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ABSTRACT

INVESTIGATION OF DYNAMIC BEHAVIOR OF GEOSYNTHETIC
REINFORCED SOIL RETAINING STRUCTURES UNDER
EARTHQUAKE LOADS

Due to their advantageous engineering properties and cost effectiveness large
numbers of Geosynthetic-Reinforced Soil Retaining Walls (GRS-RWs) are being designed
and constructed throughout the world and also in our country. In this thesis, in order to
gain better insight into dynamic behavior of a GRS-RW under earthquake loads, two 2
reduced-scale shaking table tests were carried out using the shaking table facility at the
Kandilli Observatory and Earthquake Research Institute (KOERI) of Bogazici University.
The walls were 1.9 m tall, making them one of the tallest reduced-scale walls of its kind.
By installing 8 linear displacement transducers to measure the strains of the geotextile
members, 8§ laser displacement sensors to measure the displacements of the facing blocks,
an LVDT to measure the displacement of the shaking table and 11 accelerometers on
several locations of the soil structure and onto the shaking table to evaluate the acceleration
amplifications occurred, detailed displacement-time, average strain-time and acceleration-
time histories of the components of the GRS-RW were obtained. In addition to the
experimental tests, numerical analyses with the finite element (FEM) program Plaxis v 8.4

and the Newmark’s displacement method were utilized.

The experimental test results showed that both experimental walls behaved rigidly
and almost no residual displacements were observed on the front wall. While Newmark’s
analysis confirmed this phenomenon, Plaxis v8.4 simulated the dynamic behavior of the
wall reasonably by demonstrating minor residual displacements at the top of the wall
attaining to 5 mm and 6 mm for 1 and 2™ experiments, respectively. The general
conclusion is that GRS-RWs designed according to the current specifications behave very

successfully under earthquake loading conditions.



OZET

GEOSENTETIK DONATILI ZEMIN iSTINAT YAPILARININ
DEPREM YUKLERI ALTINDAKI DAVRANISININ INCELENMESI

Gosterdikleri avantajli miithendislik 6zellikleri ve maliyet diisiikliikleri sebebi ile tim
diinyada ve iilkemizde ¢ok miktarda Geosentetikler ile Donatilandirilmis Zemin Istinat
Yapilar1 tasarlanmakta ve insa edilmektedir. Bu projede, Geosentetik Donatilarla
Giiglendirilmis Zemin Istinat Yapilar'min deprem yiikleri altindaki dinamik davranisi
hakkinda daha iyi bir kavrayisa sahip olabilmek icin Bogazi¢i Universitesi, Kandilli
Rasathanesi Deprem Arastirma Enstitiisi Sarsma Tablas1 Laboratuvari’nda iki adet 2
oraninda dlgeklendirilmis Istinat Duvarr modelleri ile sarsma tablas1 deneyleri yapilmistr.
Zemin Istinat Duvarlari 1.9 m yiiksekliginde olup, su ana kadar yapilan calismalar
icerisinde en yiiksek kiiclik Olgekli duvar modellerinden birisi konumundadir.
Geotekstillerin maruz kaldiklar1 deformasyonu 6lgmek i¢in 8 lineer deplasman cetveli, 6n
duvar yiizeyinin ugradigi yerdegistirmedikleri 6lgmek i¢in 8 lazer deplasman 6lgme aleti,
sarsma tablasinin deplasmanini 6lgmek i¢in bir LVDT ve ivme biiyiiltmelerini
(amplifikasyonlarin1) 6lgmek i¢in zemin yapisinin ¢esitli yerlerine ve sarsma tablasi
tizerine toplam 11 ivme-0lger yerlestirilmek suretiyle yapinin elemanlarina ait detayl
yerdegistirme-zaman, ortalama deformasyon-zaman ve ivme-zaman egrileri elde
edilmistir. Deneysel calismalara ek olarak, Plaxis sonlu elemanlar programi kullanilarak

niimerik analizler yapilmig ve Newmark Yerdegistirme Metodu tatbik edilmistir.

Deney sonuglar1 gostermistir ki iki deneyde de duvarimiz rijit davranis gostermis ve
on duvar yilizeyinde hemen hemen hi¢ kalict deformasyon gézlemlenmemistir. Newmark
analizi bu olguyu dogrularken, Plaxis v8.4 duvarin dinamik davranisini makul bir
yaklagiklikla 6n duvar ylizeyi tepe noktalarinda 1. deneyde de 5 mm’ye 2. deneyde de 6
mm’ye varan kiigiik kalic1 deplasmanlar hesap ederek yansitmistir. Varilan genel sonug
giiniimiizde gecerli tasarim sartnamelerine uygun olarak tasarlanan Geosentetik Donatili

Istinat Duvarlari’nin deprem yiikleri altinda son derece basarili davranis gosterdigidir.
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1. INTRODUCTION

1.1. General

Turkey is confronted with major earthquakes and in the future will be confronted by
many more. Thus, to resist the earthquakes in a more economical and efficient manner,
new systems need to be investigated, further understood and developed. Likewise, in the
geotechnical engineering domain, the reinforced earth structures are one of the promising

solutions that need to be assessed deeply.

Nowadays, although the resistance and performance calculations of the geosynthetic
reinforced soil-retaining structures under static loads can be done routinely and easily,
there is not a general procedure that is adopted with respect to the strength and resistance
criteria and design principles under earthquake loads. Generally, to investigate the dynamic
behavior of these kinds of structures, the well-known procedures are the numerical
methods (finite-element analysis), scale-model centrifuge tests, and scale-model shaking-
table tests. Among these tests, much care must be shown to scale-model centrifuge tests
and scale-model shaking-table tests, because they need a careful design strategy and

planning to be able to be constructed.

Because examining the behavior of a full-scale prototype model of a soil retaining
wall is not easy under dynamic conditions, scale-models of these prototypes of the soil
retaining structures are constructed and the centrifuge tests and shaking table tests are
applied to them. Deducting the full-scale behaviors from these small scale-models with
these experiments is an important and complex matter that needs the usage of
Buckingham’s & Theorem and similitude rules. Buckingham’s & Theorem is a compacting
technique that allows reducing the number of dimensional variables into smaller number of
dimensionless groups. The first benefit of this dimensional analysis is that with the help of
these dimensionless groups, we do not need to do many experiments, which would
otherwise cause us to spend very much money and time to it. Secondly, it suggests
variables, which can be discarded, resulting to give us a great deal of insight into the form

of the physical relationship we are trying to study. Finally, it provides scaling laws, which



can convert data from a cheap, small model into design information for an expensive, large

prototype.

In addition to scale-model shaking table tests, finite element numerical analysis
provides further information compared to traditional limit-equilibrium analysis, such as
deformation, shear stress distribution in the soil and tensile load in the reinforcement layers

that are necessary in order to estimate the performance of reinforced soil retaining walls.

1.2. Scope and Objective

In this study, firstly the Reinforced Soil Structures, their composition, history and
their usage areas are explained briefly. Thereafter, the methods to investigate the behavior
of these kinds of structures and conventional design methods are defined. Secondly, the
Buckingham’s Pi (w) Theorem, from which this scaled-model structure’s m values are
determined, and which is one of the most important supports that this study is based on is
described in detail. A scaling factor of 2 was chosen according to our constraints and
capabilities and some of the elements of the geosynthetic reinforced wall were produced
according to this scaling factor. Thirdly, the characteristics of the rubber material as an
absorbent material along with the soil characteristics are evaluated. Hereafter, the
numerical modeling of the GRS-RW with the FEM program Plaxis v8.4 is described. Since
to design a test structure of this kind is a delicate process under laboratory conditions, all
the materials used for this study and the test setup are presented with their logical reasons.
The instrumentation of all the electronic devices with their properties and capabilities were
also a vital issue, so these are specified. Lastly, the results of the acceleration amplification
study, geotextile-strain measurement study and front wall displacement evaluation study
are presented in detail. Finally, the experimental results are compared with the favorite
Finite Element (FEM) Geotechnical Engineering program Plaxis v8.4 and reached into a

conclusion.

1.3. Organization of the Thesis

The study is presented in the thesis in the following order:



Chapter 1
Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9
Chapter 10

Chapter 11

Introduction to the subject, scope and objective of the study

Literature review, description of the geosynthetic reinforced retaining walls
and experimental and numerical methods

Design of Geosynthetic Reinforced Segmental Retaining Walls, static and
seismic earth pressures acting on retaining walls, Modes of failure
Description of Dimensional analysis, Buckingham’s © theorem, similitude
(similarity) rules and scaling laws

Tests for Investigation of Soil Properties and Evaluation of the Rubber as an
Absorbent Material

Numerical Modeling of The GRS-RW with the Plaxis Program, Calibrating
the rubber fill with the Absorbent Boundary

Design of test set-up, Instrumentation and reinforcement layout, Materials
and Transducers selection, Dynamic Excitations, Shaking sequence,
Evaluation of the test data

Newmark’s Displacement Method Analysis and Determination of the
Inclination of the Failure Surface

Evaluation of the Measurement Results

Comparison of the results between experimental analysis and numerical
analysis

General Conclusions



2. DESCRIPTION AND LITERATURE REVIEW OF
GEOSYNTHETIC-REINFORCED SOIL RETAINING WALLS

2.1. Geosynthetic Reinforced Soil Retaining Wall (GRS-RW)

2.1.1. Description of GRS-RWs

Reinforced soils are composite materials, which combine the typical resistance of
two different materials in such a way to minimize the weakness of each one. The soil
material, which is found cheaply and in large amounts, is a compression resistant material.
On the other hand, the geosynthetic reinforcement is a relatively more expensive but highly
tensile resistant material. As a result, the mutual combination of these two materials
improves the global characteristics of this composite material, like the relationship between
the one with concrete and steel. When a geosynthetic material is used as reinforcement in
soil, this type retaining wall is called as Geosynthetic Reinforced Soil Retaining Wall

(GRS-RW) (Figure 2.1).

Reinforcement Layers

[ ]\

[ ]\
[/

Figure 2.1. Typical view from a reinforced slope for embankment

By placing tensile reinforcing elements in the soil the strength of the soil can be
improved significantly. Also by using a facing system, soil raveling between the
reinforcing elements can be prevented. This allows very steep slopes and vertical walls to

be safely constructed. A simple illustration of a segmental retaining wall with concrete



facing blocks can be seen from Figure 2.2. A further illustration in Figure 2.3 depicts a

typical section drawing used by a company in the industry.
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Figure 2.2. A simple illustration of a Geosynthetic-Reinforced Segmental retaining wall
(Mirafi Construction Products)
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Cap Unit ——
BRUTE Solid Units — T
Soil Reinforcement —

Drainage Aggregate
Compacted Backfill —— _

—

Drain Pipe
Leveling Pad
Mative Soil

Figure 2.3. GRS-RW typical section drawing (BRUTE retaining wall system)

In conclusion, GRS-RWs are considered to be typically more ductile, more tolerable
to differential settlements, more adaptable to low quality backfill, easier to construct, and
more economical when compared to other types of retaining structures. An instance from a

construction process of these types of structures can be seen from Figure 2.4.
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Drainage Aggregate

Concrete Modular
Blocks

Figure 2.4. Construction process of a Geosynthetic-Reinforced Soil Structure

2.1.2. Terminology of GRS-RWs

A GRS-RW is composed of, mainly, 5 elements. They are named as; retained
backfill soil, reinforcement, facing unit, mechanically stabilized soil mass and foundation

soil. The demonstration of these components can be seen in Figure 2.5.

Mechanically Stabilised 1~ >
Soil Mass § =
Geosynthetic =
reinforcement\_._-. :
Modular block

facing \

Leveling Pad or

footing \ 5 _".

Foundation Soil

| Retained Backfill

Figure 2.5. The principal elements of a GRS-RW
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Retained backfill is the fill material located between the mechanically stabilized soil
mass and the natural soil. The backfill material is selected to satisfy the following
requirements: 1. Friction strength: friction angle should be high enough to ensure the
necessary soil reinforcement interaction. 2. Susceptibility to creep should be sufficiently
low to prevent excessive deformation. 3. Maximum grain size should not be so large as to
adversely affect placement of reinforcements or compaction. 4. Moisture content may have
to be limited to avoid difficulties during compaction. 5. Corrosiveness should not be
excessive. In addition, all backfill material should be free from organic and other

deleterious materials.

Reinforcement 1is an inclusion where soil-inclusion stress transfer occurs
continuously along itself. Among the most used reinforcements, we can count the steel
strips and geotextile or geosynthetic sheets. Geosynthetics is a generic term that
encompasses flexible synthetic materials used in geotechnical engineering such as

geotextiles, geomembranes, geonets and geogrids.

Facing unit is a component of the reinforced soil system used to prevent the soil
from raveling out between the rows of reinforcement. The most common facings are the
precast concrete modular blocks, concrete panels, metal sheets and plates, gabions, welded
wire mesh, shotcrete, wood lagging and panels and wrapped sheets of geosynthetics. For
example, in GRS-RWs, the modular blocks, which are used to retain the backfill,
contributes to the integration and stabilization of the system through the interaction
between the blocks, blocks and backfill, as well as between the blocks and geosynthetic
layers. Modular-block units are typically connected to geosynthetic reinforcement layers
using mechanical and/or frictional connection devices such as polymeric pins, inserts,
clips, concrete shear keys. Additionally, the dead weight of the modular blocks increases

the performance of the global stability of GRS-RWs.

Mechanically stabilized soil mass is a generic term that encompasses reinforced fill
or sometimes called reinforced earth and multi-anchored soil mass. Reinforced fill is a
term used when multiple layers of inclusions act as reinforcements in soils placed as fill,

whereas multi-anchored soil mass is a term used when multiple layers of inclusions act as



anchored tendons in soils placed as fill. “Reinforced Earth” is a trademark for a specific

reinforced soil system.

