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ABSTRACT 

Key words: Gabions, reinforced soil, finite element analysis, cohesionless 
backfill, parametric studies, material properties, geometric properties, design 
charts, cost effectiveness 

Gabion faced re.taining walls are essentially semi rigid structures that 

can generally accommodate large lateral and vertical movements without 

exceSSIve structural distress. Because of this inherent feature, they offer 

technical and economical advantage over the conventional concrete gravity 

retaining walls. Although they can be constructed either as gravity type or 

reinforced soil type, this work mainly deals with gabion faced reinforced earth 

walls as they are more suitable to larger heights. 

The main focus of the present investigation was the development of a 

viable plane strain two dimensional non linear finite element analysis code 

which can predict the stress - strain behaviour of gabion faced retaining walls -

both gravity type and reinforced soil type. The gabion facing, backfill soil, 

In - situ soil and foundation soil were modelled using 20 four noded 

isoparametric quadrilateral elements. The confinement provided by the gabion 

boxes was converted into an induced apparent cohesion as per the membrane 

correction theory proposed by Henkel and Gilbert (1952). The mesh 

reinforcement was modelled using 20 two noded linear truss elements. 

The interactions between the soil and the mesh reinforcement as well as the 

facing and backfill were modelled using 20 four noded zero thickness line 

interface elements (Desai et al., 1974) by incorporating the nonlinear hyperbolic 

formulation for the tangential shear stiffness. The well known hyperbolic 

formulation by Ouncan and Chang (1970) was used for modelling the 

non - linearity of the soil matrix. The failure of soil matrix, gabion facing and 

the interfaces were modelled using Mohr - Coulomb failure criterion. 

The construction stages were also modelled. 

Experimental investigations were conducted on small scale model walls 

(both in field as well as in laboratory) to suggest an alternative fill material for 
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the gabion faced retaining walls. The same were also used to validate the finite 

element programme developed as a part of the study. The studies were 

conducted using different types of gabion fill materials. The variation was 

achieved by placing coarse aggregate and quarry dust in different proportions 

as layers one above the other or they were mixed together in the required 

proportions. The deformation of the wall face was measured and the behaviour 

of the walls with the variation of fill materials was analysed. It was seen that 

25% of the fill material in gabions can be replaced by a soft material (any locally 

available material) without affecting the deformation behaviour to large extents. 

In circumstances where deformation can be allowed to some extents, even up to 

50% replacement with soft material can be possible. 

The developed finite element code was validated using experimental test 

results and other published results. Encouraged by the close comparison 

between the theory and experiments, an extensive and systematic parametric 

study was conducted, in order to gain a closer understanding of the behaviour 

of the system. Geometric parameters as well as material parameters were 

varied to understand their effect on the behaviour of the walls. 

The final phase of the study consisted of developing a simplified method 

for the design of gabion faced retaining walls. The design was based on the 

limit state method considering both the stability and deformation criteria. 

The design parameters were selected for the system and converted to 

dimensionless parameters. Thus the procedure for fixing the dimensions of the 

wall was simplified by eliminating the conventional trial and error procedure. 

Handy design charts were developed which would prove as a hands - on - tool 

to the design engineers at site. Economic studies were also conducted to prove 

the cost effectiveness of the structures with respect to the conventional RCC 

gravity walls and cost prediction models and cost breakdown ratios were 

proposed. 

The studies as a whole are expected to contribute substantially to 

understand the actual behaviour of gabion faced retaining wall systems with 

particular reference to the lateral deformations. 
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LIST OF NOTATIONS 
The notations listed below are for general reference. Symbol~ which do not 

appear here are explained in the text where they first occur. 

Notation Description Unit 

a Friction interaction factor 

a. Distance of starting end of strip load from back face of 

wall 

m 

ai, b l 

I 
Up hI 
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A] 

At 
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[BJ 

B'011 

Bmm 
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Ca 

Cg 

c, 

c, 

cu 

ex, cl' 

[e] 
C LI 

(d) 

0 

Om 

On 

010 

e 

em;}" 

Kondner's constants for soil 

Kondner's constants for interfaces 

Cross sectional area of the jth layer of reinforcement m 2 

Cross sectional area of truss element m 2 

Facing width of gabion wall m 

Strain displacement matrix m 

Bulk modulus of soil kPa 

Minimum value of bulk modulus of soil kpa 

Cohesion kPa 

Adhesion of soil to reinforcement kPa 

Cohesion of gabion facing kPa 

Cohesion induced by gabion mesh kPa 

Cohesion of soil kPa 

Undrained cohesion kPa 

Direction cosines 

Constitutive matrix kPa 

Uniformity coefficient 

Nodal displacement vector m 

Least lateral dimension of rock pieces inside gabions m 

Depth of embedment m 

Initial least lateral dimension of gabion box m 

Effccti ve size mm 

Eccentricity m 

Maximum voids ratio 
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emin 

E 

ff 

ffs 

Minimum voids ratio 

Modulus of elasticity of the reinforcement 

Initial tangent modulus of elasticity 

Tangent modulus of elasticity 

Modulus of elasticity of material of truss element 

Partial factor applied to external dead loads 

Partial factor applied to soil mass 

Partial factor values applied to reinforcement parameters 

Partial factor values applied to soil parameters 

Partial factor values applied to intrinsic properties of 

reinf orcemen t material 

fmll Partial factor values applied to consistency of 

manufacture of reinforcement 

fmlll Partial factor values applied to reinforcement 

manufactured according to standards 

fml12 Partial factor values applied to reinforcement 

manufactured not according to standards 

fml21 

Partial material factor related extrapolation of test data 

dealing with base strength 

Partial factor values applied to assessment of available 

data on base strength of reinforcement to derive a 

statistical envelope 

fmw Partial material factor related to the extrapolation of the 

statistical envelope over the expected service life of the 

reinforce men t 

Partial factor values applied to reinforcement concerned 

with construction and environmental effects 

Partial material factor related to the susceptibility of the 

reinforcement to damage during installation 

Partial material factor related to the environment in 

which the reinforcement is installed 

Partial factor applied to economic ramifications of failure 

Partial factor for reinforcement pUllout resistance 
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kPa 

kPa 

kPa 
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f'l Partial factor applied to extemallive loads 

fs Partial factor applied to sliding 

G Specific gravity 

h Spacing of reinforcement m 

h J Depth of the jth layer of reinforcement from the top m 

H Height of wall m 

j Layer number of the reinforcement 

ks, kll Interface unit stiffness along tangential and normal kN/m3 

directions 

ksi Initial shear modulus of interface kN/mJ 

kst Tangent shear modulus of interface kN/m3 

[k) Element stiffness matrix kN/m 

[km) Element stiffness matrix along member axis kN/m 

K,n Hyperbolic constants for soil for determination of elastic 

modulus of soil 

KI, nl Hyperbolic constants for interface 

K" Coefficient of active earth pressure 

Ka\ Coefficient of active earth pressure of backfill soil 

K,,2 Coefficient of active earth pressure of retained soil 

KmLl,m Hyperbolic constants for determination of bulk modulus 

Ko Coefficient of earth pressure in at - rest condition 

Kp Coefficient of passive earth pressure 

[K] Global stiffness matrix kN/m 

L Length of reinforcement m 

L"J Length of reinforcement in the active zone m 

L"J Embedded length of reinforcement m 

L, Length of interface element m 

Lrnin Minimum length of reinforcement m 

Lt Length of truss element m 

M Net factored moments acting about the toe of the system kNm 

Mg Secant modulus of gabion mesh kN/m 

Mo Total factored overturning moments about toe kNm 

Mr Total factored resisting moments about toe kNm 
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Ni Shape functions 

[N] Shape function matrix 

P;Hm Atmospheric pressure kPa 

PI Perimeter of reinforcement M 

PI! Lateral force due to surcharge kNjm 

Pr Lateral force in reinforced case kNjm 

Ps Lateral force due to retaining soil kNjm 

Pu Lateral force in unreinforced case kNjm 

q Surcharge over backfill kNjm 

{ q} Element load vector kN 

qall Allowable bearing capacity of soil kPa 

qr Factored bearing pressure at the base of wall kPa 

quit Ultimate bearing capacity of soil kPa 

r, s Local coordinates of any point m 

fi, Si Local coordinates of ith node m 

Rr Failure ratio for soil elements 

RI Failure ratio for interface elements 
I 

Rh Resultant of all factored horizontal loads kNjm 

Rv Resultant of all factored vertical loads kNjm 

S Stress level expressed as a fraction of strength 

SO Standard deviation of the reinforcement base strength kNjm 

Svj Vertical spacing of reinforcements at the jth level m 

td Design life of reinforcemen t 

tt Duration over which real time creep tests have been 

performed for reinforcement 

Tav, Average tensile load along the length of the j th layer of kNjm 

reinforcements 

T" Tensile force per metre run developed in the jth layer of kNjm 

reinforcement due to cohesion of the reinforced soil fill 

TIJ Design strength of reinforcement kNjm 

Tr, Tensile force per metre run developed in the jth la.ver of kNjm 

reinforcement due to a vertical strip load 

T, Maximum ultimate limit state tensile force to be resisted kNjm 
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Tpj 

T~I 

Tult 

IT] 

by the jth layer of reinforcement 

Tensile force per metre run developed in the jth layer of 

reinforcement due to self weight of fill plus any surcharge 

on the reinforced fill 

Tensile force per metre run developed in the jth layer of 

reinforcement due to a horizontal shear load 

Unfactored ultimate tensile strength of reinforcement 

Transformation matrix 

U, v Nodal displacements 

u
" 

Vi Nodal displacements at any point 

U r Maximum lateral deformation in the reinforced case 

Uu Maximum lateral deformation in the unreinforced case 

{uj Nodal displacement vector at any point 

{ Un }, {vn } u and v vectors of an element 

W',J. Weight of gabion facing 

W, Weight of reinforced soil block 

Wq Weight of surcharge 

x, y X and Y (global) coordinates 

Xi, y, X and Y (global) coordinates of ith node 

XI> Yi X and Y (global) coordinates of jth node 

{Xn }, {Yn} X and Y coordinate vectors of an element 

x, Width of strip loading 

C1. 

Ad 

~P 

l\q 

!m 

Adhesion coefficient relating soil cohesion to soil / 

reinforcement bond 

Angle of interfacial friction 

Sway factor 

Increment in displacement 

Change in lateral force 

Increment in load 

Percentage reduction in lateral deformation 

Confining pressure 

Axial strain 

Allowable strain in the reinforcement 
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Ej Strain in the jth layer of reinforcement % 

Es Strain in soil 

Ex, E\' Strains along x and y directions 

{ E J Element strain vector 

~ Angle of internal friction degrees 

~c Angle of internal friction radians 

~s Angle of internal friction of soil degrees 

~sl Angle of internal friction of backfill soil degrees 

~s2 Angle of internal friction of retained soil degrees 

y Unit weight of any material kNjm1 

Ym Unit weight of material under consideration kNjm3 

'(g Unit weight of materials in gabion facing kNjm3 

'(s Unit weight of soil kNjm3 

Ysl Unit weight of backfill soil kNjm1 

Ys2 Unit weight of retained soil kNjm3 

Yw Unit weight of water kNjm3 

Yx), Shear strain on the xy plane 

r Mean reinforcement base strength kNjm 

Il Poisson's ratio 

{ O"} Stress vector kPa 

O"ct Deviator stress kPa 

()n Normal stress kPa 

O"x, G" Stresses along x and y directions kPa 

0"1 Major principal stress kPa 

()~ Minor principal stress kPa 

(J" Mean stress kPa 

1 Shear stress kPa 

1[ Shear stress at failure kPa 

1max Maximum shear stress developed kPa 

'(XY Shear stress on the xy plane kPa 
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1.1 GENERAL 

Chapter 1 

INTRODUCTION 

A retaining wall 1S defined as a structure whose pnmary purpose 1S to 

provide lateral support for soil or rock. In some cases, the retaining wall may 

support vertical loads also. Examples include basement walls and certain types 

of bridge abutments. It is also described as a structure that prevents retained 

soil from assuming its natural slope. More clearly, it is constructed to maintain 

level difference of the soil on either side of it. 

It is quite understandable that retaining wall design and construction 

has occupied a pivotal position in the historic development of geotechnical 

engineering. Along with this, came a variety of retaining wall types, design 

methods and related construction methodologies. Over time, the classical 

gravity retaining walls transitioned into reinforced concrete types. A paradigm 

shift occurred in the 1960s with the advent of mechanically stabilized earth 

(MSE) masses, i.e., reinforced layers of soil allowing for modular construction, 

which was clearly recognized as being advantageous in most situations. 

The reinforcement was initially steel strips, and subsequently, welded wire 

mesh provided an alternative. Wall facings varied from metallic - to - reinforced 

concrete - to - segmental units of a variety of types and shapes. By the 1980s 

this MSE technology segued into polymeric reinforcement using geogrids, 

geotextiles and polymer strips. 

Gravity retaining walls (Fig. l. 1) depend upon their weigh t for stability or 

in other words, they are walls which are stabilized by their mass. These walls 

are usually constructed of concrete or masonry. Such walls are not economical 

for large heights. They usually show a rigid behaviour against the surrounding 

deformations. 
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frictional shear on the periphery of the horizontal reinforcing strips induces a 

uniformly increasing tension in its section, which varies from zero at the free 

end to a maximum at the point of fixity with the facing skin, in a first order 

approach. The facing skin itself needs only extremely low structural thickness, 

which together with the thin reinforcing strips makes it a highly economical 

proposition in the place of conventional retaining structures of the gravity type. 

Since the system basically owes its performance to the reinforcements 

frictionally interacting with the soil medium, highly frictional soils and 

reinforcements with good frictional surface characteristics are most essential 

and economical for reinforcing earth systems. 

But recently retaining walls are being constructed with thick and stiff 

facings like modular concrete blocks or gabions in order to reduce the length of 

reinforcement and thus to minimize the space utilisation of reinforced soil 

walls. They may be classified as semi rigid walls. Gabions are wire mesh 

containers filled with stones. They are stacked one above the other as well as 

one beside the other, and securely tied together to form a monolithic massive 

structure. 

Gabion faced retaining walls are commonly built as gravity type walls for 

low wall heights and as reinforced soil type for medium and high walls. In the 

case of gravity type walls gabion boxes are stacked as mentioned above to form 

the wall facing. The stability is achieved by the self weight of the structures 

and hence high density rock boulder pieces are used as the common fill 

material. The gabion boxes are also available with mesh extension at their 

base. The self weight of the stones inside the gabion boxes and the backfill 

portion into which the basal mesh extends provides stability to the structure. 

In addition to this, the basal mesh extending into the backfill acts as 

reinforcement inside the soil and the frictional interaction between the backfill 

and the basal mesh provides additional stability to the structure. These types 

of structures are termed as gabion faced reinforced earth retaining walls. Since 

these walls acquire additional stability from the frictional interaction between 

the basal mesh and the backfill, the facing width may be kept to a minimum 
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value. The advantages of these walls over the gravity type walls are added 

stability and the reduction in cost of the structure due to the reduction in 

facing width. The latter feature owes to the lesser amount of stones required 

compared to the gravity type gabion faced retaining walls. Because of these 

reasons, the construction of the gabion faced reinforced earth walls is gaining 

high momentum these days. 

1.2 SCOPE OF THE PRESENT STUDY 

The concept of retaining walls \vith gabion facing IS gathering 

tremendous growth m the present time. They are gaining considerable 

attention as retaining structures and providing a valuable alternative to 

traditional concrete walls. Gabion faced walls present a low environmental 

impact aild a good ratio between cost and effectiveness. This comes about for a 

number of reasons, among which are: no casting, ease of placement, good 

tolerance for foundation irregularities and (perhaps most importantly) 

outstanding aesthetics. Building architects, landscape developers, private 

property owners etc., have also readily accepted these wall systems in addition 

to geotechnical consultants. No longer confined to low and medium heights, 

gabion walls with mesh reinforcement now compete ~l'ith other wall types in all 

height categories. (The highest wall located in Taiwan is approximately 38m 

high.) In the author's opinion, the profession finds itself in the midst of a 

massive transition from a flock of wall types to a predominance of gabion walls 

with basal mesh reinforcement. 

The studies on gravity type rigid retaining walls commenced along with 

the birth of the geotechnical engineering subject and those on MSE type flexible 

walls since 1960s after the evolution of the principle of reinforced earth. 

Numerous studies have been conducted on these types till date and hence the 

behaviour is quite familiar to any practising geotechnical engineer. The gabion 

faced retaining walls being semi rigid in nature (due to the partial rig,dity 

offered by the f8cing and flexibility offered by the reinforced portion), their 

behaviour is quite unknO\vn to the engineering community. But the popUlarity 
~heh 

of these walls is gaining high impetus because of . - other advantages listed in 
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Chapter 3. Hence there arises an urgent need to study the force - deformation 

characteristics of gabion faced retaining walls which forms the main objective of 

the present study. 

1.3·· '." OBJECTIVES 

The following specific objectives are considered: 

l. Study the existing literature on retaining walls, its analysis and economics 

along with the performance of gabion faced reinforced earth walls in order to 

ascertain the need for the study. 

2. Develop a finite element prediction tool which can simulate the behaviour of 

gabion faced retaining walls. 

3. Validate the finite element code developed through experimental programme. 

4. Explore the possibility of the use of any locally available material instead of 

the costly rock pieces inside gabion boxes to bring down the cost of 

construction. 

5. Conduct parametric studies to examine the effect of variation of geometric 

and material properties on the load - deformation behaviour of gabion faced 

retaining walls using the finite element code. 

6. Develop design charts based on the limit state method of design. 

7. Conduct economic studies to prove the cost effectiveness of gabion faced 

retaining walls over conventional gravity type concrete walls. 

1.4 ORGANISATION OF THE THESIS 

Chapter I gives an introductory outline to the purpose and behaviour of 

retaining walls in general. The scope of the present study and the exact 

objectives are also pointed out in this chapter. Chapter 11 deals \vith an 
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extensive literature review on the different topics of the research work. 

Since the concept of gabion retaining walls, its construction, analysis and 

design are not well documented, a separate chapter is devoted to gab ion faced 

retaining walls presenting all possible information collected from various 

sources. Hence, Chapter III contains a general introduction to the gabion faced 

retaining walls, the prevailing construction techniques and advantages of using 

these walls over conventional walls. The chapter concludes with a brief 

discussion on the design and analysis of these walls. 

In Chapter IV, a general description of the finite element code developed 

is given clearly outlining the features of the elements used in the study and the 

simulation techniques adopted to predict the behaviour of gabion faced 

retaining walls. Chapter V deals with the experimental studies conducted in 

the field as well as in the laboratory, to validate the developed FE code and also 

to investigate the use of a locally available cheap material as an alternative to 

the costly stone pieces which are commonly used as gabion fill materials. 

Chapter VI briefs out the validation studies conducted to prove the effectiveness 

of the developed finite element code in predicting the behaviour of reinforced 

soil structures. 

Chapter VII and VIII describe the geometric and material parametric 

studies conducted respectively on gabion faced reinforced soil retaining walls 

which clearly reflects the effect of the variation of these properties on the 

behaviour of these walls. Chapter IX portraits the development of handy design 

charts for the design of gabion faced retaining walls using the limit state 

method. Chapter X outlines the economic studies conducted to establish the 

cost reduction features of gabion faced walls along with suggesting cost 

prediction models and cost breakdown aspects. Finally, Chapter XI 

summarises the research ,vork, clearly pointing out the conclusions drawn from 

the experimental and numerical investigations and bringing out the scope for 

future research in this area. A list of References cited follow's this chapter. 

Thus the thesis is organised in a methodical way. 
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Chapter 2 

LITERATURE REVIEW 

2.1 GENERAL 

It has been a long time since boxes made of hexagonal mesh fabric, 

known as gabions, have become an effective technical solution in the design, 

construction and maintenance of a variety of protective flexible structures. 

Gabions, by virtue of their matchless strength, excellent engineering 

adaptability and reliability, have become the chosen building material for a 

tremendous variety of construction works. These include road construction, 

river training, weirs, control and training of natural and flood waters, earth 

retaining slructures, water recharge dams, rock slide protection, soil erosion 

protection and bridge protection. 

An extensive literature survey was conducted to identify the research 

works conducted on gabion faced retaining walls. But it was truly 

disheartening to note that, even though the construction of these walls is 

booming up in every nook and corner of the world, the research works 

conducted to understand the behaviour of these walls are very much limited in 

number, which is clearly proved at the end of this chapter. This obviously 

means that the present situation may have disastrous outcomes if the 

prevailing practice continues. Hence the author shifted her attention to 

collection of literature based on behaviour of retaining walls in general which 

may be categorised as gravity walls, reinforced soil walls, segmental retaining 

walls and gabion faced walls. The studies in this chapter are divided mainly 

into four groups as follows: 

1. Literature on experimental investigations 

11. Analytical studies 

Ill. Studies on numerical modelling 

IV. Economic studies 
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Literatures on experimental works were collected to understand how the 

retaining wall can be modelled physically and how the deformations can be 

measured. Works on finite element modelling of different types of retaining 

walls were collected to understand how a FE prediction model could be 

developed to simulate the behaviour of gabion faced retaining walls by 

modelling the different components individually. Analytical works on retaining 

walls were collected to understand how the design charts could be developed 

from the results of the present study. 

2.2 EXPERIMENTAL INVESTIGATIONS 

2.2.1 Gravity walls 

Tweedie et al. (1998) constructed a 4.88m high retaining wall test facility 

to test tire shreds as retaining wall backfill. The front wall of the facility could 

be rotated outward away from the fill and was instrumented to measure the 

horizontal stress. Measurement of movement within the backfill and settlement 

of the backfill surface during wall rotation allowed estimation of the pattern of 

movement within the fill. Huang et al. (1999) developed a 20 model retaining 

wall system to investigate the effect of the bending rigidity of a wall, supported 

at the top and bottom, on the lateral pressure distribution at completion of 

backfilling condition. 

Briaud et al. (2000) proposed the use of a vertically reinforced wall, a 

new type of top-down retaining wall. Typically, three to four rows of 1 m 

diameter cemented soil columns were constructed to the depth of soil to be 

retained. After one year, the horizontal movements and vertical settlements of 

the wall were very close to the movements of the similar size tieback \vall built 

at the same site. The authors claim this performance as an indication of the 

viability of this new wall type. 

Lee et al. (200 1) presented experimental data concerning the lateral earth 

pressures acting against a small-scale retaining wall, with a backfill consisting 

of waste foundry sand (WFS) mixtures. It was seen that the lateral earth 
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pressures on the wall depend on the backfilling sequence, the type and 

drainage characteristics of the WFS mixture, and the shear strength of the 

mixtures. Judging from the retaining wall model tests, the authors recommend 
.,. 

that the backfilling of a 6-m high retruning wall can be completed in two days 

with two backfilling stages. 

Chen and Fang (2002) investigated the effect of stress - history on the 

earth pressure at rest, using an instrumented stiff model retaining wall of 1.6m 

high using dry Ottawa sand. Calculations based on the experimental data 

indicated that the resultant forces were located at 0.34 H to 0.35 H above the 

base of the wall. For the backfill, the measured coefficient of earth pressure 

at - rest, Ko was found to be independent of the thickness of the fill. 

Fang et al. (2002) conducted experiments on a vertical rigid wall which 

moved towards a mass of dry sand and the earth pressure was measured. 

As the wall movement exceeded 12% of the wall height, the authors concluded 

that the passive earth thrust would reach a constant value, regardless of the 

initial density of backfill. 

Hanna and Khoury (2005) conducted an experimental investigation on 

the passive earth pressure of overconsolidated cohesionless soil on retaining 

walls, using a prototype model of a vertical rough wall, retaining horizontal 

backfill. It was seen that the over consolidation ratio and the soil condition 

below the founding level significantly affect the value of the coefficient of passive 

earth pressure on these walls. Design charts and formulae were also developed 

for practical use. 

Bentler and Labuz (2006) used earth pressure cells, tilt meters, strain 

gauges, inclinometer casings, and survey reflectors during the construction of a 

7.9m high reinforced concrete cantilever retaining wall. The passive earth 

pressure in front of the shear key was found to be less than 10% of the design 

value and the vertical stress below the heel \vas greater than that at the toe. 
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Compaction-induced lateral stresses on the stem were sometimes twice the 

vertical stress. 

Villemus et al. (2007) conducted experimental investigations in the 

laboratory and m - situ on dry stone gravity retaining walls to seek the 

knowledge necessary to ensure the stability of these structures. From the 

results of the experiments, a mathematical model was developed for calculating 

the stability of dry stone retaining walls. These tests also determined the limits 

of monolithic behaviour of the masonry, thus defining failure and enabling the 

fulfillment of practical engineering requirements. 

2.2.2 Reinforced earth walls 

Fukuoka et al. (1986) experimented on a 5 m high experimental fabric 

faced retaining wall reinforced with columns and steel rod anchors. It was 

observed that the fabric faced multiple anchored retaining wall is economical, 

easy to construct and very stable and the steel anchor rods can be used for a 

long time if they are coated with paint or asphalt. 

Fabian and Fourie (1988) built large geotextile reinforced clay wall 

models to investigate the mechanism of clay-geotextile interaction and the 

effects of a low-cost, non-woven, needle-punched geotextile reinforcement on 

the load-bearing capacity of a silty clay. No face panels were used. 

The wrapped back geotextile reinforcement provided the face of the wall. 

The results of the testing programme were promising and encourage further 

research into the applicability of cohesive soils in geotextile-reinforced soil 

structures which might have great economic significance in areas where good 

quality granular backfill is not readily available. 

Horiya et al. (1988) described an experimental study on a reinforced 

earth retaining wall constructed using the Hi - Tex wall method. The mcthod of 

construction was using plate anchors (anchors with bearing plate) cmd a 

geotextile acting as a membrane. Pullout tests werc conducted on the anchors 
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with bearing plates to understand the sliding behaviour of this new system. 

After that, execution of the full scale wall was carried out. 

In order to evaluate the behaviour and stability of the embankment 

during and after execution, the deformations in the horizontal and vertical 

directions of the wall slope, the tensile forces developed in the anchor rods and 

the stresses developed in the steel pipes were measured. 

Rao et al. (1988) presented three dimensional model studies on 

reinforced earth walls built and tested using "built to failure" technique. 

The models were prepared using aluminum foil reinforcement and aluminum 

sheet facing. The model tests revealed that the failure height by Rankine's 

theory gives conservative height of failure and that the tension at the joint of 

reinforcement with the facing is not zero, corroborating the findings of other 

researchers. 

Fannin and Hermann (1990) built and monitored a sloped reinforced soil 

wall comprising of two sections with a different arrangement and spacing of 

geogrid reinforcement. The loading conditions used for the study were self 

weight, a cycle of surcharge load and permanent surcharge loading of the wall 

crest. Instrumentation was used to measure the force and strain in the 

reinforcement as well as pressure, strain and temperature in the soil mass. 

The performance data were collected for 20 months after the completion of 

construction. The authors found that the mechanisms of behaviour were 

according to expectations. 

Fishman et al. (1993) instrumented an earth reinforced retaining wall to 

measure the movements of wall faces, lateral earth pressure, vertical stress in 

the soil mass, strains in the soil and strains along the reinforcement in the 

field. The wall was reinforced \vith geogrids and had a full height precast 

concrete wall facing. They observed that the computation of maximum tension 

in the reinforcement using the conventional design procedure is satisfactory. 
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Palmeira and Lanz (1994) presented a study of geotextile reinforced 

model walls subjected to vertical surcharge. Different reinforcement layouts 

were tested. Vertical stress distributions were measured at the base of the 

walls as well as internal displacements and horizontal displacements at the face 

of the wall. Comparisons between predictions and measurements \vere also 

made. The results showed that the reinforcement arrangement used in the wall 

can significantly affect its face displacements and the stresses at its base. 

Wiseman and Shani (1994) described the construction of retaining walls 

in which the soil is reinforced by panels of welded wire mesh sandwiched 

between two geotextile layers heat bonded to each other, with precast concrete 

elements used as facing. Ten separate walls retaining backfill for the city 

streets with 350 surcharge slopes were constructed in heights varying from 

3m to 15m. Pullout tests were conducted on welded wire mesh and geomesh. 

The authors, from their experience, are of the opinion that geomesh reinforced 

soil retaining walls have performed very satisfactorily during Israel's wettest 

winter in 200 years. 

Isabel et al. (1996) described a new method of retaining wall construction 

th-at combined the reinforced earth technique with a conventional brick wall. 

The results showed that even short lengths of reinforcement significantly 

increased the load carrying capacity of a brick retaining wall. Although brick 

faced retaining walls do not obey the original principles of flexibility, the 

inclusion of the geotextile as reinforcement, allowed the construction as a whole 

to endure considerable movement before collapse, show·ing a high degree of 

ductility. 

Ochiai and Fukuda (1996) conducted full scale failure experiments to 

study the behavioural characteristics of geolextile reinforced soil walls with 

different faeings like discrete concrete panels, concrete blocks and expanded 

polystyrol blocks. With the help of the experiments and FEA, the reinforcing 

performance and mechanism \vere studied. From the results, it was found that 
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the deformation of a wall during the construction can be restrained by the 

gravity resistance of its facing. 

Porbaha and Goodings (1996) built twenty four reduced scale models of 

vertical and steeply sloping (1 H : 6 V) reinforced soil walls using kaolin as the 

backfill, reinforced with a nonwoven geotextile simulant, and loaded to failure 

under increasing self weight in the geotechnical centrifuge. Models were 

constructed on either firm or rigid foundations, and different lengths of 

reinforcement were tested. A stability analysis using the two - dimensional 

limit - equilibrium simplified Bishop method incorporating reinforcement, was 

found to be a good predictor of the behaviour of the models based on calculated 

factors of safety at failure. 

Iyer et al. (2001) studied the effect of bamboo strips as reinforcing 

elements with and without braided coir rope interface in model retaining walls. 

Ferro cement panels were used as facing elements tied to the reinforcing 

elements and backfill used was sea sand. They concluded that the high 

modulus of bamboo and the frictional characteristics of braided rope can be 

best made of in retaining walls up to 2m height. 

Garga and 0' Shaughnessy (2002) constructed a 57m high x 17m wide 

instrumented test fill, comprising both retaining wall and tire - reinforced slope 

sections to study the performance of tire reinforced earth fills. Approximately 

10,000 tires were used in both cohesionless and cohesive backfills. The testing 

program included plate load tests, field pull out tests on tire mats, water quality 

assessment in the field and lab and other complementary lab testing. 

The authors demonstrated the practical feasibility of constructing reinforced 

earth fills using scrap tires. The results from the tests showed that the negative 

wall friction increases the active thru st \vhen the retaining wall becomes more 

compressible than the backfiU. The au thors also gave recommendations for the 

design of retaining walls using scrap tires. 
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Hegazy (2002) performed laboratory tests to design the connections for a 

geosynthetic mechanically stabilised earth retaining wall. The connection 

strength was determined where the connection fails due to rupture of 

geosynthetic reinforcement (rupture criterion) or pullout of geosynthetic 

(serviceability criterion), whichever occurs first. A database of laboratory 

geosynthetic connection tests using different types of geogrid and facing blocks 

was collected and the design trends of these two parameters were recommended 

as a function of the confining stress. 

Ma and Wu (2004) described the independent full facing reinforced soil 

wall system and the Fox wall project, with the measured data, and discussed 

the wall performance. Design implications concerning the initial setback of 

facing panels, reinforcement strength requirement, and lateral forces on facing 

panels were also addressed in the paper. 

Frankowska (2005) presented the results of the 33-months monitoring of 

a reinforced wall with geosynthetic \\Tap-around facing. The wall was exposed 

to natural weather conditions and the following variables were measured: 

horizontal and vertical displacements at the surface of the wall faces, the wall 

settlement and the reduction of basic mechanical properties of geosynthetic 

after using it as the reinforcement. The observed strength losses of 

geosynthetic ranged from 83% to 97% over a period of 33 months. 

Ch en et al. (2007) simulated a clayey vertical geotextile - reinforced earth 

wall in a wet state due to poor drainage conditions, after several consecutive 

days of heavy rainfall, by a series of centrifuge models. The models were 

constructed using clayey soil very close to its liquid limit. Through centrifugal 

tests on these models, the effectiveness of various reinforcement arrangements 

was examined. It was seen that for any reinforcement length, there exists a 

critical value beyond which no further improvement can be attained. Also, 

smaller vertical reinforcement spacing leads to shorter critical reinforcement 

length. Four failure modes \vere observed in this study and their evolution for 

each reinforcement arrangement was also demonstrated. 
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Won and Kim (2007) measured the local deformation of geosynthetics, 

such as geogrids, and non woven and woven geotextiles to examine the stability 

of geosynthetic - reinforced soil (GRS) structures. They proposed a new, more 

convenient method, to measure the deformation behaviour of non \voven 

geotextiles using a strain gauge and examined its suitability via laboratory tests 

and field trials on two GRS walls. 

Shinde and Mandal (2007) carried out several experiments to understand 

the deformation behaviour of reinforced soil retaining wall with limited fill zones 

under vertical surcharge strip loading. Panel displacements and strain 

distribution along geogrid layers were observed. Effectiveness of the reinforced 

soil wall was also evaluated using a geogrid material. Finite element analysis 

was also carried out using commercial software PLAXIS version 8 for the above 

problem without and with anchoring of reinforced soil retaining wall in the 

limited fill zone. The results were compared and showed good agreement. 

Chen and Chiu (2008) performed model tests on mne model geocell 

retaining walls to examine the effect of the geoceIls as a major material in 

retaining structures and also to study the failure mechanism of the said 

structures under surcharge. Results showed that the deformation on the wall 

face and the backfill settlement both increased with increasing facing angle and 

surcharge. 

2.2.3 Segmental retaining walls 

Segmental retaining \vaIls (SRWs) form Cl. nev,l generation of reinforced 

earth retaining \valls where flexible facing units are replaced with modular 

block facing units. The facing units may be of reinforced concrete, precast 

concrete or brick units. The reinforcement may be geogrids or geotextiles. An 

important criterion in the design of these wCllls is the connection strength 

between the f8cing units and the reinforcement. The overall strength of the 

structure is thus imparted by the rigidity of the facing units and the friction 

between soil and reinforcement. 
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A hybrid segmental retaining wall system using both steel and 

geosynthetic reinforcement failed in 1998. Collin (2001) analysed this 

segmental retaining wall failure with respect to the design, and construction to 

determine the cause/causes of the failure. The results of the forensic analysis 

were presented along with the remedial measures necessary to correct the 

problem. The analysis identified that the poor connection betvveen the soil 

reinforcement and the segmental concrete units was the primary cause of the 

failure. The design of the wall used a proprietary software program that did not 

consider the connection strength of the hybrid system used. The remediation 

included the removal of the wall face and reconstruction increasing the 

connection capacity between the segmental concrete units and the 

reinforcement by a factor of three. 

