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This thesis comprises two main parts. The first part established to simulate a
typical scenario of Mechanical Stabilized Earth (MSE) walls. The primary target of
this part was to figure out the influential factors affecting drainage design
considerations for MSE walls using granular soils. Initially, series of physical
experiments were conducted under two conditions: with, and without geocomposite
drain. The experimental results obtained from physical models of MSE walls were
then utilized to perform a series of parametric study using Plaxis 2D. The parametric
results indicate that the secpage responses were primarily governed by the Water
Retention Character (WRC) of the backfill materials, as well as of geotextiles, and

the ratio between the saturated hydraulic conductivity of geonet to that of the soil,

K . Specifically, the WRC of the soil reflects the distribution of effective saturation

ettt
in the backfills both inside and outside the protection zone. The lower magnitude of

K results in a higher level of the phreatic surface in the protected zone. Another

et

finding from the first main part is the effect of “capillary break phenomenon”, the
lower magnitude of suction at breakthrough point results in greater amount of water
accumulation along the interface. The second part intended to simulate two practical
scenatios of MSE walls, in which marginal soil was utilized. In the first scenario,

namely 1.-S, the protected zone was fully filled with sandy soil and the soil outside the



v

protected zone was in place lateritic soil. The L-S scenario aimed to investigate the
influence of hydraulic properties of the soil outside the protected zone on the seepage
responses. In addition, the use of different types of soils inside and outside the
protected zone was considered through this scenario. The second scenario, namely L-
L, was set up to investigate the influence of the use of poorly drained materials on
flow response in MSE walls. The computed results show that the hydraulic properties
of the soil outside the protected zone play a little role in the moisture profiles in the

protected zone, and vice versa. Instead, it significantly affects the moisture content in
the unreinforced zone, the greater amount of fine particles (lower g, and g, values)

of the soil outside the protected zone brings about the wider distribution of high
moisture content in the unprotected zone. The ratio of the hydraulic conductivity of
geonet to that of the soil outside the protected zone, K™, play a major role in the
level of the phreatic surface in the protected zone. It was also found that the
permeability ratio between geonet and the soil placed inside the protected zone, K",
affected the level of the phreatic surface inside the protected zone, if the magnitude
K™ of less than the eritical value of 1765, The lower value of K™ results in a
lower phreatic surface in the protected zone found. In the case that the geocomposite
has insufficient drainage capacity as well as the thickness of drainage system is not
well-founded, the use of the backfill material having lower hydraulic conductivity
might aggrade the phreatic surface in the unprotected zone. A greater fine particle

content (lower g, and g, values) in the soil outside the protected zone, results in a

wider distribution of the high-water-content area.
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CHAPTER

INTRODUCTION

1.1 Problem statement

Initially introduced in 1969 by Vidal (1969), reinforced soil techniques, later
known as Mechanically Stabilized Earth (M SE) walls, that are constructed by placing
alternative reinforcement layers and compacted soil behind a facing el ement to form a
composite structure have been widely employed for different site conditions for
decades. The interaction of the backfill material and reinforcements form a relatively
flexible, coherent block that is able to sustain significant loads and movements as well
as tolerate much larger settlements compared to conventional cast-in-place concrete
walls (known as concrete retaining structures), particularly differential settlements. It
isalso believed that MSE walls are gravity structures that usually made of unsaturated
earthen soil (Saito et al., 2009). Recently, the use of MSE walls has become
increasingly prevalent in the development of transportation and other projects
primarily due to having numerous advantages over conventional retaining structures
such as construction process is fast and easy, site preparation is less, construction
work doesn’t require experienced skilled craftsmen with special skills (Elias et d.,
2001).

However, adong with the attractiveness of the use of the reinforced earth
techniques, there have been numerous failures cases of MSE walls occurred. Even

with very few MSE walls fail completely, but there have many walls which have not



well performed as expected. Most investigations indicate that the performance of
reinforced earth structures is a function of the properties of both the earth
reinforcement and the geotechnical characteristics of the fill material.

The poor performance of MSE walls is associated with the quality of
construction process, accuracy of design works, lessening of weak foundations where
MSE walls are placed on Alzamora and Anderson (2009). It is also recognized that
good structure performance is primarily governed by the amount of moisture content
maintaining in the reinforced earth structures. The higher moisture content, the higher
pore water pressure developed. The larger pore water pressure generated, the larger
movements taken place in the reinforced part (later called the protected zone), hence
the failures might be occurred. Previous researchers (Alzamora et a., 2009; Koerner
& Soong, 2000; Leshchinsky & Han, 2004; Mahmood, 2009; Shibuya et a., 2007)
stated that most of the failures of MSE walls were frequently attributed to inadequate
drainage and the presence of water within or behind the reinforced zone (later termed
as the protected zone) which related to the accumulation and rising of rainfall behind
that structures (Shibuya et a., 2007). However, both the current design guidelines and
construction manual of MSE do not consider any water inside and adjacent to the
protected zone (AASHTO, 2002; BS, 1995; Christopher et al,. 1998; Leshchinsky &
Han, 2004; Mitchell, 1995). Similarly, most criteria have been established only based
on grain size distribution.

To deal with the development of pore water pressure as well as to eliminate
the effect of pore water pressure, some works have been reported that the aternative
usage of prefabricated composite sheet drains can provide a solution enabling speedy

drainage while lowering construction costs (Koerner & Soong, 2000; Koerner &



Koerner, 2011; McKean & Inouye, 2001; Mitchell, 1995). The prefabricated
composite sheet drains is a type of a sandwich-structured composite formed by
attaching two thin nonwoven geotextile layers to a core which made of geonet.
Although there have been many reported case studies on the successful
implementation of geocomposite in drainage systems, there have been limited
numerical simulations of drainage for MSE walls using geocomposite (Koerner and
Soong, 2005; Yoo and Jung, 2006). Previous studies indicate that geotextiles’ water
retention characteristics (WRC) are similar to those of coarse-grained soils such as
gravels and sands (Bathurst, 2007; Bouazza et al., 2006; Iryo and Rowe, 2003; Knight
and Kotha, 2001; Lafleur et a., 2000; Morris, 2000; Nahlawi et a., 2007; Stormont et
a., 1997, Stormont and Morris, 2000). Therefore, the drainage capacity of
geocomposite might be affected by WRC of nonwoven geotextiles, hence seepage
responses. However, there is no known work that incorporates the WRC of geotextiles
in those reported numerica simulations. Similarly, the influence of WRC of fill
materials has not taken into consideration.

In Thalland and other tropical climate countries, the residual soils are often
margina soils which cover large areas; consequently, the well-graded gravel materials
are not readily available in the vicinity of typical construction sites, especidly
constructing in mountainous areas where a larger amount of fill materials are often
required due to long distance, high-rise wall. Margina soils provide suitable
engineering properties such as high shear strength, low compressibility but just fail to
meet the fine particle and plasticity index requirements which are of particular interest
to the construction industry as a potentia replacement material for granular soils. A

large number of reinforced soil structures have been designed and constructed using



margina soils. The overall long-term performance of these earth structures has been
reported to be remarkable. The system has not exhibited signs of distress.
Nevertheless, numerous failures cases of MSE walls that utilized marginal soils asfill
materials have also reported. Among severa reasons for MSE failure, the common
one found is caused by loss of backfill. The loss of fill material is usually associated
with significant amounts of water that permeates through the embankment. Once this
phenomenon begins, piping will take place, followed by carrying out the backfill with
the water (Chen et a., 2007). The laboratory experiments and field performance of
reinforced soil walls with marginal backfill materials was extensively reviewed by
Zornberg and Mitchell (1994) and Mitchell (1995). Koerner and Soong (2001)
documented 26 case histories of MSE wall failures in the United States, 17 cases of
which were related to low permeability soil backfills. They concluded that if marginal
soils were alowed in the protected zone, any water ponding that occurs behind or
benesath the protected zone), must be properly collected and discharged. Although the
moisture susceptibility is major concerned in MSE wall using marginal backfill
material, no previous attempt has conducted a parametric study to gain insight
knowledge on this critical point particularly when the protected zone is well
encapsul ated with a drainage system.

As atype of unsaturated materials, the behavior of reinforced earth structures
is believed mainly governed by the moisture responses inside its body. Specify, the
shear strength and stress state of unsaturated materials are normally changed with
changing in moisture content or soil suction. Therefore, finding the factors that affect
the moisture response is necessary to prevent and/or eliminate the influence of

moisture responses on the performance of reinforced earth structures.



The first main part of this thesis is to figure out the most influential factors
that affect drainage design considerations for M SE using geocomposite by performing
a series of experiments, in which granular soils employed as backfill materials.
Throughout this part, the influence of WRCs of nonwoven geotextile and backfill on
the seepage responses was examined.

The second main part of this thesis is to assess two feasible scenarios that
utilize in-placed soils as fill materials. The prime am of these scenarios is to evaluate
the use of high fine-grained soil for MSE walls in term of seepage responses.
Similarly, effect of unsaturated flow parameters of fine-grained in-placed marginal
soils on seepage responses was also examined by carrying out a series of parametric
studies.

The outcomes of the thesis arefirst to contribute a better understanding of the
influence of WRCs of backfill as well as of geocomposite, on the performance of
MSE walls. Secondly, the finding from this thesis might also facilitate the selection of
suitable geocomposite drains for better implementation of MSE walls. Lastly, the
outcomes of this research may contribute a superior comprehension on the use of fine-

grained soils as backfill for MSE walls.

1.2 Research Objectives

The depiction in the above section of problem statement implies that water
combined with low permeability backfill may somewhat lead to poor performance
such as excessive deformation or actual collapse of MSE walls. It also indicates that
the use of low quality backfill is feasible if a properly designed drainage system is

installed. It is thus the main objective of this research is to examine the seepage



responses of reinforced earth structures induced by leveling of the upstream water
table that frequently takes place in the mountainous areas. The below are two specific
goals:

1.2.1 To determine the most sensitive unsaturated flow parameters that affect
drainage considerations for MSE walls using geocomposite.

1.2.2 To examine the use of fine-grained in-placed marginal soils as backfill

materials for MSE walls on the seepage responses inside the MSE walls.

1.3 Thesisorganization

This thesis is organized in five chapters, in addition to this Introduction. The
corresponding references section and outlines of each chapter are presented as below:

The second chapter provides a comprehensive literature review of MSE walls
relevant to this research is presented. The basic theories of MSE walls are introduced.
They consist of a brief historical story of the development of reinforced soil
techniques, mechanisms of strengthening soil as well as the performance of MSE
walls, review of current design practice of MSE walls. Next, case studies related to
the failure of MSE walls associated with inadequate drainage are summarized. This
chapter ends with a background of flow through unsaturated soil and soil water
characteristics literature.

The third chapter starts with outlines of materials properties, experiments
including physical experiments, numerical simulations that employed throughout this
thesis. After the successful calibration of the model, the parametric studies were done
by using Plaxis. Next part discloses the influential factors affecting drainage design

considerations for MSE walls using geocomposite.



The fourth chapter firstly presents geotechnical properties of in-placed soils.
Subsequently, series of numerical sensitivity analysis to examine the use of in-placed
margina soils as backfill were performed.

The fifth chapter is a summation of the main conclusions withdrawn from this
research. At the end of the chapter, future research directions that based on

incompletion of present work are also provided.

1.4 Scopeand limitation

This research does not cover other factors which may negatively impact the
performance of geocomposite, hence flow responses in MSE walls such as fine
particle clogging in soil and geotextile, the effect of joint of geocomposite, and aso
the effect of compressive stress on the hydraulic conductivity of geocomposite.

The finding from this research was obtained from a mini physica scale of
MSE wall, which may lead to the current finding of the influence of critical
permeability ratio on the level of the phreatic surface inside the protected zone is
seemingly valid only for this mini scale. Similarly, the geocomposite drain was

assumed as a continuous section of geocomposite drain.
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CHAPTER I
THEORETICAL BACKGROUND AND

LITERATURE REVIEW

An extensive literature review was carried out on a number of relevant topics.
This review covers research in the following areas: 1) A brief history of advancement
of reinforced earth techniques, 2) Mechanism and performance of MSE walls, 3)
Typica characters of primary constituents of MSE walls, 4) Outlines of recent design
criteriafor MSE walls, 5) Case studies of MSE walls failure related to flow of water
through reinforced soil masses and current techniques to deal with seepage water flow
in MSE walls. The chapter ends with the conceptual elucidation of the principal

properties of unsaturated soil.

2.1 Historical advancement of reinfor ced earth techniques

The concept of reinforced earth was firstly initiated for thousands of years
since temples of the Babylonian and Sumerian constructed in the ancient
Mesopotamian valley (Ingold, 1982). Later on, the reinforced earth techniques were
also exploited to build the Great Wall of China in the early of the 7 century B.C. In
the ancient time, the techniques of reinforced earth were included positioning of
woods, reeds, hemp, or another form of tensile reinforcement to layers of compacted

soil (Kerisdl, 1993).
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Recently, by virtue of the development of technology those early reinforcing
materials have been mostly replaced by artificial materials which provide much
higher strength, such as metal strips, geotextiles, geogrids, hence a better performance
of reinforced earth structures (or termed as M SE walls).

Modern reinforced soil techniques were initially invented in 1957 by a French
engineer and architect, Henri Vidal. By 1967, several mgjor MSE walls were built in
Europe (Vidal, 1969). Thereafter, the use of reinforced soil techniques was first
exploited during repairing a magjor landslide on Highway No. 39 in the Los Angeles
National Forest, CA, the US in 1971. Recently, the MSE walls have been generaly
recognized as a standard wall type on America’s Highways (Alzamora and Anderson,
2009)

Due to its advantages over the conventional retaining forms, the MSE walls
have been broadly utilized as retaining wall structures in more than 30 countries
throughout the world. The advantages of the MSE walls were illustrated in previous
researches (Elias et a., 2001), such as the economic, ease of construction, moderate
skilled labors requirement. The MSE walls could be able to tolerate much larger
differential settlements than reinforced concrete retaining wall which is unable to
accommodate significant differential settlements, it can also be built in poor soil
foundation areas. Typical components of an MSE wall are shown in Figure 2.1. A
summary of MSE walls with its height is larger than 10 meters is summarized in
Table 2.1. The application of MSE walls may vary from one site to another, but it is
possible to be applied in these following conditions:

AMMSE walls can be used as temporary structures for highway projects.

M MSE walls can be exploited as soil retention structures or sea wall.
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Table2.1 A designated of tall MSE walls built worldwide (after Sankey, 2004)

M ax. Y ear
Places of construction Remarks
height (m)  Complete
Highway 39, Angeles Landslide repair on
. 11 1971 .

National Forest, CA, USA highway 39
Route 1-80, Glenns Ferry, To support the Route |-

13.7 1977
USA 80
Tweepad Wingwalls, South Diamond mine crusher

41 1979
Africa headwal |
Labadie Plant Slot, Missouri,

20 1981 Supports open coal slot
USA
Calgary, Alberta, Canada 9 1984 Cohesive soil
Tsing Yi Island, Hong Kong 40 1993 n/a
Santa Barbara primary

22 1994 n/a
crushing retaining wall, Chile
Unicoi County, Tennessee,

28 1994
USA
Pont de Normandy, France 24 1995
Kennedy Interchange Atlanta, 30 1996 n/a
Georgia, USA
Antelope Mine expansion 22 1997 Scoriarock backfill
campbell county, USA
Crusher retaining wall smokey 23 1997 Designed for 0.259
valley mine, Nevada, USA seismic acceleration
Kemess Mines South project, 32 1997 Support 830,000 pound
British Columbia, Canada haul trucks
Bingham county truck dump 38 1999 Wall instrumented by
reloads copperton, Utah, USA Utah state university
Mine highway, Arizona, USA 24 2000 Hybrid RE wall
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Table2.1 A designated of tall MSE walls built worldwide (continued)

Places of construction Max vear Remarks
height (m) complete

Crushing system expansion, 32 2001 Mine wall supporting
Victor, Victor, Colorado, USA bridge crane
Route 288, Richmond, USA 24 2002 High friction backfill
Springfield interchange, 20 2002 High friction (gravel)
Virginia, USA backfill
Hartsfield  Airport  runway, 20 2003 n/a
georgia, USA
Port of Seattle, South of Seattle, 46 2008 Expansion of Seattle-
USA Tacoma airport
Hebei, China 40 2016 Railroad truck along the

mountain side

2.2 Behavior and performance of M SE walls

The fundamental behaviors and the performances of MSE walls are briefly
described throughout this section. The behaviors of MSE walls are presented in terms
of interaction and stresses transferred between main constituents of MSE walls.

Lastly, severa typica performances of MSE walls are shortly illustrated.

2.2.1 Fundamental behaviorsof reinforced earth structures
2.2.1.1 Mechanism of soil — reinforcement interaction
A typical MSE wall comprises four main constituents including
aternative reinforcement layers, compacted soil, facing elements and leveling pads
(Figure 2.1). These four prime constituents have different properties, but a flexible
composite structure might be formed due to the simultaneous combination of these

four main constituents. The tensile strength of soil is generally found to be lower than
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The movements of soil particles are mainly attributed to the development of
friction at the interface before sliding takes place. Because of the friction between soil
particles and reinforcements, the bonding force is built up. Zornberg and Mitchell
(1994) described that the bond strength between the permeabl e reinforcements and the
soil might be higher than undrained soil strength if the transmissivity of geosynthetics
is high enough to drain the accumulated water at the soil-reinforcement interface. If
an MSE wall is fully filled with a type of cohesionless soil, the bond resistance might
be friction that is dependent upon the roughness state of reinforcement and soil. If the
backfill is a cohesive soil, the bond resistance is adhesive.

2.2.1.2 Mechanism of stresstransfer

The prime function of reinforcementsis to limit the movements
of MSE walls. In order to fulfill this role, stresses must be transferred from soil
elements to the reinforcements. As a reinforced soil mass is subjected to an external
stress, the stresses will be generated and transferred within the reinforced soil body.
These stresses are generally exhibited in two well-known transfer mechanisms
including friction (Figure 2.4 a) and/or passive (bearing) resistance as illustrated in
the Figure 2.4 b. The former one builds up if having a relative movement takes place.
The second form defines as passive and/or bearing resistance with its direction is
found to be perpendicular to the direction movement of the soil and reinforcement.
The participation of each transfer mechanism is significantly affected by severd
aspects such as the roughness of the reinforcement surface (skin friction), normal

pressures, geometry of reinforcement, soil characteristic (Eliaset a., FHWA, 2001).
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executed by the internal equilibrium of stresses in reinforced soil constituents as well
astheir strengths.
Schlosser and Long (1974) described that an MSE wall comprises two zones,

an active and a passive (or resistant) zone (Figure 2.5). These zones are separated by
alocus of maximum tension points, T, , defined as failure surface.

The active zone is laid between the failure surface and the facing wall, where
shear stresses developed at the interface between soil and reinforcement is directed
towards outside. The movement of reinforced soil that placed within the active zone is
restrained by pullout resistance that developed aong the soil reinforcements. The
passive zone is defined as an area where the interface shear forces on reinforcements
are oriented away from the facing elements. The location of the passive zone is
behind the failure surface.

The performance of MSE walls was demonstrably described by Mitchell and
Zornberg (1995), in which they stated that the performance of MSE walls was
significantly affected by the excess pore water pressure, especialy for the case that
fine-grained marginal soils utilize as backfill.

Moreover, the performance of MSE walls is also significantly dominated by
the types of embedded reinforcing materials as well as the forms of soil
reinforcements. For examples, the failure of MSE wall with geosynthetics is not so
fast and usually accompanied by a larger deformation due to its high extensibilities
compared to metallic reinforcements. Another difference is observable in the long-
term performance due to the creep phenomenon of geosynthetics. The deformation of

geosynthetic reinforced structures generally builds up with time, while the classica



Finished grade Le 0.3H——

H/2.
/&

/

Passive zone Active zone
| | | | |
> T

| | | | A
Potential failure surface \\
| | | | LN\ A

\ I

Resistant zone \

| | \ \ \

\ | Exist ng ground

INNANANAN ——

ANZANZ2N2 INTANIANN

Foundation subsoil



21

2.3.1 Backfill materials
Among four primary constituents, backfill plays a vita role in the
overal performance as well as the construction cost of MSE walls. In term of
performance of MSE walls, the selected fill materials should be preferably
cohesionless and aso have a large friction angle. The backfill should be
predominantly coarse - grained soils due to their high strength, drainage and
durability properties. Recently, several criteria for backfill have been introduced and

applied as shown in Table 2.2.

Table 2.2 Backfill criteria of reinforced soil (Koerner et al., 2005)

Requirement of grain size

Sievesize Particle 25 Koerner
mm NCMA (1997) FHWA (1998)
(1998)
Grain size distribution % finer
- 100 75-100 - -
No.4 4.76 20-100 100 100
No.10 2.0 - - 90-100
No.40 0.42 0-60 0-60 0-60
No.100 0.15 - - 0-5
No.200 0.075 0-35 0-15 0
Plasticity index <20 <6 <6
PH range 5-10 5-10
Chlorides, ppm <200 <200 <200
Sulphates, ppm <1000 <1000 <1000

It can be seen from those three popular criteria, the most rigorous one was

recommended by Koerner (1998), in which the amount of particles pass the No. 200
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sieve must be approaching to zero, this standard implies that the material is used for
backfill should be optimum ones such as clean sand. According to the NCMA, the
amount of particles pass sieve No. 200 and plasticity index can be equa to
magnitudes of 35%, 20, respectively.

Another feasible type of materials that might be used for MSE walls is fine-
grained margina soils, a type of low permeability materials. Despite being failed to
meet the fine particles and plasticity index requirements, the use of such low
permeability materials become more popular due to their suitable engineering
properties and the recommended backfill materials are scarce. In addition, Stulgis
(2005) introduced that in tropical climate countries, granular materials are not readily
available in the vicinity of typical construction sites. The residual soils are often
marginal lateritic soils which cover large areas in most tropical climate countries. Asa
result of this natural condition, the consideration of the use of recommended materials
as backfill for MSE walls becomes an unmanageable phase. Practically, when
considering the need for reducing the construction cost, the use of in-placed marginal
soilsis a priority. Therefore, it might state that the use of high fine-grained soils for
reinforced fill is a realistic demand (Stulgis, 2005). However, as in-placed marginal
soils are utilized as backfill materials, care must be paid to the moisture response
inside the reinforced soil mass. Previous researchers (Zornberg and Mitchell, 1994;
Mitchell, 1995; Koerner and Soong, 2001) stated that both seepage water and
accumulation of water appeared behind and under the reinforced system should be

either prevented or properly collected and discharged
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2.3.2 Reinforcing materials

Along with the evolution of reinforced soil techniques, various types of
materials have been introduced and developed to be used as reinforcing materials.
The use of reinforcing materials in the interior of the soil mass may enhance the
tensile strength for soil mass, hence a better stability of MSE walls. Reinforcing
materials may have different characteristics, but in terms of extensibility the
reinforcing materials could be categorized into two groups, they are inextensible
(generdly related to steel reinforcements) and extensible reinforcement (generally

related to geosynthetic reinforcements).

2.3.2.1 Inextensible reinfor cing elements
Recently, severa types of inextensible reinforcing elements
have been widely used for MSE walls, such as strips, grids, wire meshes. The typical
characteristics of some popular inextensible reinforcements are described as:

M Continuity steel strips: The concept of the use of continuity strips has
been broadly used for decades. The main advantage of the continuity steel stripsisto
achieve a better quality of reinforcement connection. Depending upon the specific
applications, the dimension of continuity strips could be varied with its breadth is
normally laid in a range of (5-100) mm and thickness of (3-5) mm (Nand, 2005). In
order to achieve a better performance by increasing the friction between the
reinforcing materials and surrounding compacted soils, several protrusions, such as
ribs or gloves, are normally attached to the steel strip elements.

