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Preface

J. A. Gaflney, CBE, DSc, FEng
Past President of the Institution of Civil Engineers

Few subjects in recent years have raised the general interest and imagination of
the Civil Engineering profession as the concept of reinforcing soil. The basic
simplicity of the principles and the economic benefits which may be gained are
very attractive to the designer constrained by economic problems, while the
possibility of producing alternative and innovative structural concepts gives
scope to the engineer’s imagination.

In some areas, developments in the use of earth reinforcement and soil
structures has been dramatic; elsewhere, use has been modest; nowhere has the
subject been ignored. Although academic treatment has been intense, the
driving force and major developments have come from the original practi-
tioners, government research bodies and the material suppliers, who have
skilfully developed and marketed the benefits of earth reinforcement.

Acceptance and general application and use of any technique require
comprehensive specifications, workable technical standards and reference
examples. In the field of earth reinforcement, these technical specifications
have been provided and the subject is recognized as an important and rapidly
expanding field. The rate of growth has resulted inevitably in a demand for
information on the subject. This textbook is aimed at bridging this informa-
tion vacuum.

The book provides a general treatment of the subject of reinforced soil; it is
not exhaustive and is aimed at the practising engineer and the post graduate
student. Although the book covers the theoretical elements in some depth, the
main emphasis is with the practical aspects of the subject in that the subjects of
analysis, economics, construction details, materials and durability are consid-
ered in greater depth than is usual with textbooks.
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factored bearing capacity under toe of structure
ratio parameter

spectral acceleration

maximum horizontal acceleration

cross-sectional area of any unit of reinforcement

total surface area of a reinforcement element

area of a critical plane acted on by a single element of
reinforcement

structural cross-sectional area parallel to the face of the
structure of the /th layer of reinforcing elements, per
metre ‘run’ of structure. In the case of grid reinforcement,
the structural cross-sectional area of the longitudinal
elements, per metre ‘run’ of the structure

width of the loading strip contact area at right angles to
the facing

width of footing or foundation, or span of void

width of an element of reinforcement, or anchor

half effective width of embankment

conceptual shear zone

cohesion of soil

cohesion of the fill in the structure under effective stress
conditions

adhesion between the fill and the reinforcing elements
under effective stress conditions

reduction in ultimate strength of reinforcement for creep
rupture

undrained shear strength

coefficient of uniformity

design diameter of a void

diameter of longitudinal reinforcing element in a grid or
anchor

perpendicular distance between the centre line of the strip
load contact area and the rear of the structure

depth to base of foundation

dynamic force

embedment depth of reinforced soil walls and abutments
dynamic earth pressure

maximum allowable differential deformation occurring at
the surface of an embankment or pavement

eccentricity of an applied force

eccentricity of vertical strip load with respect to the centre
line of the contact area of the load on top of a structure
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elastic modulus

potential of platinum electrode

redox potential

elastic modulus of soil reinforcement

allowable pullout resistance

friction resistance of a grid reinforcement

horizontal shear applied to the strip contact area of width
b on top of the structure per metre ‘run’

pullout resistance of transverse element of a grid

anchor resistance of a grid reinforcement

factor of safety

pullout resistance of an anchor

total pullout resistance of a grid reinforcement
acceleration due to gravity

gravitational constant

specific gravity of soils

height of wedge of reinforced soil

depth of nominal section or element of soil in a structure
overall height of reinforced structure or fill

critical height of structure (energy method)

height of section under consideration above the base
height of the reinforced soil above the /th layer of
reinforcement elements

critical depth

height above toe of a structure

empirical stiffness factor

design stiffness factor

current flow between electrodes

relative density

empirical relative density index

second moment of area of a traverse reinforcing element
coefficient

critical horizontal acceleration

coefficient of lateral earth pressure used in design
coefficient of seismic design

coefficient of earth pressure at rest

coefficient of passive earth pressure

strip length

length of element of reinforcement or embedded length
length at right angles in plan to the face of the structure of
the bottom layer of reinforcing elements

length of anchor element

reinforced bond length

effective length of reinforcement

length at right angles to the face of the structure of the /th
layer of reinforcing elements

length of that part of the /th layer of reinforcing elements
beyond the potential failure plane
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liquid limit

base length of a soil nailing structure

nail length

reinforcement length

elastic extension of reinforcement

length of slip plane

effective mass of a reinforced soil structure

effectiveness of a soil structure

mass of the active zone of the reinforced fill at a depth of
h; below the top of a reinforced soil structure

bending moment about the centre of the plan section of
the structure at the /th layer of reinforcing elements,
arising from the external loading acting on the structure
per metre ‘run’

overturning moment per metre ‘run’ of structure
percentage of mobilized shear strength of soil

number of effective layers of reinforcing elements
number of the first layer of reinforcement to cross the
theoretical failure line

number of reinforcements per area considered

Terzaghi bearing capacity coefficient for strip footing
Terzaghi bearing capacity coefficients for strip footing
Terzaghi bearing capacity coefficient for strip footing
number of transverse members

dimensionless bond area parameter

backfill thrust on reinforced soil block per metre ‘run’
horizontal factored disturbing force per metre ‘run’
measure of resistivity of soil

resistance of anchor to pull-out

dynamic horizontal thrust on reinforced soil block
resulting from a seismic event

basic permissible axial tensile stress in reinforcing
elements

bearing face on front of anchor

pullout resistance generated by friction on top of bottom
of granular fill within a triangular anchor

value of acidity of an aqueous solution

total horizontal thrust on a reinforced soil block during a
seismic event

plasticity index

total horizontal width of top and bottom faces of the /th
layer of reinforcements per metre ‘run’ of structure. In
case of grid reinforcement the width of the /th layer of
grid per metre ‘run’ of structure

horizontal inertial face at the /th layer of reinforcing
elements

horizontal uncritical face resulting from a seismic event
horizontal propping force
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resultant of active earth pressure on reinforced soil block
per metre run due to a uniform surcharge

reinforcement force

pullout resistance generated on anchor shaft in
cohesionless fill

ultimate pullout resistance per metre ‘run’

average contact pressure of footing on reinforced subsoil
average contact pressure of footing on unreinforced
subsoil

factored bearing pressure acting at the base of a structure
bearing capacity ratio

ultimate bearing capacity

resistance

anode resistance

cathode resistance

resistance to sliding per metre ‘run’ of wall

resistance to overturning of structure per metre ‘run’
resultant of all factored vertical loads

shear strength of soil

average shear strength in an embankment

first spectral acceleration

second spectral acceleration

effective spacing of reinforcement or soil nails

horizontal spacing of reinforcement or soil nails

vertical loading, applied to a strip contact area of width &
on top of a structure, per metre ‘run’

shear resistance of geocell or geogrid mattress

vertical spacing of reinforcement or soil nails

thickness of an element of strip reinforcement, or
thickness of steel facing or anchor plate

total tensile force to be resisted by the layers of
reinforcement which anchor a wedge of reinforced soil,
per metre ‘run’ (wedge analysis)

period of oscillation

tensile stress in any unit of reinforcement

first fundamental period of the reinforced soil structure
second fundamental period of the reinforced soil structure
tensile adhesion force of reinforcement

reduction in tensile force due to cohesive fill

peak tensile creep rupture strength at the appropriate
temperature

design strength of reinforcement

design strength of the reinforcement in seismic conditions
frictional resistance per unit length

tensile force developed from the horizontal shear applied
to the top of the structure to be resisted by the
reinforcement anchoring the wedge of reinforced soil
(wedge analysis)
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tensile force developed from the horizontal shear applied
to the top of the structure to be resisted by the 7th layer of
reinforcing elements, per metre ‘run’

tensile force developed from the length of the reinforced
soil above the 7th layer of elements, per metre ‘run’

total maximum tensile force resisted by the 7th layer of
reinforcement, per metre ‘run’

maximum ultimate limit state tensile face resisted by the
ith layer of reinforcing elements during a seismic event
maximum tensile force in the bottom layer of reinforcing
elements or elements under consideration

tensile force developed from the bending moment (M;)
caused by external loading, per metre ‘run’

tensile force due to self-weight, surcharge and bending
moment resulting from an external load

tensile load in a tension membrane, per metre run

total resistance of the reinforcing elements anchoring a
potential sliding wedge during a seismic event

tensile force developed from the external loading (§;) on
top of the structure, per metre ‘run’

ultimate tensile strength of reinforcement

tensile force developed from the uniformly distributed
surcharge (w,) on top of the structure per metre ‘run’
depth of reinforcement beneath footing

external works done by earth pressure (energy method)
volumetric strain

vertical distance between two successive layers of
reinforcement

loading on subsoil due to weight of structure per metre ‘run’
vertical factored resistance force

total weight of soil structure per metre ‘run’

weight of soil contained within Coulomb failure wedge
uniformly distributed surcharge on top of a structure
variable

shear displacement

seismic displacement

vatiable

vertical displacement

effective depth of residual lateral pressure; depth of the /th
layer of reinforcement beneath a footing

maximum ground acceleration coefficient

interaction coefficient relating soil/reinforcement bond
angle with tan @

coefficient expressing  as a proportion of tan ¢’
coefficient relating the soil/reinforcement bond angle to
tan ¢L,; on one side of the reinforcement

coefficient relating the soil/reinforcement bond angle to
tan ¢.., on the other side of the reinforcement
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adhesion coefficient relating soil cohesion to soil/
reinforcement bond

a function

maximum structure accleration coefficient at the centre of
a reinforced soil mass

zero extension directions

inclination of a potential failure plane to the vertical plane
a function

shear strain

unit weight of the fill in a structure

rate of shear strain

partial factor in respect of foundation bearing capacity
optimum dry density

partial factor for loads

partial load factor for soil unit weight

partial material factor

partial material factor related to the intrinsic properties of
the material

partial material factor related to the consistency of
manufacture of the reinforcement and how strength may
be affected by this and possible inaccuracy in assessment
partial material factor related to the extrapolation of test
data dealing with base strength

partial material factor concerned with the construction and
environmental effects

partial material factor related to the susceptibility of the
reinforcement to drainage during installation in the soil
partial material factor related to the environment in which
the reinforcement is installed

partial load factor for soil materials

partial factor related to the economic ramifications of
failure

partial factor for soil/reinforcement interaction (pullout)
partial load factor for external live loads

partial factor for soil/reinforcement interaction (sliding)
partial factor in respect of horizontal sliding on a soil/soil
interface

unit weight of water

strain in soil in direction 6

lateral strain of soil under an applied load

strain in reinforcement

axial compression under an applied load

strain of reinforcement of unit length 4(x)

zone of action of an individual layer of reinforcement
measured potential difference

initial strain in reinforcement

linear strain

horizontal strain
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degrees

kN/m?
degrees
degrees

degrees
degrees
degrees

degrees

degrees
degrees

normal strain rate

major principal strain

major principal strain rate

minor principal strain

minor principal strain rate

initial strain in geosynthetic reinforcement

strain in geosynthetic reinforcement after 120 years
maximum allowable strain in reinforcement

lateral strain of soil in the direction of the reinforcement
position of incidence of Coulomb wedge with facing (tie-
back analysis)

angle of draw of a fill material, approximately equal to the
peak friction angle (¢')

rotation of the reinforced soil structure

coefficient dependent on whether the reinforcement
support is to function as a one way or two day load
shedding system

coefficient of friction between the fill and reinforcing
elements

apparent coefficient of friction

coefficient of friction between the retained soil and the
subsoil

coefficient of friction between uniformly distributed
surcharge and top of structure

volumetric strain

volumetric strain rate

Poisson’s ratio

normal stress

applied vertical load

vertical stress on an element of soil

lateral stress on an element of soil

stress normal to the reinforcement

major principal effective stress

minor principal effective stress

shear stress

Mohr—Coulomb angle of friction

angle of internal friction of soil under effective stress
conditions

minimum angle of internal friction developed at large
strains

peak angle of friction under effective stress conditions
angle of internal friction used in design

peak angle of shear resistance under effective stress
conditions

angle of dilation of soil

maximum angle of dilation
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Introduction

The basic principles involved in reinforced soil are simple to grasp and have
been used by man for centuries. The basic attributes of soil reinforcement
which are of particular advantage in civil engineering are reductions in costs
and ease of construction, coupled with a basic simplicity which provides an
attraction to engineers. Recognition of, and interest in the subject have gained
impetus because of the technical and commercial success that has been
demonstrated by the practitioners. The concept of reinforcing soil has also
attracted the attention of the academic world, for although the concept is easily
grasped the theoretical aspects involved are numerous. As a result, much
research and development work has been undertaken in universities and
laboratories, and soil reinforcing is now recognized as a separate subject in
its own right in the geotechnical field.

Reinforced soils are fundamentally different from conventional earth
retaining systems in that they utilize a different mechanism of support. The
classification scheme for earth retention systems in Table 1.1 provides a
summary of current earth retention methods organized according to the two
principal categories of externally or internally stabilized systems. An externally
stabilized system uses an external structural wall, against which stabilizing
forces are mobilized. An internally stabilized system involves reinforcements
installed within and extending beyond the potential failure mass. Within this
system, shear transfer to mobilize the tensile capacity of closely spaced
reinforcing elements has removed the need for a structural wall and has
substituted a composite system of reinforcing elements and soil as the primary
structural entity. A facing is required on an internally stabilized system, but its
role is to prevent local ravelling and deterioration rather than to provide
primary structural support.

Nearly all traditional retaining walls may be regarded as externally stabilized
systems, Fig. 1.1. Internally stabilized systems are identified by reinforced soils
with predominantly horizontally layered elements, such as metallic strips or
polymeric grids, and soil nailing, in which metallic bars or dowels are installed
during in-situ construction. The key aspect of an internally stabilized system is
its incremental form of construction. In effect, the soil mass is partitioned so
that each partition receives support from a locally inserted reinforcing element.
This process is the opposite to what occurs in a conventional backfilled wall
where pressures are integrated to produce an overall force resisted by the
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Table 1.1. Classification scheme for earth retention systems (after O’Rourke and Jones, 1990)

EXTERNALLY STABILIZED INTERNALLY STABILIZED
SYSTEMS SYSTEMS

In-situ /lhvity Reinforced In-situ
walls walls soils reinforcement
e timber e masonty « metallic, polymeric « s0il nailing
 precast concrete * concrete and organic « reticulated
« sheet piles e cantilever reinforcing strips micro piles
« soldier piles e counterfort and grids « soil dowelling
e cast in situ « gabion o anchored earth

—slurry wall e crib

- secant pile * bin

— tangent pile e cellular
« bored-in-place cofferdam

(piles not

contiguous)

e soil—cement

/‘\ Hybrid systems

Braced Tied-back . .
« tailed gabions
e cross-lot « augered e tailed masonry
o rakers o belled \
e pressure
injected

\
\
\
l
|
|

Special materials

« polymer impregnated soil
« low density fills
— expanded low density
concrete and cement
— expanded polystyrene

structure. The overall earth pressure in reinforced soil, for example, is actually
differentiated by the multiple layers of reinforcement. In soil nailing, multiple
levels of reinforcements interconnect the soil mass so that each potential failure
sutface is crossed by sufficient reinforcing elements to maintain stability.
Hybrid structures combine elements of both internally and externally support
soil, they include tailed gabions as in Fig. 1.2 and the improvement of gravity
structures as in Fig. 1.3.