Yoo and Lee (2003) presented the measured behaviour of an anchored 

segmental retaining wall. To understand the overall mechanical behaviour of 

the anchored segmental retaining wall and to confirm the applicability of the 

design assumptions, an extensive monitoring program was implemented for a 

7-m-high anchored segmental retaining wall. 

The results showed that the maxImum lateral wall displacement was 

comparable to or less than that of a typical geosynthetic - reinforced wall. 

The measured and the inferred horizontal earth pressures showed that the 

horizontal earth pressures exerting on the wall facing were greater than those 

inferred from the Rankine active state of stress and the Coulomb wedge 

analysis, approaching the at-rest state. 

Yoo and ,)ung (2004) presented the observed behaviour of a geosynthetic 

reinforced segmental retaining wall. A 5.6 m high full scale wall in a tiered 

configuration was constructed and instrumented, in an attempt to examine the 

mechanical behaviour and to collect relevant data that will help improve the 

current design approaches. It was shown that for walls on a less competent 

foundation, significant post construction wall movements may occur. 

16 



2.2.4 Gabion faced retaining walls 

Garg (1997) highlighted two innovative technologies for stabilisation of 

slopes. One was a reinforced gabion wall and the other was an anchored drum 

diaphragm wall implemented successfully in the Garhwal Himalaya during 

eighties to improve stability of slopes at comparatively lesser cost and time than 

conventional retaining walls. 

Ferriolo et a1. (1997) presented the details regarding the use of flexible 

gabion structures for landslide, road protection and river training works. 

The authors explained the phenomena of landslide and erosion as modification 

of equilibrium condition of soil at specific surfaces due to a natural 

configuration or due to a human activity. Gabion mattresses being flexible 

structures have added advantages in their use in these areas. It is also 

mentioned that the internal structure details of the gabions such as opening 

Size, double twist mesh, hexagonal shape, Wire diameter, extent of 

galvanisation, diaphragms and joint details play an important role in the 

functioning of the structure as a whole. 

Simac et al. (1997 A and B) described the design and construction of the 

MSE walls on the Tellico plains to Robbinsville highway. The walls were built 

with hybrid wall system components, consisting of geogrid reinforcement and 

PVC coated gabion baskets. The selection of these materials was based 

primarily on the presence of a chemically active environment, availability of an 

economical fill source, aesthetic appearance and overall cost. The paper 

summarised the design procedure utilised to ensure wall stability along a 

mountainous highway alignment. The paper also examined ho\"" the general 

MSE design guidelines presented in the project specifications can be augmented 

with currently accepted methods of analysis to provide Cl safe but economical 

wall design. 

The authors concluded that hybrid MSE systems like the one mentioned 

above can be successfully designed by implementing currently accepted 

methods of anal.vsis for geosynthetic reinforced soil walls. But appropriate 
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facing connection tests should be done before implementation of this system. 

The latter paper also describes the specialised laboratory testing that was 

carried out to ensure that the connection formed between gabion baskets and 

reinforcement was adequate. 

8ergado et al. (2000 E) studied the horizontal deformations of gabion 

walls on a fully instrumented test embankment reinforced with hexagonal wire, 

constructed on a soft Bangkok clay foundation in Thailand. The reinforced wall 

consisted of an inclined gabion facing on one side and a sloping unreinforced 

sand wall on the opposite side, with a total height of 6 m. Two different types of 

hexagonal wire meshes were utilized for the study. The wall system was 

extensively instrumented both in the foundation subsoil and the embankment, 

in order to monitor the behaviour of the wall both during and after the 

construction phase. A maximum settlement of 0.35 m was observed 200 days 

after construction. It was found that there is a direct correlation between 

displacement and stress in hexagonal wire mesh reinforcement. For both types 

of meshes, the maximum deformation was observed in the top most layers. 

Bergado et al. (2001) conducted pullout tests on hexagonal wire mesh of 

gabions embedded in silty sand locally known as Ayuttaya sand to investigate 

the soil reinforcement interaction. Two types of hexagonal wire mesh were 

tested, namely: (a) galvanised (zinc-coated) which had smaller aperture (cell) 

dimension of 60 mm x 80 mm and (b) PVC coated which had larger aperture 

(cell) dimension of 80 mm x 100 mm. The tests were conducted under normal 

pressures ranging from 35 to 91 kPa and the specimens were pulled at a rate of 

1 mm/min. The total pullout resistance of hexagonal wire mesh reinforcement 

consists of two components, namely: friction and bearing resistance. It was 

seen that the bearing resistance is higher than the friction resistance for both 

types of reinforcement. Higher friction and bearing resistances \vere obtained 

with increasing normal pressures. The friction and bearing resistances 

mobilised on the galvanised v,rire mesh were greater than the PVC-coated wire 

mesh, due to higher friction coefficient as well as greater number of transverse 

and longitudinal members (elements) per unit width in the former than the 
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latter. The authors proposed an analytical method for predicting the pUllout 

resistance and displacement relation using the basic soil and reinforcement 

properties which agreed reasonably well with the test results. 

2.3 ANALYTICAL STUDIES 

2.3.1 Gravity walls 

Bang and Hwang (1986) developed an approximate analytical solution to 

estimate the developed lateral earth pressures behind rigid retaining walls 

experiencing various types of outward movements with horizontal cohesionless 

backfill soil. Various stages of wall movement, starting from an at - rest 

condition to a full active condition were included. 

Day (1994) examined the effect, which the stiffness of the lateral support 

system has on the movement of ground and adjacent buildings. The properties 

of both the supported material and the support system which influence the 

movement of the retaining structures were identified with the illustrations of 

the performance of a variety of retaining structures. It was stated that the 

movement of the ground behind a retaining structure is dependent on the 

consistency of the ground, the in - situ stress condition and the stiffness of the 

support system. 

Hazarika and Matsuzawa (1996) developed a new numerical method, 

based on a smeared shear band technique for the analysis of earth pressure 

that incorporates two shear bands for a localised element. The method, which 

is valid for plane strain condition, was applied to explain the generation of the 

active earth pressure against a rigid retaining wall for different modes of the 

displacement that the wall is likely to undergo. 

Chang (1997) presented a simple analysis method for predicting the 

lateral earth pressure at any wall displacement behind a rotating wall using a 

modified Coulomb's solution of acti,'e earth pressure. The deformation pattern 

and the associated mobilisation of shearing resistance in the soil as affected by 
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the wall movement are considered in a simplified manner. The method was 

validated with solutions from FEM and observations from model tests. 

Filz and Duncan (1997) developed a simple theory for calculating the 

magnitude of vertical shear loads on nonmoving walls. Retaining walls that do 

not move are customarily designed based on the assumption of at - rest 

conditions, with no consideration of vertical shear loads applied by the backfill. 

However, field and laboratory measurements have shown that vertical shear 

loads do act on nonmoving walls. Typical results from the theory incorporating 

vertical shear loads were also discussed. 

Jalla (1999) presented details of the design methodology of multiple level 

retaining walls as used in residential construction. Each tier of multiple 

retaining walls should be safe against sliding, overturning, and bearing capacity 

failure. In addition, the global slope stability behaviour should also be checked. 

Greco (2001) showed that the wall stability against overturning can, 

however, be assessed using the position of the resultant force on the base, 

which is unaffected by the assumed thrust surface and contrary to overturning, 

safety factors against sliding and bearing capacity are unaffected by the 

assumed thrust surface. 

Long (200 I) prepared a database of some 300 case histories of wall and 

ground movements due to deep excavations worldwide. It was analysed that for 

still soil sites, movements were generally less than those suggested in the 

published \vell - known relationships. He suggested that, in the case of 

cantilever walls and for all walls in stiff soils worldwide, design practice 1S 

conservative and the inclusion of a cantilever stage at the beginning of a 

construction sequence seems to be the main cause of unusually large 

movements. 

Kim and Barker (2002) generated \'alues of equivalent height of soil he,! 

for the live load model in the AASHTO specifications acting on a gravity 

retaining wall based on the elastic theory for determining soil pressures within 
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a soil mass due to loads on the surface. The paper discusses the theoretical 

background, an analytical approach to estimation of actual earth pressure, a 

number of innovative approaches to obtain a simplified pressure distribution, 

an extensive parametric study, calibration procedures for the traditional 

method and recommendations. 

Wang (2007) presented approximate but analytical - based solutions for 

computing the lateral force and centroid location induced by horizontal and 

vertical surcharge surface loads resting on a cross-anisotropic backfill. 

The surcharge loading types include: point load, finite line load, and unifonn 

rectangular area load. The planes of cross-anisotropy were assumed to be 

parallel to the ground surface of the backfill. The results showed that both the 

lateral force and centroid location in a cross-anisotropic backfill were quite 

different from those in an isotropic one. 

2.3.2 Reinforced earth walls 

Saran and Talwar (1983) investigated a form of soil reinforcing for 

retaining walls v/here the lateral pressure on conventional retaining walls is 

sought to be reduced by reinforcing the backfill by unattached horizontal 

bamboo strips. The expressions for intensity of lateral pressure, resultant earth 

pressure and its point of application were derived in terms of strength 

parameters of soil as well as the characteristics and distribution of 

reinforcement. 

Sawicki and Lesniewska (1987) dealt with the theoretical analyses of the 

bearing capacity of reinforced soil retaining walls on the basis of a rigid-plastic 

model of reinforced soil and limit theorems. The results obtained could be 

useful in engineering calculations and design of geotextile reinforced retaining 

walls. 

Bauer (1988) analysed earth reinforced structures, reinforced with 

plastic geogricls, usmg limit equilibrium and finite element methods. 

The analyses included surcharge effects cmd various soil materials. The results 
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were presented as normalized graphs which can be used as design guides to 

estimate the critical geometry of a reinforced earth structure for various 

reinforcing configurations. 

Leshchinsky and Perry (1988) evolved a design procedure for geotextile -

reinforced walls subjected to uniform surcharge loads. Design charts were 

included for the evaluation of internal stability of the wall, which were 

developed from a limit equilibrium analysis. 

Bathurst and Simac (1993) described and compared the features of two 

computer programs GEOWALL and GRSWALL which were written by the first 

author to allow the geotechnical engineer to design a geosynthetic reinforced 

soil wall quickly. The authors conclude that GRSWALL allows the user more 

flexibility with respect to the number of reinforcement types and reinforcement 

layout. On the other hand, GEOWALL is more advanced as a design aid that 

will guide the user through the analysis and design of a geosynthetic reinforced 

soil wall. 

Singh and Basudhar (1993) successfully demonstrated the application of 

a generalized approach to the estimation of the lower bound bearing capacity of 

reinforced soil retaining walls by using the finite element technique in 

conjunction with non linear programming to isolate the optimal solution. 

The analysis was based on a rigid plastic model for reinforced soil, treating it as 

a macroscopically homogeneous anisotropic material. The results obtained 

were found to be in good agreement with the theoretical and experimental data 

reported in the literature. 

Fantini and Roberti (1996) described the study, design and execution of a 

vegetated geogricl reinforced slope used to recover a degraded area due to the 

construction of a viaduct in a highway in Italy. Reinforced slopes of height 

varying from 3 m to 20 m were constructed using different bioengineering 

techniques, to obtain a well established and permanent vegetation cover. 
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The authors finally infer that a good use of the geosynthetics can solve 

extremely difficult problems with due respect to the environment. 

Mannsbart and Kropik (1996) reported the construction and analysis of a 

temporary retaining wall, 2.1m high, in the course of the lifting and widening of 

a railroad track in Vienna. Due to the limited time and space available, the wall 

was built using non woven needle punched continuous filament geotextiles as 

reinforcing elements. In spite of the heavy traffic load, measurements showed 

that the deformation of the structure was negligible, proving that even low 

modulus nonwoven geotextiles can fulfill reinforcement functions, especially in 

low, temporary structures. 

Motta (1996) utilised the limit equilibrium analysis applied to a plane 

failure surface for the evaluation of the active earth pressure on reinforced 

earth retaining walls under different loading conditions, such as seismic 

loading, pore water pressures into the fill, vertical and horizontal loads acting 

on the top at some distance. Pore water pressure effects on the earth pressure 

were taken into account by means of the pore pressure ratio (u/rH). In the 

design procedure, the analysis also allowed to define the spacing or the number 

of reinforcement as well as their length according to the failure wedge predicted. 

Soong and Koerner (1997) discussed a number of short and long term 

• issues during and after a geosynthetic reinforced soil wall is constructed and its 

required connection strength. 

Garg (1998) dealt with the design, construction and cost economics of a 

llm high and 19.5m long random rubble stone masonry wall retaining 

reinforced earth fill. The cohesionless fill, available at the construction site, 

was reinforced by geogrids, which were not attached to the wall face. 

The design philosophy developed by the author for rigid reinforced earth wall 

was discussed in detail in the paper. It was also reported that the retaining 

wall with geogrid reinforced earth fill was constructed at 79% of the cost of the 

retaining wall with conventional earth fill. 
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Porbaha et al. (2000) applied a kinematic approach based on the 

framework of limit analysis for the stability analysis of model reinforced vertical 

and sloping walls with cohesive backfill that were brought to failure under self

weight in a geotechnical centrifuge. A rotational failure mechanism was used to 

compute critical heights of the unreinforced and reinforced models; and the 

constrained Simplex method was employed in the optimization scheme. 

The prototype equivalent heights predicted by the analyses were within the 

distress range; i.e., development of tension crack and collapse of the retaining 

walls occurred during centrifuge tests. 

Hatami et al. (2001) investigated the structural response of reinforced

soil wall systems with more than one reinforcement type (non uniform 

reinforcement) using a numerical approach. The selected reinforcement types 

and mechanical properties represent actual polyester geogrid and woven WIre 

mesh products. The model walls were mainly of wrapped-face type with 

different reinforcement lengths, arrangements, and stiffness values. Additional 

wall models with tiered and vertical gabion facings were included for 

comparison purposes. The numerical simulation of wall models was carried out 

using a finite difference-based program which included sequential construction 

of the wall and placement of reinforcement at uniform vertical spacing followed 

by a sloped surcharge. 

Srbulov (2001) analyzed the stabilities of slopes and walls using a 

method based on limit equilibrium. The results of measurements of axial 

strains in geogrids of two reinforced steep slopes and two retaining walls were 

interpreted. However, the results obtained by the method remain only 

approximate due to necessity to introduce a number of simplifying 

assumptions. 

Horvath (2003) discussed a geosynthetic based earth retention concept. 

This new concept allows controlled yielding within a retained soil mass by using 

a compressible inclusion composed of certain types of geofoam geosynthetic 

that can be used alone or combined with MSE. Two basic ways were outlined, 

24 



In which geofoam compressible inclusions are used with earth retaining 

structures - Reduced - Earth - Pressure and Zero - Earth - Pressure concepts. 

Typical applications of the same were also discussed. 

Leshchinsky et al. (2004) developed a rational design methodology for 

multitiered MSE walls that accurately predicts wall performance. The study 

presented the results of parametric studies conducted in parallel using two 

independent types of analyses based on - limiting equilibrium and continuum 

mechanics. Parametric studies were carried out to assess the required tensile 

strength as a function of reinforcement length and stiffness, offset distance, the 

fill and foundation strength, water, surcharge, and number of tiers. It was 

conduded that limiting equilibrium analyses may be extended to the analysis of 

multitiered walls. 

Bathurst et al. (2005) developed a new working stress method for the 

calculation of reinforcement loads in geosynthetic reinforced soil walls. As a 

precursor to this objective, back-analyses of a database of instrumented and 

monitored full-scale field and laboratory walls was used to demonstrate that the 

prevailing AASHTO Simplified Method used in North America results m 

excessively conservative estimates of the volume of reinforcement required to 

generate satisfactory long-term wall performance. 

Mittal et al. (2006) analysed the case of a rigid wall with inclined back 

face retaining reinforced cohesive frictional backfill subjected to uniformly 

distributed surcharge load using limit equilibrium approach. The analysis 

considered the stability of an element of the failure wedge, which is assumed to 

develop in the reinforced earth mass adjoining the back face of wall. 

Non-dimensional charts were developed for computing the lateral earth 

pressure on wall and the height of its point of application above the base of 

wall. The theoretical findings were verified by model tests on a rigid wall 

retaining a dry cohesive-frictional soil reinforced by geogrid strips. 

Experimental results were in good agreement with the theoretical predictions. 
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A design example was also added in the paper to illustrate the design 

procedure. 

2.3.3 Segmental retaining walls 

Rimoldi et al. (1997) discussed the varIOUS aspects of design 

methodology, "installation and construction practices of geogrid reinforced 

retaining walls. It was stated that before the design of a reinforced earth 

retaining wall, the properties of the reinforcement viz., friction, tensile strength, 

creep resistance, junction strength, chemical and biological resistance should 

be carefully evaluated. The walls should be checked for external and internal 

failure modes, facing failures and global stability. The design criteria include 

tensile overtension failure analysis, geogrid pullout failure analysis and local 

stability of segmental retaining wall units. 

Koerner and Soong (2001) compared three design methods of 

geosynthetic reinforced segmental retaining walls to one another with respect to 

their details and idiosyncrasies. This was followed by a numeric example which 

illustrated that the modified Rankine method is the most conservative, the 

FHWA method is intermediate, and the NCMA method is the least conservative. 

A survey of the literature was included where it can be seen that there have 

been approximately 26 walls which suffered either excessive deformation or 

actual collapse. The survey described 12 serviceability problems and 14 wall 

failures. Of the total, 17 of the cases had low permeability backfill soils in the 

reinforced zone and 8 had uncontrolled or inadequate quality control in the 

construction of the walls. 

2.4 NUMERICAL MODELLING 

2.4.1 Gravity walls 

Bolton et al. (1989) studied the behaviour right up to the collapse of Cl 

retaining wall embedded in overconsolidated clay using FE analysis and the 

results were compared with those of centrifuge modelling. Six noded triangles 

were used to model the soil and 8 noded quadrilaterals to model the diaphragm 
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wall. Slip elements of 0.1 mm thickness were used between the retaining wall 

and the soil to model the interface conditions which may permit relative slip. 

Larkin and Williams (1994) developed a simplified computer model of 

lateral earth pressure and compared its efficiency ."ith some large scale 

experimental work. The computer model included a linear elastic stress strain 

relationship with the values of the elastic constants adjusted to be consistent 

with deformations. The computed force - deformation relationship of the 

translating wall was compared with that recorded from an experimental set up 

with a lm retaining wall backfilled with cohesionless soil. Comparisons 

between recorded and computed pressure distributions were made for several 

values of wall translation. 

Matsuzwa and Hazarika (1996) carried out a numerical investigation to 

evaluate the effect of wall movement modes on static active earth pressure. 

The authors developed new interface elements having bilinear 

stress - displacement relations and introduced them between the backfill soil 

and the wall to simulate the frictional behaviour. To avoid the separation 

between the wall and the backfill soil, during the active movement of the wall, 

conventional linkage elements were idealized suitably. The active state was 

defined based on the progressive formation of a failure zone in the backfill. 

Empirical equations, containing wall movement made as a govermng 

parameter, were derived for calculating the active earth pressure coefficient and 

the relative height of the resultant active thrust for various angles of internal 

friction of the backfill. 

Filz et al. (1997) constructed massive concrete walls on rock foundations, 

as well as other nonmoving retaining walls, customarily designed for at - rest 

earth pressures. In this paper, model test results and case history data were 

reviewed, the results of finite - clement calculations were presented, and a 

simple design procedure was developed. It was shO\vn that significant 

economIes can result from consideration of vertical shear forces in design of 

nonmoving retaining walls. 
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Addenbrooke et al. (2000) used the results from 30 nonlinear finite 

element analyses of un drained deep excavation in stiff clay to support the use 

of a new displacement flexibility number in multi propped retaining wall design. 

The analyses addressed the effects of different initial stress regimes and various 

values of prop stiffness for the internal supports to the excavation. 

2.4.2 Reinforced earth walls 

Romstad et al. (1976 and 1978) represented the reinforced earth as a 

composite material with associated composite properties. The composite model 

was developed by consideration of a small unit of the material as a fundamental 

building block called the unit cell. The composite properties defining the stress 

- strain relationships were predicted by successively considering a number of 

simple composite stress - strain states and approximately determining the 

response of the unit cell. 

Shen et al. (1976) described an analytical study using the FE program of 

an instrumented complex field prototype constructed in Southern California. 

The analytical results were then compared with the field performance data to 

illustrate the overall behaviour of the structure and the strengths and weakness 

of the analytical model. In addition, implications of the study relative to the 

existing design procedures were drawn and recommendations were made for 

simple reinforced earth structure design. 

The analysis of the finite element results and field performance indicated 

that reinforced earth is a relatively rigid supporting unit in which, under normal 

conditions, the stress state within the wall is approximately k" condition and 

the backfill just behind the wall approaches k, condition. The boundarv 

geometry of the backfill and foundation and compressibility of the foundation 

material affected the magnitUde and direction of the strip forces. 

Even compressive forces developed in the strip under pC1rticular combinations 

of these parameters. 
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Naylor (1978) used a special element and formulated a slipping strip 

analytical model for earth retaining walls using unit cell concept. Soil was 

assumed to be linear elastic and was represented by six noded rectangular 

elements. An extra degree of freedom for representing the displacement of a 

point on the strip relative to the soil matrix in a direction parallel to the strip 

was given. A parametric study was carried out to investigate the effect of strip 

slip, fixity at the face, relative longitudinal stiffness of strips and soil as well as 

stiffness of the foundation. 

Ogisako et al. (1988) performed finite element analysis on polymer grid 

reinforced soil retaining walls. The wall was modelled using the beam element, 

soil using quadrilateral elements and the polymer grid using truss element 

whose ends were connected by pin joint. The soil - reinforcement interface and 

the wall - soil interface were modelled using joint elements. Analyses were 

perfonned on various height of the wall and spacings and lengths of the 

polymer grid. The effect of these parameters on the reduction effect of the earth 

pressure acting on the wall and the wall deformation was discussed in detail. 

Bauer and Halim (1989) reported a composite finite element study on 

reinforced soil walls constructed with cohesive backfill. Soil was modelled 

using Duncan and Chang's (1970) hyperbolic stress function. The base was 

assumed to be rigid. The results showed that the lateral movement of the wall 

face decreased with a decrease in the wall inclination and the maximum 

settlement occurred close to the wall face, at the upper part of the wall. 

The maximum stress in the reinforcing strip depended on the footing location. 

The direction of load inclination affected the lateral movement and settlement 

greatly. The introduction of a cohesive backfill was found to reduce the lateral 

displacement by 25% and settlement by 50% under vertical loads. 

Chew and Schmertmann (1990) presented the results of study of the 

deformation behaviour of reinforced soil walls using a previously validated finite 

element code. The conventional design procedures for reinforced soil \\i'alls 

consider the overall stability and rupture and pullou t capacities of the 
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reinforcement. But it does not take into account the wall deformations under 

working stress conditions. The authors attempted to bridge this gap by 

presenting the summary of a numerical study of the effect of reinforcement 

length, reinforcement layout and external loadings on the deformation of 

reinforced soil walls. 

The FE code used was capable of modelling the construction sequence 

and compaction operations. The code could also consider the thrust from the 

unreinforced soil behind the reinforced soil zone. This modelling method was 

applied to a range of inextensible reinforcement layouts and external loadings, 

varying about a reference Wall, to predict the end - of - construction wall 

response. 

Karpurapu and Bathurst (1992) described two sets of numerical 

simulations which were carried out to model the controlled yielding concept. 

The simulations used finite element method together with a hyperbolic 

constitutive soil model. 

The 1 m high walls were constructed using a continuous stack of 20 

articulated platens constrained to move in the horizontal direction by a system 

of flexible springs and frictionless rollers. Eight-noded quadrilateral elements 

were used to model both the panels and the soil, and two-noded bar elements 

were used to simulate the springs. The panels and soil were separated by six

noded isoparametric interface elements. These elements were assumed to have 

negligible shear stiffness to simulate the teflon surface at the \Nall that was 

employed to reduce friction effects in the physical tests. The nodes at the 

bottom surface of the mesh below the soil were fully constrained. 

The incremental construction sequence in the physical tests was simulated by 

building the mesh in 20 rows of elements using several load steps per layer. 

The material behaviour of the soil was modelled using the hyperbolic 

constitutive model. Simulations were carried out to generate preliminary design 

charts for the selection of stiffness and thickness of compressible layers placed 
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against rigid walls retaining well graded sand backfills compacted to a range of 

densities. 

Bergado et a1. (1995) studied the behaviour of a reinforced embankment 

on soft Bangkok clay by plane strain finite element method. The analysis 

considered the selection of proper soil/reinforcement properties according to 

the relative displacement pattern of upper and lower interface elements. A full 

scale test reinforced embankment with a vertical face wall on Bangkok clay was 

analysed by this method. The numerical results were compared with the field 

data and it was concluded that the response of a reinforced embankment on 

soft ground is principally controlled by the interaction between the reinforced 

soil mass and the soft ground and the interaction between the grid 

reinforcement and the backfill soil. The permeability variation of the soft 

ground was also accounted in the finite element analysis. 

Karpurapu and Bathurst (1995) used finite element models to simulate 

the behaviour of two carefully constructed and monitored large-scale 

geosynthetic reinforced soil retaining walls. The walls were constructed using a 

dense sand fill and layers of extensible polymeric (geosynthetic) reinforcement 

attached to two. very different facing treatments. A modified form of hyperbolic 

constitu tive model that includes a dilation parameter was adopted to model the 

behaviour of the granular soil. The results of analyses show that the finite 

element model, constitutive models and implementation reported in the study 

can accurately predict all important features of wall performance. 

Ling et al. (1995) discussed the application of the finite element (FE) 

procedure for simulating the performance of geosynthetic reinforced soil 

retaining walls. Analyses were performed using a modified version of CANDE 

code, in which the material properties of the \vall (backfill, foundation, 

geosynthetic and wall face) \-vere expressed using non - linear elastic models. 

The analytic procedure \vas validated with the loading test results of a full -

scale model comprising silty clay backfill soil and a permeable geotextile. A 

series of parametric studies was conducted to identii~r the effects of the 
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geosynthetic length and the stiffness of the facing and the geosynthetic on the 

performance of geosynthetic rei.nforced soil retaining walls. They concluded 

that the layout of geosynthetic layers affects greatly the performance according 

to the point of load application and increased wall facing and geosynthetic 

stiffness improve the performance by restraining the lateral deformati.ons. 

Bauer and Brau (1996) proved using back analysis technique that non 

wovens can be used in earthworks as reinforcement when the material 

characteristics that describe the stress strain behaviour of the composite 

system consisting of soil and geotextile are known. The conventional 

calculations look at soil and geotextile separately and hence these methods do 

not suit the calculation of the effect of non wovens in soil mass. 

Ho and Rowe (1996) examined the effect of geometric parameters such as 

reinforcement length, number of layers of reinforcement, distribution of 

reinforcement and wall height on the forces developed in the reinforcement. 

It was shown that the forces developed are largely independent of reinforcement 

length for reinforcement to wall height ratios equal to or greater than 0.7. 

For truncated reinforcement schemes with a ratio of less than 0.7, the forces in 

the reinforcement increased as the length of the reinforcement decreased. 

The number of layers of reinforcement was not found to significantly affect the 

total force required for equilibrium provlded the reinforcement stiffness density 

was the same. The analysis provided theoretical support for the common 

practice of using truncated reinforcement with equal vertical spacing and length 

equal to 70% (or greater) of the wall height. 

Alfaro et al. (1997) obtained the patterns of deformation of the wall and 

the soft clay foundation beneath the reinforced soil mass based on the results 

of full scale field tests and PEA. The performance of two reinforced soil test wall 

- embankment systems constructed on soft clay foundation with different 

reinforcement types but having the same backfill were used in the investigation. 

One test facility used steel grid reinforcement and the other used polymer gri.d 

reinforcements. Parametric studies were carried out using FEA to examine the 
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effects of the stiffness of the reinforced soil system and the foundation on the 

overall deformation characteristics of reinforced soil wall. Results indicated 

that increasing the stiffness of the reinforced soil system led to lower lateral 

spreading of the clay foundation owing to more lateral confinement of the 

underlying soil. 

Kobayashi and Porbaha (1997) presented the numerical modelling of the 

physical tests on scaled geotextile reinforced retaining walls constructed with 

cohesive backfill. The aim of the work was to predict the position of critical slip 

surface which is an important factor in the cost effective design of retaining 

systems. For this, the effects of maximum shear strain contours and plastic 

yield zones on the positions and traces of slip surfaces were investigated for 

unreinforced and reinforced vertical walls. 

Rowe and Ho (1997) examined the effects of reinforcement stiffness 

density, reinforcement - soil friction angle, backfill friction angle and facing 

rigidity on the behaviour of continuous panel faced reinforced soil walls resting 

on a rigid foundation. It was shown that the interaction between the 

components of the reinforced system determines the stress distribution in the 

soil and the manner in which the required total resisting force is 4istributed in 

the reinforcement layers. 

Helwany et al. (1999) validated a finite element program by comparing 

its analytical results with the results of a well instrumented large scale 

laboratory test conducted on a geosynthetic reinforced soil (ORS) retaining wall 

under well - controlled test conditions. The validated computer program was 

used to investigate the effects of backfill type on the behaviour of ORS retaining 

walls. It was shown that the type of backfill had the most profound effect on 

the behaviour of the GRS retaining wall. It was also shown that the stiffness of 

the geosynthetic reinforcement had a considerable effect on the behaviour of the 

GRS retaining \vall w·hen the backfill was of lower stiffness and shear strength. 
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Lee et al. (1999) studied the use of shredded tires as backfill in reinforced 

earth structures. Triaxial test results were used in the FE modelling (using 

commercial FE program ABAQUS) of wall and backfill, both unreinforced and 

reinforced with geosynthetics. Ouncan and Chang's (1970) non linear 

hyperbolic model was used to model the tire shreds and rubber-sand. 

Both backfill and wall facing elements \~lere modelled with 8 noded 20 solid 

elements. Linear elastic model was used to represent the wall elements. 

The geotextile used as reinforcement in the wall backfill was modelled using 

zero thickness interface elements following Coulomb's friction mechanism. 

The FEA were conducted under at-rest and active conditions. 

The results were compared with field tests and good estimates of deformations 

and stresses were obtained for at-rest condition, but showed overestimation for 

active condition. The analyses indicated that the performance of rubber sand, 

being both light weight and reasonably strong, compared well with that of a 

sandy gravel, as a backfill material. 

Sreekantiah (2001) used a two dimensional numerical model, based on 

the finite element method, for investigating the deformation behaviour of a 

geogrid reinforced soil retaining wall. Relationships between lateral deformation 

and height of the wall and between vertical settlement and height of the wall 

were studied numerically and compared with the experimental results on model 

retaining walls. He concluded that the finite element analysis is capable of the 

deformation behaviour of a reinforced soil retaining wall with a reasonable 

degree of accuracy. 

Sreekantiah and Sowmya (200 I) investigated the behaviour of a geogrid 

reinforced soil retaining wall using a two dimensional numerical model based 

on the finite element method. Model retaining walls for different combinations 

of vertical spacing of reinforcement were investigated for various surcharge 

loads. Relationships between lateral deformation and height of wall and 

between vertical settlement and height of wall were studied. The results were 

verified with experimental data. 
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Tyagi and Mandal (2001) conducted parametric studies on geosynthetic 

reinforced retaining walls based on finite element analysis on four different 

geosynthetic reinforcements and eight different types of backfills to produce 100 

combinations. Use of sandwich technique to optimize the cost and strength 

mobilization of two different backfills was adopted in actual site conditions after 

validation of FEM results. They concluded that the type of backfill has 

profound effect on the behaviour of a reinforced soil wall and the stiffness of 

reinforcement plays a considerable role for soil of lower stiffness and shear 

strength. The parametric charts developed by the authors will help the 

geotechnical engineer to choose the appropriate backfill and geosynthetic 

reinforcement for satisfying the prescribed requirements of maximum 

displacement, maximum axial strains in reinforcements and safety factors. 

Park and Tan (2005) discussed the effects of the inclusion of short fibre 

in sandy silt (SM) soil on the performance of reinforced walls. The finite 

element method was used to examine the influence of the reinforced short fibre 

on reinforced walls. The vertical and horizontal earth pressure, displacement 

and settlement of the wall face were analyzed. These results were compared to 

the measured results from two full-scale tests. It was seen that use of short 

fibre reinforced soil increases the stability of the wall and decreases the earth 

pressures and displacements of the wall and this effect is more significant when 

short fibre soil is used in combination with geogrid. 

Skinner and Rowe (2005) conducted numerical analysis of a hypothetical 

6 m high geosynthetic reinforced soil wall supporting a bridge abutment and 

approach road constructed on a 10 m thick yielding clayey soil deposit. 

The soil retaining wall was examined under two-dimensional (plane strain) 

conditions consistent with normal design assumptions. The finite element 

mesh used 4335 eight noded isoparametric elements to model the soil, masonry 

and concrete, 288 linear bar elements (w'ith no significant compressive or 

bending strength) to model the reinforcement and 1390 interface elements were 

used between the various materials. The initial geostatic stress conditions in 
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the foundation were based on the unit weight and effective coefficient of lateral 

earth pressure at rest (Ko) for the soil. 

The results of the numerical analysis were compared to current design 

methodologies to examine the effect of the yielding soil foundation on the 

behaviour of the wall and abutment. The study included the examination of 

both the internal and external stability of the wall, and focused on methods of 

improving the external stability. 

2.4.3 Segmental retaining walls 

Arab et al. (1998) used the finite element method for analysing two full 

scale experiments on segmental walls (4.35m x Srn) loaded on the top and 

constructed with extensible reinforcement of non woven and woven geotextiles, 

using the FE code GOLIATH. Large deformation analyses were conducted 

simulating the construction process also. The wall was loaded with a concrete 

slab having surcharge 130kN Im. For the non woven Wall, the predicted 

settlement was found to be more than the experimental values whereas it was 

lesser for the woven walls. Parametric studies were conducted varying the 

geometric and material parameters. 

It was seen that the influence of reinforcement length is significant only 

till length equal to half the height of the wall after which nil effect was noticed. 

With increasing surcharge and stiffness, settlements also increased. In the 

absence of a facing or using a facing of low stiffness, caused higher 

deformations. The effect of position of load was also studied and it was seen 

that when the footing is placed outside the reinforcement space, a shear band is 

developed from the downstream side of the slab to the bottom of the facing. 

Also, there was no significant increase in bearing capacity when the 

reinforcement length exceeded 0.5 times the height. It was concluded that the 

reinforcements should extend beyond the potential failure surfaces. 