M Grids: Thisis a type of an open structure which comprises two elements,

transverse elements (or bearing elements) and longitudinal members (Figure 2.6.).
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M Geotextiles: Geotextile is atype of permeable geosynthetic, which is made
of textile materials (Elias et a., FHWA, 1998). Two popular types of geotextile are
widely used as reinforcement layers, woven geotextile and non woven geotextile
(Figure 2.7a). Due to their specific hydraulic properties, geotextiles can also function
as drainage, separator layers.

M Geogrids: Geogrids are opening structures formed by bonding polymer
strips at their cross points. The primary function of geogrids is to resist the tensile
force and add tensile strength to soil matrix. Geogrids are normally formed in two

forms, namely uniaxial and biaxial asillustrated in Figure 2.7 b.

2.3.3 Facing elements
Positioning in front of the wall, the facing elements contribute to the
aesthetics of MSE walls since they are only visible part of the completed MSE walls.
The other functions of the facing elements are to prevent soil and reinforcing elements
from weathering effect and to retain fill materials.

The facing elements and soil reinforcements need to be fastened using
dowels, rods, hexagon headed screws, nuts and bolts (Figure 2.8). The considered
materia is used to make the fasteners should be well-matched with the design life of
MSE walls. The designed magnitude of connection strength should be smaller than

that of the service-state-connection strength (AASHTO, 2002; INDOT, 2013).



Figure 2.8 Fastener between the facing and reinforcing element used in highway

projectsin Bangkok, Thailand
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MSE walls comprises: internal and external stability assessment (Lee et a., 1973;
Mitchell and Villet, 1987; Anderson et a., 1995; AASHTO, 2002).

Previous researchers (McGown et a., 1998, Horpibulsuk and
Niramitkornburee, 2010; Suksiripattanapong et al., 2013) stated that the principal of
evauation of external stability was exactly the same as that for designing the
conventional retaining walls, which based on the conventional approach, namely
limiting equilibrium analysis. The core of the conventiona approach is the composite
backfill-reinforcements mass is assumed as a rigid body. Hence, the evaluation of
externa stability needs to be carried out with the considered failure modes same as
those in conventional retaining walls including overturning, sliding, bearing capacity,
and global stability (Figure 2.10). The internal stability examination comprises an
examination of tension in the reinforcing materials (known as rupture falure) and

pullout resistance of reinforcing elements.
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forms including rupture of and pullout of reinforcements from the backfill soil. Thus,
the safety against structural failure needs to be examined with respect to the rupture

and the pullout of reinforcement and also reinforcing to facing connection failure.

2.4.1.1 Rupturefailure
Thefirst failure form is related to the rupture or breakage or elongation
of the reinforcing materials. The rupture failure is mainly attributed to the
development of the tensile forces of the soil reinforcements, consequently, the

reinforcement is overly stretched following by large movements even the MSE wall

could be collapsed. The factor of safety due to the rupture of reinforcement (FS, )

is computed as.

TU
FSupure = " 2.1)

max

where FS, . is the factor of safety due to the rupture of reinforcement, T, is the

ultimate in-air tensile force of reinforcement, T, is the maximum reinforcement

loads that can be computed in the following manner:

Tow =S4 S (2.2

max

=K,s

\ r v

S

\

where S, is overburden pressures, S, isthe vertical spacing of the reinforcement, K,

is coefficient lateral earth pressure which computed based on the mode of failure
envelopes considered as shown in Figure 2.11 and Figure 2.12. In the case that the
tie-back failure envelope which based on Coulomb/Rankine failure envelope is used

for analysis (Figure 2. 12a), the lateral earth pressure coefficient K, is defined as:
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resistance is mobilized by soil bearing on the grid transverse members (Bergado et al.,

1993; Horpibulsuk and Niramitkornburee, 2010). Therefore, the total pullout
resistance, P, isexpressed as.

Po =P +P, (2.6)

Bergado et al., (1993) stated that the proportion of friction to bearing

resistance of steel grid was 10 percent and 90 percent, respectively. The value of

friction resistance is computed as:
P, =(c, +s , tand)A, (2.7)
where c,is adhesion of backfill, c,=a.c, d is skin friction angle between

reinforcement layer and soil, d = 0.7f , S, isthe average normal stress, s , =0.75%
(Nielsen and Anderson, 1984), A, is the frictional area between soil and
reinforcement, A, = (2b+ 2t)L,
A similar equation might be used to compute the pullout resistance was
proposed by (Jewell et al., 1984) illustrated as:
P, =2LWs a,tand (2.8)

where L, is designed length of reinforcement, W, is designed width / diameter of
reinforcement,s , is normal stress, a g isfriction of grid surface area providing direct

shear resistance.
Because the pullout resistance might be developed on the reinforcement
beyond the failure envelope, hence the term of effective length, L., is generally used

with its magnitude is computed as:

For the tieback wedge method
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Le=L—(H€—aEmM5—%) (2.9)

For coherent gravity failure envelope

L, =L-03H (2.10)

where Listota length of reinforcement in each layer, H is designed height of MSE

walls, H, isequivalent height of MSE wall.

He=H+9"—g+—q—I (2.11)
f

where q, isthe surcharged load, g, istheliveload.
Those above equations are normally employed to compute the pullout
resistance of single bearing element (Bergado and Jin-chun, 1994). If having number

of bearing elements, the largest magnitude of pullout bearing resistance described as

(Horpibulsuk and Niramitkornburee, 2010; Chai, 1992):

R= " (2.12)

wherePR, is the bearing resistance of single bearing element, P,is the total bearing

resistance with n bearing numbers, R bearing ratio.
The magnitude of pullout resistance was found to be dependent on the
geometry of grid reinforcement, thus a dimensionless term of bearing member spacing

ratio of S/ D is taken into account, where S is defined as the distance between two
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contiguous bearing numbers and D is the thickness or diameter of the bearing

element. It is, then, the magnitude of the bearing ratio R can be described as:
S nr
R=a+ b(B) (2.13)

where nr is a constant that depending on the friction angle of backfill shown in

Table 2.3 (Chai, 1992). a, bare constants computed based on two conditions as

follows (Bergado et d., (1994, 2001)):

Condition 1: The maximum pullout force equals to friction resistance when S/D of 1.

P, = 2LW (c'+s , tanj ') (2.14-1)
where LW is cross section of interface between soil/reinforcement.

Condition 2: The bearing ratio, R equalsto 1.0, when the S/ D of 45. Consequently,

p, =nP, when S/D =45 (2.14-2)

where n bearing numbers

Table 2. 3 Magnitudes of constant factor nr (Chai, 1992)

No Backfill soil friction angle (degree) nr
1 <25 1
2 25-35 3/4
3 35-45 2/3

4 > 45 0.5
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In short, under internal stability analysis, MSE walls may be failed due to
pullout of the soil reinforcements or due to the breakage of soil reinforcements. The
former failure form takes place when the maximum frictional resistance developed
along the surface of the soil reinforcements is achieved. The factor of safety for

internal stability analysis, FS,, 4. 1S considered as the minimum value of safety

factor obtained from rupture and that computed from pullout failure analysis:

FS. um = Min (FS ;FS (2.15)

rupture pullout )

2.4.2 Design criteriafor external stability
Externa stability analysis is predominately executed based on the
conventional method, in which the external instability happens as arising a failure
surface passes behind and underneath all prime constituents of the MSE walls. Thus,
the criteria for external stability analysis for MSE walls must comply with that
employed for conventional gravity retaining walls such as diding of MSE over
foundation soil, overturning of reinforced soil mass around its toe (limiting
eccentricity), bearing capacity failure, overall stability (Tensar, 1986; FHWA, 1998;
NCMA, 2009).
Depending on the specific conditions, an MSE wall might be subjected to
various external loads. The common external forces that acting on an MSE wall
comprises the reaction at the base, N, lateral earth pressure, P, water pressure,

surcharge and live loads (Figure 2. 13).
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1
Fo=F+F =§@H§Ka +(gg +q K H,) (2.17)

2.4.2.2 Bearing capacity failure

The safety factor of an MSE wall against the bearing capacity failure

of foundation, FS,,, , isdefined as:

Ultimatebearingcapacity, g,
Maxi mum pressureunder neath foundation,q,,,.,

Fsoearing = (2 18)

1.
Qe = CNC +gj(Nq _1) +5® Ng (219)

where d is embedded depth of foundation, B' effective width or Meyerhof’s reduced

width of foundation which equals to (B—2e), B is the designed width, e is
eccentricity of resultant force acting underneath of foundation. N,,N.,Njare

defined as bearing factors (Meyerhof, 1963; Bergado and Jin-Chun, 1994;

Horpibulsuk and Niramitkornburee, 2010)

Nq _ghta tan2(45+15) (21939
N, = (N, -1)cot]j (2.19b)
N, =2(N, +1)tan] (219¢)

The distribution of pressure that developed underneath foundation might be
formed in two forms depending on the position of the resultant forces as shown in

Figure 2.14.
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2.4.2.3 Overturning of M SE wall
Similar to conventional retaining walls, MSE walls tend to horizontally
move outward from the face or overturn their own toes due to the thrust acting beside,
which causes the driving moment developed. The factor of safety against overturning

of MSEwall, FS .., iS defined as:

> Momentsresisting, M,

FSoverturn - . (222)
> Momentoverturnirg, M,
B
Mr :Wnet n (223)
2
H
M, =P (2.24)

where overturning moment, M, is developed due to driving forces, W, is the

weight of the equivalent height wall.
2.4.2.4 Global failure

The typical character of global failure is that the bi-linear dip failure
surface completely passes through and under the protected zone. This type of failure
is representative of the bearing capacity of the foundation materials. The global
stability failure may be taken place under some complex conditions, such as high
surcharge loads, weak soil foundation. The evaluation of global failure can be relied
on the approach of limiting equilibrium analyses. The fundamental of these analyses
are that the configuration of assumed potentia failure plane needs to be evaluated
until the lowest magnitude of safety factor found. The computed safety factor needsto

be less than the allowable value (Table 2.4)



Table 2.4 Recommended minimum factors of safety (AASHTO, 2002)

No Modes of failure Minimum of factor of safety

External failures

Siding failure 15
Overturning failure 2.0

Bearing capacity & excessive settlement 20-25

Global / Overall stability 13-15
Internal failures

Pullout failure 15
Tension failure (tensile over stress) 10
Internal dliding 15
Local stability

Facing connection 15
Block connection 15
Bulging 15

In summary, to achieve the required performance and service life of MSE
wall, the behavior of reinforcement should be clearly understood, a so the appropriate
methods that mainly depend on the reinforcement types need to be precisely chosen.
Among four popular methods including coherent gravity method, simplified method,
tieback wedge method, and structure stiffness method, the coherent gravity was
recommended to be appropriate for the case that MSE walls reinforced by metallic
reinforcements, and the tieback wedge method was recommended for MSE wall using
extensible reinforcements (Anderson et al., 2012). Similarly, to minimize the
possibility of failure of MSE walls, three vital stability analyses such as external

stability, internal stability, global stability should be thoroughly examined.
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25 Casestudiesof M SE wallsfailures

Along with the growth of MSE walls, a numerous failures cases of MSE walls
have been reported. Most observations and researches suggest that poor performance
islinked to construction activities, some can be attributed to design, material selection
and alleviation of weak foundation structures are also other causes of instability of
MSE walls.

A failure case of MSE wall wasinvestigated by Burwash and Frost (1991), the
MSE wall was fully filled with low plastic clay. Prior to the first sign of settlement
behind the wall was found, the M SE wall was satisfactorily performed for 16 months.
The investigation found that the crucial cause induced the distress of the wall was
related to the saturation of backfill. Particularly, the water content of backfill was
exceedingly increased compared to that obtained during the construction process, as a
result of this, the backfill was found to be saturated and got much softer than when
filled. The reason for saturation occurred was related to ponding of surface water
during a heavy rain of 40 mm in 24 hours.

Elias and Swanson (1983) performed a study on the termination of earthwork
due to adverse weather condition when constructing anh MSE wall that was built
during the winter of 1978-1979 in Virginia— USA. The wall was found to be tilted of
around 250 to 300 mm compared to designed location after a norma rainfall
happened. After investigation on possible causes of the movements, they found that
the exploit of high fine-grained backfill (the backfill contained up to 50% fines) with
steel strips might bring about a considerable decrease in pullout capacity.

Accordingly, the internal instability of M SE wall was observed.
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26 poor performance cases of MSE walls in United State were examined by
Koerner and Soong (2000). They found that 17 of 26 cases were related to the use of
low permeability backfill, kind of poorly draining material, in the protected zone. In
conclusion they suggested that if the MSE walls filled with this type of backfill, a
proper drainage system needs to be positioned within the MSE walls.

In his research, Stulgis (2005) stated that the use of poorly draining backfill
was a magjor cause of poor performance of the MSE wall that was undergone a
significant movement. As the backfill gets moisture due to rainfall, groundwater
infiltration, or other sources, the hydrostatic pressure can be built up, consequently,
the stability of MSE walls can be significantly affected.

In conclusion of an investigation on an MSE wall’s failure, Nargo and
Ramsey (2001) stated that the primary cause of MSE wall failure was associated with
hydrologic design issues. They suggested that the influence of seepage responses
could be minimized by positioning a drainage system on top of, and at the front of
MSE walls. Also, to prevent the backfill from “flowing”, a filter geotextile should be
positioned. Lastly, due to providing a high benefit/cost ratio, a geocomposite drainage
system should be placed in MSE walls.

Hossain et a., (2011) conducted an assessment of an MSE failure that was
constructed in May 2004, in Texas, USA. After 5 year-service, the movement of MSE
wall was found with its magnitude of more than 150 mm wide. The MSE wall was
then reinforced, but the rate of wall movement was considerably increased of around
of (2.5-4 mm/month) since June 2010, even severa facing panels were bulged. In

conclusion, they reported that the reason for the significant movement of MSE wall
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was because of the exploit of high fine-grained soils, with the magnitude of fine-
grained particle found of around 15%.

There were two case histories of MSE walls failures described throughout a
research conducted by Scarborough (2005). Clayey soil backfill and geosynthetic
reinforcements were used to construct those MSE walls. One of the two walls failed,
namely wall A, and the other undergone a large deformation, but still remained in
service. After carrying out an investigation, they exploded that the reason for the
failure of wall “A” was likely because of poor drainage system installed. Particularly,
due to the use of inadequate drainage system, the water pressure behind the facing
was built up leading to the failure of wall “A”, while only because of insufficient
geogrid reinforcements, the serviceability of wall “B” was significantly affected. In
conclusion, they suggested that the process design, as well as the geotechnical
engineers, need to pay more attention to the importance of seepage responses within

the MSE walls, type of drainage system placed within the compacted soil mass.

Figure 2.15 An actual failure of MSE wall (adopted from Scarborough, 2005)
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In their research, Chen et a., (2007) found that the loosing sand from MSE
wall was because of the seepage water that flows through the MSE wall via the
juncture as well as the ruptured points of drainage system.

Shibuya et al., (2007) reported an investigation on aterrible failure of an MSE
wall in Yabu City that took place in 2004 after typhoon attack. Specifically, the
reduction in soil strength was associated with the insufficient capacity of the drainage
system, even the M SE wall was designed and built under the design code. Lastly, they
concluded that the conventional drainage system recommended in the current design
manuals was not applicable for alarge amount and/or high level of ground water that

occurs in the mountai nous area.

Figure 2.16 Loosing sand from MSE wall (adopted from Chen et al., 2007)

Mahmood (2009) conducted an examination on a failure of an MSE wall that
was constructed in Maryland (USA). The MSE wall was observed a significant

movement, especially at the top of the wall. The obtained results showed that the
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movement of the top of wall was around of 12 inches to 18 inches. To predict the
possible causes, the computer program Plaxis was utilized to perform a series of
numerical analysis, mode of failure, as well. In conclusion, they reported that the
combination of affecting aspects, such as inadequate installation geogrid, insufficient
length of geogrid, was the main cause of the failure of the wall. Besides, the use of
poorly draining backfill, and improper drainage system, was also another factor that
caused the wall failure.

A list of case histories of MSE wall serviceability problem and actual failure

areshownin Table2. 5 and Table 2. 6, respectively.



GS Service Weather

No Facing Y ear ) Cause Problem Soil backfill o Literatures
Type Time condition
1 CAW GG 1984 3years Design Wall rotated Clay (ML-CL)  Cold Burwash & Frost, 1991
climate
2 CAW GG 1990 Design Bulged Sandy soil - Christopher, 1993
3 SRW GG 1990 Design Bulged Sandy soil Unkown Bathurt &  Simac,
1994
4  SRW GG 1994 ucpP Design Bulged - Rainy Sandri, 1997
5 SRW GG 1994 ucpP Contractor  Bulged - - Sandri, 1997
6 SRW GG 1994 ucp Contractor  Low configuration - - Sandri, 1997
7 SRW GG 1994 ucpP Contractor  Positioning of block - - Sandri, 1997
8 SRW GG 1994 ucpP Contractor  Depth of footing - - Sandri, 1997
9 SRW GG 1995 6 Design Deformed throughout Clay Rainy Koerner, 1998
months
10 PPW GG 1995 4years  Design Bulged Clayey silt - Koerner, 1998
11 SRW GG 1998 8years Design Bulged Silty clay Rainy Koerner, 1998
12 CsL na 2005 10 Design Loss of backfill Sandy gravel - Chen et a., 2007
years
13  PPW SM 2009 S5years Design Bulging of facing panel Granular soil - Hossain et al., 2011

0S



Table 2. 6 Case histories of walls actual failures (adopted from Koerner et al., 2005)

No Facing Y ear L'|fe Cause Reason Soil backfill Weaj[r.ler Literatures
Type Time condition

1 Timber GT 1987 3 months Constructor Connection No compaction - Richardson, 1998

overlooked

2 SRW GG 1990 6 months Constructor GG-overlooked Clay - Leonards, et a., 1997

3 SRW GG 1992 2 months Design Global/compound Sand Dry Berg, et d., 1997

4 CAW GG 1992 - Design Silty clay Huang, 1994

5 CAW GG 1992 - Design Hydrostatic pressure Silty clay Huang, 1994

6 SCP GG 1992 - Design Silty clay Heavy rain  Huang, 1994

7 SRW GT 1993 3years  Design Silty clay Gassner, et d., 1998

8 SRW GT 1994 2years  Constructor GT overlooked Clay Gassne, et al., 1998

9 SRW GG 1994 - Design improper drainage  Rainy Sandri, 1997

10 SRw GG 1996 1vyear Design Clay Heavy rain  Koerner, 1998

11 SRwW GG 1997 1vyear Design Hydrostatic pressure Clay Koerner, 1998

12 SRW GG 1998 1.5years Design Clay (ML-SP) Rainy Koerner, 1998

13 SRW GG 1998 8 months Design Silty Clay Koerner, 1998

14 SRW GG 1998 1vyear Design Clayey Silt Koerner, 1998

Notes:

CAW = covering around wall GG = Geogrid SM = Seel Wire Mesh

SRW = segmental retaining wall GT = Geotextile

PPW = Precast panel wall

UCP = Under Construction Process

- not applicable to problem.

TS
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From the literature review of recent design criteria and histories failures cases
of MSE walls, several conclusions can be withdrawn as follows:
A7 As a kind of compacted soil, reinforced soils are generally stiff and strong since it
is able to sustain soil suction. However, excessive deformation has been reported
which found to be due to the decrease in soil suction, especially under wetting
process, which leads to a poor performance of reinforced soils.
M7 The existence of water within and nearby the MSE walls can cause the insecurity of
MSE wall due to the development of pore water pressure, hydrostatic pressure.
A7 Obviousdly, there is a significant influence of seepage responses on the stability of
MSE wall. However, the current design criteria and construction manual for MSE
walls do not much consider effects of such vital aspects. Smilarly, the regular design
code of MSE walls is assumed to contain “free drainage” components such that all
accumulated water could be speedily discharged around or/and through the protected
zone mass. This must be an expected design, but it also implies that the MSE wall
must be fully filled with gravel material or sands.
A7 The use of in-placed marginal soils as backfill becomes more frequent. This

scenario isfeasible if drainage behind the protected zone could be positioned.

2.6 Recent strategiesto handle seepage flow of M SE walls

As summarized from the case studies of MSE walls failures, it might be
obviously found that most failures of MSE walls were predominantly related to the
improper drainage system as well as the seepage water flow within or nearby the
protected zone. The influence of water pressure on the performance of MSE walls is

apparently found, it increases the driving forces significantly, whereas the soil
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To minimize the influence of the surface water, two popular drainage systems
were recommended by Koerner (2011), namely inlet and piping systems, shifted inlet
and piping. The difference in these two techniques is their location. The former ones
is positioned within the protected zone, while the shifted systems is placed behind the

protected zone asillustrated in Figure 2.18

2.6.2 Methodsto eliminate the effect of seepage flow

Recently, a number of aternatives have been initiated and exploited to
deal with the influences of seepage water flow through the MSE walls, such as using
free-draining materials, installing a vertical drainage system behind the front wall,
placing inner drainage system within the protected zone. Among the alternative
techniques, the use of permeable geosynthetic reinforcements may be particularly
appropriate for MSE walls that utilize poorly draining materials, such as in-placed
margina soils, as fills due to its drainage capacities compared to others. Below is a
brief description of those popular alternatives:

(a) Koerner (1998) reported that the increase in seepage pressure in the
protected zone can be avoided using free-draining materials, such as sand or gravel.
However, the use such good draining materials are not always available, especially in
the tropical climate area where residual soils are normally found to be marginal
lateritic soils.

(b) Positioning vertical drainage systems behind the facing element and the
protected zone using free draining materials. However, these techniques have been
reported to be not easy for installation such vertical draining path, also not be ableto

protect whole the protected zone (Shibuya et al., 2007).
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Table 2.7 Some recent approaches to minimize the effect of seepage flow

No  Approaches

Advantages

Disadvantages Proposed by

Use good

draining  soils,

+ High strength

+ Compact easily

¢ Costly

+ Not be always available

1 + Excess pore water pressures could be quickly e Not easy to construct a vertical drainage layer.

such as sand or Koerner, 1998

decreased
gravel
+ Avoid seepage pressure builds up

Increase length of . ¢ Increase in construction cost
2 +Beableto resist the seepage forces. n/a

protected zone ¢ In-situ earthwork increases

+ High permesability Excessive chemical and biological clogging can significantly
Positioning  an # Ease of transportation and placement affect the filter and drain performance of geocomposite materials
internal drainage ) Mitchell, 1995
o 0 +Do not yield overloading due to its light (FHWA, 1998; Wu, 2006)

3 system within the weight Zorberg, 1994

protected  zone

. + Improved economy Chenetd., 2007
using
. + Consistent properties
geocomposite
+ Reduce excavation

Provide suitable ¢ Minimize the hydrostatic force Construction must be extensively instrumented to ensure the

4 drainage beneath ¢ Reduce downstream water level behind the location, direction of the drainage system. o
a
and behind the

protected zone

protected zone

99
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the body of the protected zone. The geocomposite materials generally comprise a core

material of geonet which covered by two geotextile layers to avoid long term

clogging.

2.6.2.2 Discontinuous back drain
The use of continuous back drain is necessary for several specific
conditions, such as thawing phenomena, and when impervious soils are likely to yield
an excessive amount of water in backfill and foundation soils. In other scenarios,
discontinuous form should be considered and applied. The discontinuous form is

similar to discrete “chimneys” or called as chimney drains as shown in Figure 2.20

(Koerner, 2011).

