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ABSTRACT

In the present work displacement mechanism and behavior of reinforced

soils are studied under different so ils and loading condit ions. A

comparat ive study o f init ial  load-sett lement relat ionship, distr ibut ion o f

axial and shear forces in the reinforcement and stress d istr ibut ion in

reinforced so il  st ructures is presented.

Finit e element ana lysis is carr ied out using commercia l software PLAXIS

version 8 for this problem with different so il  condit ions.  The results are

compared and reported in this dissertat ion.

Behaviors o f reinforced so il  structures under different condit ions are

invest igated us ing PLAXIS version 8. Effect of the so il  reinforcement is

shown through the improvements in the load-deformat ion relat ions,  t he

reinforcement axia l  force,  stress distr ibution and displacement in the so il

mass.  The effect of spacing of geogr ids is explained through

displacements var iat ion. Wall  displacements and stra in distr ibut ion along

geogr id layers are observed. Effect iveness o f the reinforced so il  wall  is

also evaluated using a geogr id material.

Substant ial improvement in the response of the so il  st ructure due to the

so il  reinforcement is demonstrated through the model test  results.

Through analys is o f reinforced earth model,  a new concept on the

posit ioning o f reinforcements has been recommended depending on the

reinforcement type and so il.
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CHAPTER-1       INTRODUCTION

1.1 General
Reinforced earth is composite material  formed by interact ion

between fr ict ional so il and re inforc ing str ips.  Reinforced earth is an

economical means o f improving the mechanical propert ies o f basic

material  i. e.  so il,  by reinforcing it  with another material;  steel  The

reinforcing str ips resist  stresses produced within the soil  mass ; stresses

are t ransferred via fr ict ion.

Over the past 20 years,  designers o f railway systems wor ldwide

have found Reinforced Earth structures ideally suited for support of track

bed, br idge and t rest le abutments,  earth retent ion st ructures adjacent to

r ight of ways,  and for deflector walls to protect  br idge piers from impact

in the event of a derailment.  In addit ion to versat il it y,  speed o f

construct ion and economy, Reinforced Earth structures require very lit t le

space, and may be built  ent ire ly from the backfill  side o f the retaining

wall.  This allows construction o f structures r ight up to an adjacent

railroad r ight-of-way. Reinforced Earth is a strong and versat ile

construct ion material created by the fr ict ional interact ion o f granular so il

and steel  reinforcing str ips.

The past three decades have shown great achievements in the

advancement o f reinforced so il  syste m using st iff  metal to flexible

extensible geosynthet ic materials as reinforc ing element s.  Many

reinforced so il  st ructures have been per forming well and are considered

safe and convenient in construction. Paralle l  to the advancement in the

construct ion techno logy, in these years a lot  of effort s has been devoted

to find a suitab le method/procedure for the analys is and design (e.g.

Vidal,  1966; Schlosser and Long, 1972; Haussman, 1976; Chapius, 1978 ;

Yang, 1972; ASCE, 1978; Jarret et  al. ,  1987, Tatsuoka, 1992; Yamanouchi

et al. ,  1978; Ochiai,  1992).  Many assumptions have been postulated and

many so lut ion procedures have been proposed about the mechanism o f



different components comprising these systems (e.g.  reinforcement force,

so il- re inforcement- facing int eract ion) and the mechanism is st il l not

well understood. The commonly accepted ana lysis and design method is

st ill lagging.

In the analys is o f most so il  engineer ing problems, specially reinforced

so il  st ructure, stabilit y and deformat ion are considered both crit ica l and

independent but they are always dealt  separately.  In this dissertat ion,

these two aspects o f t he behavior o f reinforced soil  structures are studied

introducing some mechanisms to model the spacing o f reinforcement and

and its  lenth in different  so il  condit ions..  The length along reinforcing

element is assumed to be constant by imposing a constra ined condit ion o f

no-length change. . Further,  the difference between soil  anchors and soil

reinforcement is  dist inguished through the axial/shear forces developed

along the so il  reinforcement and so il  anchors.  In the former,  the axia l

force can be contro lled externally (out side the so il/anchor system) while

in the latter  ( i.e.  so il  re inforcement) case,  the axial  force is  not externally

contro llable,  rather develops int ernally due to soil-reinforcement

int eract ion depending on the confining pressure. In this context, the

convent ional methods o f the reinforced so il  st ructures that require t he

tensile force distr ibut ion along re inforcements be prescribed, as an init ia l

condit ion cannot be accepted, at  least ,  from the theoretical  po int of view.

Thus, the deformat ion behavior o f reinforced so il  structure under a

different loading stage is studied by modelling a reinforced so il  st ructure

in finite e lement method FEM based PLAXIS version 8 software. The

modelling is demonstrated through some typical so il  engineering

deformat ion problems and the result s reveal that  the reinforcement is

much effect ive in reducing the lateral deformat ion in addit ion to vertical

sett lements of reinforced so il  mass.



1.2 SCOPES AND OBJECTIVES OF PRESENT STUDY

In the present work an attempt has been made to study the behaviour o f

reinforced so il  mass under different loading condit ions. The studied were

carr ied out by us ing the FEM based software PLAXIS version 8 to create

different mode ls and analyse t he behaviour of different components o f

renforced soil structure. A comparat ive study has also been made on the

load-deformat ion relat ions using the reinforcement axial force, spacing o f

geogr id and displacements in the so il  mass.



CHAPTER 2                                                   LITERATURE REVIEW

2.1 GENERAL

Strength of the natural fil l  so il  in earth st ructures is improved by var ious

techniques, e.g.,  mechanica l processes, chemical process, insert ing a

strong material  into the so il  mass (sand compact ion piles,  bamboo str ip,

straw, etc.) and the interest ing one is natural plant roots.  Besides these

natural and tradit ional techniques,  the important deve lopment o f

Reinforced Earth, and the concept of reinforced so il  as construction

mater ial,  introduced by its  inventor French architect

H. Vidal,  in the sixt ies,  have introduced the modern form o f so il

reinforcement technique (Schlosser and Delage, 1987).  This technique has

been used in various st ructures,  e.g. slopes and embankment ,  retaining

walls,  foundat ions, dams and others.  Mit chell  (1981) noted that no other

so il  improvement techniques have been so intensive ly studied and having

advanced applicat ion in the past several years,  as has so il  reinforcement .

The concept of so il  reinforcement is  based on the existence o f strong soil-

reinforcement interact ion like roots,  due to their tensile strength and

fr ict ional or adhesion properties reinforce the so il.  Many hypotheses have

been postu lated, in the past 25 years,  about the load transfer between the

so il  and reinforcement and their int eraction. A lot of research has been

carried out to find suitable method for the ana lysis and design o f

reinforced soil  structures.



2.2 HISTORY AND DEVELOPMENTS ON REINFORCING SYSTEMS

Development of Reinforced Earth

Henri  Vidal (1963) invented the Reinforced Earth and much o f the current

development can be attributed to his pioneering work. Vidal introduced

the basic mechanism underlying re inforced so il  behaviors in his first

paper published in 1966. Reinforced Earth is a composite construct ion

mater ial  in which the strength o f f i ll  is  enhanced by the add it ion o f strong

inextensible as well  as extensible reinforc ing materia ls.  The basic

mechanism o f Reinforced Earth invo lves the generat ion o f fr ict ional

int eract ion between so il  and reinforcements (Schlosser and Delage, 1987).

York Method:

Jones (1973) developed the York method, which is s imilar b the

Reinforced Earth technique except two minor differences, regarding

facing unit s and slid ing mechanism o f reinforcements.  The York method

is the fir st  reinforced so il  wall  tota lly built  with plast ic mater ial

(Schlosser and Delage, 1987). Accord ing to Jones (1978), different ial

sett lements can easily be accommodated in the sliding mechanism.