RO'vve and Skinner (2001) conducted numerical examination of the 

behaviour of an Srn high geosynthetic reinforced soil wall constructed on Cl. 
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layered foundation stratum usmg FEM. The wall was constructed with 

16 segmented concrete facing blocks, a sandy backfill and 11 layers of geogrid 

reinforcement 6m long. Five additional, one metre long layers of reinforcement 

were used between the 6m long layers within the upper Srn of the wall to 

improve the local stability of the facing blocks. The analysis examined the effect 

of uncertainty regarding the drained and undrained strength of the loam 

foundation material, its stiffness, the thickness of this soft layer and its position 

with respect to the bottom of the wall on the calculated behaviour and 

compared the calculated and observed behaviour from the full-scale test wall. 

The field case was idealized as two dimensional and a plane-strain 

analysis was performed. The finite element mesh used 1697 eight noded 

isoparametric elements to model the soil, concrete and footing blocks and 

1117 interface elements were used between the soil and other materials. 

The reinforcement was modelled using 417 linear bar elements. The concrete 

and footing block were treated as elastic materials. An elasto-plastic 

stress-strain model with Mohr-Coulomb failure criterion was adopted for the 

continuum elements used for the soil. The interface elements were modelled 

with a stiff spring in each of the shear and normal directions until slip 

occurred, at which point deformation could occur along the interface and the 

normal and shear stresses satisfied Mohr-Coulomb failure criterion. 

The construction analysis of the wall was conducted layer-by-1ayer. 

Yoo (2004) presented the results of an investigation of a geosynthetic 

reinforced segmental retaining wall, which exhibited signs of distress and 

unexpected large lateral wall movements 6 years after wall completion. In an 

attempt to identify possible causes and to provide mitigation measures, a 

comprehensive investigation was carried out including wall profiling, stability 

analyses based on the current design approaches, and finite-element analyses. 

In the finite element modelling, the wall facing and the backfill soil were 

discretised using four noded plane strain elements with 4x4 integration, while 

the reinforcements and the back-slope were modelled using two-noded truss 
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elements and three noded triangular plane strain elements respectively. 

The lateral boundary extends to a distance of three times the wall height (H) 

from the wall face. Considering the competent foundation condition, the wall 

was assumed to be located on a non-yielding foundation. The interface 

behaviour between the wall facing and the backfill soil was modelled using the 

"contact pair", a special type of interface. 

In the analysis, the backfill soil was assumed to be an elasto-plastic 

material with Mohr-Coulomb failure criterion together with the non-associated 

flow rule. The wall facing block and the reinforcement were assumed to be 

linear elastic. In the finite-element modelling, the detailed construction 

sequence was carefully simulated by adding layers of soil and reinforcement at 

designated steps. Upon completion of the Wall, lateral displacements similar in 

magnitudes to those measured by the wall profiling were then incrementally 

applied at the wall face in order to create stress-strain fields similar to those of 

the actual field walls. 

Helwany et al. (2007) described the finite element analyses of two 

full-scale loading tests of GRS bridge abutments. The aim of the study was to 

study the complex behaviour of GRS structures in general, and the behaviour of 

GRS bridge abutments with modular block facing in particular. The study also 

investigated the performance of the GRS bridge abutments with the variation of 

backfill properties, reinforcement stiffness properties, and reinforcement 

vertical spacing. 

A plane strain finite element model was developed for bridge abutment 

and analysed. The soil was simulated utilizing an extended two-invariant 

geologic cap model which is an elastoplastic model, and the geosynthetic 

reinforcement using an elastoplastic model with failure. The parameters 

required for this were deduced from the results of the uniaxial tension tests 

performed on geosynthetics. 
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Interface elements were used between the modular blocks and 

reinforcement, and between the blocks and backfill soil. The interface element 

used allows sliding with friction and separation. A gravity load was applied in 

the beginning of the analysis to establish the initial stresses within the backfill 

soil. 

2.4.4 Gabion faced retaining walls 

Helwany et al. (1996) proposed a numerical model incorporating a 

three - parameter dilatant nonlinear incrementally elastic soil model and used it 

to analyse three well - controlled full - scale geosynthetic reinforced soil (GRS) 

retaining wall tests. Three tests were conducted to examine the effects of facing 

rigidity and reinforcement length on the performance of the walls subject to 

central loading (far from the facing panel). It was then proved that the 

numerical model is capable of accurately simulating the behaviour of the three 

tests under service loads, in particular, their sensitivity to facing rigidity and 

reinforcement length. The validated numerical model was then used to conduct 

a comparative analysis on four GRS retaining walls subject to front loading 

(adjacent to the facing panel). The GRS retaining walls comprised four different 

types of facings types A, B, C and 0 having different degrees of rigidity. Type A 

facing was of a continuous cast - in - place concrete facing panel and type B 

comprised of discrete precast concrete facing units. Both types had gabions 

immediately behind the concrete facings to facilitate construction. Type C 

utilised gabions as the sole facing unit and type 0 was a '''rrapped around 

facing. Reinforcement used in the soil was geogrid attached to the facing. 

The results of the comparative analysis are considered useful as a guide for 

selecting the proper facing rigidity of GRS retaining walls subject to front 

loading. 

Sand backfill, foundation soil, concrete facings and gabions v,'ere 

modelled using quadrilateral elements, geosynthetic reinforcement using bar 

elements and loading plate by beam elements. The gabion was considered to 

behave as a single block and hence was modelled using a single quadrilateral 

element. From the plane strain compression tests conducted on gabion stacks, 
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it was clear that the gabions exhibit a linear but inelastic behaviour. However, 

in the analyses, the gabions were assumed to behave in a linear elastic manner, 

since the authors are of the opinion that unloading is unlikely to occur in the 

full- scale tests of the walls. 

Bergado et al. (2000 A) simulated the consolidation behaviour of 

foundation soil below a full scale test embankment on soft Bangkok clay using 

hexagonal wire mesh as reinforcement. The embankment was underlain by a 

layered soft foundation. The elastic, perfectly plastic, Mohr - Coulomb model 

was adopted to represent the fill embankment and weathered clay layer of the 

foundation soil. The soft soil model was used for predicting the behaviour of 

both the soft and medium clay layers. The elastic model was used for the stiff 

clay layer. Bar elements with linear tension strain were used to model the 

hexagonal wire mesh reinforcement. The elastic, perfectly plastic model was 

used to simulate the constitutive relationship of the soil - hexagonal wire mesh 

interface using PLAXIS. 

The gabion boxes were filled with crushed rock. The elastic, perfectly 

plastic, Mohr - Coulomb model was used to simulate the crushed rock inside 

the gabions. The hexagonal wire mesh in the gabion system was modelled 

using beam elements. The embankment was modelled as a plane strain 

problem. The effects of construction sequences were also considered. 

The numerical simulation adopted gave a reasonable representation of 

the overall behaviour of the reinforced soil wall embankment system on a soft 

foundation through good agreement between the field measurements and 

simulated values. The important considerations for simulating the behaviour 

of the reinforced wall embankment were the method of applying the 

embankment loading duri.ng the construction process, the variation of soil 

permeability during the construction process, and the selection of the 

appropriate model and properties at the interface bct\vcen the soil and the 

reinforcement. 
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2.5 ECONOMIC STUDIES 

Lee et al. (1983) used categories of gravity walls and crib / bin walls and 

compared them to MSE walls with steel reinforcement. The walls were 

furthermore subdivided into high (H ;::>: 9.0 m), medium (4.5 < H < 9.0 m) and 

low (H $; 4.5 m) height categories. It was seen that MSE walls with metallic 

reinforcement are the least expensive wall of the types surveyed at all heights. 

Rao and Singh (1988) presented typical results relating to design of 

reinforced earth walls for varying backfill quality and emphasised the need for 

full scale field trials in India, for evaluating the techniques as alternative to 

conventional retaining walls. The global literature was reviewed and proved 

that the introduction of reinforced earth lowered the cost of structures. It is 

commented that savings over conventional retaining structures varied between 

20% to 50% with an overall average savings in the walls and abutments of 32%. 

Durukan and Tezcan (1992) presented a systematic method of 

determining the possible cost of a reinforced soil-retaining wall and developed 

an estimate of cost breakdown on the basis of height and length of the retaining 

wall. Relative economy of reinforced soil retaining walls in comparison with 

conventional and other types of retaining walls was also determined. For the 

purpose of illustration, several case studies of cost analyses and a numerical 

example, were also included. 

Koerner et al. (1998) conducted a survey which included four wall 

categories like gravity walls, crib / bin walls, MSE walls with metal 

reinforcement and MSE walls with geosynthetic reinforcement. Gravity walls 

were seen to be the most expensive, with crib/bin walls and MSE (metal) walls 

significantly less expenSive. But the crib/bin walls are rarely above 7m in 

height. It was also obvious that MSE (geosynthetic) walls are the least 

expensive of all wall categories and over all wall heights. However, convergence 

seems to occur within the two different MSE types (metal and geosynthctics) in 

the high wall height category. 
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This survey also generated statistical data in providing a mean value, 

standard deviation and variance. The standard deviation in data is highest with 

gravity walls, intermediate with crib/bin and MSE (metal) walls, and the least 

with MSE (geosynthetic) walls. Variance values, however, are similar in all wall 

categories. 

Koerner and Soong (2001) compared the results of survey conducted by 

various researchers and compared with the results obtained from the survey 

conducted Koerner et a1. (1998). The results showed that MSE walls with 

geosynthetic reinforcement are the cheapest of all the types considered in the 

study and MSE walls with metallic reinforcement comes in the second position. 

The RCC walls were found to be the costliest walls. 

Basudhar et al. (2008) dealt with the optimum cost (objective function) 

design of geosynthetic reinforced earth retaining walls subjected to static and 

dynamic loading. The design restrictions were imposed as design constraints in 

the analysis. Choice of the initial designed length and strength of the 

reinforcement, which are the elements of the design vectors were made in such 

a way that it forms an initial feasible design vector. The constraints and the 

objective function being nonlinear in nature, the Sequential Unconstrained 

Minimization Technique was used in conjunction with conjugate direction and 

quadratic fit methods for multidimensional and unidirectional minimization to 

arrive at the optimal (minimum) cost of the reinforced earth wall. Optimal cost 

tables were presented for different combinations of the loading and the 

developed procedure was validated by taking up an example problem. It was 

found from the typical example problem that savings of the order of 7-8% can 

be made over the conventional design of mechanically stabi.lised earth (MSE) 

walls with the aid of design charts presented in the paper. 
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2.6 NEED FOR THE PRESENT STUDY 

After a pervasive literature survey conducted on retaining walls it is 

concluded that research works on gabion faced retaining walls or even 

segmental retaining walls (both fall under semi rigid walls category) are very 

much limited in number. But as mentioned in Chapter 1, the construction of 

these walls is gaining fast momentum all over the world without understanding 

the exact behaviour of these walls, as evident from the literature survey. 

Table 2.1 gives a numerical summary of the literature survey conducted as a 

part of this thesis work. It has also been eventually found from the literature 

studies that only a numerical tool like the finite element method can yield a 

complete picture of the behaviour of the retaining wall system and its 

components. 

Table 2.1 Numerical summary of literature survey 

No. of Gravity Segmental Gabion 
literature walls 

MSE walls retaining faced 
collected walls walls - .-, 

Experimental 11 22 3 3 
studies 

-, 

Analytical 17 30 2 0 
studies 
Numerical 6 31 I 3 2 , 
studies , 

Total 34 83 8 5 

Under these circumstances, a two dimensional finite element study is 

attempted in this work paying individual attention to soil, facing, reinforcement 

and the interfaces between soil and reinforcement as well as between soil and 

facing, considering the soil and interface as non linear, to monitor the 

behaviour of gabion faced retaining wall systems. 
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Chapter 3 

GABION FACED RETAINING WALLS 

3.1 GENERAL 

Gabions are rectangular baskets fabricated from a hexagonal mesh of 

heavily galvanized steel wire. The baskets are filled with rock and stacked atop 

one another to form a retaining wall. The functioning of gabion walls depend 

mainly on the interlocking of the individual stones and rocks within the wire 

mesh and their mass or weight. Gabions are porous type of structures that can 

sometimes be vegetated. Gabions are considered to be a "hard" structural 

solution that has minimal habitat and aesthetic value. 

Wire mesh gabions have been used in Civil Engineering projects for many 

years and their ability to perform well in a variety of applications have earned 

them the respect of Civil Engineers through out the world. Gabions are highly 

cost effective construction materials which are easy to install and maintain. 

With environmental issues now of more concern than in the past, gabions offer 

a more natural solution to previously designed concrete walls. 

In spite of all these, standard literature available on this practice IS 

limited. Hence, in this chapter, a detailed description of the construction 

method, which is usually adopted by the field practitioners arId manufacturers, 

is given. Along with that, the limit state method of analysis and design for 

reinforced soil retaining walls (as per SS 8006: 1995) which can be suitably 

adopted for the design of gabion faced reinforced soil retaining walls is also 

described herein. 

3.2 CONSTRUCTION 

3.2.1 Wire mesh 

Double twisted wire meshes made by mechanically twisting continuous 

pairs of wires (2.5 - 3.5 mm dia.) and interconnecting them with adjacent wires 
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to fonn hexagonal shapes (Figs. 3.1 and 3.2) are used to make gabion boxes of 

various sizes. Materials used for the mesh shall be mild steel having a tensile 

strength of 350 MPa - 500 MPa and a minimum elongation of 10% at breaking 

load perfonned on a gauge length of 250 mm as per SS 1052 : 1980. These 

wires shall be provided with coating of zinc and an additional coating of 

PVC (Fig. 3 .3) . 

rig. 3.1 H_Dal wire meoh 
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FIg. 3.2 Double twlated wire 
-.-p-~ 

Ko •• "' ... z.. ............ 
(O.!I_.Io.klr.) • • 
GalM c . .... 1'!I% z...I\l-"'_ ~ 

l&r.clo. _ .. 01 .u.,) 

Fie. 3.3 Cro .. seCtlOD of pbioD wire 

In the use of gabions the following specifications should be considered as 

listed in SS 8002: 1994. Hexagonal woven mesh gabions should be made from 

wire galvanized according to SS 443: 1982. ror welded mesh gabions , the 

panels of mesh which fonn the cages should be hot dip galvanized after welding 

according to SS 729 : 1995 (this code h as been recently replaced by 

SS EN ISO 3834 - 3 : 2005) . In the case of PVC coated gabion mesh, the 

PVC coating should confonn to as 4102: 199 8. The radial thickness of the 

coating applied to the galvanized wire core should be a minimum of 0.25 min . 

The PVC should be sufficiently bonded to the galvanized wire core to prevent a 
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~ Easy to repair any damaged boxes with minimum expense. 

~ Cost effective and suitable in all types of soil conditions. 

~ Work is simple and fast to execute. 

~ No need of shuttering and curing. 

~ Work is not affected by water shortage and on the other hand it is also 

not affected due to rains during monsoon. 

~ Cost savings is of the order ranging from 30% to 50%. 

~ Ecofriendly (Fig. 3.11). 

~ Reduces sound pollution by absorbing sounds up to 18-28 db. 

~ Absorbs large vibrations and hence widely used near railway tracks. 

Despite the fallacy that gab ion structures are temporary works the reality 

is far different. Dry walls (stone walls) prove that gabion works may last for 

hundreds of years even if the wire netting rusts over a period of time. 

The double twist, in case of a break in any single wire, prevents the unravelling 

of the mesh and the movement of stones out of the gabion. Heavy zinc coating 

of wires assures that eventual deterioration of the netting by rusting is very 

slow under normal conditions. Where corrosion is a more severe problem, it is 

possible to considerably extend the wire life by making use of PVC coating. 

With the passage of time, gabion structures provide natural balances with the 

environmen t. 

3.4 ANALYSIS OF GABION FACED REINFORCED EARTH WALLS 

Any analysis incorporates the field of mechanics along with the failure 

theories. To perform an accurate analysis, an engineer must gather 

information such as structural loads, geometry, support conditions, and 

material properties of the structure to be analysed after selecting trial 

dimensions of the structure. The results of the analysis typically include 

support reactions, stresses and displacements. This information is then 

compared to criteria that indicate the conditions of failure. 
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Analysis of gabion faced reinforced earth walls, which is in question for 

the present study, combines the analysis of reinforced soil walls along with the ., 

self weight characteristics of gravity type wall. In the case of reinforced soil 

walls, the code of practice followed is BS 8006: 1995, the details of which are 

summarised in this section. The BS code follows the limit state method of 

design, the principles of which are adopted in the reinforced soil wall design, 

are explained here. 

3.4.1 Limit state method 

The two limit states considered in the design are ultimate limit state and 

serviceability limit state. Ultimate limit state is associated with collapse. 

This state is attained for a specific mode of failure when disturbing forces equal 

or exceed the restoring forces. Margins of safety against attaining the limit 

state of collapse, are provided by the use of partial material factors and partial 

load factors. These partial factors assume prescribed numerical values of unity 

or greater. Disturbing forces are increased by multiplying by prescribed load 

factors to produce design loads. Restoring forces are decreased by dividing 

them by prescribed material factors to produce design strengths. When the 

design strength equals or exceeds the design load, there deems to be an 

adequate margin of safety against attaining the ultimate limit state of collapse. 

Serviceability limit state is attained if the magnitudes of deformation occurring 

within the design life exceed prescribed limits or if the serviceability of the 

structure is otherwise impaired. 

3.4.2 Partial factors 

Limit state method for reinforced soil employs partial safety factors 

namely load factors, material factors and soil - interaction factors. Prescribed 

ranges of these values are given in BS 8006 : 1995 (Tables 3.1 and 3.2) to take 

into account the type of structure, the mode of loading and the selected design 

life. Partial factors are applied in a consistent manner to minimise the risk of 

attaining a limit state. 
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Table 3.1: Partial load factors for load combinations (BS 8006: 1995) 

Effects 
1 Combinations 
i 

-
A j B C 

Mass of the reinforced soil body frs = l.5 i frs = l.0 fls = l.0 
I I 

Mass of the backfill on top of the I fr- = 1.5 
I 

frs = l.0 fiS = l.0 
reinforced soil wall ! I 

I ._--

Earth pressure behind the structure I 

:~- :: t fls = l.5 ffs = l.0 ; 

I 

Traffic load: i 

On the reinforced soil block f" = 0.0 i fq = 0.0 

Behind the reinforced soil block i fq = 1.5 
! fq = 0.0 

1 
fq = 1.5 . 

I 
, 

The following descriptions of load cases identify the usual worst combination 
for the various criteria. All load combinations should be checked for each 
layer of reinforcement within each structure to ensure that the most critical 
condition has been found and considered. 

Combination A considers the maximum values of all loads and therefore 
normally generates the maximum reinforcement tension and foundation 
bearing pressure. It may also determine the reinforcement requirement to 
satisfy pullout resistance although pullout resistance is usually governed by 
combination B. 

I 
Combination B considers the maximum overturning loads together with I 

minimum self mass of the structure and superimposed traffic load. This 
I combination normally dictates the reinforcement requirement for pullout 

resistance and is normally the worst case for sliding along the base. 

Combination C considers dead loads only without partial load factors. This 
combination is used to determine foundation settlements as well as generating 
reinforcement tensions for checking the serviceability limit state. . __ .---l 

For reinforced soil applications, the ultimate and serviceability limit 

states should be considered in terms of both internal and external stability. 

The assessment of external stability involves consideration of the stability of the 

reinforced soil mass. This includes assessment of potential failure modes such 

as bearing and tilt of the wall as well as forw"ard sliding along the base of the 

wall. For each failure mode considered, prescribed load and material factors 

are appropriately applied to external disturbing forces and external restol-ing 

forces to ensure that the factored restoring force equals or exceeds the factored 

disturbing force. The internal stability of a reinforced soil mass is governed by 

the interaction between the soil and the reinforcement. This interaction occurs 

by friction or adhesion. 
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Table 3.2: Summary of partial factors (BS 8006 : 1995) 

Partial factors Ultim, ate _l_serviceability I 
limit state limit state 11 

1---------___,_------------'----""' -',----"---,, 
Soil unit mass e.g. Wall fill fl" to be taken from Table 3.1 

External dead loads e.g. line fr to be taken from Table 3.1 l 
l--0r_~plo_in_t __ lo_a_d_s ____________ _+--------------------------1 

External live loads e.g. 
fq to be taken from Table 3.1 

Load factors 

traffic loading 
~---------~-----~-------+--------,---------~ 

Soil material 
factors 

To be applied to tan ~ 

To be applied to c 

To be applied to Cu 

fm' = 

fm' = 

fms = 

1.0 fm' == 1.0 

1.6 fm' = 1.0 

1.0 fms = 1.0 
1----------------+---------------+--------'----------1 

fm depends on type of 
Reinforcement 
material factor 

Soil/ 
reinforcemen t 
interaction factors 

Partial factors of 
safety 

To be applied to 
reinforcement base strength 

Sliding across surface of 
reinforcemen t 
Pull out resistance of 
reinforcemen t 
Foundation bearing 
capacity: to be applied to qui! 

Sliding along base of 
structure or any horizontal 
surface where there is soil -
to - soil con tact 

reinforcement and its design 
life (see section 3.4.3) 

f, = 1.3 f = , 1.0 

fp = 1.3 fp = 1.0 
-

fms = 1.35 NA 

t= 1.2 NA 

3.4.3 Partial material factors for reinforcements 

The unfactored ultimate tensile strength of the reinforcement, Tul !, is 

reduced by the reinforcement material factor, fm, to define the reinforcement 

design strength such that: 

T = I;dl 
D 

fm 
.... , ................ (3.1) 

The design strength may be governed by the ultimate limit state of 

collapse or serviceability limit state. For plain or galvanised steel 

reinforcements subjected to axial tensile loads only, fm = 1.5. 
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For others, 

x 

x 

{(fmlll x fml12) x (fm121 x fml22) l x {fm21 X fm22: ..................... (3.2) 

where, 

fml = partial material factor related to the intrinsic properties of the material 

fm2 = partial material factor concerned with construction and environmental 
effects 

fmll = partial material factor related to the consistency of manufacture of the 
reinforcemen t 

fml2 = partial material factor related to the extrapolation of test data dealing 
with base strength 

fm21 = partial material factor related to the susceptibility of the reinforcement to 

damage during installation in the soil. For steel metallic reinforcements, 

fm2l has a value of 1.0 when the minimum steel thickness is greater than or 

equal to 4 mm. For thinner reinforcements, frn21 > 1.0. 

fm22 = partial material factor related to the environment In which the 

reinforcement is installed. Reinforcements which utilise a protective layer of 

coating are more resistant to attack, as the load carrying elements are properly 

protected. In such cases, fm22 = 1.0. 

fmlll = partial material factor related to the reinforcement manufactured 

according to standards. For metallic reinforcement, fm ill == 1.0 for minimum 

specification. For polymeric reinforcement, Ln 11 I = 1.0 for characteristic 

specification. 

f = 1 + 1.64 SD 
mIll f-I.64SD 

..................... (3.3) 

where, f is the mean reinforcement base strength and SO IS the standard 

deviation of the reinforcement base strenglh. 
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fm1l2 = partial material factor related to the reinforcement manufactured not 

according to standards. For metallic reinforcement, fml12 = 1.0 for minimum 

section size. If the reinforcement base strength for metallic reinforcements is 

based upon sections other than mlmmum section Slze, fml12 > 1.0. 

For polymeric reinforcement fml12 = 1.0. 

fml21 = partial material factor related to assessment of available data on base 

strength to derive a statistical envelope. fmJ2l = 1.0 if large quantities of data 

over a long period of time are available or else fml21 > 1.0. 

fmm = partial material factor related to the extrapolation of the above 

mentioned statistical envelope over the expected serVlce life of the 

reinforcement. If extrapolation can be done over one log cycle of time 

fml22 = 1.0. Otherwise, 

..................... (3.4) 

where, td is the design life of reinforcement and tr is the duration over which real 

time creep tests have been performed. 

3.4.4 Design loads and design strengths 

The magnitudes of disturbing loads, such as those which can be 

developed by lateral earth pressures, are controlled by many factors including 

soil strength. In calculating disturbing loads and forces, the shear strength 

parameters of the soil are used unfactored. The numerical value of the 

calculated raw disturbing load, defined in terms of total stress, is increased by 

mUltiplying by a prescribed load factor (Table 3.1) \vilh a value of unity or 

greater. The end product of this factoring is the design load. 

A fundamental principle of limit state design is that the design strength 

should be greater than or equal to the design load. In the case of external 

stability, the design load may be resisted by the forces generated in the soil 
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which will be a function of soil shear strength. Their characteristic values arc 

reduced by a material factor of prescribed value, to produce design strength. 

In the case of internal stability, the design load may be resisted by forces 

generated in the soil and reinforcement which is reduced by a material factor to 

produce design strength. 

3.4.5 Design procedure 

3.4.5.1 Fixing the dimensions 

Prior to considering the external stability, the overall geometry of the wall 

should be selected. If the external and internal stability conditions are not 

satisfied, dimensions of the structure should be altered from the initial size. 

The initial length of reinforcement for medium and high wall should not be less 

than O.7H (3m minimum) where H is the height of the wall. The toe of the 

structure should be embedded below the ground level. Embedment is 

recommended to avoid local failure due to punching in the vicinity of the facing 

and to avoid the phenomenon of local soil flow similar to piping. For vertical 

walls, embedment depth (Om) may be fixed as the maximum value obtained 

among the Eqns. 3.5 and 3.6 taken from BS 8006: 1995. 

Dm = H/20 

Dm / qnll = 1.35 X 10:1 m:1 / kN 

..................... (3.5) 

.................... (3.6) 

where, qau is the allowable bearing capacity of foundation soil. 

3.4.5.2 External stability analysis 

This indicates the overall stability of the structure. External stability 

checks are carried out considering all the external forces. For a safe design, 

stability checks are made for bearing and tilt failure, forward sliding and slip 

circle failure as well as for the settlement of the structure. 

The lateral earth pressure is usually calculated by the Coulomb equation 

neglecting cohesion as it adds on la the stability of the structure. 

Although based on granular material, it is conservative for cohesive material. 
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If a unifonnly distributed surcharge pressure (q) is present on top of the backfill 

surface, it may be treated as an equivalent layer of soil that creates a uniform 

pressure over the entire height of the wall. 

The wall must be able to withstand the bearing pressure at the bottom. 

For this, the pressure caused by the vertical component of the resultant at the 

toe of the wall should not exceed the allowable bearing capacity of the soil. 

The pressure distribution at the base is assumed based on Meyerhof 

distribution. 

R 
q,. = L _1'

2e 
.................... (3.7) 

where, 

qr = factored bearing pressure acting at the base of the wall 

e = eccentricity of the resultant load Rv about the centre line of base width (L) 

Rv = resultant of all factored vertical loads 

As per SS 8006: 1995, the imposed bearing pressure, qr, should be 

compared with the ultimate bearing capacity of the foundation soil as follows: 

quit / fms + Ys Om .................... (3.8) 

where, 

qUit = the ultimate bearing capacity of the foundation soil 

'Y = the density of the foundation soil 

fms = partial material factor applied to qlll. to be taken from Table 3.2 

Dm = embedment depth 

The stability against forward sliding of the structure at the interface 

between the reinforced fill and the subsoil should also be considered. 

The tendency of the active earth pressure to cause the wall to slide horizontally 

must be opposed by the frictional resistance at the base of the wall. 

The resistance to movement should be based upon the properties of either the 
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subsoil or the reinforced fill, whichever is the weaker, and consideration should 

be given to sliding on or between any reinforcement layers used at the base of 

the structure. As per SS 8006: 1995, for long term stability, where there 1S 

reinforcement - to - soil contact at the base of the structure, 

RI 
a tantfJ :-:; ... .- -_ ... + 

. /: l1s 

ac{ 
.................... (3.9) 

where, 

fs:::: the partial fa~tor against base sliding (Table 3.2) 

Rh:::: horizontal factored disturbing force 

a:::: interaction coefficient relating soil/reinforcement interfacial friction angle 
with tan ~ 

~ :::: internal friction angle of the weaker soil 

C :::: cohesion of the weaker soil 

Cl :::: adhesion coefficient relating soil cohesion to soil - reinforcement bond 

fms :::: partial material factor applied to (p and c (Table 3.2). 

To check the overall stability of the structure, all potential slip surfaces 

should be considered, including those passing through the structure. In the 

case of a failure plane passing through the structure the resistance to failure 

provided by the reinforcement crossing the failure plane should be considered. 

If residual shear surfaces are present, then appropriate soil parameters should 

be used. The appropriate analysis method and the factors of safety used should 

conform to BS 8002 : 1994. 

The total settlement is the combined effect of the settlement of the 

foundation soil under the influence of the pressures imposed by the structure 

and the internal compression of the reinforced backfill. The calculations of 

foundation settlements supporting reinforced soil structures follow classical soil 

mechanics theory. The actual pressures imposed on foundations by reinforced 

soil structures are lower and more evenly distributed than conventional 

concrete structures and this normally acts to reduce foundation settlements. 
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The amount of settlement within the reinforced volume will depend mainly upon 

the nature of the fill, its compaction and the vertical pressures within the fill. 

The pressure will be a function of the height of structure, fill type, surcharge 

loading and the type of facing. 

3.4.5.3 Internal stability analysis 

Stability within a reinforced structure IS achieved by the reinforcing 

elements carrying tensile forces and transferring them by friction, friction and 

adhesion or friction and bearing. In addition, forces can be transferred through 

fill trapped by the elements. The fill is then able to support the shear and 

compressive forces. Internal stability is concerned with the integrity of the 

reinforced volume. The structure has the potential to fail by rupture or loss of 

bond of the reinforcements. The arrangement and layout of reinforcing 

elements should be chosen to provide stability and to suit the size, shape and 

detail of the facing. For simplicity, a uniform distribution of identical 

reinforcing elements may be used through out the height of the wall. However, 

it may be economical to divide the height of the wall into a number of zones and 

to design appropriate reinforcing elements for each zone (BS 8006: 1995). 

The paten tial failure mechanisms which should be considered are 

stability of individual elements, resistance to sliding of upper portions of the 

structure and stability of wedges in the reinforced fill. The factors which 

influence stability that should be included in the design check are the capacity 

to transfer shear between the reinforcing elements, the tensile capacity of the 

reinforcing elements and the capacity of the fill to support compression. 

The tie back wedge method is commonly used to determine the internal 

stability. The coefficient of earth pressure should be taken as the active 

condition 1(, for both the ultimate limit state and serviceability limit state. 

As per SS 8006: 1995, the ma'{imum ultimate limit state tensile force TJ to be 

resisted b.y the jth layer of elements at a depth of hi, below the top of the 

structure, may be obtained from the summation of the appropriate forces. 
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.................... (3.10) 

where, 

Tpj = tensile force per metre run developed in the jth layer of reinforcement due 
to self weight of fill plus any surcharge on the reinforced fill 

TSJ = tensile force per metre run developed due to a vertical strip load 

Tfj = tensile force per metre run developed due to a horizontal shear load 

Tej = tensile force per metre run developed in the jth layer of reinforcement due 
to the cohesive forces in the reinforced soil fill 

The effects of vertical strip load and horizontal shear load are not 

considered in this work and hence they are not discussed further. The other 

forces are calculated (as per SS 8006: 1995) assuming Meyerhof distribution of 

stresses as: 

= 
.................... (3.11) 

3 Uti rI" hj + /;, (f) 

~j = 2S C K ";-.f' y' (/J 
m;; 

.................... (3.12) 

where, 

KaJ = coefficient of active earth pressure of backfill soil 

Ka2 = coefficient of active earth pressure of retained soil 

Svj = vertical spacing of reinforcements at the jth level in the wall 

fls = partial factor applied to dead loads as per Table 3.1 

fq = partial factor applied to traffic loads as per Table 3.1 

fms = partial material factor applied to cohesion as per Table 3.2 

The resistance of the jth reinforcing element should be checked against 

rupture and adherence failure while carrying the factored loads. The tensile 
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strength of the jth layer of reinforcing elements needed to satisfy local stability 

considerations is: 

> T 
I .................... (3.13) 

in which, 

Tj = maximum value obtained from Eqn. 3.10 

To = design strength of the reinforcement 

fn = partial factor for economic ramifications of failure 

Ramification means an usually unintended consequence of an action, 

decision, or judgment that may complicate a situation or make the desired 

result more difficult to achieve. fn =; 1 for medium height walls where failure 

would result in moderate damage and fn == 1.1 for high walls supporting 

principal roads or railway embankments. The perimeter, PI, of the jth layer of 

reinforcing elements needed to satisfy local stability considerations is: 

p. ~ 
.I 

where, 

Cl tan,prl Lei (fr" 111 hi + 1''1 q) a c Lei 
+ 

.................... (3.14) 

f ' t· f t' f' p. 1/ ms . p. 11 

fp = partial factor for reinforcement pullout resistance taken as 1.3 from 
Table 3.2 

4j = embedded length of reinforcement in the resistant zone outside the failure 
wedge 

3.4.5.4 Serviceability limit considerations 

The serviceability of a structure will usually depend upon the 

deformations. The deformation \\'i11 be the sum of the reinforcement strain 

during construction and loading and the subsequent creep during its service 

life. For metallic reinforcements, the creep is negligible and consequently, the 

strain Ej in the jth laycr of reinforccmcn ts may be estimated from Eqn. 3.15. 
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EAi 
.................... (3.15) 

where, 

Tav; = average tensile load along the length of the jth layer of reinforcements 

E elastic modulus of the reinfor:cement 

Aj cross sectional area of the jth layer of reinforcement 

Tavj = average tensile load along the length of the jth layer of reinforcements 

3.5 SUMMARY 

Gabion faced retaining walls are truly revolutionary. The gabion units 

are strong, flexible and dimensionally stable and can be assembled quickly and 

easily. These factors contribute to installations which look better, last longer 

and cost less over the project Me than those constructed of competitive 

products. Due to the endless advantages of the gabion retaining structures, 

they are now being preferred to the conventional RCC walls. Because of their 

special functional characteristics and their strength, the use of gab ion 

structures for protective works in residential areas offers the advantage of rapid 

integration with the surrounding environment. Presently, they are being widely 

used for a variety of applications like retaining earth and water, highway 

protection, rock fall protection, river training works, channel lining, soil erosion 

protection, high security fencing, oil pipeline protection etc.. The construction 

methods and the design procedure of gabion faced reinforced soil retaining 

walls have been detailed in this chapter. 
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Chapter 4 

FINITE ELEMENT MODELLING 

4.1 GENERAL 

Numerical methods are now widely used in order to have an insight on 

the stress - strain behaviour of retaining structures, both during construction 

sequence and working life. Numerical methods can make a very significant 

contribution to the analysis phase of the design process, when it comes to 

interpreting measurements of disp1acements, pressures etc.. Possibly the 

greatest limitation to application of numerical methods in solving practical 

problems are, the restrictions posed by difficulties in estimating values for soil 

properties. 

