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ASSOCIATION

This thesis aims to investigate influence of individual MSE wall dimensions and
geocomposite back drainage properties to steady state effective saturation degree (Sep)
and the highest water level inside protected zone (h,). The geonet transmissivity (7o)
is main parameter which reflects geocomposite drainage capacity and be expressed
[rom geonet thickness (/,/) and geonet permeability (kue,). In addition, a linear model
was conducted by Plaxis simulation to estimate value of 4,. This &, estimation is in
relationship among influences of length from upstream water to the drainage face (L);
soil permeabilities (k); and geonet transmissivity (7). Lincar equation establishing
utilized wide range of different native and backfill soil hydrological properties as
permeability. Verification results of proposed linear equation for estimation of 4, value
indicate high accuracy and identical in comparing with Plaxis simulation.

According to the main contents in Chapter | presents the statement of the
problems and the objectives of this research thesis. The gap of knowledge of previous
literatures link to thesis topic. In Chapter 11, the importance of MSE wall dimensions,

geocomposite back drainage properties with geonet transmissivity, have been presented



v

in several previous literatures. Chapter III presents steady state groundwater in
mechanical stabilized earth walls of various dimensions with geocomposite back drain
installation. This chapter content indicates influences of MSE wall shape parameters on
the 4, and Seyy in MSE protected zone with a geocomposite back drain. Other than the
relevant shape parameters, the influence of geonet transmissivity, which is a main
component of geocomposite drainage systems, was also investigated. Chapter 1V
presents 4, estimation in MSE wall with geocomposite back drain by linear association
analysis. The lincar equation is established in relevant relationship with MSE wall
shape parameter (1), soil permeability (k) and logarithm geonet transmissivity (log7 er).
Good verification result of linear equation for 4, estimation in relevant relationships is,
thercfore, vital for the design of MSE wall against failure. Chapter V presents all
conclusions and recommendations for this thesis. More practical and theoretical
suggestions about expansion of research in MSI: wall model arc shown for the future

works.
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CHAPTER I

INTRODUCTION

1.1 Statement of the problem

Nowadays, the mechanically stabilized earth (MSE) walls have been significant
considerations as feasible in cut and fill works for highway construction through
difficult terrains as mountainous areas. By unpredictable climate changes as high
precipitation, that caused massive impacts to internal and external stablility of wall
reinforced area. That extremly weather condition caused understimated failure of MSE
wall through two hydrological key varied objectives such as water content distribution
and the hihgest water level inside the reinforced zone. Some preliminary work was
carried out several years ago reported failure modes in MSE walls (Yoo and Jung 2006;
Koerner et al. 2011, Kim and Borden 2013, Koerner et al. 2013, Koerner et al. 2015;
Thuo et al. 2015, Robinson et al. 2017, Koerner et al. 2018, Albino et al. 2019). Internal
instability was partly caused by the wide distribution of water content inside the
reinforced zone (Valentine et al. 2013, Koerner et al. 2018, Bui Van et al. 2017, Albino
et al., 2019). Iryo and Rowe (2004) and Thuo et al. 2015 reported serious reductions in
shear strength of the soil in the reinforced zone due to extreme precipitation. Koerner
et al. 2018 reported that up to 41% of all internal failures were caused by the poor
performance of the drainage system. It follows that the installed drainage system must
have a high enough capacity to drain sufficient water in extreme conditions. To

combine high drainage capacity and ease of installation, drainage systems installed in



many geological structures, including MSE walls, have frequently used a geocomposite
comprising a geonet core with a large flow channel sandwiched by a nonwoven
geotextile (Zornberg et al. 1995, McKean and Inouye. 2001, Koerner et al. 2011,
Koerner et al. 2013). This type of geocomposite system installed as a back wall drain
for an MSE wall is the focus of this study.

