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ABSTRACT

INVESTIGATION OF SOIL AMPLIFICATION ON
GEOSYNTHETIC REINFORCED SOIL RETAINING
WALLS

Geosynthetic Reinforced Soil Retaining Wall concept is basically reinforcing a soil
mass to form a wall from the soil which has a little tensional strength. These structures
have been used all around the world for nearly four decades right now and their dynamic
performance has been tested with models and on the eld by observation. So far their
dynamic response performance is promising. The ampli cation of accelerations is one
of the issues which have been determined during both experimental and numerical
studies. In this present study the aim is, to observe the ampli cations relativity due to
the materials used as natural Il, back Il, base soil and the design of the geosynthetic
reinforcements. A commercial Finite Element Method program Plaxis v8.2 is used to
conduct analyses on 9 di erent models with 4 di erent soil types. These soil types
are de ned as rock, sti sand, sand and clay. A geogrid was used as reinforcement
and the wall facing is selected as a concrete plate. Prescribed displacements method
was used with a harmonic earthquake motion in order to conduct dynamic analyses.
The analyses have resulted in that the accelerations are most ampli ed at places close
to the top and to the face of the wall. Clay has shown a better performance as
a back Il material compared to sand in ampli cation of accelerations, deformations,
axial forces. Clay also has a de-ampli cation e ect in the depths of the medium.
The general conclusion is walls designed according to the current speci cations behave
successfully under earthquake loading conditions and ampli cation of accelerations are

heavily a ected by the soil properties.



OZET

THRES IME DAYALI HASAR TESP IT VE S ISM K
PERFORMANS BEL IRLEME

Geosentetikler ile Donat land r Ims Zeminlstinat Yap lar kavram cekme di-
renci olmayan zeminin geosentetik donat lar yard m yap ya dnstuulmesidir. 40
y la yak n bir suredir dunyanin bir cok lolgesinde kullan Imstrlar. Su ana kadar di-
namik tepkileri umut verici olup, konuuzerine bircok akademik calsma ve arast rma
yap Imstr. lvmelerin ampli kasyonu hususu yap lan hem deneysel hemde numeric
calsmalar s ras nda tespit edilmstir. Bu calsmada ameac, zemin, dolgu, taban zemin
olarak kullan lan malzemelerin ve geosentetik donat tasar m n n ivme ampli kasyon-
lar uzerindeki etkilerinin incelenmesidir. Sonlu Elemanla Program Plaxis v8.2 ile 4
farkl zemin tipi kullan larak, 9 farkl modeluzerinde analizler yap Id . Duvar modelleri
basit geometriye sahip, orta yukseklikte olmak sureti ile secilmstir. Kullan lan zemin
tipleri kaya, s k kum, kum ve kildir. Donat lar standart geogrid olupon duvar yuz
betonarme plaka olarak olusturulmustur. Belirlenms deplasmanlar yontemi dinamik
analizler cin belirlenms bir harmonik deprem hareketi ile uygulanmstr. Analizler
ivmelerin en fazla ampli ye olduklar tolgelerin duvar n on yuzine ve ust k sm na
yak n tolgeleri oldugu sonucunu vermstir. Ampli kasyonlar, deformasyonlar ve do-
nat gerilmeleri ac s ndan, dolgu malzemesi olarak kohezyonlu malzeme kullan m n n,
kohezyonsuz malzeme kullan m na gore cok daha basar| bir performans dayuracay
sonucuna ulas Imst r. Kilin ayr ca duvar n derin lolgelerinde ivme degerlerinde azalt ¢
bir etkiye sahip oldwgu gozlenmitir. Genel anlamda, bugun kullan lan standartlara uy-
gun irsaa edilen bu tip duvarlar n deprem ykleri alt nda basar | davrand klar n ve
ivmelerin ampli kasyonlar n n en yaun bagl oldwu hususun zeminozellikleri oldwu

tespit edilmstir.
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1. INTRODUCTION

Every structure must be built on soil, with soil or within soil. The importance
of soil mechanics is and the studies on the behavior is as old as the rst attempts
to build any kind of construction. Usage of available materials on the eld has many
advantages for a construction and soil is available, mostly, in any proposed construction
eld. Soil Retaining Walls have been used to change the geometry of any proposed
eld for many ages. The stresses on a soil could cause 3 di erent deformation types.
The rst one, elastic deformation, is not observed in soils frequently due to the levels
of the stresses occurring in practice. The second one, consolidation, occurs as a result
of the dissipation of the excess pore pressure generated in ne grained soils. The third
type of deformation is the case when the shear stress in the soil mass exceeds the shear
strength of the soil. The shear strength is not a fundamental property of a soil in
the same way as the compressive strength of concrete or the tensile strength of steel.
Reinforcing a soil body to develop a reliable shear strength is an idea which can be
compared to the idea of reinforced concrete, one of the basic principles of structural

engineering.

