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This thesis consists of six chapters with three main parts. First part presents
effect of fine content on the pullout resistance mechanism of bearing reinforcement
embedded in cohesive-frictional soils with different fine contents of 20, 40, 80, and
98% by dry weight. The total pullout resistance is the sum of the pullout friction and

bearing resistances. The pullout friction resistance is approximated from soil shear

strength and interaction factor,«, which is linearly related to fine content. The

bearing pullout resistance of a single isolated transverse member can be approximated

from the modified punching shear mechanism where the failure plane angle, g is

primarily dependent upon fine content. The developed equations are useful for the
internal stability analysis of bearing reinforcement earth walls.

Second part presents effect of molding water content (on dry and wet sides of
optimum water content) on the pullout resistance mechanism of bearing reinforcement

embedded in a cohesive-frictional soil. The tested soil is compacted at five initial
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compacted water contents (i.e. -2.5, -1.5, 0, +1.5, and +2.5 of OWC). The pullout
friction resistance is approximated from the soil and shear strength and interaction

factor,a . The S values of the compacted soil at 0.67 < w/w, . <1.0 are essentially
constant and equal to 7/2 (where w,. 1s the optimum water content). For

1.0<w/w, . <133,the g value decreases polynomial with an increase in

Last past presents the numerical parametric study on behavior of the bearing
reinforcement earth (BRE) walls with different backfill properties using PLAXIS 2D.
This work is mainly to understand bearing stress, settlement, lateral earth pressure,
and horizontal wall movement of BRE walls with different backfill materials and to
evaluate the effects of various soil-structure interactions, foundations, and stiffness of
reinforcements on horizontal wall deformations. The backfill materials consist of four
types of soils, which are mixtures of silty clay and sand at different fine contents of 2,
20, 40, and 80% by weight. The model parameters for the simulation are obtained
from the conventional laboratory tests and back-calculated from the laboratory pullout
tests of the bearing reinforcement. The relationship between the maximum horizontal
wall movement and the fine content can be expressed by a polynomial function. The
maximum horizontal wall movement significantly increases as the fine content
increases. The excessive movement is realized when fine content is greater than 45%.
The knowledge gained from this study provides the preliminary guideline in
predicting the behavior of BRE wall and can be applied to other BRE walls with

different wall heights and features of bearing reinforcements.
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CHAPTER

INTRODUCTION

1.1 Statement of problem

Mechanically stabilized earth (MSE) wall is generally used for retaining
structures. The MSE wall was pioneered by Henri Vidal of France in the 1960s and
was designated as “Reinforced Earth or Reinforced Soil Structure”. Over the past four
decades, the usage of MSE structures in civil engineering applications has grown
rapidly and widely worldwide, including Thailand, China, Australia and the United
States of America. The construction cost of the mechanically stabilized earth (MSE)
wall is mainly dependent upon the reinforcement type, backfill material type, and
transportation of backfill which depend on the location between the borrow source
and the construction site.

Metal strip reinforcement classified as inextensible reinforcement type has
been widely used in Thailand because this reinforcement is conveniently transported
to a factory for galvanization and subsequently to the construction site, and
furthermore is simple and fast to install due to its strip shape. However, it is primarily
imported from Africa, leading to high construction costs. Steel grid is the other
inextensible reinforcement type, which has been widely researched (Bergado et al.,
1996; Bergado et al., 1993; Chai, 1992; Tin et al., 2011) and applied to many MSE
projects in Thailand. Even though the grid reinforcement exhibits higher pullout

resistance, its installation is more difficult than that of the strip reinforcement.



Horpibulsuk and Niramitkronburee (2010) have recently developed a new
cost-effective inextensible reinforcement type, termed as “Bearing reinforcement".
Figure 1.1 shows the typical feature of the bearing reinforcement, which is composed
of a longitudinal member and transverse (bearing) member. The longitudinal member
is a steel deformed bar (DB) and the transverse members are a set of equal angle steel.
This reinforcement includes the advantages of both strip and grid reinforcements, i.e.,
simple and fast installation to the panel wall facing and high pullout resistance with
less steel quantity. The transverse members are only installed in the passive zone
(behind the maximum tension plane) as determined by the coherent gravity structure
hypothesis for engineering and economic purposes. The earth stabilized by this
reinforcement is designated as “Bearing Reinforcement Earth (BRE) wall”
(Horpibulsuk et al., 2011b). The BRE wall system has been developed into one of the
standard MSE walls for the Department of Highways in Thailand.

According to AASHTO (2002) and the Department of Highway, Thailand
specification, the backfill for MSE wall is generally coarse-grained soils, which
should contain no more than 15% fine passing a sieve No. 200 by weight and the
Plasticity Index (PI) should be limited to 6. However, some guidelines for the
construction of reinforced soil structures and slopes allow using cohesive-friction
soils for embankment material (BS8006, 1995; Elias et al., 2001; NCMA, 2002).
NCMA (2002) recommendations allow for up to 35% of fine-grained soil and PI is
less more than 20. Furthermore, low quality backfills with up to 80% fine-grained
soils have been used and accepted in full-scale tests (Bergado et al., 1992; Bergado et

al., 1993; Keller, 1995).
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Figure 1.1 Configuration of the bearing reinforcement of the test wall

(Horpibulsuk and Niramitkronburee, 2010).

When coarse-grained soils are not commonly available in construction site,
transportation cost depends on the location between the borrow source and the
construction site. Ou et al. (1982) reported that that fuel costs could constitute as
much as 20% of the total transportation cost of high-quality soils. The use of locally
available marginal soils as a backfill (e.g. low quality soils with more than 15% fine
soil) can help reduce the cost of fill material by as much as 60% (Keller, 1995) and
reduce the air pollution from the transportation.

Based on the field investigation and laboratory pullout tests (Horpibulsuk and
Niramitkronburee, 2010; Horpibulsuk et al., 2011b; Suksiripattanapong et al., 2013), a
design method for BRE walls founded on a firm ground was subsequently introduced.
This method has been adopted to design several BRE walls under the supervision of

Department of Highways in Thailand since 2008. Recently, Suksiripattanapong et al.



(2012) proposed a simplified method to model the bearing reinforcement, which
converts its friction and bearing resistance to the equivalent friction resistance for 2D
finite element analysis. So far, all above studies on bearing reinforcement are limited
to high-quality coarse-grained soils. However, in some areas, high-quality soil is not
available, leading to subsequently high haulage cost for imported materials. It would
thus be cost-effective if marginal soils available locally or on-site can be used as a
backfill material for MSE walls with an appropriate drainage system. Nevertheless, a
variation of water content in the marginal soil, which was caused by seasonal
precipitation, rainfall infiltration and variation of the ground water table can
significantly affect a performance of the reinforced soil structure.

To apply these marginal soils in practice, the effect of fine and water contents on
pullout resistance mechanism is an important aspect that needs to be addressed. In
addition, the 2D finite element analysis of the Bearing Reinforcement Earth (BRE)

wall is needed to be performed to obtain an useful information for further analysis.

1.2 Objective of the study

1.2.1 To study the effect of fine content on the pullout resistance mechanism
of bearing reinforcement embedded in cohesive-frictional soils.

1.2.2 To study the effect of initial water content on the pullout resistance
mechanism of bearing reinforcement embedded in lateritic soil.

1.2.3  To model the behavior of the bearing reinforcement earth wall by 2D

finite element analysis using Horpibulsuk et al. (2011b) data.



1.3  Structure of presentation

This thesis consists of six chapters and outlines of each chapter are presented
as follows:

Chapter II presents the review of previous research on physical and
engineering properties of cohesive-friction soil with various fine and water contents,
the interaction between reinforcement and soils, the behavior of the reinforced walls
and the numerical analysis of the reinforced wall.

Chapter III presents the study of effect of fine content on the pullout resistance
mechanism of bearing reinforcement embedded in cohesive-frictional soils. The tested
soils used in this study were a mixture of silty clay and sand at various ratios. The
silty clay was collected from the Suranaree University of Technology campus,
Nakhon Ratchasima, Thailand, at a depth of 3 m. This clay is high plasticity (CH)
type classified by Unified Soil Classification System (USCS). The sand is classified
as poorly graded sand (SP). The fine : sand ratios (F:S) were 20:80, 40:60, 80:20, and
98:2 by dry weight. The mode of failure and the transverse member interference of
the bearing reinforcement are presented. Finally, the relationship between the failure
plane angle, £ and fine content is proposed and verified.

Chapter IV presents the effect of molding water content on the pullout
resistance mechanism of bearing reinforcement embedded in lateritic soil. The locally
available soil used in this study is a lateritic soil, which is collected from Nakhon
Ratchasima, Thailand. The lateritic soil consists of 23% gravel, 51.2% sand, and

25.8% silty clay and is classified as GC according to the Unified Soil Classification
System (USCS). The average grain size, D, of lateritic soil is 1.17 mm. The tested

soil was compacted at optimum (OWC), on dry side of OWC, and on wet side of



OWC, which have five initial compacted water contents (i.e. -2.5, -1.5, 0, +1.5, and
+2.5 of OWC).

Chapter V presents the calibration of finite element models with material
properties using laboratory large-scale pullout tests reported by Horpibulsuk and
Niramitkornburee (2010) and Sukmak et al. (2015) and the full-scale BRE reported by
Horpibulsuk et al. (2011a). The calibrated models are then adopted in this study to
investigate the behavior and performance of BRE walls with different backfill
material properties. The primary objective was to improve the understanding of
bearing stress, settlement, lateral earth pressure, and horizontal wall movement of
BRE walls with different backfill materials during and at the end of construction. The
second objective of this study was to evaluate the effects of various soil-structure
interactions, foundations, and stiffness of reinforcements on horizontal wall

deformations.

1.4 Scope and Limitation

In the limitation of this research, it should be noted that due to very low
hydraulic conductivity of cohesive-frictional soils (poor drainage), measuring the
pullout resistance in term of drained condition is extremely time consuming.
Consequently, the tested parameters in this paper were measured and analyzed in term
of undrained condition pertinently to simulate short term performance of MSE wall in
the field. For example, the reinforced soil structures were rapidly failed by earthquake

loading imparted shear forces under undrained condition.
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CHAPTER 11

THEORETICAL BACKGROUND

AND LITERATURE REVIEW

2.1 General

In geotechnical engineering, one of the significant innovations is the use of
synthetic materials after “Reinforced soil” was introduced by the French engineer H.
Vidal in the late 1960s. The designation of “Reinforced Earth or Reinforced Soil
Structure” was originally coined for this composite material which has subsequently
been patented under that name in several countries. The reinforced soil structure is a
construction which consists of a soil reinforced with some other material such as, for
example, geogrids, geotextile, and metal strip. For the last four decades, the practice
of reinforcing the soil with tensile inclusion has been widely implemented. These
materials incorporated successfully in the design and construction of embankments,
slopes, retaining walls, foundation soils and many other geotechnical projects.

Mechanical stabilized earth (MSE) structure is a composite construction.
These MSE structure consists of three main components, namely facing,
reinforcement, backfill material. The role of facing is constructional as it only
prevents and protects surface erosion and affords the structure an aesthetic
appearance.

Nowadays, several reinforcement types have been developed and, in

comparison with conventional construction, they offer the advantages of simple
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construction, low cost, and ability to tolerate large deformation without structural
distress. The use of reinforcement will provide additional shear stress in the soil mass
through the tensile force in the reinforcement, which will increase the strength of soil-
reinforcement mass, and hence reduce the horizontal deformation, and thereby
increasing the overall stability of the structure.

Design of reinforced soil structures requires the knowledge of either the
mechanical behavior of reinforcement, or the behavior at the soil and reinforcement
interface. The interaction behaviors of soil and reinforcement interface are more
directly incorporated into design procedures for reinforced soil structure with shear
and bearing (passive) resistances. The interaction behaviors were investigated by
conducing direct shear or pullout tests. Both tests are widely used to study these
interaction mechanisms. The evaluation of the friction and bearing resistances is an
essential factor in the design of the reinforced soil structures.

For the direct shear test, the soil is forced to move on the surfaces of the
reinforcement under a normal stress. The direct shear tests are performed to provide
the design engineer with the friction angle and adhesion coefficient for the various
interfaces within the design. The direct shear test is also used as a form of quality
control to ensure product compliance to the value used in the design. The ASTM D-
5321 standard direct shear test method is commonly used for determining the Bond
Coefficient between soil and geosynthetic.

For pullout test, the reinforcement is pulled out from a soil mass subjected to a
normal stress. If the soil particles are smaller than the reinforcement opening,
efficiencies are high due to the soil particles could be able to penetrate through the

reinforcement opening and to develop the passive bearing capacity resistance. The
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ASTM D-6706 standard pullout test method is intended as a performance test to
provide the design parameters. In all cases, pullout test resistances are less than the
sum of the direct shear test resistances. This is due to the fact that the geosynthetic is
taut in the pullout test and exhibits large defamation. This, in turn, causes the soil
particle to reorient themselves into a reduced shear strength mode at the soil-

reinforcement interfaces, resulting in lower pullout resistance.

2.2  Component of reinforced soil structure

Retaining structures are used not only for bridge abutments and wing walls but

also for slope stabilization and to minimize right of way required for embankments.
Reinforced soils walls and slope are cost-effective soil retaining structures which can
tolerate much larger settlements than reinforced concreted walls. Extensive examples
of reinforced soil application are presented in Bartos (1979); Ingold (1982); Raymond
and Giroud (1993) and many other publications. Figure 2.1 shows schematically a
conventional concrete structure and reinforced soil structure wall.
The reinforced soil structure wall is a composite construction. These MSE structure
consists of three main components, namely facing, reinforcement, backfill material.
Also described are the requirements for each component of the reinforcing system.

2.2.1 Facing system

The type of facing elements used in the different reinforced soil
structures control their aesthetics since they are the only visible parts of the completed
structure. The role of facing is constructional as it only prevents and protects surface
erosion. Major facing types are segmental precast concrete panels, cast in place

concrete, metallic facings, and gabion facings.



13

(b)

Facing

Soil

Reinforcement

Figure 2.1 (a) Conventional concrete structure wall

(b) Reinforced soil structure wall.

2.2.2  Reinforcing material
The information on the reinforcement materials is needed for the
design (i.e., geometric characteristics, strength and stiffness properties, and soil
reinforcement interaction properties). By considering reinforcement extensibility,
these reinforcing materials can be classified into two typical types; inextensible and
extensible reinforcements.
2.2.2.1 Inextensible reinforcements
The deformation of the reinforcement at failure is much less
than the deformability of the soil. This type of reinforcements is normally assumed to
be rigid, which can be made of metallic reinforcing materials e.g. metallic strips,
metallic grids, hexagonal wire meshes, etc.
e Metallic strips
In most reinforced earth structures, metallic strips e.g. stainless,
galvanize or coated steel strips are used as reinforcements in backfills (see Figure
2.2). Their dimensions vary with application and structure, but breadth and thickness

are usually within the range of 5 to 100 mm, and 3 to 5 mm, respectively.
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e Metallic grids
Typically, metallic grids consist of two member components:
transverse member and longitudinal member. In field application, transverse members
will be arranged parallel to the face or free edge of structures. The main purpose of
the arrangement is to retain the transverse members in position. The longitudinal
members are high modulus of elasticity and not susceptible to creep. Metallic grids
can be formed from steel in the form of plain or galvanized weld mesh.
e Hexagonal wire meshes
There are two types of hexagonal wire meshes used as
reinforcement: a) zinc-coated hexagonal wire meshes and b) PVC-coated hexagonal
wire meshes (see Figure 2.3). There are two cell dimensions available for the former:
a) 600mm x 80 mm, and b) 80 mm x 100 mm, and its steel core wire are 3.0 mm in
diameter. The latter has additional 3.8 mm-diameter PVC coating as an outer surface
for extra protection and each cell has dimensions of 80 mm x 100 mm while its steel
core wire is 2.7 mm in dimensions.
e Bearing reinforcement
Figure 2.4 shows the typical configuration of the bearing
reinforcement, which is composed of a longitudinal member and transverse (bearing)
members. The longitudinal member is a steel deformed bar and the transverse
members are a set of steel equal angles.
2.2.2.2 Extensible reinforcements
The deformation of the reinforcement at failure is comparable
to or greater than the deformability of the soil. In general, the extensible

reinforcement materials have lower strength and more extensible than the inextensible
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counterparts, which can be made by polymeric materials consisting of polypropylene,
polyethylene, or polyester polymers e.g. geotextiles, geogrids, and geocomposites

(consisting of geotextile and geogrid).

Frictional Force Normal Pressure

Pullout Force

Skin Element

Connection

Steel core
wire

Steel core
PVE wire

Zinc i Zinc coatin,
coating coating g

Figure 2.3 Cross-section of different types of hexagonal wire mesh reinforcement.
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Figure 2.4 Configuration of the bearing reinforcement of the test wall

(Horpibulsuk and Niramitkornburee, 2010).

e Geotextiles
There are two main types of conventional geotextile: a) woven
geotextile and b) non-woven geotextile. The former is composed of two
perpendicular sets of parallel linear elements systematically interlaced to form a
planar structures, while the latter is formed from filaments or fibers randomly
arranged and bonded together to form a planer structure, which can be achieved by
mechanical, thermal or chemical means.
e Geogrids
Geogrid is normally composed of connected parallel sets of
tensile ribs with apertures sufficient to allow strike-through of surrounding soil, stone,
or other geotechnical materials. It is originated by adopting polymer materials (e.g.
polypropylene and polyethylene. Such woven-type geogrids are generally coated with

some chemical substances (e.g.PVC, latex, bitumen) for dimensional stability,
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providing protection for the ribs during installation, and preventing them from
biochemical degradation.

Generally, geogrid can be classified into two types: a) uniaxial
and b) biaxial. Figure 2.5(a) and 2.5(b) illustrate these two types of such geogrids.
Uniaxial geogrids are normally stronger than biaxial geogrids. Geogrid reinforcement
material can be used in all main reinforced soil applications although it is not strong
as heavier woven geotextile products. A particular feature of geogrid reinforcement is
that its excellent bond, developed through the interection between the geogrid and the
soil, mobilize bearing stresses.