GRS-R W System:

Geosynthet ic-reinforced so il  retaining wall  (GRS-RW) system, developed

in Japan, is  a hybrid wall  system o f mechanically reinforced earth wall

with a  cast- in-place full-height  r igid facing .  Some advantages o f  GRS-

RW system are small  lateral  deformat ion due to full  height cont inuous

r igid facing, and excavat ion may not be required because of short

reinforcements.  This system can be used in sites e.g.  br idge abutment or

laterally loaded walls.



Miscellaneous:

There are several other reinforc ing systems developed by man y

manufacturers used for part icular purpose and suit able for t ypical sit e

condit ions. Tervo ile,  Websol system, Cellular Confining system, Genesis

Highway Wall System consist ing o f Tensar structural geogr ids,  Con-wall

system, etc.  are interest ing systems to be noted here.

.

2.3 TYPES OF REINFORCING MATERIALS

In the l iterature,  there mainly two groups o f reinforcements,  extensible

and inextens ible,  are discussed with respect to the stress-stra in response

of soil  mass. Stress-st rain characterist ics o f t ypical inextens ible and

extensible reinforc ing materials are i l lustrated in Fig.  2.1.  McGown et al.

(1978) or iginally defined inextensible and extensible reinforcements and

Bonaparte et al.  (1987) extended as fo llows:

(a) Inextensible reinforcement  is  reinfo rcement used in such a way that

the tensile stra in in the reinforcement is  significant ly less than the

hor izontal  extension required to develop an act ive plast ic state in the so il.

An “abso lutely” inextensible reinforcement is so st iff that equ ilibr ium is

achieved at  virtually zero hor izonta l  extension (K0 condit ions prevail)

(b) Extensible reinforcement  is  reinforcement used in such a way that

the tensile stra in in the re inforcement is  equal to or larger than the

hor izonta l  extension required developing an act ive plast ic state in the

so il.  An “abso lutely” extensible reinforcement has such a low modulus

that  virtually no tensile forces are introduced to the so il  mass at  the strain

required to develop an act ive p last ic state (Ka condit ions theoret ica lly

prevail)



Bonaparte et  al.  (1987) considered steel reinforcement as an inextensible

reinforcement and geosynthet ic re info rcing materials as extensible

reinforcements,  for almost all  pract ical  applicat ions.  Thus,  an inextensible

metall ic reinforcement makes the structure br it t le and the extensible

geosynthet ic increases the duct ilit y o f the reinforced soil  structure (Fig.

2.2).

Figure 2.1 Stress-strain characteristics of typical reinforcing materials
(McGown, A., K.Z. Andrawes,   M.M. Al-Hasani (1978))

2.3.1 Inextensible reinforcements

Steel Bars fiber glass reinforcements:

The cho ices on the reinforc ing material  vary from inextensible

reinforcements l ike steel,  fiberglass to extensible po lyester resins.

Galvanized steel has been used in wide variety o f environments over very

long per iods,  thus,  its  corrosion mechanism and the rate of corrosion have

been known for long t ime. Similarly,  po lyester coated fiberglass,  sta inless

steel and aluminum are also used. The corrosion rate o f these metals is

faster than ga lvanized steel.  Despite these drawbacks, the steel and

fiberglass reinforc ing materials have also gained popularit y specia lly

when the construct ion requires less post construct ion deformat ion such as



in the case o f br idge abutments,  railway embankments,  etc.  The advantage

of steel and fiberglass is due to their unique combinat ion of elast icit y,

duct ilit y/st iffness and favorable economics. Bonaparte et al.(1987) states

that the tensile st iffness o f steel  reinforcements is  st iff  enough to keep the

state of so il  stress close to the at-rest (K0) condit ion.

(a)Series failure (inextensible reinforcements)(b) Parallel Failure (extensible reinforcements)

Figure 2.2 Analogy of reinforced soi l  fail  mechanisms

(Bonaparte, R. and G.R. Schmertmann (1987))

2.3.2 Extensible Reinforcements

Geosynthetic and related products .

Major geosynthet ic mater ials current ly used as reinforcements in soil

structures are geogr id sheet (Fig.2.3), woven and non-wo ven geotexti le

sheet,  coated fiber strips,  r igid plast ic strips,  composites and three-

dimensional honeyco mb type products. Geosynthet ic mater ials have large

ranges o f deformat ion modulus and tensile st rengths compared to metals

( Fig.2.2).  Geosynthet ic materials also exhibit  creep behavior.  Bonaparte

et al.(1987) has grouped geosynthet ic reinforcements as extensible

reinforcements,  thus, the state of so il  stress is far from at-rest (K0)

condit ion.

(a) Uniax ial geogr id                               (b) Biaxia l geogr id

Figure 2.3 Typical geogrids used as soi l  reinforcement mechanisms.

(Jones, C.J.F.P. (1994))



2.3.3 Miscellaneous

There are several other types o f reinforc ing materials used for particular

purposes. Small inc lus ions ( fibers,  small plates) or cont inuous filaments

(e.g. Texso l) are some typical re inforc ing mater ials. So met ime natural

materials (e.g.  bamboo, jute) are also used as reinforc ing material.  In UK

and USA, redundant car t ires have been used as reinforcement.

2.4 APPLICATIONS OF REINFORCED SOILS

More common applicat ions o f reinforced so il  are in t he form o f retaining

walls.  Reinforced soil  structures can be grouped into three classes

(Ingold, 1982),  (a) Embankment and retaining walls,  (b) Foundat ions /

sub-so il  reinforcement s and (c) In-situ reinforcement oil nailing)- exist ing

slopes and excavat ions.

2.4.1 Embankments/ Retaining Walls

Several reinforc ing systems with variet ies o f reinforc ing materials and

facings have been successfully used to construct many reinforced

embankment and reta ining walls

 A primary ro le o f reinforcement in an embankment or a retaining wall  is

to support the outward earth pressure ( lateral t hrust ) in t he fil l  while

maintaining the full  bear ing capacit y in t he foundat ion.  The reinforcement

provided at  the embankment base prevents lateral  displacements o f the

embankment and foundat ions so ils,  subsequent ly the bear ing capacity o f

the soft so il  and stabilit y o f embankments are increased significant ly.

Purpose of these reinforcement s is to per form as ( i)  superficial  slope

reinforcement and edge st iffening; ( i i)  main body reinforcement ;  ( i ii)

reinforcement at  the base o f the reta ining walls.  Reinforcement in the



main body is  essent ially the major  applicat ion of  reinforcement  in

reinforced embankment or reta ining wall  structures.

(a) Superficial reinforcement (b) Body reinforcement (c) Foundation reinforcement

Figure 2.4 Embankment reinforcing modes.  (Ref: Ingold, T.S. (1982))

2.4.2 Subsoil Reinforcement Beneath Foundations

In the so il beneath the reinforced so il foundat ion two dist inct zones are

formed (e.g. ,  Binquet -  Lee, 1975),  and John, 1987) as shown in Fig. 2.5.

In the fir st  zone, the wedge o f so il  direct ly beneath the structure is forced

vert ically downwards (punching fa ilure) whilst  outside the foo t ing, there

are symmetr ical  zones which have both lateral  and upward movements,  the

funct ion o f an effect ive reinforcement being to hold these two zones

together.  Binquet-Lee (1975), Oka et al.  (1992), Takemura et al.(1 992)

and other researchers reported that the maximum bear ing capacity rat io

occurs at a depth ratio 0.8 to 1.0.

Figure 2.5 Effect of sub-soi l reinforcements.  (Ref: Ingold, T.S. (1982))



2.4.3 In-situ Reinforcement (soil nailing): slope stability/excavation

Soil nailing is an in-situ so il  reinforcement technique, which has been

used dur ing the last two decades. So il nailing is being used at present to

stabilize natural s lopes, cuts or excavat ion, walls in st iff  clays, granular

so ils (with some suct ion) and also soft rocks. The purpose o f this

technique is essent ia lly to limit the decompression and the opening o f pre-

exist ing discont inuit ies by restraining the deformat ions. They are usually

steel rods 20-30 mm in diameter that are inserted into the soil  eit her by

simple driving or by grouting in predrilled boreho le (Fig.2.6).  Soil  nailed

slopes behave like a reinforced soil  wall alt hough there are some major

differences between these two techniques, e.g. ,

i  Construct ion method: Soil  nailed slopes have top-downwards

construct ion method whereas re inforced soil walls are constructed fro m

the bot tom upwards

ii.  Shear and bending stresses may develop in soil  nails depending on the

st iffness of the nails relat ive to so il,  while this is  not generally observed

in so il  reinforcement s.

i i i.  So il  nailing is applied to exist ing so il  slopes and may therefore

invo lve more cohesive so ils than the selected fi lls  used for reinforced so il

walls.

iv.  So il  reinforcement sheets or str ips are usually laid hor izonta lly,

whereas so il  nails are usua lly driven at an inclined angle.

