
external load T(x) can be calculated by the principle of

strain energy described by standard text books on the

theory of structures, e.g. Borg et 51510)
The tensile strain € - ((v + v dx) -~ v)/dx
ax
‘x-é!
dx

As the displacement of Section C-C, Fig (II.1l.a) changes by
an amount dv, the displacement of section D-D changes by an

amount d (v + 91 dx) and o, changes by dox.

ax
Consider the work done by external force T(x) and

neglecting higher order terms.

i o™
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v, —A_, o .dv

Work done = Ar' °x'd(v + - .

av
- A . o d(— ) dx
r x 3

(Tie length dx)

" Work done - du, = J . o,.d (——) dx
0

ordUi- JA.O’de .. dx

o
substituting & = X (Hooke's Law)
E
rLg
Total work done = U1 - j A — dx.da,
0 r

L
A,

0
2
or U - [T(x) DdX L.,
0 .
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APPENDIX III

Calculation of strain energy stored in a tie

For the assumed linear and parabolic tie tension
distrihbution shown in Fig (3.11), the strain energy stored
in a tie can be calculated as follows.

From the assumed linear tie tension distribution along
the tie, Fig (3.11.a) the total strain energy U, stored
in a tie can be calculated from equation (II.1l).

A2 '
v - ™2.L(1 - P ) +Tm2(1-.<)’aL+$<2'rm2é.L,
i
6 ArEr 6 ArEr 2Ar£:r
™ L 5.8 2 &
Ui - 22 2 (1 +2 "'P 2« =-1)) ......... (I11.1)
6A E
rr
The value of Ui depends on ) andé . For the case

when the maxirmum tie tension lies at the wall face, or when
the ratio of the tension at the wall face to the maximum tie
tensinn = O.S,Ui is maximum and is given by:

2
Ui l_h_L__

61\r Er

For the case when a parabolic tie tension distribution
over the tie length was assumed Fig (3.11.b) the equation of
the curve can be written as:

T(x) -axz +bx +¢

where x is the distance along the tie and a, b, ¢ are constants
and their values can be evaluated from the boundary conditions:

(1)2-25)—-0;at x = ﬁL
x
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(1) Tm = a( ﬁx.)2 +b(§L) rec

(i11) O - aLz + bL + ¢C

From which the general equation for the curve can be
obtained as:

T 2

T(x) = (-x +2§Lx +(1-2ﬁ)L2)

(1- fa)sz
The strain energy stored can be calculated from equation
(11-1) as: _

2 A
v, - To'L 2p% - 258 +8) ..... (I11.3)

A4
3OArEr(1 - P)

when the maximum tie tension lies at the face of the wall or
A

at the middle of the tie, P = 0 and 0.5 respectively, the

strain energy is

2L

E
r

4

U | emem , emmmmmmee Lt t et et s s s s es e et eesenee (111.4)

4
1 15

>

r

A
For values of P lying between O and 0.5,U; increases
or decveases slightly,
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APPENDIX IV

Series D test results

The results of tie tension measurements from the Series D
tests are presented in Tables (IV.1l) to (IV.4). In this
series 22 walls were built, using perspex ties 22,7 mm wide
and of varying lengths, The soil/tie coefficient of
friction was 0.398, The results of walls No. 3 and 19 are
pot included in these tables, since wall No. 3 was not
instrumented and wall No. 19 failed earlier than was expected.
The tie tensions in the walls shown in Tables (IV,3)and
(1V.4), were measured at position (i) shown in Fig (IV.1).

In these tables also h and T denote the £ill height above
the tie level and the tie tension respectively.

| (1) (11) (111) an
30 180 330 480

distance fr-om centre of strain gauge to wall face

wall

face
L w (11) (111) (W)
1 30 180 330 460

distance from centre of strain gauge to wall face - mm

Fig (IV.1) - Positions of strain gauges on ties (Series D tests)
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Fill Measured tie tension - N -
¢ | height at positions on tie shown
lg o:ﬂ:; O:est above in Fig (1IVv.1)
abou e tie level
(:m) (1) (i1) (iii) (iv)
Test No. 1 75 15.05 9.96 8.53 1.5
L = S00 ma 100 17.4 12.52 9.4 1.8
AH= 250 mm 125 24.4 17.31 12.4 2.6
S = 300 mm 195 31.3 23.45 17.37 4.6
Y - 1.610 210 35.0 27.06 19.8 5.3
25 250 43.3 33.4 22.7 6.23
Hc = 440 nm 285 53.1 40.78 27.686 7.7
315 55.886 - - -

(1) (11) | (i44) (v)