Figure2.20 Use of continuous and intermittent geocomposite back drains (adopted
from TenCate Geosynthetics, Inc).
2.6.2.3 Drainage within the protected zone
In the interior of the protected zone, the prime function of
geosynthetics is obviously reinforcement. However, due to their engineering

properties, geosynthetics function can be not only as soil reinforcements but also as
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horizontal drains (Zornberg and Mitchell, 1994). The position of drainage system
within the protected zone is essential for the case that the protected zone is fully filled
with poorly draining materials, such as in-placed marginal soils. A typical form of this
technique is that the permeable geosynthetics should be placed within the protected
zone, so that the development of excess pore water pressure could be speedily

eliminated.

2.7 Conceptual elucidation of the principal properties of

unsatur ated soil

MSE walls are generaly made of compacted soils that are stated to be an
unsaturated soil (Shibuya et a., 2007; Saito et a., 2008). The unique characteristic of
unsaturated soil is its negative pore water pressure (Fredlund and Rahardjo, 1993).
Due to the existence of negative pore water pressure which is commonly tensile, the
behavior of unsaturated soils is significantly affected. Similar to conventional classic
areas of soil mechanics, three prime categories are normally considered including
shear strength, seepage or movement of water through unsaturated media and volume
change behavior. The last one indicates a soil with its total volume may either
increase (swelling) or decrease as the soil specimen absorbs water (the process of

wetting). Within this section, the first two main categories are briefly elucidated.

2.7.1 Shear strength of unsaturated soils
The term of shear strength of soil is to indicate soil’s capacity to
sustain the shearing stresses that a soil body might be exerted. When a shear force is

exerted on a soil body, the shear stress develops and if it exceeds the limiting effective
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shear stress, the shearing failure happens and forces the soil particles to dide or roll
over each other. The stress state at which the failure happens is normally described
based on the conventional soil failure criteria of Mohr-Coulomb and illustrated as
following equation (Lambe and Whitman, 1969):

/

t =c¢'+(s,—u,)tan ' (2.25)

where t is the soil shear strength, c’ is the effective cohesion, S, is the normal
stress, U, isthe pore-water pressure, and | ' is the effective angle of internal friction.

The teem (S, —U, ) is to indicate the saturated effective stress of soil (Terzaghi,
1943).
Considering a soil above a groundwater table, the U, is negative pore water

pressure and defined as matric suction (Fredlund and Rahardjo, 1993; Lu and Likos,
2004). In other words, throughout the concept of unsaturated soil, the pore phase is
assumed to be fully filled with water and air. Thisis aso atypical difference between
these two types of soils. It is thus the state of stress for unsaturated soils differ from
that described in saturated soil. A typical state of stress distribution at a point of

unsaturated soil isillustrated in Figure 2.21.
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1977). This approach was formed/extended based on the Mohr-Coulomb (M-C)

criteria, at which the shear stress is defined as:

t =c'+(s,-u,)tanf'+(u, —u,)tanf® (2.26)

where U, isthe air-pore pressure, (S ,, —U,) iscalled the net normal stress, (U, —U,,) is

matric suction, and f ® is an additional variable to describe the influences of matric

suction on the shear strength (Fredlund, Morgenstern et al., 1978).

The parameter f ® was stated as a nonlinear function of soil suction (Gan and

Frediund, 1988; Escario et al., 1989; Vanapali et al., 1996) and its magnitudes were

varied from a value of being equal to or close to the internal friction angle j ' at level of

zero soil suction (close to the saturation state) to about of 0° or even negative values
for the suction level closed to the residual saturation state. The first two terms of
equation (2.26) are to indicate the shear stress of saturated soil, while the third term is
the distribution of shear stress of unsaturated soil which increases with increasing in
soil suction. The extended Mohr-Coulomb failure surface based on independent stress

variableswas illustrated by Lu and Likos (2004) as shown in Figure 2. 22.
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Throughout the M-C criteria, the effect of soil suction is ignored. Because the
contribution of soil suction was not taken into consideration (Bishop, 1959; Bishop
and Blight, 1963; Rahardjo et a., 1995), therefore Terzaghi effective concept was not
applicable for explaining the stress state of unsaturated soil.

To work out the limitation of the concept of effective stress, Bishop (1959)
had modified Terzaghi’s effective stress concept and developed an equation to

determine the effective stress of unsaturated soil which is described as:

S,:(Sn_ua)—i_c(ua_uw) (2.27)

where s 'isthe effective stress of unsaturated soil, ¢ isthe effective stress factor.
The term of soil suction is defined as the difference in pore air pressure and
pore water pressure Y = (U, —U,,). Under the saturated condition, U, is zero, U, is
positive, C equals to one and the equation (2.27) become the Terzaghi’s effective
stress equation: S ' = (s N —uW). For completely dry soil, ¢ isequal to zero leading to
the effective stress the net normal stress are equals to each other. Shear stress can be

described by incorporating the single-valued effective stress expression into the

classical Mohr—Coulomb failure criterion as:
t =¢'+[(s, —u,)+c(u, —u,)Jtanj ' (2.28)

Based on the experimental data obtained from direct shear test, Bishop (1959)

did suggest a nonlinear configuration of effective stress factor, C , expressed as a

function of the degree of saturation in Figure 2.24.
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2.7.1.3 Shear strength of unsaturated soil based on suction stress
approach
Because of the difficulties in the estimation of the effective stress

factor ¢ in Bishop’s approach as well as in the estimation of the materia variable

parameter of ] bexplained in the independent stress variable method, Lu and Likos
(2004, 2006) have utilized both the Terzaghi’s effective stress concept and Bishop’s
effective stress to develop the suction stress characteristic curve to represent the state
of stressin unsaturated soil.

Similar to the effective stress approach, the suction stress approach employs a
single stress variable that is responsible for the mechanical behavior of earth
materials. But, different from the Bishop’s effective stress, the suction stress approach
eliminates the need for defining the coefficient of effective stressc . The magnitude
of effective stress based on the suction stress concept proposed by Lu and Likos

(2006) is expressed as:

s'=(s -u,)-s°? (2.30)

where s ° isthe suction stress characteristic curve of soil, described as:

S=—(u, -u,) for  u,—u,<0 (2.314)

s®=f(u,-u,) for u,-u, =0

(2.31b)
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2.7.2.1 Movement of moisturethrough unsaturated soil, flow equation

Playing an important role in many geo-environmental engineering
problems, the principle of water flows through unsaturated geomaterials are more
complex than those through saturated media due to the hydraulic conductivity of
unsaturated soil is not constant with the change in moisture content, it varies with the
level of water content or suction (Bouazzaet al., 2013).

The unsaturated water flow was firstly presented by Richards in 1931.
Richards stated that the prime difference in flow through the unsaturated and saturated
condition is that under the latter condition the conductivity depends on the moisture
content of the media and the pressure is expressed in term of capillary forces.
However, the formulation of the partial differential flow equation for two conditions
is found to be similar. To explain for water through unsaturated soils, a set of water
mass balance equation is employed, and the governing differential equation is

expressed as.

0
—r aqx + qy + aqz - a(r q) (237)
ox oy oz) @

where 1 is the bulk density of water, 0,,d,, 0,are water fluxes in the x, y, and z

directions, respectively, t isthetime, and q is the volumetric water content.
Buckingham (1907) generalized the Darcy’s law for unsaturated flow by
taking hydraulic conductivity into account as a function of suction head, with the

magnitudes of water fluxes in each direction are described as.

— k (h )
o, =—K.(hy,) ax (2.38 3)
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oh_
qy =_ky(hm)a_y (238 b)

oh
= —k, (h,) =™ 2.38
z Z( m) az ( C)

where h., is matric suction head and k(h,,) isthe unsaturated hydraulic conductivity

function. Combination equation (2.37) and (2.38 a, b, ¢) yields:

Ty, 2 [ iy @]s 2 [ gy @, q]] 20
2] 2 ma Bl 2 Do sa) -8

(2.39)

Applying the chain rule, the term Ag/A& in equation (2.39) can be represented in
terms of the matric suction head:

9q _ oq oh, (2.40)
ot oh ot

where 0q/dh,, isthe specific soil water capacity (C):

(2.41)

0
Clhy) =+

m

The governing equation of transient unsaturated flow could be withdrawn by

substituting equations (2.40) and (2.41) into (2.39), and expressed as:

[k (hm)ahm} ay{ (hm)ahm} {k(hm)[ahm j}cm%

(2.42)

Applying the chain rule, Darcy’s law can be expressed for each flow direction as

follows:
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8hﬂ oh, aq aq
=-k =-D,— ,
(Q) k.@)—" 59 0 <3 (2.43)
oh, a9
- k@ p 2.44
dy ,@) 5 ' oy (2.44)
d, :_kz(q)(aahzm +1j=_Dz f;l _kz(q) (245)

Applying equations of (2.43), (2.44), (2.45) into equation (2.39), obtains:

0 aq aq aq | k@) _oq
aX[D @) } ay{ @ } az[ @ } S ers

where D(q) is the ratio between the hydraulic conductivity of soil to its water

capacity or defined as hydraulic diffusivity for unsaturated soil D=Kk(h,,)/C(h,,).

Equations (2.39) and (2.46) are known as the Richards’ equation expressed in
term of pressure head and water content based equations. These two equations can be
worked out using mathematical descriptions of SWCC and permeability function.

Theoretically, within the unsaturated zone, as the soil de-saturates the pore
water pressure changes from positive (compressive) to negative (tensile) where the
largest pores de-saturates first (Figure 2.27). The pore water pressure is negative and

it affects the behavior of unsaturated zone significantly (Lu and Likos, 2004). The
term of negative pore water pressure is known as suction, U, —U,, . The magnitude of

suction is dependent upon the magnitude of the radius of pore size of materials.
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According to Fredlund and Rahardjo (1993), total soil suction comprises two
components including matric suction (y =u, —U,) and osmotic suction (p). The
former one, y , is mainly governed by the capillary rise due to the surface tension,

whereas the latter is dependent upon the salt concentration in the pore water or
because of the differencesin salt concentration at different locationsin the soil water.

The soil suction might be measured directly or indirectly. The fundamental
concept of the first technique is to apply air pressure, resulting in increase or decrease
of sample pore-water until the equilibrium state reaches, at which soil suction is equal
to the imposed air pressure. When the equilibrium is reached, the resultant moisture
content is unique to this soil at this suction. The basic concept of indirect method is
based on thermodynamics, where the soil suction is computed from the measurement
of relative humidity or heat dissipation. The details of soil suction measurement
methodologies are not described in thisthesis.

The magnitude of osmotic suction can be determined using squeezing
technique. The key process of this technique is that distilled water adds to the soil
specimen until the soil reaches near fluid consistent. Subsequently, the water is
extracted from the soil specimen with fluid squeezer. The extracted water is then
exerted to electrical conductivity test. Finally, the squeezed water is used to compute

the osmotic suction of the soil specimen.
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tension and the downward force due to the weight of the water in a tube reached (as

shown in Figure 2.30).

Accordingly, the height of capillary rise h, is

A PR F (2.49)

r,grcosw r grR

and the matric suction is defined as

u, -u,=——>-—=—° (2.50)

where T, is surface tension of the water-air interface, r isradius of the capillary tube,

R, isradius of curvature, w iscontact angle.

Five possible contact angles in capillary tube were illustrated by Lu and Likos,
(2004) including perfect wetting surface (w=0°), partia wetting surface
(0° <w < 90°), neutral surface (w =90°), partial repellent surface  (90° <w <180°)

, perfectly repellent surface (w =180°)
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Table2.8  Empirical mathematical equations for water retention characteristic
curve (after Too et al., 2014)

Authors SWCC models Parameters Time
Gardner q(h)=q, + (@, -q,)[1+@h)"" .0, @, N 1958
Brooks-Corey  q(h)=q, + (@, —q,)@h)” d,,9a,l 1964
Brutsaert q(h) =q. +(@. —qr)[1/(1+>;—)”] q,,9.,a,n 1966
Campbell a(h) =g, (@h) ds,a, | 1974
Van —
concien 9 =0 +@ a1+ (@h)"] 0,0, M 1980
Tani q(h) =q, +@, —q,)[1+@h)e™ d;,ds, 1982
Williamsetal Iny =a, +b Inq a,b 1983
Boltzman  q(h)=q, +(@, -q,)expC—L) q,0,a,n 1984

Yy
McKee O_e b a,,b, 1984
Fermi a(h =q, +@,-a,)M/@+ep(*—>))  q.,q,a,n 1987
McKee and ®= 1
Bumb E y -3 a;, b, 1987
um l+e ™
Fredlung-Xing - q(h) =q, + 9 4 d,,9.,a,n,m 1994
[In(2.7183+ (ah)"]™ v
> .
Ruso a(h) =q, +(d, -, )[@+ 05N G fedi 1998
In(h/h
Kosug A=, +-@.-a)etd ] q.a,s.h, 1000
s+/2
Biexponentid  q(h) =q, + (q4€ ™ +g.,e ™?) Qq:Js,» @@, 2009
0= s_q is normalized water content, (.is volumetric water content at saturation, (], is

residual volumetric water content at high suction, |

IS pore size distribution index, Y is matric

suction, his suction head, ais soil parameter that which is related to AEV of the soil,

a,b,a,,b,a,

,bs,n,m are curve fitting parameters, N governs the dope of SWCC at the

inflection point, which is related to the uniform of grain size, m represents the residual water

content in soil
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Gardner model
The first continuous function which used two fitting parameters, namely a
and n proposed by Gardner (1958) has been adapted to model the SWCC. In term of

the degree of saturation, the equation of the Garner is defined as.

1

S=
l+ay "

(2.51)

wherey issoil suction, a and n are fitting parameters in which the a is related to

the inverse of the AEV, and the n parameter is related to the pore size distribution.

The normalized water content form of the Garner model is described as:

q=q, +(qs _qr)( n) (252)

l+ay

Brooks and Corey model (B.C model)

A SWCC model that assumed to be constant for suction less than the AEV
was proposed by Brooks and Corey (1964). Throughout the Brooks and Corey model,
only two fitting parameters were used including a and n, in which a parameter is
related to AEV of the soil and the n parameter is to related to the soil pore size

distribution. The Brooks & Corey (1964) model isillustrated as:

Y \-n S_Sr -u
S =()"=—"" —(ah f AEV h >1
X (a) s s (@h,) ory > orah, > (253)

max r

S, =1 fory <AEVorah <1

e
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soil is not well defined as using the model of B.C model leading to inaccuracy of
evauation of their behaviors. Although, all the model parameters used in Brooks and
Corey model have physical meaning, the B.C model does not provide a continuous
mathematical equation for the whole SWCC (Toll, 2001). Similarly, the Brooks and

Corey model shows the discontinuity at the AEV.

Brutsaert model

Similar to the Gardner model, Brutsaert model was proposed in 1966. Thisisa
type of continuous SWC models with meaningful parameters. This model provides a
fit relationship between degree of saturation and soil suction data (Toll, 2001).
Nevertheless, a decrease in the a parameter or an increase in the n parameter brings
about the degree of saturation in low suction range, below 100% (Sillers et a., 2001),
consequently, a restriction must be imposed on the relationship between the a and
n parameters in order to ensure a reasonable function. The Brutsaert (1966) model is

mathematically shown as:

s=1/1+0 /)" (2.55)

The normalized water content form of this model iswritten as:

q=q, +(@, —qr)a/d;)”) (2556)

van Genuchten model
A continuous SWCC model was proposed by van Genuchten (1980), namely
van Genuchen model. The van Genuchten model consists of four independent

parameters and three fitting parameters, namelyn, m,a . The van Genuchten

eguation is described as:
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q :qr+(qs_qr)[1+(ah)n]7m (257)

1
Se:qW)_qr — 1 ]jrﬁ

: (2.58)
Osx —Q, 1+ (ay )

where q isthe volumetric water content, h isthe pressure head, g, and q, represent

the saturated and residual water content, respectively, S, is the effective saturation,
a, n and m are empirical shape parameters, a is defined as an inverse of the AEV.

In fact, the closed form equation proposed by van Genuchten model is found
to be similar to that of the Brutsaert (1966) if value of m equas to 1, and the a
parameter isinverted.

Figure 2.33 illustrates several SWCCs obtained from van Genuchten models
for various magnitudes of the model parameters n and m. In term of physica
meaning, the lower magnitude of the model parameter n implies the wider pore size
distribution of a soil. The Figure 2.33 indicates that if the magnitude of n is

approaching infinity, the slope of SWCC curve is approaching zero.
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similar to the van Genuchten According to the Fredlund and Xing model, when the
distribution of pore size of a soil known, the corresponding SWCC of that soil could

be determined from the following equation:

_ qs _qr
=9 T e (a™)” (2:59)

2.7.2.4 Permeability function for unsaturated medium
To handle the seepage of water through unsaturated soil, a

permeability function expressed in terms of suction of unsaturated soil is normally
required. Compared to the permesbility of saturated soils, K., which is a function of

void ratio only. The permeability of unsaturated soils is primarily governed by both
void ratio, e, and water content (Leong and Rahardjo, 1997). The hydraulic
conductivity of unsaturated soils cannot be a constant due to the void ratio, water
content, and the degree of saturation are tightly inter-related. Instead, the magnitude
of permeability coefficient is a variable and defined as a function of the volumetric

water content ¢ or the matric suction of the unsaturated soil y . Since the moisture

content of unsaturated soil uniquely varies with suction, a logical conclusion follows
that the unsaturated soil permeability is normally expressed in terms of suction and
also possible to approximate from SWCC. Within the unsaturated zone, the number of
flow paths decreases, then the permeability of the unsaturated soil is decreased with
the degree of saturation in a nonlinear relation. In other words, under the unsaturated
condition, the permeability coefficient is widely recognized to be a function of soil

suction.
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Recently, three categories of permeability function of an unsaturated soil have
been illustrated including empirical equations, statistical models, and macroscopic
models. Several measured permeability data are required to use empirical equation. A

statistical model can be used to predict the permeability function when the saturated

coefficient of permeability, K, and the SWCC are available.

a) Empirical equations
The empirical equations have been appeared due to the need for an equation to

illustrate the changes in hydraulic conductivity with matric suction y or volumetric

water content(

(2.60)

{&zf@)
K =f(@)

To date, a number of empirical equations have been introduced to estimate the
permeability function of unsaturated soils (Table 2. 9). Many soil parameters in the
proposed equations come from estimated SWCCs with the equation from previous
Table2. 8.

Due to practical challenges, especially test procedure, empirical methods are
hardly utilized. In addition, the unsaturated soil properties are normally estimated
with presented fit functions. These functions are also commonly estimated with the
statistical model based on typically quantified soil properties, such as gradation and

Atterberg Limits.
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Table2.9 A summary of experiential permeability equations k(y ) (after
Fredlund, 1993)

Functions Literatures
kiy )=ay +b Richards, 1931
ky ) = a exp(by ) Christensen, 1944

k. =" where®=(q-9,)/(q,—9,) and n=35 Averyanov, 1950

kly )=ay ™" Wind, 1955

k, =expay )

Gardner, 1958
Ky ) =k, /(ay " +1)

K =W 1ly.)" fory >y,

Brooks and Corey, 1964
kiy )=k fory <y .o

kly )=k fory <y .o

k =k (Z—)" fory . <y <y, h=2+3

aev Rijtema, 1965
kly )=k (;l—)_n fory >y,
Ky ) = K, ~ Arbhabhirama and
Lia Oy Kridakorn, 1968
rg
kiy ) =k, expla(g —q.)] ~ Davidsonetal., 1969
Ky ) =k, (qir‘ Campbell, 1974
[1-@y)"™ +@+@y)") ™
k =k Mualem, 1986
b=k [1+@y )™ Haem
kly ) =k exply —y )] fory >y, Philip, 1986
Ky ) = ki[In(e+ ({;)")1-”" Leong and Rehardjo, 1997

a isdiffusion coefficient, | is pore size distribution index, I ,is density of water, K,

is the coefficient of permeabilityaty =y K, isunsaturated soil permeability.
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b) Statistical models

The fundamentals of the statistical models were based on three assumptions
introduced by Muaem (1976), which was a combination of the Hagen-Poiseuille
equation for fluid flow through the capillary tube and the knowledge of pore size
distribution taken from the matric suction — moisture content relationship (Lu and
Likos, 2004). Mualem (1976) proposed an equation to estimate the permeability of
unsaturated soils as:

ke = (S)T1+(@1-S,)"™" (2.61)

The equation (2.61) is known as the van Genuchten-Mualem (VGM) model.
In other words, this approach is based on the fact that both the permeability function
and the SWCC are primarily estimated by the pore size distribution of the soil under
consideration.

Figure 2.34 illustrates k-function curves obtained from van Genuchten model.
It is obviously shown that the higher magnitude of the model parameter n yields the
higher relative conductivity of the liquid phase found as shown in the Figure 2.34 a.
This is due to the higher the value of model parameter n means the more uniformity
the pore size distribution, and hence the easier the liquid flow through happens. The
influence of model parameter m isillustrated in Figure 2.34 b. It shows that thereis
a dlight influence of model parameter m on relative conductivity as the magnitude of

m larger than 1.0.
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¢) Macroscopic models
The permeability function proposed by Mualem (1986) can be derived using

the macroscopic models. All the microscopic models have the same following general

forms:
k, =S¢ (2.62)
s, = >=> (2.63)
1-S

S and S are the degree of saturation and residual degree of saturation, respectively.
In fact, the influence of pore size distribution is not considered in al
macroscopic models (Brooks and Corey, 1964). A general equation was then

proposed to compute the value of § by Brooks and Corey (1964) as:

d=(2+3 )/l (2.64)

where | isthe positive pore size distribution index. Mualem (1976) also suggested
thatd = 3—2m, where m is soil water factor which is positive for granular material
and negative for unstructured soils of fine texture. The magnitude of d is a constant

depending on the assumption made as shown in Table 2.10.
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on the unsaturated water flow is that the water might be obstructed at the interface
between two materials have different hydraulic conductivity. The water is held due to
suction forces and a capillary meniscus generates above the conductivity boundary.
Subsequently, the degree of saturation in the smaller pore size soil layer will go up
and result in a sufficient rise of the water column above the meniscus, this process
(progressive accumulation of water) is continuously taken place until the moisture
content or water pressure developed in the smaller pore size soil accomplishes a
certain level such that the capillary barrier is broken (Mancarella et al., 2012). The
breakthrough occurs only when the suction in the smaller pore size soil drops down to
alevel such that its value equals to the capillary pressure in the larger pore, known as
water entry value (WEV) (Stormont and Anderson, 1999). Due to this moisture
retaining behavior, the water infiltration into the larger pore size soil layer is limited
or even restricted because of the capillary tension of smaller pore size (Shackelford et
a., 1994; Tidwell et a., 2003; Stormont and Anderson, 1999). Khire et a., (2000)
stated that the flow of water from smaller pore size through the larger pore size soil
might not be taken place until low magnitudes of suction head are reached at the

conductivity boundary.
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limiting/restricting infiltration into buried waste or preventing water rise into heave-
sensitive soils or preventing the seepage of groundwater permeate through the
protected zone of MSE walls. In order to comprehend the fundamentals of the
capillary barrier, two capillary tubes having different diameters are often employed
including a smaller diameter used to stand for the finer pore material, and the larger
diameter tube is used to represent the coarser pore material (as shown in the Figure
2.36)

At the interface between air phase and water phase, the pore water pressure in

the smaller radius tube,u,, ., is estimated based on the Y oung-Laplace equation (Lu

1 Y w,s !

and Likos, 2004) as:

U, =-——= (2.65)

where T, isthe surface tension of the water phase, I isthe radius of the smaller tube.