Foundation soil is the soil beneath the mechanically stabilized soil mass and the
retained backfill, which carries this overall system. Surely, it is important that the
foundation soil satisfies the criteria of the design manuals. The bearing capacity, settlement
potential and position of ground water levels are some of the important factors that need to
be investigated before the implementation of the reinforced earth structures. As a result,
before the application, weak foundation soil characteristics may be improved to satisfy the
adequate bearing capacity and/or limiting total and/or differential settlements (FHWA,
1996) [1].

2.1.3. Basic Principles

If we consider the soil element in Figure 2.6a, which is part of an infinite mass of
soil, the application of a vertical stress G, causes a deformation in the element and also
causes consequently an oy, lateral compression from the adjacent soil. Horizontally the soil
element undergoes a “tensile deformation” &5, which is one of the principal causes of local

failure.

On the other hand, when a geosynthetic material, 1.e. a geotextile, a geogrid,etc. is
put into the soil as in Figure 2.6b, after the application of a vertical stress, not only the soil
element deforms but also the geosynthetic material itself undergoes extensions, tensile

deformations.

This extension of the material creates a tensile strength T in the reinforcement, which
in turn produces a horizontal stress o . This stress provides a confinement action on the
soil granules and greatly contributes to resist the horizontal forces and to reduce horizontal

deformations.

As a result, it can be concluded that the inclusion of the geosynthetic material to the

soil greatly reduces the stresses and strains applied to the soil, and the vertical stress



applied to the composite soil material can be increased compared to the unreinforced soil,

at equal deformations.
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Figure 2.6. Stresses and strains in an unreinforced and reinforced soil element[2]

Additionally, with respect to the shear stresses in the soil, if we look at Figure 2.7,
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 the formula:
(r yx )max =0 y,.tan Py (2.1)

where ¢ma = maximum angle of shear resistance of the soil;

(Tyx)max= maximum overall shear stress provided by the soil.
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Figure 2.7. Shear stresses in an unreinforced soil element [2]

When the soil element is crossed by a reinforcement element which makes a 0 angle
with the shearing direction (Figure 2.8), the state stress is modified because the tension T
generates a shear stress produced by the tangential component T.sinf, meanwhile the

normal component T.cosO generates another Ty caused by the friction angle ¢max 1n the soil

(Jewell,1980) [2].

Therefore:

() =0 pptan drax +(T/ A )cos6.tan gy +(T/ 4 )sin 6 2.2)
" Shear Stress Shear Stress
Tota}l Shear  Shear caused by the . caused by the
Resistance = Resistance normal tangential
of soil alone component of component of
T T

where A, = area of the soil element

(Tyxr)max = maximum overall shear stress of the reinforced soil
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Figure 2.8. Shear stresses in a reinforced soil element [2]

The variation of the tensile forces along the reinforcement and the location of the
maximum force has been established both experimentally, through instrumented models

and full-scale structures, and theoretically, using numerical analysis.

As shown in Figure 2.9a, the maximum tensile force in the reinforcement is generally
located some distance behind the facing. In order to create a maximum force at that
location, the shear stresses exerted by the fill on the reinforcement must be in opposite

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

The locus of the points of maximum tensile force, called the maximum tensile forces

line, thus separates the reinforced fill into two zones:

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

on the reinforcement are directed away from the wall face.

The global effect is that the 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.
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The location of the maximum tensile forces line is influenced by the extensibility of
the reinforcement as well as the overall stiffness of the facing. Figures 2.9b and 2.9¢ show
the limiting locations of the maximum tensile forces line in walls with inextensible and

extensible reinforcements:

e With inextensible reinforcements (Figure 2.9b), 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).

e With extensible reinforcements (Figure 2.9c), the maximum tensile forces line
coincides with the Coulomb or Rankine active failure plane, and the stresses in the

fill 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 [1].
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2.1.4. History of the Development of Reinforced Soil Structures

The earliest remaining examples of soil reinforcement are the ziggurat of the ancient
city of Dur-Kurigatzu, now known as Agar-Quf, and the Great Wall of China. The Agar-
Quf ziggurat, which stands five kilometers north of Baghdad was constructed of clay
bricks varying in thickness between 130-400 mm, reinforced with woven mats of reed laid
horizontally on a layer of sand and gravel at vertical spacing varying between 0.5 and 2.0
m. Reeds were also used to form plaited ropes approximately 100 mm in diameter which
pass through the structure and act as reinforcement (Bagir, 1944). The Agar-Quf structure
is now 45 m tall, originally it is believed to have been over 80 m high; it is thought to be
over 3000 years old. The Great Wall of China, parts of which were completed circa 200
B.C., contains examples of reinforced soil; in this case use was made of mixtures of clay

and gravel reinforced with tamarisk branches (Dept. of Transport, 1977).

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

of one of the construction techniques used today.

The modern concept of earth reinforcement and soil structures was proposed by
Casagrande who idealized the problems in the form of a weak soil reinforced by high-
strength membranes laid horizontally in layers (Westergaard, 1978). The modern form of
earth reinforcement was introduced by French architect and engineer Henry Vidal in the
1960s. Vidal’s concept was for a composite material formed from flat reinforcing strips
laid horizontally in a frictional soil, the interaction between the soil and the reinforcing
members being solely by friction generated by gravity. This material he described as
“Reinforced Earth”, a term that has become generic in many countries, being used to
describe all forms of earth reinforcement or soil structures. In some countries, including
the United States and Canada, the term is a trademark. The first major retaining walls using

the Vidal concept were built near Menton in the South of France in 1968.
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The use of textiles for reinforcement could not be contemplated until the
development of synthetic polymer-based materials. Synthetic fabrics were known prior to
1940 but it was not until the late 1960s and early 1970s that the advances in synthetic
fabric and geotextile developments led to the construction of reinforced soil structures. In
the 1960s the grid reinforcement was used to reclaim land for Nyeta Airport, Tokyo and to
improve the bearing capacity of weak subsoil (Yamanouchi, 1967). Following the example
of the California Highway Authority, high strength geogrid reinforcement is now used for
concrete faced structures. The first geotextile-reinforced wall was constructed in France in
1971, and in U.S. in 1974. After 1980s, the usage of geotextile reinforcement in reinforced
soil has increased significantly. Geogrids for the reinforcement of soils were developed in
1980 and used as earth reinforcement in 1981. Since then, the use of geogrid products
spreaded in United States. Nowadays, the utilization of modular block dry cast facing units
is adopted throughout the world due to their lower cost and higher availability. Generally,
these small concrete units are used with grid reinforcement, and such a wall system is
named as modular block wall (MBW). According to the last reports, more than 200 such

structures were constructed in the U.S., for highway applications [3].

2.1.5. The Use and Performance of Reinforced Soil Structures

Reinforced soil structures are cost-effective alternatives for all applications where
reinforced concrete or gravity types of walls have traditionally been used to retain the soil.
These include bridge abutments and wing walls as well as areas where right-of-way is
restricted, such that an embankment or excavation with stable side slopes cannot be
constructed. They are particularly suited to economical construction in steep sided terrain,

in ground subject to slope instability, or in areas where foundation soils are poor.

As a coherent yet flexible gravity mass, Reinforced Earth is particularly well suited
for construction in seismically active regions. The structures provide the high degree of
structural damping needed to absorb large energy releases associated with earthquakes. For
this same reasons, Reinforced Earth has proven effective is supporting high-speed railway

lines.
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Reinforced soil walls offer significant technical advantage over conventional
reinforced concrete retaining structures at sites with poor foundation conditions. When
compared to conventional reinforced concrete retaining walls, they can undergo larger
displacements due to their flexible behavior. Additionally, in such cases, the reduced cost
of reinforced soil versus conventional construction, plus the elimination of costs for
foundation improvements, such as piles and pile caps that may be required for support of
conventional structures have resulted in cost savings. In situations where a steep reinforced

slope can replace a conventional wall, cost savings can be 70 percent or more.

The advantages of reinforced soil structures can be stated as follows:

1) Without using large equipment they can be constructed simply and rapidly.

2) Even ordinary craftsmen without special skills can construct these types of
structures.

3) Need little site preparation.

4) Require little space in front of the structure for construction operations.

5) Reduce right-of-way acquisition by constructing or excavating steeper slopes.

6) Do not require rigid, unyielding foundation support, because reinforced structures
are tolerant to deformations. It is possible build on low-bearing capacity of soils
with the reinforcement on the base that would otherwise normally request a
preliminary consolidation and great caution during construction.

7) It is possible to use less valuable and cheaper materials and with the possibility to
build with steeper slopes the quantity of the material needed for an embankment
reduces. Thus, it is cheap and cost-effective.

8) It provides improved stability as the reinforcement guarantees an improvement in

the factor of safety, even in seismic areas.
Whereas the disadvantages are:
1) Require a relatively large space behind the wall face to obtain enough wall width for

internal and external stability.

2) Need granular fill mostly at the present time.
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3) Usually require a drainage system for ground nailing which may be difficult to

construct and maintain [1].

The observed performances of reinforced soil and geosynthetic reinforced soil
retaining structures during recent earthquakes are very satisfactory. According to the
surveys conducted by Sandri (1994) immediately after the Northridge Earthquake of 17
January 1994, the 9 reinforced segmental retaining wall structures located within 23 to 113
km of the earthquake epicenter, which are greater than 4.5 m in height, showed no
evidence of visual damage. Only 2 structures (Valencia and Gould Walls) showed tension
cracks within and behind the reinforced soil mass. All the facing columns for all walls
were intact eventhough peak horizontal ground accelerations as great as 0.5g were

estimated at one site.

A similar survey of three geosynthetic reinforced walls and four geosynthetic
reinforced slopes by White and Holtz (1996) after the same earthquake revealed no visual
indications of distress. Stewart et al. (1994) reported that slope indicator measurements at
the toe of a 24 m high geogrid reinforced slope which was estimated to have sustained
peak horizontal ground accelerations of 0.2g showed no movement. But, some
unreinforced crib walls and unreinforced segmental walls were observed to have developed
cracks in the backfill due to the limited flexible characteristic of concrete crib walls.
Similar good performance of several geosynthetic reinforced soil walls and slopes during
the 1989 Loma Prieta earthquake (Richter magnitude=7.1) was reported by Eliahu and
Watt (1991) and Collin et al. (1992).

Additionally, after the 1995 Great Hanshin Earthquake, in Kobe, Japan, reports from
Tatsuoka et al. (1995, 1996) shows that the 6.2 m high geosynthetic reinforced soil
retaining wall with a full height rigid facing construction have moved 260 mm at the top
and 100 mm at ground level but no damage was observed, although the peak ground
acceleration at the site have been as great as 0.7g. This phenomenon of tilting of the wall is

attributed to the shortening of the reinforcement lengths due to site constraints.

Nishimura et al. (1996), after the same earthquake in Japan, surveyed 10 geogrid

reinforced soil walls and steepened slopes after the same event. All structures survived the
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earthquake even though peak ground accelerations were estimated to be in the rage of 0.3
to 0.7g. Nishimura et al. determined critical accelerations for these structures using GRB
(1990) and PWRI (1992) methods of analysis and found that predicted critical acceleration
coefficient (ky) values were as low as 0.1. Results of stability calculations using these
methods led them to conclude that the length of reinforcement layers at the top of the
reinforced soil structures should be increased in order to capture critical failure volumes

generated under even modest horizontal seismic accelerations [4].

2.2. Centrifuge Tests of RS-RWs

2.2.1. Centrifuge Tests

In geotechnical engineering, self-weight forces are the dominant loads and the
generated confining pressures by them govern the behavior of the soil mass. In order to
replicate gravity-induced stresses of a prototype in a //n scaled model, it is necessary to
test the model in gravitational field n types larger than that of the prototype. So, in
centrifuge tests, by artificially creating a gravitational field, the behavior of the in-situ

structures under various load conditions can be simulated and examined.