Schlosser (1982) observed that the act ive failure zone for na iled slopes

was similar to ,  but larger than, that of a reinforced so il  wall.  In both

cases, the act ive failure zone is smaller than the standard Coulomb act ive



wedge assumed with the other retaining st ructures.  He suggested that this

difference in behavior is att ributable to the inclinat ion of the so ils nails.

Figure 2.6 Typical in-situ soi l-reinforcing techniques.

(Schlosser, F.(1990))

2.5 CONCEPTS AND MECHANISM OF REINFORCED SOIL

Several exper imenta l and theoretical invest igat ions have been performed

since the invent ion of Reinforced Earth wall  (Vidal,  1963) to understand

the concepts and mechanism o f reinforced soil  structure and interact ion

among its basic components,  generally,  reinforc ing elements,  backfill  so il

and facing. H. Vidal,  the pioneer of Reinforced Earth system seems to be

the f irst  person to propose a general  and realist ic concept of re inforcing a

so il.

Anisotropic Cohesion Concept

Schlosser and Long (1972) indicated that the reinforced so il  has higher

shear strength than unreinforced plain samples (Fig.2.7).  Hausemann

(1976) independent ly postulated a more unified anisot ropic cohesion

theory. They have shown that two fa ilure modes can develop in such

reinforced sand samples: (a) failure by slippage o f the reinforcement at



low confining pressure leading to a curved yield line passing through the

origin and (b) fa ilure by reinforcement breakage at  higher confining

pressure leading to a straight failure l ine which proves that  the reinforced

sand behaves as a cohesive mater ial having the same fr ict ional angle as

the or iginal sand and an anisot ropic pseudo-cohesion due to

reinforcements as shown in Fig.  2.8.  This pseudo-cohesion is very rapid ly

mobilized at low axial deformat ions.

Enhanced Cohesion Concept

Chapius (1972) and Yang (1972) independent ly presented enhanced cot

f ining pressure concept on the mechanism of reinforcing a so il  mass.  This

concept is based on the assumpt ion that the hor izonta l and vert ical planes

are no longer pr inc ipal stress planes due to the shear stresses induced

between the so il  and reinforcements.  Mohr’s circle o f stress is  shifted due

to reinforc ing o f the so il  mass (Fig. 2.8b) while fa ilure envelope remained

same for both reinforced and unreinforced samples.  Such effect is  called

enhanced confining pressure effect.

Figure 2.7 Reinforced and                                       Figure 2.8  Anisotropic Cohesion

unreinforced samples in triaxial tests                         and Enhanced Cohesion Concepts

Ref:Schlosser,F.(1990): Mechanically Stabilized Earth Retaining

Structures



2.6 BEHAVIOR OF REINFORCED SOIL STRUCTURES

In t he analys is and design o f reinforced so il  st ructure, stabilit y and

deformat ion are considered both crit ical and independent concerns for a

soil  structure and they are always dealt  separate ly. Past research reveals

that major work was concentrated on stabilit y analys is compared to the

deformat ion problems. In deformat ion analys is,  serviceabilit y with respect

to excessive different ial  sett lement and hor izonta l  deformat ion o f the

slope face are considered important .  The stabilit y analys is o f reinforced

so il  structures is divided into internal and external stabilit y analyses

(Gourc, 1992; Rowe and Ho, 1992) as will  be illustrated in later sub-

sect ions.

Rowe and Ho (1993) suggested that the overall  behavior of a reinforced

so il  structure may be considered known if  one understands:

(a) State of st ress within the reinforced so il  mass.

(b) State of strain in both the so il  and the reinforcement.

(c) Axia l  force distr ibut ion in t he reinforcement.

(d) Horizontal so il  pressure act ing at the back o f the reinforced so il  mass

and the vert ica l so il  pressure at  the base.

(e) Vertical so il  stress on each reinforcement layer.

( f)  Horizonta l so il  pressure act ing at the face.

(g) Horizonta l and vert ical forces transferred to the wall  face.

(h) Horizonta l  deformat ion of the reinforced so il  mass

( i)  Effect of varying the design parameters ( i. e.  reinforcement st iffness,

soil  propert ies,  reinforcement spacing ,  surcharge condit ion, construction

procedures, etc.) on the response of the system.



2.6.1 Vertical and Horizontal Soil Stress Distribution:

Several t ypes o f vert ica l st ress dist r ibution pat terns are assumed in the

analys is and design o f reinforced so il  mass. Uniform, t rapezo idal,

Meyerhof dist r ibut ions and 2:1 stress dispersion method are t ypica l

examples.  Maximum stress is attained within t he reinforced zone. Close to

the far end o f re inforced zone the vert ical so il st ress reaches a minimum.

Further away into the unreinforced reta ined fil l,  t he vert ical so il  st ress

attains the minimal value. The vert ical so il  st ress close to the facing

depends on the fac ing r igidity (Tatsuoka, 1993). Rigid facing decreases

the vert ical so il  st ress close to the fac ing due to load t ransfer from the

so il  to the facing. Such effect of the facing leads to higher reinforcement

force and requires higher bear ing capacity in the design o f foundat ions.

Horizonta l so il  stress primarily depends on the number o f reinforcement

layer,  the st iffness and the creep o f the reinforcement and the degree o f

yie lding o f the wall  face as shown in Fig.2.9. Relat ive deformat ion o f the

wall face and soil  with the reinforcement result s increased t ransfer o f

hor izonta l  stress to reinforcement rather than to facing.  The hor izonta l

soil  stress increases as t he number o f reinforcement layers is increased.

Rowe and Ho (1993) noted that there are no lit eratures giv ing any rea l

observed informat ion on the hor izonta l so il  stress distr ibut ion further

back into the reinforced so il.

    (a)  at wall face                      (b) at back of re inforced so il block

Figure 2.9 Vertical and Horizontal soi l  stress distributions from

numerical analysis   (Ho and Rowe. 1992)



2.6.2 Force in Reinforcement

The magnitude o f reinforcement force primarily depends on the shear

st rength mobilized in the backfill, the hor izontal so il st ra in, the st iffness

of the reinforced system, and the creep of reinforcements.  Maximum

tensile force close to toe is usually observed less than predicted by the

Rankine act ive condit ion .  Fannin (1991), Jewel (1987) and Ho-Rowe

(1992) indicated that the maximum force in reinforcement becomes more

uniform with decreasing reinforcement st iffness and lower near the

bottom due to the influence o f foundat ion.

Var iat ion in so il  properties and construction methods results shift ing o f

the posit ion o f maximum tensile forces away from the fa ilure plane. It

also depends on the length and st iffness of re inforcements.  Jewell (1987)

stated that the locus of maximum tensile force will  always be inclined to

45+φ/2 to the hor izontal if t he so il-reinforcement inter face is suffic ient ly

bonded, otherwise, the locus will  move towards the facing. The maximu m

tensile force shift s towards the facing in the case o f short  reinforcements.

Force distr ibut ion in a reinforcement layer . The force distr ibut ion in a

reinforcement layer is most influenced by the construction method, the

existence o f fac ing, the lateral restra int of fac ing dur ing construction and

the facing reinforcement connect ions. There are two general t ype axia l

force distr ibut ions  as shown in Fig.2.  10(a)&(b).



(a) Muramatsu et al.  (1992)                            (b) Tatsuoka (1992)

Figure 2.10 General tensi le force distribution patterns along a

reinforcement .