Natural materials such as wood and cotton have been used for many ages to
reinforce soil mediums. The biodegradation and the variance of material properties
caused a search for an engineered material. The development of geosynthetics ended
this pursuit somehow. Geosynthetics are by-products of oil industry so their produc-
tion also reduces the waste of this industry. They are largely available, mass-produced,
engineered according to needs, highly durable and cost e cient. These general prop-
erties make geosynthetics the most e cient material to reinforce soil mediums. In this
context Geosynthetic Reinforced Soil Retaining Walls are being constructed all over

the world with an increasing popularity.

The background of this study relies on the increase of documentation on the per-
formance of these walls during earthquakes in the recent years. The design methodology

keeps evolving during time but the main ideas remains the same. The experience during



the last 40 years have proven that these walls have done well regarding seismic perfor-
mance. The result is an increasing rate of preference of these walls over conventional

retaining structures.

A limit equilibrium approach is commonly used in the design of Geosynthetic Re-
inforced Soil Retaining Walls to assess the seismic stability. Pseudo-static force acting
against the stability is added to represent the e ect of the earthquake and the wall is
designed to satisfy a factor of safety. There might be unacceptably large displacements
before failing occurs so a tool such as Newmark’s sliding block analysis can be used to
estimate the earthquake induced displacements unless the critical acceleration is not
exceeded and the failure planes are formed, shear deformations of the foundation and

the reinforced back Il will be prevailing critical component of the seismic response.

Reduced scale shaking table tests on Geosynthetic Reinforced Soil Retaining
Walls have been conducted to analyze the behavior of these walls in many studies
over the years, such as the study which was conducted by Selek, (2011) in the Kandilli
Observatory and Earthquake Research Institute. During this academic research, the
ampli cation of accelerations has been observed in di erent locations of the reduced

scale walls.

The main idea for this academic study is to investigate acceleration ampli ca-
tion on Geosynthetic Reinforced Soil Retaining Walls. A commercially available nite
element analysis program, Plaxis, was used to calculate these accelerations. Models
with di erent base soil material properties, facing types, geosynthetic layer count are
analyzed with a harmonic earthquake loading. Points from di erent elevations on the
wall and inside the wall are used as reference points. The accelerations at these points
during this harmonic loading are measured and times vs. acceleration curves of these

di erent models are obtained.

The soil ampli cation and deampli cation is a phenomenon which can be observed
when the medium of the earthquake waves change. This e ect increases according to

the di erence in the sti ness of the mediums and the dimension of the subject medium.



It is safe to say that the accelerations will be ampli ed more with the soil becomes
more loose. Also if the medium change is occurring toward a denser medium such as

rock, the deampli cation will occur.

The results of these models with di erent soil properties, faces and geosynthetic
layers have all been modeled in plaxis and dynamically analyzed with points which are
at the same locations of the wall. The dimensions of the walls, base and the general
geometry is the same for all the walls. The same earthquake was applied to each model.
The ampli cation of accelerations was compared and curves, tables of the results were
prepared using Plaxis features. These results have all been discussed from a general
point of view. The conclusions of the study have been given according to the general

knowledge about ampli cation in earthquake and to these discussions.

This academic study is organized in ve main sections. The rst chapter is an
introduction. The background, history of this study a general statement of the scope
is given in this section as well as the order of the study. The second chapter is the
Literature Review, the reading, analyzing, evaluating and summarizing of the scholarly
materials about the Geosynthetic Reinforced Soil Retaining Walls and Ampli cation
of Acceleration is included in this section. The third chapter is the Methodology in
which the nite element method, the computer program Plaxis and modeling works
are illuminated. Fourth chapter is the Results and Discussions, in this section result
of the Plaxis analyses and discussions on these results are presented. And at the fth

chapter which is the last, the conclusions of the study are explained.



2. LITERATURE REVIEW

2.1. De nition of Geosynthetic

Geosynthetic is a planar product manufactured from polymeric material used with
soil, rock, earth or other geotechnical engineering related material as a human-made
project, structure, or system (ASTM D 4439, 2010).

Geosynthetics as a construction material have emerged and come to a really strong
place in construction materials industry. The rapidity of related product developments
and usage is so amazing that the studies on this subject have expanded in the same
way. Geo refers to earth and synthetics can be de ned as human-made products.
The manufacturing materials of Geosynthetics are polymers made from hydrocarbons
mostly. Also berglass, rubber and some natural materials can be used to produce
(Koerner, 2005).

Table 2.1. World Geosynthetics to 2015 (The Freedonia Group, 2011).