Test No. 2 70 9.8 7.7 3.87 | 0.82
125 16.0 | 13.8 1 6.84 0.96
L = 480 mm 175 25.2 | 21.6 11.4 2.18
AH = 2350 =mm 225 30.3 | 26.9 15.1 2.93
S * 300 mm 250 39.2 | 35.0 19.8 4.4
Yy = 1.61083’
H = 365 mm

TABLE (1V.1) - Results of tie temsion measurements in
Series D tests ‘
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Fill Measured tie tension -~ N -
Information height at positions on tie shown
about the test above in Fig (IV.1)
tie level
h .
() €V (11) (111) (1v)
Test No. 5(D) 75 3.50 4.4 4.24
L =~ 460 mm 125 13.40 12, 30 7.31
AH = 250 mm 145 16.90 14.48 9.45
S = 300 mm 175 20.90 18.40 11.78
¥ - 1.610 gm/g 190 26.0 21.8 13.15
cm
H = 330 mm
c
Test No.14 (D) (1) (ii)
L = 250 mm 70 2.4 2.3
AH = 250 mm 113 9.8 4.9
S = 150 mm 160 12.5 6.72
¥ =1.6010gm - 200 16.6 6.72
cm
Hc = 330 mm
Test No.15(D) (1) (11)
L = 250 mm 80 4.63 -
AH = 250 mm 120 10.9 5.52
S = 150 mm 185 14.7 7.2
¥ - 1.622 gn/y 230 21.0 -
cm
Hc= 357.5 mm

TABLE (IV.2) - Results of tie tension measurements in Series D
tests
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h = height of fill above tie level

T = Tie tension

Test | Information L = 480, Hc = 365, Y = 1.610 gm/cm3
No. | about the AH = 250 mm, S = 300 mm
4 (D) h - mm 75 115 132 195 240
T - N 6.85 16.4 |20.4 26.4 31.1
Information L = 490 mm, Hc = 410 mm
t th
ab:gst ¢ ¥ = 1.610 gm/cm3, AH = 250 mm,
S = 300 mm
6 (D) h - mm 100 125 180 235 270 285
T-N 10.8 16.64122.46 | 31.4 39.16 | 36,79
Information L = 470 mm, Hc = 340 mm, AH = 250 mm
about the
out S = 300 mm, ¥ = 1,610 gm/cm>
7(D) h - nm 85 122 180 215
T~-N 9.66 16.41|23.8 28.1
Information L = 460 mm, Hc = 350 mm, AH = 250 mm
about the .
out S =300 mm ¥= 1,617 gm/cmS
8 (D) h - mm 110 125 |165 190 205 225
T - X 9.8 14,95120.46 | 24.11 | 29,90 |32.1
-+
Information L = 500 mnm, Hc = 360 mm, AH = 250 mm
about the
out S - 300 mm, Y= 1.622 gn/cmS
9| b - mm 110 165 | 205 | 235
T-N 17.56 24.4 |30.1 31.89
Information L = 500 mm, Hc = 465 mm, AH = 250 mm
about the
out S - 300 mm, Y= 1.6146 gn- cm>
Jo(p) M- mm 100 121 | 175 | 235 | 285 | 330 | 340
T - N 2.14 | 10.2 | 20.2 |29.7 | 36.21} 40.4 | 47.4
Information L = 450 mm, H = 310 mm, AH = 250 mm
about the
U S = 300 mm, ¥= 1.615 gm/cm®
11(D) h - nm 90 135 165 185
T-—N 10.36 14.77 19. 62 22.3

TABLE (IV,3) - Results of tie tension measurements in

Series D Tests
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h = height of fill above tie level

T = Tie tension

Test Information L = 440 mm, Hc = 320 mm, AH = 250 mm
No. about the
out S = 300 mm, ¥ = 1.6150 gm/cmS
h - mm 118 128 195
12 (D) TN 8 13.2 27.2
Information L = 440 mn, Hc = 278 mm, AH = 250 m
about the
::st S = 300 mm, ¥ = 1,603 gn/cm®
13(D) h - mm 110 125 153
T-N 13.66 19.1 19.1
Information L = 250 mm, H, = 350 mm, AH 7 250 mm
about the S = 150 mm, ¥= 1,589 gm/cm
test
16 (D) h - mm 85 130 185 205 225
T-N 7.07 11.8 16.0 17.7 19.3
Information L = 240 mnm, H, = 305 mm, AH = 250 mm
t th
about the S = 150 mm, ¥= 1.5960 gm/cmS
h - zm 85 130 180
17(D) T - § 7.3 10.76 15.84
Information L = 170 mm, H, = 310 mm, AH = 250 mm
about the
out S = 100 ma, ¥= 1.615 gn/cm>
h - mm 80 130 185
18 (D) T <K 5,65 8.63 10. 20
Information L = 250 mm, H =265 mm, AH = 125 mm
about the
::st S = 300 mu, Y= 1.610 gm/cxn3
20 (D) h - mm 80 125 . 188
T - N 3.20 13.74 20.0
Information L = 170 mnm, Hc = 350 mm, AH = 250 mm
about the
out S = 100 mm, Y= 1.617 gm/cm>
h - mm 85 | 130 175 205 225
21(D) TN 3.7 | 7.5 [ 9.85 | 11.90 | 14.60
Information L = 167 mm, Hc = 340 mm, AH = 250 mm
about the
out. S = 100 mm, Y= 1.595 gm/cm®
h - mm 130 175 215
22 (D) T <N 6.94 8.72 11.8