More than 30 years have passed smce the finite element method (FEM) 

was first used for geotechnical engineering applications. In finite element 

analysis (FEAl, the macroscopic behaviour or response of any system can be 

examined based on the behaviour of microscopic components or elements of the 

structure. These elements may be one, two or three dimensional depending on 

the nature of the problems being analysed. By means of incremental and 

iterative analyses, the fmite element method makes it possible to model many 

complexities of soil and rock behaviour. These complexities include non-linear 

stress-strain behaviour, dependence of stiffness and strength on confining 

pressure, irrecoverable plastic deformations, volumetric strains caused by shear 

stresses etc .. PEA is capable of handling complex geometries and can make use 

of a realistic constitutive model for soil. Using this, the stress - strain 

behaviour of any system can be simulated during its entire life. The details of 

applying PEM in geotechnical engineering are clearly explained in Desai and 

Abel (1987) and Potts and Zdravkovic (1999 A &, B). There are a wide range of 

books depicting the fundamentals and techniques of FEM, a few of them are: 

Bathe (1996), Cook et a1. (2001), Zienkiev",icz and Taylor (1989) and 

Krishnamoorthy (1987). 
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Finite element method of analysis has been considered a powerful tool in 

assessing the deformation of reinforced soil walls having the potential to 

account virtually the interaction between all components of reinforced soil 

system as well as the interaction between the reinforced soil mass and the soft 

foundation. The method of analysis is also appropriate for the problem of a 

retaining \,,-all because the construction procedure can be.modelled reasonably. 

In the present study, a plane strain condition, in which the strains are 

confined to a single plane, is considered. This chapter explains the 

development of a prediction tool simulating the behaviour of gabion faced 

reinforced earth walls using the principles of FEM. FE modelling based on 20 

plane strain analysis is used. The elements and constitutive models used in the 

FE model, the composite model for gabion facing and modelling of the 

construction phases are explained in detail here. 

4.2 MODELLING 

The analysis of geotechnical structures consists of a sequence of 

modellings which include the geometric modelling of the structure itself, the 

mechanical modelling of internal forces and behaviour of the constituent 

materials together "With the modelling of the applied loads. 

The modelling of a practical problem itself in all its aspects (geometry, 

loading history, etc.) leads to a properly set mathematical problem to be solved. 

Solving this problem most often requires numerical methods to be used. This is 

called as the numerical modelling of a mathematical problem. Together with 

the very concept of modelling, as far as a geotechnical problem is concerned, 

validation must also be introduced. This means that the accuracy of a model to 

represent the structure shall be checked in order to reuse it to studv the 

behaviour of its prototype. 
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4.3 NON LINEAR ANAL VSIS OF SOIL MEDIA 

Soil being a highly non linear material, for analysing geotechnical 

problems the ideal method of analysis is non linear analysis. The non linearity 

in general can be either material non linearity or geometric non linearity. As far 

as soil mechanics is concerned, it is the material non linearity that comes into 

the fore front, especially, in the case of reinforced soil structures. 

In FEM, the non linearity is solved by one of the three techniques, like, 

incremental or piecewise linear method, iterative method and mixed method. 

In the incremental method, the load is increased in a series of steps or 

increments. The non linear behaviour is approximated in a piecewise linear 

form, wherein linear laws are used for each load stage. In the iterative method, 

the maximum load is applied and iterations are performed to satisfy stress and 

strain equilibrium to give the results pertaining to that load. In the mixed 

procedure, both the incremental and iterative procedures are combined in a bid 

to generate more accurate solutions. The description of each method is clearly 

given in Desai and Abel (1987) and Potts and Zdravkovic (1999 A). 

The mam advantages of the incremental method are its complete 

generality and its ability to provide a relatively complete description of the load 

deformation behaviour. Another advantage is that since the tangent modulus is 

expressed in terms of stress only, it can be readily employed for analysis of 

problems involving any arbitrary initial stress conditions. The principal short 

coming of this method, however, is that it is not possible to simulate a 

stress - strain relationship in which the stress decreases beyond the peak. 

To do so one would require the use of a negative value of the modulus, \vhich is 

not possible with the incremental method. 

A geotechnical engmeer IS primarily concerned with the behaviour of a 

system before failure. In the present study, in particular, the aim is to study 

the stresses and displacement histories at different stages of loading as wcll as 

due to the self weight of the structurc. Due to these reasons, the incremental 

method has been selected for the analysis reported in this work. 
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The accuracy of this method improves by applying small load 

increments, and calculating the modulus value based on the modified 

Runge - Kutta method, wherein the average value of the stresses during the 

previous increment is considered in determining the modulus, El, for the next 

increment. 

4.3.2 Constitutive laws 

The analytical power available through the finite element method makes 

it possible to perform analyses of stresses and defOl'mations using constitutive 

relationships that model many of the complexities of the real soil. 

The relationship between physical quantities such as stress, strain, time, etc., 

are called constitutive relations. In the case of soil, the stress - strain relations 

are dependent on a number of factors like density, water content, drainage 

conditions, strain or creep conditions, duration of loading, stress histories, 

confining pressure etc .. A variety of constitutive models are available describing 

the behaviour of soil, like linear elastic, non linear elastic, bilinear, hyperbolic, 

Rarnberg Osgood model, Drucker - Prager model, Cap model, Cam clay model, 

modified Cam clay model, soft soil creep model, strain hardening model, 

hysteritic model etc.. A detailed description of these models is available in Potts 

and Zdravkovic (1999 A). 

For the sake of simplicity and convelllence, a non linear elastic model 

following a hyperbolic relationship, proposed by Duncan and Chang (1970) and 

modified by Duncan et al. (1980) is used in the present study to model the soil 

and the interfaces. 

4.3.2.1 Non linear elastic hyperbolic model 

The hyperbolic model (Duncan and Chang, 1970) simulates non-linear 

behaviour and stress-dependent stiffness. [t is fundamentally an elastic 

stress-strain relationship because it relates strain increments to stress 

increments through the extended Hooke's law. In spite of their imperfect 

simulation of the behaviour of the real soils, simpler models like the hyperbolic 

model are often adequate under the follO\ving conditions: 
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1. The deformations are not dominated by plastic behaviour. 

11. If local failure occurs, it does not control the behaviour m any reglOn 

where accurate results are needed. 

iii. The conditions analysed are either dry or fully drained (analysed in terms 

of total stress), so that it is not necessary to calculate undrained changes 

in pore pressure due to changes in total stress. 

These conditions are satisfied for earth-retaining structures m the 

present study. 

The simple and widely used hyperbolic variation of the non linear stress 

strain relationship is based on the equation proposed by Kondner (1963), in 

which the stress - strain relation is approximated by a hyperbola with a high 

degree of accuracy. Fig. 4.2 (a) illustrates such a relation, which can be stated 

in the equation form, as: 

....................... (4.1) 

in which 0' I and 0' 3 are the major and minor principal stresses, [; is the 

axial strain, and at and b 1 are constants whose values may be determined 

experimentally. Fig. 4.2 (a) thus depicts the result of a triaxial test where the 

axial strain of the sample (E) is plotted against the deviator stress (0' 1 - 0'3) 

applied. Both a t and b t have physical meanings; a 1 is the reciprocal of the 

initial tangent modulus (i.e., l/E, where E j is the initial tangent modulus) and 

bl is the reciprocal of the asymptotic value of the stress difference (shown m 

Fig. 4.2 (a)), i.e., 1/(0', - O' 3 )lIll which the stress-strain curve approaches at 

infinite strain. The constants at and b I can be readily determined by plotting 

the stress-strain data on transformed i.1..,(cs. For this, Eqn. 4.1 is transformed 

as: 

....................... (4.2) 
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E: 
which plots as a straight line between ------ and E: as seen In 

(0-1 - o-J 
Fig.4.2(b). It may be noted from the figure that at and b 1 are, respectively, the 

y-intercept and the slope of the straight line. The theoretical hyperbolic 

asymptotic value {eT, - eT, ).'i( is always higher than the failure (compressive) 

strength of the specimen obtained in the test (U, - eT}) . The two are related by 
I 

a factor, RI', called failure ratio (Duncan and Chang, 1970), such that 

....................... (4.3) 

By substituting the value of at and b l in terms of the initial tangent 

modulus E, and compressive strength (0" I - O".l)r together with the failure 

ratio RI, Eqn. 4. 1 can be written as: 

....................... (4.4) 

This hyperbolic representation of the stress-strain curve of the soil has 

been found to be not only a simple, convenient and useful tool for representing 

the non-linearity of the stress-strain behaviour of soil, but also one which gives 

excellent fit with experimental data. 

The relation between initial tangent modulus, Ej and confining 

pressure,(J] is given by Janbu (1963) as: 

E = K P ( _?"3 _)11 
1 aim I p 

\ alll' 

....................... (4.5) 

where P"'nl IS the atmospheric pressure, (which IS used to 

non-dimensionalise nand K), K is a modulus number and n is the exponent 

determining the rate of variation of Ei \vith (J.1' 
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Both K and n are dimensionless quantities and can be obtained from the 

results of a series of triaxial tests plotting (%"JlI) \'S (a/~'!JIi) to log - log scale 

and fitting a straight line (Fig. 4.2 (c)). 

Referring to Fig. 4.2 (a), the tangent modulus at any level of stress is: 

........................ (4.6) 

Performing the differentiation indicated in Eqn. 4.6 on Eqn. 4.4, Et can 

be obtained as: 

........................ (4.7) 

Substituting for c' in terms of the deviator stress (by rearranging 

Eqn. 4.4), Et can be obtained as: 

as: 

........................ (4.8)·'· 

where S is the stress level, expressed as a fraction of strength mobilised 

For a Mohr - Coulomb material at failure, 

2c COS q) -I- 20.1 sin ~ 

(l-sin~) 
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where, c and <I> are the cohesion and the angle of internal friction of the 

soil respectively. Substituting the expressions for E i , (cri - 0'3)1' and S given 

by Eqns. 4.5, 4.10 and 4.9 respectively, into Eqn. 4.8, the tangent modulus 

value at any stress level can be expressed as: 

....................... (4.11) 

This expression for tangent modulus is used in the incremental stress 

analysis of the problem. It may be noted that the above equation reduces to the 

equation for E, (Eqn. 4.5) at (0' I - cr.J '" O. 

The stress~strain relationship described has been derived on the basis of 

data obtained from the standard triaxial tests in which the intermediate 

principal stress (0' 2) is equ al to the minor principal stress (0' 3 ). However in 

the present case which is a plane strain problem, 0'2 need not be considered for 

calculations. In this case, if (j~ and 0'\ are the stresses along the x and y 

directions respectively, the principal stresses may be obtained as follows 

(Harr, 1966): 

Mean stress, (J' = «(J', + (T, ) /2 ....................... (4.12) 

Deviator stress, (T,' ....................... (4.13) 

Minor principal stress, ....................... (4.14) 

Major principal stress, ....................... (4.15) 

The Poissol1's ratio was assumed to \'ary with the confining stress as per 

Duncan et a!. (1980). According to this. first the bulk modulus of soil may be 

calculated as: 
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....................... {4.16) 

where, KnHI and m are hyperbolic constants obtained from a similar 

procedure as in the determination of Et. But the curve used for transformation 

is the lateral strain vs. linear strain plot instead of the stress ~ stmin plot. But 

the minimum value of bulk modulus should not be less than, 

Bmin = (Et I 3) (2 - sin ~) / sin ~ ....................... (4.17) 

Poisson's ratio may be calculated from the bulk modulus and elastic 

modulus as: 

I - (3!:,J 
2 

....................... (4.18) 

Thus, for the present study, the actual representation of the soil 

parameters are made by varying them with respect to the confining stresses. 

4.4 ELEMENTS USED IN THE PRESENT ANALYSIS 

4.4.1 Two-dimensional four noded quadrilateral element 

Two-dimensional four-noded quadrilateral element is used In the 

analysis to represent the backfill soil and gabion facing. Fig. 4.3 (a) shows the 

schematic diagram of the 4 noded isoparametric quadrilateral element. It has 

four nodes with two degrees of freedom per node (u, v) and the stiffness matrix 

will be of the order 8 x 8. The geometry and the displaccments in the element 

are expressed respectively as (Krishnamoorthy, 1987): 

JX)=[[N] [0].] [~X"~.l lY [0] [A ]r.1',. I 

where, 

l<.)Jj 
l \ 1 

............... " ...... (4, 19) 

.................... (4.20 a) 
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X coordinate vector 

Y coordinate vector {YJI }l" = ft.",. J)!} ) Y2}, ~ 

u displacement vector 

v displace men t vector fv}! _fy v v. \',15 t Il - l 'I 1 .' ~ 

Shape function matrix [N] 

111 which, X" Yi are the co-ordinates and Ui, Vi are the nodal 

displacements. Eqn. 4.20 (a) can be abridged as: 

{u}=[N]{d} ...... " ............ (4.20 b) 

where, { U l represents the displacement vector at any point and { d } 

represents the nodal displacement vector. 

The shape function matrix [N] contains the interpolation function: 

Ni = 1/-+ (1 + r ri) (1 + ss,) ....................... (4.21) 

where r and s are the local co-ordinates of nodes and n, s, represents the 

local coordinates of points where interpolation is done. 

displacement relation is given by: 

The strain-

{d:: [B]{d} ........ , .............. (4.22) 

where [8] rcpresents the strain displacement matrix and { c l represents 

the strain vector, given by: 

{ }
T f ) 

- 'C D Y (; - l \ \'" I ....................... (4.23) 

The stress- strain relation is gi"cn by: 

" ...... " .. ,., ........ (4.24) 
~ I ! , 

where stress vector, /T ~ :: (T \ (T r \I "".".""" ... ,, .... (4.25) 
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Fig. 4.3 Elements used in the analysis 

[c] is the constitutive matrix given by: 

1- Jl Jl 0 

[c]= 
t-

1-/1 0 ................. (4.26) .u 
(l + Jl)(I- 2,u) 

1-2,u 
0 0 

2 

Backfill soil IS modelled as a non-linear elastic material and for the 

nonlinear analysis of soil, [e] IS updated for each load increment, with the 

corresponding value of the tarIgent modulus Et. The gabion facing is modelled 

as a linear elastic material, for which [e] is kept constarIt in all load increments 

but the failure condition is checked as explained later. 

Use of the principle of minimum potential energy yields the equilibrium 

equation for the element as: 

[k] td} =. :(1: ....................... (4.27) 

....................... (4.28) 
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in which, [k] is the element stiffness matrix and {q} is the element load 

vector. A 2 x 2 Guass integration scheme is adopted to evaluate the element 

stiffness matrix. 

4.4.2 Two-dimensional two noded truss element 

A standard linear two-dimensional truss element is used to represent the 

reinforcement. A typical truss element with length, Lt is shown in Fig. 4.3 (b). 

The element has 2 nodes \vith two degrees of freedom (u, v) per node. 

The stiffness matrix is of the order 4 x 4 and IS given by 

IKrishnamoorthy, 1987): 

, 
erc., - c\ - - erc, 

c C .\' Y 

-c 
r 

c -c C 
.1 .\" .1 

-ere, -c, 

-c 
" 

c C 
r \' 

C r 

·····················14.29) 

where Ell is the Young's modulus of the material of the truss element, 

.A, is the cross sectional area of the member, L, is the length of the member and 

ex and c, are the direction cosines of the element which are given by: 

x -x 
I , 

Cx = 
L, 

Cy 

V, - F 
. I ~ I 

.. ···· .. ······· .... ··14.30) 

in which XI, YI and XI' YI are the co-ordinates of the nodes i and j of the 

truss element respectively. The a;xial stress in the element is: 

..................... (4.31) 

where, [S] = /, [-er -c c, Cl] ..................... (4.32) 
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and {d r = {u] ..................... (4.33) 

However the stress strain beha\'iour of reinforcement was assumed to be 

linear elastic. This ,vas considered sufficient, as the stress level in the service 

condition was rather low. 

4.4.3 Zero thickness four noded line interface element 

In reinforced soil structures, with increase in load, the possibility of slip 

between soil and reinforcement is always expected. To model interface slip 

between soil and reinforcement and to get an insight into the mechanism of 

soil - reinforcement interaction, interface elements were used. The use of 

interface elements can be summarized as follows: 

" It allows the properties of joint or interface to be varied independently of 

the material comprising interface. 

), It helps in extracting the information regarding relative movements of the 

materials along the interface. 

Fig. 4.3 (c) shows the four noded interface element which is to be placed 

between the reinforcement and the soil. This element has length, L" but zero 

thickness. This is achieved by providing identical coordinates initially to nodal 

point pairs (1, 4) and (2, 3). The origin is at the centre as assumed by 

Goodman et al. (1968). 

Linear variation of displacement along the length of the element is 

assumed. Their relative displacement between top and bottom nodes is taken 

as the corresponding strain in the element. Accordingly, 

= ..................... (4.34) 

Vh""o[[l = N IV] + N2V2 
} 

..................... (4.35) 

where, 
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in which, NI, N2 , ....• are the corresponding shape functions, given by, 

N .... 

1 - x/Li } 

x/L, 

From Eqns. 4.34 to 4.36, we get, 

o 
o 

o 
-N, 

Nl, 

o 
o N .~ "'2 

\' .1 

............... '" ... (4.36) 

...................... (4.37) 

from which the strain - displacement matrix is obtained as: 

o - lv'.) 

o 
o 

- :\" o 

and the displacement vector is: 

o 

From the principle of virtual work, 

o 1 
N~ 

..................... (4.38) 

..................... (4.39) 

f{&}i {o-}dl' = {()d]' (q} ..................... (4.40) 
.! 

Substituting for: E ) as [B] { d } and ( (J } as [C] (L }, we get, 

L, 

f{&t} , [Br [Cl r 81 :£1 1 (/.1 ..................... (4.41) 

Rearranging the terms, 
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..................... (4.42) 

which is of the form \k] [d) = {g]. From this, the element stiffness matrix 

is obtained as: 

'-

[k] = {[Br [C][B] clx ..................... (4.43) 
n 

in which, 

[cl ~ [~ ..................... (4.44) 

where ks and k n are the stiffness of interface in the tangential " and 

normal directions respectively. Since the shearing and normal 

displacements are uncoupled as in a non - dilatant case (Ghaboussi et al., 

1973) the [e] matrix is left with no off - diagonal terms. From the above, the 

stress vector is got as: 

..................... (4.45) 

Substituting for [B] from Eqn. 4.38, [C] from Eqn. 4.44 and for the shape 

functions from Eqn. 4.36, in Eqn. 4.43, and performing the integration, the 

fmal element stiffness matrix for the soil - reinforcement interface element is 

obtained as: 

2k 0 k s 0 -k 0 -2k 
s , 0 

0 2kiJ 0 k 
11 

0 -k 
11 

0 -2k 
11 

k, 0 2k, 0 - 2k, 0 -k s 0 

[kJ 1., () k 0 2k 0 - 2k 0 -I, 
/, 11 11 ............ (4.46) = 

2 -k 0 -2k 0 2k 0 k, 0 s s 

0 _. k" 0 -2k;, 0 2k 
11 

0 k 

- 2/, () -k 0 k 0 2k 0 , .' .' 

l () - 2k 0 -k" 0 k () 2k J ;! i/ " 
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The transformation matrix used was: 

c r (; ,. 0 0 0 0 0 0 

-c ,. (. 0 0 0 0 0 0 

0 0 c y c 
\ 

0 0 0 0 

0 0 -(. cy 0 0 O· 0 
[T] = ..................... (4.47) 

0 0 0 0 c, c 0 0 .'. 
0 0 0 0 -c 

r Cr 0 0 

0 0 0 0 0 0 c r C r 

0 0 0 0 0 0 -Cl c r 

The interface element stiffness matrix with respect to the global 

coordinate axes is then obtained as: 

[k] = [TP" [km] [T] ..................... (4.48) 

The shear stress - deformation behaviour of the interface can be 

expected to be non linear in the general case. The following section describes 

how the same is accommodated in the analysis. 

4.4.3.1 Hyperbolic relation for the interface 

In a similar manner as the soil, the properties of the interface are also 

assumed to follow the hyperbolic relationship as proved by Desai (1974). 

Analogous to Eqn. 4.1, the relation between interface shear stress, 1, and the 

relative tangential displacement, ,6. can be expressed as (see Fig. 4.4 (a)): 

r = 
a;1 + h/,0, 

..................... (4.49) 

in which all is the reciprocal of the initial interface shear stiffness, k s ,) and 

h/) the reciprocal of the maximum shear stress, 1 m "". The constants a/ Clnd h;1 

are obtained by fitting a straight line for the shear stress - shear displacement 

data on transformed axis as in the case of soil (Fig. 4.4 (b)). 
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Similar to Eqn. 4.5, the relation between k'i and the normal stress, Un 

can be es tablished as: 

..................... (4.51) 

where KJ and n 1 are the dimensionless stiffness number and stiffness 

exponent respectively, y" is the unit weight of water, G n is the normal stress on 

the interface and Palm is the atmospheric pressure. (P;ltm is used to 

non - dimensionalise nl and y" is used to non dimensionalise KI). KJ and nl 

can be obtained by carrying out a series of direct shear tests on the interface at 

different normal stresses and plotting (ks / Yw) vs (Gn / Palm) to log - log scale and 

fitting a straight line to the data as shown in Fig. 4.4 (c). The tangent shear 

stiffness is given by: 

..................... (4.52) 

The failure criterion for the interface is: 

tr ca + O'ntan5 ..................... (4.53) 

where Ca is the adhesion and 0 is the angle of interface friction. 

Differentiating Eqn. 4.49 and substituting for er, ai, b/ and k,i, the equation for 

kSl can be got as: 

..................... (4.54) 

Eqn. 4.54 reduces to Eqn. 4.51 at 1: = O. In the present analysis, kll is 

not determined, but it is assigned a high value (such as 1000 units), criterion 

being the avoidance of interpenetration of nodes (Desai et ell., 1982. 1984). 

The difficulties involved in determining k n experimentally ha\'c been amply 

highlighted by Sharma and Desai (1992), 
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4.5 COMPOSITE MODEL FOR GABION ENCASED MATERIAL 

A composite model proposed by the author for gabion-encased material is 

used in finite element simulations presented in this work. This model was 

developed based on the theory of geocell encased sand proposed by 

Madhavilatha et a1. (2000, 2001, 2006, 2007). The theory was originally 

developed to model the behaviour of sand encased in single and multiple 

geocells made of different geosynthetics described by Rajagopal et al. (2001). 

In the present analyses, the gabion encased material is treated as an 

equivalent soil element with cohesive strength greater than the encased 

material and angle of internal friction same as the encased material. 

The induced apparent cohesion (Cl) in the encased material is related to 

the increase in the confining pressure on the material due to the confinement of 

the gabion cage through the following equation: 

/j,(J' ~~-

c = ~--}- IK 
I 2 'J P 

..................... (4.55) 

in which, Kp is the coefflcient of passive earth pressure and 603 is the 

additional confining pressure due to the stresses in the gabion material. 

~(j3 can be calculated using membrane correction theory proposed by Henkel 

and Gilbert (1952), treating the gab ion box with encased material as a thin 

cylinder sUbjected to internal pressure. Even though the gabion boxes are not 

cylindrical, for the purpose of modelling, they are treated as a cylindrical unit 

with initial diameter equivalent to the initial least lateral dimension of the 

gabion box. Since the encased materials are rock pieces with high strength 

compared to that of the gabion material, the thin gabion mesh may be treated 

as a membrane exerting hoop tension on the rock pieces. Hence, 

................. (4.56) 
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where, En is the axial strain of the gabion mesh at failure, Do is the initial 

least lateral dimension of the gabion box, M is the secant modulus of the gabion 

material at axial strain of Ea. 

The cohesive strength (Ci) obtained from Eqn. 4.55 should be added to 

the cohesive strength of the encased material soil (c) to obtain the cohesive 

strength of the gabion encased soil (cg). The angle of internal friction is taken 

as the same for the unreinforced and gabion encased materials, as 

demonstrated by Bathurst and Karpurapu (1993) and Rajagopal et al. (2001) in 

the case of geocell encased soils. Mohr Coulomb failure criterion was used to 

model the failure of the gabion encased material as: 

..................... (4.57) 

where, Tt and ~ are the shear strength and the angle of internal friction of 

the encased material respectively. an is the normal stress at failure and ct( is the 

effective cohesion of the gabion material. 

For simplicity in the determination of input parameters, the gabion 

encased material (which is essentially rock pieces) is considered as a linear 

elastic material. The determination of non linear hyperbolic parameters using 

triaxial tests for the large rock pieces is beyond the scope of the present work 

and hence is not resorted to. 

The appl1cability of the above procedure is verified through finite element 

simulations of model walls tested in the laboratory as described in Chapter VI. 

4.6 MODELLING OF CONSTRUCTION PHASES 

In the analysis or reinforced soil walls, the simulation of the construction 

phases is considered an important factor. This is because of the self weight 

induced stresses which play an important role in the modelling of such walls. 

Hence the modelling of the construction phases are also included in the 
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development of the prediction tool for~qbion.racyd reinforced earth walls as per 
C/..V)d ZOIiO'(o..v~v I Co. 

the procedure explained in Potts (1999 A). The procedure is as fo11o\\7s. 
;... 

The analysis is divided into a set of increments at the calculation of 

initial stresses itself. Nodal forces due to the self 'weight body forces of the 

constructed layer are calculated and added to the right hand side load vector. 

The global stiffness matrix and all other boundary conditions are then 

assembled for the increment. The equations are solved to obtain the 

incremental changes in displacements, strains and stresses. For each 

increment of additional layer, initially, displacements of all nodes are 

temporarily zeroed irrespective of the nodes which were active in the previous 

increment. As in the case of incremental method, the displacements are then 

added to the corresponding nodal displacements in the previous increment. 

4.7 NUMERICAL IMPLEMENTATION 

The software needed for the present investigations has been prepared in 

C language in the following manner. 

A two dimensional plane strain finite element program for the linear 

analysis of reinforced soil structures coded by the author for her M. Tech. 

programme (Jayasree, 1996) at College of Engineering, Trivandrum was 

modified and extended for implementing the present analysis. The programme 

was originally developed for the linear analysis of reinforced soil systems 

incorporating the composite element proposed by Romstad ct al., (1976 and 

1978) considering the unit cell approach. For the present work, this was then 

modified to a non linear program using discrete element approach incorporating 

some of the essential features from NOSFIN (a three dimensional non linear FE 

package called NOnlinear Soil - Foundation INterface INteraction analysis 

program developed at Indian Institute of Technology, Madras (Beena, 1993)). 

Within this framework, two dimensional tnlss element and zero thickness 2D 

line interface clement were incorporated to simulate the discrete element 

approach. The stiffness of all the elements v/ere calculated and assembled to 
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reinforcement. Initially, nodes 5, 8, 9 as well as 12, 13, 14 will have the same 

coordinates, to represent the zero thickness condition. After the analysis, each 

node ",rill show different horizontal displacement (u) values, indicating the slip, 

but they show almost the same vertical displacement (v) values O\ving to the 

high normal stiffness (kn ) values (1 x lOB kN/m) assigned to the interface 

elements. 

The boundary conditions were provided in such a way that, only 

vertical movement was possible at the extreme end of the backfill zone arresting 

the horizontal displacements at these nodes. It was assumed that the wall 

rests on a rigid base for the validation studies and hence complete fixity was 

provided at the base of the wall. In the case of parametric studies, the wall was 

assumed to rest on Cl soft foundation layer and the bottom of the foundation 

layer was assumed nil movement. Hence in both the studies, the u and v 

displacements were arrested for the bottom nodes. No restriction should be 

given to the wall facing and so free movement was allowed at the facing 

boundary. 

During analysis, the failure of the quadrilateral elements (soil and gabion 

facing) due to shear \vere checked by verifying the Mohr - Coulomb failure 

criterion. If an element is found to fail in shear, the same was noted, but no 

changes were effected and the element was allowed to follow the stress - strain 

relation as before. However, as regards the elements which fail in tension, the 

same were assigned very small values of El = 0.0005 kPa for further iterations. 

If during the analysis, an interface element failed III shear (slip), the 

value of shear stiffness III the element was reduced to a small value 

(3 x 10-7 kPa). If tensile condition (debonding) develops across the interface 

elements, both shear and normal stiffnesses were assigned small values, as per 

the usual practice found in literature (Beena (1993), Chev,l and Schmertmann 

11990), Miura et a!. (1990)). The initial stresses clue to gravity in the interface 

elements were set equal to the stresses in the adjoining soil elements. 

Initial shear stresses were equal to zero in all the elements. 
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4,9 SUMMARY 

The development of a prediction tool with acronym FECAGREW, for 

simulating the load deformation behaviour of gabion faced reinforced earth 

walls is described in this chapter. The formulation of the elements used for the 

two dimensional plane strain analysis as well as the constitutive models used to 

predict the stress strain behaviour of these elements are also given. 

The development of a composite model to simulate the confining effect of the 

gabion facing is also explained in detail. The modelling of the construction 

sequence and the details of the idealisation of gabion faced walls are also 

discussed. The developed model is expected to effectively simulate the 

behaviour of the gabion faced reinforced earth walls as proved in Chapter VI. 
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Chapter 5 

EXPERIMENTAL INVESTIGATIONS 

5.1 GENERAL 

The formulation of the finite element prediction tool described in the 

previous chapter has to be validated through experimental results. For this, 

experiments were conducted on small scale models of gabion faced reinforced 

. earth walls. While doing so, an attempt was made to explore the possibility of 

reducing the cost of construction by using quarry dust as a gabion fill material. 

The most attractive feature of the gabion walls is their cost effectiveness. 

Gabion walls can achieve around 30 - 60% savings when compared to RCC 

walls constructed in similar situations. Even though the structure is a cost 

effective one, it can be seen that the stone filling used inside gabion boxes 

increases the cost of construction. In this work, an attempt is made to examine 

the effects of replacement of the stone filling in the gabion boxes with a mixture 

of stone and rock waste. The use of rock waste would relieve some of the 

problems associated with its disposal and it may turn into an inexpensive and 

advantageous construction product. It can also be noted that there is an added 

advantage in the use of rock waste from the quarries in the sense that the 

otherwise colossal cost of the conventional retaining structures is reduced to a 

very low value. This chapter describes in detail the different experiments 

carried out for determining the load deformation behaviour of the walls using 

gabions with different combinations of fill materials as facing. 

5.2 MODEL STUDIES 

[n gabion walls, gravity force (self weight) is the predominant stabilising 

force, which depends on the unit weight of the material (Ym) used for 

construction, which in turn IS dependent on the specific gravity (G) of the 

material by the relation, irn 

The specific gravity of rock 

G j'", "vhere y" is the unit weight of water. 

waste is nearly equal to that of stone. 
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Therefore, gravity force is not affected by the replacement of stone with rock 

waste. Considering all these points, rock waste was selected as a substitute for 

stone filling in this work. To represent the rock waste in the model studies, 

quarry dust, which is one of the easily and cheaply available waste materials, 

was used. Similarly stone filling was represented by 20mm coarse aggregate 

filling inside the gabion boxes. Instead of the actual gabion wall with stone 

fllling, the one with a combination of stone filling and quarry dust was 

considered for the studies. Five different combinations were tried by varying 

the quantities of quarry dust and stone filling. The experimental studies were 

carried out on two different model walls constructed at two different sites. 

The first set of studies was on a lm high model gabion wall constructed in the 

field in the premises of College of Engineering, Trivandrum (hereafter referred to 

as Set I in the text) and the second set on a 60cm high model gabion wall 

constructed inside a steel tank of size lm x lm x lm in the Geotechnical 

Engineering laboratory of School of Engineering, CUSAT, Kochi (referred to as 

Set II in the text hereafter). The model walls were designed according to the 

physical properties of the materials used for construction like sand (as backfill), 

coarse aggregate and quarry dust (as gabion fills) and steel mesh (for gab ion 

boxes and reinforcement). 

Load tests were conducted on model gabion retaining walls to study the 

deformation characteristics of gabion faced retaining walls. The purpose of this 

study was to find out an optimum combination of quarry dust and stone filling, 

to replace the stone filling in gab ion boxes and thus, further reduce the cost of 

construction of gabion wall. For this, five different combinations of quarry dust 

and coarse aggregate were used in the gabion fill supporting the model 

retaining wall. The combinations were varied by percentage weight of the filling 

materials in gabion boxes. The five different cases were: 

1. Coarse aggregate alone 
11. 70%) Coarse aggregate + 30% Quarry dust 

111. 50(1'0 Coarse aggregate + 50'Yo Quarry dust 
IV. 30(% Coarse aggregate + 70% Quarry dust 
v. Quarry dust alone 
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5. 2. 1 Field model studies - Set I 

Field model studies were conducted to study the lateral deformation 

behaviour for the first set of experiments. The site for Set I experiments was 

selected where a natural slope was available for retention purpose, inside the 

premises but away from the active campus of College of Engineering, 

Trivandrum to avoid disturbance of any kind on the experimental set up. 

The length of the walls was limited by bays built using bricks. Gabion walls 

with the different facing materials were constructed in between these bays. 

The sand used for backfilling was uniform river sand, with properties: 

G = 2.72, 010 = 0.18mm, Cu = 2.22, emin = 0.56, emax = 0.69. The coarse 

aggregate used as gabion fill material had the properties: G = 2.83,0 10 = l8mm, 

Cu = 1.67. The quarry dust which was also one of the filling materials in gab ion 

boxes, had the properties, G = 2.8, 010 = 0.12mm, C u = 2.89. 

5.2.1.1 Construction of model gabion wall 

In actual field practice, gabion boxes of varIOUS Slzes are used for 

construction such as I.Sm x lm x lm, 2m x lm x lm and 4m x lm x lm. 

For the reinforcement purpose the base of the gabion boxes are provided with 

an extension. Generally 0.6 to 0.8 times the height of the wall is taken as the 

reinforcement extension including the base of the box. The extension and 

boxes act monolithically. Boxes are provided with a top cover and internal 

partitions called as diaphragms to prevent bulging of the box. The model 

gabion wall was constructed over a length of 2m. The height of the wall was 

fixed as lm. The wall was constructed at a distance of 2.Sm from the natural 

slope and the space was filled with sand, which acted as a backfill to the wall. 

Brick bays were constructed on either side to limit the length of the wall. 

Sixteen numbers of gabion boxes each of size O.Sm x 0.25m x 0.25m were used 

to retain the backfill. Model gabion box used for the work is shown in Fig. 5.1. 

Boxes were provided with an extension of O.SSm at the base. Top cover was 

also provided. Because of the small size of the box, diaphragm walls were 

avoided. 
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The ground was levelled and 5cm thick layer of sea sand was spread over 

it. The first layer of four boxes was placed on the levelled ground surface where 

the wall had to be constructed. The boxes were connected together with steel 

wires so that they behave as a single unit. The extensions of the boxes were 

spread over the sand layer. Boxes were filled with filling material corresponding 

to the cases considered. In the case of combination filling, the quarry dust and 

coarse aggregate were filled in the boxes after mixing them properly in the 

required proportions. Filling was done with proper compaction to achieve the 

required unit weight of 15 kN 1m3. 