Reinforced soil structures can be described by the type of
reinforcement, geometry, the stress transfer mechanism, the extensibility of the

reinforcement material, and the method of soil placement as shown in Table 2.1.

a) Uniaxial b) Biaxial

Figure 2.5 Types of geogrids
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2.2.3 Soil placement

The soil used as backfill material should be coarse-grained soil
(granular soil), characterized by high frictional properties, stable soil properties with
time and with change in water/moisture content, and to provide free-drainage backfill.
This is mainly due to the extensive use of granular soil as backfill in MSE structures
and embankments. Thus, many researches have been focused on the evaluation of the
interaction properties of the reinforcement in coarse-grained soil. However, several
researches have used the fine-grained soils as the backfill (Bergado et al., 1992;
Bergado et al., 1993; Keller, 1995). The lack of coarse-grained soil and the
availability of fine-grained soil in Thailand, as well as, in some other area of the
world, have initiated the growing interest in the use of the local or available soil in the
construction of the reinforced soil structures. The use of local soil (lower quality soil)

in MSE wall could significantly reduce the cost of construction.

2.3 Advantages and disadvantages of reinforced soil structure

walls

One of the greatest advantages of the reinforced soil structure is their
flexibility and capability to absorb deformations due to poor subsoil conditions in the
foundations when compared to rigid concrete structure. The relatively small quantities
of manufactured materials have resulted in a cost reduction of construction due to
rapid construction. Moreover, the precast concrete facing elements of these structures

can be made with various shapes for the aesthetic considerations.
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Generally disadvantages, the reinforced soil structures generally require a
relatively large space behind the wall face in order to obtain enough wall width for

internal and external stability.

2.4 Basic principle of mechanical stabilization of reinforced soil

structure

The role of the reinforced soil structure is to support slopes which otherwise
would fail under self-weight and external loads. A limit equilibrium analysis allows
the engineer to check the overall stability of the structure. Two type of stability must
be considered (i.e. external and internal stability). For external stability, the MSE
slope must satisfy the same external design criteria as a conventional retaining wall.
For internal stability, the length of reinforcement is sufficient to prevent its slippage
under the action of its own weight and externally applied forces. In addition, the
reinforcement must be sized and spaced so that it does not fail in tension under the
stresses that are applied.

2.4.1 External stability

The principle of conventional reinforced soil structure walls can easily
be explained on example of a heavy rigid block which similarly considers to the
reinforced concrete cantilever and gravity retaining walls. External failure of these
structures is generally assumed to be four potential failure mechanisms:

1) Sliding of the reinforced soil block over the foundation soil.

2) Overturning of the reinforced soil block.

3) Bearing capacity failure of the foundation soil.
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4) Deep seated stability failure (rotational slip-surface or slip along a
plan of weakness).
These external failures of the reinforced soil structures are shown in
Figure 2.6. Factors of safety of external stability are based on classical analysis of
reinforced concrete and gravity wall. The reduced values for factor of safety for
external failure are lower than those used for classical unreinforced retaining structure
in order to the flexibility and satisfactory field performance of the reinforced soil
structure. For example, the factor of safety for overall bearing capacity is 2 lower than
the conventional value of about 3, which is used for more rigid structures.
2.4.2 Internal stability

The internal failure of a mechanically stabilized soil structure can be
categorized into two different ways, the tensile failure and the pullout failure (Figure
2.7):

1) Tensile failure is caused by rupture of reinforcement. Tension
failure occurs when the tension developed in the reinforcement
exceed its tensile strength, leading to large movements and possible
collapse of the reinforced soil structure.

2) Slippage failure is caused by the tensile forces on the reinforcement
become larger than the pullout resistance. Thus, the reinforcements
are pulled out from the soil mass. This mode of failure is called

failure by pullout.
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(a) Sliding

VAR

N

(c) Bearing (d) Circular slip

Figure 2.6 Potential external failure mechanisms of MSE structures.

Tension Failure Pullout Failure

Figure 2.7 Internal failure mechanisms of reinforced soil structure.
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2.5 Interaction behavior between backfill and reinforcing materials

Interaction between soil and reinforcement is of major importance to
reinforced soil structure design. It depends on the nature and mechanical
characteristic of the soil and reinforcement. The degree of the interaction and the
failure mechanism are developed in a function of the type of reinforcement. Stresses
are transferred between soil and reinforcement by two main mechanisms: friction and
passive (bearing) resistances as shown in Figure 2.8.

Frictional Force

Normal Pressure PULLOUT
FORCE

-—

Passive Force __._/

a 0 e Frictional Force Passive Force

Frictional Force Normal Pressure

Pullout Force

PULLOUT FORCE

Figure 2.8 Stress transfer mechanisms for soil reinforcement

(FHWA-RD-89-043, 1990).

Friction resistance develops at locations where there is a relative shear
displacement and corresponding shear stress between soil and reinforcement surface.
The contribution of this resistance will depend on the roughness of the surface, and
normal stress.

Passive or bearing resistance occurs through the development of bearing stress
on transverse reinforcement surfaces normal to the direction of soil reinforcement

relative movement.
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In Table 2.2 some typical reinforcements are shown with the main mechanism

involved between reinforcement and the surrounding soil.

Table 2.2 Common type of reinforcement (Palmeira, 1987).

mechanism
frictional bearing

plain metal \ % '_O, l
strip %

ribbed metal %

strip

eotextile

N
geogrid w ﬁ %

reinforcement type

i

— — e — i - ——— — — e e ——

‘

Current laboratory techniques to determine the soil-reinforcement interface
include interface shear tests (ASTM D5321, 2009) and pullout test (ASTM D6706,
2013) on soil-reinforcement specimens. Several studies can be found in the literature
on the direct shear and pullout testing of soil-reinforcement interfaces (Bergado et al.,
1996; Bergado et al., 1993; Frost and Han, 1999; Goodhue et al., 2001; Koerner,
2005)

2.5.1 Direct shear test

For the direct shear test, the soil is forced to move on the surfaces of

the reinforcement under a normal stress. Jewell et al. (1984) reported that direct shear
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resistance between soil and grid reinforcement generally consists of three
components. The first component is the shear resistance between soil to soil shearing
resistances at the opening of grid reinforcement. The second component is the
shearing resistances between soil and the surface are of grid reinforcement. Final
component is the resistance from soil bearing surface of grid reinforcement, which is
too difficult to assess. Thus, the direct shear resistance between soil and grid
reinforcement can normally be expressed in terms of only two shearing resistance
contribution; one is the shearing resistance between soil and soil at the apertures of
the grid reinforcement and, other is the shearing resistance between soil and surface

area of the grid reinforcement:

ES = O-nAtfds tan ¢ds (21)

f;iv tan ¢ds = ads tan 5 + (1 1 adx ) tan ¢ds (22)

Where o, is normal stress at the shear plane,

4 1s total surface area of soil sliding,

f.,1s coefficient of direct shear resistance,

¢, 1s friction angle of soil obtained from a direct shear test,

o is angle of skin friction, and

a, 1s fraction of grid surface area providing the directs shear resistance.

If «,, is equal to zero, it will be the case of soil shearing over soil and

then f, will be equal to one; but if «, is equal to one, it will be the case of soil

shearing over the surface area of grid reinforcement and the f, will be equal to

tan §/tan ¢, .



26

2.5.2 Pullout test
Pullout resistance of grid reinforcement embedded in backfill soils
basically consists of two resistance contributions; the former is frictional resistance
and the latter is passive or bearing resistance, which is stated herein in the following
sections:
2.5.2.1 Frictional resistance
Bergado et al. (1993) concluded that the mobilization process
of frictional resistance from a pullout force is similar to the friction resistance of an
axially loaded pile, which just needs a small relative displacement to be mobilized.
Frictional resistance induced from a pullout force can be expressed in the form of the
skin friction between the longitudinal member of grid reinforcement (having same
direction of the pullout force) and backfill soil. Frictional resistance is denoted as Py.
For grid reinforcements, the frictional resistance can be expressed simply in the

following equation:
P, = A0 tand (2.3)

where A 1is frictional area between soil and grid reinforcement,

O, is average normal stress being equal to 0.75 ;S for inextensible grid
reinforcement (Anderson and Nielsen, 1984), and

o is skin friction angle between soil and grid reinforcement.

In case of geogrid reinforcements, the shape of longitudinal and

transverse ribs is flat; therefore, the frictional resistance can be mobilized along not

only the surface area of the longitudinal ribs, but also the surface area of the
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transverse ones. The pullout resistance of steel grid and geogrid samples, about 10 %
of pullout resistance of the steel grid reinforcement was governed by the frictional
resistance that mobilized at a small pullout displacement (Bergado et al., 1993). In
contrast, about 90 % of pullout resistance of the geogrid reinforcements (i.e. Tensar
SR80) was governed by the frictional resistance, and the test results of two geogeid
samples—one with transverse ribs and the other without and transverse ribs are shown
in Figure 2.9. The obtained results of pullout resistance were assumed to be equal to
the frictional resistance mobilized along the surface area of the longitudinal ribs.

For highly extensible geogrid reinforcements, the contribution
of longitudinal ribs to the pullout force is more significant than that of the transverse
ribs during the deformation stage because large elongation occurring in the geogrids
restricts the mobilization of the full effect of the transverse ribs as reported by
Alagiyawanna et al. (2001). They performed pullout tests on highly extensible
geogrid samples with different spacing arrangements of the longitudinal and
transverse ribs. The friction resistance mobilized along the longitudinal rib surface
governs the pullout resistance, F,, not the bearing resistance against the front of the
transverse ribs (see Figure 2.10).

2.5.2.2 Bearing resistance

The bearing resistance is induced only on the area of grid

transverse members perpendicular to the pullout force and denoted as £,. For grid

reinforcements, bearing resistance can be expressed simply in the following equation:

P =ond (2.4)
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Where 0, is maximum bearing stress against a single transverse members,

n is number of transverse members, and
d 1is diameter or thickness of a single transverse member being normal to
the maximum bearing stress.

The maximum bearing stress of a single transverse member can
be estimated by applying three different failure mechanisms; the first is general shear
failure mode or known as bearing capacity failure mode (Perterson and Anderson,
1980), the second is punching shear failure mode (Jewell et al., 1984), and the last is
modified punching shear failure mode (Chai, 1992). The first failure mode tends to
occur possibly for inextensible grid reinforcements, while the second and the last are
likely to occur for extensible grid reinforcements. Such three failure mechanisms are
illustrated in Figure 2.11a, 2.11b, and 2.11c.

a) Bearing capacity failure mode

Bearing capacity equation was proposed by Terzaghi.
This equation is based on inextensible grid reinforcements, and Terzaghi’s bearing
capacity equation of a shallow foundation. The equation can thus be expressed as

follows:

o, =cN,+0o,N, (2.5)

N, =cot¢(N, ~1) (2.6)

N, =exp( 7 tan @) tan” (§+§J (2.7
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Where o, is maximum bearing stress of a single transverse member,
c 1s cohesion based on effective stress,
¢ is effective friction angle of backfill soil, and

N, N, are bearing capacity factors.

b) Punching shear failure mode
This failure mode is based on extensible grid.

According to (Jewell et al., 1984), the maximum bearing stress, 6, can be calculated

as follows:
;bzoan (2.8)
N, =ex (£+¢jtan¢ (£+ﬁj (2.9)
Gl 4 2 '

Where o, is applied normal stress and
N,is bearing capacity factor

If the soil behavior is perfectly plastic and the problem
satisfies the above equation, the solution is the exact solution. From several test
results, they revealed that the bearing capacity and punching shear failure modes
provided the apparent upper and lower bounds for the actual pullout test results
(Palmeira and Milligan, 1990). In other words, neither of such failure modes might

represent pullout failure mechanisms well.
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c) Modified punching failure mode
This failure mode is based on extensible grid
reinforcements as well. However, Chai, 1992 proposed the modified N. and N, for Eq.

2.5 as follows:

1 (2tang) T ¢
N =——ex tan| —+-— |—cot 2.10
° sing P 4 2 ¢ (2.10)
l+k 1-k . (2ptang) T ¢
N =|—+——sin(20—-¢) |——ex tan| —+— 2.11
! [ 2 2 (26 ¢)}cos¢ P 4 2 @11)

Where f is angle of rotational failure zone and

k 1is horizontal earth pressure coefficient.

2.5.3 Interference factor coefficients
The transverse member interference, R, of the bearing member has a
strong influence on pullout resistance. Generally, the larger this ratio, the higher the
pullout passive bearing resistance for an individual bearing member (Bergado and
Chai, 1994). Introduced as a bearing resistance ratio, R is a function of transverse

member spacing ratio, S/D as follows:
R=a+b(S/D)" (2.12)

Where a, b and nr are constants.
Bergado et al. (1996) found that the bearing resistance ratio, R,
corresponds to S/D ratios. The S/D ratios influence the bearing resistance of

individual member in range of 1 to 45. If S/D is closed to one, the grid behaves like a
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rough sheet and for S/D beyond 45 the bearing resistance of individual transverse
member is not affected by S/D ratios. Furthermore, some constant parameters have
been defined and expressed in term of S/D ratio which is needed for prediction of
pullout force/displacement relationship.

Bergado et al. (1996) found that the bearing resistance ratio, R,
corresponds to S/D ratios. The S/D ratios influence the bearing resistance of
individual member in range of 1 to 45. If S/D is closed to one, the grid behaves like a
rough sheet and for S/D beyond 45 the bearing resistance of individual transverse
member is not affected by S/D ratios. Furthermore, some constant parameters have
been defined and expressed in term of S/D ratio which is needed for prediction of

pullout force/displacement relationship.
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Figure 2.9 Pullout resistance at 25 mm pullout displacement

of Tensar SR80 geogrid (Abiera, 1991).
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Slip planes

(a) General shear failure mode (Peterson and Anderson, 1980)

Transverse bar

Gy =7 ¢$¢¢ : Slip planes
i l‘H : 6
_______ ey X
=7
l
i

A 4
— H=45+L
e
O, - 5 B .
R — >N ONP B _variable |
— /9
D

(c) Modified punching failure mode (Bergado et al., 1996)

Figure 2.11 Modes of failure mechanism.
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2.6 Literature reviews of direct shear and pullout tests

Several researchers have carried out the direct shear and the pullout tests of

reinforcement in soils (Bergado et al., 1992; Koutsourais et al., 1998; Liu et al.,
1996). These tests were originally carried out for the purpose of clarifying the
mechanism and evaluating of the reinforced soil structures. The method of preparing
the soils specimens, reinforcement materials, and the size of apparatus were among
the factors investigated. The test conditions are very important for the determination
of the design and analysis parameters of the reinforced soil structures. The interaction
between soil and reinforcement is frequently evaluated and analyzed in terms of
apparent interface friction factor, which were obtained from the direct shear and
pullout tests (Ingold, 1983; Juran et al., 1991; Rowe et al., 1985)
Alfaro et al. (1995) reported that in the direct shear test, the interface frictional
resistance is a function of the soil to reinforcement and the soil to soil shear
resistance, whereas in the pullout tests, the frictional resistance is a function of surface
roughness, geosynthetic extensibility.

Koutsourais et al., (1998) compared the results of pullout and direct shear tests
of geosynthetic reinforcement in marginal cohesive soil, in term of apparent interface
friction angle,o . The tested results were concluded that the pullout test provided
approximately 13% to 17% soil interaction values higher than direct shear test at low
confining pressures and provided essentially the same soil interaction values at higher
confining pressures. The total pullout resistance of geotextile is contributed only by
the frictional resistance, which was evaluated by Mohr-Coulomb yield criterion. This
resistance depends on engineering properties of soil, roughness surface of the

reinforcement, and confining pressure.
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Liu et al. (1996) investigated the performance of polymeric geogrids in
compacted lateritic soils and complemented the analysis done by Bergado et al.
(1992). They concluded that the test results accordance with the results of Bergado et
al. (1992), i.e., the bearing capacity failure and the punching failure modes appeared
to be an upper bound and lower bound envelop for the pullout capacities for grid
reinforcements.

Tatlisoz et al. (1998) studied the interaction between geosynthetic and soil-tire

chip mixtures. The coefficient of interaction, ¢;, for different geosynthetic types and
different soil contents was evaluated. The ¢; results ranged from 0.3 to 1.5. They
concluded that the ¢; value greater than unity (¢; >1), the efficient bond between soil
and reinforcement is greater than shear strength of the soil. In addition, if the ¢; value
is less than 0.5 (¢;<0.5) indicates weak bonding between soil and geosynthetic of

breakage of geosynthetic layer.

Ochiai et al. (1996) and Holtz (1977) investigated the shear stress distribution
along the length of geosynthetics using pullout tests. The deformation along the
length of geosynthetic was measured using LVDTs. The studies concluded that the
shear stress is maximum at the face of the geosynthetic and gradually decreases along

its length.

Elias et al. (2001) examined that the pullout resistance factor, F' i (friction and
bearing interaction factor) and « (scale correction factor). In order to determine «
factor, the pullout tests were investigated under different length of geosynthetic with
vary confining pressures. The recommended value of ¢ for design parameter was

recommended in the range of 0.6 to 0.8.
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Liu et al. (2009) studied the interface shear strength of geogrids and geotextile
embedded in sand and gravel using direct shear apparatus. The test results indicated
that the shear strength of soil-geotextile interface was 0.7 and 0.85 of the soil shear
strength for Ottawa sand and gravel, respectively. In addition, there results showed
that the soil-geogrid interface was generally higher than that of soil-geotextile.

Hamid and Miller (2009) carried out a series of modified direct shear tests in
which the matric suction of the soil specimen was controlled in order to study the
shear strength behavior of an unsaturated low-plasticity fine-grained soil Their results
showed that the matric suction contributed to the peak shear strength of unsaturated
interfaces but did not significantly affect their post-peak shear strength. However, the
variation of confining pressure affected both peak and post-peak shear strength
values.

Mitchell et al. (1990) conducted the direct shear tests to study the effect of dry
and wet interface on the frictional resistance of smooth HDPE membranes compacted
clay interface. The results showed that when the clay was compacted at dry
condition, the shear resistance at HDPE-clay interface was about 95.8 kPa. Moreover,
the interface shear resistance reduced to 43.1 kPa when the clay was nearly

compacted at saturation state.

2.7 Pullout resistance of bearing reinforcement

Horpibulsuk and Niramitkronburee (2010) have recently developed a new
cost-effective inextensible reinforcement type, termed as “Bearing reinforcement",
which is composed of a longitudinal member and transverse (bearing) member. The

longitudinal member is a deformed steel bar (DSB) and the transverse members are a
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set of equal angle steel. The earth stabilized by this reinforcement is designated as
“Bearing Reinforcement Earth (BRE) wall” (Horpibulsuk et al., 2011). The BRE wall
system has been developed into one of the standard MSE walls for the Department of
Highways in Thailand.