WORLD GEOSYNTHETIC DEMAND (Million square meters)
(Million square meters)

% Annual Growth
Item 2005| 2010| 2015| 2005-2010 2010-2015
World Geosynthetics Demand| 2559| 3015| 4500 3.3 8.3
North America 943 | 932 | 1270 -0.2 6.4
Western Europe 637 | 630 | 745 -0.2 3.4
Asia Pacic 599 | 905 | 1760 8.6 14.2
Other Regions 380 | 548 | 725 7.6 5.8

Nearly for 40 years geosynthetics has been used in the eld. The forecast of
geosynthetic demand increase throughout the world can be seen in the Table 2.1. They

are more commonly used every year according to International Geosynthetics Society.



Geosynthetics are found to be superior to traditional solutions in the eld for some

reasons. Geosynthetic Materials Association describes these reasons as:

Saving Space - geosynthetics take much less space and thickness compared to
alternatives.

Material Quality Control- As prefabricated materials all do; geosynthetics have

a standard property and makes it easier to control the quality.

Construction Quality Control - Usually prefabricated as large sheets; with geosyn-
thetics required number of connections and workmanship decreases and so the
construction control becomes easier. Soil and aggregate layers, concrete and other
eld materials are more susceptible to weather, handling or placement.

Cost Savings - Generally saves cost compared to purchase, transport and install
other materials.

Technical Superiority - As engineered materials for optimum properties; geosyn-
thetics o er technical superiority.

Construction Timing - Geosynthetics can be installed rapidly, providing the exi-
bility to construct during short construction seasons, breaks in inclement weather,
or without the need to demobilize and remobilize the earthwork contractor.
Material Deployment - Layers of geosynthetics are deployed one after the other
with a single crew to capably deploy multiple geosynthetic layers.

Material Availability - There are numerous suppliers for most geosynthetics and
this makes prices to be competitive and increases the availability of materials.
Environmental Sensitivity - Geosynthetic usage decreases the use of natural re-
sources and the environmental impacts associated with material handling activi-

ties.

The major functions of geosynthetic materials are separation, reinforcement, |-
tration, drainage and containment. These major functions are shown in Table 2.1. The
aim to use geosynthetic is either to increase performance or to be more economical then

traditional methods (Koerner, 2005).



Table 2.2. ldenti cation according to the usual primary functions, (Koerner, 2005).

Type of Geosynthetic Seperation | Reinforcement | Filtration | Drainage | Containment
Geotextile X X X X

Geogrid X

Geonet X

Geomembrane X
Geosynthetic Clay Liner X
Geopipe X

Geofaom X

Geocomposite X X X X X

2.2. Reinforcing Soll

2.2.1. History of Reinforcing Soil

Throughout the history reinforcing soil has always been a goal for construction.
Soil is a material which can endure compressive loads better than tensile loads. The
main bene ts are increasing the tensile strength and the shear resistance developed
from the friction at the soil-reinforcement interfaces. Basically to make soil act as a

uniform body, many kinds of materials were combined with soil (Das, 1994).

The rst reinforcement for soil is the ber reinforced bricks which dates back to
the Neolithic man which happened nearly ten thousand years ago. Still there are people
all around the world who are using ber mixed clays in order to build their houses. In
Figure 2.1 the preparation of adobe bricks in Romanian Delta can be observed. Other
than this throughout history many di erent materials has been used to reinforce soil.

All kinds of plants, woven-nonwoven fabrics, plant roots (alive reinforcement).



Figure 2.1. Reinforcement of Soil with Natural Materials (Wikipedia, 2013).

Nowadays reinforcing soil can be seen as a way to recycle materials. Synthetic
bers are used as reinforcement in soils to improve their properties and recycled ma-
terials such as carpets can be used for this purpose. The use of recycled bers from
textiles speci cally carpets o ers low cost raw materials, resource utilization and an
environmentally friendly method. Carpets, other suitable textiles and all materials
which will go to land lls otherwise, if appropriate, can be used to reinforce soils. Par-
ticularly in Wang’s study shredded waste carpet bers to 70 mm long can be blended

into soil with traditional equipment (Wang, 2006).

The rst attempts were made to stabilize swamps and marshy soils using tree
trunks, bushes. There were many attempts since then to reinforce soils. The rst
usage of fabrics was a heavy cotton fabric to reinforce an asphalt road. The results
were really good until the cotton deteriorated. In the last 40 years the promising
durability of geosynthetics are supported by widely availability, a ordability. And this
increasing popularity of these materials all around the world is not surprising (Koerner,
2005).

El-Emam and Bathurst (2007) illustrated the common geosynthetics for reinforc-

ing soil in Figure 2.2.



soil confinement

(a) Geotextiles (b) Geogrids (c) Geocells

Figure 2.2. Geosynthetics commonly used for soil reinforcement (EI-Emam and
Bathurst, 2007).