Although geocomposite drains in MSE walls have been spotlighted in various
reports, their approach is not enough comprehensive, particularly the influence of
factors affecting geonet transmissivity. In advance the year 2010, Dickinson determined
the relationship between geonet transmissivity and geonet thickness. In research of
Giroud et al. 2014 and Yarahmadi et al. 2017 studied the reduction of hydraulic
transmissivity of geonet due to effects of creep deformation. Reports about the
influence of geocomposite properties on hydrological responses in MSE walls are
limited. Chinkulkijniwat et al. 2017 concluded that the capillary barrier phenomenon
plays a role in the distribution of effective saturation at the soil-geotextile interface and
Bui Van et al. 2017 found that the ratio between geonet permeability and permeability
of the soil on the upstream side affected the phreatic level in the reinforced zone.
Clearly, further knowledge about the influence of geocomposite properties on
hydrological responses in and around MSE walls is still required to inform the design
of geocomposite drains in MSE walls. Other than geocomposite properties, the
hydrological properties of the relevant soils also play an important role in hydrological
responses such as the distribution of water content and the location of the phreatic
surface in MSE walls. A number of studies reported the effect of hydrological
properties of the soil on hydrological responses in MSE walls (Zornberg et al. 1994,

Christopher 1998, Valentine 2013, Portelinha and Zornberg 2013, Vahedifard et al.



2017). In mountainous terrain, where heavy rainfall could raise the upstream water level
due to huge amounts of rainwater flowing from high ground towards an MSE wall (Bui
Van et al., 2017), the hydrological responses in the MSE wall were also governed by
the relevant shape parameters. These parameters included the level of the upstream
water table, the distance from the upstream water to the drainage face, the depth below
the wall of the impervious rock interface, and the width and height of the reinforced
zone.

Refer steady-state unconfined flow in rectangular-flow systems, Clement et al.
1996 investigated the effect of flow domain aspect ratio on the height of the seepage
face, which is the difference between the phreatic surface at the exit and the downstream
water level. They found that effects on the seepage face were diminished for long,
shallow flow domains, while the position of the phreatic surface was relatively
insensitive to downstream water level for deep flow domains. Saeedpanah et al. 2011
reported that the length of the groundwater flow path plays a more important role in the
flow rate than the upstream water level does. Despite their importance to hydrological
responses, the relevant shape parameters are yet to be investigated thoroughly enough
to comprehensively explain their influence on hydrological responses in an MSE wall.
A well-calibrated numerical model, computed in the Plaxis environment and introduced
by Chinkulkijiwat et al. 2017, was further elaborated with regard to the effect of scaling.
To ensure the validity of the Plaxis-based model on different scales, it was established
using identical shape ratios at double the size of the physical model. The calibrated
model was further employed to perform a series of parametric studies focusing on the
influence of the shape parameters and geonet transmissivity on hydrological responses

in the modeled MSE wall.



Futhermore, research results of thesis were also utilized for linear association
analysis for adapting and provide a convenient and simple linear equation for estimation
the variation of h, following the relationship among many influenced parameters such
as native and backfill soil permeability (k), MSE wall dimension (L), geonet
transmissivity (Tret). The linear model provides an ease for practical via linear equation
uses. Good linear estimation of h, in relevant relationships is, therefore, vital for the
best design of MSE wall against failure.

Based on practical problems, we conduct the research in this thesis with topic
investigating influence of the dimensions of MSE walls and relevant geocomposite
properties as well as for soil properties on steady-state hydrological responses and assist

drainage design.

1.2 Objectives of the study

1.2.1 To investigate the influences of individual MSE wall geometric
parameters and backfill soil properties to the changes of water saturation degree (Ser)
and the highest water level inside reinforced zone (ho).

1.2.2 To study the influences of geocomposite back drainage properties
through geonet transmissivity (Tnet) Via geonet permeability (knet) and geonet thickness
(tnet) to the variation of ho and Serf in MSE wall protected zone.

1.2.3 To propose linear equation for ho estimation in relationship among the

MSE wall dimension (L), soil permeability (k) and geonet transmissivity (Tnet).



1.3 Organization of the dissertation

This thesis consists of 5 chapters and outlines of each chapter are presented as
follows:

Chapter I: Introduction. The part of introduction, describing the statement of
the problems, the objectives of the study and the organization of the dissertation.