In a centrifuge device, soil models placed at the end of a centrifuge arm, which is

located at a distance » from the axis of the centrifuge, can be rotated at a rotational speed,
@ = ,/ng/r, so that they are subjected to an inertial radial acceleration field, which, as far

as the model is concerned, feels like a gravitational acceleration field but N times stronger
than Earth’s gravity. Soil held in a model container has a free unstressed surface and within
the soil body the magnitude of stress increases with depth at a rate related to the soil
density and the strength of the acceleration field. If the same soil is used in the model as in
the prototype and if a careful model preparation procedure is adopted whereby the model is
subjected to a similar stress history ensuring that the packing of the soil particles is
replicated, then for the centrifuge model subjected to an inertial acceleration field of n
times Earth’s gravity the vertical stress at depth A» will be identical to that in the
corresponding prototype at depth hp where /4 = nhm. This is the basic scaling law of
centrifuge modeling, that stress similarity is achieved at homologous points by accelerating

a model of scale n to n times Earth’s gravity. The illustration of this modeling can be seen
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in Figure 2.10. Additionally, an example centrifuge test device is shown in Figure 2.11 and

a cross-section is depicted in Figure 2.12.
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Figure 2.10. Modeling under artificial gravity field

Figure 2.11. Centrifuge test device
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Figure 2.12. Cross-section through a geotechnical centrifuge. [5]

While the centrifuge is spinning, a shaking table can be mounted on the end of the
arm and it can be vibrated, sending pressure and shear waves up through the model
mounted on the shaking table. This emulates a real earthquake and the waves propagated
up through the soil and by the help of this procedure not only static behavior but also the

dynamic behavior of reinforced soil structures can be investigated.
2.2.2. Previous Studies on Centrifuge Tests of RS-RWs

By Goodings and Santamarina (1987), several reinforced soil retaining wall models
were tested centrifugically and the effect of the retained fill and the foundation on the
performance of walls was studied. In their studies, they adopted the = groups; w/d, oh/ov,
ov/H, t,/(0h.6v), where w is the reinforcing strip width, d is the grain diameter, oh and ov
are the horizontal and vertical spacing of the strips, H is the wall height and #, is the
reinforcing strip thickness. A certain dimensionless ratio yys, the index of wall safety
against strip breakage, was adopted and defined as yw—=(NyHK,0hov)/F, where F is the
tensile strength of a strip in units force, Ny is the centrifugal acceleration at failure in
multiples of Earth’s gravity, yis the unit weight of the backfill, and X, is the active earth
pressure coefficient for the backfill. If yys =1 when a wall collapses due to strip breakage,
then it is accurate portrayal of the forces in the wall; if it is greater than one, then the forces
causing failure are less than those considered and a design based on s would be
conservative. Aluminum foil for the reinforcing strips and the skin was selected and

acceleration was increased slowly on a 1.2-m-radius 10-g-ton Genisco centrifuge until
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catastrophic failure of the retaining wall occurred at Ny gravities. Two series of models, the
tall model (L/H=0.76) and the short model (L/H=1.36) were tested. In tall models, the
height of the walls H is taken to be 144 mm; ov=16mm; dh=30mm; and w=8mm, whereas
in short models H=80mm; dv=16mm; oh=50mm; and w=8mm. In conclusion, for tall
models, which are similar to prototype walls, the effect of the retained fill on the overall
internal stability of the wall was found to be small. Short models were more sensitive to
changes in retained fill, possibly due to a distribution of reinforcing strips that did not lead
to efficient reinforcing of the soil. The influence of vertical shear from the retained fill
acting on the back of the wall was highlighted. In both tall and short models, the
foundation was found to have greater effect than typically assumed and soft foundations

led to superior wall performance [6].

Centrifuge model tests, by Porboha and Goodings (1995) were performed to study
the behavior of soil retaining walls reinforced with a nonwoven geotextile stimulant and
backfilled with cohesive soil. Models were constructed on either firm or rigid foundations
reinforced with different lengths of reinforcement, and loaded to failure under increasing
self weight in the geotechnical centrifuge. Since the failure mechanisms and the prototype
equivalent heights at failure are interconnected functions of reinforcement length, they
tested the models against the overturning failure and rotational sliding failure types. They
constructed a 152 mm high model. Unreinforced vertical models on firm foundations failed
by overturning at prototype equivalent height of 5.3m. In this mode of failure a block of
soil at the front of the model toppled forward, rotating around the toe of the wall. When the
wall was reinforced with geotextile length equal to 0.5H, the prototype equivalent height
increased to 6.1m and failure occurred not by toppling but by rotational sliding, in which a
block of soil mass slipped along a concave upwards surface. In conclusion, results showed
that when backfill is cohesive soil, to derive maximum benefit from the presence of the
geotextiles, the length of the reinforcement for vertical walls should be at least 75% of the
height to contain the failure surface within the reinforced zone. Regarding the foundation
rigidity, the reinforced models on firm foundations showed higher prototype equivalent

heights at failure when compared to the identical models with rigid foundations [7].

A centrifuge testing program was undertaken to investigate the failure mechanism of

geosynthetic reinforced soil slopes and to evaluate the assumptions in their design by
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Zornberg et al. (1998). Scaling laws were established so that factors of safety in the models
would be identical to those in the prototype structures. Their adopted scaling laws are

described briefly as in the following:

For simplicity, the Ordinary Method of Slices (Fellenius, 1936), which only satisfies
equilibrium of moments for a circular failure surface, is considered in the limit equilibrium
expressions stated below. The Factor of Safety (FS) of the prototype is calculated as the
division of the sum of the Moments resisting slope failure by the sum of the Moments

driving slope failure, which is

B Z(Ai.p.g).cos 0;.tang.R + Zijj
P D (4;.p.g).sinb;.R

FS (2.3)

where (Ai.p.g) = weight of slice I per unit length of slope; A; = area of slice I; p = soil
density; g = acceleration due to gravity; 0; = angle from horizontal to tangent at center of
slice I; R= radius of the failure of the failure circle; ¢= soil friction angle; T;= tensile
strength of the reinforcement j; and yj= moment arm for reinforcement j. Similarly, Factor

of Safety of the model FS,, is described as

_ Z(Aim.pm.gm).cosﬁi.tan¢m.Rm +2ijyjm

FS ;
" Z(Aim.pm.gm).smﬁi.Rm

(2.4)

where the variables with subscript m refer to the model. The following relations between

the model and the prototype are:

Ain= (0)*Aj (2.5)
gm= Olg.8 (2.6)
1{m = 0('L~1{ (27)

Yjm = OlL-Yj (2.8)
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where o = scale factor for the linear dimensions; and o, = scale factor for the acceleration.
It is noted that a model built with a scale o, = 1/N requires that the acceleration caused by
the gravity be scaled by o, = N in order to bring the model to prototype stress levels.
Incorporating Equations 2.5, 2.6, 2.7, 2.8 into Equation 2.4, the Factor of the Safety for the

model can be given as

T.
Z(Al-.pm.g).cosﬁl—.tan¢.R + Z I Y

(a1) e,
Z(A,- Pm-&)-sinb; R

FS, = (2.9)

Since similarity between the failure responses of model and prototype requires that

FSn =FS, (2.10)

the scaling relationships for the analysis of cohesionless reinforced slopes can be

established by comparing Equation 2.3 and Equation 2.4. This comparison shows that the

following similitude requirements should be satisfied:

Pm=p (2.11)
tan ¢, = tan ¢ (2.12)
Tjm = (o) .0 Tj = (1/N)2N.Tj = (1/N).T; (2.13)

From the condition at Equation 2.13, it is understood that, for an Nth-scale reinforced

slope model a planar reinforcement having 1/N the strength of the prototype reinforcement

should be used.

By using these similitude rules and scaling laws, they constructed their models with a
total height of 254 mm. Each model was a 228 mm high geotextile reinforced slope built
over a 25.4 mm thick foundation layer and the slope face in all models was 1H:2V. The

number and spacing of the reinforcements varied and all reinforcements had the same
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length. They used two different relative sand densities to understand the importance of the

soil shear strength on the behavior of the failure of the geotextile reinforced soil slope.

Their conclusions were as follows:

= Failure in the models was characterized by well-defined shear surfaces through the
toe of the slope, which is in good agreement with current design methods for
reinforced slopes based on limit equilibrium.

» Failure initiated at mid-height of the slopes, contradicting the assumptions in
current design methods that failure should develop from the toe of the reinforced
slopes.

» The location of the critical failure surfaces was found to be approximately the same
for all models, which were built with different reinforcement spacing,
reinforcement tensile strengths, and soil densities.

» Settlements on top of the structure during centrifuge testing were observed to
depend on the properties of the backfill soil, but to be essentially independent of the
tensile strength and spacing of the reinforcements.

* Important contribution to the stability of the models was provided by the
overlapping layers, which failed by breakage instead of by pullout when intersected
by the failure surfaces.

= The test results indicate that the stability of the reinforced slopes is governed by the
peak shear strength and not by the critical state shear strength of the backfill soil.
Because higher g-level at failure was observed in the models where higher relative
density of the same soil were used. This was attributed to the late mobilization of
the maximum shear strength along the failure surface in the model where soil
having higher shear strength was used.

* Unlike the conventional triangular distribution of reinforcement tension with a
maximum tension at the base of the slope, a new distribution of reinforcement
forces with depth, consistent with the failure mechanism observed in the slope
models, is proposed for the design of geosynthetic reinforced soil slopes, where the
location of the maximum reinforcement tension in the proposed distribution

depends on the inclination of the reinforced slope [8].
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2.3. Shaking-Table Tests of RS-RWs

2.3.1. Shaking-Table Tests

Shaking table tests are the tests where earthquake motion can be simulated. The
simulator can reproduce historical and artificial earthquakes and blasting activity. Also,
cyclic and fatigue tests can be performed on the simulator. Most shaking tables utilize a
single horizontal translation degree of freedom, but shaking tables with multiple degrees of
freedom have also been developed. Shaking tables are usually displaced by servohydraulic
actuators (Figure 2.13); their dynamic loading capacities are controlled by the capacity of
the hydraulic pumps that serve the actuators. Large pumps and large actuators are required

to produce large displacements of heavy models at moderate or high frequencies.

Shaking tables of many sizes have been used for geotechnical earthquake
engineering research. Some are quite large, allowing models with dimensions of several
meters to be tested. Thus shaking tables can often utilize actual, prototype soils rather than
resorting to the smaller particle sizes often required for smaller scale model tests. For these
large models, soils can be placed, compacted relatively easily, and instrumented relatively

easily.

On the other hand, high gravitational stresses cannot be produced in a shaking table
test. Though the contractive behavior associated with high normal stresses at significant
depths can be simulated by placing soil very loosely during model preparation, the process
of preparing such models is quite difficult. Because of the low normal stress levels, the
contribution of factors that produce cohesive component of strength will be greater in the

model than in the prototype [5].
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Figure 2.13. Shaking table with soil bin used for dynamic earth pressure research. [5]

2.3.2. Previous Studies on Shaking Table Tests of RS-RWs

Chida et al. (1985) performed series of shaking table tests of a half-scale model of a
metal strip-reinforced soil wall. The physical model was constructed with four equal height
incremental concrete panels for a total height of 3 m. A 1.4 m high-unreinforced slope fill
was placed over the reinforced section that incorporated eight 4 m long steel strip
reinforcement layers. The physical model was 5.2 m from the toe to the back of the
shaking table container. Hence, the width of model to height of facing ratio was
approximately 1.7 with only a 1.2 m column of unreinforced soil between the back of the
reinforced soil zone and the back of the shaking table container. The back vertical
boundary of the experiment comprised rigid wall attached directly to the shaking table. The
toe of the wall was constrained horizontally. The model base was excited in a series of
experiments using a sinusoidal input acceleration with different frequencies ranging from f
= 2 to 7 Hz and peak base accelerations ranging from approximately am,x = 0.1g to 0.4g.
Resulting maximum reinforcement loads were approximately the same magnitude in all
layers and were observed to increase linearly with increasing peak base acceleration for
frequencies less than approximately 0.4g. A maximum frequency of 7 Hz for a half-scale

corresponds to approximately 5 Hz at prototype scale. They adopted a scale model

frequency of /2 times the frequency of the prototype ( f scaled = J prototype XN 2 ). For tests

carried out with an estimated base acceleration of an,, = 0.4g at f =2 Hz, and ay.x = 0.17g
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at f = 7 Hz, there was a non-uniform distribution of the dynamic load increment in the
reinforcement layers with large values developed in the layers at the top of the structure.
Here, the dynamic load increment in a reinforcement layer is the difference between the
maximum tensile load under seismic loading and the maximum tensile load under static
loading. Peak acceleration amplification between the base of the wall and the top of the
wall was observed to increase by a factor of two at a frequency f = 5 Hz (f = 3 Hz at

prototype scale).

Murata et al. (1994) reported the results of shaking table tests carried out on a
reinforced embankment model with a crest width of 3.45 m and contained by two 2.5 m
high walls constructed with gabion baskets and an outer continuous concrete panel. The
model was subjected to harmonic motion and actual earthquake records. The harmonic

record was observed to generate larger deformations than the earthquake record.

Sakaguchi (1996) performed shaking table tests on a 1.5 m high model test of a
reinforced wall. The tests were constructed with lightweight blocks and five layers of
geogrid reinforcement. The tests showed that wall displacements and permanent strains in
the reinforcement accumulated with time during a 4 Hz sinusoidal base acceleration record
applied for 7 seconds (peak accelerations up to approximately 0.5g were applied to the
model). The reinforced zone was observed to act as a monolithic body with no evidence of
a yield surface propagating across the reinforcement layers even after large wall

displacements developed [9].

Matsuo et al. (1998) carried out shaking table tests on six geosynthetic-reinforced
soil retaining wall (GRS-RWs) models. In their models, the geogrid reinforcement length,
wall height, wall facing type, wall slope, and input acceleration waveform were varied in
order to observe the behavior and the reinforcement mechanisms that occur in GRS-RWs.
They tested 3 different models of GRS-RWs. Case 1 was the 1.00 m high and 1.64 m wide
panel with vertical facings. The wall facings consisted of five discrete wooden facing
panels that were each 40 mm thick and 200 mm high, and the geogrid reinforcement layers
were 400 mm long with a vertical spacing of 200 mm. In case 2, longer geogrid layers
were used (700 mm long). In case 3, the wall height, number of discrete facing panels, and

length of the geogrid were %40 larger than in Case 1. Case 5 had a continuous facing
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panel; the discrete panels were connected using two rigid steel bars. Case 6 had inclined
facing panels (1V:0.2H). Each model was constructed in a rigid steel container with
transparent acrylic plates on one side to enable visual observation. The container was 4 m
wide, 2 m high and 1 m long. First, the firm, 200 mm thick foundation layer was prepared
at the bottom of the container by compacting sandy silt with a water content of %16. The
wall was built by compacting air-dried sand in 100 mm thick layers. The geogrid
reinforcements were connected to the facing panels at mid-height using metal fittings, and
the facing panels were interlocked with an overlap. The model walls were subjected to
sinusoidal records with a frequency of 5 Hz and 20 cycles. Linear Variable Differential
Transducers (LVDTs) were used to measure the front wall displacements and the strain
gauges measured the strains of the geogrids, whereas the accelerometers and earth pressure
cells were embedded in the wall and the foundation soil and were also attached to the
facing panels. The pressure cells were positioned to measure the vertical earth pressures in
the foundation soil, the horizontal earth pressures at the rear face of the reinforced soil, and
the horizontal earth pressures acting on the facing panels. The results they obtained are as

follows:

® For the model walls with vertical discrete panels, the reinforced soil mass moved
forward due to shaking, the greatest displacement occurred at the mid-height area,
and the bottom-facing panel inclined forward. A slip surface ran down into the
backfill soil and into the lowest layer of the reinforced soil. The magnitude of the
input acceleration at which the slip surface first appeared was the greatest for the
model wall with the longest reinforcement.