While designing a reinforced soil wall the e ects of reinforcement design param-
eters including length, stiness and number of layers (i.e. vertical spacing between
layers) on the response of reinforced soil retaining walls under static gravity loading
have been investigated in many di erent studies (e.g. Rowe and Ho, 1997; Hatami
et al., 2001; Hatami and Bathurst, 2005; Al Hattamleh and Muhunthan, 2006). Also
there are studies about these parameters e ecting the response of the soil walls under
the earthquake loading (e.g. Bathurst and Hatami, 1998; Selek, 2011). The numerical
studies regarding the dynamic behavior are relatively less in numbers. The results from
all these studies and others have all shown that under both static and dynamic loading
conditions the lateral displacements, magnitudes of reinforcement loadings, behavior
of the wall and the ampli cation factors are dependent on the length, sti ness and the
number of reinforcement layers. Also there are other factors a ecting these issues such

as soil type, facing type and model, wall dimensions (EI-Emam and Bathurst, 2007).

2.2.2. Basic Principles of Reinforcing Soill

To understand the basic principles of reinforcing soil the stress-strain relations on
a soil medium must be carefully observed. The soil element in Figure 2.3 which is part
of an in nite mass of soil, the application of a vertical stress, causes a deformation
in the element and also causes consequently @lateral compression from the adjacent
soil. The soil element undergoes a \tensile deformatiori'y, horizontally which is one

of the main causes of local failure (Kasay,2007).

This situation is di erent when a geosynthetic material, i.e. a geotextile, a ge-



ogrid, etc. is put into the soil as in Figure 2.3. After the application of a vertical stress,
not only the soil element deforms but also the geosynthetic material itself undergoes
extensions, tensile deformations acting as reinforcement which changes the internal

properties of the medium (Kasay, 2007).

a)

b) F—) ch* Sh <—F

Figure 2.3. Stresses and strains in an unreinforced and reinforced soil element (Kasay,
2007).

Extension of the reinforcement material creates a tensile strength T, which in
turn produces a horizontal stressh . This stress provides a con nement action on
the soil granules and greatly contributes to resist the horizontal forces and to reduce
horizontal deformations as well as the vertical deformations. As a consequence, it can
be decided that the presence of the geosynthetic material (reinforcement) to the soil
greatly reduces the deformation e ects of the stresses applied to the soil. Or to put
in other words, the vertical stress applied to the composite soil material can be much

more higher compared to the unreinforced soil, at equal deformations (Kasay, 2007).
The shear stresses in the soil can be observed at Figure 2.4. We can see the natural

shear stress distribution in the soil when a vertical stress is applied. The maximum

shear stress provided by the soil can be found with required formula.

(yx)= ytan max (2.1)

where’'max is the maximum angle of shear resistance of the soil;yk )max is the
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maximum overall shear stress provided by the soil.

Icy
Ty Yo ER

T

1T =

Figure 2.4. Shear stresses in an unreinforced soil element.

The variation of the tensile forces along the reinforcement and the location of the
maximum force has been established both experimentally and theoretically. Theoret-

ically numerical analysis and experimentally full-scale or instrumented models can be

used.
B Toax
a/f i m My
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Figure 2.5. General case of Tensile Reinforcements and Schematic maximum tensile
force line (FHWA, 1996).

As shown in Figure 2.5, generally, the maximum tensile force in the reinforcement

is located some distance behind the facing. In order to create a maximum force at that
location, the shear stresses exerted by the Il on the reinforcement must be in opposite

directions on the two sides of the peak force as shown.

The location of the points of maximum tensile force, called the maximum tensile
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forces line, thus separates the reinforced Il into two zones:

An active zone between the facing and the maximum tensile forces line. The
shear stresses on the reinforcements are directed towards the wall face.
A resistant zone behind the maximum tensile forces line. The shear stresses on

the reinforcement are directed away from the wall face.

Tensile force generated in the reinforcement by the soil in the active zone is
transferred through the reinforcement back to the soil in the resistant zone. This is

the walls general working principle.

0.3H

L, L.

H:‘7‘1

L

Figure 2.6. Inextensible Tensile Reinforcements and Schematic maximum tensile force
line (FHWA, 1996).
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Figure 2.7. Extensible Tensile Reinforcements and Schematic maximum tensile force
line (FHWA, 1996).

The extensibility of the reinforcements as well as the overall sti ness of the facing
e ects the location of the maximum tensile forces line. Figure 2.6 and Figure 2.7 show
the limiting locations of the maximum tensile forces line in walls with inextensible and

extensible reinforcements:

With inextensible reinforcements in Figure 2.6, the maximum tensile forces line
can be modeled by a bilinear failure surface which is vertical in the upper part of
the wall. The state of stress is assumed to be at rest at the top and decreases to
the active state in the lower part of the wall. The at rest state at the top of the
wall has been attributed to both construction stresses and the restraint provided
by the reinforcements against lateral yielding.