Chapter II: Literature reviews

Chapter 111: Steady state groundwater in mechanical stabilized earth walls
of various dimensions with geocomposite back drain installation. In this chapter the
influences of all considerable MSE wall geometric parameters and backfill soil
properties to the changes of effective water saturation degree (Ser) and the highest water
level inside reinforced zone (ho) are investigated comprehensively. In addition, a series
of study the influences of geocomposite back drainage properties through permeability
(Knet), transmissivity (Tnet) and thickness (tnet) of geonet to (ho) and (Setr)

Chapter IV: Groundwater estimation in MSE wall with geocomposite
back drainage: linear association analysis. IN order to propose a linear equation for
ho estimation in relationship among the MSE wall dimension (L), soil permeability (k)
and geonet transmissivity (Tnet). The linear model provides an ease for practical via
linear equation uses. Good linear estimation of h, in relevant relationships is, therefore,
vital for the best design of MSE wall against failure.

Chapter V: Concludes the present work and suggests the topics for further

study.
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CHAPTER Il

LITERATURE REVIEWS

2.1 Introduction

The mechanically stabilized earth (MSE) wall becomes wider applying in cut
and fill works in the word since several years ago due to their advantages in engineering
and economic benefits that mentioned in many reports. However, under the
unpredictable climate change as heavy rainfall caused the high development of
hydrological risks that can impact to the internal stability of wall construction. A
growing body of literature has examined the failure of MSE wall due to lack of
sufficient water drain out of reinforced soil as well as poor drainage capacity. That kind
of failure accounted quite domain number of failure cases in comparative to other
failure reasons.

Several authors have attempted to define the appropriate material to design and
installation of MSE wall back drain. The composite material which consist of
comprising a geonet core with a large flow channel sandwiched by a nonwoven
geotextile has been indicated in many researches as being high potential for MSE back
drainage. Thoroughly, much work study on the potential of geocomposite drainage has
been carried out for proving appropriate water drain capacity.

Reports about the influence of geocomposite properties on hydrological
responses in MSE walls are limited. Besides, the influence of factors affecting geonet

transmissivity become a concern of researchers link to the comprehensive approach of
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geocomposite drainage system. Their reports emphasized the geonet core drain play as
domain water drain channel through its relevant hydrological properties such
transmissivity in linking to geonet thickness and permeability.

Various researches highlighted the hydrological responses of MSE wall with
back drain geocomposite are not only affected by hydrological properties of
geocomposite especially geonet but the influence of others factors in term of
dimensions such as geonet transmissivity and MSE wall geometric parameters; Backfill

soil hydrological properties inside reinforced zone.

2.2. Soil water modelling for unsaturated flow regime

2.2.1 Steady state flow

A steady flow mode was selected to calculate the final groundwater
states due to elevated upstream water. Steady-state flow conditions were focused in this
to quantify the final state of ground flow in MSE wall. Steady-state of unconfined
aquifer is considered as flow regime expressed that when the magnitude and direction
of flow is constant with time throughout the entire domain. With steady state flow
appearance, time is no longer an independent variable and thus the storage term in the
groundwater flow equation disappears; Since there is no change in the amount of water
stored in the domain (i.e. the hydraulic head and pressure at any points get constant
value over time

The realtionship of soil water is expressed to in term of total head and
total suction as well as. This kind of curve indicate the properties and relationship of
soil suction material and water content. Essential parameters which are used for

estimation the SWCC come from the determination of water content and suction for
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specific conditions maximum saturation degree (Ssaf)/maximum volumetric water
content (Gsat), residual saturation degree (Sres)/residual volumetric water content (Gres)

and air-entry value (o), and pore size distribution (n).
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Figure 2.1 Large scale testing model of MSE wall with geocomposite drainage system