Type A: This patt ern is observed when lateral deformat ion o f t he wall

face is restra ined t il l  t he end o f construct ion, e.g. ,  ideal pull-out test .  In

this situat ion the maximum tensile force is induced at the back o f the

facing and remains more or less constant up to the potential  fa ilure plane

and decreases to zero close to inner end o f the reinforcement.  When

perfect lateral restraining o f facing dur ing construction is not possible,

the tensile force in the reinforcement at  the back o f facing may be much

smaller than its  maximum value atta ined near the potential  failure surface.

Type B: The parabolic tensile force dist r ibut ion is observed when fac ing

provides l it t le or no lateral restra int against deformat ion e.g.  wrapped

back fac ing, slope face without any fac ing. The maximum force in the



reinforcement is assumed to occur at  the potent ial  fa ilure plane as shown

in Fig. 2.10(b).

2.6.3 Horizontal Displacement

Magnitude o f hor izontal movement depends on the int eract ion between

var ious components o f reinforced so il  structure and construct ion methods.

Higher re inforcement densit y and st iffness reduce t he stra in in t he so il,

and larger shear strength o f fi ll  results in less force in t he reinforcement,

being required to mainta in equilibrium and hence less deformat ion. The

so il  movement behind the reinforced zone depends on the stra in level o f

the unreinforced zone above the stable slope.

2.6.4 Role of Facing rigidity:

Current ly, facing mater ial ranges fro m r igid full- faced concrete facing to

flexible wrapped around geosynthet ic fac ing as shown in Fig. 2. 11(a- f).

Most of the so il  reinforced stabilizat ion techniques assume that facing

does not play a significant structural role;  they are rather used for

aesthet ic reason .  However, Tatsuoka (1993) has demonstrated the ro les o f

the facing in improving the stabilit y o f reinforced so il  structures based on

extensive l iterature review. Hor izonta l  movement o f the wall  face and

subsequent earth pressure development within t he reinforced zone as well

as the reinforcement force are significant ly affected by the facing r igidity.

Tatsuoka (1993) has classified various types o f facing according to the

degree o f fac ing r igid ity.  The fac ing r igidit y increases the stabilit y o f

wall  in the fo llowing three ways:

1. Rigid facings (Types D and E) support the combinat ion o f earth

pressure and tensile force in re inforcement.



2. Weight of backfil l  is  part ly transmitted to the facing through the

fr ict ional force on the back face.

3. Due to high confining pressure behind r igid facing, t he locat ion o f the

overall  react ion force becomes closer to the facing.

(a) Concrete Panel facing (Reinforced Earth system) (b) Wrapped around

facing

(c) York wall facing                          (d) L-shaped concrete facing



(e) Reinforced Concrete Panel                    (f)  Full  Height Rig id

Reinforced Concrete

Figure 2.11 C urrent ly used typical  fac in gs in reinforced soi l  st ruc tures.

(Jones, 1992)

Tatsuoka et al.  (1989) studied the effec t of facing r igid ity in a set of

GRS-RWs model tests having facing Types A, D. The test result  reveals

that the locat ion o f failure surface moved from an intermediate elevat ion

to the bottom o f the facing depending on the facing r igidity.  The rat io of

earth pressure  on the back o f the fac ing to q remained almost constant

with  the  facing r igidit y.

Similarly, the tensile force just behind the fac ing is great ly influenced by

the facing r igidit y .  Locat ion o f Tmax (Fig. 2.10) approaches back o f the

facing with increasing facing rigidit y.  Thus,  the contr ibut ion o f the facing

r igidit y on the stabilit y o f the reinforced so il  structure was clearly

demonstrated and similar conclusions are also reported by several other

researchers (e.g.,  Juran-Schlosser,  1978, Bolton-Pang, 1982, and Koga et

al. ,  1992).

2.7 TYPICAL CURRENT DESIGN METHODS

For the analys is and des ign o f re inforced so il st ructures numerous

approaches have been developed. All methods are eit her empirica l in

nature or based on limit equilibrium analys is.  These methods don’t



consider eit her the st ress- deformat ion characterist ics o f the st ructure or

the interact ions between the wall compo nents e.g. the so il, the

reinforcement,  the facing and the foundation. Their main purpose is to

compute the facto r of safety against severa l modes o f failure.  In general,

the design methods use t he allowable st rengths (corresponding to each

components) which are significant ly lower than the ult imate strengths and

further partial  safety factors are applied to account for the uncertaint ies in

the behavior o f the reinforcement and so il/reinforcement interact ion

mechanism. As a consequence, these methods are lagg ing in adequate ly

descr ibing the real behavior o f the reinfo rced soil  structures. Hence, their

applicat ion t ypically int roduces an extra level o f conservat ism. Rimold i

(1988) based on eight case histor ies reported that current design methods

are conservat ive.

Most of the current des ign methods can be divided into two main

categories.  The fir st  category use simple force equ ilibrium analys is where

the hor izonta l  forces developed in the reinforcement balance the

destabilizing hor izonta l force from the so il.  The forces considered in

these methods are:

a. the vert ical so il stress,

b.  the hor izonta l so il  stress,

c.  the stress in the reinforcement and

 d.  the hor izonta l  resistance to pull-out of the reinforcement behind the

potent ial  failure plane.

Two independent facto rs of safety,  for reinforcement rupture and pullout

resistance, are ca lculated for each layer o f reinforcement.

The methods in the second category evaluate the force and or moment

equilibrium on an assumed failure surface similar to convent ional slope

stabilit y analys is but with the inclus ion of t he balancing force/moment

developed in t he reinforcement.



2.7.1 Force Equilibrium Methods

Some of the widely used force equilibrium methods for the design o f

numerous reinforced soil  structures are as fo llows:

1. Jewell method (1987)-  This method was proposed and applied fir st  to

predict the performance o f Royal Military Co llege tr ial  wall  in 1987. In

this method, the reinforced so il  structure is divided into 3 zones based on

the reinforcement force as shown in Fig.2.  12

Zone-1: The zone between the wall face and the most crit ical surface

where the reinforcement force required to maint ain equilibr ium is

constant ( i.e.  between the surface and wall face).  Thus, the most crit ical

surface was defined as a surface through the toe that requires the greatest

tota l  reinforcement force to maintain equilibr ium on this surface.  The

surface in vert ical wall  case is inclined at an angle =(45+/2) to  the

hor izontal  as shown in Fig.2.12

Zone-2: This zone is confined between the aforesa id most crit ical sur face

and the locus o f zero required force as shown in Fig.2. 12. A surface

beyond which no addit ional stresses are required from the reinforcement

to mainta in equilibrium is called the locus of zero required force. Ideally

beyond this zone the reinforcement can be truncated and equilibrium can

be mainta ined by so il  it self  Such length of t he reinforcement is called the

ideal  reinforcement  length.

Zone-3: The zone beyond the locus of zero required force is in

equilibrium without requir ing any reinforcements.

Jewell (1987) proposed uniform spacing and ideal spacing pat tern for



reinforcement spacing. He further explained a truncated length concept

and consequences o f the truncat ion in the design. He also provided severa l

design charts.

Figure 2.12 Reinforcement layout and force distribution for ideal

length case.  (Jewell, R.A. (1988))

2. Bonaparte et al.  method (1987)  -  In this  design method,  the extensible

and inextensible reinforcements are clear ly dist inguished. Then, the

influence o f reinforcement extensions is  evaluated by defining hyperbo lic

relat ions between KEh. Deta iled explanation about the method may be

referred to Bonaparte et al.(1987).

3. Tie back design method (1978)-  T ie back method was or iginally

developed by the U.K. Department of Transport (1978) and is based upon

limit  equilibr ium methods.  I t  is  independent of the reinforcement materia l

and is  used with both inextensible  and extensible  reinforcement  and wit h

anchors.