With extensible reinforcements Figure 2.7 the maximum tensile forces line coin-
cides with the Coulomb or Rankine active failure plane, and the stresses in the |l
correspond to the active earth pressure condition. The location of the maximum
tensile forces line may also vary due to external factors such as the shape of the

structure and surcharge conditions (FHWA, 1996).
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2.3. Geotextile Reinforced Soil Retaining Walls

2.3.1. General

Groups of Soil Retaining Walls can be observed in the Figure 2.8. In this study

the focus is on soil retaining walls with geotextile reinforcements (internal stabilized
Reinforced soil Wall).

raker ==,

potential failure wedge in-situ wall in-situ
. - wall
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wall b strut 7
{ // anchors
1
1
|

T

tiebacks
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panels [F=——r— facing ‘_'"".,{\ )
‘\ e oyl N [~ potential
I / fallure
h
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— wedge
) z grouted

— mﬁ’ bars
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Reinforced soil Soil nailing

(b) internal stabilized

(c) hybnd systems

Figure 2.8. Soil Retaining Walls (Jones, 1997).

Geotextile reinforced walls have a facing angle which is at least®°70This type
of construction has a unique set of design issues and the geotextile reinforcements, soll
spread between and the facing elements form a mechanically stabilized earth (MSE)
system. The rst example of this type walls was constructed in France in 1971 (26 years

earlier then Turkey). Since 1980s this type of constructions increased signi cantly.
(FHWA, 2009; Quler and Ocbe, 2003).
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Gravity and Cantilever wall systems made from masonry and concrete resist
lateral earth pressures by their mass. Reinforced soils create the lateral pressures and
also interact with the reinforcements in order to resist these pressures. (Designing with
geosynthetics 5 edition) Geosynthetic Reinforced Soil Retaining walls o er a faster
construction, exibility, higher performance, lower costs and higher durability when

compared to traditional walls (Kosekiet al., 2006).

Drainage Aggregate

Concrete Modular
Blocks

Figure 2.9. Construction process of a Geogrid-Reinforced Soil Structure (Kasay,
2007).

There are numerous studies showing that usage of Geosynthetics can reduce the
costs signi cantly. In compliance with the subject of this study, the reinforcing function
of geosynthetics is rstly used in a Segmental Retaining Wall located ilstanbul. This
wall was constructed in 1997 as a part ddmraniye-Altunizade highway project. The
reinforcement was a woven geotextile and facing elements were simple concrete blocks.
It is stated that there was a %35 saving by using this type of wall instead of reinforced

concrete alternative (Quler and Ocbe, 2003).

The construction phase of a Geosynthetic Reinforced Earth Retaining Wall can

be observed in Figure 2.9.
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2.3.2. Reinforced Earth Retaining Wall Components

The components of a Geosynthetic Earth Retaining wall in a cross sectional

scheme are shown in Figure 2.10.

The major elements and properties of these elements for a soil retaining wall can

be described as below.

Reinforced Fill Soil : The main aspects which must be taken into account are
long-term performance of the completed structure, construction phase stability and
the degradation environment created for the reinforcements. Cohesionless back Il is
usually the selection according to engineering communities. Also internal stress distri-
bution, pullout resistance and failure surface shape are all in uenced by the engineering
properties of this soil. While using the Il a reasonable degree of construction control
and inspections must be done even if the Il material is selected in a conservative man-
ner. The Il material must be free of organic matter and other deleterious substances
in order to prevent any enhancement in degradation in reinforcements. Also for com-
paction a speci ed lift thickness and an allowable range of moisture content is needed.
Compaction moisture control should be 2% of optimum moisture, wopt. Compaction
close to face of wall is done by lighter equipment to prevent facing panel movement
In order to achieve required friction, drainage and minimize settlement a better ||

material can be used in this region (FHWA, 2009).

Mechanically Stabilised ﬁ
Soil Mass —

Geosynthetic 55

reinforcement \ f
Modular block =l Retained Backfill
facing \ ¥ rd
Leveling Pad or 4

footing \ o)

Foundation Soil

Figure 2.10. Cross Section of a Geosynthetic Reinforced Earth Retaining Wall
(Kasay, 2007).
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Reinforcement:  Reinforcements are materials which are used to transfer the
forces along the body of the reinforced medium in order to make the body act as a whole
system. For retaining wall systems these reinforcements can be metallic (inextensible)
or geosynthetic (extensible). Stress transfer between the soil and reinforcement takes
place continuously along the reinforcement. Reinforcements are distributed throughout
the soil zone (FHWA, 2009).