by rising water level upstream (Chinkulkijniwat et al. 2017 and Bui Van et

al. 2017).
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In this thesis, core content is that under the impacts of groundwater level behind
the wall rise due to extreme precipitation, the phreatic surface changes and water
content distribution at steady-state condition present and determine critical conditions
at a particular upper stream state since the increase of water level in research. From
numerical model of MSE wall from highlight research of Bui Van et al. 2017 and
Chinkulkijniwat et al 2017, the high precipitation was reflected via the change of
groundwater behind the reinforced area. By conducting a series of Plaxis environment
for MSE wall modelling (Figure 2.2) in verification and calibration with physical large-
scale test in Figure 2.1. Their examination indicates the steady state VG parameter of
flow conditions; upstream soil permeability, and upstream water level influenced
majorly to the phreatic line inside and out side reinforced area, and for variation of water
saturation profile along vertical cross-section around geocomposite. However, they did
not comprehensively quantify the change of groundwater changes and water saturation
under for other influenced factor as MSE wall geometries and more geocomposite

properties.



13

!| 7
I [l { An'4 NL: Native lateritic soil
/\VVV VX CL: Compacted lateritic soil
K £ ¥ | ‘
A CS: Compacted sandy soil
| J ATATADAY, AVATATATS AT S Materials assigned to
! Detail A each scenarios =
! 2T g Outside | Protected Zone O| Zone | =
J )
A ~ N protected zone | zone i | =
S 7 l|/l heemexme % @Zone0) | (zonel) ||€|E| NL | cL
H_: :J [ Geonet | g
A f 8| N | cs
T il Y
|
N
: N
wli =
=l %
P, & A\
S\ / £
47 <
—/

Figure 2.2 Side view of Plaxis 2D numerical model geometry and mesh discretization

in Chinkulkijniwat et al. 2017 and Bui Van et al 2017.

2.2.2 Unsaturated flow model

There are many recent developments flow models in attempt to catch the
behavior of soil water characteristic at steady-state flow assumption through porous
media. One of the most outstanding and suitable models named Van Genuchten (VG)
(van-Genuchten 1980) (Eg. 2a) and expressed van Genuchten-Mualem model
(Mualem, 1976) (Eg. 2b) show themselves feasible using and closed catching hydraulic
behavior of soil material. Specifically, those models are noticed as close-form, smooth
curve and consist three-parameter model, which relate to particular physical meaning,
for indicating the relationship between soil suction capacity and water content. This
model has ability to approximate in wide ranges of soil types. They are employed to fit
the water retention curve (SWSS) and permeability functions (k — function) for every

porous media in the MSE wall problem typical shown in Figure 2.3.
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S _Sres _ H_Qres _ n™m
Se= Sei — S B 6., -0, —[1+(a‘hp‘) } (2.22)
k (S.) =S~ (A-S.'M)"T (2.2b)

In the above equations, S, is effective degree of saturation, S is degree of

saturation, S, is residual saturation at very high values of suction, S_, is the maximum

sat

saturation of saturated soil, & is residual volumetric water content, 6., is maximum

sat

volumetric water content of saturated soil, h_ is matric suction head, and k, is the

p
relative permeability coefficient: o [m™] and n are fitting parameters which represent
respectively the air-entry value of the soil and the rate of water extraction from the soil
once the air entry value has been exceeded: m, according to the Mualem hypothesis
(Mualem, 1976), is assigned the value 1-1/n . Steady-state flow conditions were the
focus of our study in order to quantify the final state of groundwater flow in the porous

media.
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Figure 2.3 Typical plot of hydraulic conductivity or k-function (Mualem 1976) for
studied geosynthetic materials in this thesis adapted from Bui van et al.

2017.

Typical plot of VG model fit curve or SWCC (soil water characteristic curve)
is shown in Figure 2.4 In addition, all available pore/void space or pore size distribution
(n) of material is considered as effect to the shape of SWCC fitting curve
(Chinkulkijniwat et al. 2017). There are such many previous, related to hydrological
responses to MSE wall, applied the steady unsaturated flow. Domain changing of van
Genuchten (van-Genuchten 1980) parameter such as « and n directly effect to
hydrological response such as water content and soil suction. Many changes indicate
the saturation profile especially for earth structural as MSE wall. However, with
geosynthetic material reflects high value of « and n, which also represent to high
draining capacity. That material become hot picking as replacement drain method by

using high permeability soil in practical conditions.
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Figure 2.4 Schematic diagram of soil water characteristic curve (SWCC) in adapted

from Chinkulkijniwat et al. 2017 and used in Bui Van et al. 2017.