As the whole body of water lens is placed in the smaller tube, the magnitude
of the water pressures at the top and that develops at the bottom of the water lens are
equal. Because of gravitational force, the water lens tends to drop and the overlying
water lens get thicker, leading to an increase in the total head. Finally, the pore water
is then forced to move dightly into the transitional zone. As the bottom of the water
lens moves forward to the transitional zone, the pore water pressure at the bottom of
the lens becomes greater than that develops at the top and defined as (Lu and Likos,
2004):

__ 2T (2.66)

trans

uw,trans
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where U, ..sIS the pore water pressure at the transitional zone, Iy, is the radius of

the tube at the transitional zone.

Because the pore water pressure generated at the bottom becomes larger than
that at the top of the lens, the water lens tends to hang around at this place if no more
water is infiltrated. In case that the infiltration from groundwater endures, the
thickness of the water lens will build up gradually, hence pore water pressure at the
bottom of the lens increases. Soon after the magnitude of pore water pressure equals
to the WEV of the larger pore size materials, the wetting front will move forward to
the location that is placed close to the end of the transition zone (Figure 2.36¢). The
maximum value of pore water pressure developed at the bottom of the lens with

respect to the radius of the larger tube can be estimated as:

U, =-=2 (2:67)

where U, is the pore water pressure at the larger radius tube, I is the radius of the

larger tube.

The point at which water is able to flow through the interface defined as the
breakthrough threshold, the capillary barrier is broken and the breskthrough head h,

can be estimated (Lu and Likos, 2004) as.

2T. 2T
hbrgw = uw,l - uw,s = r > _r_s (268)
|

T 1 1
hrr = (___)
gw r.S r.I

(2.69)
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In redlity, the starting point of breakthrough is estimated based on the equality
of unsaturated hydraulic conductivity at the interface between two porous materials
having different pore size. A capillary barrier is normally generated at the interface of
two unsaturated porous materials; particularly, when having an unsaturated fine-
grained materia is underlain by another unsaturated porous soil with relatively large
pore size or higher conductivity at a given suction head that exists at their interface.
Due to this, the water is unable to permeate through the underlying layer (higher

conductivity) until acritical condition is reached.

2.8 Insummary

As taking numerous advantages over the conventional concrete retaining
walls, especially with tall walls and weak foundation conditions, the use of reinforced
earth techniques has taken priority over al other forms of current retaining wall
structures in terms of both economics and technics. The performance of MSE walls is
mainly governed by the interaction between its constituents, particularly between
backfill and reinforcing materials, which is dependent on the moisture responses taken
place within reinforced soil mass. As a type of unsaturated soil mass, the MSE walls
are normally stiff and strong when properly compacted due to the matric suction.
However, matric suction might be significantly reduced as MSE walls subjected to
rising of water table or under a heavy rain. Consequently, the MSE walls can be
drastically moved, or even actua collapses. Among several drainage techniques that
have aso introduced to dea with the water flow through unsaturated MSE walls, the
use of geocomposite which formed of a core material of geonet sandwiched by two

layers of geotextile as an aternative drainage system has proven to be an appropriate
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approach for MSE walls. According to previous published studies (Stormont et al.,
1997; Lafleur et al., 2000; Stormont and Morris 2000; Iryo and Rowe, 2004; Nahlawi
et a., 2007) they indicated that geotextiles oppose the water retention characteristic
(WRC) that is similar to those of coarse-grained soils, such as gravels and sands.
Hence, the WRC of nonwoven geotextile can affect the drainage capacities of
geocomposite, but none of them incorporates WRC of geotextile to the simulation yet.
The design of geocomposite drain in MSE walls does not include WRC of geotextile
into consideration. Therefore, the initill am of this research is to examine the
influence of WRC of geotextile as well as of reinforced earth on flow behavior, which
is necessary to allow more effective and applicable to use of geocomposite in MSE
walls.

In addition, the current design section and illustration for MSE geosynthetic
reinforced walls have assumed there is nonexistence of hydrostatic pressure, which
implies that all water inside reinforced soil mass could be readily discharged around
and/or through the reinforced soil mass and the wall facing. This condition is indeed
to be desired but only if good draining backfills could be found. Practically, the use of
in-placed marginal soils as backfill becomes more frequent, especialy in tropica
climate area where the residua soils are often found to be marginal lateritic soil. A
number of previous researches have aso reported that the performance of MSE walls
utilized fine-grained margina soils was good, there was no distress of reinforced
structures observed if aproper drainage component installed. However, there have not
many works pay attention to examine the influence of WRC of fine-grained marginal

soils on the flow responses of MSE walls. Based on this, the second goal of this
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research is to evaluate two feasible scenarios of MSE walls in which fine-grained

margina soils utilized as backfill materials.
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CHAPTER I11

INFLUENTIAL FACTORSAFFECTING DRAINAGE

DESIGN CONSIDERATIONSFOR MECHANICAL

STABILISED EARTH WALLSUSING

GEOCOMPOSITES

This part was established to examine a practical case of the use of reinforced
earth structures as a retaining wall structure, in which the reinforced soil mass was
fully filled with good draining materias. Initialy, severa crucial problems that
inspired this part established is enlightened. Subsequently, an illustration of numerical
and physical experiments that used throughout this research is displayed. After the
successful calibration of the model the parametric was done by using Plaxis, the
model calibration and its characters is presented in a section placed at the back of
numerical and physical experiment section. Afterward, the computed results of
parametric analysis are illustrated. The chapter is closed with an utmost elucidation of
the influences of soil water characteristic on flow response presented in terms of
effective saturation and phreatic surface is shown. In short, the results obtained from
sengitivity analysis indicate that the flow response in both unreinforced and protected
zone affected by soil water characteristic of geotextile, backfill materials, aswell. The
level of phreatic surface found in the protected zone was mainly governed by the ratio

of hydraulic conductivity of geonet to that of backfill, the lower permeability the
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higher phreatic surface inside the protected zone found. Another finding found was
that the effect of capillary break phenomenon on the amount of water accumulated at

the hydraulic conductivity boundary, hence the distribution of effective saturation.

3.1 Statement of problem

As described in the previous section, namely Case studies of failed MSE
walls, there have been a number of MSE walls failures occurred, especially under a
heavy rain. Most failures cases found were related to seepage water flow taken place
within reinforced soil masses (Koerner and Soong, 2001; Narejo and Ramsey, 2001;
Chen et a., 2007; Koerner and Koerner, 2011). A conclusion could be withdrawn
from this is that whenever a reinforced earth structure is constructed adjacent to, or
near to or subjected to a rising of the groundwater table, a proper drainage system
must be addressed. In other words, any water ponding behind and beneath the
protected zone must be properly collected, transmitted, and discharged. Specia
precautions should be taken for hillside constructions in particular due to the potential
for seepage to occur through the retained soil. Several reinforced earth structures have
also been designed and constructed based on design codes, the drainage was placed at
the bottom of the wall, which was made of drainage pipes (Shibuya et al., 2007). It
was, however, the drainage pipes did not extend to cover the area behind the wall.
Hence, there was insufficient capacity in the drainage system. It was concluded that
conventional drainage systems were not applicable in mountainous areas where there
was alarge amount and/or high level of ground water

The material conventionaly used as the drainage medium for MSE walls is

well-graded gravel. This desired strategy is becoming increasingly expensive, and
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effective installation of this material as a vertical drainage layer is difficult in the
field. An aternative to the use of well-graded gravel is to provide drainage with the
use of geocomposites (Koerner and Soong, 2000; Koerner and Soong, 2005; Chen et
a., 2007). It is broadly recognized that the use of geocomposites could provide
numerous advantages over the conventiona techniques. Geocomposites comprise a
core material with a large flow channel (e.g., geonet), which is covered by two
nonwoven geotextile layers. Stormont et al., (1997) stated that geocomposites could
provide a hydraulic conductivity approximately 10 to 100 times higher than that of
compacted backfills. Due to its specific hydraulic properties, non-woven geotextiles
could function as both drainage and capillary barrier (Stormont and Morris, 2000).
Geocomposites are light and do not add significantly to the weight of soil in the
backfill. Furthermore, geocomposites allow for quick and easy installation compared
with conventional drains using gravel. McKean and Inouye (2001) reported a
successful field case study of using geocomposites to prevent water flowing behind a
retaining wall. This geocomposite was reported to have performed successfully for a
period of 14 years.

Although there have been many reported case studies on the successful
implementation of geocomposites in drainage systems, there have been limited
numerical simulations of drainage for MSE walls using geocomposites (Koerner and
Soong, 2005; Yoo and Jung, 2006). In addition, there is no known work that
incorporates the water retention characteristic (WRC) of geotextiles in these reported
numerical simulations. Previous studies indicate that geotextiles’ water retention
characteristics are similar to those of coarse-grained soils, such as gravels and sands

(Lafleur et a., 2000; Morris, 2000; Stormont and Morris, 2000; Iryo and Rowe, 2003;
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Bathurst, 2007; Nahlawi et al., 2007). Various methods have been introduced to
determine the WRC of geotextiles, including a hanging column test by Stormont and
Morris (2000); a capillary rise test approach in which a geotextile sheet was immersed
in water at its base by Lebeau et a., (2000); an outflow capillary pressure cell by
Knight and Kotha (2001); a modified outflow capillary pressure cell by Nahlawi et
a., (2007); and a suction plate apparatus based on the hanging column test procedure
by Bathurst et al., (2009). Currently, the design of geocomposite drainsin MSE wall
does not incorporate the WRC of geotextiles. A fundamental understanding of the
effect of WRC of geotextiles on flow response is necessary to alow for a more
effective and appropriate use of geocompositesin MSE walls.

This part was done by carrying out a large scale flow test through an MSE
wall in which an L-shape geocomposite drain was installed. Instruments were
installed for monitoring flow and deformation responses during the tests. The
instruments consisted of four standpipe piezometers, 10 time domain reflectometer
(TDR) probes and 10 surface settlements plates. Numerical anayses were
subsequently conducted using the Plaxis 2D finite element modelling software to
investigate the effect of the hydraulic properties on the water flow taking place in the
MSE wall.

The initial goal of this part is to figure out the most important aspects that
affect drainage design considerations for MSE walls using geocomposites as an
artificial drainage system, subsequently, it may lead to a better understanding of the
various parameters that affect the performance of the geocomposite drain and will
facilitate the selection of suitable geocomposite drains for implementation in MSE

walls.
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3.2. Materialsused in thisstudy

The soil used in this investigation was a sandy soil consisting of 10% gravel,
87.3% sand, and 2.7% silt. The particle size distribution of the sand is presented in the
upper right corner of Figure 3.1. This sand was classified as poorly graded sand (SP),
according to the Unified Soil Classification System (USCS), with a specific gravity of

2.74. The compaction characteristics under standard Proctor energy was the optimum

water content (OWC) of 5.7% and maximum dry unit weight Oy Of 16.7 KN/m®.

The saturated hydraulic conductivity of the soil was K, = 17 m/day. Generally, well-

graded materias are commonly used as backfill materials due to their high efficiency
in field compaction. However, uniform sand was used in this investigation to ensure
consistency of the soil compacted in the large-scale physica model. Determinations
of the WRC of the soil were conducted aong the drying and wetting paths. The
drying phase WRC was obtained using a pressure plate apparatus and the wetting
phase WRC was obtained from the double-walled triaxial cell. The relationships
between volumetric water content and matric suction of the soil along wetting and

drying paths are presented in Figure 3.1
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Figure 3.1 Water retention characteristic curves and grain-size distribution of the soil

used in this part

The non-woven needle-punched polyester geotextile used in this study had an
average thickness of 0.25 cm, an apparent opening size of 0.075 mm and a porosity of
0.90. The hydraulic properties of the geotextile are shown in Table 3.1. The
transmissivity of the geonet was 0.004 m%sec and this was converted to a saturated
hydraulic conductivity of 69120 m/day. The WRC of the geotextile was conducted
aong the wetting path using a capillary rise test (Lafleur et a., 2000), which was
conducted by hanging a 25 cm x 300 cm strip of geotextile vertically and placing the
lower end of the strip in the reservoir water. The strip was covered with plastic wrap
to prevent evaporation and allowed to equilibrate for 72 h. The sample was then cut
into small strips to determine the volumetric water content. The volumetric water

content was measured at different positions above the water surface by cutting the
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specimen into 50 mm long segments and weighing the samples before and after oven
drying. The relationships between the volumetric water content and matric suction of
the geotextile are presented with the other WRC curvesin Figure 3.2. The VG model
was used to describe the relationship between volumetric water content and matric
suction for the soil and the geotextile. The parameters used to fit the model to the test

results for the soil and the geotextile in summarized in Table 3.1.

Table3.1 VG and VGM model parameters and saturated hydraulic conductivity

of the materials used in the physical test.

VG and VGM parameters Sandy soil Geotextile Geonet
Ja [m] 20 20 600

On [-] 1.5 2.5 40

Ses [] 0.03 0.03 0.00

Sat [-] 1.00 0.80 1.00

Geotextile: saturated hydraulic conductivity

Kiatera [miday] 17 320 69120
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3.3. Establishment for numerical and physical experiments

3.3.1 Numerical background
Numerical analysis of moisture flow through unsaturated soil is mostly
performed through the solution of Richards’ equation which is a parabolic partia
differential equation. The quality of numerical solution of moisture flow through
unsaturated soil is mainly governed by precisely estimated unsaturated soil properties
include soil water characteristic, and unsaturated soil permeability (Dye, 2008). Based
on the primary target of this research work, arange of SWCC and k(h) was considered
for two sensitivity studies: 1) varied SWCC, 2) varied hydraulic conductivity.
The governing equation for transient water flow in a two-dimensional
homogeneous anisotropic material within an unsaturated porous medium is as

follows:

2 2
a_q:kxa_?+ky6_|2
ot OX oy

(3.1)
where [ is volumetric water content, h is the total head, ks and k, are the unsaturated
coefficients of permeability in the x- and y- directions, and t is time. To solve
Equation 1, constitutive equations related to [, ki, and k, to h are required. Iryo and
Rowe (2003, 2004 concluded that there was considerable evidence to suggest that
(van-Genuchten, 1980) and van Genuchten-Mualem (VGM) models, which combines
the van Genuchten and Mualem hypotheses (Mualem, 1976) are applicable to
nonwoven geotextiles. Thus, both of these constitutive equations are employed to

approximate WRC and permeability functions for both the soil and the nonwoven

geotextile.
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(AEV), bulk water begins to drain away. Similarly to the AEV, when a soil is wetted,
the degree of saturation increases markedly when the suction decreases to attain a
suction value termed the water-entry value (WEV). The parameter g, is a fitting
parameter that reflects the inflection point on the WRC curve generated by Equation
3.2a and the largest pore size in the materia. The parameter g, reflects the steepness
of the WRC curve in the desaturation zone, and a small value of g, yields a steep

WRC curvein the de-saturation zone and is hence related to the pore size distribution.

3.3.2 Physical Experiments

Large-scale physical experiments for awall height of 1.0 m (as shown
in Figure 3.4) were conducted to simulate an MSE wall under a high ground water
level. The bottom, left and right sides of the physical model were established as an
impervious boundary. Ground water flows during the tests were controlled by water
levels in the upstream and downstream water tanks. The water level in the
downstream water tank was kept constant at the toe of the wall (+0.0 m) using a
control weir. The water level in the upstream tank was increased stepwise from
heights of +0.0 m, +0.4 m, +0.7 m, and +1.0 m. The upstream water level was
increased after reaching a steady state in which there was no change in the water
content values, read from the TDR probes, for a period equal to or greater than 24
hours. This configuration was established to simulate the most severe situation in
which the groundwater level behind an MSE wall is very high, similar to the situation
that may occur in mountainous areas during heavy rainfals. The shallow soil layer
was assumed to be underlain by a bedrock layer such that inundation might occur

during a heavy rainstorm (Figure 3. 4b).
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Although the MSE wall base was always submerged, the distance between the
MSE wall base and the bottom impervious boundary was likely to affect the seepage
response. To exclude the effect of the distance between the MSE wall base to the
bottom impervious boundary, the bottom boundary should be located far enough away
that its location would not affect the seepage response. Numerical modelling results
undertaken at various distances from the base of the MSE wall to the bottom
boundary were used to justify the location of the bottom boundary in the physical
experiments. The required depth of the impervious boundary, at alocation that did not
affect the seepage response, was no less than 0.4 m from the base of the M SE wall.

In practice, additional considerations such as the potential to scour beneath the
wall, wave action effects and destabilizing forces due to hydrostatic pressure must be
taken into account if an MSE wall isto be partly submerged in a body of water. This
study aimed to investigate only the effect of geocomposite drains on the seepage
water flow in an MSE wall; so, the above mentioned considerations were not
considered.

The tank was filled with compacted soil to a height of 1.4 m. Compaction was
carried out with a hand compactor in layers measuring 0.2 m in thickness to a density
of 90% of the standard Proctor density at a water content of 5.7%. The degree of
compaction and water contents were checked at 3 points for each compacted layer.
These points were located along a longitudina line close to the centre line near the
wall facing, the geocomposite drain, and the porous concrete upstream wall.
Wherever the degree of compaction was found to be inadequate, additional
compaction was undertaken until the targeted density was achieved. The wall facing

was made of an acrylic plate with 5 layers of “bearing reinforcement” (Horpibulsuk
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and Niramitkornburee, 2010) with equal lengths of 0.7 m (equal to 0.8H, where H is
the wall height), which conforms with AASHTO recommendations (AASHTO,
2002). The bearing reinforcement was composed of a longitudina member and
transverse (bearing) members. The longitudina member was a steel deformed bar,
and the transverse members were a set of angle steels. The longitudina and transverse
members were welded to each other. A sketch of the bearing reinforcement is shown
in Figure 3. 4c. The vertical and horizontal spacing between each reinforcement layer
were fixed at 0.20 m and 0.25 m, respectively.

The MSE wall was extensively instrumented. Locations of the instruments are
illustrated in Figure 3.4. Four standpipe piezometers, 10 surface settlement plates and
10 TDR probes were installed to measure water levels, settlements and volumetric
water contents during seepage flow, respectively. The piezometers were installed
along the centre line of the tank (Figur e 3.4 a). Settlements were measured by precise
levelling with reference to a benchmark. Three linear potentiometers were installed at
the wall facing panel to measure latera wall movements at different points during
seepage. Data read from TDR probes and piezometers were considered and are
presented in this paper.

Two physical experiments were conducted: without geocomposite drain
instalation (case 1) and with geocomposite drain installation (case Il). For the
experiment with a geocomposite drain, the geocomposite was installed at a distance of

0.8 m from the wall facing.
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3.3.3 Numerical modeling

A series of numerica experiments were subsequently conducted to
investigate the effect of the relevant material properties on the ground water flow
through the MSE wall, with a geocomposite drain installed, using the finite element
code Plaxis 2D. The models were verified with the results taken from the physical
experiments introduced in the previous section. The MSE wall model without
geocomposite instalation was verified prior to the MSE wal model with
geocomposite installation.

The properties that predominantly affect the hydraulic behaviours of the MSE
wall with geocomposite instalation were the hydraulic conductivity of the
geocomposite, the variation in the hydraulic conductivity with the degree of
saturation, the water retention characteristics of the soil and the geocomposite
components (geotextile and geonet). As the geonet has a very open structure, VG and
VGM models with the following considerations were assigned to the geonet:

1. The geonet has a large and single pore size attribution.
2. The geonet can be completely dried and saturated under suitable magnitudes of
suction.

With respect to the first consideration, high values of g, and g, reflect alarge
pore size and a more uniform pore size distribution, respectively. Hence, high g, and
On values were assigned to the geonet. Parametric studies indicated that assigning
magnitudes of g, greater than 600 [m™] and magnitudes of g, greater than 40 resulted
in no changes in the calculation results. As such, the geonet parameters g, and g, were
assigned values of 600 [m™] and 40, respectively. Based on the second consideration,

the geonet parameters Se and Sy were set to 0.00 and 1.00, respectively. The
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parameters for the hydraulic constitutive equations VG and VGM for the soil, the
geotextile and the geonet assigned to the models are summarized in Table 3.1.

Data from the wetting phase WRC of 13 geotextiles reported by Iryo and
Rowe, (2003) were utilized as the reference datain the selection of parameters for the
numerical experiment by the VG and VGM models. The basic properties of these 13
nonwoven geotextiles are shown in Table 3.2, and the WRC of these, together with
their upper and lower bounds (long dash lines) are presented in Figure 3.2 a. The
ranges of the VG and VGM model parameters of the geotextile were varied such that
their WRC curves were inside this boundary (Figure 3.2 b). Seventeen sets of VG
and VGM model parameters of geotextile were used as shown in Table 3.3. These
parameters were varied based on the VG and VGM model parameters of the
geotextile used in the physical experiment (Table 3.1), i.e., ga =20 [M™], gn = 2.5, Ses
= 0.03, and Sy = 0.80. In total, 61 numerical simulations were conducted in this
study. The parameter values assigned to every case are shown in Table 3.4. The

assigned parameters as well as type of calculation models are shown in the Table 3.5
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Table 3.2 Properties of thirteen nonwoven geotextiles reported by Iryo and Rowe

(2003)
Mass per unit  Apparent Opening Saturated
No. Porosity
area (g/m?) Size (mm) transmissivity (m?/s)
1 339 0.15 0.88 -
2 543 0.15 0.84 -
3 340 0.18 0.87 -
4 540 0.15 0.88 -
5 266 0.04 0.89 6.80 x 10°
6 340 0.18 0.94 3.90x10°
7 - 0.15 0.88 2.93x 10°
8 543 0.15 0.87 1.65x 10
9 - - 0.96 3.90x10°
10 154 - 0.94 ]
11 333 " 0.93 -
12 276 - 0.91 -

13 468 - 0.86 55x 10°
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Table3.3 VG and VGM model parameters of the geotextiles assigned in the

numerical experiment.

van Genuchten Parameters

Material o
Geotextile 1 20 25 0.8 0.03
Geotextile 2 20 25 0.8 0.05
Geotextile 3 20 25 0.8 0.08
Geotextile 4 20 2.5 0.8 0.10
Geotextile 5 20 2.5 0.5 0.03
Geotextile 6 20 25 0.6 0.03
Geotextile 7 20 25 0.7 0.03
Geotextile 8 20 2.0 0.7 0.03
Geotextile 9 20 2.2 0.7 0.03
Geotextile 10 20 3.0 0.7 0.03
Geotextile 11 20 4.0 0.7 0.03
Geotextile 12 20 6.0 0.7 0.03
Geotextile 13 16 2.5 0.8 0.03
Geotextile 14 25 25 0.8 0.03
Geotextile 15 40 25 0.8 0.03
Geotextile 16 60 25 0.8 0.03

Geotextile 17 100 2.5 0.8 0.03




Table 3.4 VG and VGM model parameters assigned to every case in the numerical experiment.