The characteristics of these reinforcing elements are;

Providing a high coe cient of friction with Fill soil,
Having high tensile strength,

Not being brittle and having a low creep susceptibility,
Have a high durability,

Being exible and enabling easy construction,

Being cost e ective.

Facing Unit:  The front face of a retaining wall is composed of facing units
which are parts of reinforced soil system used to avoid the soil to dismantle. Facing
units can be modular precast concrete blocks, concrete panels, shotcrete, metal sheets
and plates, gabions, welded wire mesh, wood lagging and panels and wrapped sheets of
geosynthetics. Modular-block units can be bound to geosynthetic reinforcement layers
by the use of mechanical and/or frictional devices. Also the global stability of the wall
is supported by the dead weight of the modular blocks. Besides these facing units can

be designed in a lot of di erent ways for aesthetical issues (FHWA, 2009).

The facing of Geosynthetic Reinforced Earth Retaining walls are typically modu-
lar concrete blocks which are combined in a logo type fashion. Mortar is not used. The
most common design methodology is limit-equilibrium analysis and design earthquake
loads are taken into account with pseudo-static methods (AASHTO, 1993; FHWA
2009).

Also there are some other issues which must be taken into consideration such as
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foundation soil which will support the whole system so have appropriate properties. If
there is a need treatment can be applied to foundation in order to increase the bearing

capacity or control settlement.

2.3.3. Reinforcement Mechanism

The most signi cant example of the Geosynthetic Earth Retaining Wall concept
was made in United States in 1925 by Munster. He shaped an earth retaining wall
using an array of wooden members and a light facing. Munster minimized the problem
associated with the settling of the back Il by using sliding attachments between the
reinforcing members and the facing. Although the materials and details suggested by
Munster would not nd usage in modern construction, the techniques inherent in this
system are valid and form the principal of one of the construction techniques used

today.

Henri Vidal, French architect and inventor, o ered the basic type of Reinforced
Earth retaining system in 1960 which has the principle to transfer shear forces that
generate inside the soil mass to closely spaced reinforcements as yielding of soil occurs.
The system was patented in 1966 (Mitchell and Villet, 1987; Kaya, 2007).

Friction and adhesion provide the transfer of additional shear forces of unstable
soil mass to the reinforcement according to discrete system approach. Friction, acting
on the shear plane, is the component of shear resistance which is proportional to the
normal stress. The shear resistance between di erent materials (soil and reinforce-
ments for our case) is called adhesion and is independent of normal stress (Hausmann,
1990). The reason which results that soil mass stay at its stable state is the internal
shear transformation. Reinforcing also decreases the lateral pressure generated by the

reinforced soil mass(Basbug, 2010).
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Figure 2.11. Frictional Stress transfer and passive resistance Reinforcing Mechanism

of Reinforced Soil Retaining Structures (Hausmann,1990).

Figure 2.11 is a scheme showing the stress transfer mechanisms about the rein-
forcements and soil grains. Also Reinforcement mechanism must be designed according

to pullout tests which are formulized below.

T

T oL, (2.2)

where is apparent friction coe cient; is the average shear stress along the rein-
forcement,  is the overburden stressT is the applied pullout force,bis the width of

the reinforcement,L is the length of the reinforcement.

This apparent friction factor changes according to soil type. In dense granular
soil types is greater. This happens because of the tendency to increase the volume of
soil while the reinforcements are being pulled out. The con nement prevents this from
happening so the friction is greater in this type of soils. Also nature of soil, frictional

characteristics, soil density, e ective overburden stress, and the geometrical and surface
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properties of reinforcements, exibility of reinforcements and the Atterberg limits of
the proposed back Il are the main in uencers of this factor (Schlosser an Elias, 1978;
Mitchell and Schlosser, 1979).

2.3.4. Previous Studies on Geosynthetic Reinforced Earth Retaining

In the study named \Large constructions and Bridge Abutments: Solutions with
Geosynthetic Reinforced Earth” some case studies were reviewed. A wall of 19.7m
height and a 215m length with green facing in Germany was built to support construc-
tions and for noise protection. This wall can be seen in Figure 2.12. Also a second one
with a 23m height was built 2 years later after monitoring the rst wall carefully. The
rst wall was a stable and successful structure. The deformation measurements were
in the acceptable ranges. These measurements can be seen in the Figure 2.13 (Herold

et al., 2008).

Figure 2.12. Noise protection wall in Iserlohn (Herolet al., 2008).