2.7.2 Slope Stability Methods

Many basic methods have been derived from the convent ional slope



stabilit y studies; the most widely used (Rowe and Ho, 1992; Smith, 1992)

being the Fellen ius or Bishop methods or the Wedges methods. There are

three not iceable differences among these methods as fo llow: a.  the shape

of the failure surface b.  the distr ibut ion of force in the reinforcement and

c. the means by which a surcharge is considered. Typical slope stabilit y

methods are as fo llows:

Fellenius Method:

In this method, it  is  assumed that for each slice the resultant of the

int erslice forces is zero. Taga et al.(1992) have summarized all  the

possible combinat ion of various forces based on the Fellenius (simplified)

method used in t he analysis and design o f reinforced so il  st ructures where

the basic computat ional formula used is as fo llows :

Sliding & Safety Factor,

Fs = Force resisting sliding  = ∑ [ cb  +  W  cosα tanφ ]
Force inducing sliding ∑ W s in  α

where,                W: weight of sliced blocks

                           b: length of sliding plane in sliced block

φ:  Internal fr ict ion angle of slid ing surface

                           c: cohesion o f sliding sur face

                           a: inclinat ion of sliding surface with hor izontal.

There are two reinforcement effects o f the tensile force generated in the

reinforcements in the sliding surface (see Fig. 2.13).

(1)   Anchor ing effect,  T cosα

(2)   Confining effect,     T sinα . tan φ



Regarding the confining effect (2),  invo lves the equat ion, Eq.(2.1),  and

regarding the anchor ing effect,  two possible condit ions arise,  it  may be

considered as a res ist ing force (numerator) and as a slid ing forced

(denominato r).  Somet ime, both effects are considered simult aneously

together depending on the problem. Thus fo llowing five combinat ions can

be der ived by coupling these two effects with the Eq.(2. 1).

Formula (a)

Fs     = ∑ [ cb  +  W  cosα tanφ +  T  cosα ]
∑ W s inα

Formula  (b)

 Fs    =∑ [ cb  +  W  cosα tanφ ]
       ∑ (W s in α − T  cosα )

Formula (c)

Fs    =∑ [ cb  +  W  co sα tanφ +  T  sin  α tanφ ]
∑ W s in α

Formula (d)

Fs=∑ [ cb  +  W  cosα tanφ +T  cosα +  T  s in  α tanφ ]
∑ W s in α

Formula (e)

Fs    =∑ [ cb  +  W  cosα tanφ +  T  sin  α tanφ ]
    ∑ (W s in α − T  cosα)



Bishop Method.

In this method, it  assumed that the resultant forces on the sides of the
slices are hor izonta l.  Thus,  moment equilibr ium is checked in this method
as fo llows (refer Fig. 2.13):
Fs= (MR+∆MR) /MD
where MD = sl iding moment,  MR =resist ing moment of so il,
∆MR =resist ing moment o f geogr id, ∆MR =R T i ,  R =radius o f slip circle,
and  T i  =sum o f tensile strengths o f geogrid.  A typical  formula for
comput ing the factor of safety based on Bishop’s Method is:

               Fs  = ∑ [ cb  +  ( WP  + −  ub  +  T  s i n  γ ) t anφ]
∑ [ W s in α  + Psin α− T  cos(α +γ  )]

Figure 2.13 Bishop’s Simplified Method of analyzing reinforced soil

structures (Alan Mc Gown, Khen Yeo and Andrawes  )

Trial Wedges Method.

Slip surfaces in the tra il  wedge method can be assumed to be two straight-

line s lips caused by the hor izonta l earth pressure, similar to the

exper imenta l data.



Fs=∑ T i
       PH

In this equat ion,

PH = hor izonta l earth pressure and

∑ T i  = sum of tensile strengths o f the geogrid.

Total hor izonta l earth pressure components of the two straight- l ine slips,

divided into two areas, Zone-1 and Zone-2, as shown in Fig. 2.14, can be

obta ined based on the concept of force polygons. It  can be determined that

the embankment is  stable t ien t he external  force o f restraining wall  act ing

is larger than PH.

Figure 2.14 Trial wedge method of analyzing reinforced soil  structures

(Taga  et al. ,  1992)

2.7.3 Failure Modes

Somet imes several possible failure modes are checked in re inforced soi l

walls depending on type o f the structure itse lf  and the field cond it ions.

Generally,  five independent t ypes o f failure ( i.e.  l imit) modes are

suggested sufficient enough for most of the geotechnical design problems

(Bolton, 1989). These failure modes are grouped into two (external and



int ernal) stabilit y crit eria.  Typical failure modes that are checked (Jones,

1993) in the design o f reinforced so il  st ructures are as ment ioned below:

External Stabi lity

a.  Vertical  and hor izonta l  deformat ions result ing into unacceptable

different ial  set t lement .

b.  Lateral s liding o f reinforced so il.

c.  Overturning failure due to rotat ion about toe of the wall.

d.  Bearing capacit y failure (punching) of the foundat ion so il  under the

reinforced soil.

e.  Overall  co llapse of the reinforced wall  or embankment or nailed slope.

Internal Stabi lity

a. Rupture failure o f reinforcement

b. Pull-out failure o f reinforcement

(a) Straight wedge  (b) Two-part wedge  (c) Circular arc   (d) Logar ithmic
spiral

Figure 2.15 - Common shapes for potential fai lure surfaces for



2.8 FINITE ELEMENT ANALYSIS

Finit e element method (FEM) is vigorous well known method of

numerically so lving boundary value problems which can accommodate

high ly non- linear st ress- st rain relat ions o f materials inc luding even

creep, any geometr ica l configurat ion with complex boundar ies,

construct ion sequence, etc.  FEM has been used as the standard tool for the

design and analys is (e.g.  predict ion o f safety factor and sett lement

analys is) o f many geotechnical st ructures.  Similar ly, it  is becoming a

design and analys is tool for the reinforced so il  structures.  These features

of FEM can be achieved only when material parameters,  const itut ive

equat ions and boundar ies are appropr iately defined or modeled.

2.8.1 GENERAL

Finit e element method is the representat ion o f a body or a structure by an

assemblage o f subdivisions called finit e element s,  these elements are

considered interconnected at po ints which are called nodes. This method

is a numer ical procedure for analys ing structures and cont inua. FEM is a

powerful tool in structural  analys is o f simple to complicated geometr ies.

2.8.2 STEPS IN FEM

Following steps are fo llowed in finite e lement method

1. Divide the structure or continuum in finit e elements.

2.  Formulate the properties o f each e lement.  In stress analys is,  this is

nodal loads associated with all  element deformat ion states that are

allowed.

3.  Assemble the elements to obtain the finite e lement model o f the

structure.

4.  Apply the known loads: nodal force or/and moments in stress analys is.

5. Impose boundary condit ions.



6. Calculate the displacement vector.

7.  Calculate stra in,  and fina lly calculate st ress from stra in.

2.8.3 Modeling of Components: soil,  reinforcement and facing

The incorporation o f mechanism o f so il- reinforcement- facing interact ion

in the FEM are great ly influenced by the construct ion method,

compact ion, propping o f facing during construct ion and it s release later

including the boundary condit ions ( loading on top,  etc.) ,  thus,  making it

difficult  to model the problem.

Soil:  most researchers as po inted out by Gourc, 1992, have adopted non-

linear elast ic or elasto- plast ic models.  The init ial  deformat ion is

somet ime calcu lated using linear elast ic const itutive models and failure

load is calcu lated using limit ing equilibr ium methods employing

appropr iate const itutive models e.g. Mises or Mohr- Coulomb, Drucker-

Prager etc.

Reinforcement:Reinforcement is generally modeled by linear bar element

capable o f taking only axial tensile forces.  Behavior of extensible

geosynthet ic mater ials is generally nonlinear . So met ime metall ic

reinforcements are also modeled as continuous beam element  and the

bending moment is  calculated in addit ion to the axial  force.

2.8.4 Modeling of Soil Reinforcement Interface

Several authors have proposed various types o f inter face elements to

model the int erface behavior.  Most of the interface elements,  or iginally

developed in rock mechanics, are used in the analys is o f reinforced soils.