Performance of the BRE wall on a firm ground was first investigated on the
campus of Suranaree University of Technology (SUT) through a research project
sponsored by the Thailand Research Fund (TRF) in 2009. Based on the field
investigation and laboratory pullout tests (Horpibulsuk and Niramitkronburee, 2010;
Horpibulsuk et al., 2011), a design method for BRE walls founded on a firm ground
was subsequently introduced. This method has been adopted to design several BRE
walls under the supervision of Department of Highways in Thailand since 2008.

Recently, Suksiripattanapong et al. (2012) proposed a simplified method to
model the bearing reinforcement, which converts its friction and bearing resistance to
the equivalent friction resistance for finite element analysis. So far, all the studies on
bearing reinforcement are limited to high-quality coarse-grained soils (<15% fine
content), as specified by the Department of Highways in Thailand.

2.7.1 Pullout friction resistance

Figure 2.12 shows the pullout friction force and displacement
relationship of a longitudinal member with a diameter of 16 mm and length of 2.6 m
for well-graded gravel (GW), well-graded sand (SW), poorly-graded sand (SP) and

crushed rock (GP). Maximum pullout friction resistance, P, of the longitudinal

member can be calculated from

P, =zDLo, tand (2.13)



38

Where D and L are diameter and length of the longitudinal member, respectively,

o,1s normal stress andJ 1is the skin friction angle.

For a particular soil, the maximum pullout friction force, P .

increases with the increase in normal stresses, o, . The displacement at peak failure is

insignificantly affected by the normal stress; it is approximately 3 to 5 mm for all the

applied normal stresses and tested soils. The well-graded gravel (GW) gives the

highest pullout friction force because it has the highest friction angle.
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Figure 2.12 Pullout test results of a longitudinal member under different

normal stresses (Suksiripattanapong et al., 2013).
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2.7.2 Pullout Bearing Mechanism of a Single Isolated Transverse
Member (n=1)

Figure 2.13 shows comparison of maximum pullout bearing resistance

of a single isolated transverse member. It is found that the maximum pullout bearing

resistance can be determined from the plasticity solutions. The maximum bearing

stress, o, ., of a single transverse member in coarse-grained soil can be predicted by

modified punching shear failure mechanism.

Tpmax = NV,0,, (2.14)
1 T @

N = exp|rtang|tan| —+— 2.15

" cos¢ p[ ¢] (4 2) @.15)

Figure 2.13 indicated that for the well-graded gravel (GW) and the
crushed rock (GP), with large average grain size, the maximum bearing stress at low
normal stress of approximately 30 kPa was close to the predicted by the general shear
mechanism. However, the measured maximum bearing stress at high normal stress of
90 kPa was very close to that predicted by the modified punching shear mechanism
(Suksiripattanapong et al., 2013).

2.7.3 Pullout Resistance of the Bearing Reinforcement (n > 1)

In practice, the bearing reinforcement consists of several transverse
members placed at regular intervals. During the pullout of the bearing reinforcement,
the transverse members interfere with each other. A dimensionless parameter,
transverse member spacing ratio, S/B is introduced herein to investigate the influence

of spacing, S, and dimension (B and L) of transverse members on the pullout bearing



40

characteristics. Generally, the larger the S/B, the higher the pullout bearing resistance
up to a certain maximum value, due to less interference among transverse members.
Figure 2.14 shows the typical relationship between maximum pullout

bearing force, F, and transverse member spacing ratio, S/B for 40x150 mm transverse

members (n = 2 to 4) under different applied normal stresses compared with
maximum pullout bearing force of a single isolated transverse member (n = 1), Pp. It
is found that when S/B is larger than 25, there would be no more transverse member
interference. Thus, this ratio is referred to as free interference spacing ratio. When S/B
is less than 3.75, the shear surface caused by each transverse member joins together to
form a rough shear surface and only the first transverse member causes bearing

resistance.
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Figure 2.13 Maximum pullout bearing resistance of a single isolated transverse

member for all tested soils (Suksiripattanapong et al., 2013).

In this case, all the transverse members would act like a rough block.
As such, the maximum pullout bearing resistance is determined from the sum of the
friction on the block sides and the bearing capacity of the first transverse member.

Since the bearing capacity is more dominant, the pullout bearing resistance is close to
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that of a single isolated transverse member. This S/B ratio is thus defined as a rough
block spacing ratio. From this finding, the failure mechanism of the bearing
reinforcement is classified into three zones, depending upon S/B ratio as shown in
Figure 2.16. Zone 1 is referred to as block failure when S/B < 3.75. Zone 2 is
regarded as member interference failure when 3.75< S/ B <25. Zone 3 (S/B > 25) is
individual failure where soil in front of each transverse member fails individually.

The level of transverse member interference can be expressed by the
interference factor, /F. It is defined as the ratio of the average maximum pullout
bearing force of the bearing reinforcement with »n transverse members to that of a

single isolated transverse member.

IF =~ (2.16)

The higher the level of transverse member interference (the lower the
S/B), the lower the Pj,, and hence the lower the R. Based on the analysis of the test
data, it is found that the interference factor is mainly dependent upon S/B, and n,
irrespective of L and applied normal stress. The following equation for interference

factor is hence:
S
F=a+bln(§j (2.17)

These two constants, a and b can be obtained with the two physical
conditions: 1) when S/B equals 3.75, the interference factor equals 1/n since Pj, and
Py are the same, and 2) when S/B equals 25, the interference factor equals unity.

These two conditions establish the lower and upper values of R at corresponding
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values of S/B = 3.75 and 25, respectively. From these two conditions, the constants a

and b can be determined by the following equations:

b=0.527{1—l} (2.18)

n

a=1-3.219% (2.19)

As such, a and b values are 0.152 and 0.264, -0.132 and 0.351, and -
0.273 and 0.395 for n = 2, 3, and 4, respectively. Using these a and b values for
different n, the maximum pullout bearing resistance can be predicted as shown by the
solid lines in Figure 2.14. The laboratory Py, values (Pp; = 6.4, 12.7, and 19.7 kN for

n =2, 3, and 4, respectively) are used for this prediction.

2.8 The behavior of bearing reinforcement earth (BRE) Wall
2.8.1 Bearing stress

Figure 2.15 shows the increase in the bearing stress with construction
time at the center and edge (3.45 m from the center) in the middle zone of the wall
compared with the calculated vertical stress. The bearing stresses were measured both
in reinforced (0.5 and 2.4 m from wall facing) and unreinforced (4.5 m from facing)
zones. Within the reinforced zone, the bearing stress distributions in both the center
and the edge are approximately trapezoid shape, which is typical of rigid foundation

(vide Figure 2.16).
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Figure 2.14 Measured and predicted Pp,/Pp; and S/B relationship for 40x150 mm

transverse members (Suksiripattanapong et al., 2013).
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Figure 2.15 Relationship between bearing stresses and time

under the wall (Horpibulsuk et al., 2011).
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Figure 2.16 Bearing stress distribution after the completion of construction

(Horpibulsuk et al., 2011).

2.8.2 Settlement

The measured settlements (in the ground and the reinforced backfill) at
the center and edge in the middle zone of the test wall are illustrated in Figures 2.17.
The wall settles very fast during construction. After the completion of construction,
the rate of settlement decreases and the final settlement is attained at about 10 days
after the completion of construction. More than 70% final settlement occurs at the end
of construction. This is because the wall was founded on the relatively dry and hard
stratum that the immediate settlement is dominant. In the reinforced zone, the ground
settlements at the center of the BRE wall decrease from front (95 mm) to back (77
mm) (vide Figure 2.18). The large settlement at the front is possibly caused by the

eccentric load and the weight of the segmental panels (vide Figure 2.18).
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2.8.3 Lateral wall movement
The lateral movement of the wall face after the completion of
construction was measured from the digital inclinometer located near the wall face.
The initial readings on the inclinometer were taken corresponding to zero movement
after the completion of construction. The lateral movement was monitored from the
end of construction until 47 days. The lateral movement is very small with the
maximum (at the top) of only less than 9 mm at 47 days after the completion of

construction as shown in Figure 2.19.

0 T T T , . | Center Edge
£) 20=|' End of construction Ground —O—  -@-
g/ 40 Backfill -{— -#-
= 60k
()

_E’ 80 -
% 100 ~
120 ~
140 1 | 1 | 1 | 1 | ! 1 |

Distance from facing (m)

Figure 2.18 Final settlement profile at 47 days after the completion of construction

(Horpibulsuk et al., 2011).

2.8.4 Coefficient of lateral earth pressure
The coefficients of lateral earth pressure for any backfill load were the
ratios of the lateral earth pressure, o,, to the vertical pressure, o, . The lateral earth
pressures at the maximum tension in reinforcement were determined from the strain

gauges on the reinforcement and the lateral earth pressures at wall facing panels were
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measured from earth pressure gauges attached to the wall facing panels. The K for the
maximum tension in reinforcement is used for designing the internal stability of the
earth wall (pullout and rupture failure criteria) whereas the K at the wall facing panels
is used for designing the tie points and facing panels.

Figure 2.20 shows the relationship between the wall depth and the
coefficients of lateral earth pressure at the maximum tension in the reinforcements
after the completion of construction, compared with those for the other reinforcements
(Christopher et al., 1990 and Bergado et al., 1999). Figure 2.20 shows the relationship
between K and depth at the wall face and at maximum tension compared with that

recommended by AASHTO (1996). ASSHTO (1996) recommends that at the

maximum tension, the lateral earth pressure, o,, at each reinforcement level of an
earth wall with inextensible reinforcements shall be calculated using K =K, at the
top of the wall and decreases linearly to K =K_  at 6 m depth. Below a 6 m depth,
K =K, shall be used. It is found from Figure 2.21 that the measured K for the

maximum tension in the bearing reinforcements is in agreement with this
recommendation.
2.8.5 Possible failure plane
The initial reading on strain gage was taken from zero tension.
Subsequent readings were then taken as that wall was constructed and past

construction. From the strains calculate, the tensions in the wire can be computed as:
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T=Ede (2.20)

Where 7 is axial tension in reinforcing wire,
E is  modulus of elasticity of steel,
A 1is cross-sectional area of the reinforcing wire, and

& is axial strain in the reinforcing wires.

End of construction
—o— 8 days
—e— 10 days
—a— 11 days

Depth/Height (m.)

—a— 13 days
—o— 17 days

—®— 26 days
—v— 47 days

PR I N B
g 10 12 14

Horizontal displacement (mm)

Figure 2.19 Measured lateral wall movement after the completion of construction.

(Horpibulsuk et al., 2011).
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Figure 2.22 illustrates the reinforcement tension measured at 14 days
after the completion of construction and 10 days after additional surcharge load. The
maximum tension line (possible failure plane) of the bearing reinforcement
corresponds to the bilinear type of maximum tension line (coherent gravity structure
hypothesis) as expected for metal strip and steel grids (AASHTO, 1996, 2002; and

Anderson et al., 1987, Bergado et al., 1998; and Chai, 1992).

0.3H=1.80 m.

Wall height (m)
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T
[
W 5
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1E ' K ' ' ' —@— 14 days after the
K end of construction

] 5 | —J— 10 days after applying
oy i surcharge load

0 1 2 3 4
Distance from facing (m)

Figure 2.22 Measured tensions in the bearing reinforcements

(Horpibulsuk et al., 2011).
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2.9 Finite Element Modeling of Reinforced Earth Structure

The behavior of reinforced earth structure on soft ground, and its influence
factors have been analyzed using finite element method (FEM) by several researchers
(Chai, 1992; Hird and Kwok, 1989; Long, 1996; Rowe and Ho, 1997). There are two
general approaches to the finite element analysis of reinforced soil system, namely:
discrete material and composite material. Although the discrete approach needs more
computer time, it is preferable because the properties and responses of
soil/reinforcement interaction properties are key factors that control its performance.
Hence, the discrete approach is used in this research, and is discussed in detail in the
following sections.

2.9.1 Elasto-plastic model

The elasto-plastic model is characterized by: the yield function, the
flow rule, and the hardening law. The strain due to any increment of stress can be
divided into two components: elastic strain and plastic strain. For conditions where
the stress state is in yield locus, an increment stress can only cause elastic strain. If the
stress conditions correspond to a point on the yield surface and if the material is
stable, the increment of stress produces elastic and plastic strain. There are several
elastoplastic models for soils as discussed below.

2.9.1.1 Elasto-perfectly-plastic Mohr Coulomb model

The relationship between effective stress rate and strain rate for

elastoplasticity (Smith and Griffith, 1988) are given as follows:

T
o =|p-%p8Y pel, 2.21)
d 0o Og
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T
i-9 p %8 (2.22)
oo oo

Where f is yield function, g is plastic potential function,
o is effective stress tensor,

g 1s strain tensor, and

DFf is elastic constitutive matrix.

The term « is used as a switch. If material behavior is elastic
which, the value of « is zero. For plastic behavior, « is unity.
The yield function for Mohr Coulomb model is defined as three

yield functions, which are formulated in terms of principal stress (Smith and Griffith,

1988) as follows:
1 1 -
fi :5|02—a3|+5|02+a3|s1n¢—ccos¢20 (2.23)
1 1 .
£ :§|a3—o-1|+5|o-3+og|s1n¢—ccos¢20 (2.24)
1 1 .
1, :5|o-1—02|+5|01+0'2|s1n¢—ccos¢2() (2.25)

Where ¢ is friction angle of soil,

¢ 1s cohesion intercept.

The plastic potential functions are defined as follows:

1 1 .
g :5|0'2—03|+5|02+0'3|sm(p (2.26)

1 1 )
g, =E|O'3—O'1|+E|O'3+O'I|SIII¢ (2.27)
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1 1 )
g5 :5|01—02|+5|01+02|s1n(p (2.28)

where ¢ is the dilation angle.

In order to model the influence of stress level on the material
stiffness, a simple power law for the shear modulus is introduced (Vermeer and

Brinkgreve, 1995):

P

G=G, | — 2.29
r‘?f(Pref} ( )

) 1
Where P = —5(0'1+0'2+03)+ccot¢,

G P

. 18 reference

is reference shear modulus, corresponding to P* = P,

ref 2

ref

pressure model parameters for and m is power number.

Thus, the Mohr Coulomb model required a total of given

parameters which are G,»> Bys m, v, @, ¢, ¢, which are familiar to most

geotechnical engineers.
2.9.2 Soil and reinforcement interface model
In PLAXIS program, the stress-strain behavior at soil-interface is
simulated by elastic, perfectly-plastic interface model. The model parameters at soil-

structure interface can be generated from that soil using the interface coefficient, R,

inter

, defined as the ratio of the shear strength of the interface to the corresponding shear

strength of the soil (Vermeer and Brinkgreve, 1995) as follows:

tano =R tan¢ (2.30)

inter
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c 2.31)

i~ "linter

G, =R,,G (2.32)
Where G is  shear modulus of soil that contacts with reinforcement,

G, is shear of interface element,

@ is angular of friction of soil contacted with reinforcement, and

o is angular of friction of interface element.

2.9.3 The influential parameters

There are many parameters that affect the behavior of reinforced wall
such as interaction between reinforcement and soil, angular friction of backfill soil
and stiffness of the reinforcement, etc. Alfaro (1996) has studied the effect of the
stiffness of the reinforcement to the behavior of reinforced soil wall using FEM. Two
embankments were constructed in the campus of the Asian Institute of Technology.
The reinforcement were steel grid (Bergado et al., 1991)and Tenax geogrid (Bergado
et al., 1994). Back analysis and parametric study were done. The conclusion was that
the increase in stiffness or rigidity of reinforced soil system leads to smaller lateral
movements of soil foundation and provides higher settlement at or the near the toe.
On the other hand, lower reinforced soil system stiffness results in lower settlement at
the toe with its maximum value located away from the toe to the interior portion. The
role of reinforcement extensibility to tensions in the reinforcement is that the stiff

reinforcements exhibit high tensions under working conditions.
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Rowe and Ho (1997) have studied the influential parameters based on
finite element analysis of the continuous wall on rigid foundation with full facing
panel and hinge toe. Granular backfill was used in the analysis. The effect of the
influential parameters on the horizontal and the vertical forces developed within the
reinforced soil system are shown in Figure 2.23, 2.24 and 2.25. The influential
parameters consist of reinforcement stiffness, backfill friction angle and facing/soil
interface friction. It is concluded is that the absolute maximum reinforcement force
increases with: (a) increasing reinforcement stiffness density; (b) decreasing
facing/soil friction angle; (c) decreasing backfill friction angle; and (d) decreasing
facing rigidity. Furthermore, some slip reinforcement-soil interface occurred for

interface friction angles less than 2/3 ¢.



Figure 2.23

o 2000 4000 6000 8000 10000
= 1 T T T I T v T ] LR M R | [ LR SR L I L B B

-Vertical Force === Coulomb Wedge 7 .
e s I v B s n L B Y

- Note: =35° ¢ _=35° §=20° y=20kN/m’
N H=6m L/H=0.708 S, =im n=6
0.20 0.00

Horizontal Force ---- Rankine
e Coulomb Wedge

AL 14

0.16

y o byaag

<

Z
g

0.12

F/(yH)

0.08

0.04

0—0g—

llllllllllllrlll’ll]l'l'

PO TS TN T NN N U A T (N TS N NN O NN SN T T T Y A 0 OO |

2000 4000 6000, 8000 10000
(@ =J/s,) : kN/m

1: vertical reaction at toe of wall

2: horizontal reaction at tce of wall

3: sum of force at facing/reinforcemaent Joint

4: sum of maximum force In reinforcement

S: sum of 2 and 3 (total force required for external
equilibrium of facing)

¥ 6: sum of 2 and 4 (total force required for internal

equilibrium of reinforced soil block)

0.00

o

qeOno m

Interaction diagram for effect of reinforcement stiffness density.

(Rowe and Ho, 1997).

58



59

30 35 40 45 s0

T vt It T

Vertical Force weeeee Coulomb Wedge

0.08

SesessLTeeTaTYT

IW.