2.3.  MSE wall failure state problems

2.3.1 Back drain installation

Experts have always seen core reasons caused the failure of many MSE
walls regard to thigh exceed pore water pressure due to high water content and ground
water level behind MSE wall that caused hydrological risks. Koerner et al in the year
2011 emphasized the importance of considering drainage control for geosynthetics
reinforced mechanically stabilized earth (MSE) walls (Figure 2.5). The geosynthetic
for reinforcing MSE wall consist of horizontal geogrid combine with geotextile (Figure
2.6. In their research the maximum vertical length of geocomposite back drain just read

2/3 or lower in comparative to the total wall height. Based on this point, for conditions
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of long-term rainfall, the groundwater domain rise over the top of back drain and

forward to backfill area behind the wall face.

/——- IMPERMEABLE MEMBRANE AND/OR A GCL

T =TT T
i Y /7\/ _ |||—|||—|||—u|—|||

GEOGR|D

#+-+-GEOCOMPOSITE DRAIN. = .

N adad ReRSk Ig" :
DRAIN ROCK SEPARATED y© o d',' o s E DO e i
BY GEOTEXTILE — f IR 1 R 5 GRAVELWRAPPED %
RS £y € PR B : WITH GEOTEXTILE .
Y RS N N
TUTEE o . SolEmRels N el e
_l”—"l”—mm_” = 21 DR __ERFORATEDPIPEDRAIN
B A :
A g —- . ¢ ' . . 7
e A ¢ $ TN SOLIDDRAINPIPE
DAYLIGHT TO FACE
(OR GEOCOMPOSITE)

Figure 2.5 MSE wall side section showing geocomposite back drain and outlet
system, geotextile filters, as well as a geomembrane surface

waterproofing layer (Koerner et al. 2011).

Koerner et al. 2011 aimed on statistic internal water drainage issues within the
protected soil mass within the reinforced soil mass by 46% and external water drainage
serious happened around the soil behind wall by 22% count in total 82 MSE wall failure
cases as research base data. There were 2 key drain controls mode which they
investigated such as high phreatic surface variation from the upstream to the wall face

and soil drainage capacity. His statement also concentrates on the importance of water
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drainage capacity for MSE wall construction. If without sufficient water drain out that
highly water rise near or close MSE wall construction is considerable because a bunch
of hydrostatic pressure happens caused lateral pressure leading MSE wall collapse.
Whenever MSE walls are built adjacent to, or even near to, of course standing or
flowing water, for especially extremely hydrological conditions as stream river, flood,

storm, must concern over a rising water surface must be taking care.

Figure 2.6 Back drainage set up behind MSE walls (Koerner et al. 2011).
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Addition in their research (Koerner et al. 2011) with low permeability backfill
soil will cause the mobilization of hydrostatic pressures and expansion of wet profile
behind wall face. Stand on their comprehensive research, the new proper method of
drainage control for MSE wall was proposed and suggested to mitigate the realistic
failures. Through that method, the hydrostatic pressure developed from improper
drainage control can be either internal or external with respect to the reinforced soil
mass.

In hypotheses regarding of Koerner et al. 2011, base drainage by assigning high
permeability soil types such as sand and/or gravels must extend beneath the reinforced
soil zones for cases where high water in adjacent streams and rivers are anticipated.
Furthermore, the backfill soil in the reinforced zone consists of fine-grained silts and/or
clays, it is felt to be a very dangerous practice to bring the surface water into the
reinforced soil zone. This research empathized the soil properties at wall base position
bring various impact to the groundwater drawdown.