Inter face elements can be classified (Gens et  al. ,1989) into the fo llowing

categories:

a.  Standard finite element s of small  thickness



b. Quasi-cont inuum elements possessing a weakness plane in the direct ion

of the int erface.

c.  Linkage elements in which only the connect ions between opposite

nodes are considered

d. Interface elements in which relat ive displacement between opposite

nodes are the primary deformat ion variables.  They can have finite or zero

thickness.

Several differences ex ist among these methods and the main argument

concerns the phys ical existence o f shear ing band o f so il  around

reinforcement .  FEM methods are based on cont inuity o f so ils except the

contact  plane between so ils  and reinforcing mater ials.  Goodman element

 (1968) is the or igina l inter face element int roduced in t he geotechn ica l

contact problems. This t ype o f interface element is  extensively used in the

reinforced so il problems. A typical int er face element is il lust rated in

Fig.2.16 below.

Figure 2.16 A typical interface element used in the modeling of the soil-reinforcement

interfaces (Goodman, 1968)



CHAPTER 3                                                 MODELLING PROGRAM

3.1 OVERVIEW OF PLAXIS SOFTWARE

3.1.1General

PLAXIS version 8 is the finite element package for the 2 – d imensiona l

analyses o f deformat ion and stabilit y on geotechnical engineer ing.

PLAXIS is equipped with t he features to deal with var ious aspects o f the

complex geo- technical structure.  Real sit uat ion may be modeled eit her by

the plain stra in or as axisymmetr ic model.  In a plane stra in analys is the

calculated forces from prescribed displacements represent from per unit

length on the out of pla in direct ion (z- direct ion).  On axisymmetr ic

analys is,  the ca lculated forces are those that act on the boundar y

subtending an angle o f 1 radian. In order to obta in the forces

corresponding to the complete problem therefore,  these forces should be

mult ip lied by 2 .

3.1.2 Input program

To carry out finit e element analys is using PLAXIS, the user has to create

a finite element modal and specify t he material  properties and boundary

condit ion. This is done in the input program  to set up a finite element

model ,  the user must create a two dimensional geometry model composed

of po ints ,  l ines and other components in the x-y plane .  The generat ion o f

an element level is  automat ically performed by the PLAXIS mesh

generato r based on the input o f t he geometry model.  User may also

customize the finite element mesh in water pressure and init ia l  stresses to

the init ial  stage.

3.1.3 Preparing mode using PLAXIS tools

In principle,  f irst  draw the geometry contour,  and then add the so il  layers,

then structural  objects,  then construct ion layers,  then boundary condit ions

and then loadings.  Using the geometry l ine opt ion, the user may draw



points and lines in t he draw area. Plates are structural objects used to

model slender structures in the ground with a significant flexural r igidit y

or normal st iffness.  Plates can be used to simulate the walls shells or

linings extending in z- direct ion. Geogr id are slender st ructures with a

normal st iffness are generally used to model reinforcements.  To model the

int eract ion between the sheets pile wall and the soil,  the interfaces are

used which is int ermediate between smooth and fully rough.

3.1.4 Modeling of soi l  behavior

In PLAXIS, so il  properties and mater ial properties of st ructure are stored

in mater ial data sets from the database sets are assigned to the soil

clusters or to the corresponding structural objects in the geometry model.

PLAXIS supports various model to simulate the behavior o f so il  and other

cont inua such as l inear elast ic model,  Mohr-coulomb model,  jo inted rock

model,  hardening so il  model,  so ft  model,  so ft  so il  creep model and user

defined models.  Once the geometry has been created and finit e element

mesh has been generated, the init ia l st ress state and the init ial

configurat ion must be specified. This is done by init ial  condit ions part  of

the input program.

3.1.5 Calculations

After this,  the actual f inite element calculat ions must be executed.

Therefore it  is  necessary to define which types o f ca lculat ions are to be

performed and which type o f loadings or construct ion stages are to be

act ivated dur ing the calculat ions.  PLAXIS allows for different types o f

finite element ca lculat ions in the engineering pract ice, a pro ject are

divided into calculat ion phases. Examples o f calcu lat ion phases are the

act ivat ion o f a part icular loading at a certain t ime, the simulat ion o f a

construct ion stage, the int roduct ion of a consolidat ion per iod, the

calculat ion o f safety factors etc.



3.1.6 Output program

The main output quant it ies o f a finit e element calculat ion are the

displacement at  the nodes and the stresses at  the stress po ints.  In addit ion,

when a finite element model invo lves structural elements,  structural

forces are calculated in these elements.  Extensive ranges o f facilit ies ex ist

within PLAXIS to display the result s of a finit e analys is.  The curves

program can be used to draw load-displacement curves, stress-stra in

curves and stress or strain paths of pre – selected points in t he geometry.

These curves visualize and this gives an insight into the global and local

behavior o f t he so il.  When subsequent ly clicking on the output button the

result  o f all  construct ion phases are displayed on separate windows in the

output program. In this way result s of phases can be obta ined.



3.2. GENERAL INFORMATION OF MODEL

Table [1]   Units

Type Unit

Length

Force

Time

m

kN

day

Table [2A]  Model dimensions

min. max.

X

Y

0.000

0.000

25.000

11.000

Table [2B]  Model

Model Plan e str ain

Element 15-Noded

Table [3]   Numbers,  type of  elements,  integrations

Type Type of  element Type of  integration Total

no.

Soil 15-noded 12-poin t  Gauss 246

Plate 5-node l ine 4-poin t  Gauss 10

Geogrid 5-n ode l ine 4-poin t Newt on-Cotes 24

Interface 5-n ode l ine 4-poin t Newt on-Cotes 61



 Fig 3.1 Line diagram of model



Model-1 : Reinforced earth wall system with loose sand used as a backfill material



Table[4]properties of  soi l

Table [5]   Beam data sets  parameters

Table [6]   Geogrid data sets  parameters

No Identification EA ν

[kN/m] [-]

1 Geogrid 1500 0.00

Mohr-Coulomb Loose sand

Type Dr ained

γ [kN/m³] 16.5

k x [m/day] 1

k y [m/day] 1

E [kN/m²] 20000

ν [-] 0.25

c [kN/m²] 0

ϕ [°] 34

ψ [°] 0

R i n t e r . [-] 0.67

Interface permeabil i ty Neutral

No Identification EA EI ν Mp

[kN/m] [kNm²/m] [-]  [kNm/m]

1 Diaphragm wall 7.5E6 1E6 0.00 1E15

2 Foot ing 5E6 8500.00 0.00 1E15



Model-2 : Reinforced earth wall system with dense sand used as a backfill material



Table [7]  Properie s of  soi l

Table [8]   Beam data sets  parameters

No Identification EA EI ν Mp

[kN/m] [kNm²/m] [-]  [kNm/m]

1 Diaphragm wall 7.5E6 1E6 0.00 1E15

2 Foot ing 5E6 8500.00 0.00 1E15

Table [9]   Geogrid data sets  parameters

No Identification EA ν

[kN/m] [-]

1 Geogrid 1500 0.00

Mohr-Coulomb Dense sand

Type Dr ained

γ [kN/m³] 18.0

k x [m/day] 1

k y [m/day] 1

E [kN/m²] 65000

ν [-] 0 .3

c [kN/m²] 0

ϕ [°] 400

ψ [°] 10

R i n t e r . [-] 0 .8

Interface permeabil i ty Neutral



Model-3

Model-1 : Reinforced earth wall system with silty  sand used as a backfill material



Table [10] Properie s of  soi l

Table [11]  Beam data sets  parameters

Table [12]  Geogrid data sets  parameters

No Identification EA ν

[kN/m] [-]

1 Geogrid 1500 0.00

Mohr-Coulomb Silty sand

Type Dr ained

γ [kN/m³] 17.0

k x [m/day] 1

k y [m/day] 1

E r e f [kN/m²] 15000

ν [-] 0.35

c [kN/m²] 0

ϕ [°] 32

ψ [°] 4

R i n t e r . [-] 0 .8

Interface permeabil i ty Neutral

No Identification EA EI ν Mp

[kN/m] [kNm²/m] [-]  [kNm/m]