It is argued that the rate of development of the modern concept of earth
reinforcement could have been greater. However, the critical elements in
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Fig. 1.2. Tailed gabion with
geogrids

Fig. 1.3. Concrete block wall
with geogrid tails

IRV

gabions
—\

fastenings geogrid tails

construction are not necessarily advanced theoretical concepts, but the devel-
opment of design standards, specifications and technique, without which
economical efficient structures cannot be produced. The pioneers of the
modern earth reinforcing systems recognized this and have been consistent
in establishing reliability and quality control methods. Recognized specifica-
tions and standards are available, and the technique has developed to the point
where it has reached general acceptance within the engineering profession and
in some countries is now considered to be the conventional form of construc-
tion for a wide range of structures and applications.

The objectives of this book are to assist in answering some of the questions
raised by engineers working in design and construction, and to provide a
wider treatment of the subject for the academic and research worker than is
usually given in theoretical studies associated with the state of the art. The
arrangement of the text has been chosen so as to guide the reader into the
subject in a structured approach, and although each chapter can be referred to
separately, the order of presentation is chosen to follow in sequence.

A brief history of soil structures and earth reinforcement is provided in
Chapter 2 in order to place the subject in context with the work of the pioneers

interlocking
concrete
wall blocks

\ interlaced

geogrids with
inserted bar

Typical connection

interlocking
concrete
wall blocks

geogrid
tails



and past generations and civilizations. Examples of modern applications are
provided in Chapter 3, which illustrates the breadth of use. These examples are
not exhaustive and the implication in presenting this brief catalogue is that the
use of reinforced soil and soil nailing is expected to develop in many other
applications, particularly as hybrid systems are developed.

Theoretical developments associated with reinforced soil have been exten-
sive in recent years. However, a complete understanding of every aspect and
use of the subject has not yet been developed, although an understanding of
the fundamental principles was established by the early developers and users
and these have since been confirmed or further expanded. The text attempts to
provide a balanced overview of the theoretical concepts involved, based on the
needs of the practising engineer.

The interaction between soil and reinforcement is critical to the subject and
the material properties which influence the interaction are covered in Chapter
5, together with a consideration of the other material properties used in soil
structures.

Design and analysis are considered separately from theory in recognition of
the systematic procedures and disciplines which are required in developing an
actual structure. The importance of idealization and conceptual design in
predetermining the decision to use soil reinforcement is explained before the
consideration of individual analytical techniques. As with theory, there have
been numerous advances in analytical procedures including the concept of
limit modes used to identify different ultimate and serviceability conditions. The
text covers the fundamentals of the main analytical systems, and gives details of
the design procedures which may be used in a range of structural problems.
Rigid procedures for design are avoided as, in accordance with any design
problem, engineering judgement is needed when soil reinforcing techniques
are being used.

Successful production of reinforced soil is as dependent on good construc-
tional techniques as on the correct interpretation of theory. The development
of workable and effective constructional systems has been a key to the success
of the subject without which reinforced soil would have remained an intet-
esting academic toy. Chapter 7 provides a set of general constructional
parameters while Chapter 8 provides information of constructional details
which have been used successfully. It should be emphasized that the suitability
of these details in other structures where conditions, either contractual,
material or financial may be different, must not be assumed. As with all
design, engineering judgement is essential.

Probably the most contentious element of the text is Chapter 9 which covers
costs and economics. It is recognized that the market and financial conditions
are volatile; accordingly, the economics of any proposed structute or use of
earth reinforcement must be related to the prevailing circumstances and
conditions. Similarly, the acceptance or rejection of the concept of any ecology
audit depends on an interpretation of economic philosophy.

Durability of earth reinforcement and soil structures is critical and Chapter
10 describes the mechanism of corrosion and the factors which influence the
life of any structure. In accordance with conventional design requirements, the
measurement of corrosion factors is covered and the durability of potential

Introduction
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reinforcing materials is discussed. Particular emphasis is given to polymeric
reinforcement, reflecting the growth in the use of these materials.

The final part of the text provides a set of four worked examples. The first is
a straightforward design of a retaining wall which serves to illustrate the
difference between the theoretical concepts discussed in Chapter 4 and the
design and analysis and construction principles covered in Chapters 6 and 7.
The second example considers the design of a bridge abutment and, although it
uses the same analytical model as the first example, an abutment produces a
design problem dominated by external forces. The third example illustrates an
entirely different concept of earth reinforcement in the strengthening of the
foundations of an embankment. The fourth example shows how reinforced
soil can be used to provide support over areas of weak soil or voids, and the
final example covers the additional considerations needed in seismic design.

.1 Reference

O’ROURKE T. D. and JONES C. J. F. P. (1990). An overview of earth retention systems:
1970-1990. ASCE Speciality Conf. on Earth Retaining Structures. Cornell, June, 22—
51.
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History

2.1 Ancient structures

The concept of earth reinforcement is not new, the basic principles are
demonstrated abundantly in nature by animals and birds and the action of
tree roots. The fundamentals of the technique are described in the Bible
(Exodus 5, v. 6-9), covering the reinforcement of clay or bricks with reeds or
straw for the construction of dwellings. Constructions using these techniques
are known to have existed in the 5th and 4th millennia BC.

The earliest remaining examples of soil reinforcement are the ziggurat of the
ancient city of Dur-Kurigatzu, now known as Agar-Quf, and the Great Wall of
China. The Agar-Quf ziggurat, which stands five kilometres north of Baghdad
was constructed of clay bricks varying in thickness between 130400 mm,
reinforced with woven mats of reed laid horizontally on a layer of sand and
gravel at vertical spacings varying between 0-5 and 2:0 m. Reeds were also used
to form plaited ropes approximately 100 mm in diameter which pass through
the structure and act as reinforcement (Bagir, 1944). The Agar-Quf structure is
now 45 m tall, originally it is believed to have been over 80 m high; it is
thought to be over 3000 years old. Other ziggurats are known to have been
built, among them being the structure at Ur which was completed circa 2025 BC
and the Sanctuary of Marduk at Babylon, sometimes known as the Tower of
Babel, which was completed circa 550 BC (Copplestone, 1963). The Great Wall
of China, parts of which were completed circa 200 BC, contains examples of
reinforced soil, in this case use was made of mixtures of clay and gravel
reinforced with tamarisk branches (Dept. of Transport, 1977).

The Romans also are known to have used earth reinforcing techniques, and
reed-reinforced earth levees were constructed along the Tiber. A recent
discovery in London of a first-century Roman Army project of a wharf for
the Port of Londinium, has shown that past construction techniques are
markedly similar to present day methods. The timber wharf, parts of which
have been preserved in the Thames mud for 1900 years, is believed to have
been 1'5 km in length. The 2 m high structure was formed from oak baulks
measuring up to 9 m in length, having a vertical face held in place by timber
reinforcing elements embedded in the backfill, Fig. 2.1 (Bassett, 1981).

In parallel with the Romans, the Gauls also made use of an earth reinforce-
ment technique in the construction of fortifications, the technique being to
form alternate layers of logs and earth fill (Duncan, 1855).




History

Fig. 2.1. Roman wharf

Reinforcing techniques for military earthworks appeared common up to the
last century, although there is little reference in published texts. A notable
contribution was made in 1822 when Col. Pasley introduced a form of
reinforced soil for military construction in the British Army (Pasley, 1822).
He conducted a comprehensive series of trials and showed that a significant
reduction could be made in the lateral pressures acting on retaining walls if the
backfill was reinforced by horizontal layers of brushwood, wooden planks or
canvas; similar observations were made with modern reinforced earth backfills
over 150 years later (Saran ez a/., 1975).

In the past, most use for reinforced soil structures appears to have been in
the control of rivers through training works and dykes. Early examples of
dyke systems using reed reinforcement and clay fill are known to have existed
along the Tigris and Euphrates, well before the adoption of the technique by
the Romans. The use of faggoting techniques by the Dutch and the reclama-
tion of the Fens in England are well recorded, as is the construction of the
Mississippi levees (Haas and Weller, 1952). The basic technique is illustrated in
BS Code of Practice CP No. 2.

The reinforcement of dam structures was introduced at the beginning of the
twentieth century by Reed (1904) who advocated the use of railway lines to
reinforce rockfill in the downstream face of dams in California. A similar
technique, but using grids made up of three-quarter-inch diameter steel bars,
was used as late as 1962 in Papua (Fraser, 1962). Other applications of the latter
system have been reported in South Africa, Mexico and Australia. Recently,
the construction of reinforced earth dams has again been found to be
economical.

A significant development to the modern concept of reinforced soil
structures was made in the United States in 1925 by Munster (1925). He
produced an earth retaining wall using an array of wooden reinforcing
members and a light facing. Munster minimized the problem associated with
the settling of the backfill by using sliding attachments, between the reinfor-
cing members and the facing. Although the materials and details suggested by
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Munster would not find favour in modern construction, the techniques
inherent in this system are valid and form the core of one of the construction
techniques used today, Fig. 2.2.

In the 1930s, French developments came to the fore; first Coyne (1927)
introduced the mur a échelle (ladder wall), in which the retaining wall consists of
a mass of granular filling unified by a row of tie members each having a small
end anchor, together with a thin cladding membrane. Settlement of the fill was
catered for by the use of flexible tie members, one form of which was a
galvanized flat iron strip. Coyne also recognized that the surface cladding
needed to be designed for settlement of the fill and advocated the use of flexible
gaskets between facing slabs, elsewhere he used a form of overlapping slabs
which could move relative to one another, Fig. 2.3. Although Coyne’s
structures mostly used an anchor block at the end of the tensile reinforcing
member, in 1945 he recognized that provided the fill possessed good frictional
properties, the ties themselves could provide the necessary bond with the fill
without the use of end anchors.

Coyne can be identified with the modern approach to earth reinforcing
techniques, not only did he consider the mechanisms but also recognized the
problems associated with the technique, such as the need for durability of the
reinforcing elements. Recognition of the basic mechanism and what influences
performance can be seen in Lallemand’s development of the reinforcing

N\
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Fig. 2.4. Vidal wall

10

elements in which a number of rigid claws were arranged along the length of
the reinforcement to increase adhesion with the soil (Lallemand, 1959).

2.2 Modern structures

The modern concept of earth reinforcement and soil structures was proposed
by Casagrande who idealized the problems in the form of a weak soil
reinforced by high-strength membranes laid hotizontally in layers (Wester-
gaard, 1938). The modern form of earth reinforcement was introduced by
Vidal in the 1960s. Vidal’s concept was for a composite material formed from
flat reinforcing strips laid horizontally in a frictional soil, Fig. 2.4, the
interaction between the soil and the reinforcing members being solely by
friction generated by gravity. This material he described as ‘Reinforced Earth’,
a term that has become generic in many countries, being used to describe all
forms of earth reinforcement or soil structures. In some countries, including
the United States and Canada, the term is a trademark. The first major retaining
walls using the Vidal concept were built near Menton in the South of France in
1968, although Vidal had built structures eatlier, starting in 1964.

The first structures used a pliant surface cladding made up from horizontally
laid U-shaped sheet metal channel members. In 1970 an alternative cladding
using a cruciform reinforced concrete member was introduced; concrete-faced
structures are now used widely, Fig. 2.5. The first use of Vidal’s form of earth
reinforcement in the United States was to correct a landslide in California in
1972, while the first reinforced earth structure in the UK was completed in
1973. In the same year another form of construction, the York method, having
similarities with the earlier Munster technique, was introduced in the UK,
having been developed on behalf of the Department of Transport, Fig. 2.6.
The York method has been the subject of continuous development for a period
of 15 years and has evolved as a construction philosophy rather than a single
technique. Central to the philosophy is that it uses common construction
materials wherever possible and can be adapted to use any form of reinforce-
ment or anchor.

The introduction of the Vidal structures led to rapid development. Much
fundamental work was sponsored by various national bodies, notably at the
Laboratoire des Ponts et Chaussées (LCPC) in France (Schlosser, 1978), by the
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Fig. 2.5. Concrete cruciform faced
wall

United States Department of Transportation (Walkinshaw, 1975) and by the
United Kingdom Department of Transport (Murray, 1977). This work led to
the introduction of improved forms of reinforcement and to a better under-
standing of the fundamental concepts involved. Fabrics were introduced,
although these materials have largely been confined to geotechnical applica-
tions other than soil reinforcing. In 1974 the California Department of
Transportation introduced the use of mesh or grid as the reinforcing element
in retaining walls, which has led to further developments (Forsyth, 1978).

Material development is interrelated with soil structure developments.
Whereas the early structures were formed using organic materials such as
timber, straw or reed for reinforcement, Pasley recognized the potential of
mote advanced forms of reinforcement, particularly in his use of canvas as a
reinforcing membrane. Canvas could only have been expected to have a limited
life before deterioration and Pasley’s structures would not have been expected
to last for long periods; in the nineteenth century organic reinforcements still
remained superior.

It was not until the necessary technical advances had taken place that
artificial or engineering materials could be used for reinforcement. Coyne in
the first half of the twentieth century was notably conscious of the problems of
corrosion, an attitude which is also reflected by Vidal and others. Some
structures are not susceptible to corrosion or deterioration of the reinforce-
ment as they have a short life. An example can be found in the mining industry
where, as early as 1935, steel wire netting was being used to reinforce roof
packs in the Yorkshire coalfield in England (Brass, 1935). The reinforcement

/n

Fig. 2.6. York method (after
Jones, 1978)




History

Fig. 2.7. Wire net reinforced
roof pack in Yorkshire coalfield

edge stones wire net reinforcement

asfacing
waste stone

floor

was laid in horizontal layers, dividing the pack into thinner slices, the frictional
effect between the wire netting and the waste stone fill being relied upon for
stability, Fig. 2.7.

The use of textiles for reinforcement could not be contemplated until the
development of synthetic polymer-based materials. Synthetic fabrics were
known prior to 1940 but it was not until the late 1960s and early 1970s that the
advances in synthetic fabric and geotextile developments led to the construc-
tion of reinforced soil structures. Fabric reinforced retaining walls have
proved to be economical but are somewhat utilitarian in appearance, and the
larger use of geotextile fabrics has proved to be in the areas of separation,
filtration and drainage.

Geotextile materials can be divided into two categories: conventional
geotextiles and specials. Conventional geotextiles are products of the textile
industry and include nonwovens, woven, knitted and stretch bonded textiles.
Special geotextiles, usually referred to as geosynthetics, are not usually
produced in a textile process. Two major forms have evolved: geogrids and
geocomposites. Geogrids have been used in civil engineering since the early
1960s, one of the first major applications being the use of high-density
polyethylene grids in the construction of railway embankments in order to
reinforce volcanic ash fill, and to enable higher levels of compaction to be
attained (Yamamoto, 1966; Watanabe and Iwasaki, 1978). Around the same
time, grid reinforcement was used to reclaim land for Nyeta Airport, Tokyo,
and to improve the bearing capacity of weak subsoil (Yamanouchi, 1967).
Following the examples of the California Highway Authority and the former
West Yorkshire Metropolitan County in the UK, high-strength geogrid
reinforcement is now used for concrete faced structures.

Geocomposites consist generally of high strength fibres set within a
polymer matrix. One of the main uses for these very high strength materials
has been as reinforcement of embankment structures over voids or as tension
membranes. The development of geosynthetic reinforcements is continuing, a
recent innovation being the introduction of ‘electro kinetic geosynthetics’
with advanced properties combining the functions of drainage, reinforcement
and the concept of electro-osmosis.