® For the model wall with a continuous facing, the reinforced soil mass tilted forward
with its deformation mode restricted by the rigidity of the continuous facing. A slip
surface formed that was similar in shape to the slip surfaces in the walls with
vertical discrete facings. The wall displacement was larger than that of the model
walls with discrete facings.

® For the model walls with inclined facings, the slip surface was circular and the
movement of the entire sliding block appeared to be rotational.

® When comparing the input acceleration amplitude required causing the same wall
displacement, the acceleration of the wall subjected to an earthquake record was

approximately %20 larger than that of the wall subjected to a sinusoidal record. But,
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surely one must not forget that the predominant frequency of the input motions has a
significant effect on the induced displacements.

® When the model was vibrated at an input acceleration large enough to induce plastic
deformation, the amplitude of the response acceleration within the potential sliding
block in the direction toward the back side of the wall was smaller than that of the
input acceleration.

» For the models walls with discrete facings, the increase in both the earth pressure
acting on the wall and the tensile force in the geogrid reinforcement was significant
at the bottom of the wall. In contrast, for the model wall with a continuous facing,
the increase was constant with depth.

» For the models walls with discrete facings, the earth pressure acting on the back of
the reinforced soil mass responded with double the frequency of the input
acceleration, when the input acceleration was large.

= The results were compared with the results of the pseudo-static seismic stability
analyses that are adopted in the current Public Works Research Institute design
manual. The results of this comparison demonstrated that, while the current design
method provides a certain margin of safety against the failure of reinforced soil
walls, it is important to determine the factors of safety with which reinforced walls
do not suffer any detrimental deformation.

» Using the cumulative damage method to calculate permanent deformation, the
displacement of the model wall subjected to an earthquake record was predicted
from test data of the model subjected to a sinusoidal record: the predicted wall
displacement was only approximately one fifth of the measured displacement. The
cumulative damage method does not consider the difference in frequency of the
input wave, which may explain why a smaller displacement value was calculated for

the wall subjected to an earthquake record [10].

M.M. El-Emam et al. (2001) investigated the behavior of reinforced soil walls under
seismic loading using shaking table tests and numerical simulation, giving particular
emphasis on wall footing toe restraint conditions. Two different facing toe arrangements
were used. It was either hinged (restrained in the vertical and horizontal directions, while
free to rotate) or sliding (restrained in the vertical direction only and free to rotate and slide

horizontally). Mainly, their investigation was focused on the influence of the toe boundary
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condition on lateral displacements, reinforcement loads, toe loads and acceleration
amplification in the backfill. They performed a series of shaking table tests to fourteen 1-m
high 1/6 reduced-scale reinforced soil retaining wall models. In order to predict the
behavior of equivalent (prototype) models at full scale, the model walls were designed
according to the simulation rules proposed by Ilai (1989). The reinforcement (knitted
geogrid polyster) vertical spacing for the models was S, = 0.23 m and the reinforcement
length, L, was chosen to give L/H = 0.6, where H is the height of the model. The model
walls were constructed with different toe boundary conditions and loaded to failure using a
stepped-amplitude harmonic excitation record of 5 Hz. The actuator stroke was increased at
5 second intervals to generate an equivalent incremental base acceleration of 0.05g until
excessive model deformation occurred. The facing panel was constructed using rectangular
hollow steel sections with cross section dimensions 75 mm by 38 mm. A total of 26
sections were bolted together to form a 1 m-high rigid facing with a thickness of 75 mm
and length of 1.4 m. Many instruments were installed in each test wall to monitor: a) facing
horizontal movements; b) reinforcement displacements and strains; c¢) horizontal and
vertical toe loads; and, d) facing and backfill acceleration response at different elevations.
The cable-extension position transducers (extensometers), the strain gauges and
accelerometers were the principal measuring devices attached and placed to several
locations of the retaining wall. Extensometers were used to measure facing displacements
during base shaking, whereas the strain gauges and accelerometers were utilized to measure
strains of geosynthetics and accelerations at the facing, in the backfill and at the table,

respectively. The conclusions reached were as follows:

® The displacement response for the model wall with a sliding toe was greater than the
response of the model with a hinged toe when base acceleration amplitude exceeded
0.3g.

® The vertical toe load was found to be greater than the facing self-weight throughout
each experiment, due to downdrag forces, and increased as the input base
acceleration increased. Downdrag forces are the forces that occur from the frictional
shear forces developed between the soil and the facing column as well as the vertical
component of forces at the connections due to settlement of the soil behind the

facing.
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" The type of toe boundary condition did not influence the magnitude of vertical toe
loads generated at end of construction (static) and under dynamic loading.

® The footing for models with a restrained toe attracted approximately 50% of the
static and dynamic horizontal earth force acting at the back of the facing panel. Also,
reinforcement load in the bottom reinforcement layer was greater for the
unrestrained toe case compared to the hinged toe case.

" Input base acceleration was amplified towards the backfill surface. The
amplification factor was found to be 1.2 for input accelerations lower than 0.3g and
increased sharply to about 2.2 for greater input base acceleration amplitudes. The
trend of increasing amplification factor with increasing base acceleration is reversed
from the trend reported in the literature for reduced-scale reinforced soil walls
constructed with relatively in-extensible reinforcement layers.

® Qverall, the shaking table model test results of the model walls were found to be in
close agreement with the measured data of the numerical analysis calculations done

with the FEM program Flac [11].

Large scale shaking table tests were reported by Hoe 1. Ling et al (2005). The large-
scale shaking table facility at the Japan National Research Institute of Agricultural
Engineering was used. The tested three walls were 2.8 m high, constructed on a soil
foundation 20 cm thick. The foundation was of the same type of sand as the backfill. The
steel container, which was designed to accommodate the wall, was 2 m in width and 4 m in
depth. To prevent waves reflecting from the steel walls during shaking, expanded
polystyrene boards 10 cm thick were placed at the front and back ends of the steel
container. Three large scale 2.8 m high modular-block geosynthetic-reinforced soil walls
were subjected to significant shaking using the Kobe earthquake motions. Each wall was
excited with a one-dimensional horizontal maximum acceleration of 0.4g followed by

0.86g. The summary and conclusions were:

® The reinforced soil retaining walls showed negligible deformation under simulated
moderate earthquake (peak acceleration of 0.4g). Under very strong shaking of
0.86g, the walls performed well. The third wall that had a longer top geogrid layer of
90 per cent the wall height, which was grouted in between top two courses of

blocks, gave the best performance eventhough its overall reinforcement length was
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only 60 per cent the wall height. Thus, the wall performance under earthquake
shaking could be improved by increasing the length of the top reinforcement layer,
reducing vertical reinforcement spacing, and grouting the top blocks to ensure firm
connection to the reinforcement. Longer reinforcement layer inhibits the formation
of tension cracks with in the reinforced mass. The optimal reinforcement length and
spacing may be determined through parametric studies upon validation of numerical
procedures.

» Under earthquake loading, the lateral displacement was largest at the top of the wall.
A larger settlement occurred in the unreinforced zone of the backfill, very likely to
slight lateral slide of the reinforced (coherent) mass. The amplification ratio of the
walls was less than 1.35 under a peak acceleration of 0.86g. The facing blocks and
reinforced soil zone gave similar response without showing phase lag.

= The vertical motions of Kobe earthquake did not much affect the wall deflection and
acceleration, but increased the vertical stress under the backfill and blocks, the

reinforcement load, and the connection load [12].

2.4. The Finite Element Method (FEM) Analysis of RS-RWs

2.4.1. FEM Method

The finite element method (FEM) has been utilized to analyze different types of
geotechnical structures, such as earth dams, embankments, shallow and deep foundations,
slopes and retaining walls. However, still the application of the finite element method to
RS-RWs is relatively recent. Because reinforced soil systems are complex systems that
involve determining the interaction between different structural components and soil,
determining these parameters is sophisticated and design is rare. However, finite element
analysis renders additional information compared to traditional limit-equilibrium analysis,
such as deformation and tensile load in the reinforcement layers that are necessary for
understanding the performance of reinforced soil structures. The results obtained from
finite element analysis can be used to guide the development of more accurate limit-

equilibrium design procedures.



33

Finite element analysis of reinforced soil structures can be conducted using computer
programs that simulate soil-structure interaction, i.e. programs that have the relevant soil
and structural elements and material models. The program should be able to simulate the
construction sequences, such as backfilling and the installation of reinforcement layers and
wall facings. Modern FEM methods use a discrete approach because computing costs have
significantly reduced. In a discrete analysis, the reinforcement, soil and facing, and their

interactions are modeled separately.
2.4.2. Previous Studies on Seismic Analysis of RS-RWs with FEM

Bathurst and Hatami (1998) carried out numerical experiments on a reinforced soil
wall using the two-dimensional, explicit dynamic finite difference program Fast Lagrangian
Analysis of Continua (FLAC). The reference continuous panel wall is 6.0 m high with six
uniformly spaced reinforcement layers. The wall facing was modeled as a continuous
concrete panel with a thickness of 0.14 m. The panel was either hinged at its base or free to
slide horizontally. The soil was modeled as a purely frictional, elastic-plastic material with
a Mohr-Coulomb failure criterion and non-associated flow rule. The friction angle of the
soil was ¢ = 35° and dilatancy angle y, = 6°, and unit weight y = 20 kN/m”’. For simplicity
and reduction of computation time, the elastic modulus was held constant for the duration
of numerical experiment including construction. The reinforcement layers were modeled
using linear, elastic-plastic cable elements with negligible compressive strength and an
equivalent cross-sectional area of 0.002 m”. The interface between the reinforcement and
the soil was modeled by a grout material of negligible thickness with an interface friction
angle o, = 35°. The bond stiffness and bond strength of the grout were taken as ky = 2x10°
MN/m/m and s, = 10° kN/m, respectively. The interface and grout properties were selected
to simulate a perfect bond between the soil and reinforcement layers. The wall-soil
interface was modeled using a thin soil column, 0.05 m thick, directly behind the facing
panel. The soil-wall interface column material was assigned a friction angle ¢; = 20°, and a
dilatancy angle y; = 0. A similar thin soil layer was introduced at the base of the soil region
but was assigned the same properties as the reinforced and retained soil materials. Because
FLAC does not allow assigning zero-thickness interfaces in combination with intersecting
free-field boundaries used in dynamic modeling, this procedure was adopted. Either a

typical minimum reinforcement ratio of L/H = 0.7 for static design of reinforced soil walls
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(e.g. FHWA 1996) or L/H = 1 was applied to the model. The yield strength of the
reinforcement was kept constant at Ty = 200 kN/m, but the Elastic Modulus J, varied from
500 kN/m to 69000 kN/m. After static equilibrium was reached, the full width of the
foundation was subjected to the variable-amplitude harmonic ground motion record. This
acceleration record was applied horizontally to all nodes at the bottom of the soil zone at
equal time intervals of At = 0.05 sec. The accelogram has both increasing and decaying

peak acceleration portions and is expressed as:

U(t) =+ fe” % ¢ sinQ2.z.f.1) (2.14)

where: a=5.5, f= 55, &= are constant coefficients and f'is frequency and ¢ is the time. The
peak amplitude is 0.2 g and the frequency is f = 3 Hz. This was a typical predominant
frequency of medium to high frequency content earthquakes. A frequency of 3 Hz was
chosen to give stable numerical results in all simulations while generating large
displacements and large reinforcement loads within a relatively short simulation time (6
seconds). Elgamal et al. (1996) have proposed that for conventional reinforced cantilever
wall-backfill systems less than 10 m in height, and subject to typical situations of seismic
excitation, a viscous damping ratio of ¢ = 5% is conservative. So, a damping ratio of ¢ =
5% was chosen for the reference case but several analyses with damping ratios of %10 and

%20 were also carried out. The conclusions and the results reported are as follows:

= Wall displacements and reinforcement loads accumulated during base shaking.

® The magnitude of total wall displacement at the wall crest and relative wall
displacement with respect to the wall toe at the end of the base excitation were less
for a reinforced wall that was free to slide at the base than for a wall that could only
rotate about the toe.

® With increasing reinforcement stiffness and length the magnitude of permanent wall
displacement diminished and the greatest influence on the magnitude of the wall
displacement was the foundation condition (hinged or free to slide condition).

® Wall-Soil interface soil column worked well by satisfying the maximum

reinforcement loads being generated at the connections.
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®" The harmonic input motion resulted in additional tensile loads being generated in
reinforcement layers that were significantly larger than values resulting from static
loading alone. The magnitude of additional dynamic loads in reinforcement layers
was observed to increase with increasing stiffness of the reinforcement.

® For walls with sliding base, dynamic load increments increased in generally linear
fashion with depth below the crest of the wall regardless of reinforcement stiffness.
For walls with a fixed base, the dynamic load increments did not increase with depth
and were attenuated in the lower layers for walls with reinforcement stiffness J<
2000 kN/m. For stiffer reinforcements, a linear trend of the dynamic reinforcement
loads similar to that noted for sliding-base cases was observed.

® Horizontal ground acceleration was amplified with height above the base
foundation. The amplification factor ranged from 2 to 2.8 for models with a
damping ratio of 5%.