1 Diaphragm wall 7.5E6 1E6 0.00 1E15

2 Foot ing 5E6 8500.00 0.00 1E15



Model-4 : Reinforced earth wall system with clayey  sand used as a backfill material



Table [13] Properie s of  soi l

Mohr-Coulomb Clayey sand

Type dr ained

γ [kN/m³] 18.9

k x [m/day] 1

k y [m/day] 1

E r e f [kN/m²] 40000

ν [-] 0 .3

c [kN/m²] 10

ϕ [°] 30

ψ [°] 2

R i n t e r . [-] 0.85

Interface

permeabil i ty

Neutral

Table [14]  Beam data sets  parameters

No Identification EA EI ν Mp

[kN/m] [kNm²/m] [-]  [kNm/m]

1 Diaphragm wall 7.5E6 1E6 0.00 1E15

2 Foot ing 5E6 8500.00 0.00 1E15

Table [15]  Geogrid data sets  parameters

No Identification EA ν

[kN/m] [-]

1 Geogrid 1500 0.00



CHAPTER 4. RESULTS AND DISCUSSION

Finit e element ana lysis is carr ied out using commercia l software PLAXIS

version 8 for the four t ype o f problems ment ioned in the previous chapter.

The result s are compared and reported in this chapter.  Behaviors o f

reinforced so il  structures under different condit ions are invest igated us ing

PLAXIS version 8.  Effect of the so il  reinforcement is  shown through the

relat ionships between load and deformat ion. The effect of spacing o f

reinforcement  on the so il  is  expla ined through the displacements

developed. the reinforcement st iffness and displacement in the so il  mass

Effect iveness o f the geogr id length and axial st iffness is also not iced.

4.1)  Load- displacement variation of reinforced soi l wall system for

loose sand case.

Loads
in KN

Total
displacement

in mm

Horizontal
displacement

in mm

Vertical
displacement

in mm

10 99.31 80.09 80.02

20 106.75 86.22 85.32

30 114.31 91.63 90.67

40 120.32 96.91 94.91

50 125.96 102.01 99.07

60 136.17 107.11 107.92

70 144.91 113.91 116.6

80 157.81 119.92 122.91

90 159.9 124.11 130.14

100 168.21 129.84 134.28

Table-16: Displacements under different loads for loose sand
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Figure-G1 Load displacement relationship for loose sand

Ø Figure shows that with the increase o f load there is steady increase o f

tota l  deflect ions.  The var iat ion o f to tal  displacement in loose sand case is

around 100mm to 170 mm there is also a steady increase in hor izonta l  and

vertical displacement s in loose sand case. Both hor izonta l and vert ical

displacements are almost of same magnitude under different loads.

Init ia lly hor izonta l displacement is more but at  the end vert ical

displacement surpasses hor izontal  displacement.



4.2) Load- displacement variation of reinforced soi l wall system for

dense sand case

Load
in KN

Total
displacement

in mm

Horizontal
displacement

in mm

Vertical
displacement

in mm

10 27.31 23.81 22.03

20 29.44 25.91 23.69

30 31.56 27.32 25.81

40 33.7 29.48 27.31

50 35.81 31.68 28.32

60 37.91 33.81 30.19

70 40.03 36.92 32.52

80 43.15 39.01 34.33

90 46.24 40.24 36.66

100 48.09 42.41 38.15

          Table-17: Displacement s under different loads for dense sand
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Figure-G2: Load displacement relat ionship for loose sand

Figure shows that with the increase o f load there is very less increase o f

tota l,  hor izonta l  and vert ical  deflect ions.  The var iat ion in 3 displacement s

is not much in dense sand case. There is not much increase o f

displacements seen with increase o f load.



4.3) Load- displacement variation of reinforced soi l wall system for

silty sand  case
load in

      KN
Total

displacement
in mm

horizontal
displacement

in mm

Vertical
displacement

in mm

10 86.66 69.21 69.17

20 90.71 72.32 71.93

30 94.82 76.58 74.21

40 98.81 80.8 77.03

50 102.93 82.91 80.68

60 105.12 86.21 84.79

70 110.41 90.34 89.91

80 116.68 94.58 93.98

90 122.7 97.62 97.58

100 127.97 100.58 101.87

Table-18: Displacements under different loads for silt y sand
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Figure-G3: Load displacement relat ionship for silt y sand

Ø Figure shows that with the increase o f load there is steady increase in 3

deflect ions. The nature of var iat ion of displacements in silt y sand case is

same as that of loose sand case. Both hor izonta l and vert ica l

displacements are almost of same magnitude under different loads.



4.4) Load- displacement variation of reinforced soi l wall system for

clayey sand case

Load in
KN

Total
displacement

in mm

Horizontal
displacement

in mm

Vertical
displacement

in mm

10 25.45 13.46 24.63

20 26.69 14.58 25.42

30 27.87 15.69 26.24

40 28.91 17.74 26.9

50 29.53 18.67 27.73

60 31.23 21.32 30.12

70 34.38 23.65 32.63

80 38.41 26.71 34.97

90 42.68 28.93 37.64

100 45.44 30.88 40.7

Table-19: Displacements under different loads for clayey sand
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Figure-G4: Load displacement relat ionship for clayey sand

Ø Figure shows that  in  clayey sand case minimum horizontal  displacements

is observed. at  init ia l  loads tota l and vert ical disp lacements are almost

same but difference can be seen in later loads



4.5) Spacing-displacement variation of reinforced soi l  wall system for

loose sand case

Spacing
in M

Total
displacement

in mm

Horizontal
displacement

in mm

Vertical
displacement

in mm

0.3 109.75 73.21 91.67

0.5 168.21 129.84 134.28

0.8 210.85 176.35 180.67

Table-20: Displacements under different spacing for loose sand
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Figure-G5: Spacing displacement relat ionship for loose sand

Ø Figure shows that displacement s increases by nearly 100% if we increases

the spacing o f geogr id from 0.3 m to 0.8 m. it  is  also seen that the

reinforced so il  body collapses  if  we incraese the spacing beyond 0.8 m



4.6) Spacing-displacement variation of reinforced soi l  wall system for

dense sand case

Spacing
in m

Total
displacement

in mm

Horizontal
displacement

in mm

Vertical
displacement

in mm

0.3 28.8 20.02 24.81

0.5 48.09 42.41 38.15

0.8 60.32 54.32 47.51

Table-21: Displacements under different spacing for dense sand
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Figure-G6: Spacing displacement relat ionship for dense sand

Ø Figure shows there is a gradual increase in disp lacements with t he

increase in spacing o f geogr id from 0.3 to 0.8 m. at  0.3 m spacing vert ical

displacement  is  more but  at  0.5 m spacing horizontal  displacement

exceeds vert ical displacements.   it  is also seen that the reinforced so il

body collapses  if  we increase the spacing beyond 0.8 m



4.7) Spacing-displacement variation of reinforced soi l  wall system for

silty sand case.

Spacing
in m

Total
displacement

in mm

Horizontal
displacement

in mm

Vertical
displacement

in mm

0.3 100.54 70.33 83.21

0.5 127.97 100.58 101.87

0.8 158.89 134.01 120.03

1 199.9 156.97 138.69

1.2 217.42 187.1 156.54

Table-22: Displacements under different spacing for silt y sand
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Figure-G7: Spacing displacement relat ionship for silt y sand

Ø Figure shows that the displacements increases rapidly with increase in

spac ing o f geogr id at 0.3 m spacing vert ica l displacement is more but

after 0.5 m spacing hor izonta l displacement exceeds vertica l

displacements.  The variat ion of displacements is  more than 100%.



4.8) Spacing-displacement variation of reinforced soi l  wall system for

clayey sand case.