After filling the boxes, the top cover was closed and tightly connected to 

the sides of the boxes using steel wires. Behind the boxes, geotextile Terram 

1000 was placed in order to avoid the entry of granular backfill into the boxes. 

Then backfilling of sand was done up to the height of the boxes. The backfill 

sand was compacted in each layer to get an average unit weight of 17.6 kN/m3 • 

Each layer of the fill was compacted to get the same density by controlling the 

weight of soil and thickness of layer. After levelling the backfill, the next layer 

of gabion boxes was placed above the first layer and the two layers were 

stitched with steel wires and the procedure was continued up to the required 

level. Since the height of the wall was fixed as 1 m, four layers of boxes each of 

height O.25m were placed to complete the construction. Markings were made 

on the front of each box of the facing unit for taking measurement due to 

surcharge loading. 

5.2.1.2 Loading set up 

After the construction of wall using gabion boxes loading was done with 

sand bags. Before placing the sand bags a concrete slab was placed over the 

retaining wall to enable the surcharge loads to give a uniform pressure as well 

as to act as a loading platform. Sand bags were placed in layers (Fig. 5. 5). 

Each layer constituted of 25 bags filled with sand. Each layer provides a 

surcharge pressure of 2kPa. The load for the first layer of sand bag (2 kPa) and 

load from the concrete slab (1 kPa) was taken as the seating load and the initial 

deformations were noted. An aluminium rod was placed above gabion wall, 
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supported by the brick walls of the bay. This was used as a reference mark to 

measure the deformations (Fig. 5. 6). In order to measure the lateral deflection 

the outer edge of the aluminium rod was used as the datum point. A plumb 

bob was hung down vertical from the outer edge of Aluminium bar. Using a 

metre scale the initial position of wall and the changed position after loading, 

were measured. The difference between these values gave the lateral 

deformation at each point. 
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In total, six layers of sand bags were placed one over the other, above the 

retaining wall. Thus at the end of loading a total pressure of 13 kPa was acting 

on the wall. After placing each layer of sand bag the loading was kept 

undisturbed till the deformations stabilized. Before placing the next layer of 

sand bags, lateral deformations were measured. For Set I experiments, the 

walls were not loaded to failure due to the practical difficulty of increasing the 

height of dead load. 

5. 2. 2 Laboratory model studies - Set 11 

The Set II experiments consisted of studies on model gabion retaining 

wall constructed in a steel tank of size lm x lm x lm in the Geotechnical 

Engineering laboratory of Cochin University of Science and Technology, Kochi. 

The tests were done using the funding obtained from Kerala State Council for 

Science, Technology and Environment, Trivandrum. Unlike the Set I 

experiments, in these experiments, the walls were loaded with strip load using 

hydraulic jack and the horizontal deflections were measured using dial gauges 

to get a better control over the loading and deformations. 

The sand used for backfilling was uniform river sand, with properties: 

G = 2.7, DIO = 0.2mm, Cu = 2.6, em1n = 0.53, emax = 0.71. The coarse aggregate 

used as gabion fill material had the properties: G = 2.87, D10 = 16mm, 

eu = 1.313. The quarry dust which was also one of the filling materials m 

gab ion boxes, had the properties, G = 2.81, DIO = 0 .16mm, Cu = 2.81. 

5.2.2.1 Experimental set up 

The height of the wall was fixed as 0.6m and the dimensions of the boxes 

and basal extension were designed using the physical properties of backfill soil 

and steel mesh which were obtained from laboratory experiments. Sixteen 

numbers of gabion boxes each 0.25m long, 0.15m wide and 0.15m high and 

with basal reinforcement of 0.35m were used to retain the sand backfill inside 

the tank. The boxes were fabricated by stitching steel mesh panels to get the 

required shape. Fig. 5.7 shows the complete experimental setup. 
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of 15 kNjm3 • In this set of experiments, the combination filling was done in 

layers. The required proportion of quarry dust was placed as the bottom layer 

and the coarse aggregate as the top layer, the separation between the two being 

made using the geotextile material. 

The backfill sand was compacted in each layer to get an average unit 

weight of 16 kN/m3 . Each layer of the fill was compacted to get the same 

density by controlling the weight of soil and thickness of layer. After levelling 

the backfill, the next layer of gabion boxes was placed above the first layer and 

they were stitched with nylon wires and the procedure was continued up to the 

required level. Four layers of boxes each of height O.15m were placed one above 

the other to complete the construction. The layers were also interconnected 

using steel wires such that the entire wall behaves as a single block. 

Markings with small metal strips were made on the front face of the circled 

boxes (Fig. S.8.a) at the centre for taking deformation measurements with dial 

gauges. Schematic diagram of the test tank with loading setup is shown in 

Fig. 5.8. 

5.2.2.2 Loading set up 

After the construction of the wall using gabion boxes, loading is done 

using hydraulic jack and lever arrangement. The loading pattern used is of 

two-point loading acting on a 25mm thick and 0.2m wide strip placed over the 

sand backfill parallel to the gab ion wall. Load was applied using a hydraulic 

jack, in increments of 3 kN till failure. After applying each increment, the load 

was kept constant till the deformations stabilized. Prior to next increment 

lateral deformations were measured using dial gauges. 

101 



16 

12 

2 

4 

2- pa int loa d 

j j j 2Smm th ick m-eta 

/ G3.b'ln -,0;;,,1 

-
43) iW - ' 

13 
~)(~ O 
O(/~~ 

r , @ !LV 9 
r ,'-
:"'7. ) '--5) 5 

B al>e e.:.."1e n ~ i allj,; ~r) :-.," 
~ 

~, 
O t; '.....' 
O(,q 
C "";'..) 

Q) Ip 1 0:)'-' 
d hO 

la) Elevation (bl Sectiou at A . A 

10--- Tes t tank 

25mm thid<: mel"l.\ stnp 

().~- Dia l gau ge 

("IP .... 

Fig . 5 .8 Schematic diagram ot the test tank (Not to scale ) 

(All dimensions in metres) 

5,3 RESULTS AND DISCUSSIONS 

~trip 

r. 

An account of the resul ts obta ined from the experimental studies is 

presen ted in this section. Set I experimen ts were loaded up to 13 kPa which 

included a seating load of 3 kPu and in itial deformatio n s were measured only 

after stabilisation of the deformations due to the seating load . For the Set 11 

experiments, the wall was kept undis turbed for a day for the stabi li sation of 
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post construction deformations and loading was done on the succeeding day in 

increments. The load - deformation measurements were noted till failure. 

The type of loading for the two experiments were also different, viz., surcharge 

loading was adopted for Set I experiments whereas strip loading was given for 

Set II experiments. However the results can be used for comparison purposes 

considering the trends shown by the curves. 

5.3.1 Load deformation characteristics 

The effective replacement of stone filling in gabion boxes by a cheaper 

material is the focus of the study and is done by comparing the load 

deformation behaviour of the five different walls constructed with the fill 

materials mentioned in Section 5.2. Figures 5.9 and 5.10 show the load 

deformation characteristics for the two sets of experiments in which the 

deformation is expressed in terms of a dimensionless quantity, top sway factor, 

Bst which is defined as Ut / H where H is the wall height and Ut is the top lateral 

deformation of the wall at the midsection. Although Ut is referred as top lateral 

deformation, it is measured as the average of the lateral deformations at the 

centres of gabion boxes numbered as 14 and 15 in Figs. 5.5 and 5.8. From the 

figures, it can be seen that as the load increases, the lateral deformation also 

increases, as expected. The quarry dust filled gabion walls show more lateral 

deformation than that of the coarse aggregate filled gabion walls. The 

combinations showed intermediate deformations. This may be due to the low 

stiffness characteristics of quarry dust filled gabions. As a result, as the 

percentage of quarry dust increased, top lateral deformation also increased. 

The 50-50 combination shows a top lateral deformation less than that of quarry 

dust alone and 70% quarry dust and 30% coarse aggregate combination. 
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of 13 kN Im in the case of set I experiments (which is the point where the failure 

starts) and for set II experiments, a strip load of 60 kN Im, which is the least 

failure load, among the cases tested, as seen in Fig. 5. 10. 

Figure 5.11 shows the bulging patterns of the model gabion walls for 

different combinations of fill. As the percentage of quarry dust increased 

bulging was observed to increase. It is seen that, the top layer experienced 

more bulging than the lower layer for the first three walls with lesser quantity of 

quarry dust. The other two walls with larger quantity of quarry dust showed an 

intennediate bulging in the third layer. An inference can be made at this point 

that the walls with lesser quantity of quarry dust behave in a stiffer manner 

than the other walls with higher quantities of quarry dust. 

The difference between the two sets of experiments lies in the loading 

difference and the mode of filling the boxes. Even with these differences, the 

results are found to be comparable near to the failure points. From this, it can 

be inferred that the mode of filling has no effect on the load deformation 

behaviour of the system. But the second mode of filling, i.e., filling in layers 

may be preferred in the field owing to the easiness in filling and higher 

permeability characteristics. 

On quantifying the increase in top lateral deformation of the quarry dust 

filled walls with respect to coarse aggregate filled wall (Fig. 5. 12), it is seen from 

both the sets of experiments that filling 30% quarry dust increases the top 

lateral deformation approximately by 35%. When quarry dust is increased to 

50%, almost 70% hike is seen in the deformation value. In general, as the 

quantity of quarry dust increased, the deformation also increased. 
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deformation values with the addition of quarry dust. The mode of filling the 

gabion boxes has little effect on the load deformation behaviour of the system. 

But filling in layers may be preferred in the field because of the easiness in 

fIlling and higher permeability characteristics. 

The results obtained from these studies are made use in the validation of 

the developed FE code FECAGREW, as described in the following chapter. 
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6.1 GENERAL 

Chapter 6 

VALIDATION STUDIES 

In general, validation is the process of checking whether something 

satisfies a certain criterion. Examples would include: checking if a statement is 

true (validity), if an appliance works as intended, if a computer system is 

secure, or if computer data are compliant with an open standard. Validation 

implies that one is able to testify whether a model or process 1S correct or 

compliant with a set of standards or rules. 

In the present study, validation indicates checking the accuracy of the 

prediction tool developed to simulate the behaviour of gabion faced reinforced 

soil retaining walls. To be exact, it may be noted that, through the validation 

studies, it should be ensured that the simulation of stresses, strains and 

displacements should be representative in all respects. 

For this, thorough and detailed validation studies were conducted at 

each phase of the program development. To validate the performance of each 

element, suitable independent examples are chosen and compared with the 

available results. 

6.2 FOUR NODED QUADRILATERAL ELEMENT 

This validation study was conducted to check the appropriateness m 

using the incorporated 20 four noded isoparametric quadrilateral element with 

regards to linear elastic analysis. For this, a simple case of a cantilever beam 

with rectangular cross section subjected to an end moment is considered. 

Here the end moment was replaced by a couple of forces for the purpose of 

analysis as in Krishnamoorthy (1987). The length of the beam is ta.k.en as 

200cm, the width 20em and the depth 30em. The modulus of elasticity of the 
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material of the beam is 2 x 103 kN/cm~. The loading on the beam is shown in 

Fig. 6.1 (a) while the discretisation used for the study is shown in Fig. 6.1 (b). 

10 kN 

10 l:N 
(a) Cantilever beam 

3 6 12 15 18 .,- 30 33 

11 1:: 13 1 ... 1:- 16 1- 18 19 20 

1 
., 

3 4 ::- 6 - 8 9 10 -
1 10 13 16 19 

.,., 31 

(b) Discretisation 

Fig. 6.1 Cantilever beam loaded with couple 

Table 6.1 Comparison of deflection for cantilever beam 

Distance Deflection value (cm) from Deflection value I 
(cm) from I from fIXed Node numbers 

end (cm) Krishnamoorthy (1987) FECAGREW 
40 7,8,9 0.002182 0.002182 

80 13, 14, 15 0.008727 0.008727 
----_ ... _-

120 19,20,21 0.019636 0.019636 

160 25,26,27 0.034909 0.034909 
-----

200 31,32,33 0.054346 0.054346 
.. _- ~----- ._--.. _- -----_ .... -

Linear plane strain elastic analysis was done using FE CA GREW and the 

vertical deflections at the different nodes were noted dov.;n. The results 

presented as Table 6.1 agree quite well with the results from the literature. 

Hence it may be concluded that the developed code FECAGREW is working 
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properly and the incorporation of the quadrilateral element has been done 

accurately. 

6.3 TWO NODED TRUSS ELEMENT 

Linear elastic analysis was conducted to check the accuracy in using the 

incorporated 20 two noded truss element, in this validation study. For this, a 

simple case of a two dimensional truss structure shown in Fig. 6.2 (a) was 

considered. The geometry and loading are taken as symmetrical about the 

centre line as in Krishnamoorthy (1987). The modulus of elasticity of the 

material of the truss member is 2 x 104 kN/cm2 . The cross sectional area of the 

truss member is 1 cm2 . The discretisation used for the study is shown in 

Fig. 6.2 (b). 

t 100 kN 

1.00 

~ 
0.50 

r866 ~I" O,86~ ~ 

100 kN 
') 

All dimensions are in n1etres 

(a) (b) 

Fig. 6.2 Plane truss structure 

In this case also, linear plane strain elastic 3nalysis ,vas conducted using 

FECAGREW and the deflections at the different nodes \vere noted dovv'll. 

The results are presented in Table 6.2 and they agree quite well with the results 

from the literature. Axial forces in the truss members \\'ere also determined. 

From the FE analysis using FECAGREW, the axial force in element numbered 

1 1 1 



as 3 is obtained as 3.724625 kN and the corresponding value obtained from 

literature (Krishnamoorthy, 1987) is 3.72 kN. Hence, here also, it may be 

concluded that the incorporation of the truss element in FECAGREW has been 

done accurately and the clastic analysis is working perfectly for any type of 

structure. 

Table 6.2 Comparison of deflection for a plane truss structure 

Deflection value (cmt Deflection value (cm) Node number from Krishnamoorthy, 
1987 from FECAGREW 

1 ° ° 
2 0.5558 0.555834 

3 0.5372 0.537211 

4 ° ° 
6.4 MODELLING OF NON LINEAR BEHAVIOUR OF SOIL 

In order to check the accuracy of formulation of non linear analysis, 

simulation was done for the experiment results available from literature 

(Duncan and Chang, 1970). The experiment was based on the behaviour of soil 

loaded with a strip footing and the vertical displacements at point A (Fig. 6.3) 

were taken for different loadings till failure. 

Analysis was conducted using the hyperbolic parameters and properties 

of soil as given by Duncan and Chang (1970) in their model tests. The model 

tests were conducted on a footing resting on a semi - infinite soil mass. 

Strip footing was of 2A4 in (6.197 cm) \vide and 12.44 in (31.149 cm) long. 

The hyperbolic parameters and the properties of soil used in their investigation 

are listed in Table 6.3. 

Table 6.3 Input data for soil medium (Duncan & Chang, 19701 

Parameters ~ J~<P~)' --I K 

_V_a_Iu_es_-----'-____ ---'---_O_ L~_QQ 
j ~kN jm~) p.-.J 

,0 .. 55 : O·B3 ___ LI_1_7 __ A_9_--,---,-0---,.3:...c:5'---Ji 

n 
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The same parameters were used for conducting the analysis using 

FECAGREW. The finite element mesh fixed after mesh refinement studies and 

boundary conditions employed for the analysis is given in Fig. 6.3 . 

.. IB/2I, ........ .-

A ~ 
it> ~ 

it> ~ 
6B 

iD ~ 

(0 

'~ ~ ~ ~ kiT 

6B 

Fig. 6.3 Discretisation of soil medium 

The mesh consisted of 463 nodes, 400 soil elements and 20 linear 

quadrilateral elements representing footing. The rigid footing was reprcsented 

by two rows of quadrilateral elements with very high modulus and subjected to 

linear analysis only. Since the system under analysis is symmetrical about the 

centre line only one half portion (right hand side) \vas considered for the 

analysis. The vertical displacements at point A (Fig. 6.3) were notcd for 
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Fig. 6.5 Sliding block problem 

16 soil elements were used to model the soil blocks. To simulate sliding 

between the top half and the bottom half, four interface elements were provided 

in between (Fig. 6.5 (a)). The elements numbered inside circles represent soil 

elements and those inside triangles represent interface elements. Another point 

to be noted is that the nodal pairs 3-4, 9-10, 15-16, 21-22 and 27-28 were 

given the same coordinates initially. Horizontal and vertical movements were 

restricted for all the nodes at the left, right and bottom boundaries of the 

bottom half of the system. The movements of all the other nodes were kept free. 

Unit load was applied to the right nodes of the top half of the system to 

simulate pulling effect in the horizontal direction. Soil elements and interface 

elements were given the same parameters listed out in Table 6.4. The interface 

properties ks and k" were given the values 1 x 10) kPa and 2 x 10K kPa 

respecti vely. 

After FE analysis, it was seen that nodes 4. 10, 16, 22 and 28 exhibited 

positive non zero u values while the corresponding nodes 3, 9, 15,21 and 27 of 

the nodal pairs listed abovc showed zero u values. This indicates that definitely 
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sliding occurred between the top and bottom half of the soil elements, which is 

possible only due to the presence of the interface elements. This proves the 

effectiveness of the action of the interface elements. From this, it may be 

concluded that the zero thickness line interface element in FECAGREW is 

functioning in a proper way. 

6.6 MODELLING OF REINFORCED SOIL BEHAVIOUR 

Next step in the validation studies is checking the effectiveness of 

soil - reinforcement interface friction. For this, the model study conducted on 

footing resting on reinforced soil by Singh (1988) was used. The hyperbolic 

parameters needed for modelling the soil as well as the interface in this study 

were taken from Raghavendra (1996) who numerically simulated the above 

model tests. 

Singh (1988) conducted model tests on a sand bed of dimensions 390 cm 

x 390 cm x 210 cm, using three horizontal layers of aluminium strips as 

reinforcement. The footing dimensions were 15.24 cm x 91.4 cm. The input 

parameters needed for the analysis are listed in Table 6.4. 

Table 6.4 Input data for reinforced soil foundation (Raghavendra, 1996) 

~ C y 
Soil Parameters 

(degrees) (kPa) 
K n I Rr Kmu m 

(gjcc) 
Values 42 0 540 0.35 0.67 489 0.1 1.73 

Aluminium Parameters E A 
(kgjcm2) (cm2) 

strips 
Values 1.5 x 106 0.054 

i Parameters 
0 Kt nl RI 

Interface (degrees) I 

Values 38 124 0.54 0.56 

The finite element mesh fixed after mesh refinement studies and 

boundary conditions employed for the analysis is given in Fig. 6.6. Vertical 

spacing of reinforcements;; 3.81 cm, number of layers of reinforcement ~ 3 and 

the length of reinforcements;; 45.72cm. 
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Fig. 6.6 Discretisation of reinforced soil medium 

The mesh consisted of 899 nodes, 840 soil elements, 4 linear 

quadrilateral elements representing footing, 36 truss elements and 72 interface 

elements, The rigid footing is represented by one row of quadrilateral elements 

with very high modulus and subjected to linear analysis only. Since the system 

under analysis is symmetrical about the centre line, only one half portion (right 

hand side) is considered for the analysis. The vertical displacemcnts below the 

centre of the footing were noted for different load increments until the system 

failed. Load was applied as a singlc concentrated load at the top left node of the 

system in increments of 600 kg (6 kN) till failure. The FEM results of 

FECAGREW wcrc plotted along with the experimental results of Singh (1988) for 

validation purposes and both show very close behaviour (Fig. 6.7). This means 

that modelling of the behaviour of reinforcement as well as the 
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Fig. 6.8 Discretisation used for validation of reinforced soil wall 

The timber facing was represented by beam elements (incorporated in 

FECAGREW for the sole purpose of modelling this reinforced soil wall for 

validation), geotextile reinforcement by truss elements and the soil by plane 

strain four noded isoparametric quadrilateral elements. The discretised mesh 

consisted of 775 nodes, 720 soil elements, 210 truss elements and 30 beam 

elements as given by HehvclnY et a1. (1999). Interface elements were not used as 

they were not used for modelling in the literature and the purpose of the 

present study is to reproduce the results obtained by Helwany et al. (1999) 

using FECAGREW. The construction sequence was simulated by ten 

construction lifts. The boundary conditions adopted were: all the bottom nodes 

were completely fixed, top right node \vas fixed (in order to simulate the field 

test where fixity was provided at the top) and horizontal motion of all the left 
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extreme nodes was restricted. The parameters used for modelling the 

reinforced soil wall are listed out in Table 6.5. 

Table 6.5 Input data for reinforced soil wall 

Soil ! Parameters I ~ (degrees) C (kPa) K 1 n I Rr I Kmu I 
! Values ! 38.4 0 1116 I 0.66 1,2.87 1 907 1 

G t tU ! Parameters i E(kPa) A (~2) 
eo ex e Values 1 5.4 x 103 0.0025 
Timber Parameters ! E (kPa) A (m2) I (m4) 1 

facing Values I 1.4 x 105 0.0025 4 x 10-7 1 

Surcharge was given as equivalent concentrated loads at the top nodes 

after simulating all the ten construction phases. The responses of the wall at 

105 kPa were considered for comparison purposes. Fig. 6.9 shows the facing 

deformation of the reinforced soil wall while Fig. 6.10 shows the strains 

developed in the geotextile at different elevations. 

The results obtained from FECAGREW show close agreement with the 

results of Helwany et al. (1999). From this, it can be stated that FECAGREW is 

fairly effective in simulating the behaviour of reinforced soil walls and the 

modelling of the construction phases is accurate. 

6.8 MODELLING OF GABION FACED REINFORCED SOIL WALL 

After successful verification of each component of FECAGREW, it is 

attempted in this section to compare the load displacement behaviour of a 

gabion faced retaining wall with the results from actual laboratory experiments. 

The final step in the development of the FE code was the incorporation of a 

composite model to represent the behaviour of gabion facing which is detailed 

in Section 4.5. 

Experimental results on such type of '.valls are very much limited in 

number in literature as e\'ident from Chapter 2. Hence for validation purposes, 

test results obtained from the experimental programmes detailed III 

Section 5.2.2 were used. For modelling purposes, laboratory determination of 

the hyperbolic constants of soil (as described in Section 4.3.2.1) and interface 
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Several methods exist for the evaluation of Kondner's constants a) and b l 

in the hyperbolic formulation of non linear behaviour of soils. Transformed 

stress - strain curve method (Section 4.3.2.1) is one of them and another 

method called two point method is used in the present study, due to its 

simplicity. A hyperbola is completely defined by its constants a l and b l , if it is 

constrained to pass through any two points on the actual stress - strain curve. 

DUncan and Chang (1970) suggested fitting the hyperbola through two points 

on the stress - strain curve where deviator stresses are equal to 70% and 95% 

of peak deviator stress, representing the failure. Same procedure is adopted 

here as it has been found to work well for a variety of soils as cited by Duncan 

and Chang (1970). When the hyperbola is fitted through 70% and 95% of 

stress level, the coefficients a 1 and b l may be obtained as follows: 
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in which, subscripts 70 and 95 indicate the percent of stress level used 

in the curve fitting. On similar lines, the interface constants ui and bi can also 

be obtained as: 

...................... (6.6) 

......... _ ............ (6.7) 
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In a similar manner, the modified hyperbolic constants Kmu and m, for 

the determination of Poisson's ratio, p may be obtained. For this, the 

volumetric strain vs. axial strain curves for the same triaxial tests are plotted as 

shown in Fig. 6.11 (c). The deviator stress (cri - 0"3)70 and volumetric strain (Ev70) 

at 70% stress level were calculated for each curve in Fig. 6.11 (c). 

[

(0"1-0"1)70 l 
Then, E: . ., Palm vs. (;' I was plotted to log - log scales and Kmu and m 

I .() at", ) 

3 

were determined as shown in Fig. 6.11 (d). The triaxial tests results were then 

plotted as p vs. q curve (Fig. 6.11 (e)) to calculate the shear strength parameters 

c and~. The values obtained are listed in Table 6.6. 

Table 6.6 Non linear elastic properties of sand 

Parameters Values 

Hyperbolic constant, K 479 

Degree of curve, n 0.61 

Failure ratio, RI 0.84 

Hyperbolic constant, Kmu 360 

Degree of curve, m 0.32 

I Cohesion, c (kPa) 0 

Angle of internal friction, <j> 39 
(degrees) ----_. 

6.8.2 Elastic constants for gabion fill materials 

The coarse aggregate and quarry dust were used as a gabion fill material 

in the model studies. In FE modelling, the gabion fill material is treated as a 

linear elastic material. Hence, the elastic modulus', E and the Poisson's ratio, ~l 

are the parameters to be determined. For this, three consolidated drained 

triaxial tests were conducted on coarse aggregate and quarry dust specimens 

prepared at the same density as that of the model tests. In the case of coarse 

aggregate, the tests were conducted on large sized (20 cm dia.) specimens as 

the avel'age size of the coarse aggregates was 20mm while for the quarry dust 

the same dimension (7.5 cm dia.) used for testing sand was used. The 
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Table 6.7 Elastic properties of coarse aggregate and quarry dust 

Parameters Coarse aggregate Quarry dust 

Modulus of elasticity, E (kPa) 100233 32107 

Poisson's ratio, ~l 0.22 0.27 

Angle of internal friction, ~ (degrees) 43 40.5 

Cohesion, C (kPa) 0 0 

Induced cohesion (kPa) 5.72 5.4 

6.8.3 Hyperbolic constants for interface 

Interface elements were used for modelling regions wherever there is soil 

- reinforcement contact i.e., behind wall facing and above and below steel mesh 

reinforcements. To determine the interface properties (hyperbolic constants 

KJ and nl) and the angle of interfacial friction, 0, a series of modified direct 

shear tests were conducted under varying normal pressures. 

For the tests, a wooden block was fitted inside the lower half of the direct 

shear box and a steel mesh cut to the inner dimensions of the shear box was 

pasted at the top of the wooden block. The arrangement was prepared in such 

a manner that the top surface coincides exactly with the surface of sliding. 

Sand was filled in the top half of the direct shear box at the same density as it 

is filled in the model tests. 

From the results of the modified direct shear tests, for each normal 

stress, shear stress vs. shear displacement curves were plotted (Fig. 6.14 (a)). 

I /1 
The constants {/, and J, were determined using Eqns. 6.6 and 6.7 respectively. 

The initial shear modulus, k" was taken as 1 / a,l. Log - log plot was prepared 

with [~.' 1 vs. (;:: .. 1 an d the hyperbolic con stan ts K' and n' were d etermin ed as 

in Fig. 6.14 (b). The failure ratio, RI, was taken as the average value obtained 

from the four curves. The angle of interfacial friction was obtained using the 

peak values of shear stresses. The modulus of elasticity of the steel mesh was 

obtained by' conducting tension test u<sing universal testing machine for 
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6.9 SUMMARY 

The finite element code developed by the author was successfully tested 

for its performance at each stage of its development. The details regarding the 

testing have been described elaborately in this chapter. Each component of 

modelling, namely, the individual performance of the different elements, the 

non linear behaviour of soil and interface, the simulation of construction 

phases, the confinement of gabion boxes etc., have been tested step by step 

systematically. All the test results show encouraging results and hence it may 

be concluded that FECAGREW may be effectively used as a prediction tool for 

simulating the behaviour of gabion faced reinforced earth walls. 
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Chapter 7 

GEOMETRIC PARAMETRIC STUDIES 

7.1 GENERAL 

The finite element formulation for the detailed analysis of gabion faced 

reinforced soil walls and the validation of the same based on experimental data 

as well as prior published data have been discussed in the previous two 

chapters. The results obtained were encouraging when a small scale model of 

the gab ion faced retaining wall was analysed and compared with the experiment 

data. This fact motivated to undertake parametric studies, the aim of which 

was to study the influence of some selected geometric parameters on the 

deformation behaviour of gabion faced reinforced earth walls at the end of 

construction stage. Parameters chosen for the study were spacing of 

reinforcement, length of reinforcement, width of gabion facing and height of 

wall. For studying the effect of a particular parameter, the same alone was 

varied, keeping all the other parameters constant. 

Conventional wall design procedures are primarily stress based and do 

not consider deformations separately. Reason for the same being, deformations 

are relatively insignificant for the typical conditions of wall geometry and 

loading for which the design procedures were developed. But in circumstances 

where walls with non - standard geometry or loading cannot be avoided, 

deformation criteria should be carefully considered. For example, the use of 

shortened reinforcement layers due to topographic or economic constraints will 

cause increased deformations which would othenvise become critical, if 

avoided. Walls with large external loading or sloping backfills, walls where 

performance criteria requircs vcry small deformations ctc., are some other 

examples \vhere deformations have more or less equal importance to stresses 

(Chew and Schmertmann, 1990). Hencc this \vork concentrates on deformation 

studies. 
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This chapter explains the analyses conducted on gabion faced reinforced 

soil walls of three different wall heights - 3m, 6m and 9m representing the low, 

medium and high walls respectively. FE studies were performed by varying the 

. spacing as well as the length of reinforcement and the width of gabion facing. 

The effect of the position of strip loading on the behaviour of walls was also 

investigated. 

7.2 SYSTEM ANALYSED 

The system considered for the analyses is described in detail in this 

section. A gabion faced reinforced earth wall of height, H, is assumed to rest on 

a soft clay foundation. Most reinforced soil walls analysed to date are built on 

competent or stiff foundations (Bauer and Brau (1996), Ho and Rowe (1996), 

Ochiai and Fukuda (1996), Rowe and Ho (1997), Helwany et al. (1999) and 

so on). In this case, estimation of wall deformation does not need consideration 

of the external movements of reinforced soil mass, in addition to those resulting 

from the internal deformation. Consequently, this results in reduced outward 

lateral deformation at wall face with increasing reinforced soil system stiffness 

(Ogisako et al., 1988). Where as, a system resting on soft foundation is more 

liable to external movement due to the movement of foundation soil below and 

therefore is less stable. Hence, in this study, the gabion wall was assumed to 

rest on a soft clay foundation. 

The reinforcement extending into the soil was assumed to be of same 

length through out the height of the wall and was taken as equal to H in the 

basic system chosen for the parametric study. The wall facing at the bottom 

was assumed to have an embedment of 0.15H into the soft clay. Spacing of 

reinforcement, h, was taken as 0.08H and width of wall facing as O.ISH, for the 

basic system, considering the general design practice. 

After the convergence studies, the mesh chosen for the analysis 

consisted of 2290 nodes with two degrees of freedom (u and v) at each node. 

Horizontal translation WclS restricted for the nodes on the left and right end 
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speclmen of the gabion mesh obtained from Maccaferri Environmental 

Solutions, Pvt. Ltd., Mumbai, India. The properties are listed in Table 7.l. 

The gabion wall facing was modelled as a composite material assigning 

properties obtained from literature (Helwany et al., 1996). 96 four noded 

isoparametric quadratic elements with linear stress strain relation were used to 

model the same. Properties used for modelling are tabulated in Table 7.1. 

The cohesion induced by the gabion facing (c,) was calculated using Eqns. 4.55 

and 4.56. 

Table 7.1 Material properties adopted for parametric studies 

E A Mg Cmax 

Gabion mesh (kPa) i (m2) (kN jm) (%) 
~ .. ---------------------j---.--.-.----.-- -------f-... ----.·.··.·.·.·.· .. j.· ....•......... -
i 2235000 i 0.004! 53 ! 10 

, 
c i Cj Gabion facing 

(after Helwany et 
al. (1996)) 

E 

(kPa) Il ' i 

---- .. --- -- ·----------~--~~~~~~~-~!--l----(-~-~-~)---i---(~~~)-·--_.- ._--

12700 0.25 i 42 i 0 i 13.57 

c y 
Soil K n 

Interface I (k:'a) ! (de;eeS) . K' . n' 

-·-B·~;;-kfii(s~·~·(f-··-T---------O---------T------"32---------r---·-273ii--·T··0"~79-··-

Mesh! ' i ! 

·-F~·~-r;·d~ti-or;:·-·~~ii--t----------2----------j---------27---------t----i573T----hJ:·6-29·-
! i i i 

- Mesh i i i i 

RI 

The region of analysis included the foundation soil also along with the 

backfill because the gabion faced retaining walls are usually opted when the 

ground is soft. The soil material was modelled using 2066 four noded 

isoparamctric quadrilateral elements. The non linear stress - strain behaviour 

of soil was simulated using Duncan and Chang (1970) hyperbolic model 
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following Mohr - Coulomb failure criterion. The backfill was assumed to be 

beach sand and the foundation was assumed to be clayey silt whose properties 

were determined and are listed in Table 7.1. 

In reinforced soil structures, the main criterion adopted in the design is 

that the desirable failure mode is pullout failure rather than the breaking of 

reinforcement. This is because the failure due to rupture can reduce the shear 

strength of the structure to a very low value which may cause catastrophic 

effects to the structure (Jones, 1985). Hence the failure of reinforcement was 

not modelled here and it was assumed that the system does not fail by the 

rupture of reinforcement. The pullout failure of the reinforcement was modelled 

using four noded zero thickness interface elements at the top and bottom of the 

reinforcement. 564 interface elements were used in the study. The interface 

elements were also used behind the vertical face of the gabion wall in contact 

with the back fill (24 nos.), at the base and in the front face (foundation) in 

contact with the foundation soil (8 nos.). The interface elements were modelled 

such that the shear stiffness is governed by a hyperbolic rule similar to that of 

the soil model and related the interface shear stress and displacement. 

The properties of the interface elements were determined using large sized 

direct shear tests on the gabion mesh sample pasted on a wooden block fitted 

on the lower half of the shear box and the other half of the shear box was filled 

with the corresponding soil at the required density (as listed in Table 7.1). 

7.3 EFFECT OF REINFORCEMENT SPACING (h) 

It is a common practice in the construction of gabion faced walls to 

provide the reinforcement at uniform spacmg. Considering the economic 

aspects, varied spacing can be more advantageous than uniform spacing. 