In the 1980s a special type of reinforcement in the form of an anchor was
evolved simultaneously in Europe, Japan and the USA. The multi-anchor
system was developed by Fukuoka (1980) for the Japanese Ministry of
Construction. The anchor is in the form of a rectangular steel plate, Fig. 2.8.
The NEW retaining wall system, developed in Austria, is based on an elevated
concrete facing and polymeric ties in the form of a closed loop (Fig. 2.9)
(Brandl and Dalmatiner 1986). In the USA and the UK, anchors formed from
waste automobile tyres illustrated both the economic and the environmental
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benefits of reinforced soil. Steel anchors formed from a single piece of rebar
were developed by the Transport and Road Research Laboratory in the UK
(Murray and Irwin, 1981). The first polymeric anchor was developed in 1992
(Jones and Hassan, 1992).

In 1981, the development of soil structures advanced into a new area of
application when synthetic grid materials were employed in the repair of
cutting failures on the M1 and M4 motorways in England (Murray ez a/., 1982).
The stabilization of cuttings by earth reinforcing tormed in situ, using
techniques similar to those employed in ground anchor techniques, had
previously been introduced in Germany and the USA. These ‘soil-nailing’
or ‘lateral earth support systems’, together with the repair techniques devel-
oped on the M4 motorway, epitomize the present stage of earth reinforcing in
which the technique is accepted as a conventional design option available for
use in the design of geotechnical structures.

Soil reinforcement acting as tension membranes supporting roads, build-
ings, embankments over voids or acting as construction aids in cases of
extremely soft soil (super soft soil) were introduced in the 1980s. Yano e/ a/.
(1982) describe the problems associated with coastal areas including the bays of
Tokyo and Osaka, where soft marine clay has been deposited over wide areas.
This material has little or no bearing capacity but can be in a potentially prime
location. Soil reinforcement in the form of grids is used to form a primary
construction stage providing support for conventional ground improvement
techniques.

The use of tensile reinforcing elements to support structures over natural or
man-made voids has evolved to the point where the technique is described in
the new British Standard on Reinforced Soil (BS 1995).

A multitude of hybrid systems and techniques are now available, one of the

Fig. 2.9. NEW retaining wall

System

anchor
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Fig. 2.10. Tailed gabion
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most successful of which has proved to be the tailed gabion introduced by
Jones and Templeman (1979), thus the stability of conventional gabion
structures can be enhanced by the addition of reinforcement, Fig. 2.10. New
systems and developments continue to evolve, and even the advantages of pre-
stressed reinforced soil have been demonstrated (Barvashov ef a/., 1979).
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3

Application areas

3.1 Introduction

This chapter forms a catalogue of some of the application areas for the use of
earth reinforcement and illustrates where soil structures of various forms have
been found to provide economic and technical benefits. Each case is an
illustration of the concept of earth reinforcements but should not be taken
as being the only effective or rational solution to any problem. The diagrams
used show typical structural shapes and approximate dimensions and scale. In
practice each application should be considered separately. Applications and
techniques may often be combined and the introduction of new construction
materials enable other applications to be considered. The variety and range of
the areas of application for these techniques is unlimited.

3.2 Application: Bridgeworks

3.2.] Bridge abutment, Fig. 3.1

Materials. Reinforced or prestressed concrete facing, strip, grid or anchor
reinforcement, frictional or cohesive frictional fill.

Comments. Economical; may be used on poor subsoils; speed of erection high,
able to accommodate compressive ground strains, conventional articulation of

the bridge.

3.2.2 Bridge abutment with piled bank seat, Fig. 3.2

o - -
e - ! ) {
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H —— ]
Fig. 3.1. Bridge abutment (after
TSV | Goughnonr and Di Maggio,
2 1979)




Application areas

Fig. 3.2. Piled bank seat,
reinforced soil abutment

Fig. 3.3. Deck supported on
pier, free-standing reinforced soil
abutment

=

1
-

Materials. As 3.2.1.

Comments. Economical; reduced settlement of deck support.

3.2.3 Bridge abutment and support to bank seat, Fig. 3.3

Materials. As 3.2.1.

Comments. Economical; reduced settlement of deck.

3.2.4 Sloping bridge abutment, Fig. 3.4

Materials. Masonry or precast concrete paving for facing; geotextile, geogrid,
strip or anchor reinforcement; frictional or cohesive frictional fill.

Comments. Abutment becomes an extension of the embankment with very
strong abutment/embankment interaction. No bearings required for small
structures. Fabric reinforcement suitable for small structures.
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Fig. 3.4. Sloping bridge
abutment

3.2.5 Reinforced embankment in place of viaduct, Fig. 3.5

Materials. As 3.2.1.

Comments. Very economical and may be used on poot subsoil; speed of erection
high. Opposite faces may be tied together.
3.2.6 Geosynthetic reinforced railway bridge abutments, Fig. 3.6

Materials. Polyester geogrid reinforcement, sandbag temporary facing, full
height mass concrete facing; cohesionless or cohesive fill.

Fig. 3.5. Reinforced
embankment in place of viaduct

Fig. 3.6. Geosynthetic reinforced
bridge abutment
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Fig. 3.7. Bridge approach piling
(after Reid and Buchanan,
1984)

Fig. 3.8. Coyne ladder wall dam
(after Chabal et al., 1983)

20

embankment

|

geotextile reinforcement

l

piles

Comments. Used in Japan to widen railway embankments for additional tracks.
Shown to be stable during major earthquake.

3.2.7 Bridge approach piling, Fig. 3.7

Materials. High strength polymeric reinforcement and specially designed pile
caps.

Comments. Used to reduce the settlement of approach embankments for
highways or railways when piled abutments are required. Provides a major
reduction in cost over alternative methods.

3.3 Application: Dams
3.3.1 Earth fill dam, Fig. 3.8

Materials. Reinforced concrete facing and anchor blocks. Concrete protected
ties.

Comments. Special precautions are required with dam structures. Ladder wall
dams can accommodate considerable settlements as in the 21 m Conguelac
flood control dam in Southern France. An alternative configuration for a
Coyne ladder structure is shown in Fig. 3.9.
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Fig. 3.9. Coyne ladder

Fig. 3.10. Reinforced earth dam
(after Cassard et al., 1979)

3.3.2 Reinforced earth dam, Fig. 3.10

Materials. Reinforced concrete facing, metal strip, grid or anchor reinforce-
ment and selected frictional fill.

Comments. Special precautions are required with dam structures.

3.3.3 Reinforced soil structure used to raise the height of an existing
dam, Fig. 3.11

Materials. Reinforced concrete facing, resin epoxy coated strip reinforcement
and selected frictional fill.

Comments. Special precautions are required with dam structures.

3.4 Application: Embankments
3.4.1 Reinforced embankment, Fig. 3.12

Materials. Geotextile or geogrid reinforcement and indigenous fill.

Comments. Reinforcing embankments may be undertaken for a variety of
conditions, including steepening the side slopes, to permit the use of marginal
fill, or to strengthen embankments.

Fig. 3.11. Raising height of
existing dam (after Engineering
News Record, 1983)
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Fig. 3.12. Embankment
reinforced to produce stability
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Fig. 3.13. Geocell foundation for
embankment

3.4.2 Geocell mattress used to increase embankment stability,
Fig. 3.13

Materials. Geogrid material for mattress filled with selected material.
3.4.3 Geogrid vertical web foundation used to produce embankment
stability, Fig. 3.14

Materials. Geogrid reinforcement and selected fill.

3.4.4 Tied embankment, Fig. 3.15

Materials. Geotextile or geogrid reinforcement and indigenous fill.

Comments. Tied embankments rely upon the strength of the reinforcing
element.
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Fig. 3.14. Geogrid vertical web l
Joundation selected fill
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Application areas

Fig. 3.15. Tied embankment

3.5 Application: Foundations

3.5.]1 Geogrid web or column foundations for embankments on weak
subsoil, Fig. 3.16(a) and (b)

Materials. Geogrid reinforcement.

Comments. Reinforcement webs and columns installed in situ.
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geotextile reinforcement
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Fig. 3.16. (a) Geogrid
cavern

reinforcement of subsoil beneath

embankment; (b) stone columns

Sormed from geogrid tubes;

© ) (c) e.\‘mg/atmn n urban area;
(d) tension membrane over void
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Fig. 3.17. Reinforced fonndation

Fig. 3.18. Reinforced foundation

(after Chinese Report, 1979)

24
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3.5.2 Excavations in urban conditions, Fig. 3.16(c)

Materials. Spray concrete facing and steel nail reinforcement.

Comments. Used in place of anchor systems.

3.5.3 Tension membrane spanning voids or potential voids,
Fig. 3.16(d)

Materials. High strength grid reinforcement and selected fill, no facings are
required.

Comments. Used to guard against sudden collapse or to retain serviceability
tfollowing tormation of void.

3.5.4 Reinforced footings beneath structures, Fig. 3.17

Materials. Strip or grid reinforcement and frictional fill or cohesive frictional
fill.

Comments. Reinforcement used to ensure stability and reduce settlement.
3.5.5 Reinforced foundations beneath storage tanks, Figs 3.18, 3.19

Materials. Grid reinforcement and granular fill.

Comments. Reinforced foundations are used to reduce total and differential
settlement.

A

reinforcement

reinforcement
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bamboo reinforcement Fig. 3.19. Storage tank
foundation in China (after Kim
lime treated soil et al., 1982)

3.6 Application: Highways

3.6.1 Reinforced embankments supporting carriageways, Fig. 3.20
Materials. Reinforced concrete or steel facings, with strip, grid or anchor
reinforcement and frictional or cohesive frictional fill.

Comments. Barth reinforcement permits design idealization not possible with
other forms of construction.

Fig. 3.20. Stepped highway

4 Structures

%/, S Fig. 3.21. Embankment in
mountainous terrain
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Fig. 3.22. (a) Stepped
embankment or retaining wally
(b) gabion faced reinforced soil
Structure

Fig. 3.23. Tyre|Geotextile
composite

26

(a) (b)

3.6.2 Reinforced soil support to embankments in mountainous
regions, Fig. 3.21

Materials. As 3.6.1.
Comments. As 3.0.1.

3.6.3 Reinforced embankments supporting highways,
Fig. 3.22(a) and (b)

Materials. Reinforced concrete or steel facings. Strip, grid or anchor reinforce-
ment.

Comments. As 3.6.1.

3.6.4 Repair of embankment failures, Figs 3.23, 3.24, 3.25

Materials. Waste car tyres and selected fill; the tyres may be tied together with
steel hairpins or geotextile tape.

Comments. Economic repair technique.
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Fig. 3.24. Tyre wall repair of
slope failure

R : original
" v o7t . .7 ¢ ..unstable slope

53m

3.6.5 Formation of reinforced cutting using soil nailing ot the lateral
earth support system, Fig. 3.26

Materials. Steel soil nails and spray concrete facing.

Comments. Can only be undertaken if in-situ soil suitable for soil nailing or
lateral earth support system, i.e. cohesionless soil conditions.

24m

14m

Fig. 3.25. Tyre reinforced
embankment slope (Santa Crug,

California)
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Fig. 3.26. Cutting formed using
so0il nailing

Fig. 3.27. Reinforced soil
repair of cutting failure

Fig. 3.28. Texsol retaining wall
(after Leflaivre et al., 1983)
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3.6.6 Reinforced soil repair of cutting failure, Fig. 3.27

Materials. Geogrid reinforcement used with the failed material.

Comments. Eliminates the need to import suitable fill.

3.6.7 Formation of a reinforced soil block to permit widening of a
cutting, Fig. 3.28
Materials. Mixture of fine polymeric threads with sand and water.

Comments. An industrialized method to provide an artificial root mass.

3.7 Application: Housing

3.7.1 Reinforced soil used to form terraced housing on sloping sites,
Fig. 3.29

Materials. Reinforced or prestressed concrete facing units and strip reinforce-
ment with selected granular fill.

Comments. Application suitable for warm/temperate climates.

0.5m
/
R drain ditch

Texsol
retaining wall

1:0.36

extent of soil
improvement

1:0.54

underground drainage pipe

drain ditch
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3.8 Application: Industrial
3.8.1 Rock crushing plant, Fig. 3.30

Materials. Steel or reinforced concrete facing units together with strip or grid
reinforcement and selected fill.

Comments. Some of the largest reinforced soil structures have been constructed
for industrial use.

Application areas

Fig. 3.29. Terraced housing
(after Leviselles, 1979)

Fig. 3.30. Rock crushing plant

Iig. 3.31. Mineral hopper

Fig. 3.32. (a) Settlement basin;
(b) settlement lagoon
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storage

reservoir /g

Fig. 3.33. Containment dyke TRSTRNY

3.8.2 Mineral storage bunkers, Fig. 3.31

Materials. Sloping reinforced concrete facing units, together with strip, grid or
anchor reinforcement and granular selected fill.

3.8.3 Settlement tanks and lagoons, Fig. 3.32(a) and (b)

Materials. Reinforced or prestressed concrete facings, and strip, grid or anchor
reinforcements, with selected fill.

3.8.4 Containment dykes, Fig. 3.33

Materials. As 3.8.3.

3.8.5 Roof support packs in underground mining, Fig. 3.34

Materials. Wire grid reinforcement and minestone waste fill.

Comments. Used in place of traditional timber packs.

3.9 Application: Military
3.9.1 Army bunkers, traverses and blast shelters
Materials. Polymeric reinforcement formed as grids or sheets.

Comments. The use of non-metallic reinforcements and lightweight materials
may be advantageous.

LLLLL L L L L LL LL

Fig. 3.34. Reinforced pack for 77 ~
roof supporting underground /(
mining grid

Fig. 3.35. Rigid inclusions
aronnd buried pipe structures

(after Magyarne Jordau et al., :O&
1979)
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Fig. 3.36. Railway embankment
standard, Japanese National

- PG Railway (after Uegawa and
poor sub-soil Kornine, 1975)

3.10 Application: Pipeworks
3.10.1 To provide side support to buried pipe structures, Fig. 3.35

Materials. Grid or special shaped inclusions acting together with the usual pipe
backfilling material.

Comments. Produces improved bedding conditions around pipes and increases
lateral earth support.

3.11 Application: Railways

3.11.1 Reinforcement of railway embankments to provide stability
over poor subsoil and to protect embankments from washout caused
by typhoon rains, Fig. 3.36

Materials. Geogrid and strip reinforcement and indigenous fill.

Comments. Low strength thermoplastic netting has been found to be effective as
a reinforcing material.

— Y,
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Fig. 3.37. Railway support
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Fig. 3.38. Root piles (after

Lizzi, 1983)
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3.11.2 Railway embankment, Fig. 3.37

Materials. Prestressed or reinforced concrete or steel facings, together with
grid or strip reinforcements and selected fill. Waste material may be used with
geogrid reinforcement.

Comments. Railway loading on the edge of structures has been accommodated
without difficulty or cost penalties.

3.12 Application: Root pile systems
3.12.1 Foundation supports and repair systems, Fig. 3.38
Materials. Minipiles formed of reinforced concrete.

Comments. The reintorcement in these applications are usually acting as
compression reinforcement (see Chapter 4, Theory).

3.13 Application: Sports structures

3.13.1 Ski jumping slopes

Materials. Steel or geogrid gabions or reinforced concrete facings, with strip or
grid reintorcement.

Comments. Sites may have access problems and gabion facings may be easier to
rransport than precast clements.
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Fig. 3.39. Sea wall (after

Gagnon, 1979)

hydraulic fill in core

mattress or geocell

reinforcement

(a) Construction with reinforced mattresses or geocells

_—— = =
—_ —

—_— e —— _ s
— ._-5—:%\ = —_—=——
g @ % Geocell ring

Geocell ring and
core filling

Second layer of geocells
and core filling

Fig. 3.40. Underwater island
construction (after Jewell and

Wishert, 1983)

Complete structure

(b)
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Fig. 3.41. Reinforced soil
structures forming: (a) walk
adjacent to a river; (b) sides of
a canal (after Patel and Soupal,
1979)
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3.14 Application: Quays and sea walls and waterway
structures

3.14.1 Sea wall, Fig. 3.39

Materials. Special reinforced concrete facing elements, together with strip or
grid reinforcement and selected granular fill.