Temaseaes

B 0.04

R LT,

Note: 6=2/3¢ ¢ _=¢ 7=20kN/m’ J=2000kN/m
H=6m L/H=0.708 S =im n=6

. |

0.00

0.20

Horizontal Force ---- Rankine
-------- Coulomb Wedge

® 1: vertical reaction at toe of wall

O 2: horizontal reaction at toe of wall

O 3: sum of force at facing/reinforcement joint

® 4: sum of maximum force in reinforcement

v 5: sum of 2 and 3: (tolal force required for external
equilibrium of facing)

¥ 6: sum of 2 and 4 (tolal force requirsd for internal
equilibrium of reinforced soil biock)

Figure 2.24 Interaction diagram for effect of backfill soil friction angle

(Rowe and Ho, 1997).



0.0 0.2 0.4 0.6 0.8 1.0

LN N N DN A I B D R A D SR A B L ML U B DD R B B B |

Vertical Force <~ Coulomb Wedge 0.08

il 0.00

Horizontal Force  ---- Rankine
~--s- Coulomb Wedge

Q (=] Q a 3 [»] a-
Note: $=35° ¢n=35' 7‘20kN/ﬂ'| J=2000kN/m
0.00 1.1 H|=6Lml |L/|H=1°i7°18| s:":l“l'ﬂ ) l\.=§ [ B N |

052 0.4 0.6 0.8 1.0

o
b
o
re
a
TT T T T T T 717

: vertical reaction af toe of wall

: horizontal reaction at toe of wali

: sum of force at facing/reinforcement [oint

: sum of maximum force in reinforcement

: sum of 2 and 3: (total force required for external
equilibrium of facing)

: sum of 2 and 4: (totai force required for internal
equilibrium of reinforced soil block)

qeoaom o
OaGN =

<
o

60

Figure 2.25 Interaction diagram for effect of facing/soil interface friction angle

(Rowe and Ho, 1997).
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CHAPTER 111
EFFECT OF FINE CONTENT
ON THE PULLOUT RESISTANCE MECHANISM
OF BEARING REINFORCEMENT EMBEDDED IN

COHESIVE-FRICTIONAL SOILS

3.1 Statement of problem
The maximum bearing stress, op ax » Of @ single transverse member for the

bearing reinforcement embedded in a cohesionless soils can be predicted
satisfactorily based on the modified punching shear mechanism (Horpibulsuk and
Niramitkronburee, 2010; Suksiripattanapong et al., 2013). The proposed equation was
applicable to a particular compacted coarse-grained soil. However, in some areas,
high-quality coarse-grained soil is not available, leading to subsequently high haulage
cost for imported materials. It would thus be cost-effective if marginal soils available
locally or on-site can be used as a backfill material for MSE walls with an appropriate
drainage system. To apply these marginal soils in practice, the effect of fine content
on pullout resistance mechanism is an important aspect that needs to be addressed.
This paper aims to investigate the pullout resistance mechanism of bearing
reinforcement embedded in cohesive-frictional soils at various fine contents. The
laboratory pullout tests on the bearing reinforcement embedded in various cohesive-

frictional soils were performed by wusing a large-scale pullout apparatus



67

(Horpibulsuk and Niramitkronburee, 2010; Suksiripattanapong et al., 2013) under
undrained condition to simulate the short-term situation (Chai, 1992; Bergado et al.,
1993 and 1996). The pullout resistance equation for the bearing reinforcement in term
of normal stress, dimension and spacing of transverse members, and fine content is
also proposed. The outcome of this study is fundamental and useful for the internal

stability analysis of the BRE wall using marginal soils as a backfill.

3.2 Laboratory investigation

3.2.1 Soil samples
The tested soils used in this study were a mixture of silty clay and sand
at various ratios, which have different fine contents. The silty clay was collected from
the Suranaree University of Technology campus, Nakhon Ratchasima, Thailand, at a
depth of 3 m. Its specific gravity is 2.70. The liquid and plastic limits are
approximately 54% and 28%, respectively. The silty clay consists of 45% silt, 53%
clay, and 2% sand and is classified as a high plasticity clay (CH) according to the

Unified Soil Classification System (USCS). The sand is classified as poorly graded

sand (SP) with 2% fine content. The average grain size, D;, of sand is 0.30 mm and
the specific gravity is 2.78. The compaction characteristics under the standard Proctor
energy (ASTM D698-91, 1995) are optimum water content, OWC = 23% and
maximum dry unit weight, y, . = 14.7 kN/m® for silty clay and OWC = 6.5% and

V4w = 17.0kN/m’ for sand. This sand with a small Dsy was used in this study to

avoid the interlocking effect between transverse members and soil particles

(Suksiripattanpong et al., 2013).
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The silty clay and sand were mixed to attain the tested soils with fine content greater
than 20%. The fine: sand ratios (F:S) were 20:80, 40:60, 80:20, and 98:2 by dry
weight. Fine is defined as the particles passing No. 200 US sieve size. The grain size
distribution curves of the samples are shown in Figure 3.1. The compaction
characteristics and the gradation of the silty clay (F:S = 98:2), sand (F:S = 2:98) and

mixed soils (F:S = 20:80, 40:60, 80:20) are summarized in Table 3.1. The y, . and

OWC values vary from 14.7 to 23.0kN/m* and 12.2 to 23.0%, respectively. y, .

increased and OWC decreased as the fine content decreased due to the reduction in
water holding capacity (Horpibulsuk et al., 2008 and 2009).

Total strength parameters of the tested soils were obtained from a large
direct shear device with a dimension of 305 mm x 305 mm x 240 mm depth. In the
direct shear tests, the upper half was fixed to the frame of the apparatus while the
bottom half could move relative to the top half with the assistance of an actuator
controlled by an electric motor. The shearing of the soil specimen occurred along the
horizontal failure plane. The test soil thickness in the upper half was 100 mm, which
was more than the minimum soil thickness of 50 mm recommended by ASTM D5321
(2008) to ensure the transfer of the normal stress onto the shearing plane. The vertical
loading was applied on the rigid plate by a hydraulic jack supported by the rigid
reaction frame. The vertical loading and its vertical displacement were measured
during the test. The horizontal movement of the bottom half and the shear force
exerted during shearing were also recorded. The vertical and horizontal displacements
were recorded by two Linear Variable Displacement Transducers (LVDT).

The soil samples were prepared at the optimum water content

(obtained from laboratory compaction tests) and transferred to the large direct shear
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box. Before the compaction of the samples in the shear box, the shear box was
assembled by keeping the two alignment pins in place to ensure that the upper and
lower halves were aligned properly. The soil compaction was undertaken in three
layers by a vibratory compactor until the maximum dry unit weight was attained. The
applied normal stresses were 30, 50 and 90 kPa, respectively. The test commenced
with no time allowed for the sample to consolidate during the applied normal stress
and shearing. Before shearing, the vertical alignment pins were removed and a shear
gap was allowed by opening the gap between the two halves to 0.64 mm using the
four gap screws. The shear force was then applied at a constant shearing rate of 1
mm/min till the sample was sheared to 40 mm. The cohesive-frictional soils were
compacted at the optimum water content, at which the degree of saturation was
between 78 and 87%. Therefore, consolidation and drainage are not an issue for this
kind of soil. For an unsaturated soil, total strength parameters are more appropriate to
describe the soil behavior than undrained or drained parameters.

The direct shear test was conducted in this study to simulate the shear
condition of the soil in short-term condition (during construction and at the end of
construction of BRE wall) and to obtain the total strength parameters. The two main
parameters: cohesion and internal friction angle for each soil were determined to
illustrate the effect of fine content. Figure 3.2 shows the relationship between shear
strength and fine content for the tested soils. The shear strength decreased with an
increase in fine content. For F:S of 98:2, the shear strength values ranged from 48-52
kPa for all the applied normal stresses. In other words, the effect of normal stress on
the shear strength was insignificant as the fine content increased. Shear strength

parameters for each tested soil are also summarized in Table 1. The cohesion
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increased and the internal friction angle decreased as the fine content increased. The
highest cohesion and the lowest friction angle were found at F:S of 98:2 and equal to
43 kPa and 5.5 degrees, respectively. As additional fine particles are introduced into
the coarse-grained soils, fine particles fill the void spaces between the coarse particles
and dominate the coarse-grained behavior (Arulrajah et al., 2014 and (Wang et al.,
2009). The decrease in the friction angles of tested soils with increasing fine content
has also been reported by Al-Shayea (2001), Tiwari and Marui (2005), and Wang et
al. (2009). Al-Shayea (2001) explained that this reduction in the friction angle is due
to the increased lubrication of the clay paste, which causes the slippage and sliding of
coarse grains.
3.2.2 Bearing Reinforcement

The longitudinal member is a deformed steel bar (DSB) and the
transverse members are a set of steel equal angles. Pullout tests on the bearing
reinforcement with different dimensions, spacing and numbers of transverse members
embedded in the tested soils were conducted under different applied normal stresses
of 30, 50 and 90 kPa. The diameter of the longitudinal member was 16 mm and the
leg lengths, B of the tested transverse members (steel equal angles) were 28, 30 and
50 mm, which are generally used for BRE walls. The lengths of the tested transverse
members, L were 100 and 150 mm. The spacing between the transverse members, S,
varied from 100 to 1200 mm, depending upon the number of transverse members. In
this study, the number of transverse members, 7, was 1 to 4.

3.2.3 Methodology
Pullout tests were conducted in the laboratory using a rigid pullout box

as shown in Figure 3.3. It was fabricated with rolled steel plates, angles, channels, and
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H-sections welded or bolted together to give inside dimensions of 2.60 m in length,
0.60 m in width and 0.8 m in height. The details and sketch of the pullout apparatus
can be found in Horpibulsuk and Niramitkornburee (2010). The front wall contains
the upper and lower parts with a slot in between for the reinforcement specimen.
Friction between the tested soils and the side walls of the pullout apparatus was
minimized by the use of a lubricated rubber member and smooth plates as
recommended by Alforo et al. (1995), ASTM D6706-01 (2013), and Horpibulsuk and
Niramitkronburee (2010). The sleeve was installed inside the slot opening of the
pullout box to isolate the bearing reinforcement near the front wall. The sleeve
reduces the horizontal stresses on the front face near the slot during the pullout and
minimizes the arching effect over the bearing reinforcement. The compacted soil
thickness above and below the reinforcement was 300 mm. The soil compaction for
each portion (above and below the reinforcement) was undertaken in two layers (150
mm thickness) by a vibratory compactor until the maximum dry unit weight was
attained.

Normal stress was applied to the upper layer of soil above the bearing
reinforcement with a pressurized air bag. Before installation of the air bag, a 30 mm
thick layer of fine sand was placed on the top of the compacted soil and covered with
a 4 mm thick steel plate. This procedure was adopted to simulate a uniformly
distributed normal stress on the top of the backfill. The pullout force was applied by a
200 kN capacity electro-hydraulic controlled jack and the pullout displacement in
front of the pullout apparatus was monitored by a linear variable differential

transformer (LVDT). The pullout force was applied at a rate of 1 mm/min.
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The maximum applied pullout displacement at the end of a test was 40 mm. The

applied normal stresses were 30, 50, and 90 kPa, respectively.

Table 3.1 Index and engineering properties of tested soils.

Parameters Fine: sand ratios

Mixing ratio (Fines content : Sand ) 2:98 | 20:80 | 40:60 | 80:20 98:2

Specific gravity 278 | 275 | 272 | 271 | 270

Optimum water content (OWC) (%) 6.5 122 | 14.8 20.2 23.0

Percent passing No.200 (%) 2 20 40 80 98
USCS classification SP SC SC CH CH
Internal friction angle (degrees) 40 35 32 14 5.5
Cohesion (kPa) 0 20 25 38 43

100 w=?:9ﬂ; ﬁl)— §1105 0 N S 1115 K 0 58
90 N / Ny Mixing ratio (by weight)
) L“\ \{ el B = 208
80 N ~@—F:8 = 20:80
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Figure 3.1 Grain size distribution curves of the tested soils.
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Figure 3.2 Relationship between shear stress and fine content of all tested soil.
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(Horpibulsuk and Niramitkornburee, 2010).
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3.3 TEST RESULTS AND DISCUSSION

3.3.1 Pullout friction resistance
The pullout friction resistance of bearing reinforcement (without any
transverse member) is obtained from the skin friction between the tested soils and the

longitudinal bar with a diameter of 16 mm and a length of 2.6 m. The maximum and

residual pullout friction forces (7, and P, ., ) were determined using Eq. (3.1).

The friction pullout resistance, P, , is expressed in the form:

Py =Aa(c+an tan¢) 3.1

Where A is the total surface area of the reinforcement,
o 1s the interaction factor,
c and ¢ are the soil strength parameters and,
0, 1s the applied normal stress.
Figure 3.4 shows the results of the pullout friction tests on a
longitudinal member for all tested soils. The friction force increased with the pullout

displacement until P, was reached and then leveled off at P, ... The

,max

displacements corresponding to P, .. ranged from 3-5 mm for all the tested soils and

applied normal stresses. The values of P, . and P, , increased with an increase

Jresidua
of the normal stress, depending upon the fine content. The higher the fine content, the

lower the values of P, . and P, The difference between P, . and P

Jresidual * f ,residual

was dependent upon the normal stress and fine content. The larger difference was

found at a lower normal stress, especially for a lower fine content due to significant
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interlocking between soil and reinforcement. The smallest difference was found for
the fine to sand ratio F:S of 98:2 (silty clay) where the punching shear failure
governed. Previous research (Horpibulsuk and Niramitkronburee, 2010;
Suksiripattanapong et al., 2013) showed that the avalues of various coarse-grained
soils were greater than 1.0. Different o values were found for the tested cohesive-
frictional soils; i.e., the « values were less than unity and decreased with the fine

content.

Figure 3.5 shows the relationship of &, or &, with the fine content at
three different applied normal stresses. On this figure, @, and «, are the interaction

factors at peak and residual failure states, respectively. The &, and «, values are
independent of normal stress and tend to decrease with an increase in fine content due
to reduction of the interlocking effect. The & ,and «, are expressed in term of F

(percentage of fines) by a linear function as follows:

a, =—0.002F +0.859 for 20 < F < 98% (3.2)

a, =-0.0014F +0.592 for 20 < F <98% (3.3)

The above test results are similar to those found in the previous
investigations for different reinforcements (Bakeer et al., 1998; Cazzuffu et al., 1993;
Lallejo and Mawby, 2000; Tanchaisawat et al., 2010). The interaction factor between
0.5 and 1.0 indicates a good bond between soil and reinforcement. The poor bonds

correspond to « < 0.5 (Tatlisoz et al., 1998). The «, values were greater than 0.65 at
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all fine contents. The good bond is due to the higher roughness of the steel bar

(Horpibulsuk and Niramitkornburee, 2010).
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Figure 3.4 Pullout test results of a longitudinal member

under different normal stresses.
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3.3.2 Pullout bearing resistance of a single isolated transverse member

(n=1)

The typical total pullout force and displacement curves for the bearing
reinforcements with a 2.6 m longitudinal member and a 40 x150 (B x L) mm
transverse members in all tested soils are shown in Figure 3.6. The total pullout force
increased with an increase in the applied normal stress for all tested soils. Initially, the
pullout force sharply increased with the displacement and then gradually increased
until the failure at a large displacement of approximately 40 mm, which was the end
of the test, and the pullout resistance of these tests tends to constant value. The initial
sharp increase was attributed to the friction pullout resistance, which fully mobilized
at a small displacement (about 3 mm). The pullout bearing resistance of a single
isolated transverse member, P, was obtained from the difference between the total
pullout resistance and the pullout friction resistance. The development in the bearing
pullout resistance was comparatively lower for > 80%.

Figure 3.7 shows the measured maximum bearing resistance of a single
isolated transverse member (P;;/BL), as compared with the calculated values by the
proposed equations from Egs. (2.8) to (2.13). Using k = 1.0 as suggested by Bergado
et al. (1996), the maximum bearing stresses for various dimensions (B x L) and F:S
ratios are predicted satisfactorily by the modified punching shear solution where the

f value decreased with increasing fine content. In other words, the failure

mechanism approached the punching shear failure when the fine content increased.
However, even for the cohesive soil (F:S = 98:2), the measured pullout bearing stress

was higher than the calculated one by considering the punching shear failure
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mechanism. The relationship between £ and the fine content is shown in Figure 3.8

and 1s represented by a polynomial function in the form:

Birad) = [—o.oooozF2 10.0002F + 0.505} 7 (3.4)

The S value ranged between 7/2 and 7/2.92 and can be taken as
z/2 for F < 45%. The S value decreased significantly with the fine content when
F > 45%. It is implied from this study that the modified punching shear solution
(Eq. 2.12 to 2.13) is a generalized expression for different failure modes. For
example, when the £ values are equal to 7/1.65 and 7/3, Eq. (2.12 to 2.13)
approaches the general shear (upper boundary) and punching shear (lower boundary),
respectively. To extend Eq. (2.12 to 2.13) to other cohesive-frictional soils, the
pullout test results on grids embedded in lateritic soil with F'=17.9% (Bergado et al.,
1993) and weathered clay with /' = 82.9% (Bergado et al., 1996) were taken and
analyzed as shown in Figure 3.8. It is shown that the pullout resistances are predicted
satisfactorily with the g values of 7 /2 and 7 /2.25 for lateritic soil and weathered
clay, respectively. These /£ values and their corresponding F* when plotted in Figure

3.9 are in the same trend with the relationship proposed in this study. This shows that

Eq. (3.4) may be applicable to other cohesive-frictional soils.
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3.3.3 Pullout resistance of the bearing reinforcement (n > 1)

In practice, the actual bearing reinforcement has several transverse
members placed at regular intervals (Figure 2.4). During the pullout of the bearing
reinforcement from soil, the transverse members may interfere with each other. A
dimensionless parameter, transverse member spacing ratio, S/B, has been introduced
to express the influence of center-to-center spacing, S, and leg length (B) of transverse
members on the pullout resistance. This parameter was originally proposed by
Bergado et al. (1996) and was subsequently used to investigate the transverse member
interference by Horpibulsuk and Niramitkronburee (2010) and Suksiripattanapong et
al. (2012).

Figure 3.10 shows a typical relationship between the maximum pullout
bearing force ratio and S/B for 40 x 150 mm transverse members (n = 2 to 4) under
different applied normal stresses. The maximum pullout bearing force ratio is defined
as a ratio of the maximum pullout bearing force of n transverse members, Pp,, to the
maximum pullout bearing force of a individual transverse member, Pp;. It is found
that the Pp,/Py; ratio is controlled by the S/B value, which is in agreement with that
reported by Horpibulsuk and Niramitkronburee (2010) and Suksiripattanapong et al.
(2012).