Sandy soil Geotextile Geonet
ad o 5w - ky T 5 i . ky o T = .= ky Remarks
6 O 6 M) (Wdy) (mday)| () () () (M) (mday) (mday) | () () () (M) (miday) (mday)

0.03 Casel
0.05 Case 2

10 15 20 17 17 003 08 25 20 320 2000 0 1.0 40 600 6.9E4 6.9E4
0.08 Case 3
0.1 Case 4
0.7 Case5
003 08 15 20 17 17 003 08 25 20 320 2000 0 1.0 40 600 6.9E4 6.9E4 Case 6
0.9 Case7
1.8 Case 8
2.0 Case9

003 10 20 17 17 003 08 25 20 320 2000 0 1.0 40 600 6.9E4 6.9E4
25 Case 10
3.0 Case 11
5.0 Case 12
003 10 15 10 17 17 003 08 25 20 320 2000 0 1.0 40 600 6.9E4 6.9E4 Case 13
25 Case 14

veET



30 Case 15
1.7 1.7 Case 16
100 100 Case 17
170 170 Case 18
003 10 15 20 003 08 20 600
200 200 Case 19
320 320 Case 20
500 500 Case 21
Table3.4 VG and VGM model parameters assigned to every case in the numerical experiment (continued).
Sandy soil Geotextile Geonet
Remarks
— . | = - ky - - e I =N o .
O (@ (M) (wday) (Mday)| () () (m?Y) (mday) (m/day) () () (mY) (mday) (m/day)
0.05 Case 22
003 10 15 20 17 17 0.08 0.8 20 600 Case 23
0.1 Case 24
0.7 Case 25
003 10 15 20 17 17 0.03 0.6 20 600 Case 26
0.5 Case 27

GET



2 Case 28
22 Case 29
003 10 15 20 17 17 003 08 3 20 320 2000 0O 10 40 600 69E4 ©69E4 | Case30
4 Case 31
6 Case 32
16 Case 33
20 Case 34
25 Case 35
003 10 15 20 17 17 0.03 08 25 320 2000 0O 10 40 600 ©69E4 6.9E4
40 Case 36
60 Case 37
100 Case 38
50 Case 39
100 Case 40
200 Case 4l
003 10 15 20 17 17 0.03 0.8 25 20 2000 0O 10 40 600 ©69E4 6.9E4
500 Case 42
1000 Case 43
2000 Case 44

ocT



Table3.4 VG and VGM model parameters assigned to every case in the numerical experiment (continued).

Sandy soil

Geotextile

oS
= 1

Sres 1

G )

) (mY) (moay)

Xt
[xe

(MY (maay) (miday)

003 10 15 20

20

003 10 15 20

20

Geonet
: Remarks
(m’)  (mioay)
Case 45
Case 46
Case 47
600 6.9e4 Case 48
Case 49
Case 50
Case 51
2.0E3 Case 52
5.0E3 Case 53
1.0E4 Case 54
1.5E4 Ci
2.0E4 Ci
600
2.5E4 Ci
3.0E4 Case 58
4.0E4 Case 59
8.0E4 Case 60
1.0E5 Case 61

LET



Table 3.5 Input data for numerical simulation (based cases)

Materials Remarks
Parameters Symbol Units
Sandy soil  Lateriticsoil Geotextile  Geonet
Material models
Mechanical model Model Mohr-Coulomb
Type of material behavior Drained
Cohesion c kPa 1 19 1 1
Friction angle i’ degree 40 30.75 40 40
Hydraulic model Model van Genuchen
Permeability k m/days 17 0.3456 69120
Lateral direction kx 320
Longitudinal direction Ky 2000
van Genuchen parameter g, Oa [m7] 20 0.8 600
van Genuchen parameter gy On [-] 15 14 40
Residual moisture content Ses [-] 0.03 0.2 0.03 0
Saturated moisture content Sat [-] 1.0 1.0 1.0 1.0

8ET



Deformation parameters
Effective modulus of elasticity

Effective Poisson’s ratio
Dry unit weight
Total unit weight

Void ratio

kPa

KN/m®

KN/m®

[-]

S0E3

0.3

16.7

20.1

0.6

S0E3

0.3

18.27

21.31

0.45

S0E3

0.3

12

0.9

S0E3

0.3

12

0.98

6ET
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3.4 Resultsand Discussions

3.4.1 Experimental results

Figure 3.5 a presents the change in level of the phreatic surface were
measured using three standpipe piezometers as depicted in Figure 3.4 a at 18 days, 21
days, and 23 days, with represent the end times of rising of upstream water tables of
+0.4 m, +0.7 m, and +1.0 m, respectively. Due to the head loss, the height of the
phreatic surface was decreased through the wall facing as water permeating through
the protected zone. The experimental results of variation of the level of phreatic
surface inside reinforced earth mass also proved that the high permeable
geocomposite can collect the water inside the unreinforced zone and drain it out at the
drainage wall. Inside protected zone, the phreatic surface significantly drops and was
found to be close to the base of M SE wall.

Figure 3.5 b and c present the surface settlements along the longitudinal
direction and the horizontal wall movement, respectively, after reaching steady state
at each upstream water level. Since compaction control near the geocomposite was
difficult, a greater surface settlement was found outside the protected zone close to the
geocomposite at each upstream water level. Although the height of the inner phreatic
surfaces of al upstream water levels was very low and almost identical, greater
surface settlement inside the protected zone and a greater wall movement were
recorded with increasing height of the upstream water.

Figure 3.6 illustrates the measured moisture obtained from ten TDR moisture
probes with their locations are depicted in the Figure 3.4 b. The measurement results
show that the moisture content behind the drainage wall (inside the protected zone)

was found to be lower than that found in front of the drainage wall (inside the
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unreinforced zone). Similarity, the moisture content measured at each TDR moisture
probe for the case without (solid lines) drainage system installed was found much
higher than that for the case of drainage wall installed (dashed lines).

A conclusion could be withdrawn from the experimental results is that the use
of such kind of base and vertical drain geocomposite could eliminate the influences of
seepage water flow on the performance of reinforced earth structures. The lower
moisture content was found as geocomposite was placed behind the protected zone,

this might lead to a better performance of reinforced earth structure.
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Figure 3.6 (@) measured moisture content s in protected zone, and (b) in unreinforced
zone for case | (without geocomposite drain installed, solid lines) and case

Il (with geocomposite drain installed, dashed lines)

342 Mode Calibration
Model calibrations were conducted prior to the parametric studies. The
models were developed in the Plaxis environment to simulate the physical modelling
studies. These models incorporated soil characteristics, structural components
(reinforcements and acrylic facing), and drainage components (geotextile and geonet).
As the model of the MSE wall with the geocomposite is complex, given the thin

layers of geotextiles and geonets installed, verification of the MSE wall without the
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geocomposite was conducted prior to that of the MSE wall with the geocomposite.
Materia properties assigned to the models are presented in Table 3.1.

The discretized plane strain finite element mesh is shown in Figure 3.7 a and
3.7 b for the MSE wall without and with geocomposite drain installation,
respectively. A triangular mesh was used in the model. Although a rectangular mesh
is commonly adopted in water flow models, it has been reported that the calculated
results do not depend on the type of mesh because the interpolation function in flow
problems is linear (Potts et a., 2001). In Plaxis, there are two types of triangular
elements: 6-node triangles and 15-node triangles. In this study, 15-node triangles were
assigned to the models. The use of 15-node triangles yields more accurate calculation
results than that of 6-node triangles. A fine mesh with an average element size of
0.033 m was assigned. A finer mesh was also assigned to the geotextile and the
geonet. The initial conditions of the model were defined based on the controlled
density and water content during the placement of compacted soil in the physical box.
Dirichlet boundary conditions with prescribed pressures were imposed on the |eft,
right, and upper boundaries of the model. The bottom boundary of the model was
defined as impermeable. In Plaxis, the time steps were assigned automatically for
steady-state calculation. At each time step, a modified Newton-Raphson model was
used to solve the relevant equations iteratively. At each iteration, increments of the
groundwater head were calculated from the imbalance in the noda discharges and
added to the active head. This process was continued until the norm of the unbalances
vector, i.e.,, the error in the nodal discharges, was smaller than that of the tolerated

error of 0.01 (or 1%).
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Figure 3.8 presents the measured (with symbols) and calculated (with lines)
water levels and volumetric water contents for the various upstream water levels for
tests without (Figure 3.8 a) and with (Figure 3.8 b) geocomposite installation. The
water levels and the volumetric water contents presented in Figur e 3.8 were measured
at 18 days, 21 days, and 23 days, which represent the end times of upstream water
levels of +0.4 m, + 0.7 m, and + 1.0 m, respectively. At any upstream water level
height, the water level decreases through the wall face. The measured water level data
for case | (no geocomposite) were compared with those for case Il (with
geocomposite). The comparisons show that the highly permeable geocomposite can
effectively prevent water flow to the protected zone, as it collects the water in the
unreinforced zone and drains it at the wall face.

Figure 3.9 shows volumetric water contents measured at various times from
TDR moisture probes M,, Mg and Mg (as shown in Figure 3.4 b). These probes were
located at a horizontal distance of 0.6 m from the wall facing, i.e, a 0.2 m
horizontally from the geocomposite drain for the MSE wall case II. Higher water
contents were found at the lower TDR probes. The water contents in the protected
zone with geocomposite installation were much lower than those without
geocomposite. In the installation without geocomposite, the volumetric water content
read from the probe M, rose from 0.05 (§ =20%) to 0.40 (S = 100%) when the
upstream water level was raised from 0.2 m to 1.0 m. The volumetric water content
with the geocomposite was found to be only half of that in the case without the
geocomposite. At probe Mg, the volumetric water content rose from 0.05 to find
values of 0.38 and 0.12 for the case without and with the geocomposite, respectively.

Even at the location of probe Mg, where the water content exhibited the weakest effect
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on therise in the upstream water level, the difference between the final water contents

for the case without and with the geocomposite was significant.
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3.5 Parametric Study

The hydraulic response, including the effective saturation and phreatic surface,
determined from numerical experiments are presented and discussed in this section.
The effects of the hydrological properties of the soil and the geotextile on the
hydraulic response were evaluated using 1) van Genuchten parameters (Ses, Ssaty Gas
On) and 2) the corresponding saturated permeability. For the hydrological properties of
the geonet, only the saturated hydraulic conductivity of the geonet was eval uated.

The numerical results are mainly illustrated in terms of effective saturation
and phreatic surface. In general, it was found that the phreatic surface outside of the
protected zone does not change notably within the range of parameters indicated in
Table 3.3. The phreatic surface in the protected zone and the distribution of effective
saturation were affected by some of the parameters, as discussed throughout this

section.

3.5.1 Effect of van Genuchten parameters of the backfill
3.5.1.1 Thevan Genuchten parameter J,

Figures 3.10a and 3.10b present the effective saturation
profiles along sections a-a and b-b, respectively, for various magnitudes of g,. The
alignment of these sections is vertical and located at 0.05 m to the left and right from
the geocomposite drainage. At a certain depth above the phreatic surface, the soil with
alow g, value exhibits high saturation. The degree of saturation is found to decrease
when decreasing the magnitude of g,. In short, the wet zone spreads more widely for

the low g, soil than for the high g, soil.
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The magnitude of g, represents the largest pore size present in the soil. Soil
with a large g, value has large pore sizes. Theoretically, at the interface of two
materials with different largest pore sizes, the capillary barrier phenomenon (Ross,
1990) can occur when water does not readily flow from smaller to larger pore
materias. The wide range of the capillary saturation zone plays a dominant role in the
distribution of saturation in these experiments, and hence, the capillary barrier effect

isnegligible.

3.5.1.2 Thevan Genuchten Parameters g,

Figure 3.12 presents phreatic surface and effective saturation profiles
on the MSE wall model calculated at various magnitudes of g, of the soil. The results
show that effective saturation (both inside and outside the protected zone) between 20
and 80% clearly depends on the magnitude of g,. A greater magnitude of g, yields
narrower effective saturation contoursin the 20% to 80% range.

The magnitude of g, reflects the stegpness of the WRC curve in the
desaturation zone as a smaller g, yields a steeper curve. Figure 3.13 compares the
WRC curves of two soils having both high and low values of g,. In the high saturation
range, these WRC curves are similar. Within this range, a similar change in suction
for both soils results in approximately similar saturation changes. As such, the width
between the contours of 80% and 100% effective saturation as shown in Figure 3.12
are similar for different values of g,. For the intermediate saturation range, the soil
with the higher g, exhibits a narrower range of suction change (as shown in Figure
3.13). Thus, the contour width for 20% to 80% effective saturation is found to be

narrower in a higher g, soil than that in a lower g, soil (Figure 3.13).
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3.5.1.3 Thesaturation parameters S, and S

Figures 3.14 a and 3.14 b present phreatic surface and effective

saturation profiles on the MSE wall model calculated at the lowest and the highest

magnitudes of S (0.03, 0.05, 0.08, and 0.10) and S, (0.7, 0.8, 0.9, and 1.0),

respectively. The saturation parameters S, and S of the soil might affect the

distribution of water contents in the soil, both outside and inside the protection zone.

However, these saturation parameters do not affect the distribution of water content
represented in terms of effective saturation. The saturation parameters Sy, and S

of the soil have anegligible effect on the phreatic surface.
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The capillary barrier phenomenon plays an important role in the degree of
saturation at the soil-geotextile interface. Previous studies, i.e., (Stormont et al., 1997;
Henry and Holtz, 2001; Iryo and Rowe, 2003; Bathurst, 2007; Bathurst et a., 2009;
Bouazza et d., 2013), reported that geotextiles may act as coarse grain soil and can
either facilitate or obstruct drainage flow depending on the saturation conditions of
the soil and geotextiles. Under unsaturated conditions, the flow of water from smaller
to larger pore size materials is obstructed by the capillary break phenomena, and
hence, water accumulates at the interface. This phenomenon occurs until the
magnitude of suction at the interface decreases to a critical suction level. At this point,
the hydraulic conductivities of the two materials reach the same value, and water
breaks through the interface.

Figure 3.16 presents the hydraulic conductivity functions of the soil and
geotextile at various g, values of the geotextile. The magnitudes of the critical suction
for al cases are low, with water found not to permeate through the interface at high
suction levels. Thus, the saturation profiles at high suction levels are not appreciably
different among all cases (Figure 3.15). Although the critical suction in all cases is
found to be low, the magnitudes vary between cases (Figur e 3.16). A high g, value of
the geotextile yields a low magnitude of critical suction and subsequently resultsin a

higher saturation at high saturation levels.
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3.5.2.3 Thesaturation parameters S, and S

Figures 3.18 a and 3.18 b present phreatic surface and effective

saturation profiles on the MSE wall model calculated at the lowest and highest

magnitudes of S(0.03, 0.05, 0.08, and 0.10) and S, (0.5, 0.6, 0.7, and 0.8),
respectively. Similar to the saturation parameters S, and S of the soil, the
saturation parameters S, and S of the geotextile do not affect the distribution of
water content and the location of the phreatic surface. In fact, the variation of S,

and S may affect the distribution of the degree of soil saturation. It is, however, the

computation results were presented in terms of effective saturation, Se, which is

defined as:

S-S
Se g vy s (3_3)
S-S

sat res

The equation (3.3) implies that the degree of saturation does not change as S, or

S change. For example, two soils have S equals to 0.9 and 0.7 will have S,

value under the phreatic surface of 1.0



Depth of MSE wall (m)

Depth of MSE wall (m)

Width of MSE wall (m)

0.6

0.8

10 12 14 16

Width of MSE wall (m)

0.0 0.4 . 00 02 04 06 08 10 12 14 16
: - U I I IO S
g25() gm0 (M) | | | 9=25) g=20 ()
5==003() $a=08() | g° H Se=0.1(-) Su=0.8 ()
= |
S04 3
\ 0 |
N = [N
\\7777 ] u506 ‘} \\\_‘
a7 : I T
Nl | a08L | Nl
= = _ i N~ T T
10 { — |
Width of MSE wall (m) .
00 02 04 06 08 10 12 14 16 o) o, LodhaMSEWAM L e 020
00== T~ T~ T " T [ 1T T " T ° | A ffeQd D6 08 10 12 14 1
=[ | \ 0.0 : ] \ \ \
| | 9=250) g=20 (nT) o | | g=25() gi=20 (Y 20
}‘ Ses=0.03 (-) Sex=0.5 (-) E : H Ses=0.03 (-) Sex=0.8 (+)
‘} = H 40
‘ =04 H
i i |\ 60
\.\ s H_ N\
‘\ g \\ =06 ‘\ \\
: TR T . T T T 80
|\ Z |-
[N 0.8 \
-k =
L \M\“*ii\_ E ‘\ \\\\\\\ i
10 | 10 | Degree of saturation

9T



163

3.5.3 Effect of hydraulic conductivity ratio
The level of the phreatic surface inside the protected zone is vital to the
stability of the MSE wall. The lower the phreatic surface level resultsin alower water
content inside the protected zone and hence leads to higher stability for the wall. In
most of the simulation cases, the phreatic surface level inside the protected zone drops
close to the bottom-most part of this zone. However, a higher the phreatic surface
levels are still found in some cases. It is known that flow across a boundary between
two materials of different hydraulic conductivities might result in a refraction of the
flow direction, as shown in the top right of Figure 3.19.
The relationship between the reflected angles and the hydraulic conductivity

of the materialsiswritten as

tana, K

A
tana, Kk,

(3.4)

In other words, the ratio of the hydraulic conductivity of geocomposite
materials to that of soil may affect the phreatic surface in the protected zone. Figures
3.19 a and 3.19 b show the phreatic surface in the protected zone for various ratios
between the hydraulic conductivity of the geotextile and that of soil and ratios
between the hydraulic conductivity of the geonet and that of soil, respectively. Asthe
geotextile exhibits anisotropic behaviour in drainage functions, the effect of the
hydraulic conductivity of the geotextile, both in the lateral and longitudinal directions,
on the phreatic surface in the protected zone must be investigated. Hence, the ratio
between the hydraulic conductivity of the geotextile in the lateral direction and that of
soil (K

) and the ratio between the hydraulic conductivity of the geotextile in

rtext _lat

the longitudinal direction and that of soil (K ) were taken into consideration.

r.text _long
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The phreatic surface plots shown in Figure 3.19 a indicate that K and

rtext _lat

K do not affect the phreatic surface in the protected zone.

r,text _long
Figure 3.19 b presents the effect of the ratio between the hydraulic

conductivity of the geonet and that of soil (K. ) on the phreatic surface in the

r,net

protected zone. A large K, ., valueisfound at the lower phreatic surface level in the

et
protected zone. Further reduction of the phreatic surface level is not observed when

the magnitude of K, . is greater than 1765. The variation of the phreatic surface

level due to the effect of other parameters studied (Cases 1-38) is indicated by the
grey shaded area in Figure 3.19 b. The small band in the grey shaded area indicates
that there is little variation in the phreatic surface level in the protected zone due to
any change in the other studied parameters. These results clearly indicate that the
phreatic surface level in the protected zone is mainly governed by the magnitude of

K

r,net °

3.6 Conclusions

The drainage ability of geocomposites, which consists of a core material with
a large flow channel (geonet) sandwiched by two nonwoven geotextile layers, was
investigated through large-scale MSE wall model tests. The experimental results
indicate that the geocomposite studied effectively prevents the flow of water into the
protected zone by collecting water in the unreinforced zone and draining it in front of
the wall face. Comparisons between the deformations of the MSE wall models with
and without geocomposite installation indicate that the MSE wall with a

geocomposite is far superior to that without a geocomposite. Numerical models were
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established to conduct parametric studies. The following conclusions can be drawn as

aresult of thisresearch:

1)

2)

3)

The WRC of the soil reflects the distribution of effective saturation in the soil
both inside and outside the protected zones. The WRC of the geotextile
reflects the distribution of effective saturation in the soil both inside and
outside the protected zone.

The “capillary barrier” phenomenon plays a role in the distribution of effective
saturation at the soil-geotextile interface. The lower magnitude of suction
where the water permeates through the interface results in a greater amount of
water accumulation at this interface.

The phreatic surface in the protected zone is governed by the ratio between the

hydraulic conductivity of the geonet and that of the soil (K, ). The lower

magnitude of K . resultsin ahigher phreatic surface level in the protected

e
zone. As the phreatic surface level in the protected zone is vital for the
stability of the MSE wall, a proper magnitude of permeability for the geonet
must be used such that the water table level inside the protected zone is low
and close to the base of the protected zone. This approach is similar to the
conventional design method in which candidate materials are selected for
collecting and transmitting seepage water whose transmissivity must be

greater than the required flow rate.
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CHAPTER IV

SEEPAGE RESPONSESIN MSE WALLSUTILIZE

IN-PLACED MARGINAL SOILSASFILL MATERIALS

WITH GEOCOMPOSITES FOR DRAINAGE

This chapter aimed to imitate two feasible scenarios of MSE walls, in which
in-placed marginal soils utilized as backfill materials. The prime target of this
initiative was to assess potential influence of each unsaturated hydraulic parameters of
in-placed margina backfills on the seepage responses in MSE walls drained by
geocomposite. To fulfill this part, a series of parametric studies were executed using
computer program Plaxis 2D. The parametric study results indicate that the use of in-
placed marginal soils, which exhibit high fine-grained particles, may result in awide-
spread high water content area inside the M SE wall, even when the geocomposite was
properly installed and the water behind and beneath the backfill zone was apparently
to be properly collected and drained. In addition, the fine particle content in the in-
placed margina soils affects the hydraulic conductivity of the backfill. The hydraulic
conductivity of the in-placed marginal soils in the upstream side has a significant
effect on the level of the phreatic surface inside the protected zone (or the inner
phreatic surface). Furthermore, the hydraulic conductivity of the soil inside the

protected zone noticeably affects the inner phreatic surface, particularly when the
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capacity of the drainage medium is insufficient for collecting all the water flowing
from the upstream side.

Another finding was found from severe cases, in which the upstream water
flow rate is greater than the drainage capacity of the drainage medium, a high
saturated hydraulic conductivity backfill material can limit the height of the phreatic
surface inside the protected zone.

This chapter is organized as follows: Firstly, an extensive problem on the use
of in-placed marginal soils with high fine-grained particles as backfill is presented.
Subsequently, some basic and relevant properties of materials used in this part are
displayed. Next, the results obtained from parametric studies are illustrated. Close to
the end of this chapter, a discussion section is established to discourse upon the
obtained results with the aim of pointing out how the each hydraulic property of in-
placed marginal soils affects the seepage responses in MSE walls. The chapter closes
with some conclusions which are withdrawn from this part of the research.

Throughout this chapter, the term of in-placed margina soilsis used, which is
combined from two labels including “in-placed” and “marginal”, the first label is to
indicate a soil that exists in its natural state or its original position where the MSE

wall is placed on, the second label is to represent for akind of high fine-grained soils.

4.1 Statement of problem

Due to the scarcity of granular materials or known as good draining materials,
the in-placed local soils have been widely utilized as backfill materials, especially in
the tropical climate area where the residua soils are normally found to be marginal

lateritic soils. Moreover, in order to pursue the strategy of enhancing the economics of
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MSE walls, the use of such low permeability materias which extends beyond the
characteristics accepted by AASHTO/FHWA or NCMA as shown in Table 4.1, is
being a top priority. Previous researchers have found that most MSE walls
constructed using in-placed marginal soils with high fine-grained particles often
instrumented during and after construction process (Zornberg and Mitchell, 1994;
Mitchell, 1995). The overal long-term performance of these MSE walls, such as
lateral displacement and vertical settlement, was reported to be excellent (Zornberg

and Mitchell, 1994; Mitchell, 1995; Zornberg and Bueno, 2006).

Table 4.1 Sail characteristics for use within protected zone (Sandri, 2005)

Feature AASHTO NCMA Marginal soils
(obligated) (suggested)
Percent pass sieve #5 100 75-100 -
Percent pass sieve #4 - 20-100 -
Percent pass seve 0-60 0-60 -
#40
Percent pass seve 0-15 0-35 >35
#200
Plasticity Index 6 20 >20

Besides a number of successful cases of utilizes of in-placed marginal soils as
fill in MSE walls, a number of failure cases have also reported (Zornberg and
Mitchell, 1994; Mitchell, 1995). Koerner and Soong (2001) documented 26 case
histories of MSE wall failures in the United States, 17 of which were related to low
permeability soil backfills. They concluded that if marginal soils or high fine-grained

soils were used in the protected zone, any water ponding that occurs behind or
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beneath the protected zone must be properly collected and discharged. Good

performance of MSE walls is mainly governed by the seepage responses within the

MSE walls. In other words, the use of in-placed marginal soils as backfills could yield

both economic and even environmental benefits. A list of MSE walls that utilized

marginal soils as backfill isshown in Table 4.2.