The calibrating measurement was done immediately after the wall constructed
and the remaining measurements’ were between 10 - 30mm ranges. The measurement
points were at 7m, 14m and 19m above the foundation of the construction. The
settlements and deformations were well below the calculated values. It is possible to
group the deformations due to loading into three in this kind of walls. These can

be external loads on the upper surface of wall (§44), internal deformation due to
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wall's own weight (Vgre ) and the deformation in the foundation and/or sub-surface
(V subsurface )- The methods of calculation are shown in the Figure 2.14 (Herolet al.,
2008).

Large constructions
Retaining wall — Iserlohn |
| Smax = 10-30 mm

Point  Direc- Zero setting 1. series 2. series 3. series 4. series 17
tion June 98 ' June 99 June 00 June 01 June 02 .
17 X 0 * * * * f
17 y 0 . - : /
17z 0 | 003 | 005 | 003 -003 15 .
15 X 0 " * " * f
15 y 0 * * * * /
15 z 0 0,02 | -0,02 | 002 @ -0,02 [
4 x 0 . . : : 14 @
14 y 0 /
14 z 0 -0,01 -0,01 -0,01 -0,01 f
17
t=A y of under d values @ Measuring point

DATA IN Meter

Figure 2.13. Cross section measurements Iserlohn | (Hera@tlal., 2008).

Based on studies such as Herold, 2003 and the experience collected for this study;
lead to the recommendation of Finite Element Modeling. Also the facts such as mate-
rial modeling, phased construction option observation of horizontal and vertical com-
ponents of deformation are advantageous in Plaxis 8.2. FEM-program (Herodd al.,
2008)).

Usually Recommendation/Example
Vioad DIN 4019 V load FEM
O 1111
empirical
VGRE value V GRE FEM

DIN 4019

V sub surface V sub surface pgm

N

Observation-method

Figure 2.14. Methods of calculation (Herolet al., 2008).
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Table 2.3. Construction type, Geotechnical category and Height Relationship (Herold
et al., 2008).

Construction Type

Geotechnical Category 1

Geotechnical Category 2

Geotechnical Category 3

Supporting Walls H<3m 3m<H<9m H>9m
Bridge abutments H<2m H>2m
Dams H<3m 3m<H<9m H>9m
Foundation Cushioning s> 5 - 10cm s< 2-5cm s< 1-2cm

Supporting Elements
with Geosynthetic Jackets

Supporting Elements with
Geosynthetic Jackets

Veri cation of
applicability and
additional measures

Estimate of deformation
using conventional
procedures and rule

of thumb

Estimate of deformation

using FEM calculations,

construction stages and
deformation behaviour under

load to be taken into account.

Monitoring if necessary.

Estimate of deformation

using FEM calculations,

construction stages and
deformation behaviour under

load to be taken into account.

Monitoring if necessary.

The construction type relationship with the height of structure is given in Table
2.2.

The conclusions of this study includes that the Geosynthetic Reinforced Wall
construction regulates itself during construction due to compaction applied. The defor-
mations occur at this stage mostly and for larger structures FEM-programs perform far
better than conventional methods. Monitoring is an indispensable precaution (Herold

et al., 2008).

In the study named \Mechanical Behavior of Geosynthetic-reinforced Soil Re-
taining Wall* Kikumoto et al., (2010) are observed, investigated and discussed by
two-dimensional laboratory model tests and compared with their corresponding nite
element analysis. Di erent lengths of reinforcements and di erent spacing dimensions
between reinforcement layers are used.Shear strain distributions for di erent intervals
of reinforcements in L/H=1 case can be seen in Figure 2.15. It can be clearly seen
that the stability of the wall greatly a ected from the distance between the layers. The

results of insu ciently large distances show similar results(Kikumotoet al., 2010).
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Figure 2.15. Shear strain distributions for di erent intervals of the reinforcements in

case of L/H = 1 (Left: observed, Right: computed) (Kikumotoet al., 2010).

As well as the reinforcement lenght the di erent arrangements of the lengths of the
reinforcements may cause di erent results clearly. In this academic work L/H=1 and
L/H=7/12 reinforcements are used in 2 di erent arrangements. In the rst the longer
reinforcements are on the upper side of the wall. In this case the wall's overall stability
Is at risk since the reinforcements near the foundation don’t reach the safe zone far
from the wall surface the bearing capacity failure of the foundation and/or rotational
failure risk of the wall increases. In second case the reinforcements on the upper side of
the wall are shorter and internal stability of the wall is at risk mainly.The loadings on
the top of the wall may cause settlements or internal failures in this case.The patterns
can be observed in the Figure 2.16. In a past experimental study(l&t al., 2008) it is
also indicated that the full reinforcement lenght on the upper part of the wall is needed

for dynamic stability of the wall (Kikumoto et al., 2010).