Comments. Special precautions are required to guard against washout.
3.14.2 Islands constructed underwater, Fig. 3.40

Materials. Geocell reinforcement with hydraulically placed fill.

3.14.3 Wall adjacent to river or forming the sides of a canal or quay,
Fig. 3.41

Materials. Reinforced or prestressed concrete or timber facings together with
grid or strip reinforcement and selected fill.

Comments. The earliest reinforced soil quays built by the Romans used timber
for the facing and timber baulks as the reinforcement.

3.15 Application: Underground structures
3.15.1 Vaults, Fig 3.42

Comments. Used as military shelters.

\/Tl

(a) River

(b) Canal
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Fig. 3.42. Vanlt

3.16 Application: Land reclamation

3.16.1 In coastal areas to reclaim land covered by sludge, very soft
industrial waste or extremely soft clay, Fig. 3.43

Materials. Polymeric grid and a layer of fine cohesionless soil (sand).

Comments. A number of techniques have been developed. One of the most
successful is the primary stage construction technique whereby a working
platform is created on the very soft soil, thereby permitting the use of
conventional soil improvement techniques to be employed.

3.17 References

CAssARD A., KERN F. and MaTHIEU G. (1979). Use of reinforcement techniques in
earth dams. C.R. Co/l. Int. Renforcement des Sols, Patis.

CHABAL J.-P., TARDIU B., CURERBER P. and BATSAND J. (1983). A novel reinforced fill
dam. V11l ESCMFE, Helsinki.

CHINESE REPORT (1979). Testing and research of tank foundation in Zbheijiang Refinery
Factory. Zheijiang University, Hangzhow, China.

ELiAs V. and McCKITTRICK D. P. (1979). Special uses of Reinforced Earth in the United
States. C.R. Coll. Int. Renforcement des Sols, Paris.

ENGINEERING NEWS RECORD (1983). Old fill dam gets fast safety lift. January.

earth bunds

/011N uplift 701N

~
~yr 4

earth

tension membrane (grid)

A o A

softclay = _—_~_—

T _-_-_—_ Fig. 3.43. Land reclamation
_ - _- — - - using tension membranes (after
—-_—————— Yano et al., 1982)

35




Application areas

36

GAGNON G. (1979). Sea wall constructed in Reinforced Earth. C.R. Col/l. Int.
Renforcement des Sols, Paris.

GOUGHNOUR R. D. and D1 MacGaio J. A. (1979). Application of Reinforced Earth
in Highways throughout the United States. C. R. Co/l. Int. Renforcement des Sols,
Paris.

HanNa B. E. and McKITTRICK D. P. (1979). Reinforced Earth Retaining Walls. C.R.
Coll. Renforcement des Sols, Paris.

JewkLL R A and WisHERT S. ]. (1983). Underwater construction using reinforced
hydraulic fill. 11l ESCMFE, Helsinki.

KiM Y. S., SHEN C. K. and BrAY S. (1982). Oi/ storage tank foundation on soft clay. 17111
ECSMFE, Helsinki.

LEFLAIVRE E., KHAY M. and BLiveT J. C. (1983). Un nouvean material: le Texsol.
Bulletin de Liason des Laboratoire des Ponts et Chaunssees, Paris, No. 125, 105—-114.

LEVISELLES J.-F. (1979). Use of the Reinforced Earth technique in the construction of
housing. C.R. Coll. Int. Renforcement des Sols, Paris.

Lizz1 F. (1983). The uticolo di pali radice (Reticulated root piles for the improvement
of soil resistance). 171I] ECSMFE, Helsinki.

MAGYARNE JORDAU M., SCHOULE P. and SZALATKAY 1. (1979). Improvement of
bedding conditions around pipes by rigid inclusions. C.R. Co/l. Int. Renforcement des
Sols, Paris.

REID W. M. and BUCHANAN N. (1984). Bridge approach support piling. Proc. Conf. on
Piling and Ground Treatment, Thomas Telford, London, 267-274.

PATEL M. D. and SoupraL R. C. (1979). Use of Reinforced Earth Walls in Canals. C.R.
Coll. Int. Renforcement des Sols, Paris.

Ugezawa, H. and KORNINE T. (1975). Reinforcement of embankments using net.
Tetgudo-Doboka, 17, no. 5, 21-24 (In Japanese).

YaNno K., WATERL Y. and YAMANOUCHI T. (1982). Earthworks on soft clay using
rope-netted fabric. Proc. Symp. on Recent Developments in Ground Techniques, Bangkok,
225-237.



4

Theory

4. Introduction

Birds and animals which use reinforced soil systems do so through instinct; the
early applications of the principles of earth reinforcement, such as in the
ziggurat at Agar Quf, may have been based upon theoretical studies although
an empirical approach seems more likely. The empirical proposals of Pasley in
the nineteenth century were based upon the results of a large number of
experiments. Pasley’s approach is valid when considering narrow fields of
applications, however, theory is required to describe basic actions.

In 1924, Coyne (1927 and 1945) introduced the ladder wall in which a series
of reinforcing elements usually, but not necessarily, having an anchor were
connected to a facing to form a reinforced soil structure, Fig. 4.1.

Coyne used the analogy of a Howe Beam to describe the action of his
structures, Fig. 4.2. The Howe Beam differs from the braced girder in that the
verticals are tension members as is the bottom flange. The top flange and the
diagonals are in compression. By rotating the Howe Beam through 90° so that
the beam appears to be erected vertically (i.e. like a ladder), then using Coyne’s
words, Fig. 4.3 represents

a beam whose uprights, represented by the anchorages, are in tension and whose
compressed diagonals are formed in the fill itself. The compressed member of the
beam is the facing AC and its stretched member falls around about the vertical plane
BD, passing through the tail of the anchorage. The corresponding extensions (i.e. of
the tension members) are neutralized by the weight of the fill. The whole may be
considered forming a single block of earth coherent in the whole zone ABCD
transversed by the tie rods.

Later, Westergaard (1938) working on a concept suggested by Casagrande

=z

Fig. 4.1. Coyne—ladder wall
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Fig. 4.2. Howe beam

Fig. 4.3. Howe beam analogy of
ladder wall
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moment
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tension member or flange
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deflected shape

considered a medium made up of soft elastic material reinforced by closely
spaced horizontal flexible but unstretchable sheets; this material was known as
the Westergaard material and its properties described in terms of the theory of
elasticity. Harrison and Gerrard (1972) showed this system to be a limiting case
of a cross-anisotropic material.

Reinforced soil is somewhat analogous to reinforced concrete in which the
reinforcement is bonded to the soil in the case of reinforced soil, or to the
concrete in the case of reinforced concrete. However, direct comparison
between the two situations is not completely valid; whereas with reinforced
concrete the reinforcement is designed to carry the tensile forces in the
structural element, in the case of reinforced soil, particularly with non-
cohesive soils, it is likely that a completely compressive stress field will
exist. The mode of action of reinforcement in soil is, therefore, not one of
carrying developed tensile stresses but of the anisotropic reduction or

rotate Howe beam through 90° (anticlockwise)

consider element ABDC B ground
/I TS

A
/ ‘ ;\ | compression diagonal,

replaced by earth or fill

1
~1

e tension member of tie
~ representing reinforcement
~ |
7

compression member 7~ ) )
representing face _ - theoretical tension member

of structure 1 ) not required because of weight
2| of earth or fill

ground (o} ~




soil particles

A \ Theory

w Fig. 4.4. Diagrammatic
representation of reinforced sozl

suppression of one normal strain rate. This suppressive mechanism was
described by Vidal (1963, 1966, 1969a and 1969b) and is expressed diagram-
matically in Fig. 4.4, which shows individual soil particles tied together,
producing a form of pseudo-cohesion.

Consider a semi-infinite mass of cohesionless soil at depth . Vertical stress,

oy ="h (1)
and the at-rest lateral stress,

oy = Kovh
where K, = 1 — sin ¢, ¢ =angle of friction of the soil.

If the soil expands laterally the lateral stress (Kyo,) reduces to the limiting
value (K,0,) where

K, = (lﬂ) — tan’(45° — /2) (2)
1+ sin¢
see Fig. 4.5.

The action and relevance of reinforcement in soil can be illustrated by
considering an element of the cohesionless soil, Fig. 4.6. If a vertical load is
applied to the soil, the element will strain laterally, 6, as well as compress
axially, é,. If reinforcement is added to the soil element in the form of
horizontal layers, provided there is adhesion or interaction between the
reinforcement and the soil caused by friction or other means, and that the
reinforcement is stiff, the soil will be restrained as if acted upon by a lateral
force equivalent to the at-rest pressure (K0,), i.e. the effect of the reinforce-
ment is to restrict anisotropically one normal strain (€g). This is a general
condition, valid for any value of vertical stress 0, and it can be seen that as o,
increases so the lateral stress also increases. Reference to Fig. 4.5 shows that the
stress circle for the reinforced condition always lies below the rupture curve.
Failure can occur only if the reinforcement ruptures or if the adhesion between
the reinforcement and the soil fails.

active

at rest

K. a0y Kﬁav

Fig. 4.5. Stress state in soil
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Fig. 4.6. (a) Soil; (b) soil and

reinforcement
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The force transferred from the unit of soil into the reinforcement is
equivalent to the lateral stress = K0, .
Hence, tensile stress in any unit of reinforcement

K()U\.

a;

where a4, = cross-sectional area of the reinforcement. Therefore, strain in the
reinforcement

Kyo,
b =—— (3)
arEr
where E, is the elastic modulus of the reinforcement and the lateral strain of the
soil €, in the direction of the reinforcement.

Ko,

Therefore, €, = 6, = ——
a.E,

If the effective stiffness (4, E,) of the reinforcement is high, then €, — 0 and the
argument relating to Fig. 4.6 holds. As the effective stiffness decreases, €,
increases, and the earth pressure coefficient Ky — K,.

4.2 General theory

4.2.1 Stress—strain relationship of reinforced soil
4.2.1.1 Vertical structures or walls

The previous argument relating to the behaviour of reinforced soil holds for
vertically faced structures, but because of the anisotropic nature of the action
and effect of the reinforcement, does not apply to the general case. Bassett and
Last (1978) have considered a more general approach to the concept of earth
reinforcement by considering the modification of the strain field of a soil
caused by the addition of reinforcement. Fig. 4.7 shows a conventional Mohr
circle of stress and the corresponding Mohr circle of strain rate.
The centre of the strain circle represents

E+é U
2 2
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The Pole or Origin of Planes determines the major (¢;) and minor (é;)
principal strain directions and also gives the a and 3 planes at A and B across
which € = 0. The physical conditions delineated by the o and 3 directions are
important, as within the arc segment containing the minor principal strain
direction €; all normal strains will be tensile and hence any reinforcement
would be effective. The a and 3 directions for various points in a strain field
can be joined to form zero extension trajectories or characteristics. The a and 3
extension characteristics also represent the potential slip or rupture planes. Fig.
4.8(a) shows the potential slip planes in a cohesionless backfill of a flexible
cantilever rotating about the toe away from the fill, the a and 3 trajectories
indicate the expected form of the strain field, with a constant horizontal
direction for the tensile principal strain (€3)

Reinforcement placed within the tensile arc would be effective; inspection
indicates that the optimum direction for reinforcement is horizontal in line
with the principal tensile strain (é;) Fig. 4.8(b). This direction is used in
practice. It can also be concluded that reinforcement placed parallel with the a
and f3 trajectories would be equivalent to placing reinforcement in line with a
rupture plane; if the adherence between the reinforcement and the soil was less
than the shear strength of the soil alone, then the effect would be to lubricate
the rupture plane thereby weakening the soil. Reinforcement placed within the
compressive arc, Fig 4.8(b), would have to be capable of resisting compression
stresses to be effective.

If the reinforcement is ‘stif compatred with the ¥é; generated within the
shearing soil mass and if there is efficient adherence between the reinforcement
and the soil mass then the direction of the reinforcement must be aligned to one

Theory

Fig. 4.7. (a) Mobr circle of
stress; (b) Mobr circle of strain

rate
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Fig. 4.8. (a) a and 3
characteristics of reinforced fill
produced by wall rotating about
A (after Milligan, 1974);
(b) location of compressive
strain are; (¢) o and B
characteristics for reinforced fill.
B direction aligned with
horizontal reinforcement (after
Bassett and Last, 1978)

Fig. 4.9. Idealized zero-
exctension characteristic fields
through and beneath an
embankment
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compressive arc

@ (b) (©

of the zero extension characteristics. Thus the presence of the reinforcement
placed in a horizontal plane causes a rotation of the o and 3 trajectories, at the
same time the dilation rate is suppressed. The potential failure mechanism of
the reinforced composite would attempt to align with the amended trajec-
tories, i.e. along line (F—F) Fig. 4.8(c).

4.2.1.2 Sloping embankment

Whereas the tensile principal strain (€;) of a cantilever wall can be assumed to
be horizontal, the case of the sloping embankment is not so straightforward.
The problem facing the designer is that of determining or predicting the
directions of the compressed strain trajectories and the a and 3 zero extension
lines. Failure to do this could result in tensile reinforcement being placed in a
position of compressive strain, or along a potential rupture plane. Predictions
of the @ and B planes can be obtained from centrifuge tests (Bassett and
Horner, 1977); from model tests (Roscoe, 1970); by using mathematical
models (Sims and Jones, 1979), or from limit equilibrium methods. The task
is eased by using the observation that under monotonic loading conditions the
axes of principal total stress and incremental strain coincide. Fig. 4.9 shows the
idealized zero-extension characteristic fields through and beneath an embank-
ment, together with the directions of the principal compressive stresses. By
inspection it can be seen that reinforcement placed horizontally in the majority
of the embankment would be advantageous, but horizontal reinforcement
restricted to zone C would be potentially dangerous.

principal compressive B
stresses



reinforcement

Reinforcement at the base of an embankment can be achieved by two
methods. Horizontal reinforcement can be placed at the base in a manner
similar to the technique with vertical walls (A—A) Fig. 4.10, which will create a
condition of horizontal restraint on the plane of the reinforcement; this
method has been discussed by Binquet and Lee (1975). Alternatively, reinfor-
cing tendons can be introduced into the foundation soil beneath the embank-
ment, aligned with the principal tensile strain directions (B—-B), Fig. 4.10. This
is considered in the next section.

4.2.1.3 Reinforcement below footings

Reinforcement placed within the tensile arc of the strain field causes realign-
ment of the strain field which improves performance in both stiffness and load-
carrying capacity. This concept, which has been developed for walls, can be
applied to bearing capacity in foundations.

Figure 4.11(a) shows an idealized zero-extension characteristic field for a
foundation on a uniformally dilating material, similarly Fig. 4.11(b) shows the
case of a collapsing material and Fig. 4.11(c) of an undrained or zero volume
change material. Inspection of Fig. 4.11(a),(b),(c), indicates the potential
effectiveness of reinforcement beneath the footing in the three conditions;
the scope for reinforcing the dilatant material being significantly greater than
with the collapsing material. Fig. 4.11(d) shows the influence of horizontal
restraint at the base caused by a rough footing or by reinforcement.