®" The soil in the retained zone was observed to yield during shaking and the
inclination of the failure surface in this region was reasonably well predicted by
Mononobe-Okabe theory.

® There was no evidence of an interior shear surface propagating from the heel of the
facing panel and intersecting all reinforcement layers as is assumed in conventional

pseudo-static methods of analysis [9].

Additionally, briefly it can be noted that the reference harmonic base input
acceleration record are strongly influenced by the magnitude of the damping ratio of the
soil and the type of far-end boundary condition adopted. However, the greatest influences
on wall response are the choice of base ground motion record and the difference between
the frequency of the base excitation record and the fundamental frequency of the model.
The applied frequency of base excitation is close to the fundamental frequency of the

model, so large displacements and reinforcement loads were reported in this paper.

Ling et al. (2000) used the finite element program M-CANDE to conduct finite
element analysis of the full-scale geosynthetic reinforced retaining wall that was built at
the Public Works Research Institute (PWRI), Ministry of Construction, in Japan. The wall

was 6 m high and 5 m wide and was constructed in a concrete test pit with a concrete floor.
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The sidewalls of the test facility were lubricated grease and polymer sheets. Silty sand was
used as the backfill. A uniaxial geogrid manufactured from the extruded high-density
polymer is used as the soil reinforcement. The geogrid reinforcements were bolted to the
concrete blocks by using bolts and metal frames. Each block was 50 cm high and 35 cm
wide. Several strain gages were mounted to measure the strains of the geogrids and LVDTs
were placed onto several locations of the wall face and lateral displacements were
measured. The vertical and horizontal loads acting at the toe of the facing were also
measured using load cells. The M-CANDE program is capable of performing out of plane
strain analyses under static load conditions. The program can simulate the construction
sequence and inclusion of the reinforcement and interface elements in each solution
increment. In each increment of analysis, the solution is iterated to a user-selected
convergence criterion at the element level. The foundation, backfill, and facing blocks
were modeled by quadrilateral elements. The backfill was modeled using a nonlinear
elastic soil model (Duncan et al. 1980) with a variable Young’s modulus and a constant
Poisson’s ratio. A linear elastic model was used for the concrete foundation and concrete
blocks. Poisson’s ratio was taken as 0.17. The geosynthetic reinforcement was simulated
using one-dimensional elements having non-linear material properties. The tangent
stiffness of the geosynthetic element, J,,,, is obtained from the following expression, which

is based on the hyperbolic load-strain, 7-¢, relationship (Ling et al. 1995):

2
Jtan =jo(1—/1i] (2.15)
Ty

where: J,=initial stiffness; T=reinforcement tensile load; T = failure tensile load; and A =
failure ratio. Three node interface elements were used to model the interactions at the
concrete block-concrete block and concrete block-backfill soil interfaces. The slippage or
debonding of an interface element is based on the Coulomb failure criterion. The model
requires two property values: the interface friction angle, 6, and the tensile strength normal
to the interface, 7.. The concrete block-concrete block and concrete block-backfill soil
interactions were studied using a large direct shear device. The soil-geogrid interaction was
not used because the geogrids were assumed to be fully bonded to the soil. After the FEM

analysis was performed and the results were compared, they reached to a conclusion that
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the finite element model was able to give satisfactory agreement between the measured and
predicted results and the simulations of additional well-instrumented walls should be

attempted [13].

Ling et al. (2004) conducted Finite Element Analysis for both PWRI (Public Works
Research Institute Wall in Japan) and centrifuge walls under two-dimensional using a
modified version of Diana-Swandyne-II (Chan 1993;Zienkiewicz et al. 1998). They opted
a generalized plasticity model for granular soil and the geosynthetic model for expressing
the monotonic and cyclic behavior of soil and reinforcement. For the soil, the generalized
plasticity model required 15 parameters for simulating cyclic loading, whereas 11 of these
parameters could be obtained from static tests. For the geogrid reinforcements, Ling et al.
(2001b) formulated a bounding surface model to simulate the uniaxial cyclic behavior of
geogrids. A total of nine parameters required for cyclic loading, whereas in the case of
monotonic loading five parameters were sufficient. The dynamic analysis was initiated
using the input motion at the base of the mesh. In the dynamic analysis, the time
integration was performed using the generalized Newmark method (Katona and
Zienkiewicz 1985) with coefficients 3; = 0.6 and B, = 0.605. In addition to material
damping that is simulated by the constitutive models, system viscous damping (Rayleigh
damping) was considered in the analyses for the sand and interface (5%), rubber (%10),
and aluminum (%5), where the values were determined based on the fundamental
frequency of reinforced soil walls. No system damping was assigned to the geogrid. The
analysis was iterated to convergence with a tolerance of 0.05 using the norm of relative
displacements. As a result, the comparison of numerical and experimental results showed
that the finite element procedure was able to simulate the construction behavior as well as
dynamic behavior favorably. The results of analyses confirmed that the length and spacing
of reinforcement played an important role in minimizing wall deformations and strains in

the reinforcements [14].
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3. DESIGN OF GEOSYNTHTIC REINFORCED SEGMENTAL
RETAINING WALLS

3.1. Static and Seismic Earth Pressures acting on Retaining Walls

The earth pressure theories describe about the condition to develop a state of limit
equilibrium in the soil. The forces and pressures acting on a wall are in fact highly
indeterminate. Static equilibrium equations are insufficient to obtain a solution for lateral
forces; additional assumptions must be incorporated in the analysis. For nonlinear
materials such as soils, this is commonly and conveniently done by assuming that a "limit"
or failure state exists along some surface and that the shear force along the surface
corresponds to the shear strength of the material. With these assumptions, equilibrium
equations can be solved. Hence, this approach is commonly called "limit-equilibrium
analysis." To assure that the assumed failure does not in fact occur, a factor (safety factor
or strength mobilization factor) is applied to the material strength. It should be noted that
this solution approach differs significantly from that commonly used for indeterminate
structural analysis, where stress-strain properties and deformations are employed. This
limit-equilibrium approach provides no direct information regarding deformations; it is
implied that deformations are sufficient to induce the failure condition. Deformations are

indirectly limited to tolerable values by judicious choice of a safety factor.

The seismic behavior of retaining walls depends on the total lateral earth pressure
that develops during earthquake motion. These total pressures include both the static
gravitational pressure that exist before the earthquake and transient dynamic pressures

induced by the earthquake as well.

3.1.1. Static Earth Pressures acting on Retaining Walls

Static earth pressures on retaining structures are influenced by wall and soil
movements. The two types of static pressures, active and passive develop according to the
movement of the wall. The minimum horizontal pressure condition, or active earth

pressure, develops when a wall rotates about its base and away from the backfill an amount
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on the order of 0.001 to 0.003 radian (a top deflection of 0.001 to 0.003h, where h is the
wall height). As the wall moves, horizontal stresses in the soil are reduced and vertical
stresses due to backfill weight are carried by increasing shear stresses until shear failure is
imminent. If a wall is moved toward the backfill, horizontal stresses increase and shear
stresses reverse direction, first decreasing and then increasing to a maximum at failure.
Because the horizontal stress component along the shear planes is resisted by both shear
stress and vertical stress components, higher horizontal stresses can be developed than for
the active pressure case. Development of the maximum possible horizontal stress, or
passive pressure, requires much larger wall rotations than for the active case, as much as

0.02 to 0.2 radians.

The approaches of Rankine (1857) and Coulomb (1776) are widely used in most of

the practices.

3.1.1.1. Rankine’s Theory. If the vertical wall is frictionless and the retained earth

materials are level, homogeneous, isotropic (similar stress-strain properties in all directions
or in practical terms, not reinforced), semi-infinite and characterized by the Mohr—
Coulomb strength criterion (i.e.,t = ct+otand), the limiting states of stress can be estimated

using Rankine [1857] earth pressure theory. The minimum active earth pressure is:

P, =K 4o, -2cJK 3.1)

where K, is the coefficient of minimum active earth pressure; va is the vertical effective

stress at the point of interest, and c is the cohesive strength of the soil.

When the principal stress planes are vertical and horizontal (as in the case of a
smooth vertical wall retaining a horizontal backfill), the coefficient of minimum active

earth pressure is given by:

I=sing _ tan2(450 -gj (3.2)

4 :1+sin¢
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In the case of cohesionless backfill inclined at an angle B with the horizontal, infinite

slope solutions can be used to compute K, as:

cosﬂ—\/cos2 ﬂ—cos2 @
cos [+ \/cos2 ,H—cos2 @

K =cosp for B<¢ (3.3)

For dry homogenous cohesionless backfill, Rankine’s theory predicts a triangular
active pressure distribution oriented parallel to the backfill surface (Figure 3.1). The active
earth pressure resultant, Py, acts at a point located H/3 above the base of a wall of height,

H, with magnitude of:

P, ==K yH? (3.4)

_},.:'%Failure Surface

Direction of P from Backfill

Figure 3.1. Active earth pressure by Rankine

The angle of the shear plane with respect to horizontal is (45 + ¢/2), measured from

the heel of the wall.

Under maximum passive conditions, Rankine theory predicts wall pressure given by:
Pp=K,o,+2c/K, (3.5)

where K,, is the coefficient of maximum passive earth pressure and c is the cohesion.

For smooth, vertical walls retaining horizontal backfills,
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= L+sing _n2[450. 9 (3.6)
I-sing 2

and for backfills inclined at 3 with the horizontal,

cosﬂ+\/cos2 ﬂ—cos2 @
cosﬂ—\/cos2 ,H—cos2 1/

(3.7)

K, =cosf

For dry homogenous backfill, Rankine’s theory predicts a triangular passive pressure
distribution oriented parallel to the backfill surface. The passive earth pressure resultant, or
passive thrust, P, acts at a point located H/3 above the base of a wall of height, H, with
magnitude of:

1
P, = EprHZ (3.8)

In this case, the angle of the shearing plane measured from the heel with respect to

horizontal is (45 - ¢/2).

3.1.1.2. Coulomb’s Theory. Coulomb [1776] solved the lateral earth pressure problem

assuming a homogeneous, isotropic material, rough wall, planar failure surface, and Mohr—
Coulomb strength criterion. The Coulomb theory provides a method of analysis that gives
the resultant horizontal force on a retaining system for any slope of wall, wall friction, and
slope of backfill provided B<¢. A wide range of earth pressure problems can be solved
using the force polygon technique implied in Coulomb’s method. The closed-form solution
for the minimum active earth force for a general case including dry, cohesionless material,

inclined rough wall, and sloping backfill is presented in Figure 3.2.
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Figure 3.2. Diagram showing earth pressure acting on the wall

Under the minimum active earth pressure conditions, the active thrust on a wall with
the geometry as shown in the previous Figure 3.2 is obtained from force equilibrium. For
the critical failure surface, the active thrust on a wall retaining cohesionless soil can be

expressed as:

P, =%KA7H2 (3.9)

cos? (p—0)

cos2 900s(5+ o)1+ Sin(5+ ¢)sin(¢ _ ,B) 2
cos(5 +0)cos( - 0)

where K 4 = (3.10)

in which 6 is the angle of interface friction between the wall and the soil; B is the
backslope angle (from horizontal) and 0 is the wall inclination. The critical failure surface

is inclined at an angle to the horizontal by:

a4 =¢+tan

_l{tan(¢—ﬂ)+Cl} G.11)
¢

where:

Cy = y/tan(g — p)[tan(p — B)+ cot(¢ — )]1 + tan(5 + &) cot(p - 0)] (3.12)
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Cy =1+ {tan(5 + 6)[tan(¢ — ) + cot(4 — 0) ]} (3.13)

P4 acts at a point located H/3 above the base of the wall of height H.

For maximum passive conditions in cohesionless backfills, Coulomb theory predicts

a passive thrust:

1
P, = EKPsz (3.14)
where:
cosz(¢+ 0)
K, = (3.15)

sin(S + @) sin(¢ + ) T

cos’ 0 cos(o — 9){1 + \/
cos(o — @) cos(f —0)

The critical failure surface for maximum passive earth pressure conditions is inclined

to the horizontal at:

ap =—¢+tan

_l[tan(¢+ﬂ)+c3} (3.16)
Cy

where:

C3 = y/tan(g + B)[tan(g + S)+ cot(g + O)]1 + tan(5 — 0)cot(¢ + )] (3.17)
Cy =1+ {tan(6 — O)[tan(p + ) + cot(¢ + 0) |} (3.18)

In contrast to Rankine theory, Coulomb theory can be used to predict soil thrust on
walls with irregular backfill slopes, concentrated loads on the backfill surface, and seepage
forces. Coulomb wedge theory calculates less earth pressure than Rankine theory for a
level backslope whereas the values converge under backslope conditions when 6 = f.
Coulomb theory calculates a unique failure angle for every design condition whereas

application of Rankine theory to reinforced soil structures fixes the internal failure plane at
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45 + ¢/2. If the shoring system is vertical and the backfill slope and wall friction angles are

zero, Coulomb’s equation will be the same as Rankine’s for a level ground motion [15].

3.1.2. Mononobe-Okabe Pseudo-Static Approach for Seismic Earth Pressures acting

on Retaining Walls

Okabe (1926) and Mononobe and Matsuo (1929) extended Coulomb’s theory of
static active and passive earth pressures to include the effects of dynamic earth pressures
on retaining walls. The Mononobe-Okabe theory incorporates the effect of earthquakes
through the use of a constant horizontal acceleration in units of g, a, = ky.g, and a constant
vertical acceleration in units of g, a, = k.g, acting on the soil mass comprising Coulomb’s
active wedge (or passive wedge) within the backfill as shown in Figures 3.3 and 3.4. The
term ky, is the fraction of horizontal acceleration (horizontal inertial coefficient or seismic
coefficient), k, is the fraction of vertical acceleration (vertical inertial coefficient or
seismic coefficient), and g is the acceleration of gravity. In the following figures, positive
ay values act downward, and positive a, values act to the left. The acceleration of the mass
in the directions of positive horizontal and positive vertical accelerations result in the
inertial forces k,.W and k,.W as shown in the following figures, where W is the weight of
soil wedge. These inertial forces act opposite to the direction in which the mass is
accelerating. This type of analysis is described as a pseudostatic method of analysis, where

the effect of the earthquake is modeled by an additional set of static forces, ky,. W and k,.W.