23

v/B=0.13

observed computed

(aL/H=7121L,/H=1

v/B=0.13

computed

v/B=0.04

observed

(b) Ly/H =1, Ly/H =7/12

Figure 2.16. Shear strain distributions for di erent lengths of the reinforcements in

case of d/H = 1/8 (Left: observed, Right: computed) (Kikumoto et al., 2010).

The e ectiveness of geosynthetic-reinforcements depends on increasing both in-
ternal and external stability and the reinforcement design must be done accordingly.
Geosynthetic reinforcement layers must be close enough to stabilize the reinforced
ground or the stabilization e ects will be very limited. Length of the reinforcements
must be long enough to prevent formation of shear band in the back Il and subsoil
ground to bene t from using reinforcements. And if stress strain characteristics of ge-
omaterials, retaining wall and reinforcement are properly selected, frictional behaviors
between retaining wall, foundation, reinforcements and ground are suitably modeled
numerical simulations can predict the interval, length and arrangement of the rein-

forcements e ciently(Kikumoto et al., 2010).

2.4. Design of Geosynthetic Reinforced Soil Retaining Walls

There are di erent methods used in the design of GRS walls. Limit equilibrium
analysis method is frequently used in order to determine the properties (Geometry,
Reinforcement and Soil) of the materials to be used in the wall. Generally all studies
including the practical experiences show that a complete design approach should com-
bine working stress analyses, limit equilibrium analyses and deformation evaluations.

Computational Schedule can be observed in Figure 2.17 (Eliasal., 2001).
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" Define wall geometry and soil properties ||

|| Select performance criteria

|| Preliminary sizing ||

" Evaluate static external stability ||

Sliding verturning earing verall slope settlement/latera
Sliding Overt 2 B 2 Overall slop Settl t/lateral
(eccentricity) capacity stability deform.

|| Establish reinforcement length ||

" Check seismic stability ||

Figure 2.17. Schematic representation of external stability computational sequence
(Elias et al., 2001).

In this study seismic e ects will be considered as pseudo- static loading for design
calculation purposes. Selek (2011) used design recommendations by FHWA which uses
a Coulomb state of stress for external stabillity calculations and a Rankine failure
surface for internal stability calculations. These methods and recommendations will

be summarized in order to give the main literature about the subject.

First of all the design methodology is schemetized similarly in di erent sources.
In this methodology the common thing is starting design with a selected geometry and
reinforcement lenght. Then while evaluating external and internal stability this rein-
forcement and/or geometric properties can change. After establishing static external
stability the seismic stability is checked and if it is not su cient then again going back

to the "Preliminary sizing" stage can be needed.
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2.4.1. Considering External Stability

The Literature gives four major external failure mechanisms for Geosynthetic
Reinforced Soil Retaining Walls. These failure mechanisms must be checked rst in
the design process. They can occur separately or like a combination of two or three.
(Selek, 2011)

Sliding Overturning (eccentricity)

Bearing capacity Deep seated stability (Rotatiocnal)

Figure 2.18. Potential external failure mechanisms for a GRS wall (Eliast al., 2001).

The major cases of external failure which must be checked during design are drawn
in the Figure 2.18. These are sliding, overturning (eccentricity), bearing capacity and

deep seated stability (rotational).

As mentioned before when starting the design some preliminary assumptions
must be made. According to historical studies and the experience on the eld suggests
that length of reinforcement greater than 0. and 2.5 meters should be chosen in the

preliminary sizing stage. ThisH stands for the height of the wall (FHWA, 2009).

It can be seen that in the gure \Potential external failure mechanisms for a
GRS wall" the external stability of the wall is checked for all af the wall. So the wall is

assumed to be a rigid body in this design stage.The Earth Pressure,(Ks calculated
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from the formula below.

K, = tan?(45 Ef) (2.3)

where K; is active coe cient of earth pressure,f is angle of internal friction of back Il
soil (Angle of internal friction usually stays between 28-32for cohesionless back Ils

used in this type of walls).

Assumed Earth pressures developed can be seen on the Figure 2.19.

Horlzontal Backslope With Traf flc Surcharge

Assumed for bearlng capaclly
q LD_‘.MJ—L} and overall (glabal) stabiilty

Comps

Assumed for overturning (eccentrlicliy)

o [T T TR 1Y stdng & plout resistance
comps.

Relnforced
Soll Mass

TTTTTE

re
|

where: e = Eccenfricly R = Resultant of vertical forces (V, +ql)
q = Trafflc surcharge

Figure 2.19. External stability analysis for GRS wall with horizontal back Il and

tra c surcharge: calculation of earth pressures and eccentricity (Eliagt al., 2001).

If back Il has a slope active earth pressure calculation becomes:

q
cos cog cog’ ;

K4 = cos & (2.4)
cos + cog cos’ ¢

is the angle of back Il slope



























































































































































































