In accordance with the previous argument the ideal reinforcing pattern, for
the directions of the principal tensile strains indicated in Fig. 4.11, lie along the
lines shown in Fig. 4.12(a). The ideal pattern has reinforcement placed
horizontally below the footing, which becomes progressively more vertical
further from the footing. The form of the reinforcement required in this
application, Fig. 4.12(b),(c), would need to be different to that used in walls,
small diameter (100 mm) ground anchors being typical of meeting the
requirements. Alternatively, a grid could be employed, Fig. 4.12(d).

4.3 Factors affecting the performance and behaviour of
reinforced soil
The following factors, listed in Table 4.1, influence the behaviour and

performance of reinforced soil. To these should be added the external loading
and environmental factors.

Theory

Fig. 4.10. Possible reinforcement
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[
tensile ¢ - compressive
A ;
&
\

(@)

no horizontal
I restraint on base

(b)
no horizontal a
restraint on base
. & .
& compressive

(©)

full horizontal restraint

Fig. 4.11. (a) Zero-extension
characteristics for dilating soil
(after Bassett and Last, 1978 );
(b) zero-extension characteristics
Jor a collapsing material;

(¢) gero-extension characteristics
Sfor an undrained or Zero volume
change material; (d) zero-
extension characteristics for a (@
dilatant material with horigontal

restraint at the base
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Table 4.1. Factors that influence bebavionr and performance of reinforced soil
Reinforcement Reinforcement  Soil Soil state Construction
distribution
Form (fibre grid, Location Particle size ~ Density Geometry of
anchor, bar, strip) (void ratio) structure
Surface properties  Orientation Grading Overburden ~ Compaction
Dimensions Spacing Mineral State of Construction
content stress system
Strength Index Degree of Aesthetics
properties saturation
Stiffness (bending, Durability
longitudinal) (See Chapter
10)
20r
15 T~
O V4 S~a
~ / S~
x ————
> f reinforced
'g 10k ’I
o
g .
2 unreinforced
0.5
0 1 | 1 I
0 2 4 6 8

shear displacement X: mm
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Fig. 4.12. Pattern of
reinforcement beneath footing:
(a) ideal reinforcement pattern;
(b) practical reinforcement
pattern (reinforcement placed
after structure); (¢) practical
reinforcement pattern
(reinforcement placed before
structure); (d) practical
reinforcement pattern

Fig. 4.13. Load—displacement
results for shear tests on
reinforced and unreinforced dense

sand (after Jewell, 1980)
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Rupture pattern of sand
reinforced by a grid reinforcement
in a direct shear apparatus

(after Jewell, 1980)

Rupture patterns observed in
tests on inter-action of a grid
reinforcement in a pullont test on
glass (after Dyer, 1985)
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4.3.1 Reinforcement

Reinforcement when introduced into soil and aligned with the tensile strain arc
disrupts the uniform pattern of strain that would develop if the reinforcement
did not exist. The reinforcement also inhibits the formation of continuous
rupture surfaces through the soil, with the result that the soil exhibits an
improved stiffness and shear strength, Fig. 4.13.

From the figure it can be seen that the reinforcement has no initial effect, it is
only after the reinforcement has been strained that it has influence. As the soil
strains it mobilizes strength to resist the shear loads, soil strain causes strain in
the reinforcement, which leads to a further increase in strength in the
reinforced soil. Strength is improved until a limiting value is achieved, with
further shear displacement the improvement remains constant.

4.3.1.1 Form

In order to improve the performance, the reinforcement must adhere to the soil
or be so shaped that deformation of the soil produces strain in the reinforce-
ment. Reinforcement can take many forms depending largely on the material
employed. Common forms are sheets, bars, strips, grids and anchors, Fig. 4.14.
The forms shown rely on friction to develop bonds between the soil and
reinforcement; the grid and the anchor provide a more positive bond by
developing an abutment or soil-reinforcement interlock.

Considering the case of a strip length /, width B, the frictional resistance
available from the strip can be developed from Figs 4.14 and 4.15.

Value of bond between soil and reinforcement, dT,y = T} — T}

Normal stress on the strip per element of structure = o,

Normal force acting on the strip = o,d/B

soil particle L
/strlp reinforcement

=
tension T’

T
tension Ty !
d/

ot

Theory

Fig. 4.14. Common forms of
reinforcement

Fig. 4.15. Development of
adhesion on a reinforcing strip
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Fig. 4.16. Suggested slip planes
Sfor horigontal bearing
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Therefore, tensile force generated in the reinforcement, assuming the
coefficient of friction between soil and reinforcement is p, is expressed as

dT,y =2'0,B d/u

Therefore for no slippage:

dT,4
r—— 5
20,B d/ 5)

* (2, as friction developed on both sides)

w>

Stress distribution along reinforcement

In the case of grid reinforcement, the width of the reinforcement is not
restricted by the actual material section of the reinforcement but by the
dimensions of the transverse elements and the shear strength of the soil.
The mechanism of action of a grid in providing resistance to slippage (pullout)
is not fully understood. Among the mechanisms proposed is the passive
resistance theory (Chang ez a/., 1977) and the bearing capacity theory (Bishop
and Anderson, 1979). The bearing capacity mechanism is a form of passive
resistance with a limited failure plane; however, it has been concluded that the
passive resistance mechanism may be true for a complete grid but does not
hold for individual transverse members. A failure mechanism, therefore, for
the grid, has been suggested as being in accordance with Fig. 4.16. This is
based upon the Terzaghi—Buisman bearing capacity equation for a strip
footing:

gux = B! N, +1vdB’N, + vdN, (6)

This can be arranged in terms of F, (pullout resistance provided by the
transverse members along where 4 = diameter, o, is the overburden pressure
and N, is the number of transverse members). For one transverse member:

F,/N, =d/'N.+10,d’N, + 0,dN, (7)
In a cohesionless soil where 4 is small and ¢ = 0 this can be reduced to
FP/NW = Udeq (8)

Some forms of anchor may employ end plates, or be formed from loops,

slip
plane

transverse
member
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zigzags or bends; each will develop different adherence characteristics based on
an appropriate theory.

A comparison between the bar/strip form of reinforcement and grip
reinforcement, in terms of pullout performance relating to the peak and
residual loading, is shown in Fig. 4.17. Although pullout resistance does not
illustrate the actions in a soil, it is an important parameter and does provide an
indication of reinforcement efficiency.

Grids have been shown to be an effective form of reinforcement for both
cohesionless and cohesive soils. Grid reinforcement can be used to increase the
shear strength of cohesive soil under both short-term and long-term loading
conditions.

4.3.1.2 Surface properties

For sheets, bars and strips, equation (5) indicates that the coeflicient of friction
between the reinforcement and soil is a critical property, the higher the friction
the more efficient the reinforcement. Thus an ideally rough bar, strip or sheet is
significantly better than a reinforcement with a smooth surface. An ideally
rough surface can be produced by glueing a layer of sand to the reinforcement
thereby ensuring a soil-to-soil interface. Alternatively, the surface can be made
rough by deforming it, using grooves, ribs or en{bossing a pattern. Roughened
surfaces will tend towards the ideally rough condition depending on the depth
and spacing of the deformity and the grading and particle size of the soil. The
effect of roughening the surface of the strip can be seen in Fig. 4.18.

The surface properties of grid reinforcement have little or no effect on pull-
out resistance, provided that soil particles penetrate through the grid between
the transverse members of the grid. The frictional adherence between the
longitudinal members of a grid and the soil is influenced by the surface
properties and the coefficient of friction between the longitudinal members
and the soil. The influence of the horizontal bearing capacity of the transverse
elements, as expressed by equation (7), is of an order greater.

Although the pullout test is widely differentiated between the effectiveness
of various reinforcing elements, the test itself does not accurately reflect the
action of reinforcement in soil. This is illustrated in Fig. 4.19, which shows a
comparison between the measured pattern of displacements in sand in a
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Fig. 4.18. Pullout test in
reinforced earth walls— influence
of the nature of the strip surface
(after Schlosser and Elias,
1978)

Fig. 4.19. Displacement
patterns developed in shear
apparatus and pullout test (after
Jewell, 1980a): (a) shear
apparatus; (b) pullout test
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direction parallel with a reinforcement grid in a shear apparatus and in a
pullout test (Jewell, 1980a).

4.3.1.3 Dimensions

The dimensions of the reinforcement must be compatible with the conditions.
The theoretical dimensions of any reinforcement are likely to be modified to
conform with the requirements of logistics and durability. In addition the
form, strength, stiffness and spacing will all influence the dimensions chosen.

4.3.1.4 Strength

Reinforcement strength is synonymous with robustness; logic demands that
any reinforcement should be robust (see sections 4.3.5.4 Durability and 4.3.1.5
Stiffness). Any sudden loss of strength could have catastrophic effects since the
improvement in shear strength is directly dependent upon the magnitude of

NN
7

(@)

Y

(b)



the maximum force generated in the reinforcement, Fig. 4.13. Sudden loss of
strength due to failure would have the effect of suddenly reducing the shear
strength of the reinforced soil to the shear strength of the soil shown at an
equivalent displacement.

The use of a factor of safety against this mode of failure is necessary, the
preferred failure mechanism being one of loss of adherence between the soil
and the reinforcement, in which case a redistribution of shear stress is possible
without total loss of the structure.

4.3.1.5 Stiffness

Bending stiffness (EI/y), the product of the elastic modulus and the second
moment of area, has not been shown to have any significant effect on the
performance of reinforced soils except in the case of reinforcements used as a
tension membrane over super soft soil. In this application, bending stiffness is
of major importance (Jones and Zakaria, 1994).

Longitudinal stiffness (Ea.), the product of elastic modulus and the effective
cross-sectional area, has a marked effect on performance. Longitudinal stiffness
of the reinforcement governs the deformity (or strains) which occur in the
reinforced soil. The effect of placing reinforcement in soil in the direction of
tensile strain is to restrict deformation and a force generated proportional to
the resultant strain is developed in the reinforcement. An equilibrium condi-
tion is reached dependent upon the longitudinal stiffness of the reinforcement
and the load—displacement characteristics of the soil.

The stress—strain characteristics of reinforcement are usually linear (e.g.
steel strip reinforcement), this is not the case with soil, as Fig. 4.20 shows. In
this case the soil softens once full shear strength has been mobilized.

From Fig. 4.20 it can be seen that as long as the maximum strains that
develop in the reinforced soil at any point are less than those required to
mobilize the soil, a stable condition exists. Using this hypothesis, a maximum
value for the allowable tensile strain of the soil alone can be established.
Assuming that the tensile strain in the reinforcement is the same as the strain in
the soil (assuming no slip), then the maximum force in the reinforcement can
be determined. If this maximum force is less than the pullout force of the
reinforcement an equilibrium condition will exist. However, if the limiting
force (i.e. the pullout or anchor force) is less than the force generated in the
reinforcement, the longitudinal stiffness does not determine the failure shear
strength of the reinforcement soil, and the limiting force cannot be used in any
stability analysis.

The above argument holds for the case of maximum strains which are less
than the strains at peak shear strength; the strain at peak shear strength may be
influenced by soil density, stress history and stress level, in addition the effects
of any rotation in the principal axis should be considered. However, experience
indicates that in many soils failure in shear is fairly insensitive to density and
stress level and that the magnitude of tensile strain will, in most cases, be
greater than those present for both soils exhibiting dilation and expansion as
well as for collapsing soils. Thus if maximum force in the reinforcement can be
generated by a strain of less than 3 per cent, the above condition holds.

If the reinforcement is extensible the maximum force in the reinforcement

Theory
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Fig. 4.20. Typical load—
displacement results of a shear
test on a dense sand (after Jewell,
1981)
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will not be generated before the soil has passed the point of maximum shear
strength. In these cases the maximum force in the reinforcement is controlled
by the deformation in the soil. At strains beyond the peak strength of the soil
alone, although the soil may be losing strength, the reinforcement would be
gaining strength. Thus the reinforced soil may exhibit a peak load-carrying
capacity relating to the peak shear strength of the soil, or it may exhibit an
enhanced strength at strains beyond the point of peak shear strength of the soil
alone. In either case the strength of the reinforced soil is greater than the soil
alone, Fig. 4.21.

The use of extensible reinforcement in a reinforced soil structure can
provide additional stability. Laboratory studies using metallic reinforcements
have shown that the failure of model reinforced soil walls can be sudden if the
failure mechanism is the result of the rupture of metallic reinforcement. With
metallic reinforcement, rupture of one reinforcement leads to rapid load
shedding and potential overstress of adjacent reinforcements leading directly
to further rupture which leads, in turn, to more load shedding and hence
structural instability. The use of extensible reinforcement, able to creep, may
be immune to this mechanism with stress redistribution being accomplished
without reinforcement rupture (Jaber, 1989). An electrical analogy can be
used to describe the different potential failure methods of inextensible and
extensible reinforcements. The rupture and subsequent rapid failure with
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(stiff) reinforcement
o
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o L
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o soil +
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soil alone
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metallic reinforcement can be identified as being a series system failure where
failure of one element leads directly and immediately to failure of the whole.
Extensible reinforcement can be identified as being equivalent to a parallel
system, in which total failure occurs only when all the reinforcements fail
simultaneously, Fig. 4.22. If any reinforcement is overstressed, creep will
occut, leading to limited load shedding but not reinforcement rupture.

It can be concluded that the most stable reinforced soil structural form uses a
rigid facing and is reinforced with a geosynthetic reinforcement.

4.3.2 Reinforcement distribution
4.3.2.1 Location

In order to establish which is the logical area for the reinforcement, potential

"

@)

(b)
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Fig. 4.21. Load—axial strain
relationship for soil and soil
reinforced with stiff
(inextensible) and extensible
(low stiffness) materials (after
Andrawes and McGown,
1978)

Fig. 4.22. (a) Series failure
(inexctensible reinforcement );
(b) parallel failure (extensible
reinforcement)
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Fig. 4.23. The effect on the peak
stress ratio of including T140
Jfabric in Leighton Bugzard sand
Sor different initial sand
porosities at a confining stress of
70 kN /m2 (after Andrawes and
McGown, 1978)
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failure mechanisms and planes have to be established together with the
associated strain fields. For optimum effect, reinforcement is positioned
within the critical strain fields in the locations of greatest tensile strains.

4.3.2.2 Orientation

The general theory of the behaviour of reinforcement in soil presented earlier
emphasizes the importance of the reinforcement being placed along the
principal tensile strain directions developed in the soil alone, under the same
stress conditions, Fig. 4.8. Changing the orientation of the reinforcement will
reduce its effectiveness, and if orientated in the direction of the principal
compressive strains, the action of reinforcement changes from that of tensile
strain reinforcement to compressive strain reinforcement. If the reinforcement
is orientated along the zero extension directions, an overall reduction in the
strength of the reinforced soil may result, Figs 4.23 and 4.24.

In most reinforced soil structures the reinforcement is laid horizontally; in
vertically faced structures this often results in the reinforcement being
orientated in a near optimum plane although some work suggests that the
optimum plane occurs with the reinforcement angled downwards at 10-15°
from the horizontal (Smith and Birgisson, 1979). In other structural systems
the choice of a horizontal plane for the reinforcement does not produce an
efficient solution and may even reduce stability.

4.3.2.3 Spacing

Inlaboratory tests, Smith (1977) and Jewell (1980a and 1980b) have established
that the increase in strength of a reinforced soil is not always directly
proportional to the number of reinforcing elements in the system (all other
things being constant). The spacing between separate reinforcing elements
affects the performance of individual reinforcing members. Below a certain

11.0

placement porosity 1, = 38.8%

100

\ sand + T140 (fabric)
9.0 '-\\\\‘ 1o = 40% ]
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spacing interference occurs, with the consequence that as the spacing reduces
the increase in shear strength of the reinforced soil provided by each
reinforcement is reduced. The interference between reinforcements in sand
depends on the ratio of the spacing S}, to the effective length of the
reinforcement L., when L, is defined as the length of reinforcement extending
away from the critical plane in the soil, Fig. 4.25. The critical ratio is
Sh/Le > 1; below unity the influence of each reinforcement on the shear
strength of the sand is progressively diminished.