Bx
Slip Plane Wk
Wk 0 ¢
an — kh.g H
Ground [ \id
Acceleration R PAp40
QAE

Figure 3.3. Mononobe-Okabe active wedge
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Slip Plane

ap = kh.g
Ground
Acceleration

ay=ky.g

Figure 3.4. Mononobe-Okabe passive wedge

The Mononobe-Okabe theory gives the net static and dynamic force. For positive

kn>0, Pag is larger than the static P, and Ppg is less than the static Pp.

The Mononobe-Okabe relationship for Pag for dry backfills, given by Whitman and
Christian (1990) is equal to:

1
Pap = Kaplr =k} (3.19)

and acts at an angle & from the normal to the back of the wall of height H. The dynamic

active earth pressure coefficient, K, is equal to:

cos”(¢=y' =0) (3.20)

: : 2
sin(g +6)sin(¢ —y — )
cos(8 +y +0)cos( - 0)

K4 =

coswcos2 0c0s(w +6+ 5){1+\/

and the seismic inertia angle, v, is equal to:

= tan_{k—h} 3.21)
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The seismic inertia angle represents the angle through which the resultant of the

gravity force and inertial forces rotated from the vertical.

The planar slip surface extends upwards from the heel of the wall through the
backfill and is inclined at an angle aag from the horizontal. aag is given by Zarrabi (1978)

to be equal to:

1| —tan(g—y — B)+ Cy 4 (3.22)
CouE

o g =¢—y +tan

where

Crag =+tan(g -y — Bltan(g -y — B)+cot(g —y — O)[1 + tan(5 +y + O)cot(g—y - 6)] (3.23)

Cap =1+[tan(6 +y +O)[tan(p -y — B) + cot(p—y - 0)]] (3.24)

In the calculation of earth pressure using Equation 3.19, the vertical component was
neglected as suggested by Seedman and Whitman (1970). Then the equation can be

simplified as:
1
Py = EKAEVHZ (3.25)

The Mononobe-Okabe relationship for Ppg for dry backfill, given by Whitman and
Christian (1990), is equal to:

Ppg =%KPE[7t(1_kv)]]—12 (3.26)

and acts at an angle & from the normal to the back of the wall of height H. The dynamic

passive earth pressure coefficient, Kpg, is equal to:
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C052(¢—l//+9) (3.27)

sin(¢+0)sin(p—y + B) T
cos(8 +y —6)cos(5 - 0)

Kpg =

cosz,//cos2 Hcos(w -0+ 5{1 —\/

The planar slip surface extends upwards from the heel of the wall through the

backfill and is inclined at an angle apg from the horizontal. apg is equal to

app =Y —¢+tan

—1{tan(¢+ﬂ—l//)+ C3PE} (3.28)

CapE

where

C3pg = tan(¢+ B —w)tan(p + B —w )+ cot(p+ 0 — )]l + tan(5 + y — O)cot(p —y + 0)] (3.29)

Cypg =1+|[tan(6 +y - 0)tan(p v + )+ cotlg —y + )] (3.30)

Seed and Whitman (1970) presented a simplified procedure for computing the
dynamic active earth pressure on a vertical wall retaining dry backfill. They considered the
group of structures consisting of a vertical wall (8 = 0) retaining a granular horizontal
backfill (B = 0) with ¢ equal to 35 degrees, 6 = ¢/2 and k, equal to zero. P,g is defined as
the sum of the initial static active earth pressure force and the dynamic active earth

pressure force increment,
Pag = PATAPAE (3.31)

where
1
APAE ZAKAEE]/tHZ (332)

The dynamic active earth pressure coefficient is equal to
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Kag= KatAKag (3.33)
and
3
AK 4 = Zkh (3.34)

Using this simplified procedure, K, is computed using Equation 3.10, and AKag is
computed using Equation 3.34. All forces act an angle 6 from the normal to the back of a
wall, as shown in Figure 3.5. Also in Figure 3.6, the earth pressure distributions acting on
the wall are depicted in detail. P, acts at a height equal to H/3 to 0.6H, depending upon the
value of ky. The acting point of the earth pressure above the base of the wall can be found

as:

¥ - (3.35)

The results of instrumented shake table tests conducted on model walls retaining
dense sands show Apag acts at a height of between 0.43H and 0.58H, depending upon the
mode of wall movement that occurs during shaking. The height of the model walls used in

the shake table tests, as summarized in Matsuzawa, Ishibashi, and Kawamura (1985), were

2.5 feet and 4 feet.

\\\5’&: PAE\< ‘T b K #E - APAE E
L B Ay N
&? H = % £—|— AN
OLAE “~ %l A 3

Pap=Pa + AP4g

PA£+APAE(O6H)
Y = 3

Py

Figure 3.5. The acting locations of the static active and incremental dynamic active earth
pressure forces
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Figure 3.6. The earth pressure distributions during dynamic loading with pseudo-static

approach [17]

Current AASHTO/FHWA guidelines use an equation proposed by Segrestin and
Bastick (1988) that relates ky, to amax (am) according to

(1.45 — Smax ]amax
ky, = & (3.36)
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where amax is the peak base acceleration. This formula results in ky>an/g for an< 0.45g. In
some practices, it is also advised to take ky, = PGA/g in which PGA represents the peak
ground acceleration. Generally, the selection of kj, for design is based on engineering
judgment, experience and in some instances local regulations. As the value of the
horizontal pseudo-static coefficient increases, the inclination of the failure surface

decreases resulting smaller values of aag.

As given by Kramer (1996), a reinforced wall is treated like a gravity wall for the
evaluation of external stability. The earthquake loading is represented pseudostatically by
the dynamic thrust, APsg. The external stability can be evaluated by the following

procedure for a particular wall design.

Peak ground acceleration, a., at the centroid of the reinforced zone can be calculated

from the equation

a, = (1 45 — Zmax ]amax (3.37)
g
and dynamic thrust from
a ]/bHZ
AP, =0.375—<2— (3.38)
g

where 7y 1s unit weight of the backfill soil. The overturning moment can be calculated by

My =(Pyg),Y (3.39)

where (Pag)y = dynamic load at height y and Y = the acting point of the dynamic load [16],
[17].
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For all external and facing stability calculations for conventional SRW structures and
for all external stability and internal stability for GR-SRW structures, k; recommended is

calculated from (NCMA):

K, = £G4 (3.40)

2g

3.2. Modes of Failure

Stability analyses for geosynthetic reinforced segmental retaining wall systems under
static and seismic loading conditions involve separate calculations to establish factors of

safety against external, internal and facing modes of failure (Figure 3.7).

External stability calculations consider the reinforced soil zone and the facing
column as a monolithic gravity structure. The evaluation of factors of safety against base
sliding, overturning about the toe and foundation bearing capacity is similar to that used for

conventional reinforced concrete gravity structures.

Internal stability analyses for geosynthetic reinforced soil walls are carried out to
ensure that the structural integrity of the reinforced zone is preserved with respect to
reinforcement over-stressing within the reinforced zone, pullout of geosynthetic
reinforcement layers from the anchorage zone and internal sliding along a reinforcement

layer.

Facing stability analyses are carried out to ensure that the facing column is stable at
all elevations above the toe of the wall and connections between the facing units and

reinforcement layers are not over-stressed.

Minimum recommended factors of safety for static and seismic design of Geosynthetic

Reinforced Segmental Retaining Wall (SRW) structures are given in Table 3.1.
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In general, minimum recommended factors of safety for seismic design are taken as

75% of the values recommended for statically loaded structures following AASHTO/ FHWA

practice.
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Figure 3.7. Modes of failure for reinforced SRW structures: external (a, b, ¢); internal (d, e,

f); and facing (g, h, 1, j) (after Bathurst and Cai 1995) [17]
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Table 3.1. Recommended minimum factors of safety for design of Geosynthetic

Reinforced SRW Structures [17]

Failure Mode | Statie | Seismie
a) Base Shiding _ FSq 15 1.1
b} Overturning FSot 1.5* 1.1
¢} Bearing Capacity FSpe 2.0 1.5
Global Stability FSg 1.3=1.5 1.}
d) Tensile over-stress | FSy 1.0 1.0
e) Pullout FSpo 1.5 1.1
f) Internal sliding FSqi 1.5 1.1
g) Shear (bulging) | FSq 1.5 1.1
h)Connection FScs 1.5 1.1
i) Local Overturning** FSou 1.5 1.1
j) Crest Toppling | FSow 1.5 1.1

In this study, the criteria of the NCMA’s Segmental Retaining Walls - Seismic
Design Manual [17] is used as a guide. For the seismic design of conventional gravity
structures and external stability of reinforced segmental retaining walls the peak horizontal
ground acceleration may be reduced by 50 per cent as recommended by AASHTO (1996)
guidelines for the free-standing conventional SRW structures and reinforced SRW
structures, which are typically able to tolerate lateral deformations of this magnitude
provided they are not seated on piles and/or constrained from moving laterally by
connected structures. Hence, using the AASHTO approach, the horizontal seismic
coefficient for all external stability and internal sliding stability calculations for GR-SRW
structures (NCMA) is estimated according to Equation 3.40, i.e. (kn(ext) = PGA/2).

Whereas, for facing and internal stability calculations of reinforced SRW structures
the kp(int) is based on the equation proposed by Segrestin and Bastick (1998) stated

previously in Equation 3.36.

In this study for the experimented retaining wall, base sliding, internal sliding and
column shear failure mechanisms, which are the most governing modes corresponding to

external, internal and facing types respectively, are presented.
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3.2.1. External Stability

External stability calculations for factors of safety against base sliding of a
geosynthetic reinforced segmental retaining wall are similar to those carried out for
conventional gravity structures. For reinforced structures, the gravity mass is taken as the
composite mass formed by the reinforced soil zone and the facing column. The earth
pressure distribution proposed by Bathurst and Cai (1995) to calculate the destabilizing
forces for factor of safety against sliding along the foundation surface and the simplified

geometry and body forces assumed in these calculations are illustrated in Figure 3.8.

ky, = a/2g is used to calculate the magnitude of the uniformly applied horizontal
seismic coefficient value ky, in all external stability calculations (i.e. k, = kpn(ext)). The
peak friction angle is taken as ¢ = ¢, in earth pressure and force calculations in which ¢
denotes the peak friction angle of retained (backfill) soil. The calculation of force
components Pay and APgy.n assumes full mobilization of interface friction between the

reinforced soil zone and the retained soil (i.e. 6 = ¢ with ¢ equal to lesser of ¢, and ¢y

values, where ¢, represents peak friction angle of reinforced (infill) soil).

e

foundation soll = 05H —+ .
] il stafic oompemen iymamic incrament
,l-.:"ﬁ’ ook S5 H— freinforcec)
iguedin oy
pad . w,| ¢ Lwn2 fbe vl
Ll 9 11111 b

Fa i3
BY = Lyin—2¢
Figure 3.8. Geometry and forces in external stability calculations for GRS-RW structures

[17]
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The total weight W; is used to calculate resisting terms in factor of safety expressions
for base sliding and overturning and the applied load in bearing capacity calculations. This
term is calculated by adding the total weight of the facing column (W), the total weight of
the reinforced zone (W;) and the contribution of the wedge of soil (Wg). The formulations

are as follows:

W, =W, + W, + Wg (3.41)
Wy =NyLyHyy w=LoHy (3.42)
Wi= (L, —L,)Hy, (3.43)

1 2 tan 3 j
Wg=—y. (L. -L )|——r— 3.44
=y (LY [ G4

Definitions of terms are defined as:

W; = total weight of the reinforced zone extending from the back of the facing column to

length L, beyond the face of the wall and having constant height H;

W; = contribution of the wedge of soil in the slope above the crest of the wall at height H;

W,, = total weight of the facing column.

Ly, = width of facing column (toe to heel dimension of SRW unit) (m)

Ny = total number of standard SRW units in facing column (dimensionless)

vw = unit weight of SRW units (N/m”).

Lmin = minimum reinforcement length
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The results of parametric analyses reported by Bathurst and Cai (1995) have illustrated that
as the backslope angle B for the infinite slope case increases, the factors of safety against
external stability modes of failure diminish rapidly and reasonable solutions even for modest
values of ground acceleration are not possible. This result is due in part to the formulation of
earth forces calculated using the M-O method and the conservative estimates of soil strength
parameters that are routinely used for the design and analysis of geosynthetic reinforced wall
systems. In order to prevent this problem from developing the following empirical rule is
proposed in this design guideline: Regardless of the wall geometry and reinforcement lengths
the maximum value of the reinforced zone width L, (Figure 3.8) is restricted to the height of
the wall H. Hence Liyin < H. This approach has been adopted by the Reinforced Earth
Company (RECO 1990) for the design of steel strip reinforced soil wails for the same

reasons given above.

The quantity Py in Figure 3.8 represents the horizontal inertial force of the
composite mass used in external stability factor of safety calculations. Different strategies
have been proposed in North America to compute Pz < k,W; to ensure reasonable designs
(Bathurst and Alfaro 1996). The basis of this assumption is to account for the transient nature
of peak accelerations in the gravity mass and retained soil and the expectation that horizontal
inertial forces induced in the reinforced mass and the retained (backfill) soil zone will not

reach peak values at the same time during a seismic event.