TABLE (IV.4) - Results of tie tension measurements in Series D
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APPENDIX (V)

Series E Test Results

A summary of the tie tensions measured in the Series E
tests is presented in Tables (V.1) to (V.5). The tie tensions
in this series were measured at different positions on ties
shown in Fig (V.1l). These positions are designated consecutively
from(a) to (W and are entered in Tables (V.1l) to (V.5).

The observations of the horizontal and the vertical
strain in the soil and the vertical stress in the soil, were
made at vertical sections in the wall lying at 50 mm, 150 mm
and 250 mm from the wall face. These three positions,Fiqy, are
indicated as (i), (i1i) and (iii) respectively and entered in
Tables (V.6) to (V.9) in which these observations are

summarized.

A summary of the horizontal wall deflection measured in
the Series E tests is shown in Table (V.10). The numbers
in the table refer to the positions of the strain coils on
the face of the wall as shown in Fig (V.3).

a b e
‘I 30' ) 1551 1!so 250

f 9 i 4
35 75 115 5

k l m

Wﬂl! face O O O
20 120 200

n __p a r
§0 110 180 250

s 1 u

¢ 0 80 140
Distancesin mm from centre of stain gauge to the inside of
wall face

Fig (vV.1) - Positions of strain §auges on ties
for the measurement of tie tension( series E tests)
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i

1?0 210*Distance from wall facing -mm
Hall' | 'i ’ Line of symmetry of the
facing 0 ja !l(m) \_yei1
Fig(V.2) =-Positions of transducers for measuring stresses &

strains in the soil from the facing of the wall

/
Wall facing

_/

L;3el above base-mnm

Fig (v.3) - Positions of strain coils .

500

(viiiW----375 B-Position of strain coils
(711) -=--250
(vi) §---125
00

“Level above base-mm

on the wall facing

Tie level Fill Measured tie tension - N - observed
above base height at positions on tie shown
of model above in Fig (v.1)
mm tie level
h - mm a b c d e
125 6.4 7.1 6.3 5.5 3.8
125 250 15.3 17.3 15.7 12.0 6.9
375 19.5 23.9 23.1 17.7 10.1
375 125 4,34 5.42 9.51 9.41 -
TABLE (V.1) - Results of tie tension measurements in the

Series E tests

( AH = 250 mm, S = 100 mm)
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Tie level Fill Tie tension - N - observed at
above base height positions on tie shown
|of the model | above tie in Fig (v.1)

mm level -
mm f g i J
150 2.4 3.2 3.9 3.6
50 350 9.9 12.8 12.9 10.8
450 12.0 16.3 16.10 14.1
s t u
100 1.68 3.5 3.9
150 250 5.4 9.5 9.7
350 8.0 13.6 14.1
n p q
50 1.5 2.6 1.9
250 150 6.4 9.5 8.0
250 9.2 14.9 14.4
Kk 1 m
50 1.0 1.3 1.8
350
150 5.4 9.4 10.1

TABLE (V.2) - Results of tie tension measurements in the
Series E tests ( AH = 100 mm, S = 150 mm).
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Tie level Fill Tie tension - N - observed at
above base height positions on tie shown in
of the model| above tie Fig (v.1)

mm level - mm
b 4 g i J
83 1.53 1,53 0.96 )
166 1.55 | 1.91 0.51 o
208 2.20 2.38 1.21 o
42 250 2.30 2.38 1,21 o
333 3.14 3.61 1.99 o)
416 4.30 4.16 2.4 0.62
458 4.6 3.72 2.4 0.62
42 1.36 1.58 1.76 2.2
167 .00 5.00 5.30 3.76
208 250 4.84 | 4.60| 6.00 | 3.76
292 5.23 6.50 6.71 4.46
n P q r
83 2,50 2.10 2.4 2.0
292 166 5.2 7.3 5.6 5.0
208 7.0 9.9 8.9 7.30
83 1.62 2.83 2.3 2.9
375
125 5.02 6.6 6.0 5.7