Translating laboratory tests to practical conditions is difficult, but the
implications of Fig. 4.25 suggest that given a choice of reinforcement, the
larger reinforcement placed at wider spaces is more efficient than a greater
number of smaller reinforcements placed closer together.

4.3.3 Solil

The soil used in a reinforced structure depends upon conditions and circum-
stances; in some instances the reinforcement function may be to improve a
weak soil or waste material. Elsewhere, as in a bridge abutment, the soil may
consist of a well-graded granular material compacted to a high density and
exhibiting volumetric expansion during shear. The soil properties and the soil
state will have a marked influence on behaviour when reinforced.
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51 Fig. 4.25. Test results from
shear apparatus showing the
0 v v T T T T influence of the spacing between
0 2 4 6 8 10 12 rough reinforcing bars (after
number of bars Jewell, 1980a)
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4.3.3.1 Particle size

The ideal partical size for reinforced soil is a well-drained, well-graded
granular material, providing every opportunity for long-term durability,
stability during construction and having good physiochemical properties
(see Chapter 10, Durability). In the normal stress range associated with
reinforced soil structures, well-graded granular soils behave elastically, and
post-construction movements associated with internal yielding will not
normally occur.

Fine-grained soils are normally poorly drained and effective stress transfer
between reinforcement and soil may not be immediate, resulting in a slowed
construction rate. Fine-grained soils often exhibit elastic-plastic or plastic
behaviour, thereby increasing the chance of post-construction movements (see
Chapter 5, Materials).

In many countries, such as parts of Japan, the availability of good
cohesionless fill is limited and fine grained soils are used in reinforced soil
structures. In these cases the use of drainage to create negative pore water
pressures can be used to provide the necessary stability. This leads to the
concept of combining the functions of reinforcement and drainage. Research
into the use of geosynthetics with dual functions of drainage and reinforce-
ment indicates that the increase in shear strength of the fine soil/geosynthetic
composite is due in equal measure to the drainage and the reinforcement. Great
care has to be taken when combining the materials that provide the reinforce-
ment and drainage function together, as the result can be to produce structures
with inbuilt planes of weakness. In order to develop the full potential of the
reinforcement and drainage, a properly constructed composite geosynthetic is
required (Heshmati, 1993). (See also Chapter 7, Construction).

4.3.3.2 Grading

A well-graded soil can be compacted to the required density and provides the
most advantageous conditions to optimize the soil-reinforcement properties.
Poorly graded soils may lead to the conditions associated with fine-grained
soils. Uniform soils are undesirable and may lead to problems of stability (see
Chapter 5, Materials).

4.3.3.3 Mineral content

Soils having a beneficial or benign composition with regard to the durability of
the reinforcing elements are desirable. It is known that some clay minerals,
such as illite, accelerate metal corrosion (see Chapter 10, Durability).

4.3.3.4 Index properties
See Chapter 5, Materials.

4.3.4 Soil state
4.3.4.1 Density

The density of a soil has an effect on the stress—strain relationship in soils,
accordingly, relative density will influence some aspects of reinforced soil.
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Fig. 4.26 shows the effect of density on the idealized stress—strain relationship
of a granular soil.

The dense soil in the drained condition dilates during shear, whereas the
loose soil has a lower deviator stress, no peak value and exhibits volumetric
reduction. In the undrained state no volume changes occur; Bassett and Last
(1978) has likened this state to conditions in a reinforced structure. The
negative pore pressures developed during shear in a dense soil can be used to
estimate the apparent increase in overburden stress. The effect is to increase the
normal stresses acting on the reinforcement and enhance the apparent
coefficient of friction between the soil and the reinforcement.

The effect of a dilating soil on the normal stress of a reinforcing element can
be significant, however, the increase in stress may reduce rapidly with
increasing shear strain, Fig. 4.27.

Both of the main analytical methods use the peak angle of friction, d)lp, in
design. Bolton (1986) has shown that the peak shearing resistance of granular
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Fig. 4.26. Idealized stress—
strain relationship of a granular
soil

Fig. 4.27. Development of
normal stress on the surface of a
metal ¢ylinder as it Is displaced
in sand ( Note. Metal cylinder of
equivalent sige to full-size
reinforcing strip) (after Bassett
and Last, 1978)

57




Theory

58

fill, which takes account of soil density and mean stress, can be defined in terms
of an empirical relative density index, Iy, for slopes and retaining structures up
to 10 m in height.

Ig = 5Ip — 1 (9)

where Ip = (émax — ¢)/(émax — €min) 1S the definition of relative density. The
peak friction angle, ¢>;,, depends on the relative density index, Iy, such that

¢;> = ¢Ics + 5l (10)

Jewell (1990) has shown the link between compaction, specified as a

percentage of the Proctor optimum dry density, and relative density, I, to be
Gsyy Gs7yy

€min — — and field =

— 11
Va 0-9574 (1)

for compaction to 95% Proctor optimum, where G; is the specific gravity of
solids, ,, is the weight of water, and 4 is the dry density.

For routine fill where ¢, = 32° the relative density index for equation (9)
would be Iy = 2-7, and the peak angle of friction from equation (2) would be
QS; = 45°. If compaction of the fill achieved only 90% of the Proctor optimum
value, Iz =1, the effect on the peak friction angle would be to produce
(;5; = 38° compared with ¢, = 45°. The effect with respect to the lateral earth
pressure parameters used in the analytical models is to raise K, (from 0-2 to 0-4)
and K, (from 0-3 to 0-4), producing a significant increase in required tension in
the reinforcement.

The relation between mobilizing shearing resistance and consolidation is
described by the stress dilatancy equation, derived by Rowe (1962)

¢p = fn(¢e, V) (1Y)
This may be simplified to the relationship, produced by Bolton (1986)
Py = Pes + 089 (13)

The relation between maximum dilation, ¥,,,,, and relative density index, Iy,
may be obtained from equations (1) and (5), and ¥, = 6:25 Iy for plane
strain. As with the angle of friction, the influence of poor compaction is to
reduce the maximum dilation, ¥,,,. If the fill is compacted to 90% of Proctor
optimum the reduction of peak dilation ¥,,,, would be from 17° to 6°. One
form of reinforcement, noticeably high adherence strip, relies on the restrained
dilatancy effect to develop the apparent friction, u*, used in design; therefore,
any reduction in dilation characteristics of the soil has a direct bearing on this
assumption. The influence of dilation on the soil/reinforcement friction or
adhesion of sheet material or geogrids may not be critical.

4.3.4.2 Overburden

Figure 4.28 shows the influence of overburden pressure on the pullout
resistance of strip reinforcement. The apparent coefficient of friction decreases
with increased overburden pressure. This is consistent with the general
observation that the peak angle of shearing stress of a granular soil decreases
with increase in normal stress.
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4.3.4.3 State of stress

As the stress within a cohesionless soil increases, so the critical void ratio
decreases and the relative strain in the soil €, compared to the strain in the
reinforcement, reduces and the effective lateral stress tends to the active
condition. Thus the state of stress within a reinforced structure will be
different with increasing height and with different quantities and types of
reinforcement. At the top of a vertically faced reinforced soil structure the
stress state will tend to the at-rest condition, Kj; lower down, the active
condition K, will prevail, Fig. 4.29. This has been found in practice, and
conforms to the normal state of stress behind conventional retaining walls
(Sims and Jones, 1974 and Jones and Sims, 1975).

4.3.4.4 Degree of saturation

Well-graded cohesionless soils do not produce problems associated with
saturation. Fine-grained materials, including cohesive soils, are usually
poorly drained and effective stress transfer may not be immediate. The result

critical
depth
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Fig. 4.28. Influence of the
overburden pressure in pullont
test (after Schlosser and Elias,
1978)

Fig. 4.29. Earth pressure
distribution in reinforced soil
structure: (a) conventional
retaining wall; (b) reinforced
soil wall

59




Theory

Fig. 4.30. Compaction pressure
(after Ingold, 1979)
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can be a temporary decrease in shear strength leading to a reduced construction
rate, needed to ensure stability.

4.3.5 Construction
4.3.5.1 Geometry of structure

The nature of some soil structure problems demand structures having special
geometries. In addition, a change in geometry such as steepening an embank-
ment, will normally alter the strain field profiles within the structure. A change
in geometry may increase or decrease the need for, or the effectiveness of,
reinforcement.

4.3.5.2 Compaction

The use of modern compaction plant generates significant residual lateral
pressures which suggest that at-rest (K;) pressures predominate in many
compacted fills. This condition has been confirmed in the case of earth
pressures acting against retaining walls and bridge abutments, as well as in
reinforced soil structures.

Compaction is controlled by shear strain; as shear strain is susceptible to the
weight of the compaction plant, the larger plant will produce greater degrees
of compaction. The degree of compaction is also dependent upon the number
of applications or passes of the plant or roller; therefore, for uniformity
between structures a method specification is to be preferred. The intensity of
the lateral soil pressure produced by compaction is dependent upon the
presence of fixed restraints such as abutments, wing walls, or double-sided
structures and the direction of the roller. The compaction of soil in a reinforced
soil structure is usually accomplished by using a roller running parallel to the
face of the structure. As a result the residual lateral pressures parallel to the face
of the wall are likely to be higher than those normal to the face.

The action of reinforcing members in soil during compaction will be to
resist the shear strain in the fill caused by the plant. Tensile stresses will develop
in the reinforcement proportional to the residual lateral pressure acting normal
to the face of the wall. The presence of the reinforcement in the soil raises the
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threshold for the residual lateral pressure which can be generated in the fill.
The intensity of the lateral pressure generated by compaction can be derived
from Fig. 4.30.

4.3.5.3 Construction systems

Specific techniques have been developed to aid the construction of reinforced
earth and soil structures. Their application predetermines the use of certain
materials, reinforcement forms, soil densities and construction geometries,
and, therefore, influences the behaviour of the reinforced structure (see
Chapter 7, Construction).

The mode of erection or construction of reinforced soil structures is such
that internal movements after construction is complete are not normally
possible. The result is that the internal stresses built in during construction
cannot be relieved. A consequence, in some forms of construction using
vertically faced structures, is that the connection of the facing to the
reinforcement has to be designed to cater for the highest tensile stress in the
reinforcement. If the facing could move laterally a small distance after
construction by having some degtee of slackness in the reinforcement/face
connection, then the lateral pressures acting on the face would be reduced to
the (K,) active condition and the design criteria for the reinforcements would
be reduced. This hypothesis has been confirmed by Naylor (1978) using
mathematical modelling techniques, Figs 4.31, 4.32 and in laboratory studies
by McGown ef a/. (1987). Adjustable connections between the reinforcement
and the facing have been developed by Jones (1979).
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Fig. 4.31. Effect of slackness in
reinforcement face connection
(after Naylor, 1978): (a) at
Sface; (b) at peak

Fig. 4.32. 1 ariation in

lateral facing pressures and
displacements for different facing
stiffness (after McGown et al.,
1987)
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Fig. 4.33. Stress resultants on
the critical plane of reinforced
soil in direct shear
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4.3.5.4 Durability
See Chapter 10.

4.4 Design theories
4.4.1 General

The modern approach to the design of reinforced soil is to use the limit state
concept. This can be refined further into the consideration of limit modes. Any
analytical model can be used within this framework.

A limit equilibrium approach can be used to provide a general analysis of
reinforced soil. It is assumed that there is a critical plane through the reinforced
soil and that this plane bisects the reinforcement; defining the plan area on the
critical plane for each reinforcing member as .4 and the force in each member
at the critical plane as Py, the overall stress resultants in the soil may be
calculated, Fig. 4.33.

Taking the reinforcement force Py positive in tension, it is clear that the
reinforcement has increased the normal stress and reduced the shear stress
experienced by the soil. Thus, for reinforced cohesionless scils or drained
cohesive soils, the increase in shear strength for the soil 7 is given by:

T= Pr (cos@tan @' + sin ) (14)
As

where ¢’ is the angle of friction for the soil and 6 is the orientation of the
reinforcement with the critical plane.
For reinforcement with a high longitudinal stiffness in cohesionless soil:

Pr = onAg tan ¢’ (15)

where gy is the stress normal to the reinforcement and Ay is the effective
surface area of the reinforcement equal, in the case of a bar or a strip, to the
product of the perimeter and the effective length of bar or strip. Or, in the case
of a grid, to the product of the plan width and the effective length of the grid.

In the case of cohesive soil, the relevant value of Py is that which exists at
failure of the reinforced soil. The magnitude at failure depends upon the rate of
shearing or the degree of drainage. The value for undrained conditions is not
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necessarily smaller than for drained conditions and depends upon, among
other factors, the over-consolidation ratio, or the degree of compaction in the
soil.

4.4.2 Vertically faced structures
4.4.2.1 Limit analyses

Vertically faced earth reinforced structures are designed in accordance with the
principles of soil mechanics, Fig. 4.34. For convenience the analysis is usually
considered in two parts.

(a) Internal analysis. This covers all areas relating to internal behaviour
mechanisms, studies of stress within the structure, arrangement of the
reinforcement, durability of the reinforcement and backfill properties. In
design terms, internal analysis is associated essentially with adhesion and
tension failure mechanisms (a), (b), in Fig. 4.35.

(b) External analysis. This covers the basic stability of the earth reinforced
structure as a unit, including sliding, tilt/bearing failure, and slip within
the surrounding subsoil or slips passing through the reinforced earth
structure. Failure mechanisms of this nature are represented by (c), (d) and
(e) in Fig. 4.35. In addition, stresses imposed upon the reinforced earth
structure due to particular external conditions such as the creep of the
subsoil have to be considered, Fig. 4.35(f).

Internal stability
The internal stability is concerned with the estimation of the number, size,
strength, spacing and length of the reinforcing elements needed to ensure
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Fig. 4.34. Idealized reinforced
soil structure

Fig. 4.35. Failure mechanisms
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stability of the whole structure, together with the pressures exerted on the
facing. Analyses to check for internal stability fall into two categories:

(@) those in which local stability is considered for the soil near a single strip or
element of reinforcement, and

(b) those in which the overall stability of blocks or wedges of soil is
considered.

Classical limit analysis methods have been proposed as design theories.
Schlosser and Vidal (1969), Lee ez a/. (1973), Price (1975), Smith (1977) and the
Department of Transport (1978) consider both types of analysis. Bolton and
Choudhury (1976) consider the former, while Bacot (1974) considers the latter.
Juran (1977) and Juran and Schlosser (1978) have developed a limit analysis
method based upon a logarithmic spiral or circle.

The first method involves the consideration of the transfer of stress, from
the soil to a single strip. Lee ¢# a/. and Bolton and Choudhury assume that each
strip has to support a certain area of the skin (face) against which the soil exerts
an active pressure, while Schlosser and Vidal assume that the reinforcement
maintains the active earth pressure (K,) in the soil. Both lead to the same force
(T) in the reinforcement, i.e.

T = K,0,5,5., (16)

where S, is the vertical spacing and Sy, the horizontal spacing of the
reinforcement and o, the vertical stress caused by the soil overburden. Once
the force in the strip is established, two modes of failure are considered. Firstly,
the force may exceed the breaking stress of the reinforcement; secondly, it may
not be possible for sufficient friction to occur between the strip and the soil to
generate the force required, and failure occurs with a strip pulling out of the
soil.