Hence an attempt is made here to study the influence of spacing of 

reinforcement on the behaviour of gab ion faced reinforced soil walls and to 

arrive at an optimum value of spacing. For this, different configurations of 

reinforcement have been chosen as shown in Fig. 7.2. The configurations were 

fixed such that they are the stable configurations for a particular spacing. 
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Fig. 7.2 Reinforcement spacing configurations used in the study 

The horizontal deformations of the facing for all the configurations were 

noted and plotted as shown in Fig. 7,3, Figure shows the variation of lateral 

deformation of gabion wall facing for the different models discussed above for 

H '" 6m, The lateral deformation increases as the spacing of the basal 

reinforcement increases, In all the cases, it is seen that there is not much 

variation of lateral deformation in the embedded portion of the wall since the 

outward deformation is restricted by the foundation soil. The shape of the 

facing deformation changes from a linear form to a bow shaped form as the 

spacing of basal reinforcement of the reinforced gabion walls decreases and the 

maximum deformation is as low as 0.0036H. It is also seen that for medium to 

large spacings, say, h/H = 0,25 to 0,5, the deformation increases almost 

linearly with height from bottom to top and the maximum deformation at top is 

nearly 0,0 12H for h/H = 0,25 and O,04H for h/H = 0,5, 

In the case of unreinforced retaining wall, where the earth pressure 

increases towards bottom, the wall rotates about the base developing maximum 

deformation at the top, This rotation is restricted to a certain extent by the 

lateral ties in the reinforced cases, When closer spacing like O,08H is used, the 
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To produce active condition of earth pressure, a retaining wall must 

rotate laterally away from the soil as per the deflection values listed in 

Table 7.2. For models (i) and (ii) with smaller spacing, the maximum 

deformation comes to around 0.004H indicating that the reinforced soil is near 

to the at rest condition. For medium spacings (models (iii) and (iv)), the 

maximum deformation is increasing to 0.012H - 0.0 ISH, meaning that the 

system is in the verge of active condition and hence there is a decrease in the 

earth pressure values. For large spacing (model (v)), the maximum deformation 

is as high as 0.04H, clearly indicating an active state of earth pressure which is 

the minimum pressure the walls can withstand for stable equilibrium state. 

After this the structure fails which was clearly seen when the wall was analysed 

for unreinforced case. Here the maximum deflection was 0.06H which indicates 

an unstable state of earth pressure. 

Table 7.2 Deflection values to produce 

active earth pressure state (Bowles, 1996) 

Soil and condition Maximum deflection values 

Cohesionless, dense O.OOIH to 0.002H 

Cohesionless, loose 0.002H to 0.004H 

Cohesive, firm 0.01H to 0.02H 

Cohesive, soft 0.02 to O.OSH 

In order to understand the variation of earth pressure with spacing, the 

earth pressure values for the different cases are to be compared. The total 

lateral force acting at the back face of the wall seems to be a better parameter 

for comparison than the lateral earth pressure. Hence for comparison 

purposes, lateral force was calculated from the earth pressure diagrams using 

the graphical method (plotting the earth pressure diagrams on graph paper and 

then calculating the lateral force as the area of the earth pressure diagrams 

which is obtained by counting the number of cells inscribed by the plots). 

The nse in lateral earth pressure in the different cases due to the 

increase in the reinforcing effect is depicted in Fig. 7.S (a). The plot was 
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7.8 SUMMARY 

Conventional design procedures of retaining walls in general, do not take 

into account wall deformation which is usually considered as a minor criterion 

in design. But in the present trend, even standard codes are being amended to 

accommodate the limit state design where serviceability conditions are also 

given equal importance, and hence a deformation study is resorted to. 

FE analyses of gabion faced reinforced soil retaining walls were carried 

out for different reinforcement spacings, reinforcement lengths and facing 

widths on low (3m), medium (6m) and high (gm) walls. The relation between 

wall heights, spacing of reinforcement and length of reinforcement and the 

effect of the earth pressure acting on the wall and the facing deformation are 

discussed in detail in this chapter and optimum values have been suggested in 

each case. Moreover, the application of the analysis results in the design of the 

walls is also proposed. The effect of position of strip loading was also studied 

and recommendations are given to place the strip loading at a suitable position 

by minimising the deformations. The results from the geometric parametric 

studies as a whole are expected to aid the design engineers to fix the 

preliminary dimensions and there by making the design process more 

comfortable. 
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Chapter 8 

MATERIAL PARAMETRIC STUDIES 

8.1 GENERAL 

The previous chapter presented the results of the parametric studies 

conducted by varying the geometry and loading of gabion faced reinforced soil 

retaining walls. These studies are supplemented by varying the material 

properties of the components like gabion fill, backfill and reinforcement, the 

results of which are presented in this chapter. 

The aim of the material parametric studies is to study the influence of 

some selected material parameters like gabion fill, backfill and reinforcing mesh 

on the deformation behaviour of gabion faced reinforced earth walls. 

For uniformity in the presentation of results in all the cases, most of the studies 

were conducted for self weight loading only. For studying the effect of a 

particular parameter, the same alone is varied, keeping all the other parameters 

constant. 

This chapter explains the analyses conducted on a gabion faced 

reinforced soil wall of 6m height. FE studies were performed for different 

gabion fill materials like a hard material (rock pieces) and a soft material 

(in - situ soil). The materials were filled in different proportions, to understand 

the effect of the gabion fill material on the response of the system. 

To understand the behaviour of gabion fill ~ backfill combinations, 11 different 

rock types and 16 different soil types were used as the gabion fill and backfill 

respectively, and FE studies were conducted for each of the combinations. 

To investigate the effect of reinforcement, on the behaviour of gabion faced 

reinforced soil walls, FE analyses were conducted on a reinforced wall and an 

unreinforced wall and the results were compared. 
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8.2 EFFECT OF GABION FILL MATERIAL 

Reinforced soil walls are flexible in nature while the gabion faced 

reinforced soil walls exhibit a semi - rigid behaviour, the partial rigidity being 

imparted by the fill material inside the gabion boxes. So in these walls, the self 

weight of the fill material is a major stabilising factor. Hence in this work, it 

was intended to study the influence of the gabion fill material on the behaviour 

of gabion faced reinforced soil walls. Moreover, at construction sites where the 

rock pieces are not locally available, the cost of rocks including the 

transportation cost from distant quarries becomes enormous. So in order to 

cut down this cost which is a major factor that increases the cost of 

construction, the suitability of using a locally available cheap material as 

gabion fill may be thought of. This is another reason which prompted the 

present study. The results of this study are expected to supplement the 

experimental studies described in Chapter 5. 

For this, different combinations of fill materials were used in the study. 

The fill materials considered were a hard material and a soft material whose 

properties were selected arbitrarily (Table 8.l). The hard material was used to 

simulate the rock properties and the soft material simulated a locally available 

less stiff material like ordinary soil. The aim of using these two types of fill 

materials was, when the hard material is used as the fill material, the gabion 

resembles the stone filled box gabion and in the other case, when a soft 

material is used as the gabion fill material, the box resembles a soil filled box 

gabion (Section 3.2.2). In addition to this, filling both the hard and soft 

materials in different proportions was also studied. A layered system was 

considered with the soft material in the bottom portion and the hard material in 

the top portion. Another mode of filling was also studied, by keeping the soft 

material as a core inside the hard material. Since the hard material resembles 

the rock pieces with high void ratio, the arrangement of the soft material as 

layers or as a core does not adversely affect the permeability factor. 
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Table 8.1 Properties of gabion fill materials 

E c 
Gabion fill ~L 

, (kPa). : (degrees) l (kPa) : (kPa) 
----}I'~cC;n~te~-iai--T----iooo6-6---T------O:25-------T--------42---------r------6--------r-i3:S7---

-----So-ft-~-~teriai---T------ioo6------r------(5:35-------r--------32----------r------1o------r---io:90---

The proportions of the gabion fill materials selected for the study were: 

>- 100% hard material 

>- 75% hard material + 25% soft material 

>- 50% hard material + 50% soft material 

>- 25% hard material + 75% soft material 

>- 100% soft material 

FE studies were conducted for each case and the variations of the 

horizontal deflection of the top most point of the facing with the applied 

surcharge pressure were noted. The surcharge was applied as uniform 

pressure over the backfill which was converted into the lumped load system for 

the analyses. The results are presented in the form of load vs. top lateral 

deformation plots for the different cases analysed (Fig. 8.1). 

The load deformation plots from the FE studies show the same pattern as 

obtained from the experimental studies (Section 5.3.1). The 100% hard 

material takes the maximum load while the 100% soft material fails at a faster 

rate at low surcharge values. The walls with combination facings show an 

intermediate behaviour. An interesting feature which can be seen both from 

the experimental and analytical studies is that the combination fill with 25°;() 

soft material behaves very similar to the wall \vith 100'Yo hard material facing. 

The 50 - 50 combination filled in layers as wen as in core, fails at earlier load 

stages than the above mentioned two cases followed by the 75°;;, soft- 25%) hard 

material combination. In general, it may be concluded that as the percentage of 
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To study the deflection behaviour of the front face of the wall, for all the 

cases of fill materials, the horizontal deformations of all the nodes representing 

the front face of the wall were noted for 150 kPa surcharge. The incipient 

failure occurs at this surcharge load in weak walls as can be observed from 

Fig. 8.1. Fig. 8.2 shows the front face deflections of all the walls considered in 

the study. Here also the behaviour resembles the results obtained from the 

experimental studies (Section 5.3.2). The 100% hard material is behaving in a 

stiff manner showing a linear deflected shape. The 75% hard and 25% soft 

combination wall also behaves in a similar manner. All the other walls show a 

bow shaped curve for the lateral displacement pattern. Moreover, as per 

Table 7.2, the flexible walls with cohesive material are in an at - rest condition 

with maximum lateral displacement value ofO.014H. But the stiffer walls with 

the cohesionless material (maximum lateral displacement values of 0.0045H for 

100% hard material and 0.007H for the 75% hard and 25% soft combination) 

are nearing the active condition. 

In order to analyse the effect of mode of filling the materials inside the 

gabions (whether in layers or as a core), 50 - 50 combinations were tried. 

As can be observed from Figs. 8.1 and 8.2, the provision of the soft material as 

a core increases the load carrying capacity of the wall while decreases the 

deformations in the lower portions. This can be attributed to the greater 

stiffness offered by the gab ion facing when the hard material surrounds the soft 

core. 

From the foregoing discussions, it may be concluded that 25% of the 
1Y)~eos·l'Ve. 

gabion fill may be replaced with a locally available ',material in order to 

bring down the cost of construction of the walls. In places where deformation is 

not a major criterion, the 50 - 50 combination may also be recommended. 

Regarding the mode of filling, it is always better to provide the soft material as a 

core inside the hard material rather than providing the material in layers. 
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8.3 EFFECT OF GABION FILL - BACKFILL COMBINATION 

The effects of varying the gabion fill material was presented in detail in 

the previous section. The backfill material also plays an important role in the 

behaviour of gabion faced reinforced soil walls. The ideal backfill material is the 

river sand with very good frictional and drainage characteristics (Jones, 1985). 

But in the present day conditions, the availability of river sand is becoming 

scarce, which in turn raises the price factor thus increasing the cost of 

construction as a whole. Hence researchers are on the path of seeking the 

suitability of using locally available soil or in-situ soil as backfill material for the 

construction of reinforced soil walls (Fabian and Pourie (1988), Bolton et al. 

(1989), Ling et al. (1995), Lesniewska and Porbaha (1998), Helwany et al. 

(I999), Lee et al. (2001), Mittal et al. (2006) and so on). With the same goal in 

mind, the present study was conducted on gabion faced reinforced soil walls, 

replacing the backfill with locally available soil. The study aims to bring out the 

effects of various backfill types and gabion fill types on the performance of 

gabion faced reinforced soil walls. 

The study was conducted on varlOUS cases where eleven different rock 

types (as gabion fill) and sixteen different soil types (as backfill), with material 

properties listed in Tables 8.2 & 8.3 respectively, were selected for the present 

study. Thus, a total of 176 combinations \vere investigated for a 6m high 

(medium height) wall. These analyses were repeated for 3m and 9m high walls 

also representing low and high walls. The values of modulus of elasticity and 

unit weight of different rock types given (in Table 8.2), are those for intact rock 

masses. However, gabion fill consists of rock pieces and these will have 

reduced value of modulus of elasticity and dry unit weight when compared to 

those of the intact rock mass. Thus the actual values of modulus of elasticity 

and unit weight of intact rock masses should be reduced to represent the rock 

pieces in the gabion fill. In the case of dry unit weights, this reduction 

considered was in accordance with the porosity of the gabion boxes filled with 

rock pieces as below. 
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r - r (1-11) g - rock ........................ (8.1) 

where, Y/l, is the apparent rock density, Ir<l<k is the actual value of density 

obtained from the Table 8.2 and n is the porosity which is taken as 0.3. 

Table 8.2 Properties chosen for gabion nu (Verma, 2000) 

E ~ C Ca * C* g y 
Rock Type (kPa) )l (degrees) (kPa) (kPa) (kPa) (kN/m3) 

Basalt 
9.00E+07 0.160 50.0 0 16.61 16.61 27.7 

Diabase 
8.00E+07 0.180 50.0 0 16.61 16.61 27.0 

Gabbro 
7.50E+07 0.135 3l.0 0 10.68 10.68 27.0 

Granite 
6.25E+07 0.250 51.0 0 17.07 17.07 26.5 

Marble 
6.00E+07 0.250 37.0 0 12.12 12.12 27.5 

Gneiss 
5.00E+07 0.220 35.0 0 1l.61 11.61 26.0 

Quartzite 
4.00E+07 0.230 35.5 0 11.74 11.74 28.2 

Hard limestone 
2.00E+07 0.200 35.0 0 11.61 1l.61 27.0 

Sand stone 
1.00E+07 0.125 30.0 0 10.47 10.47 25.0 

Shale 
6.00E+06 0.100 29.0 0 10.26 10.26 24.0 

Trachyte 
5.00E+06 0.100 27.0 0 9.86 9.86 23.0 

• Calculated using Eqn. 4.55 and 4.56 

For reducing the elastic modulus of rockfill inside gabion boxes, the 

porosity (n) of gabion boxes and the volume of rock sample used for testing were 

considered as in Eqn. 8.2. 

E = ~ I'od~. ,Yrod 
g V~(I-11) 

........................ {8.2) 

where, 

Eg = Modulus of elasticity of gabion box 

Erock = Modulus of elasticity of rock obtained from testing rock s8mple 

Vrock == Volume of rock sample used for testing 
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Vg = Volume of gabion box and n is the porosity of boxes which is taken as 0.3 

The other parameters representing rock in this study like the Poisson's 

ratio and angle of internal friction were taken as the same for the parent rock 

and the rock pieces inside gabions as there is no significant change in these 

values after the disintegration of rock (Verma, 2000). 

Table 8.3 Properties chosen for backf111 (Helwany et ai., 1999, 

United Soil 
classif1ca tion 

GW 

GP 

sw 
sp 

SM 

se 

CL 

Desig
nation 

GW 

GP 

sw 
SP 

SM 1 

SM 2 

SM3 

SM4 

se 1 

se 2 

se 3 

SC 4 

CL 1 

CL2 

CL3 

CL4 

y ~ C 
(kN/m3) (degrees} (kPa) K n Rc Km" m 

23.6 42 0 600 0.4 0.7 175 0.2 

22.8 39 o 450 0.4 0.7 125 0.2 

22.1 36 o 300 0.4 0.7 75 0.2 

21.3 33 o 200 0.4 0.7 50 0.2 

21.3 36 o 600 0.25 0.7 450 0 

20.5 34 o 450 0.25 0.7 350 0 

19.7 32 o 330 0.25 0.7 250 0 

18.9 30 o 150 0.25 0.7 150 0 

2l.3 33 24 400 0.6 0.7 200 0.5 

20.5 33 19 200 0.6 0.6 100 0.5 

19.7 33 14 150 0.6 0.7 75 0.5 

18.9 33 10 100 0.6 0.7 50 0.5 

2l.3 30 19 150 0.45 0.7 140 0.2 

20.5 30 14 120 0.45 0.7 110 0.2 

19.7 30 10 90 0.45 0.7 80 0.2 

18.9 30 5 60 0.45 0.7 50 0.2 

It can be seen from Table 8.2 that each rock type is characterised \vith 

distinct range of elastic and geotechnical properties. Thus, each of these 

properties can individually influence the performance of the \vall. Hence a 

dimensionless factor, known as Rock Factor (RF), \vas introduced by the author 

for the analysis of the results. RF is an indicator of the stiffness of the rock and 

includes all the maj or properties and \'v'as defined as: 

161 



RF = 
E rjJc 

yD ~L 

where, 

E == modulus of elasticity of rock mass 

y = unit weight of the rock 

........................ (8.3) 

D = least lateral dimension of the rock pieces filled inside the boxes 

$c == angle of friction of the rock in radians 

Ii = Poisson's ratio 

For the different rock types listed in Table 8.2, the rock factor (RF) values 

were computed and tabulated in Table 8.4. 

Table 8.4 Rock factor values for different rock types 

I 
Rock tn~e 

, 
Rock Factor (RF) I 

I 
i S.91E+07 

Basalt I 

i I 

I 

I 
4.79E+07 

Diabase 

Granite 
I 3.71E+07 

Gabbro 
2.80E+07 

-

Marble 
1.88E+07 

--

Gneiss 
1. 78E+07 

Quartzite 
1"--i:27E+07 

----'"-----_. I 

Hard limestone 
7.S4E+06 , , 

_ .. _---- ._-- - - _. _ .. _._--- -I 
S.S9E+06 i 

Sand stone i 
._. -. -·-----1 
Shale 

4.22E+06 I 
I 

,.~-

I 
_Tr~~te 

3.41E+06 
I --_._- - - -----~ 

FE analyses were conducted for all the 176 combinations of gab ion fill 

and backfill. The response parameters used for the study v .. 'ere the maximum 

lateral displacemcnts of the wall facing, the ma.'Cimum cL'Cial strain in the 

reinforcement and the average safety factor (calculated as described below) for 

the gabion faced soil retaining \\'alls. In each case of analysis, the ma.'Cimum 
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horizontal deformation of the wall facing was noted down and converted to 

normalised value by dividing by wall height, H. Similarly, maximum strain in 

all the reinforcements were checked and the highest of these values were taken 

as the maximum axial strain in the reinforcement. This value was seen to 

occur near the portion where maximum deflection of facing occurred. 

The average safety factor was calculated by averaging the apparent safety 

factors of the soil elements located on or near the potential failure plane which 

passes through the bottom of the retaining wall face and makes an angle of 

450 + ~0/2 with the horizontal. The apparent safety factor is defined as the ratio 

of the deviatoric stress of a soil element to the deviatoric stress at failure using 

the Mohr - Coulomb failure criterion (Helwany et al., 1999). The apparent 

safety factor was found to be minimum along the potential failure plane. 

Fig. 8.3 shows the variation of maximum facing deflection (Urn",,) with the 

different rock types for the various types of gravel and sand backfills, silty sand 

backfills, clayey sand backfills and inorganic clay backfills of low plasticity. 

Fig. 8.4 shows the maximum strain developed in the reinforcement (£rlt rnn,,) while 

Fig. 8.S shows the average safety factors (ASF) for the corresponding soil types. 

On closely analysing the results for maximum wall deflections (Fig. 8.3), 

it can be seen that gravel and sand backfill exhibit the least deformations, while 

the clay backfill shows the maximum deformation. Noting the normalised 

deformation values, it can be seen that the maximum deformation produced by 

the clay backfill is O.OllH. An interesting thing to be pointed out is that, this 

value is very much less than O.OSH (Table 7.2), the maximum deflection value 

for soft cohesive soil to produce an active state of earth pressure. This means 

that the wall is still in at - rest condition which indicates a stable state. But on 

noting the values for cohcsionless soils, it can be seen that the wall has either 

approached an active state or is approaching the active state. In this 

connection, it may be noted that the system analysed is in dry condition and 

the effect of water on the behm'iour of the system \vas not analysed which is 

beyond the scope of this work. 
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For each category of backfill, it can be seen that as the stiffness of 

backfill increases, the deformation decreases when stronger rocks are used as 

gabion fill. For weaker rocks, whatever be the stiffness of backfill, the 

deformation is approaching the same magnitude. Referring to the graphs of 

maximum strain in reinforcement (Fig. 8.4), it can be seen that the maximum 

strain exhibited by the reinforcement is l.05% which is very much less than the 

permissible strain of gabion mesh which 10%. This means that the 

reinforcement is safe against breaking failure for any type of backfills or gabion 

fills. Among the rocks, basalt, diabase, granite and gabbro are igneous in 

origin. Quartzite, marble and gneiss are metamorphic rocks while trachyte, 

shale, sandstone and hard lime stone are sedimentary rocks. Observing the 

graphs, it can be seen that all the igneous rocks are exhibiting a similar 

behaviour which is indicated by the horizontal line portions of the graphs. 

The metamorphic rocks show a more or less fair performance when compared 

to the igneous rocks as indicated by the average safety factor values in Fig. 8.5. 

While the performance shown by the sedimentary rocks is very poor, when 

compared to the other two types. 

From an overview of these figures, a general statement can be made that 

as the stiffness of gabion fill and backfill increases, the wall deformation 

decreases, the strain in reinforcement decreases and the average safety factor 

increases. 

Though the results obtained above are with reference to 6m high wall, 

the same trend (Fig. 8.3 to 8.5) was shown in the behaviour of for 3m and gm 

high walls, but with different magnitudes. Hence, as an extension of these 

studies, an interpolation chart was prepared with the height of the wall along X 

axis and the response parameter ratio (RPR) along Y axis. The purpose of this 

chart is to obtain the behaviour of the system for any height, which can be used 

further for design purposes. The response parameter ratio is defined as the 

ratio of the response parameter (like um,,~1 H, CrI! im""1 and ASF) for the required 

height to the response parameter for H = 6m. 
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with flexible facing (Romstad et al. (1976 & 1978), Ogisako et al. (1988), Chew 

and Schmertmann (1990) and so on). Bu t the behaviour of gabion faced 

reinforced soil walls is different from them, due to the partial rigidity offered by 

the gabion facing. Hence, in this study, it is intended to analyse the effect of 

addition of reinforcement in the backfill portion of gabion faced retaining walls. 

The same FE mesh, geometry and material properties described in 

Chapter 7 has been used in this study also. The same mesh was used both for 

the reinforced and the unreinforced cases for better comparison of results. 

Fig. 8.7 shows the load deformation plots for the reinforced and the 

unreinforced cases. The load was given as uniform surcharge pressure over the 

backfill at increments of 5 kPa till failure. The pressure was converted to 

concentrated loads at the nodes as per the lumped load system of analysis. 

The horizontal deformation of top most point of the facing was noted for plotting 

the load deformation graphs. It may be noted that reinforcing the backfill with 

twelve layers of gabion mesh of length equal to the wall height, increases the 

load carrying capacity of the system three fold. i.e, failure load of 75 kPa 

increases to 200 kPa for reinforced case while the deformation decreases from 

0.61 m to 0.15 m. This indicates a three fold increase in the failure load as well 

as a four times decrease in the top lateral displacement values. 

Even though a bigger system of wide extents was used for the analysis, 

the presentation of further results and contour graphs have been limited to a 

smaller portion (ISm long x 6m high) where the reinforcing effect is more 

pronounced. 

Fig. 8.8 shows the difference in the lateral displacement behaviour of the 

facing in the case of an un reinforced and a reinforced soil gabion faced wall due 

to self vv'eight loading alonc immediately after the construction. In the gabion 

faced reinforced soil \valls, on analysing the magnitudes of displacements, it is 

seen that, maximum lateral displacement occurs at almost mid wall height. 

The reinforced case shows an at-rest behaviour with maximum lateral 
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displacement of O.004H (as per Table 7.2). In the unreinforced case, the wall 

shows a linear deflection behaviour and approaches to an active condition even 

at the stage of self weight loading which is indicated by the maximum lateral 

displacement value of O.06H (see Table 7.2). 

Vertical soil stress distributions were plotted for both unreinforced and 

reinforced soil walls at different heights of O.25H, O.5H and O.75H from the 

base of the wall (Fig. 8.9 (a)). In all the cases, it is seen that the stresses are 

minimum near the back face of the wall, increasing abruptly and then 

remaining almost constant throughout the sections. As expected, the stresses 

are minimum at the top most level considered (O.75H) increasing to a higher 

value in the bottom levels. The decrease of stresses at the back face of wall at 

all the sections indicates the sliding of the backfill with respect to the gabion 

facing, and is particularly true in the case of unreinforced walls. 

The plots of stresses at different heights in the unreinforced case 

(Fig. 8.9 (a)), show a disruption of the smooth pattern at different positions 

along the sections. This disruption is clearly explained in Fig. 8.9 (b) which 

shows the vertical stress contours for the unreinforced case. The dotted line 

shown indicates Rankine's failure plane which is inclined at 450 + ~/2 with the 

horizontal. It is seen that there is a reduction of stresses along the failure plane 

clearly indicating the impending failure. While scrutinizing the figures of the 

reinforced case, it is seen that the contours (Fig. 8.9 (c)) and stresses plotted 

along horizontal sections (Fig. 8.9 (a)) show a smooth pattern. This indicates 

that the formation of the failure plane has been inhibited by the introduction of 

reinforcement which redistributes the stresses in the system. 
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8.5 SUMMARY 

Investigations were done to understand the effects of various component 

materials on the behaviour of gabion faced reinforced earth walls. 

The components varied were gabion fill, gabion fill - backfill combinations and 

reinforcement. On studying the effect of gabion fill, it was seen that nearly 25% 

replacement of the gabion fill can be made with any locally available cheap 

material without affecting the stiffness and thus the strength of the system as a 

whole. The walls show a better performance when the soft material is provided 

as a core inside the hard material, when compared with a layered system. 

By varying the backfill - gabion fill combinations, it was seen that the type of 

backfill - gabion fill combination chosen for the wall has profound effect on its 

deformation characteristics. Charts were developed between rock factor 

(indicative of rock stiffness) and some selected response parameters for different 

types of backfill and rockfill for a 6m high wall. The analyses were repeated for 

3m and gm high walls and an interpolation chart was prepared to derive the 

response parameters for walls of any height. The charts presented can be used 

as design charts for the selection of suitable backfill - rockfill combinations 

during the design and construction of reinforced soil walls with gabion facing. 

The effect of reinforcement was also studied from which it was seen that 

reinforcement redistributes the stresses in the system and inhibits the 

formation of rupture plane. The results of these finite element studies are 

expected to throw light into the behaviour of gab ion faced reinforced earth wall 

systems. 
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Chapter 9 

DESIGN OF GABION FACED REINFORCED 
EARTH RETAINING WALLS 

9.1 GENERAL 

Design of any structure begins with the selection of trial dimensions. 

It is then analysed to understand the effect of loads on the behaviour of the 

structure which yields forces and deformations as results. This information is 

then compared with criteria for failure conditions to arrive at a safe design. 

The gabion faced gravity walls which are more suitable for small heights, 

follow the conventional design criteria adopted for dry rubble or random rubble 

masonry walls as per BS 8002 : 1994. This chapter considers the design and 

analysis of gabion faced reinforced soil walls which are expected to be more 

economical for larger heights. The modern trend in the design of any structure 

is the use of the limit state method which always results in a safe and 

economical design. So this work concentrates on the design of gabion faced 

reinforced soil walls based on the limit state method. 

The conventional practice of design of these walls involves selecting the 

dimensions of the wall, giving a high factor of safety against different modes of 

failure which makes the design uneconomical. Moreover, the conventional 

design involves a trial and error process, which ultimately results in repeated 

calculations to arrive at a safe design. Here an attempt is made to develop 

design charts which makes the design process handy and speedy. 

The design of gabion faced reinforced soil walls, described herein, is 

based on the limit state method as per BS 8006: 1995, a detailed description of 

which is given in Chapter 3. A typical case of gabion faced reinforced earth wall 

is studied and the conventional design procedure for the same is illustrated 

initially. This is then followed by the development of design charts using 

dimensional ::malysis of the limiting conditions. These charts are expected to 
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yield a safe, economical and speedy design procedure which overcomes the 

difficulties mentioned above. 

9.2 DESIGN PROCEDURE 

The following steps are resorted for the design of gabion faced reinforced 

earth wall. 

, Fix the trial dimensions of the wall. 

, Determine the forces acting on the wall. 

, Check whether the maximum bearing pressure at the base of the wall IS 

within the allowable limit (External stability check). 

, Check whether sliding resistance exceeds the active horizontal force by a 

suitable safety factor (External stability check). 

, Check for strength and pullout resistance of the reinforcement layers 

(Internal stability check). 

These steps are repeated iteratively until a suitable design that meets all 

criteria is achieved. 

One metre length of the wall is considered for the analysis. For selecting 

the overall geometry of the wall, the initial length of reinforcement is taken as 

O.7H where H is the height of the wall. The embedment depth (Om) may be fixed 

as the maximum value obtained from Eqns. 3.5 and 3.6. The \vidth of the 

gabion facing depends on the dimensions of the gabions; usually available as 

mUltiples of O.5m. For reinforced soil typc walls, the facing width is usually 

kept to a minimum value of O.Sm. The initial sizing of a typical gabion faced 

reinforced earth wall is shown in Fig. 9.1. 
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The analysis detailed below accounts for the effects of gabion facing 

wherever necessary. Surcharge considered is uniformly distributed load only. 

The effects of vertical strip loading or horizontal shear loading over the 

reinforced fill are not considered in the analysis. 

H 

Fig. 9.1 Initial dimensions of the wall 

9.2.1 Forces acting on the wall 

The main forces acting on gabion walls are the vertical forces from the 

weight of the gabions, weight of reinforced soil block, the lateral earth pressure 

acting on the back face of this soil block and the surcharge over the backfill. 

These forces are used herein to illustrate the main design principles. If other 

forces are encountered, such as vehicular loads or seismic loads, they must 

also be included in the analysis. The soil properties for the reinforced soil 

block, retained fill and foundation, gabion facing, together with the 

superimposed loads considered in the stability calculations are shown in 

Fig. 9.2. In the figure it is assumed that the intensity of surcharge over the 

backfill and the retained soil is the same. Also the foundation soil and the 

retained earth are of the same type. The forces acting may be calculated as: 

Weight of gabion facing, W i( 

Weight of reinforced soil block, W, 

Weight due to surcharge, Wq 
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9.2.2 External stability analysis 

9.2.2.1 Bearing and tilt failure 

The factored bearing pressure acting at the base of the wall based on 

Meyerhof distribution may be modified for gabion faced walls by taking the 

equivalent base length as b + L in Eqn. 3.7. Hence, 

q = . 
,. h + L - 2e 

R,. 
. ................... (9.7) 

As per Table 3.1, assuming combination A to be critical for bearing and 

tilt failure), 

Rv 

e 

1.5 (Wg + Ws + Wq) 

{ (b + L) / 2 } - (M / Rv) 

.................... (9.8) 

.................... (9.9) 

M 

M 

net factored moments acting about the toe of the system 

Total factored resisting moments about toe 

1.5 (Wg b/2 + Ws(b + L/2) + Wq (b + L/2)) 

Total factored overturning moments about toe 

l.5 (Ps H/3 + Pq H/2) 

.................. (9.10) 

.................. (9.11) 

.................. (9.12) 

Applying the partial material factor to quit from Table 3.2, the Eqn. 3.8 

gets modified as follows, which becomes the critical condition for bearing and 

tilt failure: 

quit / 1.35 + "(s Om .................. (9.13) 

9.2.2.2 Sliding along the base 

In the case of gabion faced reinforced soil walls, at the base of the 

reinforced soil block, the gabion wire mesh comes in contact with the 

foundation soil. As per Table 3.1) combination B is considered as the worst 

combination for sliding along the bClse. Applying appropriate partial material 

factors from Table 3.2, Eqn. 3.9 for long term stability, where there is 

reinforcement - to - soil contact at the base of the structure. gets modified as: 
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.................. (9.14) 

where, 1.3 is the partial safety factor against sliding between soil and 

reinforcement obtained from Table 3.2, a is the interaction coefficient relating 

soil - reinforcement interfacial friction angle with tan ~s2 which is usually taken 

as 2/3 (Gulhati and Dutta, 2005) , ~s2 and C,2 are the internal friction angle and 

cohesion of the retained fill respectively (assuming that the foundation soil and 

the retained soil are the same and the retained soil is weaker than the backfill), 

a is the adhesion coefficient relating soil cohesion to soil - reinforcement bond 

usually taken as unity for stiff clays and 2/3 for soft clays, and, 1.6 and 1 are 

the partial material factors applied to cohesion and angle of internal friction 

respectively taken from Table 3.2. The horizontal factored disturbing force, Rh, 

is calculated as: 

Rv 

.................. (9.15) 

.................. (9.16) 

Wq need not be considered for sliding check as it has a partial factor of 

0.0 as per Table 3.1 for load combination B. The corresponding partial load 

factor is unity for the stabilising forces and 1.5 for the disturbing forces. 

9.2.3 Internal stability analysis 

9.2.3.1 Rupture of reinforcement 

Load combination A (Table 3.1) is considered critical in this case. 

Eqn. 3.10 gets modified as follows, neglecting the effects of vertical strip loads 

and horizontal shear loads on the reinforced soil block. 

T, = Tp , - T c , ................... (9.17) 

Applying partial factors from Tables 3.1 and 3.2, Eqn. 3.11 and 

Eqn. 3.12 for calculating Tpl and T,j, become: 
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.................. (9.18) 

[ 
h)2 

Ka2 (r.<2 hi + 3 q) l 
1-

~i = 25 ~ :IJ( 
1'/ 1.6 \I a 

.................. (9.19) 

where, 1.5 is the partial factor applied to loads in combination A 

(Table 3.1) and 1.6 is the partial material factor applied to cohesion as per 

Table 3.2. Condition for stability against mesh rupture from Eqn. 3.13 gets 

modified as: 

.................. (9.20) 

in which, TJ is the maximum value obtained from Eqn. 9.17. The gabion 

faced retaining structures are mainly built along highways and beside railway 

lines and hence the partial factor for economic ramifications of failure is taken 

as 1.1 here. 

In the case of gabion mesh as seen in Chapter 3, the basic material is 

stainless steel which is heavily galvanised or galvanised plus PVC coated having 

thickness of approximately 4mm. From Section 3.4.3, it may be seen that, for 

galvanised steel mesh, frn may be taken as 1.5 as it is subjected to axial loads 

only. For galvanised mesh with PVC coating, the partial material factors for 

gabion mesh reinforcement may be chosen as shown in Table 9.1. Substituting 

the partial factor values from Table 9, I in Eqn. 3.2, for PVC coated gabion 

mesh, fm may be obtained as 1.5. Hence, it may be inferred that, whatever be 

the type, the gabion mesh has a partial material factor of 1.5. Hence, in 

accordance with Eqn. 3.1, design strength of gabion mesh, 

TD = Tull I 1,5 .................. (9.21) 
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Table 9.1 Determination of fm for PVC coated gab ion mesh 

Partial Value Reason 
factor chosen 

fmlll 1.0 Assuming that the manufacturing of mesh is 
done according to standards 
Assuming that the mesh size is greater than 

fml12 1.0 the minimum specified dimension used for 

--- - .- _ .. _-_. determining the base strength 
Assuming that large quantities of data for 

fml21 1.0 determination of base strength over a long 
period of time are available 

fml22 1.0 
Assuming that the extrapolation of test data 
can be done over one log cycle of time 
Assuming a value grater than unity since, for 

fm2! 1.5 gabion mesh, minimum steel thickness is less 
than 4 mm 

fmn 1.0 Since protective layer of PVC coating is 
provided 

9.2.3.2 Loss of adherence of reinforcement 

The perimeter Pj (Eqn. 3.14) of the jth layer of reinforcing elements lS 

modified as follows: 

p ~ 
.I (2 /3) tan ~II L cl Y \! hi 

1.3 x 1.1 
+ 

{XcL 
q 

1.6 x 1.3 x 1.1 

.................... (9.22) 

where, 1.3 is the partial factor for reinforcement pullout resistance taken 

from Table 3.2. As per Section 9.2.2.2, a = 1 for stiff clays and 2/3 for soft 

clays, and 2/3 is the soil - reinforcement interaction factor (a). For gabion 

faced walls, since the reinforcement is in the form of sheet, perimeter, PI = 2 m, 

considering unit length of the wall for analysis. It is also to be noted that load 

combination B is critical for reinforcement pullout considerations (Table 3.1) 

and hence the effect of surcharge may be neglected and partial load factor may 

be taken as unity for self weights. 
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Thus Eqn. 9.22 becomes: 

T . 
... _ .... _____ --..::...1 ______ _ 

(2,' 3) tan r/Jsl r.d hi a c 
+ 

.................... (9.23) 

1.3xl.l 1.6 x 1.3x 1.1 

m which, Tj may be calculated from Eqn. 9.17. Bu t Eqn. 9.18 for 

obtaining T PI gets modified as: 

T. 
P.I = .................... (9.24) 

1-

The modification is due to the load combination B where ffs = 1.0 for the 

self weights, fls = 1.5 for earth pressure behind the structure and fq = 0 

(Table 3.1). 