TABLE (V.3) - Results of tie tension measurements in the

Series E tests ( AH = 83.3, S = 100 mm)
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Tie level Fill Tie tension -~ N -~ observed at
above base height position on tie shewn in
of the model above tie Fig  (v.1)
mm level - mm
f g i J
250 5.8 7.1 7.8 7.1
42 333 7.9 9.7 10.4 7.1
458 10.2 13.5 14,7 9.9
-] t u
167 6.3 4.5 5.4 -
125 250 10.0 8.7 8.4 -
378 14.9 14,7 14.5 -
84 6.12 5.4 - -
208 167 7.20 6.3 - -
292 11.70 12.6 - -
n p q r
83 2.7 4.4 3.6 3.9
292
208 8.8 12.3 10.4 8.3
k i m
83 1.5 3.7 3.1 -
375
125 4.3 7.1 5.9 -

TABLE (V.4) - Results of tie tension measurements in the

Series E tests ( AH = 83.3 mm, S = 150 mm)
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Tie level Fill Tie tension - N - observed at
above base height position on tie shown in
lof the model above tie Fig (v.1l)
mm level - mm
4 g i J
166 5.5 4.9 4.7 4.5
208 8.6 8.7 6.1 5.6
42
333 10.5 10.4 8.4 7.6
458 12.1 13.4 11.2 10.2
83 2.5 4.0 3.4 2.6
167 10.7 13.8 12,7 8.5
125
250 13.4 18.8 | 18.0 12.4
375 19.3 26.8 25.0 15.9
k 1 m
84 7.7 8.0 8.6
208 167 9.9 13.5 12.6
292 14.0 20.7 17.8
n P q r
83 1.7 3.5 3.5 2.7
292
208 6.7 11.3 11.0 8.9
k 1 m
83 2.7 3.3 4.4
375
125 6.1 9.8 10.9

TABLE (V.5) - Results of tie tension measurements in the

Series K tests ( AH = 83.3 mm, S = 300 mm)
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-v Compression
Instrument- | Fill height Horizontal strain in
Tie ation level | above instru- sand ex% observed at
Spacing |above base mentation positions i, ii, iii
of model level (Fig (v.2)
(mm) (mm)
i-8x% | ii-&% | iii— &x%
50 0.055 - -
BH = 100
mm 150 0.108 0.0554 | -0.0665
S = 150
om 50 200 0.172 0.0724 | -0.0665
250 0.397 0.258 -0.223
350 0.621 0.406 -0.258
450 0.783 0.467 -0. 128
50 0. 145 0. 105 0.11
250 150 0.693 0.623 0.334
250 0.832 0.761 0.379
50 - - -0.021
350
150 0.22 0.360 0.361
125 0.34 0.022 0.090
AH = 250 125 250 1.41 0.160 0.175
mm
375 1.64 0.270 0.230
S - 100
mm 40 1.8 0. 340 -0.600
250 125 3.06 0.520 -0.500
250 3.8 0.710 -0.400
125 1.91 0.230 ~-3.140
250
250 4.8 0.210 -2.790
375 125 0. 183 0. 157 0.157

- Results of horizontal soil strain
the Series E tests

TABLE (V.6) measurements in
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+ ve Expansion
- ve Compression

Tie Instrumenta- | Fill height Horizontal strain in
Spacing |tion level above instru4 sand §% observed at
above base | mentation positions i, ii, iij shown
of model level in Fig (V.2)
(mm) (mm) 1~ &% | 11— &%| iii- Ex%
83 0.057 0.010 | 0.050
125 0.108 | 0.0%0 0.120
AH - 83.3 167 0.22 | 0.146 | 0.190
S = 100 270 0.26 0.195 0.200
mm
333 0.110 | 0.052 0.020
375 0.190 0.067 0.039
84 0.223 | 0.108 0.0702
187 0.379 0.112 0.0234
208
250 0.147 -0.121 -0.243
292 0.180 | -0.095 | -0.205
166 0.057 | 0.010 0.050
AH - 83;‘3 208 0.108 | 0.070 | 0.120
s = 150 42 250 0.220 | 0.146 | 0.191
LY ]
416 0.110 0.005 0.0196
458 0.190 | 0.067 0.039
125 0.298 0.137 0.076
250 208 0.330 0.155 0.057
250 0.447 | 0.175 0.119
S