If the overall stability or equilibrium is considered, the same two failure
mechanisms ate normally assumed possible, i.e. reinforcement break or
reinforcement slip. The method of calculating is to assume that the wedge is
restrained by the reinforcement protruding through the wedge ABC into
stable soil (Fig. 4.34). Either force or moment equilibrium is considered for the
block ABC and the factor of safety can be calculated in two ways.

(a) Tension in the reinforcement (Lee ez 4/.) is assumed to increase linearly
with depth and the maximum necessaty tension is compared with the
maximum possible tension as in the local stability method.

(b) The maximum possible tension in each reinforcing element can be
estimated. This is calculated from the pressure acting on the reinforcement
(0,), the soil/reinforcement coefficient of friction, and the total surface
area (top and bottom) of the reinforcement protruding beyond the failure
plane. In the case of grid reinforcement the total surface area is the plan
area of the grid. If the maximum possible tension in any reinforcement is
found to exceed the breaking stress then the tension is set to the breaking
stress. A factor of safety for the wedge can then be calculated equal either
to the total restraining force divided by the total distributing force or to
the total restraining moment divided by the total overturning moment.



From their work on models in a centrifuge, Bolton and Choudhury dispute the
value of the equilibrium method and argue that for the reinforcement breaking
mode it is reasonable to consider local equilibrium only, as once one layer of
reinforcement breaks, the others will also break because of the dynamic effects
caused by the sudden transfer of load.

4.4.2.2 Tension failures

Coulomb wedge theory. The reinforcement is assumed to be of sufficient length so
as not to cause failure by lack of adherence. If the soil around the reinforcement
is assumed to be in the limiting state equivalent to the active condition within
the wedge, and assuming a linear distribution of tension in the layers of
reinforcement, the maximum tension in the /th layer of reinforcement T; is,
Fig. 4.36:

n
T,=——KyHAH 17
- a”y (17)

where 7y is the unit weight of the fill in the structure, H is the height of the
structure, and AH is the zone of action of an individual layer of reinforcement.

Rankine theory. In 1967 the Laboratoire de Central des Ponts et Chaussées
advocated the Rankine theory for maximum tension. The assumptions made
with this approach include the following.

(a) The tension in the reinforcement is at maximum at the connection with the
face unit.

() The direction of the principal stresses are either vertical or horizontal.

(¢) The vertical overburden pressure near the vertical front face, o, = yH.

Balancing the force developed within the bottom soil layer gives the maximum
tensile force:

T = KYH AH (18)

The limitations of the Coulomb and the Rankine methods lie with the
assumption that the soil between the reinforcement is in a state of failure. A
reinforced soil structure is usually constructed in layers and the distribution of
stress and deformations will be different at each stage of construction with the
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Fig. 4.36. Forces acting on a

Sfailure wedge
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Fig. 4.37. Trapegoidal pressure
distribution

Fig. 4.38. Probable and
Meyerhof bearing pressure
distribution
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soil in the upper region close to the at-rest (K;) stress state, while lower down
the active (K,) stress state exists, Fig. 4.29.

Trapezoidal distribution. The effects of the backfill thrust (P) is neglected in the
above arguments; the backfill thrust alters the state of stress within the block of
reinforced soil and increases the vertical stress while increasing the tension in
the reinforcement. Assuming a trapezoidal distribution of pressure under the

base, Fig. 4.37.

T

Meyert:lof distribution



H\ 2
Toax = K,.YH AH [1 + K, (I) ] (19)

Meyerhof distribution. The probable pressure distribution is different from the
trapezoidal, and a Meyerhof distribution has been suggested by Schlosser
(1972), Fig. 4.38, which gives:

AH

)

Conlomb moment balance. By equating the moments due to the earth pressure and
the reinforcement about the toe of a wall, the maximum tension in the bottom
layer of reinforcement is defined as:

2

n
Toax = mKﬂH AH (21)

Tmnx = Kﬂ’yH (20)

Conlomb wedge. By assuming a Coulomb sliding wedge the sum of the tension
components of the reinforcement (X T) may be expressed as:
FS — tan 3 tan ¢’ 12 )

YT = H 22
cotF tan¢’ + 1 7 (22)

when FS = Factor of safety;
tan 3 = \/(tzm2 ¢ + FS — tan¢')

Elastic analysis. For a simple elastic analysis, using the finite element method,
Banerjee (1975) found that the tension in a reinforcing element at a depth H is:

T = 0-35yH AH (23)

Plotting the results from equations (17)—(23) shows the variation of the
minimum cross-sectional areas of one row of strip reinforcing elements per
metre width of a theoretical 5 m high wall for differing vertical spacing of the
layers of reinforcement. It is apparent that the Coulomb wedge theory gives
the minimum area of reinforcement and that the trapezoidal distribution gives
the maximum, Fig. 4.39(a). Similarly, the following expression may be plotted
to show the variation in factor of safety, FS, against failure due to lack of

adherence for different vertical spacings of a strip reinforcing element,
Fig. 4.39(b).

4.4.2.3 Adhesion failures

Where adhesion due to friction is relied upon to develop the combined
behaviour mechanisms of soil and reinforcement, the bond length or length
of adherence is critical.

Rankine theory (1). For a uniform normal stress (g, = YH) the factor of safety,
FS, against an adhesion failure is:

BLy
F§=2
s=2( i) (24)

Theory
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Fig. 4.39. Comparison of
different analytical methods
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Meyerhof distribution. The vertical stress o, associated with the Meyerhof
distribution differs from the uniform condition; consequently, the limiting
length of adherence differs.
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FS =

(25)

Rankine theory (II). It can be argued that the part of the reinforcement which
lies within the failure wedge may not be active in preventing failure by lack of
adherence, in which case equation (24) can be modified to:

_ 2Bu[L — Hran(45 — #'/2)]

FS
K,AH

(26)

Coulomb force balance. Considering the Coulomb theory, the overall factor of
safety produced by taking balancing forces about the toe and equating is:
4BuAH &
FS = P20 N L — (- ))AH an(45 — ¢//2)] (27)

a =N

where N is the number of the first layer of reinforcement to cross the
theoretical failure line.

Conlomb moment balance. By taking moments, the Coulomb theory gives:

12BuH* &
§ =N - 0)i
3
KH> &

x [L — (n — i)AH tan(45 — ¢'/2)] (28)



Conlomb wedge. Resistance to the development of a Coulomb wedge failure
using the adherence developed outside the wedge gives:

L 1— N
L2 FS —tan 3 tan ¢’
cotB' +tang’ +1

FS = (29)

2

As the height of a structure or wall increases, the adherence developed between
the soil and the reinforcement will increase; as a result, for low walls at limiting
factor of safety, the adhesion criteria rather than the tension criteria will
normally be critical. Fig. 4.40 shows the relationship of spacing of strip
reinforcing elements with heights of vertical structures and the point at which,
in this particular case, tension or bond conditions become dominant. The
values of the vertical spacing used in the figure are devised from the average
results obtained from the expressions given above for tension and adhesion
failure coupled with a factor of safety of three against failure by either mode.
The simplistic situation shown in Fig. 4.40 and the field performance of
reinforced soil structures does not always agree. In particular, the above
theories make no allowance for the effects of differing construction techniques,
compaction or reinforcement possessing high adherence properties.

4.4.2.4 Logarithmic spiral

The classical limit analysis methods do not generally produce good agreement
with observations on models and full-scale structures. In particular, the
classical theories make no allowance for the presence of the reinforcing
members and the restraint to lateral deformation that these engender. Juran
(1977) concluded that the failure mechanism involves a rotation of a quasi-
rigid block limited by a thin zone where the soil resistance to shearing is
entirely mobilized. This failure zone separates the active zone and the resistant
zone along the locus of the maximum tensile forces in the reinforcement, and is

tension case adhesion case
H=L
140 /
Ve
12.0F horizontal spacing,
As=1m
1S factor of safety = 3
% 10.0F / graph based on the
2 tension mean values of the
‘c / design methods
_‘g 8.0 equations (17)—+29)
2 ; /
6.0 bond /
4.0 1 1 1 1 1 [ 1 1

0 100 200 300 400 500 600 700 800 900
vertical spacing AH: mm

Theory

Fig. 4.40. Effect of wall height

on _failure criteria
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Fig. 4.41. Logarithmic spiral
Sfailure plane (after Juran,
1977)
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orthogonal to the vertical free face to comply with the kinematic conditions of
zero lateral displacement at the top of the wall or structure. A logarithmic
spiral passing through the toe fits these conditions, Fig. 4.41.

The tensile forces are determined considering overall equilibrium of the
active zone. The soil reaction along the failure surface is determined by
integration of Kéter’s equation. By assuming that the horizontal shear stresses
on each horizontal plane positioned between two layers of reinforcement are
zero the tensile forces can be determined by the horizontal equilibrium of each
soil layer having the reinforcement at its centre.

4.4.2.5 Elastic analysis

Analysis of the stress and deformation fields which develop in reinforced soil
structures under normal conditions can be undertaken using elastic methods.
During normal working conditions the state of stress within the structure is
different from that prevailing at failure. The working condition state of stress
may be equated with an elastic condition.

Finite element methods. Two finite element approaches are possible.

(/) 'The reinforced soil may be idealized as a unit cell or composite structure in
which the reinforcement system is modelled as a locally homogeneous
orthotropic material (Hermann and Al-Yassin, 1978). The composite
material properties are given the equivalent properties of the soil
matrix, the reinforcing elements and their composite interaction.

(if) The reinforced soil is considered as a heterogeneous system in which the
soil and the reinforcement are separately represented (Al Hussaini and
Johnson, 1978).

An essential feature in the use of the finite element approach is that the
analytical system should model accurately the following characteristics
(Naylor, 1978):

(a) the longitudinal stiffness of the reinforcing elements
(b) the transfer of shear stress between the reinforcing elements and the soil
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Fig. 4.42. Transformation from
actual reinforced soil to
equivalent material (after

Naylor, 1978): (a) actual
C>T or C<T material; (b) equivalent
(a (b) material

(¢) the transfer of shear through the soil in the vertical plane containing the
reinforcement.

The longitudinal stiffness of the reinforcement may be incorporated as a
ratio parameter, (2), defined in terms of the reinforcement cross-sectional area
a., and the horizontal and vertical spacing, Fig. 4.42(a).

@ == (30
Sv Sh Sv ‘S‘h
The transfer of shear stress between the reinforcement and the soil matrix may
be incorporated by having the area of the equivalent reinforcement connected
to the soil by the conceptual shear zone, C, the same as the surface area of the
actual reinforcement, Fig. 4.42(b).

C=2(B+1¢) ~2B (31)

C
Therefore, P = —,
A

v

where P is a dimensionless bond area parameter.

Shear in the vertical plane may be accommodated by using a conceptual
shear zone. (Note: Idealizing the reinforced soil system as a two-dimensional
system, with the reinforcement as equivalent sheets, does not accommodate
the transfer of shear through the soil in the vertical plane; any structure
idealized in this mode would behave like a chest of drawers.)

4.4.2.6 Energy method

The energy method of analysis proposed by Osman (1977) is based on a
consideration of the equilibrium of the external work due to earth pressure and
the internal strain energy stored in the reinforcement. The following variables
may be considered:

(@) the effect of reinforcement length on the magnitude of tension

(b) the variation in tension along a particular reinforcement and the distribu-
tion of tension with depth

(¢) the deflected shape of the facing.

Figure 4.43 is a generalization of the earth pressure distribution and the
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Fig. 4.43. Energy theory
parameters (after Osman et al.,
1979)
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deflected shape of the structure. The total external work done by the earth
pressure, U, per unit is given by the expression:

H
e = |, 251,0) (32
where p(h) = earth pressure function; y(4) = wall deflection function.

The energy method assumes that the external work done is stored in the
reinforcement as elastic strain energy which may be calculated if the distribu-
tion of tension in the reinforcement is known. Assuming that:

(a) the distribution of tension along the reinforcement is linear, with the
tension at the connection with the facing half the maximum tension

(b) the face deflection is parabolic and a function of the state of stress and the
composite action of the soil and reinforcement

(¢) the earth pressure distribution is hydrostatic,

the following relationships may be developed with regard to strip reinforce-
ment:

Maximum reinforcement tension T at depth 4:

2:5
T = \/ (612 )y/ysvsh\/(H —h) 33)

Maximum reinforcement tension T, ,.:

8KZ? .
Tm\/ ( 9£ )'yA“VShHl > (34)

Critical wall height, H:
P

9L, 2/3
Ho=—2 /|55 (35)
78,5\ \8KZ

Safety factor against reinforcement pullout, FS:

2BuLMS

B = 5 Ik (H = 7)

(36)




where 4 is the fill height above reinforcement, H is the total fill height above
base of structure, S, is the vertical reinforcement spacing, 5}, is the horizontal Theory
reinforcement spacing, L is the reinforcement length, <y is the net weight of

soil, K, is the active pressure coefficient, P, is the allowable tensile stress in the

reinforcement, B is the strip reinforcement width, and g is the reinforcement—

soil friction coefhicient.

4.4.2.6 Semi-empirical methods

Coberent gravity hypothesis

Studies on laboratory models and on full-scale structures show that the
application of limit analysis methods does not produce results and perfor-
mance characteristics consistent with experimental results. Semi-empirical
methods have been introduced for practical design. The coherent gravity
hypothesis relates to a reinforced soil structure constructed with a factor of
safety and in a state of safe equilibrium. (Note: The design stresses relate to
actual working stresses not to failure conditions. Thus the coherent gravity
hypothesis relates to the serviceability limit state.) The coherent gravity
hypothesis assumes that:

(a) the reinforced mass has two zones, the active zone and the resisting zone,
Fig. 4.44.

(b) the state of stress in the fill, between the reinforcements is determined
from measurements in actual structures constructed using well-graded
cohesionless fill, Fig. 4.45.

(¢) an apparent coefficient of adherence, u”, between the soil and reinforce-
ment is derived from an empirical expression developed from pullout tests
on metallic strip reinforcements, Fig. 4.46.

Then, for a structure using strip reinforcement, the maximum tension per
element at depth 4, Fig. 4.47:
AH
T

.= Ko, — 37
max U\ N ( )

0.3H
H/2 active
zone
H 4 -
H/2 / resistant

zone
[45° + (¢"/ 2)]

4+ %1% 1 | Meyerhof Fig. 4.44. Coberent gravity

distribution hypothesis
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where 0. = vh, AH is the zone of action of the reinforcement, N is the
number of reinforcements per area considered, and
b b
K=K)1—-—)+K,—, forh<(hy=6m) (38)
ho ha
K=K, forh> (hy=06m) (39)
Similarly, the maximum adhesion force per element of reinforcement, assum-
ing a well-graded, cohesionless fill:
L
Tg = ZBJ wo.dl (40)
L,
where
h b
w=pol1—=)+—tang', for h < (hy = 6m) (41)
/}o b()
p=tang’, forh> (by=6m) (42)
L, is defined in Fig. 4.44. p, for rough reinforcement is defined empirically as:
o =12+ logC, (43)
6m
/
1 7
Fig. 4.46. 1 ariation of 16°
apparent friction coefficient pu* '7 Ka
with depth (after Schlosser and |
Segrestin, 1979) V4 * : /
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where
. . . . D
C, is the coefficient of uniformity &
10
to = 0-4 for smooth reinforcement (44)

Critically, the coherent gravity hypothesis does not consider a wedge stability
check except in the case of unusual external loading or geometrics. There is
evidence to suggest that this is a weakness in the method, which in some cases
can result in failures (Lee e a/., 1994). (Additional consideration of coherent
gravity hypothesis is given in Chapter 6, Design and analysis.)