Spacing
in m

Total
displacement

in mm

Horizontal
displacement

in mm

Vertical
displacement

in mm

0.3 37.5 20.84 34.64

0.5 45.44 30.38 40.7

0.8 53.98 41.36 48.01

1 62.71 50.49 53.84

1.2 72.75 64.59 60.58

1.5 82.84 77.65 67.55

2 136.86 121.88 103.35

Table-23: Displacements under different spacing for clayey sand
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Figure-G8: Spacing displacement relat ionship for clayey sand

Ø Figure shows that there is steady increase in 3 displacements upto 1.5 m

of spacing o f geogr ids due to cohesive property of clayey sand but after

1.5 m excessive displacements can be seen.



4.9) Comparison of displacements for different soil  cases under same

spacing of geogrid.

S.no. Type of soil

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

1 loose sand 168.21 129.84 134.28

2 Dense sand 48.09 42.41 38.15

3 Clayey sand 127.97 100.58 101.87

4 Si l ty sand 45.44 30.38 40.7

Table-24: Displacements for different so il  cases under same spac ing o f

geogr id.
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Figure-G9



4.10) Variation of displacements with the length of geogrid for loose

sand case

Length of
geogrid in

m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

5 101.93 88.93 82.23

6 100.76 84.02 81.85

7 99.14 81.85 81.37

8 98.6 79.32 81.02

Table-25 Displacements var iat ion with the length of geogrid for loose

sand case
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Figure-G10: Displacements variat ion with the length of geogrid for loose

sand case

Ø Figure shows that with the increase of length o f geogr id all  3

displacements decreases.  Init ial ly hor izonta l  displacement is  more than

vertical  displacement but at  later stages hor izonta l  displacement is

minimum. There is  very minimum or no displacement in vert ical  direct ion

as loading condit ions is same for different cases.



4.11) Variation of displacements with the length of geogrid for dense

sand case

Length of
geogrid in

m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

5 35.1 24.14 18.25

6 34.53 23.28 18.09

7 32.15 22.7 17.85

8 31.66 21.98 17.69

Table-26 Displacements variat ion with the length of geogrid for dense

sand case.
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Figure-G11: Displacements variat ion with the length of geogrid for dense

sand case.

Ø Figure shows that in dense sand case very minimum effect of geogr id

length can be observed in displacements.  All  3 displacements show very

less deviat ion with increase in length.



4.12) Variation of displacements with the length of geogrid for silty

sand case

Length of
geogrid in

m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

5 110.93 100.35 83.09

6 101.99 90.34 79.27

7 99.68 87.22 78.77

8 98.77 85.66 78.56

Table-27 Displacements variat ion with the length of geogrid for si lt y sand

case
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Figure-G12: Displacements variat ion with the length of geogrid for si lt y

sand case

Ø Figure shows that a considerable decrease in displacements if  geogr id

length is increases from 5m to 6m and thereafter displacements are very

less.



4.13) Variation of displacements with the length of geogrid for clayey

sand case

Table-28: Displacements variat ion with the length o f geogr id for clayey

sand case.
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Figure-G13: Displacements variat ion with the length of geogrid for clayey

sand case.

Ø Figure shows that there is no effect of geogrid length on displacement s in

case o f clayey sand as t he clayey sand is cohesive I nature so minimum

length o f reinforcement should be provided.

Length of
geogrid in

m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

5 25.46 17.5 24.49

6 25.27 16.95 24.44

7 25.18 16.87 24.33

8 25.11 16.81 24.29



4.14) Variation of displacements with the change in axial stiffness of

geogrid for loose sand case

Axial stiffness
of geogrid in

KN/m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

1000 92.19 74.13 76.28

1500 78.21 58.01 66.99

2000 71.42 51.44 63.21

2500 65.68 42.49 59.4

Table-29: Displacements variat ion with the change in axial  st iffness o f

geogr id for loose sand case.
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Figure-G14: Displacements variat ion with the change in axial st iffness of

geogr id for loose sand case

Ø Figure shows that axial st iffness o f geogr id plays a significant role in

reducing the disp lacements.  almost 50 reduct ion in hor izonta l

displacements is seen with the increase in axial st iffness in loose sand

condit ion



4.15) Variation of displacements with the change in axial stiffness of

geogrid for dense sand case

Table-30: Displacements variat ion with the change in axial  st iffness o f

geogr id for dense sand case.
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Figure-G15: Displacements variat ion with the change in axial st iffness of

geogr id for dense sand case.

Ø Figure shows that in dense sand case there is not much reduct ion in to ta l

and vert ical displacement s but hor izontal displacement s are reduced by

50%.

Axial stiffness
of geogrid in

KN/m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

1000 25.25 21.72 20.81

1500 21.17 16.67 18.27

2000 18.95 14.32 17.22

2500 17.7 12.08 16.05



4.16) Variation of displacements with the change in axial stiffness of

geogrid for si lty sand case

Axial stiffness
of geogrid in

KN/m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

1000 97.72 83.24 75.91

1500 82.58 66.32 66.66

2000 76.94 58.91 63.47

2500 70.62 52.27 60.08

Table-31 Displacements variat ion with the change in axia l  st iffness of

geogr id for silt y case
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Figure-G16: Displacements variat ion with the change in axial st iffness of

geogr id for silt y sand case

Ø Figure shows that at init ia l increase in stiffness there is a sharp decrease

in displacements  especially horizontal  displacement ,  but  if  st if fness  o f

geogr id is further increased steady decrease in displacements is observed.



4.17) Variation of displacements with the change in axial stiffness of

geogrid for clayey sand case.

Axial stiffness
of geogrid in

KN/m

Total
displacements

in mm

Horizontal
displacements

in mm

Vertical
displacements

in mm

1000 25.28 14.47 24.48

1500 24.65 12.65 24

2000 24.35 11.39 23.86

2500 24.12 10.67 23.58

Table-32: Displacements variat ion with the change in axial  st iffness o f

geogr id for clayey sand case.
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Figure-G17: Displacements variat ion with the change in axial st iffness of

geogr id for clayey sand case.

Ø Figure shows that all  3 displacements are not much affected by increasing

the axial st iffness o f the geogrid so axia l st iffness does not play

significant ro le in case o f clayey sand.



5 CONCLUSION

On the basis o f finit e element analys is and modelling done on reinforced

earth wall  with different backfil l  properties,  the fo llowing po int can be

concluded:

(1) With the increase in load the var iat ion of total  displacement in case o f

loose sand is between 100 mm to 170 mm and there is also a steady

increase in hor izonta l  and vert ical  displacements in this case.

(2) Both hor izonta l  and vert ical  displacements are almost o f same

magnitude under different loads for loose sand. Init ially,  hor izonta l

displacements are more but at  the end vert ical displacements surpass

horizontal  displacements.

(3) The var iat ion in t he three disp lacements is not much in dense sand

case. There is not much increase of displacements seen with increase o f

load

(4) In case of Clayey sand the displacements observed are minimum.

(5) Displacements increases by nearly 100% if t he spacing o f geogr id

increases from 0.3 m to 0.8 m.for dense sand.

(6) In both loose sand and dense sand cases the reinforced so il  body

collapses  if  we increase the spacing beyond 0.8 m

(7) The var iat ion o f displacements is more than 100% in case of clayey

sand.

(8) The effect of spacing o f geogr ids on displacements is least seen in

case of clayey sand.



(10) With the increase o f length o f geogr id all  the t hree displacement s

decrease. In case o f dense sand effects of geogr id lengths can be observed

in displacements.

 (11) A considerable decrease in displacements can be seen if geogrid

length is increased from 5m to 6m and thereafter displacements are ver y

small.

 (12) Axial st iffness o f geogr id plays a significant ro le in reducing the

displacements.

(13) Hor izonta l displacement s are reduced by 50% and more if  we

increase the axial siffness of geogr id.
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APPENDIX-A

FIG A1: DEFORMED MESH OF MODEL

FIG A2: TOTAL DISPLACEMENTS OF MODEL



FIGURE A3: HORIZONTAL DISPLACEMENTS OF MODEL

 FIGURE A4: VERTICAL DISPLACEMENTS OF MODEL



FIGURE A5: EFFECTIVE STRESS CONTOUR

FIGURE A6: PLASTIC POINTS CONTOUR