TABLE (V.7) - Results of horizontal soil strain measurements
in the Series E tests
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Tie Instrumenta-|Fill height Vertical strain in sand
Spacing|tion level |above instrud{ &y% observed at posi-
‘(’ ; €! above base |mentation tions 1,1i,iid
mm of model level shown in Fig (v.2)
(mm) (mm)
1—€y% | 1i-€,%| 1ii- &%
S50 -0.25 [|-0.04 -0.048
100 -0.31 - -0.22
BH =~ 100
nm 250 -0.474 - -0.363
S50
8 = 150 350 -0.503 - -0. 347
mm
450 -0.508 - -0.500
50 -0. 286 - -0, 122
150 -0.633 - 0.016
50 250 -0. 534 - 0.091
350 -0. 624 - 0.038
450 -0.630 - -0.050
150 0.042 | 0.124 0.099
150 250 0.029]1 0.164 | 0.079
350 ~-0.058 | 0.153 0.090
150 -0.164 | 0.0816 | 0.089
250 250 ~0.238| - 0.150

TABLE (V.8) - Results of vertical soil strain measurements

in the Series E tests
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Instrumenta- | Fill height Vertical,soil stress
Tie tion level |above instr-| 9y KN/m” observed at
Spacing above base umentation positions i, ii, iij,
(mm) of model level (mm) shown in Fig (V.2)
(mm) i ii iii

§0 0.20 - 0.79

150 1.30 - 2.60

50 250 2.20 - 3.70

AR = 100 350 3.50 - 5.10

mm
8 = 150 450 4,50 - 6.50
nm

50 0.62 0.285 0.68

150 150 2.5 2.36 2.91

250 3.63 3.32 4,35

350 4.80 4,69 6.19

AH = 250 125 5.22 1.59 4,54
mm 250 8.62 3.52 7.82

S = 100 125
mm 375

11.16 | 5.93 10.80

TABLE (V,9) - Results of vertical soil stress measurements

in the Series tests
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Tie Total fill Observed horizontal wall deflections
Spacing height mm - at positions shown in
(mm) (mm) Fig (v.3)
i ii iii iv v
100 0.488
AH = 100
mm 150 0.63 0.804
S = 150 300 1.23 1.67 1.087
mm
400 0.94 1.79 0.83 0.54
500 1.13 2.04 1.07 1.44 0.50
AH = 100 150 0.973
Mm
S = 150 200 0.32 0.11
na 300 0.20 0.624 | 0.463
500 1.81 1.98 1.18 1.024 0.170
vi vii viii
AH - 83.3 125 0.31 0.38
na .
8 = 150 208 0.44 0.686
BR 250 0.73 1.521
270 0.750 1.515 0.18
458 0.921 1.96 0.25
500 0.99 2.081 0.76
AH = 83.3 125 0.189
nn 208 0.33
8 = 100 292 0.704
mm
3538 0.820
500 0.960
AH ~ 250 125 0.820 0.311
me 250 1.21 1.23
8 - 122 378 1.93 3.547 0.581
500 2.31 4.382 1.650

TABLE(V.10) - Results of horizontal wall deflections in the
ries E tests
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APPENDIX VI

Method of evaluating the experimental
safety factors against tie pull out

A computer programme was developed by the author and the
main purpose was to calculate the experimental factor of safety
against tie pull out from the tie tension distribution along
the tie length curves, This programme also calculates the
experimental safety factors against tie pull out using the
maximum tension in the tie and assuming either all the tie
length or only the tie length beyond the maximum tension
position as effective against tie pull out failure, An
experimental safety factor against tie pull out is also cal-
culated by the programme from the average tie tension and
assuming all the tie length as effective against pull out.

For the calculation of the experimental safety factor
against tie pull out from the slope of the observed tie tension
distribution along the tie, a smnoth curve of the degree n
(n = number of sbservations) is passed through the observed
points, The slope of the tie teasion curve is calculated at
predetermined intervals along the tie, from the difference in
tietension AT between adjacent points and the corresponding
incremoent of tie length AL. The programme evaluates the
safety factor against tie pull out at each interval along the
tie ucing equation (5.5) - An average safety factor is then
calculated from the safety factors evaluated at discrete
localities over the tie length,

Peatures of the programme

The programme consists of the main calling programme and
the subroutine INTERP, which is based on the Lagrange inter-
polation polynomial.

Symbols used in the programme

NUMPR = number of problems to be analysed
WIDTH - width of reinforcing tie
LENGTH = length of reinforcing tie



GAMA = Backfill density

TANU = coefficients of friction between soil and tie

H = fill height above tie level

NI = number of observations of tie tension along a tie

X(I) = positions along a tie at which tie tension was
observed

FX(I) = observed values of tie tension along a tie

FPHI = tie resistance against pull out.

Programme Listing

A listing of the computer programme, used for the
evaluation of the experimental safety factors against

tie pull out is given in the following pages.