Palmeira (2004) suggested two mechanisms for the transverse member
interference during pullout. One is the increase in the magnitude of stresses and the
rotation of principal stresses ahead of the members due to the mobilization of soil
passive resistance. The other mechanism takes place behind each transverse member
where a low stress region is formed and results in the softened region. The possible

pullout mechanism for the bearing reinforcement is proposed and shown in Figure
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3.11. The possible failure mechanism for a transverse member is based on the

modified punching shear failure mechanism. The failure mechanism of the bearing
reinforcement is classified into three zones, depending upon the S/B value. Zone 3
(Figure 3.10 and Figure 3.11a) is individual failure (S /B > S, / B)) where the soil in

front of each transverse member fails individually. The soil strength near the
transverse member approaches a peak state during pullout and finally the soil fails

individually. Zone 1 (Figure 3.11b) is referred to as block failure (S/B < S)/B), in

which the shear surface caused by each transverse member joins together and forms a
rough shear surface. Only the first transverse member provides bearing resistance.
Zone 2 (Figure 3.11c) is regarded as the member interference failure

(S1/B<S/B<S,/B), where the soil failure occurs in the softened region.

It was reported that the S;/B and S>/B values for bearing reinforcement
embedded in coarse-grained soils are independent of soil characteristics (well-graded
or poorly graded) and friction angle (Suksiripattanapong et al., 2012). However, a
different result was obtained for the tested cohesive-frictional soils, i.e., the S»/B value
was controlled by the fine content, which is similar to that in the previous study on
grid reinforcements (Bergado et al., 1996; Palmeira and Milligan, 1990).

Figure 3.10 shows that the S;/B value is essentially the same (i.e., 3.75)
for different fine contents. This value is the same as that reported by Horpibulsuk and
Niramitkornburee (2010) and Suksiripattanapong et al., (2013) for coarse-grained
soils. However, the S,/B value decreased with increasing fine content (decreasing
shear strength). In other words, the fine content affected the softened region and the

failure plane, S, of the ahead transverse members.
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The ratio between P, to nPb; is defined as the interference factor, /F. Based on the
analysis of the present test data and previous works (Suksiripattanapong et al., 2013),
the interference factor is mainly dependent upon S/B and n for a particular soil, but
irrespective of applied normal stress:

5

—”=a+bln(%j (3.4)

nky,

IF =

Where a and b are constants, depending upon # and fine content.
These two constants can be obtained under two physical conditions: (1)

when S/B equals 3.75, IF equals 1/n because F,, and P,; are essentially the same, and

(2) when S/B equals S»/B, IF equals unity. These two conditions define the lower and
upper values of /F at the corresponding values of S/B = S)/B and S,/B, respectively.
From these two conditions, the constants @ and b can be determined by the following

equations:

[ e
PG T

a zl—bln(—j (3.6)

Based on the analysis of this study and other recent works

(Horpibulsuk and Niramitkornburee, 2010; and Suksiripattanapong et al. (2012), it is
found that the S,/B value decreases linearly with an increase in fine content as

shown in Figure 3.12 and presented in the form:
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S,/B=-0.121F +25.16 (3.8)

Table 3.2 presents an example of the predicted maximum pullout force,

P, of bearing reinforcement with 40x150 mm transverse member and 2.6 m length of
longitudinal member for n = 1, 2, 3 and 4 with different S/B. P is the sum of f} , and
B, .In this prediction, P,was calculated using Eq. (1) and B, was calculated using

Egs. (9) to (12), where the «, and S values were determined from the fine contents.

The predicted and the measured values are in very good agreement, which verifies the

applicability of the proposed pullout resistance equations.



Table 3.2 Predicted and measured pullout resistance of bearing reinforcement with 40x150 mm transverse member

forn=1, 2,3, and 4 and F:S = 20:80.

Fi c 4 - Prediction Measured
me " |n| SB | F P, y; P

content | (kPa) | (Deg) | (kPa) ¢ | (kPa) | (Rad) | (kPa) | P (kPa) P, (kPa)
30 0.564 | 3.02 1.574 7.40 10.43 8.98

50 |1 - 1 0.564 | 4.05 1.574 10.09 14.15 12.35

90 0.564 | 6.11 1.574 15.47 21.59 21.08

30 0.564 | 3.02 1.574 9.73 12.76 11.25

50 6.25 | 0.658 | 0.564 | 4.05 1.574 13.27 17.33 16.81

90 ) 0.564 | 6.11 1.574 | 20.35 26.48 28.05

30 0.564 | 3.02 1.574 13.47 16.50 16.85

50 16.25 | 0.910 | 0.564 | 4.05 1.574 18.37 2243 23.45

90 0.564 | 6.12 1.574 | 28.16 34.29 37.51

30 0.564 | 3.02 1.574 12.02 15.04 14.03

20 20 35 50 6.25 | 0.541 | 0.564 | 4.05 1.574 16.38 20.44 20.05
90 3 0.564 | 6.12 1.574 | 25.12 31.25 34.22

30 0.564 | 3.02 1.574 19.46 22.49 23.62

50 16.25 | 0.877 | 0.564 | 4.05 1.574 | 26.54 30.60 32.41

90 0.564 | 6.12 1.574 | 40.69 46.82 55.21

30 0.564 | 3.02 1.574 14.35 17.38 18.53

50 6.25 | 0.485 | 0.564 | 4.05 1.574 19.57 23.63 22.52

90 4 0.564 | 6.12 1.574 | 30.01 36.13 38.21

30 0.564 | 3.02 1.574 | 25.53 28.56 30.71

50 16.25 | 0.862 | 0.564 | 4.05 1.574 | 34.81 38.87 42.10

90 0.564 | 6.12 1.574 53.37 59.50 62.52

98
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Figure 3.11 Transverse member interference.

3.4 Conclusions

This chapter of study presents the effects of fine content on the pullout
mechanism of the bearing reinforcement embedded in cohesive-frictional soils with
different fine contents of 20, 40, 80, and 98% by weight. The following conclusions
can be drawn from this study:

1. The pullout resistance of the bearing reinforcement is the sum of pullout

friction and pullout bearing resistances. The pullout friction resistances

(P

f,max

and P, ..) are dependent upon soil shear strength and soil-

reinforcement interaction factor . The « value can be approximated in

term of fine content using a proposed linear function.
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2. The modified punching shear solution is considered as the generalized
expression for different failure mechanisms. The general shear and
modified punching shear failure mechanisms are approached when the
failure plane S values are 7/1.65 and /3, respectively. Using the
modified punching shear solution, the maximum pullout bearing stresses
for various cohesive-frictional soils are predicted satisfactorily where the
f value decreases as the fine content increases. In other words, the failure
mechanism approaches punching shear as the fine constant increases. The

relationship between £ and fine content is represented by a polynomial
function. The S value of z/2 is recommended for F < 45%.

3. The transverse member interference is essentially dependent upon S/B,
which is strongly controlled by fine content. The transverse member

interference zones are classified into three zones. Zone 1 (S /B< 3.75)is

block failure where all transverse members act like a rough block. Zone 2

(3.75<S8/B<S,/B) is member interference failure. Zone 3

(S /B>S,/ B)is individual failure. The S,/B value decreases linearly

with an increase in fine content, indicating that the larger soft region
develops with the smaller fine content.

4. The proposed pullout resistance equations are useful for examination of
the internal stability against pullout failure of the BRE wall. The equations
required only shear strength parameters, fine content and dimension of
bearing reinforcement. The application of the equations are presented and

verified in this paper.
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CHAPTER 1V
PULLOUT RESISTANCE OF BEARING
REINFORCEMENT EMBEDDED IN MARGINAL

LATERITIC SOIL AT MOLDING WATER CONTENTS

4.1 Statement of problem

When coarse-grained soils are not locally available within the construction
site, the construction cost is largely dependent on the haulage cost. The haulage cost
between a borrow source and the construction site is often exorbitant. A potential
means to reduce the construction cost is to use locally available soils as backfill
materials. The use of locally available marginal soils (e.g. low quality soils with more
than 15% fine content) as a backfill could reduce the cost of fill material by as much
as 60% compared to using high-quality offside soils and reduce the air pollution from
the transportation (Esmaili et al., 2014; Keller, 1995). To ensure the usage of fine-
grained material as a backfill material, Sukmak et al. (2015) investigated the pullout
mechanism of the bearing reinforcements embedded in cohesive-frictional soils at
various fine contents. The bearing pullout mechanism was found to be dominant by
the fine content and approaches punching shear failure when the fine content
increases.

The previous work was however limited to the compacted cohesive-frictional
soils at optimum point (optimum water content and maximum dry unit weight) while

the field compaction is generally specified at wopct2.5% according the Department
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of Highways, Thailand, where wopc is the optimum water content. The effect of
molding water contents (on dry and wet sides of optimum water content) on the
pullout resistance mechanism of bearing reinforcement embedded in a marginal
lateritic soil has not been previously investigated and is the focus of this paper.
Pullout tests were undertaken on marginal lateritic soil at various molding water
contents (Wowct2.5%), which are generally specified for the field compaction. This
study is based on the total strength parameters, widely accepted in practice for
compacted unsaturated soils (Abdi and Arjomand, 2011; Bergado et al., 1996;
Bergado et al., 1993; Liu et al., 2009; Sukmak et al., 2015). The pullout resistance
equations at various molding water contents are proposed in term of direct shear
strength parameters, normal stress, and dimension of bearing reinforcement. The
proposed equation is useful for examination of BRE wall in the short-term condition

(during construction and at the end of construction).

4.2 Laboratory investigation

4.2.1 Soil samples
The tested soil was collected from Nakhon Ratchasima province,
Thailand. The soil was air-dried, pulverized using a rubber mallet, and passed through
a 25 mm sieve. The soil has a specific gravity of 2.73 and liquid and plastic limits of
approximately 28% and 8%, respectively. The lateritic soil consists of 23% gravel,
56.2% sand, and 20.8% fine particles (silt and clay) and is classified as clayey sand
(SC) with gravel according to the Unified Soil Classification System (USCS). The

average grain size, D, of the lateritic soil is 1.07 mm. California Bearing Ratio, CBR

of this tested soil at 95% maximum dry unit weight is 14%, which does not meet the
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specification for subbase (required CBR > 25%) of Department of Highways,
Thailand. It is moreover noted that the fine content of the tested soil is greater than the
limitation of 15%, specified by ASSHTO and Department of Highways, Thailand.
Consequently, the tested soil is considered as a marginal lateritic soil.

The water contents of the tested soil were adjusted by spraying water
droplets into the air-dried soil. The moist soil specimens were then transferred to
plastic bags and placed without agitation for about 48 hours to have uniform moisture
before compaction testing (i.e. direct and pullout tests). The maximum dry unit weight

and wowc of the tested soils compacted under the standard Proctor energy (ASTM
D698-91, 1995) are 22.0 kN/ m’ and 7.5%, respectively. A relationship between dry

unit weight and water content of the tested soil is shown in Figure 4.1.
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Figure 4.1 Compaction curve.

4.2.2 Large scale direct shear tests
Direct shear tests were conducted on the lateritic soil at five different

molding water contents. The tested water contents were on the dry side of optimum
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(w,= 5.0% andw,= 6.0%), at wowc (w;= 7.5%), and on the wet side of optimum

(w,= 9.0% andwy= 10.0%) (vide Figure 4.1). The degrees of saturation,sS,,
corresponding to wy, wy, w3, ws and ws are 48, 63, 85 92 and 95%, respectively. The
water content ratios, w/w,,. for all the samples are shown in Table 1. The dry unit

weight is not sensitive to the water content; i.e., it varies within a small range of
21.2-22.0kN/m’ .

Total strength parameters of the tested soils were obtained from a large
direct shear device with a dimension of 305 mm x 305 mm x 240 mm depth. The
details of the test can be referenced to Sukmak et al. (2015). The soil specimens were
prepared at the required molding water contents (obtained from laboratory
compaction tests) and transferred to the large direct shear box. The applied normal
stresses were 30, 50 and 90 kPa, respectively. The test commenced with no time
allowed for the specimen to consolidate during the applied normal stress and shearing.
The shear force was applied at a constant shearing rate of 1 mm/min till the specimen
was sheared to 40 mm. The soil specimens were sheared at a fast rate to ensure
minimal changes in matric suction during the shearing processes (Fleming et al.,
2006; Oloo and Fredlund, 1996). After completed shearing test, the soil specimens at
failure plane were collected in order to determine final water content. It was found
that the difference of initial and final molding water contents of tested soils is very
low (= 0.15-0.25%), which confirms the undrained condition.

The two main normal shear strength parameters: apparent cohesion and
internal friction angle were determined to illustrate the effect of water content and are

summarized in Table 4.1. The internal friction angle decreases rapidly with increasing
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water content on the dry side of optimum and then is insensitive to water content
being approximately 24 degrees. The maximum cohesion value is obtained at about
wowe and equals to 52 kPa. The cohesion on the dry and wet sides of optimum

decreases as the reduction and increment of molding water content, respectively.

Table 4.1: Physical and engineering properties of tested soils.

Properties of tested soils w w, w, w, W,
Dry density, y,, (kN/m’) 2120 | 21.70 | 21.90 | 21.65 | 21.18
Water content (%) 5.0 6.0 7.5 9.0 10.0

Degree of saturation, S, (%) 48 63 85 92 95
Relative degree of compaction (%) | 96.36 | 98.63 100 98.63 | 96.36
Water content ratio 0.67 0.80 1 1.2 1.33

Angle of internal friction , ¢ 36 33 28 25 24

Cohesion, ¢ (kPa) 42 48 52 41 32

4.2.3 Bearing reinforcement

The pullout tests on the bearing reinforcements with different
dimensions, spacing and number of transverse members embedded in the tested
lateritic soils were conducted under different applied normal stresses of 30, 50 and 90
kPa. The diameter and length of the longitudinal member were 16 mm and 2600 mm,
respectively. The leg lengths, B of the tested transverse members (steel equal angles)
were 25, 40 and 50 mm, which are generally used for BRE walls. The lengths of the
tested transverse member, L were 100, 150 and 200 mm. The spacing between the
transverse members, S, varies from 100 to 1200 mm, depending upon the number of

transverses members, 7. In this study, n was 1 to 4.
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4.2.4 Pullout tests

Pullout tests were conducted in the laboratory using a rigid pullout
box. It was fabricated with rolled steel plates, angles, channels, and H-sections welded
or bolted together to give inside dimensions of 2.60 m in length, 0.60 m in width and
0.8 m in height. The details and sketch of the pullout apparatus are referenced to
Horpibulsuk and Niramitkronburee (2010). Normal stresses of 30, 50, and 90 kPa
were applied to the upper layer of soil above the bearing reinforcement with a
pressurized air bag. The pullout force was applied at a rate of 1 mm/min. The

maximum applied pullout displacement at the end of a test was 40 mm.

4.3 TEST RESULTS AND DISCUSSION

4.3.1 Pullout friction resistance
The pullout friction resistance of bearing reinforcement (without
transverse member) is investigated on the longitudinal member with a diameter of 16

mm and length of 2.6 m. The friction resistance, P, , develops between the tested soil

and the friction surface of the longitudinal member, and depends on both the soil-
reinforcement interaction and the normal stress. The influence of molding water
content on pullout friction resistance, and the maximum and residual pullout friction

forces (P, andP, ... ) are determined and analyzed by using Eq. (4.1). In

,max

Eq.(4.1), A is equal to #DL, in which D and L are the diameter and length of the

longitudinal members, respectively.

P, = Aa(c+0, tang) 4.1)
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Where 4 is the total surface area of the longitudinal member,
a 1s the interaction factor,
c and ¢ are the soil strength parameters and,

0, 1s the applied normal stress.

The results of the pullout friction test at various water contents are
shown in the Figure 4.2. The relationship between friction pullout force and
displacement is similar for all the water contents tested. The friction force increases

rapidly with increasing the pullout displacement until P is reached at

,max

approximately 3-5 mm and then levels off at a large displacement of 40 mm (end of

test). The values of P, and P, ... increase with an increase of the normal stress

and are dependent upon the water content. The lower water content results in the

higher P, and P, ... values because of the higher shear strength of the tested

soil. It is expected that this relationship is similar to that of the strip reinforcement
because their pullout resistances are mainly governed by friction component.

The difference in P

S ;max

and P, indicates the interlocking effect.

Jresidual

The higher interlocking effect results in the higher P and is associated with the

,max

higher P / P

,max f,residua

, ratio. The lower water content soil on the dry side of optimum

exhibits higher P and P

,max f,max

/P,

esiaua ValUES, which are possibly because the
compacted soil particles are more aggregated.
Figure 4.3 shows the interface shear strength envelopes of the

longitudinal member, which was analyzed using Mohr-Coulomb theory. From a linear

regression analysis, the peak and residual interaction factors (¢, and ¢;) (in Eq. 4.1)
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are irrespective of molding water contents tested and are approximately 0.63 and 0.46,
respectively. This indicates the pullout friction resistance is mainly dependent upon
soil’s shear strength. The high «, of greater than 0.5 indicates the strong bonds

between soil and reinforcement (Tatlisoz et al., 1998).

| ——0,=30kPa —2—0, =50 kPa —4—0, =90 kPa |
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0 PR IR I T R (T (T T N S T N
0 5 10 15 20 25 30 35 40 45 50
Displacement, mm

Figure 4.2 Pullout test results of a longitudinal member

under different normal stresses.
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4.3.2 Pullout bearing resistance of a single isolated transverse member

(n=1)

Figure 4.4 shows the typical total pullout force and displacement
relationships for the bearing reinforcement with a 2.6 m longitudinal member and a
40x150 (BxL) mm transverse members in the lateritic soil, at various molding water
contents. The pullout force increases with increasing applied normal stresses for all
molding water contents. The pullout force increases sharply before the pullout
displacement reaches about 3 mm in which the friction pullout resistance is fully
developed. Subsequently, the pullout force gradually increases until the end of the test
at a large displacement of approximately 40 mm. It is noted that the bearing pullout
resistance significantly reduces even with a small increase in water content;
especially, on the dry side of optimum. For example, the bearing pullout resistances at

normal stress of 90 kPa are 50, 30, 21, 13, 12.2 kN for water contents of 5%, 6%,
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7.5% (wowce), 9% and 10%, respectively. The bearing pullout resistance does not
linearly decrease with decreasing shear strength, unlike the friction pullout resistance.
In other words, besides the shear strength, the failure mode (general shear, modified
punching shear and punching shear) controls the bearing pullout resistance.