Table 4.2 MSE walls utilized high fine-grained soils as backfill (after Mitchell, 1995)

Place of

Function of

Reinforcing

construction M SE wall Fill materials materials Time | Literatures

Autoroute A15, | Embankment Weathered Nonwoven 1971

Rouen, France chalk, silt geotextile
“lllinois River wall, | Riverwal | Sitysand |1 Nonwoven | 1974 |

Oregon, USA geotextile
‘Barrage de Maraval, | Dam  spillway | Compacted | Woven | . 1976 |

Pierrefeu, France weir clay geotextile
"TRRL experimental | Reinforced earth | Silty ~ clay, | Steel and | 1978 |

wall, Crowthorne, | wall sandy clay plastic strips

UK
" Yokohamaresidential | Retainingwall | Volcanicclay | Metal strips | 1978 |

complex, Tokyo,

Japan Mitchell,
Chemie | Linz | Reinforced earth | Siltysand | | Nonwoven | 1984 | 1995
embankment, Austria | wall geotextile
"Annan by pass | Retainingwall | Clayeytill | « Concrete half | 1989 |

retaining wall, U.K dics used as

anchors

“Calgary parking lot, | Retainingwall | Low  plastic | Geogrid | 1984 |

Alberta, Canada clay till
‘Canon Creek | Highway | Highly plastic | Geogrid | 1988 |
embankment, embankment and expansive

Arkansas, USA clay
‘Reinforced  dlopes, | Reinforced | Clayeysilt |« Geogrid || na |

Taiwan slopes
"Reinforced ~ steep | Reinforced steep | Sandy silt | Woven and | 1984 | Zornberg,
slope, highway SP- | slope, nonwoven 2006
123, Sao Paulo, geotextile

Brazil
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Table 4.2 MSE walls utilized high fine-grained soils as backfill (after Mitchell, 1995)

(continued)
Place of Function of Fill Reinforcing , _
construction M SE wall materials materials Time | Literatures

Retaining wall, | Retaining wall | High Geogrid 2000 | Sandri, 2000
California, USA plasticity

silts and

clays
MSE wall, Dalas | MSE wal Clayey sand | Steel wire | 2004 | Hossain et
Avenue of SH342, meshes al., 2011
Texas, USA
Ramp Struck wall, | Ramp struck | Red clay Steel bearing | 2016 | Horpibul suk
Mae Moh mine, | wall reinforcement et a., 2016
Thailand

In spite of its extensive use in MSE walls, no reliable design methodology for
MSE walls utilizes high fine-grained marginal soils as backfills have been built. Very
few studies have paid attention to the influence of seepage responses on the
performance of MSE walls. Similarly, moisture susceptibility is even a magjor concern
in MSE walls that are filled with high fine-grained marginal soils, but no previous
research has conducted a parametric study to gain a better understanding of this
critical point, particularly when the protected zone is well encapsulated with a
drainage system.

It is, thus, the finding from this part could contribute to as well as reinforce the
knowledge of seepage responses in MSE wall utilizes in-placed fine-grained marginal

soils asfill materials.
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4.2 A brief literature on geotechnical properties of in-placed

mar ginal soils

The in-placed marginal soils are generally found in tropical climate area,
particularly in the mountainous area. In redlity, the term of “marginal laterite” or
“marginal” is normally employed to describe a wide variety of tropical soils. Previous
researchers have reported that the geotechnical behavior of margina soils is
predominantly affected by several factors, such as their mineralogical constituents,
environment conditions (Oyelami and Van Rooy, 2016). Due to direct formation from
their parent rocks, the marginal soils can be inherent several characteristics of the
parent rocks.

The distribution of grain size of reported margina soils has been found to be
rich in sand and gravel contain, contains less than 30% silt. Liquid limit of marginal
soils varies between 25 and 63, and plasticity indices are in the range of (5-42)
(Badmus, 2010; Quadri et al., 2012; Eluozo and Nwaobakata, 2013). Figure 4.1
illustrates the location of marginal soil depicted in Casagrande’s chart (Biswal, Sahoo
et a., 2016).

Previous researchers (Alao, 1983; Omotoso et al., 2012; Horpibulsuk et al.,
2013) have found that the optimum moisture content of margina clays, marginal
soils, and margina gravels are laid in range of (9-19%), its maximum dry density
varies between 1.3 tons/m® to 2.4 tons/m°®. The compressive strengths of marginal
soils have been reported and it falls within the range of (0.5-1.5MPa) (Oyelami and
Van Rooy, 2016). Townsend (1985) reported that the effective angle of margina
clays varies between 20 and 30°, and 30 to 40° for marginal gravels. The cohesion of

margina soils have also examined by Omotoso et a., (2012) with its magnitude
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Table 4.3 Summary of typical geotechnical engineering properties of margina

lateritic soils

No Characteristic Unit Values
1 Liquid limit (LL) % 25-63
2 Plasticity Index (PI) % 5-42
3 Optimum moisture content % 9-12
4 Maximum dry density ton/m® 1.3-2.4
5 Compressive strength MPa 0.5-15
6 Effective friction angle degree 20-40
7 Cohesion kPa 70-100
8 Hydraulic conductivity m/day 0.01-400
4.3 Materials

The materials involved in this part were a sandy soil, a margina soil, and a
geocomposite, which comprises the geotextile and geonet. Among these materials,
sandy soil, geosynthetic materials were utilized from the first main part that presented
in the Chapter 3. The marginal soil was classified as clayey sand (SM-SC) according
to the USCS. The soil comprises 26% fine particles (0.075 mm) with a Pl of 16%.
According to AASHTO (2002), this soil fails to meet the requirement for backfill
materials, which limits the fine particles to no greater than 15%. The hydraulic
conductivity of the margina soil at the saturated state was found to be 0.34 m/day.
Since the marginal soil comprises very fine pores, determining its wetting phase WRC
using a double-wall triaxial cell was difficult, time-consuming, as well. Instead of

directly determining the wetting phase WRC, the drying phase WRC of the marginal
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soil was obtained from a pressure plate apparatus (ASTM, 2008). Sequential nonlinear
regression was employed to fit the VG model (Eq. 3.2 a — Chapter 3) to the
measured WRC and to provide the best-fit VG model parameter values for the drying
phase WRC of the margina soil. The VG model parameter values for the wetting

phase WRC are the same as those for the drying phase WRC except for the parameter,
d., which istwice as high as that for the drying phase WRC (Kool and Parker, 1987)

Figure 4.2 a presents the particle size distribution of the sandy soil along with
that of the margina soil. Figure 4.2b presents the measured (indicated by symbols)
and calculated (indicated by lines) wetting phase WRC of the sandy soil, the marginal
soil, and the geotextile. The VG model parameter values used to fit the model to the
test results for the soil and the geotextile are summarized in Table 4.4. The wetting
phase WRC of the marginal soil was plotted from the VG model (Eq. 3.2 a) with the
parameter values obtained from the process mentioned above, these parameter values

are presented in Table 4.4.

Table 4.4 van Genuchten model parameters of the materials used in this study

VG-V GM model parameters

Materials

ga [m*] 9, [ Ses [-] Ses [ K- [m/day]
Sandy soil 20 15 0.03 1 17
Marginal soil 0.8 14 0.2 10 0.3456
Geotextile 20 15 0.03 0.8 2000 (320)*
Geonet 600 40 0 1 69120

& Hydraulic conductivity of geotextile in lateral direction
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Table 4.5 Model parameters for each casein the L-S scenario (continued)

2,3,4,5 0. [m] 0.5, 1.0, 3.0, 5.0
6,7,8,9 9, [ 1.3,15,1.6, 1.7
10, 11, 12 Cs NL® Se [ 0.1,0.25,0.3

13, 14, 15 S, [-] 0.85, 0.9, 0.95
16, 17 k [m/day] 0.03456, 3.456
18, 19, 20, 21 cs’ NL kK [m/day] 1.7, 85, 170, 340
A,B,C CS cs k  [m/day] 340, 170, 85

D CcS NL k  [m/day] 85

CS: Compacted sandy soil,

NL: Native marginal soil,

& Hydraulic conductivity of geotextilein lateral direction,
®: Varied material.

Table 4.6 Model parameters for each casein the L-L scenario

VG-VGM model parameters (Case No. 1))

Materials i
g, [m™] gn [-] Se [ Se[1 Kk [m/day]
Native in-placed 0.8 14 0.3 1 0.3456
margina soil
Compacted marginal 0.8 14 0.2 1 0.3456
soil
Geotextile 20 1.5 0.03 0.8 2000 (320)%
Geonet 600 40 0 1 69120
Materials .
Case No. Inside Outside Varied Vaues
. . parameters
protectl on zone pl’OteCtIOI’l Z0ne
2,3,4,5 g, [mY 0.5, 1.0,3.0,5.0
6,7,8,9 X g, [ 1.3,15,16, 17
P CL NL

10°,11°, 12 Ses [] 0.1,0.25,0.3
13',14°, 15 S, [ 0.85, 0.9, 0.95
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CL: Compacted marginal soil,
NL: Native in-placed marginal soil,
& Hydraulic conductivity of geotextilein lateral direction,

b- varied material.
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Literatures USCSsymbol g, [m'l] Onl-l Sred-] Ssal-

—— Luetd. (2013) SM 130 152 075 023
— — - Luetd. (2013) SM 170 220 092 0.38
\ —--— Luetd. (2013) ML 130 146 08 032

30 e\ [t Luetd. (2013) (CL-ML) 150 190 093 034
''''''''''' : —-—-Luetd. (2013) (SM-SC) 050 175 079 034

]

O Clayey sand, SC, Yang et a. (2004)
A Clayey sand, SC, Miguel and Vilar (2009)
U silty sand, SM, Oh et dl. (2013)

Upper boundary

Degree of saturation, S (%)
3
I

N
o
I
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Figure 4.3 (a) WRC curves of the considered marginal soils and (b) WRC curves for

different types of margina soils obtained from previous studies.

4.4 Parametric study results

441 Seepageresponsesin thel-Sscenario
The L-S scenario was intended to imitate a possible scenario, in which
native in-placed marginal soil was located outside the protected zone and sandy soil
was used as the backfill material in the protected zone. The first main goa of the L-S
scenario was to examine the effect of the unsaturated flow properties of the margina
soils outside the protected zone on the seepage responses. The effect of the ratio of the

saturated hydraulic conductivity of the geonet to that of the soil outside the protected

zone, namely, K, was assessed through a series of numerical cases (as shown in

10°
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Table 4.5). The calculation results obtained from the numerical sensitivity analysis
from the twenty-five cases indicated that the seepage responses in the protected zone

are dightly affected by the unsaturated flow properties of the soil outside the

protected zone. The permesability ratio K*'® greatly affects the level of the inner

phreatic surface. The details of the calculation results are as follows:
4.4.1.1 Effect of the g, of in-placed soils outside the protected zone
Figure 4.4a presents the variation in the effective saturation (S,) in

the soils along the vertical lines located (a) 0.05 m to the left (outside the protected
zone) and (b) 0.05 m to the right (inside the protected zone) of the geocomposite-soil

interface as the g, of the native marginal soil varies from 0.5 to 5.0 [m™] (cases 1-5).

The S, outside the protected zone for cases 1-3 (g, = 0.5, 0.8, and 1.0 [m7],
respectively) remained greater than 90% for the entire height. However, the S,
outside the protected zone for g, = 3.0 and 5.0 [m™] above the mid-height wall level
significantly decreased, reaching S, = 70% and 60%, respectively. The variation in
the g, of the margina soil had a little effect on the effective saturation inside the

protected zone.
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the protected zone, for varying g, values of the native in-placed marginal

soil for L-S scenario and (b) varying g, values of the compacted marginal

soil for L-L scenario.
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and 6-9). The outer phresatic surface was flatter for the soil with a lower g,. The

lower g, value resulted in a wider distribution of the effective saturation in the soil
outside the protected zone. Again, the distribution of the effective saturation inside the
protected zone exhibited a little change as the g, value of the soil outside the

protected zone increased.
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4.4.1.3 Effect of S and S, of native in-placed marginal soils outside the
protected zone

The effects of the S, and S, parameters were investigated through

simulation cases 10-12 and 13-15, respectively. The simulation results revealed that the

S, and S parameters for the marginal soils outside the protected zone did not affect the

distribution of the effective saturation or the locations of the inner and outer phreatic

surfaces as shown in Figure 4.7
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4.4.1.4 Effect of the hydraulic conductivity ratio
This section examines the influence of the hydraulic conductivity of
the geonet relative to that of the soil outside the protected zone and that of the soil
inside the protected zone on the inner phreatic surface. The comparisons of the
hydraulic conductivity of the geonet to that of the soil are expressed in terms of the
hydraulic conductivity ratio. The ratio of the hydraulic conductivity of the geonet to
that of the soil outside the protected zone is K, and the ratio of the hydraulic
conductivity of the geonet to that of the soil inside the protected zoneis K™
4.1.1.4.1 Effect of K™
Figure 4.8 presents the variation in the inner phreatic surface
for cases 1, 16, and 17. In these cases, the magnitude of K varied starting from
greater than 20,000, while the magnitude of K™ was kept constant at a value of
4,066. The magnitudes of both K and K'™" were greater than 1,765, which isthe
critical value at which further reductions in the hydraulic conductivity ratio

substantially increase the inner phreatic surface (Chinkulkijniwat et a., 2016).

Therefore, the level of the inner phreatic surface was clearly low for all these cases.
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higher level of the inner phreatic surface. This comparison confirms the key role of
K inthelevel of theinner phreatic surface.

4.4.1.4.2 Effect of K™

Figure 4.8 presents the variation in the inner phreatic surface for
cases 1 and 18-21. In these cases, K™ varied from 203 to 4,066, while K*'* was
kept constant at 200,000. If K™ affected the level of the inner phreatic surface, then

the level of this surface would be high since some cases have a K™ value that is

less than the critical value. The calculation results show that the level of the inner
phreatic surface was low for all these cases. Therefore, when the magnitude of K *'*

is greater than the critical value, the magnitude of K™ has a negligible effect on the
inner phreatic surface.

The effect of K™ when K** is less than the critical value can be
determined by comparing the levels of the inner phreatic surface for cases C and D, as
shown in Figure 4.8. Cases C and D both have K *** values of 813 but have different
magnitudes of K™ . The magnitude of K™ was 4,066 for case C and 813 for case
D. Both cases showed a high level of the inner phreatic surface since K is lower
than the critical value of 1,765. The level of the inner phreatic surface for case C is

higher than that for case D. This result differs from that for cases 1 and 18-21, in

which K™ has a negligible effect on the level of the inner phreatic surface. When

the geonet capacity is not sufficient to drain al of the water flowing to the
geocomposite (K ®* islower than the critical value), K'™" affects the inner phreatic

surface, and a lower K™ resulted in a lower level of the inner phreatic surface,

which isrelated to the high permeability of soil placed in the protected zone.
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4.4.2 Seepageresponsesinthel-L scenario

The L-L scenario was designed to simulate a practical case in which
in-placed margina soils are used as the backfill materials for an MSE wall with
adjacent native margina soils. The seepage responses, represented by the degree of
effective saturation and the level of the phreatic surface, were investigated through
parametric study analyses (from case 1 to 15) with varying unsaturated flow
parameters of the compacted marginal soils inside the protected zone, as shown in
Table 4.6. The computed results show that the moisture content in the protected zone
was always higher for the L-L scenario than for the L-S scenario. The variation in the
unsaturated flow properties of the soil inside the protected zone negligibly affects the
seepage responses outside the protected zone. The details of the calculation results are

asfollows:
4.2.2.1 Effect of the g, of the compacted marginal soil inside the
protected zone
Figure 4.4 b shows the variation in S, aong the vertical lines

located 0.05 m to the left (outside the protected zone) and 0.05 m to the right (inside
the protected zone) of the geocomposite-soil interface as the g, of the marginal soil

varied from 0.5 to 5.0 [m™] (cases 1*-5%). The effective saturation outside the

protected zone did not obviously vary with g,, whereas the effective saturation inside
the protected zone did. The S, inside the protected zone remained greater than 80%

for cases 1*-3* (g, = 0.5, 0.8, and 1.0), whereas S, was less than 50% for cases 1-5

in the L-S scenario.
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Figure 4.5 presents the variation in the outer phreatic surface asthe g, of the
compacted marginal soil varies from 0.5 to 5.0 [m™] (dashed lines). The variation in
the g, of the soil inside the protected zone has a negligible effect on the outer

phreatic surface.

4.2.2.2 Effect of the g, of the compacted marginal soil inside the

protected zone

Figure 4.9 presents the phreatic surface and the effective saturation
contour lines as the g, of the compacted marginal soil varies from 1.3 to 1.7 (cases
1* and 6* to 9*). A lower g, value resulted in a wider distribution of the effective

saturation both inside and outside of the protected zone. Again, the variationin the g,

of the soil inside the protected zone has a negligible effect on the seepages of the soil

outside the protected zone.



00 [Contour Tlines of S

0.2
E
T 04 ) 0.4
2
9)
206 0
o
z
o4
Qao.

"0.0 0.2 04 06 08 1.0 12 14 16 0.0 0.2 0.4 0.6 08 1.0 12 14 16 0.0 0.2 04 06 08 1.0 12 14 1.6
Width of MSE wall (m) Width of MSE wall (m) Width of MSE wall (m)

0.0 . 0.0 :
| Outside the protected Protected zone

<92 zone @ <84 5
0.2 0.2+ g NIz
E - g 8488 |\ /%
T 04 04- 2 [ 929 g =
2 2 5
" L = 8892 | |8
=06 0.6 S 2
5 96-100 < °
= . 2 9296 | |8
o4 3
Qo 0.8- [a

L 100 96-100

. 1.0 TR NR N | | |
02 04 06 08 10 12 . . ) 02 04 06 08 10 12 . : 00 02 04 06 08 10 12 14 16
Width of MSE wall (m) Width of MSE wall (m) Width of MSE wall, m

L61




198

4.2.2.3 Effect of S and S, of the compacted marginal soil inside the
protected zone

The effects of the parameters S and S, were investigated through

simulation cases 1* and 10*-12* and cases 1* and 13*-15*, respectively. Similar to

that obtained in the L-S scenario, the S, and S parameters of the soil do not affect

the effective saturation distribution or the locations of the inner and outer phreatic

surfaces.

45 Discussions
45.1 Distribution of thewater content

The g, value reflects the inflection point of the WRC curve (as shown
in Figure 4.10). Therefore, the g, value affects the distribution of the water content
in the high saturation zone. A soil with alower g, represents awider range of suction
in the capillary saturation (CS) zone and therefore a wider area of the high saturation

zone within the same suction range. The g, value reflects the steepness of the WRC

in the desaturation (DS) zone (as shown in Figure 4. 10). Therefore, g, affects the
distribution of the water content in the intermediate saturation range. A soil with a
smaller g, exhibits awider range of suction variability and therefore a wider area of
the intermediate saturation zone. In margina soil, which possesses a low g, value,

the high saturation zone covers amost the entire body of the marginal soil. Therefore,
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Figure 4.10 (a) Typical water retention characteristic curve, (b) typical k-function
curve

45.2 Location of the outer phreatic surface

The g, and g, values of the soil outside the protected zone affect the
level of the outer phreatic surface. Wise et a., (1994) investigated the effect of g,
and g, on the height of the phreatic surface in a soil subjected to varying upstream

and downstream water levels. Wise et al., (1994) reported that lower g, and g,

values reflect a relative abundance of smaller pores. Consequently, the height of the

phreatic surface was lower since more water was retained in the vadose zone.

This study reported different effect of g, and g, on the height of the outer
phreatic surface than those reported by Wise et al., (1994). A lower g, decreased the

height of the phreatic surface, while a lower g, increased the level of the phreatic

surface. The capillary barrier at the interface between the soil and the geotextile
prevents water from flowing from the soil into the drainage system (geotextile and
then geonet). This barrier disappears when the suction at the interface decreases to a
critical suction level. At this point, the hydraulic conductivity of the two materials
equals to each other. Hence, the water was able to pass through the interface. As the
soil started at a dry condition and became wet during the seepage process, the smaller
magnitude of the suction at the critical suction point made it more difficult for the

water to break through the interface, thus decreasing the phreatic surface level.
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Figure 4.11 plots the k-function curves of the geotextile and the soil for

varying magnitudes of g, and g, of the soil. Although not considerably different, the
magnitude of suction at the breakthrough point increases with g, but decreases with
increasing of g,,. This effect indicates why a lower g, results in a lower phreatic

surface while alower g, results in a higher phreatic surface. Chinkulkijniwat et a.,

(2016) reported that the location of the outer phreatic surface did not clearly change
within the variation range of the parameters, which could be due to low variation in
the critical suction at the breakthrough point (similar to this study). Furthermore, the
soil studied by Chinkulkijniwat et al., (2016) was sandy soil, and the high saturation

zone did not spread widely. In contrast, the soil studied in this research was marginal
soil with a low g, value, which resulted in a large high saturation zone spreading

over the entire body of the soil. Within the high saturation zone, a small change in the
suction value at the breakthrough point has an important effect on the location of the

phreatic surface.

45.3 Leve of theinner phreatic surface
If the drainage capacity of the geonet is sufficiently high that al of the
water flowing from the upstream side is properly collected and drained, no increasein
the inner phreatic surface is observed. The drainage capacity of the geonet can be
characterized by its thickness and the ratio of the saturated hydraulic conductivity of
the geonet to that of the soil outside the protected zone, K. As discussed by
Chinkulkijniwat et a., (2016), the saturated hydraulic conductivity ratio between two

adjacent media asserts a flow reflection path, as described in Eq. 4.1 (see also Figure
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4.12 a). Furthermore, a greater gradient of the flow path in the drainage medium
results in a lower phreatic surface level flowing out of the drainage medium and thus
alower inner phreatic surface.

tanb, Kk

—+ 41
tanb, Kk, 4.1

where b, is an incident angle which is an angle between an incident flow line and a

line normal to the soil-geocomposite interfacial plane, b, is a reflected angle as
depicted in the Figure 4.12 a. If the incident angle of flow line is known, the reflected
angle could be approximated using the knowledge of the saturated hydraulic

conductivity of two adjacent materials.



30
81°

Measured p; = 11°
Measured B,
Measured 35

f

|
|
|

on,HwQ

ka

&

Wm\ nW

&5

Arepunoq Axinnonpuod
2 <

Protected zone

iy
W

iy
\l
o

' e St el

Unprotected zone




205

Figure 4.12 b presents flow vectors at the soil-geocomposite interfaces

extracted from the calculation case A in L-S scenario. With the incident angle b, of
11°, the approximated reflected angle in geotextile b, is 25° corresponded to

k, =340m/day andk, =+/320x2000 =800 m/day. Reminding that the geotextile

possesses hydraulic conductivity anisotropy, with lateral and longitudina saturated

hydraulic conductivity of 320, and 2000 m/day, respectively. Similarly, the
approximated angle of flow line in geonet b, is 87° corresponded to saturated
hydraulic conductivity of the geonet of 69120 m/day. These angle values agree rather
well with the angles b, and b, directly measured from the corresponding flow

vectors.