The method adopted here uses the AASHTO/FHWA approach and assumes that the
horizontal inertial force Py is due to an equivalent mass comprising the facing column and a
portion of the reinforced soil zone extending to a distance 0.5 H beyond the face of the wall.
The general approach is illustrated in Figure 3.8 and applies to any infinite backfill slope

condition (i.e. f > 0). The inertial force Py is calculated using:
Pir = ki (ext) (Wy + Wi + W) (3.45)

where the reduced inertial zone weights W’; and W’p are calculated by substituting Ly, =

0.5 H in equations 3.43 and 3.44. Hence:

W= (0.5H - L, )Hy, (3.46)
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1 2 tan S
W= —y,(0.5H - L _ 3.47
P 27r( W) {l—tanﬁtana)] (3.47)

The dynamic earth force Pag is applied at the back of the reinforced mass described

by the minimum reinforcement length L, and height h. The quantity h can be calculated

as:
tan 3
h= H+(me —LW) _ (3.48)
I-tanPtanw
For structures with a horizontal backslope ( = 0) the problem geometry is simplified
since h = H.

The horizontal component of dynamic earth force Papy acting over depth at the back

of the reinforced zone is calculated using the following expression:

2
_ Kapgyph

2
AK h
Paen = Py +0.5x APy, g = T+O.5xdyn—H7’b

(3.49)

Note that only 50% of the dynamic earth force increment, APgyq, acting over height

h is considered in external stability calculations.

The application of the dynamic increment of backfill soil force APqyny differs from the
method used by AASHTO/FHWA. AASHTO/FHWA applies APgynu to the back of the
inertial zone identified by the dashed line at distance 0.5H behind the wall face in Figure
3.8. For sloped backfills the method used in this document is slightly more conservative but
greatly simplifies calculations. For horizontal backfills there is no difference between
methods with respect to location of the dynamic force increment. However,
AASHTO/FHWA guidelines assume that the interface friction angle at the boundary
between the reinforced zone and backfill soil is equal in magnitude to the angle of the constant
slope behind the wall crest (i.e. d = ). However, there is no justification for linking interface

friction angle to slope angle. The magnitude of earth pressures for external stability
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calculations in this document will almost always be less than AASHTO/FHWA values since
0= ¢>P. In addition, AASHTO/FHWA assumes that ® = 0 for walls with ® < 10° and this
leads to higher earth pressures and hence more conservative static and seismic designs for
reinforced SRW structures using their method. The interpretation of Coulomb and M-O
earth pressure theory used in NCMA document provides a seamless transition between the
analysis and design of statically loaded structures described in the DMSRW and the

methodology for seismic loaded SRW structures.

3.2.1.1. Base Sliding (Figure 3.7 (a)). The factor of safety against base sliding FSy at the

bottom of the reinforced mass (i.e. bottom of the lowermost facing unit and reinforced soil

zone) can be expressed as:

FSa= P+ Py f f).s X APgyry (3:50)
The base sliding resistance force, R, (Figure 3.8) is calculated as follows:
a)  Ifthe reinforced soil (infill) or drainage fill controls:
Rs=Cy4s W; tan ¢ (3.51)

with ¢ = ¢ 4or ¢, whichever value has the least magnitude where ¢ 4 is the peak friction angle

of drainage (leveling pad) soil (°) .

b)  If the foundation soil controls:

Rgs = Cys [Cf Lopin + Wr tan(I) f] (352)

Here the quantity Cgs is the coefficient of direct sliding and cannot exceed unity. For
soil to soil interfaces the value for this parameter can be assumed to be equal to one. For
the case of a geosynthetic layer placed at the base of the reinforced soil zone, Cys < 1

maybe appropriate.
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The calculated value of FS,; should not be less than 1.1.

3.2.2. Internal Stability

3.2.2.1. Reinforcement Loads. The contributory area approach used for the static stability

analysis of segmental retaining walls is extended to the dynamic loading case. In this
method the reinforcement layers are modeled as tie-backs with the tensile force, Fj, in layer
1 equal to the earth pressure integrated over the contributory area, S,;, at the back of the

facing column plus the corresponding wall inertial force increment. Hence:

Fi= k,(int)AW,; + F,; +F

stai dyni

(3.53)

where:kh(int)AWWi = wall inertial force increment; Fg, = static component of

reinforcement load; and Fgyni = dynamic component of reinforcement load. The quantity

AW, is the weight of the facing falling with the contributory area S,; of the corresponding

reinforcement layer and hence can be calculated as follows:
AWwi = SViLWYW (354)

referring to Figure 3.9:

Fstai - KAHYrZViSVi (355)

deni = |:08 - 0'6%:]AKdynHy rHSvi (356)
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Figure 3.9. Geometry and forces used to calculate reinforcement loads for reinforced

SRW structures [17]

The quantity z,; is the distance from the crest of the wall to the mid-elevation of the
contributory area S,;. For constant reinforcement spacing z,; = z;. For non-uniform spacing z;
# zi. The contributory area for the topmost reinforcement layer is taken from the wall crest to
mid-elevation between the first and second reinforcement layers from the crest. The
contributory area for the bottommost layer is taken from the mid-elevation between the
bottom layer and the layer immediately above, and the base elevation of the reinforced soil
mass. The value of horizontal seismic coefficient (k, =ky(int)) used to calculate the wall

inertial force increment (kn(int) AW . in Equation 3.53) and dynamic component of

reinforcement load (i.e. AKgynn term in Equation 3.56) is determined from Equation 3.36

(Segrestin and Bastick).

3.2.2.2. Internal Sliding (Figure 3.7 (f)). The factor of safety against internal sliding FSgj

along a reinforcement layer located at depth z below the crest of the wall can be expressed

as:

Rg (Zi)

FSS i—
1 APy (Zi ) + Pen (Zi)

(3.57)
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The internal force contribution APir(z;) is calculated as:
APr(z) = K, (ext)(AW, (z,) + AW/(z,) + AW; ) (3.58)

The value of k; (ext) used to calculate the inertial force contribution is determined

from ky, = PGA/2g (Equation 3.40). Quantity AW, (z,) is the total weight of the facing

column above the sliding surface located at depth z;. Similar to the approach adopted for

base sliding, the reduced reinforced zone weight AWi’(zi) is calculated using:
AW/(z;) = (05H-L, )z, (3.59)

The geometry and forces used to calculate internal sliding of reinforcement layers

can be seen in Figure 3.10.

Kamsh  0.28Kgmyh
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Figure 3.10. Geometry and forces used to calculate internal sliding of reinforcement layers

in reinforced SRW structures [17]

Finally, the reduced reinforced zone weight in the slope above the reinforced mass,

W', is calculated using Equation 3.47.
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The horizontal component of dynamic earth force Pagpn(z;) acting over the depth h,; at

the back of the reinforced zone is calculated using the following expression;

2 2

K,.7,hZ h?
Paen(zi) = Py (2,)+ 05 x APy 1 (z,) = % + [0.8hzi -03 h }AdeHy Jh (3.60)

The value of kj, used to calculate the horizontal component of the dynamic force
increment (APgyni(zi)) 1s determined from ky, = PGA/2g from Equation 3.40 (i.e. ki = kn(ext).

The quantity h, can be calculated as:

hyi=z, +(L,, - LW)[I%j (3.61)

—tanftan®

For structures with a horizontal backslope ( B = 0 ) the problem geometry is simplified

since h,; =z;. The sliding resistance Rg(z;) corresponding to interface i is calculated using:
Rs(z) = Vu(zi)+Cds(AWi (Zi)+WB)tan(|)r (3.62)

The quantity Vy(z) is the peak interface shear capacity between facing column units

calculated using:

Vu(z) = a, + AW, (zi)tamku (3.63)

where a, is the minimum available interface shear strength in (kN/m) and 2, is the
apparent peak interface friction angle between facing units (degrees) corresponding to the
appropriate normal load range on the interface shear strength envelope.

The quantity Cg4s in Equation 3.62 is the coefficient of direct sliding for the soil-

geosynthetic interface and cannot exceed unity. Quantity AW;(z) is calculated as:
AWi(Zi) = (Lmin - Lw )Ziy r (364)

and Wy is calculated using Equation 3.44.
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Only 50% of the external dynamic earth force increment, APd,nu(z;), acting over the
height h,; is considered for internal sliding stability calculations. The calculation of force

components P,y (zi) and APgyni(zi) assumes full mobilization of interface friction between the

reinforced soil zone and the retained soil (i.e. 6 = ¢ with ¢ equal to thelesserof ¢ . and ¢ ).

The calculated value of FS; should not be less than 1.1.

3.2.3. Facing Stability

3.2.3.1. Interface Shear (Figure 3.7 (g)). The influence of interface shear transmission on

facing column stability can be analyzed by treating the facing column as a beam in which
the integrated lateral pressure (i.e. distributed load) must equal the sum of the reactions
(forces in reinforcement layers). The calculation of interface shear force under dynamic
loading must include the effect of wall facing inertia. The general approach is illustrated in
Figure 3.11. The locally maximum interface shear forces will occur at reinforcement

elevations.
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Figure 3.11. Geometry and forces used to calculate interface shear (bulging) and

overturning of the facing column for reinforced SRW structures [17]

The out-of-balance horizontal force S; transmitted to an interface at depth z;

(corresponding to reinforcement layer 1) is the difference in magnitude between the horizontal
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component of dynamic earth force plus facing column inertia force and the sum of the

horizontal loads carried by the reinforcement layers above the target interface. Hence:

Si(z)) = k, (int)AW, (z;) + Pz (2 ZF (3.65)

i+l

Here N is the number of reinforcement layers. The horizontal component of dynamic
earth force Pagp(zi) acting over the depth z; at the back of the facing column is calculated using

the following expression;

Kau?. 2 z;
Paen(zi) = Py (2;) + APy (2,) = — 0.8z, _O'3ﬁ AK .y, H  (3.66)

Coefficients of earth pressure (Kan and AKgynr) are calculated using ¢ = ¢rand 0 <9
< ¢ Typically o is taken as 2¢,/3 for facing stability calculations. Quantity AKgyn in

Equation 3.66 is calculated using kp=ky(int) (Equation 3.36). The summation of reinforcement
reactions can be calculated using Equation 3.53. The factor of safety against interface shear

failure (FSy.) at a reinforcement layer is:

Fs, = Yu(2) (3.67)

where V, (z) is the peak shear capacity of the interface calculated using Equation 3.63. The
selection of interface shear strength parameters should be based on the results of laboratory
interface shear data simulating the geosynthetic-modular block interface.

The calculated value of FS,. should not be less than 1.1.

3.2.3.2. Connection Failure (Figure 3.8 (h). The dynamic factor of safety, FS., against

connection failure of the reinforcement layer with the facing column can be expressed as:

i (3.68)
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Here, F; is the tensile load in the reinforcement layer 1 calculated using Equation 3.53

and T,; is the peak connection capacity for that layer calculated as:
Tei = a, + AW, (z;)tani (3.69)

The quantity acs is the minimum available peak connection strength in kN/m and A
is the apparent peak interface friction angle describing the connection failure envelope

(degrees) corresponding to the range of normal weight over which A Wy(z;) applies.

The calculated value of FS, should not be less than 1.1.
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4. DIMENSIONAL ANALYSIS AND SIMILARITY

4.1. Introduction

Dimensional analysis is a method for reducing the number and complexity of
experimental variables, which affect a given physical phenomenon, using a sort of
compacting technique. Usually, a phenomenon depends upon # dimensional variables, and
dimensional analysis helps us to reduce the problem to only k dimensionless variables,
where the reduction n-k =1, 2, 3 or 4, depending upon the problem complexity. Generally,
n-k equals the number of different dimensions (sometimes called basic or primary or
fundamental dimensions), which govern the problem. In fluid mechanics, the four basic
dimensions are usually taken to be mass M, length L, time 7, and temperature ®, or an
MLTO system for short. Sometimes an FLT7® system can be used, with force F' replacing

mass.

Although its purpose is to reduce variables and group them in dimensionless form,
dimensional analysis has several side benefits. The first is an enormous saving in time and
money by running the experiments to evaluate the values for the single-group of variables,

rather than running many experiments for every variable that constitutes the group.

A second benefit of dimensional analysis is that it helps our thinking and planning
for an experiment or theory. It suggests dimensionless ways of writing equations before
much money is wasted on computer time to find solutions. It suggests variables, which can
be discarded; sometimes dimensional analysis will immediately reject variables, and
sometimes it groups them off to the side, where a few simple tests will show them to be
unimportant. Finally, dimensional analysis will often give a great deal of insight into the

form of the physical relationship we are trying to study.

Thirdly, dimensional analysis provides scaling laws which can convert data from a
cheap, small model into design information for an expensive, large prototype. When the

scaling law is valid, it is said that a condition of similarity exists between model and

prototype.
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4.2. Dimensional Analysis

In reducing variables and grouping them in dimensionless form a self-evident axiom
in physics is exploited. This rule is called the “principle of dimensional homogeneity

(PDH)” and it can be stated as:

“If an equation truly expresses a proper relationship between variables in a physical
process, it is dimensionally homogeneous; i.¢e., each of its additive terms will have the same

dimensions.”

All the equations which are derived from the theory of mechanics are of this form.
For example, if we consider the relation which expresses the displacement of a falling

body:
1 2
S=35p +V0t+§gl‘ (4.1)

Each term in this equation is a displacement, or length, and has dimensions {L}. The
equation is dimensionally homogenous. Equation 4.1 also illustrates some other factors

that often enter into a dimensional analysis. These are:

1-) Dimensional variables are the quantities which actually vary during a given case and
would be plotted against each other to show the data. In Eq. 4.1, these are S and ¢. All have
dimensions, and all can be nondimensionalized as a dimensional-analysis technique.