The maximum bearing resistance of a single isolated transverse

member, 0 max » 10 cohesive-frictional soil can be evaluated by the modified

punching mechanism (Sukmak et al., 2015). The o} pax 1n cohesive-frictional soil

can be approximated using the following equations:

Opmax = CNe +0,Ng (4.2)
N = ! X [2ﬂtan¢]tan(”+¢) (4.3)
q cos¢e P 4 2 ’

_ b @4/
N, = Sin¢exp[2,8tan¢]tan(4+2j cot ¢ (4.4)

Where N, and N, are the bearing capacity factors and,
p is the angle of transformation, varying with fine content.
The failure modes at various water contents are investigated and shown

in Figure 4.5. The test results show that the [ values of various dimensions (B x L)

for different molding water contents are between 7/1.61 and /3. The [ value
decreases with increasing molding water content; i.e., the failure mechanism
approaches the punching shear failure when the molding water content increases due
to the decrease in degree of aggregation. With the shift of failure modes approaching
the punching shear mechanism and the reduction in shear strength, the bearing pullout

resistance significantly decreases with increasing water content
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The relationship between S and w/wowc is shown in Figure 4.6. The S

values of the compacted soil on the dry side of optimum and at wopc are essentially

constant and equal to7z/2. On the wet side of optimum, the S value decreases

polynomial with an increase in molding water content. The relationship between [

and w/wopc 1s represented in the form:

Braay =

/2

for 0.67<w/w, . <1.0

owc

Brad) = {—0.489[w/wmvc]2 +0.8[ W/ Woye |+ 0.177} Vs

60000

for 1.0 < w/w,, <1.33
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Figure 4.4 Typical pullout test of the bearing reinforcement in tested soils.
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Figure 4.6 Relationship between £ and water content ratio.

4.3.3 Pullout resistance of the bearing reinforcement (n > 1)
The bearing reinforcement has several transverse members at regular

intervals. The pullout resistance of bearing reinforcement is controlled by the
interference between transverse members. During the pullout of the bearing

reinforcement from compacted soil, the transverse members can interfere with each
other and the interference is dependent upon the spacing between transverse members.
A dimensionless parameter, transverse member spacing ratio, S/ B, was originally
proposed by Bergado et al. (1996) in order to express the influence of center-to-center
spacing, S, and dimension ( B ) of transverse member on the pullout resistance. This
parameter was subsequently used to investigate the transverse member interference of
compacted soils at wowc by Horpibulsuk and Niramitkronburee (2010) and
Suksiripattanapong et al. (2013) for cohesionless soils and by Sukmak et al. (2015)

for cohesive-frictional soils.
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Palmeira (2004) suggested two mechanisms for the transverse member
interference during pullout. The first is the increase in the magnitude of stresses and
the rotation of principal stresses ahead of the members due to the mobilization of soil
passive resistance. The second mechanism takes place behind each transverse member
where a low stress region is formed and results in the softened region caused by the
movement of a transverse member (Dyer, 1985). It was revealed that the failure
mechanism of the bearing reinforcement was classified into three failure
characteristics: block failure, interference failure, and individual failure, depending
upon the S/B value (Bergado et al., 1993; Horpibulsuk and Niramitkronburee, 2010;
Suksiripattanapong et al., 2013). The §,/B is defined as the spacing ratio, which
separates the block failure and interference failure zones and the S»/B is defined as the
spacing ratio, which separates the interference failure and individual failure zones

Figure 4.7 shows a typical relationship between the maximum pullout
bearing force ratio and S/B for 40 x 150 mm transverse members (n = 2 to 4) under
various applied normal stresses. The maximum pullout bearing force ratio is defined
as a ratio of the maximum pullout bearing force of n transverse members, Pp,, to the

maximum pullout bearing force of a single isolated transverse member, Pp;. It is

found that the Py,/Ps; ratio is controlled by the S/B value. For S/B<S,/B (block

failure), the shear surface caused by each transverse member joins together and forms

a rough shear surface and only the first transverse member provide bearing resistance.
For S,/B<S/B<S,/B (member interference failure), the interference degree
decreases as the increase of S/B. For S/ B > S, /B (individual failure), the soil in

front of each transverse member fails individually.
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Figure 4.7 illustrates that the S,/Bvalue is the same for all the

molding water contents tested and equals 3.75. The S, /B value of the compacted soil

is essentially the same for the soil compacted on the dry side of optimum and at wopc
and equals 25. These two values are the same as those reported by Horpibulsuk and
Niramitkronburee (2010) and Suksiripattanapong et al. (2013) for coarse-grained

soils, which were compacted at wowc. It is however evident that the S,/ B value of

the lateritic soil compacted on the wet side of optimum varies with molding water
content and smaller than 25.
The increase of water content (decrease in shear strength) affects the

stress region and failure plane in front of the transverse member. Based on the

analysis of this study (Figure 4.8), the relationship between S,/B and w/w,  is

expressed as follows:

S,/B=25 for 0.67 <w/w,  <1.0 (4.7)

S,/ B=-30.7[w/w,,. ]+55.45 for 1.0<w/w, <133 (4.8)

The ratio between Py, to nPy; is defined as the interference factor, IF.
Based on the analysis of the present test data and previous works (Horpibulsuk and
Niramitkronburee, 2010; Suksiripattanapong et al., 2013), the interference factor is
mainly dependent upon S/B and n for a particular soil, and irrespective of applied
normal stress:
5

n _ S
——a+bln(3j 4.9)

nhy,

IF =
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Where a and b are constants, depending upon » and water content.

These two constants can be obtained under two physical conditions: (1)
when S/B equals 3.75, IF equals 1/n because By, and P,; are essentially the same, and

(2) when S/B equals S»/B, IF equals unity. These two conditions define the lower and
upper values of /F at the corresponding values of S/B = S\/B and S/B = S,/B,
respectively. From these two conditions, the constants a and b can be determined by

the following equations:

ST
WG]

azl—bln[%zj 4.11)

Table 4.2 presents an example of the predicted maximum pullout force,

P, of bearing reinforcement with 40x150 mm transverse member and 2.6 m length of
longitudinal member for n = 1, 2, 3 and 4 with different S/B values. P, is the sum of
P, and F . In this prediction, P, was calculated using Eq. (1) and £, was
calculated using Egs. (2) to (11), where &, was taken as 0.46 and [ and S»/B values

were determined from w/wopc using Egs. (5) and (6), and Egs. (7) and (8),
respectively. The predicted and the measured values are in very good agreement,

which verifies the applicability of the proposed pullout resistance equations.
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4.4. CONCLUSIONS

This paper investigates effect of molding water content on the pullout
resistance mechanism of bearing reinforcement embedded in the marginal lateritic
soil. The critical analysis of test results leads to the development of pullout resistance
equations in term of total strength parameters and w/wowc of compacted soil and
dimension of bearing reinforcement. The following conclusions can be drawn from
this study:

1. The pullout friction resistances ( P

and P, 4., ) are dependent upon

soil shear strength and soil-reinforcement interaction factor, . The peak
and residual interaction factors (¢, and ) are irrespective of molding
water contents tested and are approximately 0.63 and 0.46, respectively.

2. The modified punching shear solution with various £ values is valid as a
generalized expression to approximate pullout bearing resistances of a

single transverse member at various molding water contents. The [ value
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decreases with increasing water content. The £ value of the compacted
soil at0.67 < w/w,,, <1.0 is essentially constant and equal to 7/2. For

1.0 <w/w,, <1.33, the [ value decreases polynomial with an increase

1n water content ratio.

The failure mechanism of bearing reinforcement with # transverse
members is essentially dependent upon spacing ratio S/B, which is

strongly controlled by w/wopwc. The failure mechanism is the block failure
when S/B<3.75, the member interference failure when

3775<S§/B<S,/B and the individual failure when S/B>S,/B.

wiwowc affects the stress region and failure plane in front of transverse

members. The S,/ B value increases linearly with a decrease in w/wopc

when w > w,,,. and essentially constant when w < wy,,.

The proposed pullout resistance equations are derived based from the total
strength parameters of the compacted marginal lateritic soil at w =
wowct2.5%, which is typically specified for the field compaction. The
proposed equations required only shear strength parameters, water content
ratio, and dimension of bearing reinforcement. The applicability of the
proposed equations is verified and presented in this paper. The proposed
equations are useful for an examination of the internal stability against
pullout failure of the BRE wall during construction and at the end of

construction.



Table 4.2 Predicted and measured pullout resistance of bearing reinforcement with 40x150 mm transverse member

forn=1,2,3,and 4 and w,/w, . =1.20.
Water Predicted Measured
content ¢ ¢ T S/B IF B
o | (P | (De®) | (kPa) % P, (kPa) | (o) | R(kpa) | L (PO | B (Pa)
30 0.46 3.76 1.395 3.87 7.63 7.21
50 - 1 0.46 4.40 1.395 4.64 9.04 8.12
90 0.46 5.67 1.395 6.17 11.84 12.01
30 0.46 3.76 1.395 5.28 9.04 8.84
50 6.66 0.682 0.46 4.40 1.395 6.32 10.72 10.53
90 0.46 5.67 1.395 9.02 14.69 14.22
30 0.46 3.76 1.395 6.89 10.65 10.45
50 12.66 | 0.890 0.46 4.40 1.395 8.25 12.65 11.77
90 0.46 5.67 1.395 11.77 17.44 16.76
30 0.46 3.76 1.395 6.69 10.45 10.25
1.20 41 25 50 6.66 0.574 0.46 4.40 1.395 7.99 12.39 13.05
90 0.46 5.67 1.395 11.39 17.06 19.12
30 0.46 3.76 1.395 9.88 13.64 12.89
50 12.66 | 0.851 0.46 4.40 1.395 11.83 16.23 16.21
90 0.46 5.67 1.395 16.88 22.55 22.81
30 0.46 3.76 1.395 8.07 11.83 12.79
50 6.66 0.521 0.46 4.40 1.395 9.66 14.06 16.65
90 0.46 5.67 1.395 13.79 19.46 21.71
30 0.46 3.76 1.395 12.89 16.65 16.29
50 12.66 | 0.832 0.46 4.40 1.395 15.44 19.84 20.16
90 0.46 5.67 1.395 22.02 27.69 25.45

IT1
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CHAPTER V
NUMERICAL PARAMETRIC STUDY ON BEHAVIOR
OF BEARING REINFORCEMENT EARTH (BRE)
WALLS WITH DIFFERENT BACKFILL

MATERIAL PROPERTIES

5.1 Statement of problem

MSE walls are often designed based on internal and external stability analyses
using limit equilibrium methods. Limit equilibrium method can be used to predict a
failure surface location and to assess the system stability in term of factors of safety
(FS). For internal stability, reinforcement should be designed against potential rupture
and pullout. The pullout resistance of the reinforcement depends on the geometry and
properties of the reinforcement and the soil properties and is often determined by
pullout tests. The major limitation of the limit equilibrium method is not able to
calculate lateral deformation, settlement, and stress distribution in MSE walls (Han
and Leshchinsky, 2004; Ho and Rowe, 1994; Rowe and Ho, 1998).

According to many researchers (Abdelouhab et al., 2011; Abdi and Zandieh,
2014; Bergado and Teerawattanasuk, 2008; Damians et al., 2015; Golam et al., 2014;
Hegde and Sitharam, 2015; Ho and Rowe, 1994; Reddy and Navarrete, 2008;
Suksiripattanapong et al., 2012; Wang et al., 2014; Youwai and Bergado, 2004),

numerical methods (i.e. finite difference and finite element methods) have been
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widely used for design and analysis of MSE structures. Numerical methods can model
structural components, material properties, construction sequence and compute
deformations, forces, strains, and stress distribution at any location of interest in a
reinforced soil structure (Mohamed et al., 2014). In addition, they can be used for
design, parametric studies, and simulation of the behavior of the earth structures
(Collin, 1986).

However, the suitability of a numerical method for modeling MSE structures
requires calibration and validation between calculated and observed behavior of
laboratory and full-scale tests in order to produce convincing results. Hence, a
numerical method validated with experimental test results should be used to
investigate the behavior and performance of MSE structures. The PLAXIS program
has been proved as a powerful and accurate tool to predict the performance of the
MSE wall and pullout test results (Bergado et al., 2003; Khedkar and Mandal, 2009;
Suksiripattanapong et al., 2012). Thus, the finite element code incorporated in
PLAXIS 2D was used in this study.

In this study, finite element models with material properties were first
calibrated according to laboratory large-scale pullout tests reported by Horpibulsuk
and Niramitkornburee (2010) and Sukmak et al. (2015) and the full-scale bearing
reinforced earth wall reported by Horpibulsuk et al. (2011). The calibrated models
were then adopted in this study to investigate the behavior and performance of BRE
walls with different backfill material properties.

The primary objective of this paper was to improve the understanding of
bearing stress, settlement, lateral earth pressure, and horizontal wall movement of

BRE walls with different backfill materials during and at the end of construction.
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Horizontal wall deformations are especially important for serviceability of MSE
structures. They can be induced by the deformations in reinforced and unreinforced
zones, due to foundation lateral movement and settlement, and post-construction
deformation. The post-construction deformation of the earth wall is mainly
contributed by creep of the reinforcement. The creep of the reinforcement is usually
assumed to result in a decrease in stiffness of reinforcement (Rowe and Ho, 1998).
Therefore, the deformation of the wall due to post-construction can be assessed by
examining the effect of reducing the reinforcement stiffness.

The second objective of this study was to evaluate the effects of various soil-
structure interactions, foundations, and stiffness of reinforcements on horizontal wall
deformations. This objective was achieved by a parametric study. The knowledge
gained from this study provides useful information for further analysis and design of
other BRE walls with different types of backfills, ground conditions, and features of

bearing reinforcement.

5.2 Full-scale test earth wall for reference numerical model

5.2.1 Foundation and backfill
The construction of a bearing reinforcement earth (BRE) wall was
completed on the campus of the Suranaree University of Technology (SUT) in
Thailand on 20 July 2009. The foundation consisted of a 1.5-m thick weathered crust
layer of silty sand, which was underlain by a medium dense silty sand layer down to
about 6 m deep and then a very dense silty sand layer. Soil samples were obtained
from a borehole at the construction site down to 8 m deep. The ground water was not

detected during boring. The backfill for the earth wall was clean sand, which is
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classified as poorly-graded sand (SP), according to the Unified Soil Classification
System (USCS). The details of the foundation and the backfill can be found in
Horpibulsuk et al. (2011).
5.2.2 Construction and instrumentation of the test wall

The test wall was 6 m high, 9 m wide, 6 m long at the top, and 21 m
wide at the base, as illustrated in Figure 5.1. The side and back slopes were 1:1. The
wall facing panels made of segmental concrete panels (1.50 x 1.50 x 0.14) were
placed on a lean concrete leveling pad (0.15 m wide and 0.15 thick) at two days after

curing. During the construction, four facing panels were installed in the middle

portion of the wall width (9 x 6 x 6 m3) with eight reinforcement levels. The
longitudinal reinforcement members for all layers were 12 mm diameter and 4.2 m
long. The transverse members were equal steel angles that had 25 mm leg length (B)
and 180 mm length (L). The transverse member was spaced at 750 mm for all
transverse members. The vertical spacing between each reinforcement level was 750
mm. Their horizontal spacing was 750 mm for levels 4-8 and 0.5 m for levels 1-3.
The details of the bearing reinforcement for each layer are summarized in Table 5.1.

The backfill was compacted in layers of about 0.15 m lift thickness to a
density of higher than 90% the standard Proctor maximum density. The total time
spent for the construction of the wall was 20 days. The construction sequence is
shown in Figure 5.2.

The BRE wall was extensively instrumented both in the subsoil and
within the wall itself as shown in Figure 5.1. The ground water table observation well
and piezometer were not used in this investigation because the ground water was

deeper than 8 m (i.e., the bottom of boring). Lateral movement of each segmental
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panel during construction was recorded by a theodolite with reference to the
benchmark. The lateral movements after the end of construction were measured using
digital inclinometers. The inclinometer casing was installed from top of wall down to
the medium dense sand about 4 m below the wall base. The earth pressure cells were
installed behind the facing panels and on the subsoil. The settlement plates were

installed in the subsoil foundation and the backfill.
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Figure 5.1 Schematic diagram of the test wall instrumentation.
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Figure 5.2 Construction sequence.

Table 5.1 Reinforcement details for the test wall.

(Horpibulsuk and Niramitkornburee, 2010).

Facing ) Spacing between longitudinal
Reinforcement layer Number
panel members (mm)
| 1 (bottom) 500 2
2 500 2
3 500 2
2
4 750 3
5 750 3
3
6 750 3
7 750 3
4
8 (Top) 750 3

5.3 Material constitutive models and parameters

The 2D Plaxis Finite Element (FE) program was used to simulate the
construction of the wall. The BRE wall was molded as a plane strain problem. The FE

mesh and boundary condition are shown in Figure 5.3. The nodal points at the bottom
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boundary were fixed in both directions and those on the side boundaries were fixed
only in the horizontal direction. The soil elements were modeled using 15-noded
triangular elements (totally 28,631 nodes of 3,190 elements). Local element size
factor, which controls the mesh coarseness around the geometry line, of wall facing
and reinforcements was 0.1 and soil-reinforcement thickness factor was 0.05. The
simulation was performed under a drained condition because the ground water was
not detected during the test. Properties of the compacted soil were determined from
conventional laboratory tests that did not consider the time-dependent behavior, such
as creep of soil. The creep model is beyond the scope of this study because it aimed to
simulate the wall behavior with simple and well-known soil models for practical

design.