9.2.4 Serviceability limit state 

For gabion mesh, the reinforcement IS metallic and hence creep is 

negligible and consequently, the strain Lj in the jth layer of reinforcements may 

be estimated from Eqn. 3.15. T"'~i is the average tensile load along the length of 

the jth layer of reinforcements which may be calculated as T j from Eqn. 9.17. 

But Eqn. 9.18 for calculating Tp, gets modified as: 

T 
PI 

K Y h. S 
lil I d l ') 

K, 
11.:. 

'I h. (hi)" 
I \~ r L 

.................... (9.25) 

1-

The modification is because of the reason that the load combination to be 

considered for serviceability limit stale is the Combination C in which fb = 1 and 

fq = 0 as seen from Table 3.1. 
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9.3 DESIGN EXAM PLE 

The design and analysis of gabion faced reinforced earth retaining walls 

explained in Section 9.2 is illustrated with standard numerical values in this 

section. 

9.3.1 Data available from site 

Height of wall, H 

Unit weight of material in the gabion box, Y'l 

Unit weight of retained soil, "fs2 

Cohesion of retained soil, C s 2 

Internal friction angle of retained soil, ~S2 

Assuming that the retained soil itself is used for backfilling, 

Unit weight of backfill material, 'isl 

Cohesion of backfill material, cs! 

Internal friction angle of backfill, ~sl 

Ultimate bearing capacity of foundation soil, qull 

Surcharge, q 

Ultimate tensile strength of mesh confined in soil, T ult 

Allowable strain in mesh, Call 

Stiffness of the mesh, EA 

9.3.2 Initial dimensions 

o 

5m 

20 kNjm3 

20 kNjm3 

o kPa 

20 kNjm3 

o kPa 

650 kN/m2 

10 kN/m;! 

51 kN/m 

10% 

8000 kN 

From the available data listed above, the initial dimensions of the 

structure to be designed are fixed as per Section 9.2. 

Length of reinforcement (L "" 0.7H) 

Depth of embedment, Om 

Width of gabion facing, b 

9.3.3 Forces acting on the wall 

Weight of gabion facing, Wy, 

Weight of reinforced soil block, W, 

Weight due to surcharge, Wq 
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4m 

Max of. (Hj20 or 1.35 x 10-:) qall) 

0.5 m (taking q,,1I = qultj2) 

0.5m 

50 kN/m (from Eqn. 9.1) 

400 kN/m (from Eqn. 9.2) 

40 kNjm (from Eqn. 9.3) 



Lateral force due to retaining soil, p, 

Lateral force due to surcharge, Pq 

67.75 kNjm (from Eqn. 9.4) 

13.55 kNjm (from Eqn. 9.5) 

9.3.4 External stability analysis 

9.3.4.1 Bearing and tilt failure 

Resultant of all factored vertical loads, Rv 

Total factored resisting moments about toe, Mr 

Total factored overturning moments about toe, Mo 

Net factored moments about toe, M 

Eccentricity, e 

Factored bearing pressure at the base of the wall, qr 

735 kNjm 

(from Eqn.9.8) 

1668.75 kNmjm 

(from Eqn. 9.11) 

220.2 kNmjm 

(from Eqn. 9.12) 

1448.57 kNmjm 

(from Eqn. 9.10) 

0.28 m 

(from Eqn. 9.9) 

186.47 kPa 

(from Eqn. 9.7) 

On calculating the term, quit j 1.35 + Y Om, the value is obtained as 

491.5kPa which is greater than 186.47 kPa, the factored bearing pressure 

acting at the base of the wall. Hence it can be concluded that the designed 

structure is safe against tilt and bearing failures. 

9.3.4.2 Sliding along the base 

Horizontal factored disturbing force, Rh 

Resultant of all factored vertical loads, Rv 

Factored sliding force (1.3 Rh) 

Factored resisting force (R a tan ~s.! (taking C SL as zero)) 

121.9 kNjm 

(from Eqn. 9.15) 

450 kNjm 

(from Eqn. 9.16) 

158.5 kN/m 

210 kN/m 

(assuming a as 2/3) 

Since the factored sliding force is less than the factored resisting force, 

the structure may be considered safe against sliding failure about its base. 
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9.3.5 Internal stability analysis 

Design strength of the gabion 'Nire mesh, TD '" 34 kN/m (from Eqn. 9.21). 

For internal stability analysis, it is assumed that the spacing between 

reinforcements (Svj), is 0.5m. Assuming that the failure wedge passes through a 

plane inclined at an angle (450 + ~sl /2) with the horizontal, 

Length of reinforcement in the active zone, L,,! '" (H - hi! tan (450 
- ~st/2) 

.................... (9.26) 

Minimum length of reinforcement required for internal stability, Lmm '" La] + Lq 

.................... (9.27) 

Table 9.2 shows the internal stability calculations against mesh breakage 

and it can be seen that the tension developed in the reinforcements is less than 

the factored design strength. Table 9.3 shows the internal stability calculations 

against mesh pullout and it can be seen that the maximum length of 

reinforcement required as per internal stability calculations is 2.6m which is 

very much less than the provided length of 4m. Hence the designed structure 

may be considered safe against internal failure modes. 

T bI 921 t I t bTt I u1 t' fi a e . n ern a s a I ICy ca c a Ions or mes rea h b kage 
hj Svj 

I 

Tpj Tcj Tj Check 
(Eqn. (Eqn. (Eqn. (Eqn. 
9.18) 9.19) 9.17) 9.20) 

(m) (m) I (kN/m) (kN/m) .(kN/m) 
0.50 0.50 I 4.08 0 4.08 Safe 
1.00 0.50 : 6.16 0 6.16 Safe 
1.50 0.50 I 8.29 0 8.29 Safe 

I 

2.00 0.50 
I 

10.49 0 10.49 Safe 
2.50 0.50 12.80 0 12.80 Safe 
3.00 0.50 15.22 0 15.22 Safe 
3.50 0.50 17.80 0 17.80 Safe 
4.00 0.50 20.56 0 20.56 Safe 
4.50 0.50 23.56 0 23.56 Safe 
5.00 0.25 13.42 0 13.42 Safe _ .. 

---~-~-
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Table 9.3 Internal stability calculations for mesh pullout 
hj Svj Tpj Tej Tj Laj Lej Lmil1 

(Eqn. (Eqn. (Eqn. (Eqn. (Eqn. (Eqn. 
9.24) 9.19) 9.17) 9.26) 9.23) 9.27) 

(m) (m) (kN/m) (kN/m) (kN/m) (m) (m) (m) 
0.50 0.50 1.36 0 1.36 2.34 0.21 2.55 
1.00 0.50 2.73 0 2.73 2.08 0.21 2.29 
1.50 0.50 4.14 0 4.14 1.82 0.21 2.03 
2.00 0.50 5.61 0 5.61 1.56 0.21 1.78 
2.50 0.50 7.15 0 7.15 1.30 0.22 l.52 
3.00 0.50 8.80 0 8.80 1.04 0.22 1.27 
3.50 0.50 10.58 0 10.58 0.78 0.23 1.01 
4.00 0.50 12.54 0 12.54 0.52 0.24 0.76 
4.50 0.50 14.72 0 14.72 0.26 0.25 0.51 
5.00 0.25 8.59 0 8.59 0.00 0.24 0.13 

9.3.6 Serviceability limit considerations 

The tension and strain in each layer of reinforcement is calculated using 

Eqn. 9.25 and Eqn. 3.15 respectively and tabulated in Table 9.4. The strain 

values developed in the reinforcements are below the permissible limit of 10%. 

Hence the deformations developing within the system are acceptable. 

Table 9.4 Strain in the reinforcements 
hj Tj !;j 

(Eqn.9.25) (Eqn.3.15) 

.Jm) (kN/m) 0/0 
----

0.50 l.36 0.068 
1.00 2.73 0.136 
1.50 4.12 0.206 
2.00 5.55 0.277 
2.50 7.02 0.351 
3.00 8.56 0.428 
3.50 10.19 0.509 

.4.00 11.92 0.596 

l;:_~~L_ 
13.77 0.688 _ J 
7.89 0.394 
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9.4 DEVELOPMENT OF DESIGN CHARTS 

In the conventional design procedure, if at any stage, the design is found 

to be unsafe or uneconomical, the entire design procedure has to be reworked, 

which makes the design process lengthy and cumbersome. Design charts 

always provide easy and quick methods to arrive at suitable design parameters. 

For the development of these charts, often it becomes necessary to make 

suitable assumptions in the design procedure keeping in view that the 

fundamental principles are followed. 

9.4.1 Assumptions 

In order to simplify the preparation of design charts, certain assumptions 

were used without causing much variations in the final results. 

1. The soil at site is used as the backfill material. Even though the 

ideal backfill material is a frictional material, the non availability of such type of 

soil in the near locality may necessitate the use of soil at site itself as a backfill 

material. Moreover, the design using soils with low frictional resistance will be 

on the safer side. 

2. The retained soil and the foundation soil are the same, which is 

the condition in most of the cases. 

3. The gabion fill and backfill are of the same density and hence the 

ratio of unit weight of the material in the gabion box (Yg) to unit weight of 

backfill material (r ) is taken as unity. Even though in actual practice this may 
.\ 

not be true, the actual ratio between the two will lead only to lesser values of 

length of reinforcement (Ll. which means, this assumption provides 

conservative results. 

4. Effect of water table is not considered except in asslgnmg 

corresponding in situ densities of the soil. Even though there is presence of 

water table at site, it is a general assumption in the design of gabion faced walls 
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that due to the highly permeable nature of the gabion8 there 18 no pore 

pressure development in the backfill. 

5. Effect of cohesion and inclination of facing are neglected, as they 

always add on to the stability of a structure which ultimately takes the design 

to a safer side. 

6. Surcharge over the backfill is taken as a uniformly distributed 

load and the intensity of surcharge over the backfill and the retained soil are 

assumed to be the same. 

9.4.2 Selection of variables 

Design charts were developed for each mode of failure i.e., external and 

internal modes of failure as per the limit state method explained in Chapter 3. 

Different geometric parameters have been considered and non dimensional 

parameters have been used to derive the charts. In the external mode of 

failure, bearing and tilt as well as sliding modes of failure were considered. 

In the internal modes of failure, safety against mesh breakage and mesh pull out 

was taken into account. For the preparation of design charts, equations for 

limiting conditions were taken and they were converted into functions of non

dimensional parameters, which serves as variables. Graphs were plotted such 

that the required length and spacing of reinforcement, for a safe and 

economical design may be obtained directly from the charts. 

9.4.3 External stability analysis 

9.4.3.1 Bearing and tilt failure 

The limiting condition for bearing and tilt failure was obtained from 

Eqn. 9.13 by neglecting the effect of embedment, which is small when 

compared to the height of wall. Then the limiting condition becomes: 

q, quit / 1.35 .................... (9.28) 
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Substituting the value of qr from Eqn. 9.7 and on simplification, 

Eqn. 9.28 comes to the form: 

1.0125 (Wg + W, + Wq )2 

= quit (Wg b/2 + Ws (b + L/2) + WC] (b + L/2) - Ps H/3 - PC] H/2) 

.................... (9.29) 

Considering the assumptions cited in Section 9.4.1 and substituting the 

values from Eqns. 9.1 to 9.5, Eqn. 9.29 may be converted to dimensionless form 

as: 

1.0125 {(b/H)2 + (L/H)2 + (q/y,H)2 (L/H)2 + 2 (b/H) (L/H) + 2 (q/'tsH) (L/H)2 

+ 2 (b/H) (L/H) (q/YsH)) - (qult/YsH) {(1/2 (b/H)2 + (b/H) (L/H) + (1/2 {L/H)2 

+ (b/H) (L/H) (qjysH) + 1/2 (qjysH) (L/H)2 - K,/6 - Ka/2 (q/YsH) } = 0 

.................... (9.30) 

Putting q/t,H as surcharge factor, SF, qult/ysH as bearing capacity factor, 

BCF and b/H as facing width factor, FWF and then rewriting in terms of length 

factor, LF = L/H, Eqn. 9.30 reduces to a quadratic form as: 

(LF)2 {(I + SF) [1.0125 (1 + SF) - BCF/2j} 

+ (LF) ( FWF (1 + SF) [2.025 - BCF] } 

+ {FWF2 (1.0125 - BCF/2) + (KJ6) BCF (1 + 3SF)} = 0 .................... (9.31) 

Solving the quadratic equation, the length of reinforcement which is an 

indication of the base width of the reinforced structure, may be obtained. This 

gives a safe design value against bearing and tilt failure. From Eqn. 9.31, it is 

clear that LF depends on the non dimensional factors ~ (in terms of Kill, SF, 

FWF and BCF. 

LF = f (~, SF, FWF, BCF) .................... (9.32) 

Using the relation from Eqn. 9.31, graph can be plotted after obtaining 

different LF values by varying ~, SF and FWF for BCF = 5 and is shown in 

Fig. 9.4. Similarly, LF values \\I"ere obtained for other values of BCF like 7.5, 10, 

15,20, 25, 30, 40 and 50. 
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Thereafter, charts (Fig. 9.5) were obtained with (BCF)rqd / BCF = 5 as X 

axis and (LFlrqd / LF for BCF = 5 as Y axis for different values of SF. The FWF 

values were averaged for the preparation of these graphs as the numerical 

values did not show much difference and hence these charts can be used for 

any value of FWF. Thus, for any BCF value other than 5, corresponding 

LF values may be obtained from the interpolation chart shown in Fig. 9.5. 

The lowest value of BCF was fixed as 5 because below this, LF values obtained 

are either greater than unity or discriminant of the quadratic equation 

(Eqn. 9.31) becomes negative which yields imaginary roots. 

9.4.3.2 Sliding failure 

In the case of sliding failure, the limiting condition was obtained from 

Eqn. 9.14 as: 

1.3 R" R,. a tan rfJs2 

aC,L + _S,o. __ _ 

1.6 
.................... (9.33) 

Taking into account the assumption nos. 1 and 5 cited in Section 9.4.1, 

Eqn. 9.33 reduces to: 

(2/3) Rv tan ~ .................... (9.34) 

The soil - reinforcement interaction coefficient, a, is usually taken as 2/3 

as explained in Section 9.2.2.2. On substitution from Eqns. 9.15 and 9.16, 

Eqn. 9.34 comes to the form: 

1.95 (Ps + Pq) = 0.667 (Wg + Ws) tan ~ .................... (9.35) 

Substituting the values from Eqns. 9.1 to 9.5 and assuming the unit 

weights to be same for the gabion fill material and backfill, Eqn. 9.35 can be 

con verted to dimensionless form as: 

2.925 K, { 1/2 + (q/y,H)} / tan q) = (b/H) + (L/H) .................. (9.36) 
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Rewriting in terms of length factor, LF = L/H, Eqn. 9.36 reduces to the 

form: 

LF = 1.4625 Kt (1 + 2SF) / tan (~ - FWF .................. (9.37) 

Solving the equation, the length of reinforcement which is an indication 

of the base width of the reinforced structure, can be obtained. This gives a safe 

design value against sliding failure. From Eqn. 9.37, it is clear that LF depends 

on the non dimensional factors ~, SF and FWF. 

LF = f (~, SF, FWF) .................. (9.38) 

Using the relation from Eqn. 9.37, graph was plotted after obtaining 

different LF values by varying ~, SF and FWF and is shown in Fig. 9.6. 

9.4.4 Internal stability analysis 

9.4.4.1 Failure due to mesh breakage 

The limiting condition for failure due to mesh breakage was obtained 

from Eqn. 9.20 as: 

T 
) 

.................. (9.39) 

Substituting for Tj from Eqns. 9.17 to 9.19 and taking L:::; O.SH (in order 

to simplify the final equation, L is given an average value recommended by the 

parametric studies), Eqn. 9.39 comes to the form: 

0.75 (Ys hi + g) H2 Tf) - Ka (Ys hi + 3q) h j2 TD = 1.2375 K" (Ys hi + q)2 H2 S\I 

.................... (9.40) 

Dividing through out by ¥s2H'" Eqn. 9.40 can be converted to 

dimensionless form as: 

0.75 [(hi/H) + (q/ysH) 1 (Tn/YsH2) - K, [(hi/H) + (3q/'rsH) I (h J/H)2 (T I )/,(,H2) 

'" 1.2375 K" [ (hi/H) + (q//sH) F (Svl/H) .................. (9.41) 
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Rewriting in terms of the required vertical spacing factor, VSF SvdH, 

Eqn. 9.41 reduces to the form: 

VSF 
!5LF{ O.75(DF + SF) -Ka (DF + 3S!) (DJ·! l 

l.2375KlI (DF+SF,/ 
.................. (9.42) 

where, RLF = reinforcement load factor = TnhsH2 and DF = depth factor = 

hi/H. Solving Eqn. 9.42, the spacing of reinforcement may be obtained \vhich 

gives a safe design value against mesh breakage. From Eqn. 9.42, it is clear 

that VSF depends on the non dimensional factors ~, SF, RLF and OF. 

VSF = f (~, SF, RLF, OF) .................. (9.43) 

Using the relation from Eqn. 9.42, graphs were plotted after obtaining 

different VSF values by varying ~, SF for RLF = 0.1 at different depth factors, 

OF = 0.25, 0.50, 0.75 and 1.00 and is shown in Fig. 9.7. OF, the depth factor 

indicates the level (measured from top) at which the spacing is to be 

determined. For convenience in the presentation of charts, the entire wall 

depth is divided into four portions along the depth of the wall. OF = 0.25 

represents the first portion where 0 < hi/H ~ H/4. Similarly, SF = 0.5,0.75 and 

1.00 represents the second, third and fourth portions (where H/4 < hl/H ~ H/2, 

H/2 < hl/H ~ 3H/4 and 3H/4 < hdH ~ H respectively). For the values of 

RLF r!- 0.1, VSF values may be taken initially from Fig. 9.7 and then modified 

with values from Fig. 9.8 which represents an interpolation chart. 

9.4.4.2 Failure due to mesh pullout 

In the case of failure by loss of adherence of the mesh with the 

surrounding soil, the limiting condition for failure was obtained from Eqn. 9.23 

as: 

T 
/ 

(2/3) tan rjJ, I l,l h / 

1.3xl.I 
+ 

Qc 
.................. (9.44) 

1.6 x 1.3 x 1.1" 
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chart in Fig. 9.18. The chart may be used as follows. In places where 

defonnation has to be limited for practical reasons, for the limiting deformation 

and for the desired strip width, the strip position may be directly selected from 

the chart by moving upwards from the corresponding deformation value in the 

X axis. When the curve for desired strip width is intercepted, the position may 

be chosen by moving leftwards. But the designer should keep in mind the 

critical planes where the positioning of strip loading should always be avoided. 

In cases, where two options of strip positions are available, the position away 

from the reinforced area (as/L > 1) is safer and hence should be adopted. But if 

there are any space restrictions, the designer may go in for the position within 

the reinforced area. 

The charts presented are just quick guidelines for material and geometry 

selection for general conditions. The final decision should depend upon the 

discretion and logic of the design engineer at site. 

9.6 DESIGN STEPS USING DESIGN CHARTS 

For an economical and speedy design of a gabion faced reinforced earth 

wall, the following simple procedure may be adopted. 

1. Calculate the different dimensionless factors required for the analysis 

like SF == q/ysH, FWF = b/H, BCF = qult/ysH, RLF == TD jy,H2 and 

RSF == EAJYs H3. 

2. If BCF = 5, corresponding to ~, SF and FWF, get length factor LF from 

Fig. 9.4. In the case of other values of BCF, the length factor may be 

obtained from the interpolation chart shown in Fig. 9.5. This gives a 

value for length factor providing safety against bearing and tilt 

considerations. 

3. The safe value for length factor against sliding failure may be obtained 

from Fig. 9.6 corresponding to (I>. SF and FWF. 

4. The spacing of reinforcement at salient portions, 0 - H/4, H/4 - H/2, 

H/2 - 3H/4 and 3H/4 - H represented by OF = 0.25,0.5,0.75 and 1.00 

respectively may be obtained from Fig. 9.7 as VSF values considering the 
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mesh rupture criteria for RLF = 0.1. For other values of RLF, the VSF 

values obtained from Fig. 9.7 may be modified using the interpolation 

chart shown in Fig. 9.8. 

5. Corresponding to the DF and VSF values obtained from Step 4, the 

length factor value providing adequate safety against mesh pullout 

failure may be obtained from Fig. 9.9. 

6. The length factor required for an economic and safe design may be taken 

as the maximum value obtained from steps 2, 3 and 5. 

7. To ensure the safety of the structure against serviceability limit state 

considerations, the strain developing in the mesh may be obtained from 

Fig. 9.10 for RSF = 0.5 and VSF = 0.1. For all the other values of RSF 

and VSF, the strain values may be obtained from the semilog plot in 

Fig. 9.11. The strain values thus obtained should not exceed the 

permissible maximum elongation of the gabion mesh which is 10%. 

8. Based on deformation criteria, the length factor may be checked from 

Figs. 9.12 and 9.17. Figs. 9.13 to 9.17 may be used to suggest a suitable 

gab ion fill - backfill combination. Position of strip loading may be fixed 

using Fig. 9.18. 

In all the cases, in the steps described above, intermediate values may be 

obtained by interpolation. Thus, assuming the appropriate initial dimensions of 

the gabion faced walls, length and spacing of reinforcement required for an 

economical design of gabion faced reinforced earth walls may be arrived at 

easily by following the eight simple steps mentioned above. 

9.7 DESIGN EXAMPLE USING DESIGN CHARTS 

The design of the wall illustrated in Section 9.3 may be simplified using 

the above mentioned procedure as follows. The corresponding design charts 

(mentioned in Section 9.6) required for the design are reproduced for the 

purpose of illustration. 
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Step 1: The dimensionless factors required for the problem may be 

calculated as: SF = 0.1, FWF = 0.1, BCF == 6.5, RLF = 0.068 "" 0.1 (taking 

T() = TUlt/ l.5) and RSF = 3.2. 

Step 2: Bearing considerations: For ~ = 35 11
, SF = 0, FWF = 0.1, LF = 0.29 

(from Fig. 9.19 (a)). For ~ = 35°, SF = 0.5, FWF O. 1 , LF == 0.48 

(from Fig. 9.19 (a)). By interpolation, for ~ == 350, SF 0.1, FWF = 0.1, 

LF = 0.336. This is for BCF = 5. But, BCFrqd = 6.5. The data for this has to be 

obtained from Fig. 9.19 (b). 

The value of BCFrqct / (BCF = 5) is 1.3. Corresponding to this, for 

SF = 0.0, the value of LFrqd / (LF for BCF = 5) is 0.9 and for SF = 0.5, it is 0.85. 

The corresponding value for SF = 0.1 may be interpolated as 0.89. Therefore, 

LF for BCF = 6.5 is 0.336 x 0.89 = 0.3. 

Step 3: Sliding considerations: For (~= 350, FWF = 0.1, SF = 0, LF = 0.46 

and the corresponding value of LF for SF = 0.5 is 1 (Fig. 9.20). By interpolation, 

for SF = 0.1, LF = 0.57. 

Step 4: Mesh rupture considerations: For this problem, RLF = 0.1 and 

hence to determine the spacing of reinforcement, Fig. 9.21 may be made use of. 

Spacing is determined at the four salient depths 0.25H, 0.50H, 0.75H and 

1.00H measured from the top. 

Table 9.5 Spacing values at salient depths 

0.50 0.4 0.18 0.36 
0.75 0.24 I 0.12 0.22 

0.14 
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design purposes. It is expected that use of the design charts will ease the 

design engineers' workload and also expedite the design process. 

9.8 SUMMARY 

Conventional design method of gabion faced reinforced earth walls 

become tiresome when design using assumed data, go to the unsafe side and 

repeated calculations become essential. Limit state method is the method of 

design followed in practice nowadays which incorporates the limit state of 

collapse and serviceability limit state. Design charts were prepared for 

determining the dimensions of gabion faced reinforced earth walls by 

conducting non dimensional analysis of the limiting conditions of failure. 

Additional design charts were incorporated based on the results of parametric 

studies conducted in the previous chapters. These design charts may be used 

as hands - on - tool for the design engineers at site. 
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10.1 GENERAL 

Chapter 10 

ECONOMIC STUDIES 

A geotechnical design engineer is usually faced with an important task of 

choosing the type of retaining wall in a particular project at a particular site. 

This task will be over only after considering carefully, factors like relative 

economy, factors of safety, feasibility, availability of materials and even relative 

speed of construction. It is generally accepted in the literature (Ingold, 1982) 

that, under normal circumstances, and especially after a wall height of about 

6 m, conventional RCC walls readily become more uneconomical with the 

advent of the reinforced earth technique and its application in the construction 

of retaining walls. This is because they are relatively easier and quicker to 

build than their conventional counterparts. In order to arrive at a scientific 

conclusion, however, it may be absolutely necessary to perform a comparative 

cost analysis. 

Gabion faced retaining walls are gammg momentum m construction 

nowadays due to its inherent advantages llke flexibility, cost effectiveness and 

environment friendliness when compared to the conventional RCC structures as 

detailed in Chapter 3. This chapter aims to establish the second aspect enlisted 

above - i.e., the cost effective nature of gabion faced retaining walls. 

A number of works are available showing the cost effectiveness of 

reinforced soil walls (Ingold (1982), Durukan and Tczcan (1992), Koerner (1998) 

etc.). But no works have been conducted to understand the cost effectiveness 

of gabion faced \va11s. Hence an attempt is made here to study the economic 

aspects of gabion faced retaining walls. 
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10.2 DATA COLLECTION 

Soil data from 57 different sites were collected from all over Kerala where 

retaining walls of different wall heights were constructed. The data are shown 

in Table 10.1 in the order of heights. At all the 57 sites, RCC walls (for heights 

~ 6m cantilever type and > 6m counterfort type), gabion faced gravity walls and 

gabion faced reinforced soil walls were designed based on limit state approach 

with the help of MS Excel worksheets prepared for the design of each type. 

The dimensions of cantilever walls, counterfort walls and gabion faced retaining 

walls are tabulated in Tables 10.2, 10.3 and lOA respectively. It was assumed 

that no soil improvement is necessary at the base. Design considerations were 

based on the requirements of the external and internal stability analyses. 

In all the cases, whatever be the type of backfill, cohesion of soil was considered 

to be zero. This is because of the fact that cohesion adds to the stability of the 

system and hence it is usually neglected for design purposes. 

After designing the same, cost estimation of all the 57 x 3 = 171 cases 

were carried out as per Schedule of rates published by Kerala Public Works 

Department (Schedule of rates, 2007). Since the rate of gabions and its basal 

extension was not available in this, they were taken as per the prevailing 

market rates (provided by Meccaferri Environment Solutions Pvt. Ltd., India). 

The results of cost estimation are tabulated in Tables 10.5, 10.6 and 10.7. 

It may be noted that the total cost includes 30% wastage also which is not 

indicated in the tables. 
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Table 10.1: Data collected for economic studies 
Height Angle of internal Density of soU Inclination of SHe of soil 

Wall of wall, H friction, , at site, y sloping backf"Ul, i at site, q.u Surcharge q 
no. Im) (deEl"eesl IkN/m31 IdeEl"eesl (kPal IkPai 

Site I I 2X 19.5 0 135 10 
Site 2 I 32 18 10 200 0 
Site 3 I 34 15 0 ISO 0 
Site 4 1.5 29 15 0 200 0 
Site 5 l.5 32 17 15 150 0 
Site 6 1.5 37 I S.85 0 300 10 
Site 7 2 25 19 0 200 0 
Site 8 2 33 16 0 ISO 10 
Site <) 2 38 15 10 150 0 

Site 10 2.5 27 15 0 150 10 
Site 11 2.5 31 16.5 15 200 0 
Site 12 2.5 3X 18 0 200 0 
Site 13 3 30 I X.5 15 200 0 
Site 14 3 32 19.5 () 135 10 
Site 15 3 35 19 0 200 0 
Site 16 3.5 26 15.5 12.5 200 0 
Site 17 3.5 2R 17.5 0 200 10 
Site 18 3.5 35 16 0 200 0 
Site 19 4 27 18.85 0 250 10 
Site 20 4 30 16 0 250 0 
Site 21 4 37 17 10 200 0 
Site 22 4.5 30 18 0 200 0 
Site 23 4.5 32 18 0 200 10 
Site 24 4.5 38 IX 15 250 0 
Site 25 5 28 15 0 ISO 0 
Site 26 5 30 17 0 ISO 7.5 
Site 27 5 30 18 0 ISO !O 
Site 2X 5.5 30 16 Il 160 10 
Site 29 5.5 32 19 () 200 U 
Site 30 5.5 3X 16 15 I(,O 0 
Site 31 (, 2X 18 10 250 0 
Site 32 (, 30 16 0 200 0 
Site 33 (, 37 19 0 200 10 
Site 34 6.5 29 15 15 ISO 0 
Site 35 65 30 16 0 IXO n 
Site 36 6.5 38 19 0 200 10 
Site 37 7 30 16 0 160 0 
Site 38 7 ~' ~.' 16 0 160 10 
Site 39 7 3~ 16 10 ZOO 0 
Site 40 7.5 29 15 () 300 10 
Site 41 7.5 30 

I 
16 0 170 () 

Site 42 7.5 3X 16 10 170 0 
Site 43 8 :!5 15 0 250 0 
Site 44 X 30 

I 
I (, 0 .lOO 10 

Site 45 !i 37 16 15 300 0 
Site 46 li.S 2S IX 10 300 () 

Site 47 8.5 30 IS () 

I 
200 0 

Site 48 :>5 .,4 I :i.X5 0 I ](10 12.5 
Site 49 <) .,1 15 11 I 300 U 
Sik50 l) p I~X) \I I 250 10 .J 

I 
Sik 51 l) 3K I I: 10 3110 0 
Sit~ 52 l).) 2S I i:i 10 2xO 0 
Site 53 l).5 3u I) () Z,,(l 11 
Site 54 ~J.5 3.1 17:i 11 2~1I 15 
Site 55 10 }n IX () .lOO () 

Site 56 10 .l~ 1(,) ., 30il 10 
Sill" 57 III ~II 1:-: 10 : 25[1 0 - - .. .. __ . L.... - ---- -_ .. 
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Table 10.5 Estimation of RCC walls 
r-----. ·--.-----.-----Clearing Earthwork r c·· .--.. t Steel -- -[ 

Hel'ght . onere e Sand 'Labour Total cost 
~_ grass excavatIOn - _j 

Wall no. of wall ~. 

(m) RS.200 /- Rs.800/- Rs.3636/- Rs.34j- Rs.1500/- Rs.50/-
per 100 m~_.t· r>.er 10m3 per m3_: .1?er kg , per m' I per rn' Rs. per rn

3 

Site 1 

Site 2 

Site 3 

Site 4 1.5 

Site 5 1.5 
----------_.-.--------

Site 6 1.5 

Site 7 2 

Site 8 2 

Site 9 2 

Sit.: 10 2.5 

Site 11 2.5 

Site 12 2.5 
----------------------

Site 13 3 

Site 14 3 

Site 15 3 

Site 16 3.5 

Site 17 3.5 

Site 18 3.5 

Site 19 4 

Site 20 4 

Site 21 4 

Site 22 4.5 

Site 23 4.5 

Site 24 4 5 

5itc25 

Site 26 

Site 27 5 

Sil<:n 5.S 

Site 29 5.5 

Sit.:: 30 5.5 

Site 31 6 

Sit.: 32 6 

Site 33 (, 

Site 34 (, 'j 

Site 35 (,) 

Sile 3(, 6.:'1 

Sltc 37 7 

3.6 172.8 1219: 325.26 600 20 3042.858 
· -... 3-.2-- ----!-- - -1-si6 -.- --.- 10's 1 :68---r -- 29i09" -- .... 3-00-" -- --- -io--- --. --239~;.04 1"-
---- -- ---- --- -'- -- --- --- ---- -,- -- --- --- ---- -t - --. - --. -.. -'- - --- --- --- --- --- ---- -.. -.:- --. -- -- -- -- --. -

3.2 I 153.6 1081.68: 287.81. 300 . 10 I 2387.177 

}E[1~fFti~-j~iF(t~6tIH~FIJH:~-::6i4~7 

---~f-~-;io}-':~~~~@IF--~~~}:l:~;L[~!~§r 
-:::: ~~::::: :.::: 7::36:: :,: :~~m: [:;i;r~:,: ::~~:::::i:: i~~ -:1:: i~~n~~:-

--?~-:-~~k::qm~r~-mgp--1~~--:ltt5-T-r[i~tr 
:::::~}::: l: :m~~::::: :~tn: r: ~6~~~t::::: :~i~~o~:: -I: :~bf~~T;~~f!~~:: 
- - __ - _. _. - __ . _._ -- -- -.. -___ - ____ ._ - __ . __ .. -L ___ . __ . _._ - __ - __ - _____ - __ - c ___ • __ • ___ •. _______________ _ 

7.6 1164.32 3752.05! 2226.9. 8400 280 20580.131 
· -.. -6-.2- --- --- ---937-_44 -. -- .. 38'28:61- --1- 2346.07 --- --- -6300' --. r" -2'16 -- --- --177-;6:816--

::::: ~:~::::::::: ~ ~:~~:~~::r :~):~~:~~:::~: ~~9Y:·~~: I::: ~ ~:~??::::t::: ~~?::: -:: :~?~:~? :~9~:: 
6.8 1175.04: 4092.09 2751.74 I 8100 I 270 21314.371 _______________ • ____ • __ • ____ : _________________ ••• __ • ___ : ______________ L _______________________ •• __ 

6.8 1175.04 4092.09 2432.39 8100' 270 20899.216 --------------:---------------------------- ------------------------------------------.-----------
7.4 ! 1438.56 : 7055.5 4561.3 9787.5· 326.25 30129.463 

::::: /4::::::i::: ~i~iZI6:::::: i~:~6:U:: ::: :~it~·::~::::: ~:~~Il:: t: :V~I~?t: :!:: :11~:~~:!~~:: 
- - ...... - - _. - .'- -- -- - -- - _. - _ .. -- ---. -_. _. _." -- -- - -- - -- - -- - _. _.- -. - -- -_._. -_. -_. - - - _ .. -- -_. --. _ .. _. 