BatEVEL

g 2 o coao

10v
101
10z

103

130
140

150

151
200
203
294

2us

206
cu7
208
209

120

el MATN DAIE = 77048 11/7¢57¢

0SiAN NER=ENG

PROGRAM uSt LAULRANGE LINTERPULATILUN rURMULA.

TO CALCULATE 1nTekMEULATE VALUES UF FUNCIION X
TASULATED FUR EWUAL UR UNEQUAL INTERVALS

X1 =AKRKAY Or GlvenN Vv ALES OF X

FX = ARKAY OF FUNLTLION

DIMENSION X(20)9sFA(20)9£4(50) 9T (50)

DIMENSTION ZZLSU) s TT(50)

DIMENSTION TLILE (2V)

DIMERSION DTISU) sUL (5U) oSFC(50) suirrnl (502

ReEAL LENGTH

FORMAT (ZUA&G)

FORMAT (F5+2)

FORMAT (/9 TS e CusSERVED TIE TENSIONYs///79169 ' X=COOKRD! 4 T28
s 5 Thn:lON!.//,Tc.'CNS!oT33p'N'o//(FIO.z’le;Flu.z),/)

FORMAT (1Al 98As2UAGe//7)

FORMAT (IS)

FORMAT (13)

FORMAT ("1 //5Tos'0ISTs ALNG. Tlt'9'&9"UL'9T429'TLN$10N'
# T62¢'DT Vs T/I2s'PULL RESISTe "9 T9Us 'SAFE FACT"9//y
“Tldv'CH:'qu9c'CVD‘9T“b"N'o]bdo'N'97789'N'9//96(bA9P10 4))

FORMAT (6XoF LU eG4 9sccXobF 1064)

FORMAT(F10.2) ;

FORMAT(//ZsTos 'St s FRUM AVEKAGE TENSIUN =%eFlUes)

FORMAT(//79Tos ' wiuTh ="9F10e29/9 109 'LENGIH ="9F 10429/

#a TS YDENSITY =14, : iy
11PE1le49/9Toe'nELOHT ABUVE TIE = v,
#0PF10e2+/9Tos'L0CFe Ur FRICTIUN =, *9F10e4)

FORMAT (//sT29 ' ANe TIE RESISTe AGALINST PULLOUT=®4F 1 0.4)

FORMAT(2F10. dntll.“yin.#) ;

FORMAT(//sTos ' Iric AVke SF CALe FKRUM T=CURVE SLOPE =¢4F104.4)

FOPMAY (//sTose'Tle KESISe L=brFECTIVE BEYUNU T=PEAK ='3F10e4)

FOKAAT(//;Tos'SE ASSUMe ALL L=EFFECIIVE ='3F1l0e4y /7y
#T591SF ASSUMe L=aAFTER T=PEAR EFFCVe ='9F10e4)

READ (59140) NUMFR ¢ ]

READ(S592060) WIOTHsLENGTHsGAMAS TANU

KOUNT=0 ;

CONTINUE ' .

KOUNT=KOUNT*1

READ(59100sEnNU=700) TLTLE

READ (5y200) A

Rtl‘sU(bvl3U)Nl

READ(SeL01) (ACLI) gl=19N1)

READ(S9101) (FX(L)YsI=19N1) .

FPRI=2%u IUTA*LENGTR®OAMA®H# TANU :

WRITE(6+103)T1TLE

WRITE(6s102) (ALL) sFA(L) s f=]14yN])

WRITE (69 204) wluin s LENGTHyLAMAY s TANU

WRITE (6920S) P

NN=10

BIv=rx(l)

InlG=]

DO111uJ=2e0il '

IFSTIOVUTSEFAUUUY L0 10 ]2

GO TU 111



rLEVE L

) 2

111

OO0

16

303

10

cle

21 MAIN UAIE = 77041

BI1o=rA(JJ)

InlG=0J

CONTINLE
LFCTv=LEeLTH=A(Ll510) %10
FPRALIZ=2% 4l TH*LFCTVH*OAMARR* TANU
WRITE(BecUn)brnile
SF1=FPRHIZFEX(1210)
SFe=trhnle/FAlLell)
WR1TeE(6s20Y)SH 1 eDH L

B R R R R R R R R R R SR

30 3% 3% ¢ 50 55 38 55 48 S0 35 S0 W 35 5 36 45 3 S 00
PREFEAK [NTCRPULe ANU SAFETY FACIe CALCULATION
B R R P R P R C R PR vt