—
—*
—%
L

25.00m 28.00m

12.00 m

Very dense sand 10.0m ff|

Figure 5.3 Numerical model and mesh details for 2D FE

model simulation of BRE wall.
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5.3.1 Backfill and Foundation
5.3.1.1 Backfill

The backfill materials used in this study consisted of four types
of soils, which were mixtures of silty clay and sand at different fine contents. The
grain size distribution curves of the samples are shown in Figure 5.4. The four backfill
materials were poorly-graded sand (F:S=2:98), clayey sand (F:S=20:80), clayey sand
(F:S=40:60), and high-plasticity clay (F:S=80:20), in which F stands for percentage of
fines and S stands for percentage of sand. Considering the average normal stress at the
mid-height of the backfill (3 m high), the average normal stress was calculated to be
about 60 kPa, which was used to select the backfill properties of the BRE wall. The
material properties used for simulation were determined according to the laboratory
large-scale direct shear tests reported by Horpibulsuk and Niramitkornburee (2010)
and Sukmak et al. (2015). All backfill materials were modeled as linearly elastic-
perfectly plastic materials with the Mohr-Coulomb (MC) failure criteria, which had
five input parameters: elasticity modulus (£), Poisson’s ratio (v ), cohesion (c),

internal friction angle (@), and dilatency angle (y ).

The apparent cohesion and the friction angle were determined
using a large direct shear apparatus with the diameter of 350 mm. The soil samples
were prepared at the optimum water content (obtained from laboratory compaction
tests) and transferred to the large direct shear box. For poorly-graded sand (F:S=

2:98), the apparent cohesion and the friction angle were determined under a drained

condition and equal to c=3 kPa and ¢ =40°. However, for clayey sands and high-

plasticity clay, the test commenced with no time allowed for the sample to consolidate
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during the applied normal stress and shearing. The shear force was then applied at a
constant shearing rate of 1 mm/min until the sample was sheared to 40 mm. The direct
shear test was conducted to simulate the shear condition of the soil under a short-term
condition (during construction and at the end of construction of the BRE wall) and to
obtain the total strength parameters. The apparent cohesion and the friction angle
were determined under an undrained condition. The cohesive-frictional soils were
compacted and sheared at the optimum water content, at which the degree of
saturation was between 78% and 87% (unsaturated soil). Therefore, consolidation and
drainage are not an issue for this kind of soil. For an unsaturated soil, total strength
parameters are more appropriate to describe the soil behavior than undrained or
drained parameters (Sukmak et al., 2015). The total strength parameters of backfill
compacted at a saturation degree of about 70% under an unconsolidated undrained
condition have been used for analysis and simulation of the stability of reinforced
embankments (Bergado et al., 1995; Chai et al., 1994).

According to the total stress analysis suggested in the Plaxis
manual, the properties of all soil parameters used in this study were considered as a
drained condition. Barkan (1962) proposed that the ranges of Poisson’s ratio for sand
and unsaturated clay were 0.30-0.35 and 0.35-0.40, respectively. Therefore, Poisson’s
ratio of poorly-graded sand was taken as 0.33 and Poisson’s ratio of unsaturated
clayey sands and clay of high plasticity was 0.40. The tested soils were compacted at
optimum water contents, which were in an unsaturated state. The material properties

of the backfill used for the FE simulation are shown in Table 5.2.
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Figure 5.4 Grain size distributions.

5.3.1.2 Foundation

A linearly elastic, perfectly plastic Mohr-Coulomb model was
used to simulate the behavior of all foundation soils. The material properties used for
the FE simulations are shown in Table 5.2.

Suksiripattanapong et al. (2012) used the 2D PLAXIS program
to simulate the BRE wall model with a poorly-graded sand backfill. The simulated
lateral wall movement from this model did not agree with that from the full-scale test.
The measured lateral movement was smaller than the simulated lateral movement.
The authors speculated that the elastic modulus ( £= 1,875 kN/m®) of the weathered
crust foundation layer used in this model obtained from undisturbed sample was a
lower field value. Thus, this paper attempts to eliminate the casing and foundation
parameter effect by refining all mesh elements and increasing the elastic modulus of
the weathered crust foundation layer in the reference numerical model. The elastic

modulus (E= 6,250 kN/m®) was selected by trial and error to match the predicted
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lateral wall movement, lateral earth pressure, settlement, and bearing stress on the
foundation with those measured during and at end of construction with poorly-graded
sand backfill. The elastic modulus of the weathered crust layer falls within the range

for a medium dense silty sand (E = 6,000-10,000 kN/m”®) reported by Bowles (1996)

and Kezdi (1974).
5.3.2 Wall Facing and Reinforcement
5.3.2.1 Wall facing
The wall face was made of segmental concrete panels, which
were 1.50 x 1.50 x 0.14 m thick in dimension. The facing panel was modeled as beam
(plate) elements. The input parameters for strength and modulus of elasticity are
shown in Table 5.3. Linearly elastic material was used to simulate behavior of wall
facing. The soil-facing panel interface coefficient, R, was taken as 0.9, which is
generally used for interaction between soil and concrete (Bathurst, 1993).
5.3.2.2 Reinforcement
The bearing reinforcement was modeled as continuous sheet
elements (called geotextile elements) in the Plaxis manual. The geotextile elements
were assigned a constant axial stiffness (EA4) based on the elastic modulus (E) of
reinforcement and its cross-sectional area (A4). Linearly elastic material was used to
simulate behavior of reinforcement. The input parameters of reinforcement are shown

in Table 5.3.



Table 5.2 Model parameters for backfills and foundations.

Backfill Foundation
Types of soil Poorly-graded Clayey sand Clayey sand High pllasticity Weathered Medium dense Vervd d
sand (F:S =20:80) (F:S =40:60) (F: SC:Z}(I): 20) crust sand ety dense san
Material model C(l)\fl?(fl;b Mohr Coulomb Mohr Coulomb Mohr Coulomb Mohr Coulomb | Mohr Coulomb Mohr Coulomb
Yy (KN /m’) 17.0 20.1 18.9 16.1 17.0 17.15 18
Y sat (kN/mS) 18.15 22.0 20.8 18 18.0 18.15 19.0
k_(m/sec) 1 10°° 107 1078 1 1 1
k, (m / sec) 1 107 107 107 1 1 1
E. (kN / m3) 35,000 10,000 5,000 1,500 6,250 40,000 50,000
v 0.33 0.40 0.40 0.40 0.3 0.25 0.25
c 3 20 25 38 20 1 1
@ 40 35 32 14 26 35 38
14 8 0 0 0 0 3 8

9Cl
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Table 5.3 Model parameters for reinforcement and concrete facing.

Bearing reinforcement Concrete facing
(Geotextile) (Plate element)
Material model Elastic Elastic
EA (kN / m) 4.5 E+4 3.556 E+6
EI(KN.m* | m) - 5,808
w (kN /m/m) - 3.36
v - 0.15
Poorly-graded | n=2 0.65
sand n=3 0.75
Clayey sand | n=2 0.60
(F:S=20:80) | n=3 0.70
R, Clayey sand | n=2 0.55 -
(F:S =40:60) | n=3 0.65
High n=2 0.38
plasticity clay
(F:S =80:20) | n=3 0.40

5.3.2.3 Soil-reinforcement interaction

The soil-reinforcement interaction ratio, R is defined as

inter
the ratio of the shear strength of soil-reinforcement interface to the shear strength of
the surrounding soil (Vermeer and Brinkgreve, 1995 ). The soil-reinforcement
interaction ratio in the numerical model was determined by simulating large-scale
laboratory pullout test results. The geotextile elements, which cannot resist the
bending moment, were employed to model the bearing reinforcement with
longitudinal and transverse (bearing) members. The contribution of both friction and
bearing resistances was converted to the equivalent frictional resistance. This method
was used by Bergado et al. (2003), Khedkar and Mandal (2009), Abdelouhab et al.

(2011), and Suksiripattanapong et al. (2012). The equivalent frictional resistance is



represented by the soil-structure interaction ratio, R
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The linearly elastic-perfectly

inter *

plastic model was used to simulate the interaction between soil and bearing

reinforcement.

5.3.3 Staged construction

In order to model the actual construction stages, the reinforced backfill

and the retained backfill were modeled in eight layers. Each layer was constructed in

the following stages:

Stage 1: the first concrete panel (plate element) was set up, the first soil
layer was placed and compacted into a layer thickness of 0.375 m, and
then the first bearing reinforcement (geotextile element) was placed on
the first compacted soil layer.

Stage 2: the second soil layer was placed and compacted into a lift
thickness of 0.75 m and then the second bearing reinforcement was
placed on the second soil layer.

Stage 3: the second concrete panel was set up, the third soil layer was
placed and compacted into a layer thickness of 0.75 m, and then the
third bearing reinforcement (geotextile element) was placed on the
third compacted soil layer.

These stages were repeated up to the wall height of 6 m.

The backfill compaction during construction of the BRE wall model

was simulated by applying a uniform vertical stress equal to 8 kPa to the entire

surface of each newly placed soil layer in both reinforced and unreinforced zones.

This vertical stress was removed before the placement of the next soil layer. This
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intensity of the vertical stress was used to simulate compaction effects (Hatami and

Bathurst, 2006; Hatami and Bathurst, 2005).

5.4 Finite element analysis

5.4.1 Soil-structure interaction ratio, R,
Several laboratory pullout tests were carried out in a metallic box of
2.6 m x 0.6 m x 0.6 m high. The longitudinal member of the reinforcement was 12

mm in diameter and 2.6 m long. The width of the transverse member was 150 mm.

The number of transverse members, # used in this study were n =2 and 3. The R,

inter
value is dependent on the number of transverse members and soil properties. The
laboratory pullout test was modeled as a plane strain problem as shown in Figure 5.5.
The nodal points at the bottom boundary were fixed in both directions and those on

the side boundaries were only fixed in the horizontal direction.
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Figure 5.5 Finite element model for pullout tests.

The soil-bearing reinforcement interaction ratio was back-calculated
from the laboratory pullout tests by Horpibulsuk and Niramitkornburee (2010) for

poorly-graded sand (F:S = 2:98) and by Sukmak et al. (2015) for clayey sands
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(F:S = 20:80), clayey sand (F:S = 40:60), and high-plasticity clay (F:S = 80:20).
Several pullout tests at different applied normal stresses were modeled (o, = 30, 50,

and 90 kPa) in order to simulate the reinforcement at different depths in the wall. The
input parameters for soils and reinforcement were provided in Tables 2 and 3.

Figures 5.6a and 5.6b show the measured and simulated total pullout
force and displacement relationships of the bearing reinforcement with 2 and 3
transverse members (n = 2 and 3), respectively embedded in clayey sand (F:S

=20:80). The R __ value was varied until the modeled curves coincided with the

inter
laboratory curves. The numerical curves well reproduced the curves of laboratory
tests as a function of the applied pullout force. The numerical simulation captured the
behavior of bearing reinforcement, in which the total pullout resistance increased with
an increase in the applied normal stress for all tested soils.

The relationships between the soil-structure interaction and the fine

content for n = 2 and 3 are shown in Figure 5.7. The R values decreased with an

nter
increase in fine content, which also reduced the interface stiffness as well as the shear
strength. The soil-structure interactions varied as an increase of fine content in the
ranges of 0.65-0.38 and 0.75-0.40 for » = 2 and 3, respectively. The relationships

between R.

inter

and the fine content for » = 2 and 3 are represented by polynomial

functions in the following forms:

Ry =—(4x10°)F? = (6x10*)F +0.65
for2 <F <80% ;n=2 (5.1)
R.. =—(4x107°)F>—(8x10)F +0.75

for 2 < F <80% ; n =3 (5.2)
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Figure 5.6 Simulated and measured pullout test results of the bearing reinforcement.
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The R . values at n =2 and 3 for high-plasticity clayey soil (F:S =

nter

80:20) were nearly same due to the development in the bearing pullout resistance was

comparatively low for F > 80% (Sukmak et al., 2015). The R, values summarized

inter

in Table 5.3 were used to simulate the field performance of the BRE wall.

0.8 Ry = -(4x107)F* - (8x10™)F+ 0.75
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Figure 5.7 Relationship between soil-structure interaction and fine content.

5.4.2 Behavior of BRE wall with different types of soil
5.4.2.1 Bearing stress

The relationships between bearing stress and construction in
both the reinforced zone (0.5 and 2.4 m from the wall facing) and the unreinforced
zone (4.5 m from the wall facing) for poorly-graded sand (F:S = 2:98), clayey sand
(F:S =20:80) and (F:S = 40:60), and high-plasticity clay (F:S = 80:20) are shown in
Figure 5.8. The bearing stresses at the bottom of the earth wall with backfill soils
increased during construction due to the backfill placement. After the completion of

construction, the bearing stress changed insignificantly with time. For the poorly-
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graded sand backfill, the simulated bearing stresses for both reinforced and
unreinforced zones are in good agreement with the measured ones. At 2.4 m away
from the wall face, the measured bearing stress was lower than the simulated one due
to the non-uniformity of compaction at this particular location; therefore, the earth
pressure cell sank into the ground at the vertical pressure of 32 kPa (the 2nd loading)
(Suksiripattanapong et al., 2012). The bearing stress with the clayey sand (F:S =
20:80) was the highest the overburden stress of the backfill due to its highest
maximum dry density. In other words, the bearing stress decreased as the maximum
dry density decreased. It clearly shows that the bearing stress depended on the density
of backfill.

Figure 5.9 shows the distributions of the measured and

simulated bearing stresses and the calculated overburden stress (o, =7yz) at the end of

construction. The measured and simulated bearing stresses show a consistent
reduction from the wall facing. A similar behavior of the bearing stresses decreasing
with the distance from the wall facing was observed in the instrumented concrete
facing reinforcement walls built on rigid foundations (Damians et al., 2014; Huang et
al., 2009). The simulated bearing stress in the reinforced zone decreased from the
front to the back because the BRE wall behaved as a rigid body built on the relatively
firm foundation retaining the unreinforced backfill. The maximum bearing stress at
the toe of the wall facing resulted from the eccentric load caused by the lateral thrust
from the unreinforced backfill and the vertical load from the weight of segmental
concrete panels. These simulated results were in agreement with the measured toe
loads recorded from the instrumented field wall. Damians et al. (2012) concluded that

the vertical toe loads were higher than the self-weight of the facing units. At 2.75 m
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away from the wall facing, the simulated bearing stresses under all the backfills were
close to the calculated overburden stress. The bearing stress in the unreinforced zone

insignificantly decreased.

----FEM Clayey sand ( F:S =20:80)

FEM Clayey sand ( F:S =40:60 )
-——=FEM High plasticity clay ( F:S = 80:20)
—— FEM Poorly-graded sand ( F:S=2:98)
—8— Measured, poorly-graded sand backfill

(Horpibulsuk et al., 2011)
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Figure 5.8 Comparison between the simulated and measured settlements with

construction time for different backfill.
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5.4.2.2 Settlement

The measured and simulated settlements of the BRE wall with
different backfills are shown in Figure 5.10. The measured settlements from three
settlement plates (at 0.8, 2.0, and 4.0 m from the wall facing) under the BRE wall
with poorly-graded sand backfill were compared with the simulation. The base settled
fast during the construction. The simulated settlements at the end of construction with
the poorly-graded sand backfill were much closer to the measured ones. After the
completion of the construction (at 20 days), the settlement increased insignificantly.
Because the wall was founded on the relatively dry and firm stratum, the immediate
settlement was dominated (i.e., insignificant consolidation settlement).

The settlements of the walls with the backfills having F: S =

20:80 and F: S = 80:20 were the largest and smallest due to the highest and lowest
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bearing stresses on the base of the wall (Figure 5.9), respectively. The settlement
decreased from the facing of the wall to the unreinforced zone. The settlement was
highest at the toe of the wall because a portion of the self-weight of the backfill was
transferred from the reinforcement to the facing of the wall and the wall also slightly

rotated thus increasing the pressure at the toe (Rowe and Skinner, 2001).
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FEM Clayey sand ( F:S = 40:60 )
—— FEM High plasticity clay ( F:S =80:20 )
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—8— Measured, poorly-graded sand backfill

(Horpibulsuk et al., 2011)
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5.4.2.3 Horizontal wall movement

The simulated and measured horizontal wall movements with
different backfills are compared and shown in Figure 5.11. The simulated result of the
wall with the fill of F:S = 80:20 is not included because of its excessive horizontal
wall movement. The comparison between the measured and simulated horizontal wall
movements with the backfill of F:S = 2:98 is considered to be reasonable. The
horizontal wall movements were the sum of the horizontal movement during
construction (caused by the lateral movement of reinforced and unreinforced soil
zones) and the foundation wall movement and settlement. The horizontal wall
movements increased as the fine content increased due to the decrease in shear
strengths of the backfills. The increase of the fine content changed the location of the
maximum wall movement higher up from 2.0 m for F:S = 2:98 to 6.0 m (the top of the
wall) for F:S = 80:20.

Figure 5.12 shows the simulated horizontal movement of the
unreinforced soil zone at 4.5 m away from the facing of the wall. The simulated
horizontal movement of the unreinforced soil zone increased as the increase of fine
content due to the performance of the reinforced zone decreased. The performance of
the reinforced zone was represented by the horizontal movement ratio

(U unreintoreed) / U x(amaxwany ) OF the maximum horizontal movement of the unreinforced

zone to the maximum horizontal movement of the wall facing. This ratio indicated
the ability of the reinforced zone to resist the horizontal movement (pressure) of the
unreinforced zone. When this ratio is low, the BRE wall has better performance due
to its increased stability. At the locations of the maximum wall movement with each

backfill, the horizontal movement ratios are 0.36, 0.46, 0.56, and 0.84 for F:S = 2:98,
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20:80; 40:60, and 80:20, respectively. The high horizontal movement ratio for
F:S = 80:20 shows that the BRE wall could not resist the horizontal movement
(pressure) of the unreinforced zone. In addition, the maximum horizontal movement
occurred at the top of the wall (6 m high). This characteristic implies that the BRE

wall tends to rotate around the toe.

X Maximum horizontal displacement I

I
[

Height (m)
(98]

\S]
I

A
'.1’(5 20 30 40 50 60 70 80

Horizontal displacement (mm)

-3¢-| - - -“FEM Clayey sand ( F:S =20:80)

FEM Clayey sand ( F:S =40:60)
--=-=FEM Poorly-graded sand ( F:S =2 :98)
—8&— Measured, poorly-graded sand backfill

(Horpibulsuk et al., 2011)

Figure 5.11 Comparison between the measured and simulated horizontal

wall movement for different soil embankments.