8 1728 8599.04 i 8504.81 I 12750 425' 41619.305 
· ---. ~1.6--· ---- -'i~;71:36" T" '93-26: 14' -'r --9993-.39 -.- --- 13-875' --. -.. 4-62:5' -.. -'46'1-98:087" 
._-------_._--. -_._-_.----_._----_._---- _.'--_. --_._. _._- .. _. __ ._---- ------_. __ . __ ._.- ----. -- ---

8.8 1918.4: 9271.5 9991.63 14250 475 46689.929 
-.. -. 9-.6- -- -- -. ---232'3.2' -r "1023'4.-84' -- -1245 i:42 , . -. 18150--' - --. 6-05- --- ---56906:2:18" 

:::::~:·9:::::::::~?:~~:~~:::::::~:r:~~~~J::: :!~:~~?;~~::::::~~~~~::::.:::~:~~:::::::~~?:~?:?~~:: 
8.4 1995.84' 10886.18 9233.42 14850 495 48709.492 

___________________ A • _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____________________ • __ ~ ~ ___________ I - - - - - - - - _______ _ 

9.2 ! 2392 16907.4 12661.97 17100 570: 64532.741 
--- --9-.2' -.. --1-- -23-84:64-- ----1365'6.-82 --, -i6'7'96~25 r --17'550' --- -. -5-85 -. -r' '662-76:483'-

· · · · · ~t···· ..... '::97:·· ·::ii~~~···· :h~:j T· ~tr~:·. :8i~~~· ': ·i~~lm: .. 
::::: ?:.~)::::: :,:: ::~~~~.~:: :,: ::r:~~~:~.:~~::~: !?~??:~~: :':::: ~~~~~:::::::: ~:~~::::::: !~!~~.:~~::: 

10.2 '2815.2 16011.13. 7851.84 27300! 910 71367881 ______________________________ • _____ • _________________ .. ______________ L __________________________ _ 

__ __ J_?:~ ___ __ . ___ ~??9 .. ~. __ ._ J~~?J ... ~? _____ ~~??_I.~ ___ ___ ~?~~? ___ .l._?_~?:~ _____ .~~?~?:??_5_._ 
-- ~!~e_ 3~. ___ .. __________ 1_ ~ ___ ..... _~~?~. ____ , __ ~-~??5~·-~~ .. t .. ~~?~'~? ...... ~:~~~? ___ . ~ _ J_?~)?_'.5 __ .1 ... ~?~_~? :~~: .. 

:: ;;::~: ~~::::::: <5:::: ::::: ~I~ :~:::::::: :~1~~\::::: :~:~~~}~~::~: ~~5~~~j(~:::::: ~~)~~::::::: )~~:~:::I:: ~~:f~~8:t:~I~:: 
Sit.: -11 ___ ... 7~ ______ ... ~!.2 .... ___ :~~?.t_? _____ J~~~_~._3_~ .. ~ _ ~ .1??~~~? .. i- __ !?'~02.'? ___ I.l?I_~:?? __ ;_ .. (~~?4?:2 .18_ . 

.. E~ 11······,,·· ····1 I~···· .. · .iJfKi· .• ~. iif~I~1 •• :. iHlH~ + .•• ~m~ ... i •. 1:l!~f···· ; m:H1~. 
- - - - - - - . . - - - - - - - - - - - - - - . - - . - - - - - .1. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _________ ~ __________________________ _ 

Sitl" -15 :-; 11.~' 3876 25823.27 13078.37 39000 1300 108015.752 
Sih: -1(1 .. "~5- --. --- -.. 12- .... l 441 i -- ---- --30-316-" -. -i5-86026 42075- --- .. -i4(Ji'5 -- "12-23()·(;.~i88 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - -1- - - - - - - - - - - - - -.- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ - - - - •• - - - - - - - - - - - - - - - - - - - - - - - - - - -
Sitd7 X5 12 .~34~ ___ 31702.98 16408.3~ ~:~'3~_,_. L445 126441016 
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Table 10.5 (Contd., Estimation of RCC walls 

Height grass, excavation 
of wall - L_.. ___ -+-__ _ 

(m) Rs.200 /- I Rs.800/- Rs.3636/- Rs.1500/-
per lOO rn 2 per 10m3 per rn3 per rn3 

Labour I 

Rs.50/
per rn3 

Total cost 

Rs. per rn3 

lW" -all no. - Clearing " E~thwork Concrete ' . ~teel Sand 

, -~---~ 

I. --~~~e_ :~- - - -. - - -~.~. - -- -- .. - -~~ - - -- - -- - -- -~:~~- - - _I. --~?-~~~~~. -Of' -~~~~~:~~. -- --:~~~? .. ~. -- -~ ?_~~~~~_J_ -: ~- ~??-~'-~~:.-
I I 

r •• ~~:l~ ••• ··.·.: ••• · ····lE···I·:mE:·t·~E~H:-:m:m: ·:m:.·t.·EE:J::mEE. 
I::: ~!~c: ~~::::::: :~.~:::: :::: :J:~;~:::: I:: :~~~~.~:: :::: ~~~~:~.~~::t :~~!~~: ~~: :1:: :~~~~?:.~:::;:~ ~~~~~~:r: ~ ~~~?:I:.~~?:: 
___ ~~~~_:~ __ • _. ___ <)_.~ _________ ~ ~:~ _. __ • ____ ~~~_~.~ __ -1-' _ ~~.~ ~?~:_ --__ -~~?:_~._~ _____ ~~~~? .. ~ __ -l- ~ ~_~~:~~ ____ :_~ ~:~?_l_:~ __ 
t.: ;;;;;;::.: .. :;; ... :: :·;;L j _:5;:~;8 .. l: ;~p;~; ·f·;;~;l.;: .. ::.: ;;~;~. -: :.;:~~:: j: IW~;7:~. 
t· :;;;;;. . .... ~ :~~ ... ; ;t··; ·;:~;~··f·· ;;~; ~:~u H:~~~;: l· ~;:~u L u~ 0~· j; :~~~~; ~L 

.. ___ T_a~1.~_JO.6lt~timation_.~! gab!~~, faced griV:!~Y walls ______ .. _ I 

H~ight ! ___ ~~~~~_~~ _ _ _ _~;;;~~~_ -I i __ ~-~~~~~~- _1 __ ~t_~~~~ ___ ~ _ .~~~.~~~ __ j _ ~_~~~~~~i!~ _ L ___ ~;~~ .. __ 
. Wall no. 01 wall. ' 1 I i 

I .... (1111 ,RS. 200/- Rs.800/- Rs.975/-' Rs.400/- Rs.150/-, Rs.50/- . Rs. per J 
I ... SI" , ..•....••. ~-:-[::: rn' j . peel ;n" .. 1 ;'2';8~il":;".. ~;7m:p'~r ,>7::'33 j 
, Site2 i 1 . 2.00 80 637.5: 200 ,75 SO 1357.85 1 

! T;l ~ I ~';~: •• 1::: :;~~r;:~H~ f :::L i;~I~~I:~C: :q~:1:; 
._ .. ~!t_e_~ ___ .I ____ 1.5 3.00 180 1912.5 600 225 75 3894.15. 

' ... ~;;:: ... ' ...... ;.. . ..•. ~.~~ .••• : .•.. ;~~ .. ·-1- .,~::~5·f··· ~t:··.,· ·-i~~ •. ' .... :~~ •..•. -654f9:~·] 

____ ~i~:_1_3____ 3 ,4.00 480.3825' 1200 450. 150 7941.7! 

Site 14 

Site 15 
___ 0. _________ 

4 

______ _ 

Site 1(1 3.5 
._-- ------------------. 

Sit~ 17 .Li 
-----------------

Sitt: I~ .l.S 
._------------- . 

; SIte' 19 .. 5.00 800 7050 2400 900 200 15541.5 

l::: :~i~~ 2'(; --T::::: ~-:: -_:: . '5-(~(~:::::::::: ~~(~:: -. _ .. :~.3?-~:: ::::: ~:~??:::: 750 .. -: ~~~:::::::: ~ ~>:~?:.:: 
Site 21 .j' -LOO ()40! 5100 1 (iOO 600 200 lOSR72 

----~:1~2~ ----~-~-- --- .. - 6.~;(; --- .-- ----1-080-- -l-l()(;~;;.~- --- '-3-;50--- ----1-;S-1- 2-S' r' . 2;~--- ----2(;3S;~;·--
J ... __ •• ____ _ 
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Wall no. 

Site 23 

Site 24 

Site 25 

Site 26 

Sile27 

Site 28 

Site 29 

Site 30 

Site 31 

Site 32 

Site 33 

Site 34 

Site 35 

Site 36 

Site37 

Site 38 

Site 39 

Site 40 

Site 41 

Site 42 

Site 43 

Site 44 

Site 45 

Table 10.6 (Contd.) Estimation of gabioD faced gravity walls 

Height 
of wall 

(m) 

4.S 

4.5 

5.5 

5.5 

5.5 

6 

6 

6 

6.5 

6.5 

6.5 

7 

7 

7 

7.5 

7.5 

7.5 

8 

Clearing 
grass -. ~ ~ ~ .. -... --

Rs.200/
per 100 m 2 

5.00 

5.00 

5.00 

6.00 

6.00 

7.00 

6.00 

6.00 

7.00 

6.00 

6.00 

7.00 

8.00 

7.00 

9.00 

9.00 

7.00 

9.00 

9.00 

8.00 

10.00 

9.00 

9.00 

Earthwork 
excavation 

Rs.800/
per 10m' 

900 

900 

1000 

1200 

1200 

1540 

1320 

1320 

1680 

1440 

1440 

1820 

2080 

1820 

2520 

2520 

1960 

2700 

2700 

2400 

3200 

2880 

2880 

Gabions 

Rs.975/
per m' 

8606.25 

8606.25 

9562.5 

1I 156.3 

12750 

15778.1 

12271.9 

10518.8 

17212.5 

13387.5 

13387.5 

16575 

18646.9 

16575 

22312.5 

22312.5 

17850 

23906.3 

23906.3 

21515.6 

28050 

25500 

25500 

Stones 

Rs.400/
per m 3 

2700 

2700 

3000 

3500 

4000 

4950 

3850 

3300 

5400 

4200 

4200 

5200 

5850 

5200 

7000 

7000 

5600 

7500 

7500 

6750 

8800 

8000 

8000 

Labour 

Rs.150/
per m') 

1012.5 

1012.5 

1125 

1312.5 

1500 

1856.25 

1443.75 

1237.5 

2025 

1575 

1575 

1950 

2193.75 

1950 

2625 

2625 

2100 

2812.5 

2812.5 

2531.25 

3300 

3000 

3000 

Geotexti1e 

Rs.50/
per m 2 

225 

225 

250 

250 

250 

275 

275 

275 

300 

300 

300 

325 

325 

325 

350 

350 

350 

375 

375 

375 

400 

400 

400 

Total 
cost 

Rs. per 
In3 

17483.4 

17483.4 

19425.3 

22652.2 

25617.8 

31728.3 

24916.6 

21654.4 

34611.9 

27181.1 

27181.1 

33640.1 

37834.7 

33640.1 

45261.5 

45261.5 

36227.1 

48493.6 

48493.6 

43653.8 

56888 

51725.7 

51725.7 
---- . --- --- -- ------ -- - -- -- - - - - - - - - - - - - - - - - - - - -- - -- ------ - - - - - - - - - - - - - - - - - - - - - - - - - --- - --- - - - - - - - - - - - - - - - - - -- - - -- ~ 

Site 46 85 10.00 3400 32512.5 10200 3825 425 65484.3 

Site 47 8.5 10.00 3400 29803.1 9350 3506.25 425 60442.7 

Site 48 8.5 10.00 3400 29803.1 9350 3506.25 425 60442.7 

Site 49 9 10.00 3600 34425 10800 4050 450 69335.5 

Site SO 9 11.00 3960 37293.8 11700 4387.5 450 75142.9 

Site 51 9 9.00 3240 28687.5 9000 3375 450 58190 
----------.-- ------------- ------------- ------------. ------------ ------------ ---.------- ------------ -------- ... -

Site 52 9.5 10.00 3800 36337.5 11400 4275 -+75 7.3186.8 
---.--------- ------------- ------------- ------------- .----------- ------------ ---. ------ ------------ ------- ----

Site 53 95 10.00 3800 36337.5 1 1·100 4275 475 73186.8 

Site 54 '),5 11.00 41S0 393f15.f1 12350 

10 11.00 1400 I 41-+37;:; 13000 
---------. 'r -----------

1(J 11.00 4400 I 41437.;:; 13000 
.\-_._--------

.H __ l _---1.-__ 1_0_.0_0_--,-__ '1_0_°0 .. _ .J; __ 38_2_5_0_L-_l_2_0t._)O 

235 

50n 

487;:; 

4;:;00 

7')316.7 

::;3490.6 

834<)0.6 

,(0.'38 
-'--.-



Table 10.7 Estimation of gabion faced reinforced soil walls 

Wall 
no. 

Site I 

Site 2 

Site 3 

Site 4 

Site 5 

Site (, 

Site 7 

Site 8 

Site 9 

Site 10 

Site 11 

Site 12 

Site 13 

Site 14 

Site 15 

Site 16 

Site 17 

Site 18 

Site 19 

Site 20 

Site 21 

Site 22 

Site 23 

Site 24 

Site 25 

Site 26 

Height 
of wall 

(rn) 

1.5 

1.5 

1.5 

2 

2 

2 

2.5 

2.5 

2.5 

3 

3 

3 

3.5 

3.5 

J.5 

4 

4 

4 

4.5 

4.5 

45 

Clearing 
grass 

Rs.200/
per lOO rn2 

3.00 

3.00 

3.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.00 

4.25 

4.00 

4.00 

5.00 

5.00 

5.00 

5.55 

5.20 

5.00 

5,00 

5.00 

5.00 

6.00 

6.00 

6.00 

6.50 

7.50 

Site 27 5 8.00 .. --. ------. .. ... -- --I ----- ---------
-- ~~t~?~ _ .. ___ ~ 5 __ - -t ____ -~-I-? .. - - --

Site 29 5.5 6.50 
-------------------- ---------,.---

Site 31) 5.5 l 6.00 
--S;t~-3-; ------ -(; --- -r -----S.2-l; 

__ S~t~_~~ ______ 6 I 7.00 

__ S~t~_-~~ _____ 6 r-??-?-----

::·I),'L 
b.' 7.50 

Site 34 

Site 35 

Sill' 36 

10.80 

Site 3~ 11.50 

Earthwork 
excavation Gabions Stones Labour Geotextile 

Basal 
Total 
cost 

ment 
reinforce 

------------ ----~--------------------

Rs.800/
per lam' 

Rs.1500/
per rn3 

Rs.400/
pe>r m J 

I~s.150/ -
per m' 

Rs.50/- Rs.150/- Rs. per 
m') per rn' per rn2 

120 750 200 225 50 75 1849,9 

120 750 200 225 50 75 1849,9 

120 750 200 225 50 75 1849.9 

240 1125 300 360 75 300 3125.2 

240 1125 300 360 75 300 3125.2 

240 1125 300 360 75 300 3125.2 

320 1500 ,100 540 100 300 4113,2 

320 1500 510 100 225 3976,7 

320 1500 400 450 LOO 225 3898.7 

425 1875 500 796.875 125 375 5331.46 

400 1875 500 703.125 125 375 5176.76 

400 1875 500 562,5 125 375 4993.95 

600 2250 600 1125 150 525 6831.5 

600 2250 600 1125 150 450 6734 

600 2250 600 1125 150 450 6734 

777 2625 700 1456,88 175 675 8338.75 

728 2625 700 1365 175 600 8057.66 

700 2625 700 1312,5 175 525 7855.25 

800 3000 800 1500 200 750 9171.5 

800 3000 800 1500 200 675 9074 

800 3000 800 1500 200 675 9074 

1080 3375 900 1856.25 225 900 10844.9 

1080 3375 900 2008,13 225 900 11042.4 

1080 3375 900 1687.5 225 900 10625.6 

1300 3750 1000 2437,5 250 1050 12732.2 

1500 3750 1000 2812.5 250 975 13383,5 

1600 3750 1000 3000 250 975 13757.9 

1793 4125 1100 3361.88 275 1200 15421.9 

1430 4125 1100 2681.25 275 1200 14063.1 

1320 4125 I 1100 2454.38 275 1200 13624.5 
--- - ... ---- --1---- --- ---. 

1968 4500 ! 1200 3690 300 1500 17116.1 

I (iSO 4500 1200 3150 300 1425 15940.6 
-- --- ---1---- --- ---. 

I 

1200 3150 300 1350 15843.1 
---------.---- ----------1 

2795 4875 1300 5240.63 325 1725 2l1S2.R 

211 () 4875 1300 3973.13 325 1500 18330.-\ 

1'J50 -1875 1:',00 3(i5().25 325 ]575 i 17795.4 
----------. ·1·· .---------

302-1 5'250 1400 5(;70 350 ... _1~~? ____ 1 ___ ~~~:_~: __ 

3220 5250 l·fOO 6037.5 
-'------'--._--. - --- -----''---------' 

3_5 __ 0_....L._l_7_2_5_L 2~~ 
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Table 10.7 {Contd.) Estimation of gabion faced reinforced soil walls 

Wall 
no. 

Site39 

Site 40 

Site 41 

Site 42 

Site 43 

Site 44 

Site 45 

Sill' 46 

Site 47 

Site 48 

Site 49 

Sitc 50 

Site 5[ 

Site 52 

Site 53 

Site 54 

Site 55 

Site 56 

Site 57 

Height 
of wall 

(rn) 

7 

7.5 

7.5 

7.5 

8 

8 

8 

8.5 

8.5 

8.5 

9 

9.5 

9.5 

<).5 

[0 

[0 

[0 

Clearing Earthwork 
grass excavation 

Rs.200/- Rs.800/-
per 100 rn 2 per 10rn3 

7.30 2044 

10.00 3000 

11.50 3450 

10.00 3000 

11.40 3648 

9.80 3136 

8.20 2624 

11.20 3808 

12.0:5 4097 

9.50 3230 

10.00 3600 

12.70 4572 

9.10 3276 

13.35 5073 

11.45 4351 

12.40 4712 

12.00 4800 

12.00 4800 

12.00 4800 

Gabions Stones Labour 

Rs.1500/- Rs.400/- Rs.150/-
per rn' per rn' per rn' 

5250 1400 3832.5 

5625 1500 5625 

5625 1500 6468.75 

5625 1500 5625 

6000 1600 6840 

6000 1600 5880 

6000 1600 4920 

6375 1700 7140 

6375 1700 7681.88 

6375 1700 6056.25 

6750 1800 6750 

6750 1800 8572.5 

6750 1800 6142.5 

7125 1900 9511.88 

7125 1900 8158.13 

7125 1900 8835 

7500 2000 9000 

7500 2000 9000 

7500 2000 9000 

10.3 COST PREDICTION MODELS 

Geotextile 

Rs.50/
per rn2 

350 

375 

375 

37S 

400 

400 

400 

425 

425 

425 

450 

450 

450 

475 

475 

475 

500 

500 

500 

Basal 
reinforce 

rnent 

Total 
cost 

- - - --- -- -- ---- - - - - - -- - - - -

Rs.150/- Rs. per 
per rn 2 rn' 

1800 19088.9 

2025 23608 

1950 25194.3 

1950 23510.5 

2400 27169.2 

2475 25351 

2400 23337.9 

2700 28807 

2550 29693.2 

2475 26352 

3150 29263 

3075 32801.9 

3075 27953.4 

3600 36007.7 

3525 33209.2 

3525 34559.7 

3975 36123.1 

3975 36123.1 

3900 36025.6 

After fixing the wall geometry and estimation of the walls as shown in the 

previous section, the cost of the walls in rupees per metre length was plotted 

against the height in metres. A curve of best fit was fitted between the data and a 

power curve was obtained. R2 values of nearly 0.98 were obtained for all the cases 

which indicate the best fit nature of the curves (Fig. 10.1). From the equations of 

the cunrcs, the cost prediction models were obtained as: 

,., For RCC walls, C = 2062.8 H18885 

, For gabion faced gravity walls, C = 1531.6 H16') 

, For gabion faced reinforced soil walls, C = 1662 HU051 

where, C = cost per metrc length of the wall in Indian Rupees, H = height of 

wall in metres. From these prediction models, the cost of walls can be 

approximately obtained without doing the complete estimation. 
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The same result is presented in another form in Fig. 10.2 to study the 

variation of the cost with wall height. It is seen that for small wall heights, the 

variation of cost is not prominent for the different types. This means that the 

economy is not a major aspect for low height walls while selecting the type of walls 

at a site. A geotechnical engineer has to go for the feasibily, availability of materials 

etc., for the selection of wall type. But as the height of walls increases, the 

difference in cost increases and the economy becomes a crucial factor 

The RCC walls are costlier than the gab ion faced walls because of the 

immense cost involved in the steel and concrete components. The cost of concrete 

includes the rates of shuttering, placing and curing of concrete as well as those of 

materials. The cost of steel includes the placing and tieing of steel bars apart from 

the material cost. As the height increases, it is seen that the RCC walls are costlier 

and the gabion faced soil retaining walls are the cheapest. 

The results are presented in the form of savmgs m cost also (Fig. 10.3) 

where, the savings are calculated as: 

S = (Cr - Cg) / Cg x 100% 

where, S is the percentage savings in cost, Cr is the cost per metre length of 

RCC walls in Indian Rupees and Cg is the cost per metre length of gabion walls in 

Indian Rupees. 

From Fig. 10.3, it is seen that the range of savings varies from 30% - 70% for 

gabion faced reinforced soil walls and from 30(Yo - 50% for gabion faced gravity type 

retaining walls. For low height walls the percentage savings is smaller and as the 

height increases the percentage savings in cost also increases. 
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T bI 10 8 C t b kd a e , os rea b' f1 d t" 11 own or ga Ion ace re ammgwa s 
Gabion Faced Retaining Walls 
Gravity type Reinforced Soil type 

Item Share Share 
Cost (Rs. jsq. m.) (%) Cost (Rs. jsq. m.) (%) 

Earthwork 
300 8% 300 13% 

excavation 

Gabions 
2500 62.% 750 34-% 

Stones 
800 20% 400 18% 

Labour 
350 9% 500 22% 

Geotextile 
50 1% 50 2%1 

Basal extension 
240 11% 

Total 
4000 100% 2240 100% 

10.5 SUMMARY 

A systematic method of determining the possible cost of a gabion faced 

retaining wall (both reinforced and unreinforced cases) was developed as a part of 

the study. For this, data from 57 different sites all over Kerala was collected where 

retaining walls were already constructed. In all these locations, three types of 

retaining walls like RCC walls, gabion faced gravity walls and gabion faced 

reinforced soil walls were designed and cost estimation was carried out. Results of 

the study were then presented in the form of cost prediction models for each case 

and an estimate of cost breakdown is also given for the gabion faced walls. 

The recommended expressions are intended for use in preliminary cost estimation 

purposes. 
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Chapter 11 

SUMMARY AND CONCLUSIONS 

11.1 SUMMARY 

Retaining walls, one of the most important geotechnical structures, finds 

application in every nook and corner of the world. The primary purpose of 

these structures, is to provide lateral support for soil or rock. Some of the more 

common types of retaining walls are gravity walls, counterfort walls, 

cantilevered walls, and mechanically stabilised earth walls. Among these, 

mechanically stabilised earth retaining walls have become more popular in the 

past two decades and it relies on the friction between soil and external 

intrusions made into the soil to resist the lateral earth pressure. They are also 

called as reinforced earth walls or reinforced soil walls. 

Gabion faced retaining walls which are gaining fast momemtum in 

construction recently are commonly built as either gravity walls or reinforced 

earth walls. A vast literature survey was conducted wherein it w,as found that 
IS 

the number of research works conducted on these type of walls . very much 

limited in number. This means that the construction boom is enhancing 

without understanding the actual behaviour of these retaining walls which is, 

of course, leading to catastrophic situations. These walls being semi-rigid in 

nature behaves differently from the rigid gravity walls and the flexible reinforced 

earth walls. Thus there arises an urgent need to study in detail the 

performance of gabion faced retaining walls which has been taken as the topic 

of the present thesis work. This study is limited to gabion faced reinforced 

earth walls as they are more suited to larger heights. 

In order to understand the behaviour of any system with respect to any 

point in it, numerical analysis has been proved to be a better tool than 

experimental methods by many researchers. Among the different numerical 

methods, finite element method stands in the forefront due to its versatility in 

modelling different applications and complex behaviours. Hence in this study, 
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fmite element method was used as a prediction tool to simulate the behaviour of 

gabion faced reinforced soil walls. 

A vast literature survey was conducted, where in, it was observed that, 

there exists a gap in literature which deals with gabion faced retaining walls. 

Further, the literature studies were extended to understand how the 

experimental investigations, analytical studies as well as numerical modelling 

could be conducted on retaining walls in general and how they could be applied 

to simulate the behaviour of gabion faced walls. Published literature on gabion 

faced walls was seen to be very few in number and hence all the available 

literature and design manuals of manufacturers were compiled and presented. 

Limit state method for design and analysis of reinforced soil walls as per SS 

8006 : 1995 was also studied in detail as a part of literature study, so as to 

apply it to the design of gabion faced reinforced soil walls. 

A finite element code named as FECAGREW (Finite Element Code for the 

Analysis of Gabion faced Retaining Walls) was developed by the author in 

C programming language as the first phase of the study. Plane strain condition 

was used for the analysis. Isoparametric quadrilateral (four noded 20) 

elements were used to model the soil medium and the gabion facing. 

The reinforcing mesh was modelled using truss elements (two noded 20) and 

the soil - mesh interaction using zero thickness (four noded 20) line interface 

elements. The non linear behaviour of soil was modelled using hyperbolic 

stress - strain relation and the failure was modelled using Mohr - Coulomb 

failure criterion. The gabion facing was treated to behave linearly but 

simulation of failure was made using Mohr - Coulomb failure criterion. 

The confinement of gabion mesh was modelled as apparent cohesion induced 

into the gabion fill material. Construction phases were also modelled to 

simulate the constructional behaviour of the walls. 

The developed FE code was validated at each stage using pu blishcd data 

from literature and the final validabon was done using experimental studies on 

gabion faced reinforced soil walls constructed in the laboratory. Related 

experiments for detcrmining the essential parameters for modelling were aiso 
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conducted in the laboratory. The experimental model studies were then 

extended to check the viability of using an alternate cheap material like rock 

waste in place of the costly rock boulders inside gabion boxes. For this two sets 

of similar experiments were conducted on walls of different dimensions, one 

inside the laboratory and the other in the field. 

FECAGREW was then used to conduct parametric studies on a gabion 

faced reinforced soil wall resting on a soft foundation by varying some of the 

salient geometric and material parameters. The goemetric paramters varied 

were spacing of reinforcement, length of reinforcement, width of gabion facing 

and height of gab ion wall. The effects of gabion fill, gabion fill - backfill 

combination and the effect of reinforcement were studied in the material 

paramteric studies. 

Design charts were developed for gabion faced reinforced soil walls to fix 

the dimensions of the structure without the usual tedious and repeated 

calculations. For this dimensional analysis of salient parameters in the limiting 

failure conditions as per SS 8006 : 1995 were carried out. The results of the 

studies were expressed as a set of dimensionless parameters. Graphs were 

then plotted using these to derive the necessary independent parameters for 

each failure condition. These graphs can be used as handy design charts for 

the design of gabion faced retaining walls. Additional design charts were then 

developed from the material and geometric parametric studies as a supplement 

to these charts. A design example was also worked out to illustrate the use of 

the design charts. 

Economic studies were also conducted to prove the cost effectiveness of 

gabion faced walls by collecting field data from 57 different sites all over Kerala 

and cost prediction models were proposed for different types of retaining walls. 

The design charts developed as well as conclusions drawn from the 

studies are expected to aid the design engineers at site and complement the 

construction works going on through out the world. 
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11.2 CONCLUSIONS 

The major conclusions drawn from the present studies may be goruped 

into four parts as: 

1. General 

11. Conclusions based on geometric parametric studies 

iii. Conclusions based on material parametric studies 

iv. Conclusions based on economic studies 

11.2.1 General 

.,. A two dimensional non linear FE code is developed with the acronym 

FECAGREW which can be used as a good prediction tool for the 

behaviour of gabion faced retaining walls, as established by the 

validation through experiments. 

"y The experimental studies show that there can be 25% replacement of 

rock pieces inside the gabions by a cheap and loacally available material 

like rock waste without much altering the stability of the structure. In 

cases where deformation can be allowed to a certain extent, even a 50 -

50 combination of rock pieces and rock dust may be used. 

,. Design charts were developed as design aids for the gab ion faced 

reinforced soil walls based on the limit state method of design as per 

SS 8006: 1995. 

11.2.2 Based on geometric parametric studies 

,. For any wall height, the ideal spacing of reinforcement may be fixed as, 

h = 0.1 H to 0.2H. (In case of gabion faced walls, the spacing of 

reinforcement is actually a reflection of the box height as the 

reinforcement is provided as the basal extensions of the gabion boxes. 

So if spacings have to be provided at values, smaller than the standard 

box heights, they should be provided as intermediate ties). 

The ideal reinforcement length for gabion faced reinforced soil walls mal' 

be fixed as OAH - 0.6H (as agiansl 0.7H of rcinforced soil walls with 
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flexible facing), beyond which the deformation variations are seen to be 

constant. 

>- The facing width of gabion faced reinforced soil walls may be fixed as 

O.lH - 0.l5H, beyond which the effect of deformations and pressure are 

seen to be marginal. The facing width has negligible effect on the lateral 

forces developed in the backfill. 

" The critical planes where the strip loading should not be placed are the 

beginning and end of the reinforcement lengths. The most ideal position 

for placing the strip loading is at least 1.5L away from the back face of 

the wall where L is the length of the reinforcement. If in any case, the 

strip has to be placed inside the reinforced area, the best position is that 

the start of the strip loading should be in the portion 0.5L - 0.75L within 

the reinforced region. 

11.2.3 Based on material parametric studies 
i ne ~lf'er..$i \le. 

25% of the gabion fill may be replaced with a locally available ,,'. 

material in order to bring down the cost of construction of the walls. 

;.. In places where deformation is not a major criterion, the 50 - 50 

combination may also be recommended. 

'; Regarding the mode of filling, it is always better to provide the soft 

material as a core inside the middle portion of the hard material rather 

than providing the material in layers. 

'; As stiffness of gabion fill and backfill mcreases, wall deformation 

decreases, reinforcement strain decreases and average safety factor 

increases. 

r When used as gabion fill material, all the types of igncous rocks exhibit 

similar behaviour with the best performance. The metamorphic rocks 

show a more or less fair performance \vhen compared to the igneous 

rocks while the performace sho\vn by the sedimentary rocks is vcry poor 

when compared to the other t\\'O types. Hence. igneous rocks may be 
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considered as most suitable for gabion fills. Metamorphic rocks if locally 

available can also be adopted, but sedimentary rocks may be discarded 

,. Maximum strain exhibited by the reinforcement is only 1.05%, which is 

very much less than the permissible strain of gabion mesh which is 10%. 

This means that the reinforcement is safe against breaking failure for all 

the types of backfills and gabion fills. 

';; Addition of reinforcement of length equal to wall height and spacing 

equal to box height, shows a three fold increase in the failure load as well 

as four times decrease in the deformations with respect to the 

unreinforced case. 

';; On analysing the deformation behaviour of the reinforced and the 

unrienforced medium height walls, it was seen that the reinforced case 

shows earth pressure nearing an at-rest condition while the earth 

pressure in the case of an unreinforced wall exceeds the active condition 

even at the stage of self weight loading. 

,. The introduction of reinforcement inhibits the formation of the failure 

plane in gabion faced walls by redistribu ting the stresses in the system . 

.,. The safety factor for reinforcement was seen to be maximum at the top 

portions and at portions away from the wall facing. This indicates that 

sufficient reinforcement should be provided near the facing of the wall 

and at the bottom for minimising the failure risks. 

11.2.4 Based on economic studies 

, Cost prediction models were developed for different types of retaining 

walls based on the data collected from 57 different sites all over Kerala, 

which could be directly used for the estimation of cost of retaining walls. 

30 - 50(10 savings could be obtained by going in for gabion faced gravity 

walls while the percentage goes up to 60 - 70%) for gabion faced 

reinforced soil walls. 
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,.. Space requirements are mlillmum for gabion faced gravity walls and 

maximum for gabion faced reinforced soil walls among the wall types 

considered in the study. 

,. From the cost breakdown studies, it IS seen that the maxImum share 

goes to the cost of gabions. 

The use of gabion faced reinforced earth retaining walls is growing at an 

enormous rate. This growth is justified on the basis of excellent performance -

to - date, superb aesthetics, relative ease - of - construction and overall low 

cost. It is felt that these walls are completely justified in their growth at present 

rates, and when augmented by the results of the present studies will be the 

choice of all wall systems in the futUre. The present studies throw more light 

on the behaviour of gabion faced reinforced soil walls, which will increase the 

level of confidence in the practising engineers. 

11.3 SCOPE FOR FUTURE WORK 

In the present study, the behaviour of gabion faced MSE walls were 

examined under the action of static loads only. Gabion walls are flexible 

structures, which move away from the soil sufficiently to minimize the soil 

pressures under disturbing forces such as earthquake force. As a result 

they can be used effectively in regions prone to earthquake forces. Hence, 

the performance of these walls under the action of dynamic forces needs to 

be examined. Thus the study can be extended to problems involving forces 

that are dynamic in nature, like the earthquake forces. 

Similarly, the backfill soil considered was non - cohesive and of dry 

nature. Since the cohesionless fill materials are becoming expensive, other 

alternatives like cohesive fills are being adopted. Hence future studies may be 

carried out on the effect of cohesive backfills on the behaviour of gabion faced 

reinforced soil walls by modelling the permeability and consolidation behaviour 

of these soils. Also, for almost all practical C8ses, the effect of ground water is 

an important parameter. Thus this aspect can also be examined in future 

works. 
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