If the drainage capacity of the geonet is not sufficient, the inner phreatic
surface will be observable. In this case, the greater rate of water flowing to the
drainage medium results in a higher inner phreatic surface level. The rate of water
flowing to the drainage medium is characterized by the saturated hydraulic
conductivity of the soil at the upstream side and the height of the upstream water
table.

Although the rate of water flowing to the geocomposite is the main factor that
affects the level of the inner phreatic surface, the calculation results show that the
saturated hydraulic conductivity of the backfill material also affects the inner phreatic
surface (Ref. cases C and D), particularly when the drainage capacity of the geonet is
not sufficiently high to collect al the upstream water that flows to the protected zone.
As shown in Eqg. 4.1, water flow across a boundary between two materials with

different hydraulic conductivities causes a refraction of the flow direction. Taking the
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geocomposite as material #1 and the backfill material as materia #2, Eq. 4.1 shows

that a greater K, yields a greater b, and therefore a lower level of the inner phreatic

surface. Comparing cases C and D, which have the same K*'* but different values of

K™ thelevel of the inner phreatic surface of case C is higher than that of case D.

4.6. Conclusions

Examining the case of ahigh level of upstream groundwater flowing towards

an M SE wall with a geocomposite, the following conclusions can be drawn from this

study:

1.

3.

The WRCs of a soil outside the protected zone has a negligible effect on

the seepage responses of the soil inside the protected zone, and vice versa.
A gresater fine particle content (lower g, and g,, values) in the soil outside

the protected zone results in a wider distribution of the high-water-content
area. Careful geocomposite installation is required for this soil type, since
increasing water content results in the loss of suction forces and therefore
decreased interface strength.

Although a suitable geocomposite was installed to prevent water from
permeating into the protected zone, using soil with the considered fine
particle content as the backfill material could result in alarge high-water-
content area. Care must be taken when using this type of soil as the
backfill material, since the protected zone might experience a high water
content, which will directly affect the pullout resistance of the

reinforcement. For example, Mitchell (1995) suggested using a permeable
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reinforced geosynthetic in MSE walls with a cohesive backfill material to
provide both reinforcement and lateral drainage along the soil-
reinforcement interface.

The ratio of the hydraulic conductivity of the geonet to that of the soil
outside the protected zone (K ') has a significant effect on the level of
the inner phreatic surface. If the geocomposite possesses insufficient
drainage capacity (low K°*), using a backfill material with a lower
hydraulic conductivity could increase the severity of the rising of the inner
phresatic surface.

The capillary barrier affects the level of the outer phreatic surface,
particularly if the soil outside the protected zone has high fine particle
content.

A wider pore size distribution (lower g, value) soil outside the protected
zone results in a wider high-water-content distribution and a flatter

phreatic surface level in the soil outside the protected zone.
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CHAPTER V

CONCLUSIONSAND RECOMMENDATIONS

5.1 Summary and conclusions

To fulfill the aim of examining the seepage responses of MSE walls, two key
parts were executed throughout this dissertation. The first part was to examine the
performance of MSE wall since an alternative drainage geocomposite employed.
Initially, the physical models of MSE walls were performed under two working
conditions. They were with geocomposite exploited and without installation of
geocomposite. To cope with the time-consuming since carrying out physica
experiments, the computer program, Plaxis 2D, was then employed to conduct a series
of parametric studies after good agreement results between numerical and physical
model obtained. The computation results obtained from the numerical analysis were
exploited to investigate the foremost unsaturated hydraulic factors that govern the
seepage responses of MSE walls induced by rising of the upstream water table. All
the numerical computation results were predominantly illustrated in terms of effective
saturation and the phreatic surface that were supposed to represent the moisture
responsein MSE walls.

The second main part was established to evaluate two feasible scenarios of the
use of MSE walls, in which high fine-grained in-placed marginal soilswere utilized as

fill materials. The well-validated numerical model obtained from the first part was
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utilized to perform a series of parametric studies. Consequently, the computed results
of each scenario were anayzed to assess the influence of unsaturated hydraulic
characteristic of fine-grained soil on seepage responses of MSE walls.
5.1.1 Foremost factors affect the hydrological responses in MSE walls
fully filled with good draining material
In the scenario that the models were fully filled with good draining
backfill materials, the experimental results indicated that the moisture content
illustrated in terms of effective saturation and phreatic surface in the protected zone
was drastically diminished due to the appearance of geocomposite layer. Similarly,
the horizontal movement and settlement of surface of the model with geocomposite
installed were found to be lower than that without installation of geocomposite.
Consequently, a good performance of MSE walls could be gained as the devel opment
of pore water pressure lessened. Numerical parametric studies using finite element
method illustrated that the seepage responses of MSE wall were predominantly
dominated by the WRC of the fill aswell as of the geotextiles. The permeability ratio,

termed, K, ., , between geotnet and backfill also play a vital role in the level of the

phreatic surface inside the protected zone. The lower value of K, . brings about the

r net
higher phreatic surface inside the protected zone, hence the instability of MSE wall
might be transpired. One more finding from this part was the influence of capillary
break phenomenon which is normally appeared at the hydraulic conductivity
boundary. At the interface between two materials have different hydraulic
conductivities, the distribution of effective saturation could be affected due to this

phenomenon, the lower magnitude of breakthrough suction at the interface where
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water tends to permeate through the interface, the greater amount of water
accumulation along the interface found.
5.1.2 Seepageresponsesin M SE walls utilize fine-grained marginal soils
asfills
This part was established to assess two feasible scenarios of MSE
walls, in which the local materials that possess good engineering properties but just
fails to meet the requirement due to presenting a large amount of fine particle or low
permeability. Results obtained from the first scenario, namely L-S scenario, generally
illustrate that the soil placed outside the protected zone does not significantly affect
the moisture content inside the protected zone. Instead, it markedly affects the
moisture profile in the unprotected zone. The greater amount of fine particles (lower

g, and g, values) of the soil outside the protected zone causes the wider distribution

of high moisture content in the unprotected zone, hence yielding a larger pore water
pressure that acts to the protected zone. In the case that the drainage capacity of
geocomposite is not sufficient enough to drain the incident water out, the use of high
fine-grained soil might cause a higher level of the phreatic surface in the protected

zone. Another finding was found from this scenario was the influence of permeability
ratio of geonet to that of the soil placed outside the protected zone, termed K on

the rising of the phreatic surface in the protected zone. The lower permeability ratio,
the higher phreatic in the protected zone might be taken place. It was aso found that

the permeability ratio between geonet and the soil placed inside the protected zone,
termed asK '™, affected the level of phreatic surface inside the protected zone, if the

magnitude K™ of less than the critical value of 1765. The lower K™ resultsin a
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lower phreatic surface in the protected zone, which might be related to high
permeability of the soil placed in the protected zone.

The computed results obtained from the second scenario, namely L-L, also
descibed that the use of high fine-grained margina soils may cause a wider
distribution of high water content both inside and outside the protected zone, that was
not found in the first of L-S scenario due to the protected zone was fully filled with

good draining material.

5.2 Limitationsand recommendationsfor futureworks

A mini scale of MSE wall was built and undertaken a series of parametric
studies to examine the seepage responses, it was thus the finding of critical
permeability ratio of around of 1765 was apparently to be valid for
corresponding to the model depicted in this dissertation. Due to the head
loss, the magnitude of critical permeability ratio might be varied with the
geometry of the model. More investigation should be performed to figure
out the typical magnitude of critical permeability ratio with respect to the
specific model  geometry. Throughout this research, typical hydraulic
conductivity coefficients of considered materials assigned to models were
mainly obtained from corresponding laboratory tests for soils, and from
specification for geocomposite materials, however, care must be also paid
to the numerical errors that can be occurred due to high anisotropic
permeability ratio that assigned to the numerical model by examining the
moisture profile such as saturation contour lines, phreatic surface, and pore

water pressure.
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Currently, several methods have been developed for predicting the pullout
resistance of soil reinforcement, especidly for inextensible steel
reinforcement. However, al the proposed methods have been based on the
saturated shear strength parameters (AASHTO, 2002; Alfaro and Pathak,
2005; Bergado et al., 1992; Horpibulsuk and Niramitkornburee, 2010;
Jewell et a., 1984; Shahu et al., 1999), while in reality MSE walls are
usually built above the ground water table where the backfill materia is
typically in a state of unsaturated condition. Previous studies show that the
shear strength of soils under unsaturated condition varied with capillary
stresses or the matric suction (Cunningham et al., 2003; Khalili and
Khabbaz, 1998; Vanapalli et a., 1996). Hence, affecting the bearing
capacity of unsaturated soils. As the pullout bearing resistance of the
bearing reinforcements is estimated based on that assumption, the effect of
matric suction is not yet taken into account. It is then using the
conventional methods may not be reliable and lead to an uneconomical
design. It would be interesting if a new method that incorporated
unsaturated properties could be developed.

The performance of geocomposite is believed to be affected by severa
factors such as clogging of geocomposite layer, long-term deformation of
geotextiles under constant tensile stress known as creep of geosynthetic,
effect of jointing of geocomposite section and of compressive stress on the
hydraulic properties of geocomposte. These relevant factors were not taken

into account throughout this dissertation.
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The geocomposite drain was assumed as continuous back geocomposite
drain placed behind the reinforced zone, this condition is not aways
necessitous, even costly. It is thus the use of the discontinuous form of
geocomposite drain is likely to be more appropriate. More investigation on
the determination of effective spacing of geocomposite drain may be

necessary.
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ABSTRALCT: Mechanically sshilsed eanth (MEE) walk are made of woaomed soil thar b
sirengrhensd with aroficil materiske They have been widely used over the past three decades
herwever, occasional failures due 10 inadeguaie dramage dunng hessy muinfll hive heen encoumicred.
Essenially, the remionced zone of the MSE wall mo be peoteciad (b wer inflow for the sysiem wo
work satisfacorily. Berent stodiss have repormed oo che altermstive we of geocomposites o replace the
oomentional dminage sysiem in MAE walls, typically comprising well-graded prvel. Geocomposiies
oomprise & core mmenal with o lerge ow chamnel, which is coversd by 4 nonwoven geolexole.
Alrhough it is widely pevognised that paotexriles possess o waler relention charsstensie (WHECL only
i few studies have examined the effsct of WHEC on the seepage miponsss o MSE walk. In this reseanch,
larpe-scale physical model tests for seepage (low throogh an MSE wall wers mnderiaken with and
withoad an L-shaped geocomposiie dmin. Comparisons indicate that the MSE wall with &
geoonmposite is aupenor (o that withoot a geacompaodee serafled. A senes of numerical expenments
was eoraducted with fnite elemera soltwane 1o investigeie the eflazis of the bpdrologic propenies off the
soil, geodexiile, and geone on the see page respoites in the MSE wall. The seepage resposss, including
effective saturation and phreatic surfacs, wepe found to be primandy governed by the WRC of the soal
and the raien berwesn the saurste halmale conductivity of the geoner and that of the ol The
‘capallary barmer’ phenomenon was found 1o pliy 6 secondary role in Jdetermining the efective
saturation along the merface between the soil and 1he geocomposite.

KEYWOR 4% Cevsynihetics, Casocomposiie drin, Mechanical stabilised sanb wall, Secpage (low
throogh nnsataraied media
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L. INTRODUCTION

sysiems. Koerner and Soong (4M0] ) documented 26 case

histories of MSE wall flares m the Uniied Stales, with
Failares of mechamically siabilised earth (MSE) walls  most of these atinbwied 10 excessive deformation | services
in mountzinous areas where seasonally heivy minfall is ability) and actual collapse. Seventeen of the 26 cases
encountered is often attnbuted to ineffective drmdnage  were related to bow permeablity sodl backflls, which led
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to the conclusion that if fnes [silts andior clays) are
allowed in the minforoed zone backfill spdl, any waler
ponding behind and beneath the reinforced zone must be
properly collected, transmitted, and discharged. Special
precaations should be aken for hillside constructions
in particular dwe to the pobential for seepage bo ooccur
through the retined zoil

Shibuya erf af. (3M7) reported oo resalis from a
catastrophic failare of a reinforced earth wall in Yabu,
Japan, im X0, after a typhoon. Although ibe seinforced
carih wall was desipned amd constructed based on
desipn codes, the dminage was constructed af ibe
bottom of ihe wall from drainage pipex, and i did not
extend to cover the area behind the wall;, hence, there was
mmfficien capacity in the dminage system. [ wax
concluded that comventionzl drinage systems were nol
applicable in mountainows areas where there was a large
amoumi andfor high level of groundwater (Shibuva o al
2007}

The material conventionally used as the drainage
medivm for MSE walls & well-graded gravel. This is
becoming increasingly expensive, and effective installation
of this material as a vertical dminage layer is difficalt in
the field. An abermative to the use of well-graded pravel
is 10 provide dminage throwgh the use of geocomposites
{Koerner and Soong MMk Eeerner 2005; Chen of al
X7}, Geocomposites provide a hydraclic conductivity
approximately 10 to 100 tmes higher than that of coms
pacied backdfills Geocomposites comprise o core material
wilh 2 large flow channel {eg.. geonet), which is covered
by a nonwoven geolextile that acis as both a Glier and
a wparalor. Geccomposites offer nomerous advaniages
over ihe comentional method of dminage for MESE
willls using grnvel. Tmnsport and mstallstson of geocome
posites are moch exier than for comentional dradns.
Georomposites are Light and do not add significanthy
to the weight of the soil in the backfill. Furthermore,
geocomposies allow for quick and casy installation come
pared with conventional dmins using pravel. McoKean
and Inouye (2001 reported 2 suocessiul field came stody
using geacomposiles to prevent waler flowing behind a
ret@iming wall. This geocomposile was reported o have
performed sucressfully for a period of 14 years.

Albough there have been many reporied case sindies
on the suocessfid implementation of geocomposites in
draimage sysiems, there lhawve been lmited oumerical
simulations of dmimage for MSE walls usiap geocompo-
sites [Koemer 2005 Yoo and Jung 2006). In addition,
there is no known work that incorpomtes the water retens
tion chamcteristic (WERC) of geotextiles in these reporied
oumerical simulations. Previous siudies mdicate thai
geotextiles” wader relention chamcierisdics ame similar o
those of coars-grained soils such as gavels and sands
(Stormont of ail 1997; Laflewr of ai. 2000; Morris 2000
Stormont and Morris 30 Knight and Kotha 300 ; Iryo
and Foowe 3003, 200d; Bouwgza ef a. 2006; Bathurst ef all.
HHT, X% Mahlawi e ol 2007) Vanous methods have
been introdoced 1o determine the WRC of geotextiles,
including a hanging column test by Stormont and Morris
{ M0 ); @ capillary rise test appeoach i which o geofextile

Chikalkcipmhnat, Horpibulnek, B b et al

sheel was immersed in waler at ils base by Lafleur & aill
{20MHY); an outflow capillary pressure cell by Knight and
Entha (MMl a modified outflow capillary pressure cell
by Nahlwwi ¢ al. (2007} and a soction plate appamtus
based on the hanging coblamn tesi procedure by Bathurst
e . (109 T diate, thie design of peocomposile dmins in
MEE walls dos not incorpomte the WRC of geciextiles.
A fundamental wnderstanding of the effect of WRC of
peolexiiles on flow msponse s necesary 1o allew for
2 mare effeciive and approprizle use of peocomposites
in MSE walls.

This research was conduocied vsing a largesscale flow
iest through an MSE wall in which an L-shape peo-
composite drmin was insialled. Instruments were mstalled
for monitoring flow and deformation responses. dwring
the tests. The instraments conssied of four standpipe
piezometers, [ time domain reflectometer (T ) probes
and 10 surface settlement plwies MNumerical amahses
were subsequenily conducted wsing ihe Plaxis2D {inite
element modelling software 10 imvestigaie the effect of the
hydraulic properties on the water flow taking place in the
MSE wall.
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Tmfluentiad faciors affeciieg dromage desgn conndenations jor meckhaniea! sabilised eorth wnlly wimg geocompaosizes &

This rezearch will lead to a better understanding of the
various parameters that affect the performance of the
geocompasie drain, and will facilitme the selection of suit-
able peocomposite drains for implementation in MSE
walls,

Table 1. WG and VIEM mwsddel parssseiors snd sstimaned
tvdranilic eomdsctiviey of the sarerisk wed in the physeal st

1 SET-UP FOR NUMERICAL
EXPERIMENT AND PHYSICAL
EXPERIMENTS

11, Mmmerical backgmoand

The powerning equation for tmnsiend water Mlow in & fwos
dimenzional hompgeneous anissdropic material within an
ursaturated porous medium is as follows

M &h . Fh
W and VOM parsmcicrs Faarady wind frulexlile | (Gooad F-kxm"'tyﬁ i1
i m I b iy
e 15 15 &) where # i= the volumelric water content, & = the todal
=M ol ol LD head, &k, and k& are the wnssturded coeffickents of
b R e v .| - permeability in the x- and y-directions, and f is time. To
K [midsy] 7 I 3 o 128 soive Equatton |, constilobtive eguabions relxded o &,
barad -
l:' ditay} - f—, & 130 k. and &, to & are required. Iryo and Rowe (3003, H4)
conchoded that there is considerable evidence 1o sogpest
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petnlopeciticat (esits o m)

that vam Gewochten (VG) {van Genuchien, 1980y and
van CrenuchiensMualem (VGM) models, which combine
the van Geouchten and Muoalem hypotheses (Mualem
1976), are applicable 10 monwoven gecdextiles. Thees, both
of these constibulive squations were empboyed 10 appoogis
mate WELC and permeshility functions for both the soil

and the nomymven geolextile.
Som e [ (]

E(5,) = S0 = (1 = S ¥e =

(2a)

{2b)
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Influential faciors affectieg dremage design constdemations for mechanical stabilised son® wolly using grocampasiies 5

wherne 5; is the effective degree of saturabion, 5 is the
degree of sabumation, S i the residual saturation al avery
high value of suction, Sy, is the sturation of stuied
soil, fip is the mainc suction bead, &, is the relatve pers
meability coelficient. g, [m™"], g and g, are fitting parzs
melers, and accordimg 1o the Mualem bypothesis
(Muakem 1976} g is assigned a value of Lig, =1.

Figure | presents a typical plot of a WEREC carve. For the
drying phase, porr waler tends to migrate as suction
increases, and when the value reaches the airentry valoe
({AEY), bulk waier begirs to drin mway Smnilardy o
the AEV, when a =oil is wetled, the degree of miuration
increases markedly when the suction decreases, bo attain
a sociin valee termed the waterentry vahse (WEV)
The pammeler g, i a ftting parameter that reflects
the imflecion poimt on ihe WRC cunve genersied
by Equation Xa and the largest pore sove in the malerizal.
The pammeter g, reflects the steepness of the WRC curve
m 1he desatumation zome, and a small valee of g, yekds
a sieep WRC curve in the desaturation zome and is
hence pelated fo the wide pore size distribution.

L2 Minterials

The soiil meed in this investipation is a sandy =oil congsting
af 1% grrvel. 87.2% sand, and 2 7% silt. The particle size
distribution of the sand = presented in the upper rgh
corner of Frgure 2. This sand ix clhissified as poody gmded
mand (3F), acconding to the Umbed Soil Clazification
Systemn (LUSCE) with a specific gravity of 2.74. The come
paction chamcteristics under standard Proctor energy
are an optimam waler content (WO of 5.7% and maxis
mum dry anit weight Fape of 16.7 k3Jm®. The saturied
tvdramlic conductivity of the sodl is kg = 17 mfday, Welle
graded materials are generally used as backfill materials
due to their high eficency in Beld compaction. However,
uniform =and was wsed in this investigabion to ensape
conssiency of the sodl compacted in the Erpesscale
physical model. Determinations of the WRC of the soil
were conducted along the dryving and wetling paths. The
drying phase WEC pas chizined using a pressure plabe
apparaius, and the weiting phase WRC was obtaimed
from the dooble-walled traxial cell. The relatiosships
between volumelnic waler condent and mairic suction of
the =il along weiting and dring paths are presented
in Figure 2.

The nomewoven needlespunched polyesier geotextile
usad in this stody had an average thickoess of .25 com.
an apparent opening size of 0.075 mm and a porosity
of .90, The hydmulic properties of the peotextile are
showm in Tahble |. The ransmissivity of the peonet was
I].Mm‘f:,andﬂli:m:mtﬂﬂdbna.munhdh_l,h
draulic conductivity of 69 120 miday. The WRC of the
geotextile was condocied along the welting path using
a capillary rise est (Laflewr or @, 20000, witich was cons
ducted by hanging a 5 cm = 30 cm strip of geofexiil:
vertically and placing the lower end of the sinp in the
reservodr waler. The sinp was covered in plastic wmap
to prevent evaporation and allowed 1o equilibrate for
T2 h. The sample was then cot nto small sirips o deters
mine the volametnic waler content. The volumetnic water

content was measured at different posibions above the
water sarfzce by cutting the specimen mto 50 mm ong
sepments and weighing the samples before and after oven
drying. The relationships between the wolumetric water
content and mairic suction of the gemextile are presemied
with the oibher WEC curves in Figure 3. The ¥ model
was psad to describe the rebtiorship between volumetnic
witter condend and matric suction for the soil and the
geatexiile. The parameters wsed o fit the modef 1o the test
resalis for ihe soil and the geotextile are sanmarized in
Tahle 1.

1Y Physical exporiments

Largesscale phvsical experimends for a wall height of
1.0 m (Figure 4} were conducted 1o simualate an MSE
wall under 2 high groumdwaler levell The bottom, lef and
right sides of the plysical model were established as
an impervious boundary Groundwater bows during the

Fable 2. Properties of 13 nosswoven geatentiles repanted by Iryo
aed R {2003
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Cicwleatike | m 25 0f il
Creteatile 1 3 25 08 Lgs
Ciewlealile 3 Rl 25 0.8 {L0E
Ciewizatile 4 0 25 0E i
Ciezatike 5 B} 25 0.5 il
Ciewizalile & 0 25 L& il
Cicoleatike T m 25 0.7 il
Cicwolcatike § m 20 0.7 il
Cruiolile % 0 23 0.7 ol
Creuteatile 10 0 i 0T il
Crewleatike 11 0 an 0T ol
Creoloilke 12 1] il 0T il
Creolotik 13 16 25 0.8 il
Cicwlcatike 14 e 25 0 il
Cieuieatile 15 40 25 0.f il
Cieolcatike 16 ] 25 0 ol
Cieoleatike 17 1o 25 0 ol
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iests were controlled by wailer levels in the wpstream and
downsiream water tanks The water level in the down=
siream waler tank was kept consiant at the toe of the
wall {+0.0 m) using a control weir. The water level in
ihe opstream tank was increazed stepwise from heighis
of #0.0 m, +b4 m, 0.7 m, and + [0 m. The apstresm
waker level was increased after reaching a steady sizde in
which there was no change in ihe water conlent valoes
read from the TDE probes, for a period equal to or greater
than 24 h. This configuration was esiablixhed 1o sirmkte
lhe mast severe situation in which the groundwater level
behind an MSE wall & very high, smilar bo the situation
thal may oocur in mountainous areas during heavy raims
falls The shalbow soil lyer vas asumed to be underiain
by a bedrock Iayer smch that inundation mighl oocwr
during a beavy rainstorm (Frgure 4h).

Although the MSE wall base was alwans submerged.
ke distance between the MSE wall base and the bottom
impervions boundary is likely to affect the seepape
response. To exclude the effect of the disiance between
ihe MSE wall base and the boftom mmpervious bowndary,
e botbom boundary should be located far enough away
that its location would not affect the seepage response.
Mumerical modelling results undertaken at varions diss
tances from the base of the MSE wall to the bottom
houndary were used o justify the bocation of the hotiom
boundary in the physical experiments. The required depth
of the impervious boundary, at a bocation that did not
affect the scepage response, was na less than 0.4 m from
e base of the M5E wall.