Figure 5.13 shows the relationship between the maximum
horizontal wall movement and the fine content. This relationship can be expressed by

a polynomial function. The maximum horizontal wall movement significantly
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increased with the fine content especially for F > 45%. Thus, the selected soil that can
minimize horizontal movement should not contain fine contents higher than 45%. The
large horizontal displacement for F:S = 80:20 may result from the low shear strength
of the backfill and the low bearing resistance due to the failure mode approaching to

the punching shear (Sukmak et al., 2015).
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wall movement and fine content.

5.4.2.4 Lateral earth pressure
Figure 5.14 shows the measured and simulated lateral earth
pressures, o, for different backfills. o, is the ratio of maximum tensile force to
vertical spacing. For the coarse-grained soil with F:S = 2:98, the coefficient of at-rest
earth pressure, K, can be estimated by using the empirical relationship (Jaky, 1944)
as shown in Eq. (3). For the fine-grained soils with F:S = 20:80, 40:60, and 80:20, the
values of K were obtained from the K -consolidated simulation in the PLAXIS

program. The coefficient of Rankine’s active earth pressure is given in Eq. (4), which

was used for all soil backfills.
K, =1-sin¢ For F:S=2:98 (5.3)

K, = tan*(45 —%) For F:S =2:98, 20:80, 40:60, and 80:20 (5.4)
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From the simulated results, the maximum tension plane
occurred at the connections between the reinforcement and the wall facing due to the
bearing reinforcement embedded in backfill were stretched to resist the horizontal
movement of the wall facing. Figure 5.14 clearly shows that the lateral earth pressure
in each reinforcement approached to the at-rest earth pressure as the fine content
increased. For F:S = 2:98, the comparison between the measured and simulated lateral
earth pressures is considered to be reasonable. The calculated o was close to the at
rest-earth pressure when the wall height was greater than 3 m. Below this height, the

calculated o, approached to the Rankine active earth pressure (¢, = K,), which is

in agreement with the recommendation by AASHTO (2002). However, for F:S =

20:80 and 40:60, the simulated lateral earth pressures are between the calculated
active earth pressure (6, =0 K, —2¢\K,)and at-rest earth pressure (o, =K,0,).

Moreover, for F:S = 80:20, the simulated lateral earth pressure was essentially the
same as the calculated at-rest earth pressure. This result is similar to that obtained by
Chai (1992), in which he studied the interaction behavior between steel grid
reinforcements and lateritic backfill soil.

The overall results from the numerical analysis, including
bearing stress, settlement, horizontal wall movement, and lateral earth pressure in this
study can provide a preliminary guideline in predicting the behavior of the bearing
reinforced earth wall using cohesive-frictional mixture soils as backfill. However, to
confirm the results from the numerical analysis, full-scale tests of BRE walls with

cohesive-frictional backfill are needed.
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Figure 5.14 Measured and simulated lateral earth pressure distributions

for different backfill.
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5.4.3 Parametric study on horizontal wall displacement

The influence of soil-structure interaction, foundation, and stiffness of
reinforcement on the horizontal wall displacement was studied for different types of
backfill. Horizontal wall deformations are especially important for serviceability of
MSE structures. This parametric study was conducted based on the reference
numerical BRE wall model discussed above and their parameters are defined and
given in Figure 5.1, Table 5.1, Table 5.2, and Table 5.3, including geometry,
foundation, backfill, and structural elements. These parameters were adopted for all
analyses unless otherwise indicated. This study was conducted by varying one
parameter of soil-structure interaction, foundation, or stiffness of reinforcement at a
time while all other parameters were kept constant.

5.4.3.1 Influence of soil-structure interaction ratio, R

inter

Figure 5.15 shows the relationship between the maximum
horizontal displacement and the soil-structure interaction ratio. The maximum
horizontal displacement rapidly decreased with an increase of the soil-structure
interaction ratio and then became insensitive to the soil-structure interaction ratio after
the ratio was approximately 0.67 for all backfill materials. When the soil-structure
interaction ratio was less than 0.67, the large displacement is due to slip failure
between reinforcement and soil. Rowe and Ho (1998) indicated that the variation in
the horizontal displacement was insignificant when the interface coefficient decreased
from 1.0 to 0.67. The present results furthermore illustrated that the transitional Riyeer
that separates low and high horizontal movement was essentially the same and equal

to 0.67, irrespective of the fine content.
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According to Figure 5.7, for F:S = 2:98, 20:80, and 40:60, the

R of n =3 was equal to 0.75, 0.70, and 0.65, respectively, which were close to or

inter
higher than 0.67. This implies that the bearing reinforcements with at least three
transverse members when used in BRE wall will provide small horizontal wall
movement for F' < 40%. It is evident that the change in Uy max when Ry < 0.67 is
significant for F:S = 80:20, compared to other F:S ratios.
5.4.3.2 Influence of reinforcement stiffness, EA

The variations of the maximum horizontal displacement with
the axial stiffness of reinforcement are shown in Figure 5.16. These results were
obtained by varying the reinforcement stiffness, EA in the range of 500-500,000
kN/m with all other parameters kept the same. The axial stiffness values were
presented in a logarithmic scale. Figures 5.16 shows that the tendency of the
horizontal displacement increased with the decrease in the axial stiffness. These
results are similar to those from the parametric studies investigated by Rowe and Ho
(1997), Bergado et al. (2000), and Youwai and Bergado (2004).

The horizontal wall displacement increased significantly at the
stiffness lower than 45,000 kN/m (referred to as transitional stiffness) for F:S = 2:98,
40:60, but the change in the horizontal displacement was not significant at higher
stiffness. Whereas the transitional stiffness was 400,000 kN/m for F:S = 80:20, which
is almost ten times that for F:S = 2:98, 40:60. In other words, more EA is required for
a higher fine content for the same reinforcement dimension to attain the same
horizontal displacement. Rowe and Ho (1998) stated that the strain (deformation)

development within the reinforced zone was restricted considering that the strain
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compatibility existed between the reinforcement and the soil. Thus, higher axial

stiffness resulted in the smaller horizontal displacement (smaller strain).
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5.4.3.3 Influence of foundation
The foundation type has an influence on the overall behavior of
reinforced soil structures; hence, it is worth considering the horizontal displacement
of the wall supported either on a firm foundation or on a soft foundation. The
influence of the foundation was investigated by varying elasticity modulus (E) of the
weathered crust layer while the thickness of this layer was kept constant as shown in

Figure 5.17. The range of elasticity modulus was 5,000-100,000 kN/ m? , which was

simulated for loose soil to dense soil foundation according to Bowles (1996) and
Kezdi (1974).
Figure 5.17 shows that the maximum horizontal wall

displacement changed insignificantly when the elasticity modulus of the weathered

crust foundation was higher than 10,000 kN/ m® for F:S =2:98, 20:80, and 40:60 and

45,000 kN/m? for F:S = 80:20.

The horizontal displacement of the wall increased as the
elasticity modulus of the foundation decreased because of the increase in lateral and
vertical (settlement) movements of the foundation. The small horizontal displacement
occurred at the toe of the wall facing when it was supported on the firm foundation
with an elastic modulus higher than (10,000 kN/m?) for F:S = 2:98 and 20:80 and
higher than 45,000 kN/m? for F:S = 80:20 and the maximum horizontal movement
was found at about the mid of the wall height.

For a soft (loose) foundation (£ < 5,000 kN/ m? ), the maximum

lateral movement occurred at the top of the wall for F:S = 20:80 40:60, and 80:20.

This characteristic implies that the BRE wall tended to rotate forward around the toe
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of the wall due to the combined effects of the movement of the foundation and the
active lateral earth pressure from the unreinforced backfill. This finding is consistent
with the test data of the MSE wall on soft Bangkok clay reported by Bergado et al.
(1995). The foundation type significantly affected the pattern of lateral wall

movement.

O Poorly-graded sand (F:S=2:98) @ Clayey sand (F:S =20:80)
A (Clayeysand (F:S = 40:60) O High plasticity clay (F:S = 80:20)
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Figure 5.17 Influence of Elasticity modulus of foundation.

5.5 Conclusions

This paper presents a numerical parametric study on behavior of bearing
reinforcement earth (BRE) walls with different backfill properties using the numerical
software PLAXIS 2D. The backfill materials consisted of four types of soils, which
were mixtures of silty clay and sand at different fine contents of 2, 20, 40, and 80% by
weight. Moreover, the influence of several parameters (soil-structure interaction,

foundation, and stiffness of reinforcement) on the horizontal wall deformations was
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studied. The overall results from the numerical analysis in this study can provide a

preliminary guideline in predicting the behavior of BRE walls. The following

conclusions can be drawn from this study:

1.

The geotextile elements were used to model the bearing reinforcements by
converting the contribution of friction and bearing resistances to the
equivalent friction resistance. The equivalent friction resistance was

represented by the soil-bearing reinforcement interaction ratio, R

nter 2

which was back-calculated from the laboratory pullout test. The R

nter
values decreased following a polynomial function with an increase in the
fine content. The soil-structure interactions varied as an increase of the
fine content in the ranges of 0.65-0.38 and 0.75-0.40 for n= 2 and 3,
respectively.

Overall, the behavior of bearing stresses, settlements, lateral earth
pressures, and horizontal wall movement of the BRE wall with different
backfill materials during and at the end of construction was simulated
satisfactorily and agreed well with the prediction. The simulated bearing
stress in the reinforced zone decreased from the front to the back because
the BRE wall behaved as a rigid body built on the relatively firm
foundation retaining the unreinforced backfill. The bearing stress
depended on the density of backfill. The foundation settlement decreased
from the facing of the wall to the unreinforced zone for all backfills due to
the slight rotation of the wall. The relationship between the maximum
horizontal wall movement and the fine content can be expressed by a

polynomial function. The maximum horizontal wall movement
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significantly increased as the fine content was more than 45% (F>45%).
The increase of the fine content changed the location of the maximum wall
movement higher up from the mid to top of the wall. The simulated lateral
earth pressure coefficient of the BRE wall tended to approach to the at-rest

earth pressure coefficient (K ) when the fine content increased.

Soil-structure interaction, stiffness of reinforcement, and foundation
affected the horizontal wall deformation, which is especially important for
serviceability of the BRE wall. For all backfill materials, the maximum
horizontal displacement rapidly decreased with an increase of the soil-
structure interaction ratio and then became insensitive to the soil-structure
interaction ratio after the ratio was approximately 0.67. The horizontal
displacement of the BRE wall increased significantly at the stiffness lower
than 45,000 kN/m when the backfill contained the fine content less than
45%, but the change in the horizontal displacement was not significant at
the higher stiffness. For designing BRE wall, the stiffness of bearing
reinforcement should be added to 400,000 kN/m for the backfill material
contained a fine content higher than 80%. The horizontal displacement of

the wall changed insignificantly when the foundation modulus was higher
than 10,000 kN/ m* . Moreover, for F:S = 80:20, the maximum horizontal
displacement increased significantly when the elastic modulus of the
weathered crust foundation was lower than 45,000 kN/m? .

The simulation approach presented in this paper successfully investigated

the performance of the BRE wall in Thailand. However, to confirm the
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results from the numerical analysis, full-scale tests of BRE walls with

cohesive-frictional backfill are needed.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and conclusions

This thesis consists of three main objectives. The first objective isto
investigate the effect of fine content on the pullout resistance mechanism of bearing
reinforcement embedded in cohesive-frictional soils. The tested soils were a mixture
of silty clay and sand at various ratios. The second objective is to understand the role
of molding water content on the pullout resistance mechanism of bearing
reinforcement embedded in cohesive-frictional soil. The tests were conducted on the
lateritic soil at five different molding water contents. The last objective is to
investigate the role of fine content on the performance of Bearing Reinforcement
Earth (BRE) wall via the numerical parametric study. The PLAXIS program, a
powerful and accurate tool, was used to predict the performance of the MSE wall. The
conclusions can be drawn as follows:

6.1.1 Effect of fine content on the pullout resistance mechanism

The effects of fine content on the pullout mechanism of the bearing
reinforcement embedded in cohesive-frictional soils with different fine contents of 20,
40, 80, and 98% by weight is summarized as follows:
6.1.1.1 Pullout friction resistance
The pullout resistance of the bearing reinforcement is the sum

of pullout friction and pullout bearing resistances. The pullout friction resistances
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(P

and P ,...) are dependent upon soil shear strength and soil-reinforcement

interaction factor . The a value can be approximated in term of fine content using a
proposed linear function.
6.1.1.2 Pullout bearing mechanism

The modified punching shear solution can be used as the
generalized expression for different failure mechanisms. The general shear and
modified punching shear failure mechanisms are approached when the failure plane
B values are 7/1.65 and 7/3, respectively. Using the modified punching shear
solution, the maximum pullout bearing stresses for various cohesive-frictional soils
are predicted satisfactorily where the £ value decreases as the fine content increases.
In other words, the failure mechanism approaches punching shear as the fine constant
increases. The relationship between S and fine content is represented by a
polynomial function. The S value of z/2 is recommended for F < 45%.

The transverse member interference is essentially dependent

upon S/B, which is strongly controlled by fine content. The transverse member
interference zones are classified into three zones. Zone 1 (S /BS3.75) is block
failure where all transverse members act like a rough block. Zone 2
(3.75<S/B<S,/B) is member interference failure. Zone 3 (S/B>S,/B) is
individual failure. The S,/B value decreases linearly with an increase in fine

content, indicating that the larger soft region develops with the smaller fine content.
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6.1.2 Effect of molding water content on the pullout resistance

mechanism

The effect of molding water content on the pullout resistance
mechanism of bearing reinforcement embedded in the marginal lateritic soil was
studied. The critical analysis of test results leads to the development of pullout
resistance equations in term of total strength parameters and w/wopc of compacted
soil and dimension of bearing reinforcement.

6.1.2.1 Pullout friction resistance

The pullout friction resistances at peak and residual states

(P

rmax a0d Py o, ) are dependent upon soil shear strength and soil-reinforcement
interaction factor, a. The peak and residual interaction factors (¢, and ¢;) are
irrespective of molding water contents tested and are approximately 0.63 and 0.46,
respectively.
6.1.2.2 Pullout bearing mechanism

The modified punching shear solution with various £ values is

valid as a generalized expression to approximate pullout bearing resistances of a

single transverse member at various molding water contents. The [ value decreases

with increasing water content. The [ value of the compacted soil at
0.67<w/w,, <1.0 is essentially constant and equal to /2. For

1.0 < W/ W,y <1.33, the S value decreases polynomial with an increase in water

content ratio.
The failure mechanism of bearing reinforcement with »n

transverse members is essentially dependent upon spacing ratio S/B, which is
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strongly controlled by w/wowc. The failure mechanism is the block failure when

S/B<3.75, the member interference failure when 3.75<S/B<S,/B and the
individual failure when S/B>S,/B. wiwowc affects the stress region and failure

plane in front of transverse members. The S,/B value increases linearly with a

decrease in w/wowc when w > w,,,. and essentially constant when w < wy,,.
6.1.3 Numerical parametric study on behavior of bearing reinforcement
earth (BRE) walls with different backfill material properties
The numerical parametric study on behavior of the bearing
reinforcement earth (BRE) wall with different backfill properties by PLAXIS 2D is
investigated. The backfill materials consist of four types of soils, which are mixtures
of silty clay and sand at different fine contents of 2, 20, 40, and 80% by weight.
Moreover, the influence of several parameters (soil-structure interaction, foundation,
and stiffness of reinforcement) on the horizontal wall deformation is studied. The
overall results from the numerical analysis in this study provide the preliminary
guideline in predicting the behavior of BRE wall.
6.1.3.1 Behavior of BRE wall with different types of soil
The geotextile elements are used to model the bearing
reinforcements by converting the contribution of friction and bearing resistances to
the equivalent friction resistance. The equivalent friction resistance is represented by

the soil-bearing reinforcement interaction ratio, R, which is back-calculated from

inter >

the laboratory pullout test. The R

inter

values polynomial decreases with an increase in

fine content. The soil-structure interactions vary as an increase of fine content in the

ranges of 0.65-0.38 and 0.75-0.40 for n = 2 and 3, respectively.
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Overall, the behavior of bearing stresses, settlements, lateral
earth pressures, and horizontal wall movement of the BRE wall with different backfill
materials during and at the end of construction is simulated satisfactorily and agrees
well with prediction. The simulated bearing stress in the reinforced zone decreases
from the front to the back because the BRE wall behaves as a rigid body built on the
rigid foundation retaining the unreinforced backfill. The bearing stress depends on the
density of backfill. The foundation settlement decreases from the facing of the wall to
the unreinforced zone for all backfills due to the wall slightly rotated. The
relationship between the maximum horizontal wall movement and the fine content
can be expressed by a polynomial function. The maximum horizontal wall movement
significantly increases as the fine content is more than 45% (F>45%). The increase of
the fine content moves the location of the maximum wall movement higher up from
mid to top of the wall. The simulated lateral earth pressure coefficient of the BRE

wall tents to approach to the at-rest earth pressure coefficient (K, ) when the fine

content increases
6.1.3.2 Parametric study on horizontal wall displacement

Soil-structure interaction, stiffness of reinforcement, and
foundation affect the horizontal wall deformation, which is especially important for
serviceability of the BRE wall. For all backfill material, the maximum horizontal
displacement rapidly decreases with an increase of the soil-structure interaction ratio
and then becomes insensitive to the soil-structure interaction ratio after the ratio is
approximately 0.67. The horizontal displacement of the BRE wall increases
significantly at stiffness lower than 45,000 kN/m when the backfill contains fine

content less than 45%, but the change in the horizontal displacement is not significant
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at higher stiffness. For designing BRE wall, the stiffness of bearing reinforcement
should be 400,000 kN/m for the backfill material containing fine content higher than

80%. The horizontal displacement of the wall changes insignificantly when the
foundation modulus is higher than 10,000 kN/ m?” . Moreover, for F:S = 80:20, the
maximum horizontal displacement increases significantly when the elasticity modulus

of weathered crust foundation is less than 45,000 kN/m? .

6.2 Recommendations for future work

e The finite element analysis of the BRE wall in this study was
performed in 2-D plain strain condition. The simulation approach
presented was successfully applied to investigate the performance of
the BRE wall in Thailand. However, to confirm the results from the
numerical analysis, full-scale tests of BRE walls with cohesive-
frictional backfill are needed. Moreover, the horizontal spacing and
shape of bearing reinforcement (3-D direction) affect the performance
of the BRE wall. Consequently, the 3-D finite element analysis of the

BRE wall should be performed and compare with the 2-D one.
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