2-) Dimensional constants may vary from case to case but are held constant during a given
run. In Eq. 4.1, these are Sy, Vy and g. They all have dimensions and conceivably could be
nondimensionalized, but they are normally used to help nondimensionalize the variables in
the problem.

3-) Pure constants have no dimensions and never did. They arise from mathematical

manipulations. In Equation 4.1 it is % which came from an integration: [ t dt = % t*.

The motive behind dimensional analysis is that any dimensionally homogenous

equation can be written in an entirely equivalent nondimensional form which is more
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compact. The exact process of this theorem is explained in detail in the following topic

named as the “The © Theorem”.

4.3. The n(Pi) Theorem

Although there are several methods of reducing a number of dimensional variables
into a smaller number of dimensionless groups, the most popular one is proposed in 1914
by Buckingham and is now called the Buckingham’s n theorem. The name © comes from
the mathematical notation 1, meaning a product of variables. The dimensionless groups
found from the theorem are power products denoted by m;, 7, m3, etc. The method allows
the ms to be found in sequential order without resorting to free exponents. The first part of

the m theorem explains what reduction in variables to expect:

If a physical process satisfies the principle of dimensional homogeneity and involves n
dimensional variables, it can be reduced to a relation between only k& dimensionless
variables or n’s. The reduction j = n-k equals the maximum number of variables which do
not form a w among themselves and is always less than or equal to the number of

dimensions describing the variables.

The second part of the theorem shows how to find the ©’s one at a time:

Find the reduction j, then select j variables which do not form a © among themselves. Each
desired m group will be a power product of these j variables plus one additional variable
which is assigned any convenient nonzero exponent. Each m group thus found is

independent.
To be brief, typically, there are six steps involved:
1-) List and count the » variables involved in the problem. If any important variables are

missing, dimensional analysis will fail.

2-) List the dimensions of each variable according to MLT® or FLT®.
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3-) Find ;. Initially guess j equal to the number of different dimensions present and look for
j variables which do not form a © product. If no luck, reduce j by 1 and look again.
With practice, the j will be found rapidly.

4-) Select j variables, which do not form a © product. Make sure they please you and have
some generality if possible, because they will then appear in every one of your =&
groups. For example, pick density or velocity or length.

5-) Add one dimensional variable to your ;j variables and form a power product.
Algebraically find the exponents, which make the product dimensionless. Try to
arrange for your output or dependent variables (force, pressure drop, torque, power) to
appear in the numerator and your plots will look better. Do this sequentially, adding
one new variable each time, and you find all n-j = k desired © products.

6-) Write the final dimensionless function and check your work to make sure all © groups

are dimensionless.

4.4. The Determination of the m Values of the Geosynthetic Reinforced Soil Retaining
Wall

A ' model of the soil retaining wall will be experimented according to the scaling
law theory and the n theorem. The n values of the Geosynthetic Soil Retaining Wall are
deducted according to the steps explained previously. This step by step procedure will be

adopted to explain the determination of the w values.

Step 1 & Step 2: List and count the n variables and list dimensions of each variable:

13 variables are considered in the analysis. These scaling law parameters that are

thought to affect the system response, with their dimensions, are defined in Table 4.1.
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Table 4.1. Most common parameters considered for dimensional analysis in this study

PARAMETERS SIUNIT | DIMENSION

H | Height of the wall [m] (L)

L | Length of Geotextiles [m] (L)

S, | Vertical spacing between strips [m] (L)

w | Block of width [m] (L)

T, | Tensile strength of the geotextiles [N/m?] (ML'T?)
v | Density of the backfill [kg/m’] (ML™)
f | Frequency of the Dynamic Excitation [sec] (T
¢ | Cohesion of the backfill [N/m?] (ML'T?)

vy | Density of the block [kg/m’] (ML)
a | Acceleration [m/sec?] (LT?)
h | Block Height [m] (L)

g | Acceleration of gravity [m/sec?] (LT?)
T, | Compression strength of the block [N/m’] (ML'T?)

Note that the Rankine active coefficient, K,, the angle of friction of the soil, i1, and

the strain, ¢, are already dimensionless parameters and dimensional analysis can not

provide information regarding them.

Step 3 & Step 4: Find j. No variable contains the dimension ®, and so j is less than or

equal to 3 (MLT). We inspect the list and select 3 variables arbitrarily, they are H, g, .

There are 13 dimensioned variables and the number of © values will be n-j = k, which is

13-3=10.

Step 5: Combine H, g, y with one additional variable, in sequence, to find the 10 &

products [18].

As a result, the 7 values can be obtained from the following equations:

TE]: MO LO TO — HX gy YWZ Ll — LX+y-3Z+1 MZ T-2y

TC2: MO LO TO — HX gy YWZ Svl — LX+y-3Z+1 MZ T-2y

= MO LO TO — Hx gy ,sz Wl — Lx+y-32+1 Mz T-2y

(4.2)

(4.3)

(4.4)
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=M"L° T = H¥ o v, al = Y3 N T
= MO L T = H @ y, 2 h! = L3 Vv T2
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mo= MO L0 T = HY @y, y! = L33 Mt T2

In conclusion the &t values obtained are as follows:
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(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)
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Presented in Table 4.2 are the most common scaling factors of this study.

Table 4.2. Most common scaling factors used in this study

Quantity | g elModel) St
Length n 2
Density 1 1
Stress n 2
Strain 1 1
Acceleration 1 1

Frequency n?? 1/:2

Time n’? V2

4.5. Scale Effects

72

(4.18)

(4.19)

(4.20)

4.21)

Usually it is impossible to satisfy in a model all the requirements of the similarity at

the same time. So, it becomes necessary to determine which parameters affect the system

and the phenomenon the least and to devote effort to satisfy others. Errors in the results

because of these parameters that are not correctly satisfied are called scale effects. These

also include any new and unwanted phenomenon that takes place in the model due to the

change in size. Such effects need to be determined and known in order to achieve correct

application of model results to the prototype.
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In geotechnical models, scale effects may include, among others, problems related

to:

a.  Strength: A small specimen sampled from a natural deposit, or remolded, which has
fissures, cracks, layers, inclusions or other such structural features, may not have
these characteristics in a distribution representative of that occurring in the prototype.
In most cases, this would cause the tester using small specimens to conclude that the
material of the prototype is stronger than it actually is.

b.  Shear at interfaces or edges: Since the effect of an interface has a constant distance of
influence then it will have a proportionally different effect depending on the size of
the model, that is, its effect will be large in a small model, and small in a large
model.

c.  Continuum: The assumption that a soil or rock mass acts as a continuum is only valid
if a minimum quantity of particles is involved in an event; if the model is not large
enough to include this minimum number of particles, the model will behave

differently than the prototype in which the continuum assumption is correct [19].

4.6. Boundary Similarity

The theory of similarity establishes that similarity must also be satisfied on the

boundaries of the system. This requirement is usually difficult to achieve.

Three-dimensional soil or rock structures with one-dimension considerably greater
than the other two, which are analyzed based on plane strain conditions on a transverse
section, are usually modeled by examining a characteristic “thin slice” of the prototype.
The boundaries of these model slices become the walls of the box in which the model is

contained, rather than the adjacent soil in the prototype.

If x5 is the direction of the longest dimension, boundary similarity requires that strain
in the x3 direction, €33, must equal to zero, which can be achieved by using a rigid box.
Normal stress in the x3 direction, 633, must be the same in the model as in the prototype,
and shear stress in the other two directions, &3, and &3, must be zero. These two conditions

require that the friction between the material of the model and the box of the containing
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wall must be zero. Since this condition is impossible to satisfy, the state of stresses existing

in the model will differ from that in the prototype.

In order to minimize side effect in soil models, Terzaghi recommended that the ratio
of the width of the model (b) to its height (H) should be greater than two and that any
measurements should be made at the center of the model. Lyndon and Schofield (1978)
cite research by Fuglsang’s (1971). In his centrifugal model tests of slopes in boulder clay
fills, he found that a b/H ratio between 3 and 4 was necessary to reduce the boundary
effects to a minimum. Terzaghi’s criterion, however, has been adopted by most researchers

who were concerned about side effect [19].

In examining side effects, Vargin (1967) studied the influences of the position of the
side walls of an experimental box on the measured soil pressures. He filled the box with
sand, measured the soil pressure and then moved the box wall which he referred to as a

retaining wall. He found that:

a.  before the retaining wall is moved, the soil pressure measured is not affected by the
position of the side walls;

b.  when the retaining wall is moved, a reduction in pressure arises, and the b/H ratio is
found to influence that reduction;

c.  when there is a continuous uniform load on the soil surface this side effect is
reduced; and

d.  after a retaining wall displacement of H/200, the effect becomes constant.

Lazabnik and Chernysheva (1968) also presented an analysis to quantify the
influence of side effect. It consisted of defining the percentages of decrease of pressure on
the wall (F/E%) as a function of the b/H ratio, where F is the friction against walls and E is
the earth pressure on the retaining wall. They found identical correlation between this

theoretical analysis and Virgin’s experimental results.

These studies suggest that to reduce undesirable side wall effects, since the box used
to contain the model has in general fixed dimensions, the height of the model must be

limited. This means that to model a tall soil structure, the scaling ratio will be large and
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scale effects are likely to increase. An alternative would be to decrease side friction to a

minimum [19].
4.7. The Scaling Factors Used in a Previous Study

Warrasak Jakrapiyanun et al. (2003) carried out shaking table tests to evaluate the
soil-foundation-structure-interaction (SFSI). The test was 1/9" scale, the aluminum
foundation was portrayed by a pile group of 3 by 3. The pile group was made from
aluminum, with the fixed head condition. Reinforced concrete column was inserted into
hollow pile cap. The reinforced concrete superstructure was firmly fixed to the pile group.
A laminar container having dimensions of 2m x 4m x 2m was designed to fit the
requirements of these tests, scaling factors, size of soil and structure model and the shaking
table capacity. The test structure was excited different motions. The results of this
experiment is not in the scope of this thesis, so only the scaling factors used in this
previous study is presented in Table 4.3 [20]. These scaling factors were proposed by Iai

and Sugano (1999) [21].

Table 4.3. Scaling factors used in a previous study [20]

Quaniy [Toeoreied R sy
Length A 9
Density 1 1
Stiffness A 9

Force 2’ 729

Mass 2’ 729
Acceleration 1 1
Velocity 202 3

Frequency 202 1/3
Time A 3

As it can be seen, the scaling factors are same with the values derived in Chapter 4.4.
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5. TESTS FOR INVESTIGATION OF SOIL PROPERTIES AND
EVALUATION OF THE RUBBER AS AN ABSORBENT MATERIAL

5.1. Soil

A uniform sandy soil which had some gravel particles in it and obtained from Kilyos
region was used in this study. To classify our soil, sieve analysis was conducted and grain

size distribution curve was obtained to be as the one in Figure 5.1.
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Figure 5.1. Grain size distribution of the soil

The related parameters, the coefficient of uniformity C, and the coefficient of
curvature C, were calculated to be 9.13 and 1.17, respectively. Since almost 6 per cent of
the soil passed from the Sieve No: 200, Casagrande liquid limit analysis was performed to
those that passed from the Sieve No: 40. No matter how much water the soil comprises
after every one or two blows the soil closed the groove and showed a non-plastic behavior

indicating that the soil is in fact a SW-SM (well graded-silty sand) type of soil.
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The triaxial CD tests were performed to evaluate the properties of the soil. Figures
5.2 through 5.4 show the triaxial test results and the evaluated Elastic secant modulus (E; at
50 per cent Gmax). In Figure 5.5, internal friction angle (¢) and cohesion (c) determination

specific to the soil are shown.
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Figure 5.2. Triaxial test of S3 soil specimen where 63=50 kPa
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Figure 5.4. Triaxial test of S4 soil specimen where 53=150 kPa
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Figure 5.5. Internal friction angle determination

As seen in Figure 5.5 the internal friction angle (¢) and cohesion of the soil are found
to be 41° and 1 kN/m?, respectively. E can be assumed to be approximately 29180 kN/m?
by taking the arithmetic average of the three values. Presented in Table 5.1 are the

specimen parameters during the tests and soil parameters evaluated.

Table 5.1. Specimen parameters and soil properties

Specimen Diameter | Height | Area | Mass Y (v:;i d C3 Grail. E E [0}
(cm) (em) | (em® | (gr) | (kN/md) ratio) (kPa) | (kPa) | (kPa) | (kPa) | (9

S3 3.79 7.66 | 11.28 | 1485 17.2 0.51 50 181 | 17075
S4 3.64 7.7 104 | 14455 1771 | 047 | 150 | 632 | 45731 | 29180 | 41

S6 3.77 774 [ 1116 | 15031 | 17.08 | 052 | 100 | 445 | 24722

However, the results of the sand cone tests conducted after the completion of shaking
table experiments demonstrate that in fact the average unit weights of the sand were 15
kN/m® and 16 kN/m” for the 1% and 2™ experiments, respectively (see section 7.2.3). With
the observation of these results, actual internal friction angles of the sand were correlated
with the determined internal friction angle of the sand (41°). By taking into account the
values of 14 kN/m® and 20 kN/m’ as typical minimum and maximum dry unit weights of

silty sand type of soils and the correlation chart between relative density and internal
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friction angle (Figure 5.6), one can evaluate relative density with the well-known equation

below and find the related approximate angle of internal friction.

Dr:ykmax 7k_7/kmin (51)
yk ]/kmax_ykmin

Triaxial
Peak angle of internal friction, = ¢’ max

N R T N R D R T

6 10 20 30 40 50 60 70 . 80 8