In practice, addiional considerations such as the
rotemizl {0 scour beneaih the wall, wave action effects
and destabilising forces doe 1o hypdrostatic pressure must
he taken inbe account if an MEE wall i to be parily subs
merged in & body of water. This study ammed 10 imvestigate
ooly the effect of geocomposite drains on the seepape
water [low in an MSE wall, so the abovemenboned cons
siderations were nof considered.

The tank was filled with compacied soil to a height of
1.4 m. Compaction was carried out with a hand compacs
tor in leyers measunag 0.2 m in thickness 1o a density of
P4 of the standard Proctor density at a waler content of
5.T%. The degree of compaction and water condends were
chiecked at 3 points for each compacted layer. These points
were bocaled along a longitudinal bne cloge to the centre
linz near the wall facing the geocomposite dmin, and the
porous concrete npstream wall. Wherever the degree of
compaction was found to be madequate, additional
compaction was underizken until the targeted density
was achieved. The wall facing was made of an acrylic plage
with 5 lavers of ‘bearing meinforcement” [Horpibulsuk
el all 2001 with equal lemgths of L7 m fequal to
0.8, where M i tbhe wall hetght), which conforms with
AASHTD recommendations (AASHTO 2002) The
hearing reinforcement was composed of a longrtodimal
member and transverse (bearing) members. The longs
tmdinal member was 2 sieel deformed bar, and the trans-
verse members were a set of angle steels. The longitodinal
and tramsverse members were welded to each other A
skeich of the bearing reimforcement is shown im Figare 4o,
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The vertical and horzontal spacings between each reins
forcement layer were fixed = 030 m and 035 m.

The MSE wall was exiensively instramentsd. Locations
of the mstruments are ilustrated in Figume 4. Four
standpipe picromeiers, 10 surface seiflement plates and
I0 TDR probes were installed to measume water levels,
sefllemenis and volumetric waler conlents during seepage
flow, especively The piezometers were mstalled along
the centre line of ihe tank {Figare £a). Settlements wepe
meazared by precise levelling with meference to a benchs
mark. Three lincar potentiometers were installed an the
will facing panel to measure el wall movemenis @l
different points dering seepage Dima read from TDER
probes and piexometers were comidered and are presented
im this paper.

Two physical experiments were conducted: without
geocomposiie drin installabon (cese [ and with geos
compasite drain installation {case [k For the expenment
with 2 geocomposile drain, the peccomposiie was
installed af a dimance of 0.8 m from the wall facing.

A series of nomerical experiments was suhseguently
conducted to mvestigxie the effect of the relevam material
properties oo the groundwater Aow throwegh the MSE
wall, with & procomposite drmin installad. pxing the fimite
element code Maxis 20. The models were verified with
the results taken from the physical experiments explained
im the previows section. The MSE wall model withowt

peocomposite mstallation was verified prior to the MSE
will mode] with geocomposite installation.

The properties that predominantly affect the hydmulic
behaviowrs of the MSE wall with geocomposite installs.
tbom are ibe hvdmulic conductivity of the geocomposite,
ke varation im the hydraulic conductivity with the degree
of saturation, the waier relention chamctensiics of ihe sol
and the geccomposile components (geotextile and
goonet). As the peonet has a very open structure, ¥(G
and V(M maodels with the following congideraitions were
assigned to the geonet

{ly The geonet has a lurge and smgh: pore woe
atirihution.

{2y The geonet can be completely dried and sstarmed
unider switable magniudes of suction.

With respect tooibe first consideration, high values of g,
and g, reflect a large pore size and a more unifiorm poee
size distribution, respectively. Hence, high g, 2nd g, valoes
were assigned 1o the geonet. Pammetric studies indicated
thal assigring magnitudes of g, greater than 600 fm "] and
magnitudes of g, grester than 40 resulied in no changes
in the calculation resalts. As such, the geonet pammeters
o and ge were asigned values of 600 [m™] and 40,
respectively Bassd on the second congdermion, the geo-
net pammeters S, and £, were st to OO and 100,
respectively The parameters for the bydmulic constibutive
equations VG and VGM for the soil. the geotextile and
ihe pronet assigned 1o the models are sommarised in
Table 1.
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Daia from ihe wetting phase WEC ol 13 geotextiles
reported by Irvo and Fuowe {3003} were used ax the refers
ence data in the selection of parameters for the oumerical
experiment by the ¥G and YGM models The basic
properties of these |3 nomwoven geotexiiles are shown in
Table 2, and the WRC of 1hese, together with their upper
and bkower bowonds (lomg dash limesh, are presented in
Figure Ja. The moges of the VG and VGM model paas
meters of the geotextile were varied such that their WRC
curves were inside this boundary {Figare 3b). Seventeen
sets of ¥ and VGM model pammeters of geolextle were
used as shown in Table 3. These parameters were varied
based on the VG amd VIGM model parmmeters of the
geotextile uxed in the physical experiment (Table 1), ie.
gn-Ell[m_'].g_-lij._lﬂ.ﬂlmdﬁmlll_&[r_]nintal_
] numerical simulations were condocied m this Sody
The parameter valoes assigned to every case are shaown in
Table 4.
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1. RESULTS AND DMISCUSSHON

3.1, Larpe=zcale Mow throwgh MSE wall sest resalis

Figure 5 presenis the measared (with symbols) and
cilculated (with lies) waler levels and volumeine waker
confents for the vanous wpstream water levels for tests
without {Figure 5a) and with (Figure 5b) geocomposite
installation. The water levels and the volumelnic waker
confends presented in Figure 5 are those messured al
18 days, 21 days, and 25 days, which represemi the end
times of upstream water kevels of #04 m, +0.7 m, and
+ 10 m, respectively At any upstream water level heipht,
ihe water level decreases through the wall e, The
measured water kevel data for case [ (o geocomposite)
are compared with those for case Il (with geocomposite).

The comparisons show that 1he highly permeable geos
compasite can effectively prevendt waler Aow bo the

reinfiorced zone {or protected zome), as it collecis the
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Figase 7. Mesh diseretisstion of ihe models (2] withour ssd (b} with genenmpasite installation

water in the mmreinforced zone and drains it o the wall
face.

Figure 6 shows volumetric water coments mensured
al various limes from TR peobes Mo, M and By
isee Figare 4). These probes were located ai a horizontal
distance of .6 m from the wall facimg, ie., &t (.2 m bone=
zomially from the peocomposile dmin for the MSE wall
cazz [1. Higher water condents were found at the kower
TDE probes. The water conlents in the reinforced zome
with peocomposite imstallation were mach lower than
those withount peocomposite In the imstalletion withowt
geocomposie, the volumetnic water content read from 1be
probe My rose from 005 (Sr= 2086) to 0040 [ S;= [P}
when the spsiream waler level was mised from 0.2 m o
L0 m. The volametnc water content with the geocompos
site was found to be only hall of tkat in the case withom
the geocomposiie. At probe Me, the volumetric water
content rose from 0L05 1o final values of (.38 and 0,12 for
the came withowt and with the geocompesite, respectively
Even at the location of probe M. where the waler comlent
exhibiied the weakesl effect on the rise in ihe wpstream
waler Jevel, tbe difference between the Anal water contents
for the case withoat and with 1he geoccomposile was
significant,

5L Moded calibration

Model calibmtions wese condocied prior to the paras
metric studies. The models were developed in tbe Plaxis
enviromment o smalate the physical modelkng studies.
These models incorporated soil chamcierstics, structural
componemis (reinforcements and acrylic facingh, and
dminage components |geotextile and geoneih As the
madel of the MSE wall with the geocomposite is complex,
given the thin lavers of geotextiles and geonets installed,
verification of 1he MSE wall withom ihe procomposite
wis conducted prior bo that of the MSE wall with the
peocomposile. Materal properties asigned to the models
are presended in Tabde 1.

The discretised plane strain finite element mesh
is shown in Figares Ta and Th for the MSE wall witbhout
and with geocomposite dmin installabion, respectively
A iriangular mesh was used in the model. Alibough a
rectangular mesh is commonly adopted in water flow
madels, it has been reported that the calculated resulis do
nol depend on the type of mesh becawse the inlerpolation
fanction in Aow problems is lnear (Potis and Zdrmlovic
2000

In Maxis, there are two types of triangular elements
Genode triangles and |5-node thangles. In this stady,
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I 5-nde trinngles wene assigned to the models. The use of
I 5-node trizngles yields more accumte caloulation pesulis
than thal of fnode triangles. A {ine mesh with an aversge
element size of 0035 m was assigned. A fmer mesh was
also assipned to the geolextile and the peonet. The imtal
conditions of the model were defined bazed on the
comirolled density and water content during the placemer
of compactad soil in the physical box. Dirichlet boundary
conditions with prescribed pressares were imposed on the
left, right, and upper boundaries of the model. The
bottom boundary of the model was defined as impermes
able. In Plaxiz. the time steps were assigned automatically
for steady-state calculation. At each time ep, a modified
MewtonsRaphson model was used to solve the relevam
equations ieratively. In each fembon, imcrements of 1he
groundwater bead were calculsied from the imbalance in
the nodal discharges and added 1o the active head. This
process was continued umiil the norm of the unbalance
veclor, ie.. the error in the nodal discharges, was smaller
tbzn that of the tolemted error of (LG (or 1%L

Figumes 5 and 6 compare the measured and cakuluied
phreatic surface, distribution and time senes of volumetnc
wiler comient at varous heights of the upsiream waler
level. The oumerical model yields a vanation in ihe
phereatic surface smilar 1o that measared i the tesis Fair
agreement between the measwrements and the coree-
sponding caloalations for the two cases was found.

4. PARAMETRIC STUDY

The hydrmufic response, including the effective situration
and phreatic surface. determined from mumerical expers
iments are presented and discussed in this secivon. The
effect of ibe bydrological properties of the soal and ihe
geatextile on the hydraubic response was evaluated usmg
(1) van Genochiten pammeters (Swe Sew. Fo. fa) ond
(2} the comresponding saturated permeability For the
bydrological properties of the geonet, omly the stwrated
bydraualic conductivity of the geonet was evalusted

In gememal, it was found that the phreatic sarface outside
the protected rome does not change notably within ibe
mnge of parameters indicated in Table 3. The phreatic
surface in the protected zone and the distribution ol
effeclive saturmion were affected by some of the pars
amefers, as discussed in this section.

4.1. Effect of the van Genochien pammeiers of

the =oil material

4.1.1. The van (remucfien parmweier gq

Figures Ea and £b present the effective saturation profiles
along sections ey and ek, respectively, for vanous mags
nitwdes of g, The alipnment of these sections is vertical
and located at .05 m to the lkeft and right from ihe
geocomposile drinage At a certain depth above the
phaeatic sarface, the soil with a low g, value exhibits high
saturation. The degree of saturation is found to decrease
when the magnitude of g, decreases. In short, the wet
zome spreaids more widely for the bow g, soil than for the
high g soil.

The magnitude of g, reflecis the mfsction point of the
wetting cycle WRC curve and hence the capillary sabar-
ation rone of the wetting cycle WEC cumve. Figore 9
oompares two WRC curves of two soils with high and foow
values of g, The lower g, =oil yields a wider range of
suction im the capillary ssturatbon zone, and hence a wider
spread of the high satumtion one witkin the same soction
range. Within the capillary saturation zone and in a zone
slightly beyond the capillary sstaration zone. there i litthe
change in 1he ssiuratbon swch that the mie of sbaration
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change in these rones is bower than that in the other rones.
Thus, the mie of saturation chanee is found Lo be kower in
the lower g, soil.

The magnitude of g, represenis the brgest pome size
present in the soil. Soil with a large g, valoe has krge pope
sizes. Theoeetically, at the interface of two materials with
different largest pore sizes, the capillary barrier phenoms
enon (Hoss 1990 can oocur when water does not readily
flow from smaller to larger pore materials. The wide mnge
of the capillary ssturation rone plays a dominant mle in
the distribution of saiumiion in these experiments, and
hence, the capillary barrier effect is neghigible

4.1.2. The van (Cewmuchlen parmReiory Tn

Figure |0 peesents phreatic surface and effective saturs
ation profilzs oo the MSE wall model calculated m
various magnitdes of g5 of the zoil. The results show

that effective sturafion {both inxside amd outside the
prodecied zone) between 20 and 8074 cdearly depends on
ihe magnitude of g,. A greater magnitude of g, vickls
narrower effective saturation contours in the 20% to BifG
TAnge.

The magnitude of g, reflecis the sieepness. of the WRC
curve in ihe desaturation zooe, as a smaller g, yields a
sipeper curve. Figure || compares the WHC curves of two
soils having both high and bow vaboes of ge In the high
saturation mange, thess WERC curves are similar. Winhin
1his mnge, a similar change in suction for both soils results
in approximately similar satumation chanpes. Ax snch, 1the
widih between the contours of 3% and 10084 effective
saturation as shown in Figure 10 are singlar for different
valoes of g, For the intermediate satumtion range, the
soil with the higher g, exhibiiz a narrower range of mction
change (see Figure 11). Thes, the contour width for 2085
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to &% effective smituration is found to be narower in a
higher g soil than that in a lower g, sod (Figure 11).

4.1.3. The setureiion paramelers Sy and S

Figures 12a and 12b present phreatic sarface and effectve
sturation prodiles on the MEE wall model caloalated m
the lowest and the highest magmitudes of 5, (003, 0035,
0L08, and 010} and S, (0.7, 0.8, 0.9, and 1.0}, respec-
tively The saturation parameters 5, and 5 of the il
might affect the distribution of water contents in the sol.
both cutside and inside the protection zone. However,
theze satumbion pammeters doonot affect the distribution
of water comtent representad in terms of effsctive o
ration. The sturation parmmeters Sg, and S, of the soil
hine a pegligible effect on the phreatic surface.

4.2, Effect of the van Gemmdhien pammeiers

of the geotextile

4.2.1. The van (remuchien paraneicr g

Figure 13 presemis the effective sturation profiles along
the soil=geotextile interface for vanous magnitudes of g,
of the geotextile. This interface is outside the protecied
zone The efective saturation profiles along the imerfacial
zection increase with depth for all g, valoes, and are found
to reach full saturation at a depth of 1.0 m below the
surface. It is clearly shown that an increase in g, refllects an

increase im the degree of satumtion along the imterfacial
section. The mturation profiles at shallow depth are Found
1o be slightly diffesent from each other, but the stuation
profiles 28 greaier depth become notable depending on the
pammeier T,

The capillary barrier phenomenon plavs an important
mle in the degree of ssturstion at the soi
inderface. Previous studies, ie, Stormont ef af. (1997
Hemry er al, (2001 §; Irye and Fowe (3003}; Irvo and Rowe
(M), Batburst of ai. (3007, H09Y; Siemens and Bathorst
(2011, Zoroberg e af, (20000 and Bounzea er ai. (200 3),
reparied that geotextiles mary acl as coarse graim soil and
can either facilitale or obstruct dramage Aow depending
on the sviumiton condibions of the soil and peciexbles
Under unsaturated conditions, the Mow of water from
smaller to larger pore size materials s obstrocted by
capillary break. and hence, water sccumulates at the inters
face. This phenomenon occwrs umtil the magnitode of
suction at the interface decreases to a critical soction level
At this poant, the bydmulic conductivities of the two
materinks reach the same value, and waler beeaks throaph
ihe mierface.

Figare 14 presents the hydraubic conductivily functions
of the spil and geotextile a various g, valees of the
geotexiile. The magnitudes of the critical soction for all
cases amne low, with water found not 10 permeate throagh
e imerface a1 high suction lkevels. Thas, the siumiion
peodiles 3t high saction levels are not sppreciably different
hetween all cases (Figure 13). Althowgh the critical sucs
tiom in all cases is fownd 10 be low, the magnitodes vary
between cases (Figure 14). A high g valoe of the geo-
iextile yields a low magnitode of crtical suction and
subsequently resulls im oa higher satumtion at high
salaration kevels

4.2 2, The wan (seauchiten porameter g,

Figure 15 presemts the effective ssturation profiles along
1hie sodl=geotextile interface for vanicas magnitudes of g
This mterface is ouixide the protected zone. It is evident
that the g pammeter has lidtle effect on the elfective
satumtion profile along the soil=geoiextile interface. The
parameter g, doss oot alfect ibe pore size of the magerial
and thus the capilary barsier, resulting in a sfight differs
ence in the degree of sstaration at the imterface for various
magnitndes of g,.

4205 Fhe Safanedion paraniiers Spe and S
Frgures 162 and 16b present phreatic surface and effective
salurmtion profiles oo the MSE wall model calculated at
e bowest and hiphest magmitudes of 5 (0003, 005, 008,
and 0100 and 5, (0.5, 0.6, 0.7, and 0.8}, respectively
Similarty to the saturation parameters 5 and £, of the
soil, the satumtion pammeters 5., and 5, of the geo-
iextile do not affect the distribwtbon of water content and
e location of the phreatic surface.

4.1 Effect of hydraulic conductinity ratin

The level of the phreatic surface inside the protected zone
iz vital io the siabdlity of the MSE wall. The lower phreatic
surface level mesults in a lower waber content inside the

Grenrviiielics Janemar il




14

Wit ol RSE wel (m)
a4 o6& 0A WD 12
L | WL = =
B R
S, ™ BED o S P

LA

14
1

Wicth of MSE wll [mj

un.-u:uuumuu-m
T T 5

1S 3 et
B, R0 oy ™ BT 2

E & E

Oiapth of MEE sl (e

Chimdulicipriia, Merpibulng, S Kaw et al

Wit ol WMSE wall (m)

08 o ©Aa 132
]

oo
g

14 1A
]

B b

E iy ™ BT =l B 1R
!!
B
i

W ol WSE el (m)

04 0& S8 w0 12 14 18

T T T

iy D, R

| g, = B ey By = 1B

Dapth of MESE sl ()

Fipgase 12, Phreathe surfaces (ol lise) amd cffective ssturation peofiles in the Y5 E sode Tor the lowost and highes vlees of 5_ (a2) and

K 1) of sails secipned in the mseriesl ecperiment

protecied zone and hence keads 1o higher stability for the
will. In mast of the simalation casex, the phreatic surface
fzvel inzide ibe profecied zone drops close 1o the batiom-
maost part of this rome. However, higher phreatic surface
levels are still found in some cases. 1t is known that fow
across 2 houndary between two materials of defferem
bvdmalic conductivities might rsult in 2 efmcion of the
flow direciion, as shown in the iop rght of Frgure 17. The
relationship between the reflected angles and the bydrao.
lic conductivity of the materials i wrilten as

tame ks
-
tame. i

13}

In ather words, ibe mtie of the hydmoubc conduoctivity of
geocompasile materials to that of scdl may affect the
phreatic sarface in the protected rone. Figores 172 and
I'Th show the phreatic surface in the protecied rone for
various raiios. between the ydralic conductivity of tbe
geotextile and that of spdl and miios between the hydmulic
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Figure 13, Fiffective sapsrstion proles alosg the soil-geoieuile
imierlace: for varioms sagnibades of g of peoteutile

conductivity of the pronet and that of soil. respectively Ax
ihe geotextile exhibits andsoiropic behaviour i daimage
Tunctions, the effect of the hydmulic conductivity of the
geotextile, both in the bieral and lengitudinal directions,
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on the phreatic surface in the prodected. zone muost be
imvestigmied. Hence, the mtio between the hadmukc
conductivity of 1he geotextile in the lxeml direction and
thad of soil (£ p 1) @nd the ratio between the hydmulic
conductivity of the gestextile in the longitudinal direction
mdﬂmdmﬂlﬁ.___!mnhnimnmm
The phreatic surface plots shown in Figure 17a indicate
that Krwne i 230d Kriosi sy do not affect the phreatc
surfnce in the IDme.

Figure |17b preseniz the effect of ihe mlio between
the bydmulic conductivity of the geonet and that of soil
(K p) om the phreatic =arface in the protected zome A
arge K, valoe is found ot the lower phreatic suriace
level in the protected zone Further reduction of ihe
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phreatic surface level is not observed when the magnitude
of &, ., & greaier than 1763, The vanaton of the phreakic
surface level dwe 8o the effect of other parmameters
studied (Cases 1=38) s indicaled by the grey shaded
arei in Figure 176 The small band in the grey shaded area
indicaies that there is litle variation in the phreatic surface
fzvel in the prodecied rone due to any change in ihe other
studied paramieiers. These results clearly mdicaie that the
phreatic sorface level in the prodecied zone &= mainly
governzd by the magniinde of Kppe.

5, COMCLUSIONS

The drainage ability of procomposites, which consists of a
core munenal with a large flow channel (geonet) mnd-
wiched by two nomwoven geotextile loypers, was invesiis
galed through largesscale MSE wall model etz The

sondied effectively prevents the flow of water imto the
reinforced rone by collecting waler in the nnreinforced
zone amel draiming it in front of the wall face. Comparizons
between the' deformations of the M3E wall models with
and withowo! peocomposite imstallation indicate  that
the MESE wall with a geoccomposile s [ar saperior to
ihal withowi a geocomposite. Numencal models wese
established to condoct parametnc stodies. The following
conclusions can be drawn as a result of this ezeanch.

{ly The WRL of the soil refllects the distribution of
effective ssturation in the soil both inside and outside
the protecied zones The WRC of the geodextile
reflects the distribution of effective sataration in the
soil both inside and ouizide the protected rone.

{2} The ‘capillary barrier’ phenomenon plays a role
in the distribution of effective saturation af ibe
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Figase 17. Variation in plecatk surface i the protected zene Tor
(&) varims raties betuecn the hydrsdie cenductivity of the

goebentile s thal of sobl and (¥ varos ratios berescn e
hiydrsulic comduetiviry of the goonet and that of ssil

soil=geotextile mierface. The lower magniiode of
suction whene the water permeates through the
inlerfzoe results in a greater amount of waler
accumalation &t thi interface.

i3} The phreatic surface in the polecied zone is governed
ey the mtio between the bydramlic conductivity of
the geonet and that of the soil {Krea). The lower
magnitnde of £ resulis in a higher phreatic surface
level in the protected rone. As the pheatic sarface
level in the protected xone is vital for the stability of
the MSE wall, a proper magnisde of permeabiligy
for the gronet mest be used siech that ibe water
tahle level mside the protected zome i low and close o
ihe base of the protected zone. This approach is
similar o the convenbional design method i which
canifidate materials are selected for collecting and
imnsmitting sepage water, whose impsmisdvity
muast be greater than the required flow mie.
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MOTATION
Basic 5] units are given in parentheses

fr,  specilic gravity (=}
g, fitting parmmeter (m~"}
g, [fithng parmmeter (=)
g fithing pammeter (<)
& eotal head (m)
hy  suction head {mjp

Kooy matio between the hydraolic conductivity of
geonet and that of soi (=)

Ky mtio between the hydraulic conductivity of
geotextile in longitudinal direction and that
af soil (=)

K vt dony  Ttio between ihe hydmulic conductivity of

geotextile in longitudinal derection and that
of soil {=)
k& saturated hydraolic conductvity (mf)
k; relative bydraalic conductivity (=)
&k, ydralic condoctivity in the x direction {m's)
iy, hydmalic conduoctivity in ibe F dimection (mds)
§  degree of studion (=)
&, effective degree of saturation {=)
N degree of stnmation at residual waber
comkenk {=§
85 degree of siuriion at zem sucton §=j
I time (s}
a  reflected angle (%)
maximrum dry mnil weight -|'H||'ru:':|
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