36 46 45 3% 25 20 3% 35 40 Sr 36 40 3 40 e B i S B P
nN=1ul6 o

IF (N.EQ.I)GU TO 30U
AINC=A(IB16G) /NN
Z(1)=AInC/2e0

LUT8L=2 ¢ Wi

Z2(L)= Z1) *AINC®(L=]1)
CunTINUE

CALL INTERP (AsF AetioZsNNeT)
M1I=NN
DO3031IX=]19M1

2Z2(IXK)=2Z2(iX)

TT(IX)=T(1X)
CONTINUE 7
NIRRT RS aE

THE POST PEAR LWTERKPOLATIUN AND SAFETY FACTOR CAL.
PR R R U R R TR TR e R LR R TR L R
NN=3#NN %
N=N1+1-131G
AINC=(X(N1)=A(LIBIL))/NN
Z(1)=x(IolC)+aAlINC/2.
DO 10 L=2sNnN -
ZIL)=Z(1)+ALnCH*(L=1)
CONTINUE
X(1)=x(IslG)
FACl)=FX(IELO)

IK=N=]
DOSII=1s1In
X(Il+l)=x(ldlic*l])
FX(I1+1l)=FX(luslOo+ll]l)
CONTINUE
CALL INTERP(Xy9F XoNoZeNNsT)
M2=HN ,
M=M]+m2

SU“T=0.U

DO 202 10 =14¢N1
SUMT=SUMT+F X([U)
TAV=SUMT/N]
SF=Frnl/TAV
WRITE(69203) >F
00301 Ix=1l4.¢
TTCIX+111)=T(1A)
ZZUIX+M1)=2(1K) ;

117257¢
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BREVEL 21 { MAIN DAlE = 77048 11/7¢5/¢

301 CONTInuE
NM=N=-1
DOLE0JI=]1 s NM
DGR ESTTUIII=TF (JJ+})
DLTUDISZ2Z0IIFLY=2400d) .
UFPnl(JJ)=a?a1umeUL(JJ)“bANA“H*IANU*lo
SFC(JJ) =LFPHL(UJ) 7UT (UJ)
26u COHTIvUE
WRITE (63190) (ZZ (L) yDL L) s TT(L) 9DV (L) yUFPHL(L) 9SFC(L) sL=1 9ivM)
ARITE(H63151)L2CH) 9T T (M)
SuUinsF=0.0
DOk K=1193Y
11 SUMSF =SUASE +5FC(K)
SFAV=SUNnSF /2%
WRITe (6e20UT7)SFAV
L9999 IF (KOUT=NUMPR) 1209 fU0 700
30 CUNMNT INUE
WRITE(Asl0UZ) (A(L)sb X (L) 9I=1si])
N=N1 : i
NN=40
AINRC=X(10]1) /NN
Z2(1)=AltiC/2e0
DU 40 11B=2 9NN
40 ZALI8) =L Z(1)+AINC*(11B=]1)
CALL ll‘thleﬂvf XeidaZsNNeT)
NM=ENN=1
DO299JI=1 st
OFPHU(JI) =2%n LuTn*0L (V]) ¥CGAMA¥H¥* TANU#10
DT(IL)=T(IL)=TUivl) :
DLCULY=2(JTI*L)=Z(ul)
SFC(J1)=pFPAaL(Jl)szuT (U])
299 COMTINUE o
COWRITE(6s150) (2 (L) sUL (L) o T(L) sUT (L) sUFPHLI(L) 9SFC(L) sL=]1 9yNM)
WRITE (691951 ) Zisin) oT (IiN)
SUMSF=0.0 -
DO 55 IK=1939
55 SUMSF =SUiMSF~>rC (1in)
SFAV=SUMSF /3%
WRITE(64207)SFAV b
GO TO 999
700 STuP
END
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BEVEL 21 INTERP DAIE = 77048 11725704

SUEROUTINE INTERFP (AsF AoiNoZoNNeT)

DIMENSTIUM X(2U0)sFA(2U) sRA(S0) s ANUMI(D0) sUNUMIS0) AL (50) »
#Z(50) 9T(50) .
DO "ubBL=1 NN

P R R R R T R R R T R R RV 2

TO CALCULATE uA ;

R R VR VR R R PR R R R R VR R SRR S

0x=1.0

DU 300 I=lynN

RA(L)Y=ApS(Z(L)=A(1))