4.4.2.7 Tie-back hypothesis

The tie-back hypothesis is based on the following design requirements for
vertically faced structures.

(@) The design criteria is simple and safe.

(b) The design life of the structure is 120 years.

(¢) The design procedure is consistent with the use of a wide range of
potential fill materials, including frictional and cohesive—frictional soil.
Any form of reinforcement may be used.

Internal stability considerations include:

() the stability of individual elements, Fig. 4.48

(b) resistance to sliding of upper portions of the structure

(¢) the stability of wedges in the reinforced fill, Fig. 4.49
(Note: Centrifuge studies indicate that at failure a wedge failure mechan-
ism can develop. Therefore, the tie-back hypothesis relates to the ultimate
limit state rather than the serviceability limit of the coherent gravity
hypothesis.)

The following factors which influence stability are included in the design:

(@) the capacity to transfer shear between the reinforcing elements of the fill
(b) the tensile capacity of the reinforcing elements
(¢) the capacity of the fill to support compression.

The state of the stress within the reinforced fill is assumed to be K,. The at-
rest K condition measured in some structures, Fig. 4.30, is assumed to be a
temporary condition produced by compaction during construction. The active
state of stress is assumed to develop during the working life of the structure.

Theory

Fig. 4.47. Zone of action of

individunal reinforcement
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Fig. 4.48. Tie-back analysis—
local stability

Si

Ff
-— Ws
self-weight TRSS7RR
hy V¥ ¥ ¥ | _08Hor5M
Ti
H M
L resultant load

acting on section
of structure

I EEGGNA R

II L trapezoidal distribution

Local stability. The maximum tensile force, Ty, is obtained from the summa-
tion of the appropriate forces acting in each reinforcement:

Tmax = Thi + Twi + Ts/ + Tf/' + Tm/' (45)
where Ty; = reinforcement tension due to fill above the reinforcement layer,
T,; = reinforcement tension due to uniform surcharge,
T, = reinforcement tension due to a concentrated load,
Ty, = reinforcement tension due to horizontal shear stress applied to
the structure, and
T.; = reinforcement tension due to bending moment caused by

external loading acting on the structure.

Centrifuge studies have shown that at failure a wedge failure mechanism can
occur. A Coulomb wedge failure is assumed to be possible within the
reinforced soil structure. For design, wedges of reinforced fill are assumed
to behave as rigid bodies of any size or shape and all potential failure planes are
investigated (i.e. 7 and B’ may both vary, Figs 4.49, 4.50). (Additional
consideration of the tie-back hypothesis is given in Chapter 6, Design and

analysis.)

N

wedge

stability /Z____ the reinforcing
- L —= elements

Fig. 4.49. Tie-back analysis—
wedge stability
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4.4.3 Overall stability —vertically faced structures

The overall stability of the reinforced soil structure is normally taken to be the
same as for a mass or conventional retaining structure. Stability is checked for
forward sliding at the base, bearing pressure failure beneath the toe and slip
circle failure of the whole mechanism, Fig. 4.35(c),(d),(e). In good foundation
conditions this approach is adequate but with poor subsoils the inherent ability
of the reinforced soil mass to stabilize or alleviate the poor ground conditions
is not utilized and in these circumstances a more realistic approach to the global
stability problem is required. Thus, the consideration of the external stability is
supplemented by a consideration of the overall settlement characteristics of the
soil structure and any embankment it supports together with a consideration of
the shear stress and the mobilized strength of the subsoil.

A soil structure founded on good subsoil usually complies with the tilt/
bearing criteria, and the assumption of a trapezoidal or Meyerhof bearing
pressure distribution is adequate. However, on weak subsoils the use of these
empirical rules produces design difficulties, and it is possible to demonstrate in
geometrical terms that conventional earth retaining structures are better suited
to soft subsoils than soil structures, Fig. 4.51. This apparently paradoxical
situation arises through a lack of appreciation of the overall design problem in
which the internal design is only a part. The nature of the foundation type will
have an influence on the overall behaviour of the structure.

4.4.3.1 Stiff foundation

In the case of a reinforced soil structure standing upon a rigid or very stiff
foundation, it is reasonable to assume a trapezoidal bearing pressure distribu-
tion beneath the foundation similar to that depicted in Fig. 4.51. Numerous
model tests have been undertaken on this condition and it is from the results of
these that many design theories have evolved. Inherent in the acceptance of the
trapezoidal or Meyerhof pressure distribution beneath the structure is the
acquiescence that the reinforced earth mass and the front face of the structure

: lateral earth lateral earth
: pressure pressure
RSTRS ==
a1 self-weight a' ] self-weight
b[—" external loading b[—" external loading
@+ b)[7 @+ 3 wherea<a
bearing pressure bearing pressure
beneath base beneath base

Theory

Fig. 4.50. Angle of failure plane

Fig. 4.51. Bearing pressures
beneath a reinforced soil structure

and a cantilever wall

77




Theory

Fig. 4.52. Bebaviour of a stiff—
stiff material system

Fig. 4.53. Bebavionr of a stiff—
soft material system

Fig. 4.54. Deflection vectors
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front face of wall

positive angle of
rotation

;;f

will tend to rotate about the toe with an active mechanism away from the fill.
Because of its method of construction it is reasonable to describe an earth
reinforced structure in these conditions as a stiff structure interacting with a
stiff subsoil, i.e. a stiff—stiff material system, Fig. 4.52.

4.4.3.2 Soft foundation

The use of the concept of the trapezoidal pressure distribution, together with
the assumption that the structure will rotate forward about its toe due to the
loadings depicted in Fig. 4.51, does not hold in the case of a yielding
foundation. With a soft foundation the self-weight of the stiff reinforced
earth structure and the weight of the adjacent material, which it is supporting,
may cause the structure to rotate in a negative sense. Thus, the behaviour of the
stiff—soft system is fundamentally different to that of a stiff—stiff material
system, Fig. 4.53.

The most significant conclusion that can be drawn from a study of the
interaction of a stiff—soft material system is that the global failure criterion is
not one of overturning about the toe, as the application of some design
methods suggest, but that of a rotational slip through the retained embank-
ment. The rotational behaviour of the reinforced soil mass in these circum-

front face of wall

negative angle of
rotation

>~
4 4
deflection vectors x 2 deflection vectors
stiff-stiff material system stiff-very soft material system .
: % I
4
7
deflection vectors stiff-verv soft material system
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material system

stances is similar to that experienced by the bridge abutments built on soft
ground reported by Nicu ez a/. (1970) and Daniels (1973). The relative
behaviour of stiff—soft material systems can be seen from the plots of the
accumulated deflection vectors at the end of the individual incremental loading
sequences following completion of construction, Fig. 4.54. The conclusion
that can be gained is that it is the level of resistance to movement of the toe of
the reinforced soil structure produced by the subsoil material which radically
alters the validity of the assumption that the structure will rotate forward
about the toe.

The difference between semi-soft cohesionless foundation and very soft
cohesive foundation, each loaded with identical reinforced soil structures, can
be seen by comparing the percentage of mobilized strengths (MS) depicted in
the two subsoils, Figs 4.55 and 4.56. It is from a study of this parameter that the
overall stability of the structure can be determined.

(01 —03) _ (01 —03)[1 +sind]

MS = = x 100 46
(07— 03)ue 2d cos @ + o3sind’ (46)

The difference between a narrow and a wide embankment can be seen by
comparing Figs 4.56 and 4.57 which have identical foundation conditions and
on which the reinforced soil structure is of an identical shape and stiffness.
The difference in the percentage mobilized strength in the case of the wide
embankment is due principally to the influence of the weight of the retained
embankment, behind the earth reinforced wall. It is the marked difference
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Fig. 4.57. Deflection of original
ground level; stiff—very soft
material system

Fig. 4.58. Reinforcement
Sfunctions in an embankment
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between Figs 4.56 and 4.57 which demonstrates the necessity of a wholistic
approach to the global analysis of a reinforced soil structure resting on a
yielding foundation. As confirmation of the analysis produced by a study of the
mobilized strength of the subsoil provided by the finite element method,
equilibrium methods using the failure planes predicted by the mobilized
strength plot can be used.

Inspection of the internal stresses in the bottom of the structure will indicate
the probability of the potential failure mechanism shown in Fig. 4.35(f). One
possible counter to this tear failure system is the use of high-strength
reinforcement having a low elastic modulus, thereby providing an element
of flexibility in the base of the structure to accommodate the consolidation
strain which may occur.

4.4.4 Embankment and cuttings
4.4.4.1 Embankments
Reinforced embankments can take several forms depending on the nature of

the problem to be solved. Reinforcement may be used for the following
function, Fig. 4.58:

= steepened/stiffened
T - m - = == embankment

internal stability

—
-, 4
-~ ,/ .
~- _ P % overall stability
M foundation stability
—— —



(a) to permit increased compaction to stiffen the embankment
(b) to enable the embankment to be steepened Theory
(¢) to assist in internal stability problems

(d) to assist in overall stability problems

(¢) to assist in foundation stability problems.

The mechanics of a reinforced embankment on a soft foundation can be
likened to a bearing capacity problem with a surface load. An unreinforced
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Reinforcement improves stability by:
1. carrying the outward (disturbing) shear stress Fig. 4.59. The mechanics of a
2. providing inward (resisting) shear stress reinforced embankment
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Fig. 4.60. Reinforcement of
unstable slope
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embankment exerts a worse loading on the embankment than a smooth
footing, because the lateral thrust developed in the embankment fill creates
outward shear stress which acts to reduce the bearing capacity of the
foundation. The reinforcement at the base of the embankment has two
functions:

(7) tosupport the outward thrust from the embankment fill; in this situation,
the reinforcement is acting to reduce the forces causing failure
(#) to restrain the surface of the foundation soil against lateral displacement;

in this situation, the reinforcement is acting to increase the forces resisting
failure, Fig. 4.59.

The general factors governing the behaviour of reinforced soil mentioned
earlier may be applied to embankments. For design purposes, mathematical
modelling techniques may be adopted (Sims and Jones, 1979; Jones, 1980),
alternatively limit equilibrium methods of analysis may be employed. In the
latter, the reinforcement is modelled as a thin, cohesive layer or a search is
made for the failure mechanism that requires the maximum reinforcement
force for stability, and a comparison made with the available reinforcement
tensile strength (see also Chapter 6, Design and analysis).

4.4.4.2 Reinforced cuttings and soil nailing

In the case of cuttings, reinforcement may be used 7 sitx, or placed in a layered
construction, similar to embankment structures. In the latter condition an
element of over excavation is required which is most likely to arise when using
carth reinforcing techniques to reinstate or correct unstable slopes, Fig. 4.60.
The use of reinforcement 7 situ as a form of soil stabilization in cuttings is
possible only when it forms part of a well-developed technique used to form
the cut. Techniques which have been developed are soil nailing and the lateral
carth support system, Fig. 4.61.

Analytical techniques used for the reinforcement of cuttings range from the
more rigorous methods of the slip-line method and limit analysis, to the limit
equilibrium methods which produce approximate but reliable solutions of
complex situations. The latter technique assumes a failure mechanism, a failure
surface and the stress distribution along the failure surface, such that an
expression of equilibrium in terms of stress resultants may be produced for any
condition; solution is by statics. However, for a given set of soil parameters
and soil stresses, the shape of the failure surface affects the solution of the

reinstated
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problem and it is important that the failure surface used in the analysis is a close
approximate of the true failure surface of the soil structure. Thus, in the case of
a failed cutting slope the slip plane is known. In the case of soil nailing,
experimental evidence (Gissler and Gudehus, 1981), indicates that with a
cohesionless soil block, failure accompanied by rotation or translation is
probable, Fig. 4.62, although other mechanisms are possible, Fig. 4.63.

The potential failure mechanism for lateral earth support systems has been
studied using centrifuge techniques which suggest that these soil structures are
relatively rigid and coherent and that they are capable of sustaining large
deformations. Failure of the lateral support system is assumed at the initiation
of surface cracks rather than total collapse, a failure surface represented by a
parabola passing through the toe is the expected mechanism, Fig. 4.64. (See
also Chapter 6, Design and analysis.)

4.4.5 Composite reinforcing systems

In many reinforced soil systems a single consistent reinforcing material is used

£
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Fig. 4.61. Reinforcement placed
in situ: (a) soil nailing;
(b) lateral earth support system

Fig. 4.62. Failure mechanism in
s0il nailed structure

Fig. 4.63. Failure mechanisms
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Fig. 4.64. Failure passing
through toe

Fig. 4.65. Composite reinforcing
systems: (a) grid and strip;
(b) and (c¢) strip and anchor
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in conjunction with a uniform soil. It is possible, and it may be advantageous,
to use two or more different reinforcing materials or systems in the same
structure, Fig. 4.65.

When two separate reinforcing materials are used, each is likely to have a
different response in terms of reinforcing the soil in keeping with the variables
considered in Table 4.1. For practical purposes, assuming that the location,
orientation and spacing of the different reinforcements are compatible, the
effects of different longitudinal stiffness may be accommodated by equating the
contribution of the lower modulus material in terms of an equivalent material




to that of the stiffer reinforcement. Thus in Fig. 4.65(a) if grid (ar,, Er,) and
strip (ar,, Er,) are combined:

where ar, is the cross-sectional area of the longitudinal elements of the grid,
ar is the cross-sectional area of the strip,
Er, is the elastic modulus of the grid reinforcement,
Er, is the elastic modulus of the strip reinforcement, and

Er, = 10Er,.
Equivalent reinforcing material

Er,
= ar,Er, + ar, T

ar
Er, (arg + -1—6) (47)
Similarly in Fig. 4.65(b), the adhesion resistance or resistance to pullout, T,y
per metre width of composite reinforcement of length L at a depth /;, made up
of strip reinforcement and transverse anchors, may be derived from equations

(5) and (8).
T,q = 2Py + NydNvh, (48)

where P; is the total width of the strip reinforcement per metre width,
N, is the number of transverse anchors,
N, is a bearing capacity coefficient,
d is the diameter of the anchor.

4.5 Seismic effects

During an earthquake, acceleration of the material mass of the backfill of a soil
structure may occur; in time these may cause additional forces to develop in the
reinforcing elements. The total force in each reinforcement can be assumed to
be the sum of the static forces before the seismic event, plus the dynamic forces
generated during the earthquake activity. At the end of the earthquake it is
assumed that reinforcement forces will return to the initial static condition. It
has been established that two internal failure modes can exist with reinforced
soil; failure of the reinforcement in tension or failure of adhesion between the
soil and the reinforcement. During an earthquake, failure by breakage of
reinforcement could be catastrophic, accordingly a failure mechanism based
upon loss of adhesion is preferred. In this situation distortion of the structure
may occur during seismic conditions but stability is restored once this ceases.
The observed deformation mechanism is one of forward rotation about the
toe, Fig. 4.60.

4.5.1 Seismic designs
Seismic design methods are based on two approaches:
(@) prediction of dynamic reinforcement tensions resulting from the ground

motion
(b) selection of reinforcement adhesion failure as the design criteria, coupled

Theory
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Fig. 4.66. Deformation
mechanism under seismic
conditions
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with the determination of the probable deformation and a check that the
latter is within the serviceability limits.

4.5.1.1 Prediction of dynamic tension method

Richardson and Lee (1975) have suggested an empirical method for estimating
the dynamic forces in each reinforcing element, based upon a techniqu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>