OX=UX*¥RA(I)
300 CONT.INUE

RN

' SRR RESRES

2 ; e e
C TO CALCULATE NUMERATOUR -
C PPt R YRRk ER

DU 33 I=1eN
ANUM(I) =AbS(UX/RALL))
3 CONTINUL

g ###QGG##%#%Q#QQ#QQ%####
C TOCALCULATE Tht DENUMERATOR
C R TR PR R E R R R R VR R R SRR RV R 1

DU 500 1=1ls00 4
500 pnUM(I)=1.0

V0 600 I=1aN

DU 600 J=1sul

IF(]l oNEe J) Liuvii) = AgS(ONUMIDI#*(X(1)=A(J)))
600 CONTINUE

DO 800 "=1l40N
00 AL (L) =anuM(L) Zununtl)

i 35 4% 3 35 3% 3 4 3 <5 3 30 32 42 90 3 5 30 90 37 S ae T b

L TO DETERMIMNE TRt S16N OF AL

e 36 4 35 35 35 45 30 35 45 S0 43 B S0 Se SP S de S S Se S0 3
KK=0 =

LO 900 I=1eN
IF(Z(L) +OTe X(1)) NA=KA+]
900 CONT INUE '

1/=aK+2

DO 1 LL=IZsiNel
i AL (LL)==AL (LL)

DO &6 I=1lshns2

IR=KK-1 :

IF (IR «0GTs U) ALCGLIK)==AL(IR)
66 CONT INUE

TL)I=0e0

QU 4u00 I=1sn
000 TL)=TL)+aL (1) *Fatl)
eYs! ConT INUE

ke TURN

cMi
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APPENDIX VII

Stresses due to concentrated surface loads

Spangeler

70

gave the following formqla for the

calculation of the horizontal stresses due to concentrated

surface loadings acting on a conventional retaining wall:

p-
where P =
'RN -
x =
Y =
Z =
Rou

(b)

X2.Z

Rv —_— e eeen

5
R0

horizontal unit pressure at any point on

the wall
applied wheel load

horizontal distance from load to point on

the wall

lateral distance from load to point on wall

vertical distance from load to point on wall

-sz + Y2 + 22

This formula was based on a modified Boussinesq theory.

Specifications of the roller used in the Granton wall

Type 10-Ton smooth-wheeled roller
Dasic weight = 106.3 KN
Water ballasted weight = 122.3 KN
weight of front wheel = 37.17 KN
Weight of rear wheels = 69.12 KN

Pressure front wheel = 1372
Pressure rear wheels = 2234
Front wheel diameter = 1.22
Rear wheel diameter = 1.52
Rear wheel width = 0.61
Overall length of roller = 4,57
Overall rolling width = 1.88

KN/m2

KN/m2

g 8 8 8 B8
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APPENDIX VIII

(a) Tangent modulus of soil used in the programme

The overburden dependence of soil modulus Et is modelled
in the programme by the following equation -

. 2
E, =~ E, (- Yh (1-sin@) sing ) ....(VIIL.1)

t .
2¢c cos@ + 2 sinQ@ (ih - 2¢ )
ng

Ng
where N = tan2(45 + 4 )
¢ 2

Ei = a +b Oé = a +b (1-sin@)Yh

¥ - density
¢ = cohesion
= angle of internal friction

h < overburden height

(b) Determination of Ei for the sand

The stress-strain curves obtained for tue sand from a

series of triaxial tests, e.g. Fig(VIII.l), were approximated

by a hyperbolic relationship originally advanced by Kom:lnez“o

which is of the form:

( 61 - 06) I T T T T (VII1.2)
q + ré€
01 and ob are the major and the miuor principal stresses
respectively
q = reciprocal of the initial tangent modulus, Ei
r = reciprocal of the asymptotic value of the deviator

stress
The values of q and r were determined from the triaxial
test results, using Equation (VIII.2) and transforming the
hyperbolae into straight lines as shown in Fig (VIII.2),
This was done for each case of pressure cell Gb and the
corresponding initial tangent modulus was determined for each

case,
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A straight line was assumed for the relationship between
o, and E,. The constants a and b were determined using
regression analysis as shown in Fig (VIII.3).

(c) Determination of E1 and V for the blaes-

In order to determine the initial tangent modulus Ei
of the blaes, the stress-strain curves obtained from a
series of triaxial tests were approximated by Equation
(VII1.2). The experimental results were found as not
completely fitting into the hyperbolic model given by
Equation (VIII.2). The initial tangent moduli were then
determined directly from the stress-strain curves of the
blaes as shown in Fig (VIII.4).

The values of the initial tangent moduli were plotted
against the cell pressure Gé and a straight line relation-
ship was assumed, Fig (VIII.5), from which the values of
a and b were determined.

The Poisscon's ratio of the blaes was determined from
the triaxial test results in Lthe manner described in
Section (7.6.1). The results of the measurements are
shown in Fig (VIII.6).
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stress Cell pressure = 7 KN/m
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Fig ,VIIT~1 Stress-strain curve of dry sands triaxial test |
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Deviator stress 2
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Fige VIII-3 Variation in the initial tangent modulus
with cell pressure for dry sand tested in a

triaxial condition,
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