Various approaches have been proposed from preliminary reports of Koerner
was carried out a series investigation for identifying in total 171 failure cases of MSE
wall due to poor drainage capacity in period from 2013 to 2018 (Koerner et al. 2013,
Koerner et al. 2018). Since 2013, there were noticeable 25 of the 63 (40%) internal
water failures of MSE wall and up to 41% of all internal failures were caused by the
poor performance of the drainage system indicated in Koerner report of the year 2018.
This reports also recommended necessary move the drainage system to behind the
reinforced soil zone and further more to couple it with the back and base drains (Figure

2.7). By applying this reinforced method, all possible water sources (with their
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accompanying hydrostatic pressures) are eliminated from penetrating the reinforced
soil zone.

Continuously, their research revealed and highlighted the various types of soils
used in the reinforcement zone with more than 171 case history failures of MSE wall.
Noticeably, it can be seen that approximate 103 (61%) of the failure cases used fined
grained soils such containing silt and clay. The reason for use of such soils is felt to be
their availability at allow or even zero cost in comparison to the cost of sand gravels

which usually have to be imported to the site.
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Figure 2.7 The drainage systems from within to behind the reinforced soil zone

(Koerner et al. 2011, Koerner et al. 2013, Koerner et al. 2018).

2.3.2 Backfill soil properties
In highlights of Yoo and Jung in the year 2006, they presented various
serious failure cases of a geosynthetic reinforced segmental retaining wall (SRWSs).
Specifically, the failure of SRWs was monitored in moon soon period time in Korea.

Wall geometry was 7.4 m high from leveling pad to the top of the wall crest, and
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appeared to have been reinforced with 5 m-long reinforcement layers at a uniform
spacing of 0.6 m in Figure 2.8. Mentioned wall construction was approach design to
adapt to internal, external and local stability.

By comprehensive stress-pore pressure coupled finite-element analysis
was additionally conducted with due consideration of both positive and negative pore
pressures in saturated and unsaturated zones of the wall (Yoo and Jung 2006). They
determined the essential reason causing wall collapse due to many effects of backfill
soil properties and others. Their research stated a low-quality soil, with a significant
percentage of fines, available at the site was used as the select fill, presumably assigning
an internal friction angle to the soil that is considerably greater than the actual value.
From reason determination, some suggestions were given as the first is geotechnical
properties of backfill soils must be frequently evaluated for their appropriateness before
let them into practical fill construction. In addition, their report emphasized complex
wall geometries took considerable influences to the global slope stability analysis
should be carried out for design cases with complex geometry.

Zornberg and Mitchell in the year 1994 indicated their paper about the
assessment on the utilize of marginal soils as natural material through evaluating the
performance of structures reported in case histories. The marginal soil contains high
percentage of silt and clay or low permeability, which need high consideration when
applying as backfill soil for reinforced soil structures.

From their research, permeable geotextile reinforcements may be
especially useful and suggested for soil structures with poorly draining backfills
because the drainage capabilities of the geotextile help to increase the structure’s

stability by dissipating excess pore water pressures.
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Figure 2.8 Wall geometry of failure surface obtained from limit equilibrium analysis

in Yoo and Jung 2006.

From their research, permeable geotextile reinforcements may be especially
useful and suggested for soil structures with poorly draining backfills because the
drainage capabilities of the geotextile helps to increase the structure’s stability by
dissipating excess pore water pressures. Although reported results have led to some
contradictory conclusions on the effects of impermeable reinforcement layers, there is
already strong experimental evidence that permeable reinforcements can effectively
reinforce poorly draining backfills (Zornberg and Mitchell 1994).

Vahedifad et al. 2017 utilized the fine-grained soil for his MSE wall model with
high fines content (over 30% of fines passing a sieve #200 sieve). This research was
performed on a wall constructed with marginal backfill (with high fines content) due to
rapidly increasing interest in using marginal backfills in construction of MSE walls to
reduce construction costs. The specific backfill soil properties are indicated in SWCC

and k-function in Fig 2.9. His research stated decrease in the effective suction implies



23

reduction in the shear strength of the backfill soil, which can lead wall failure. Or
mechanical strength parameters closely hinge on the pore water or water content spread
into soil mass behind the wall. As can be seen that water content development capacity

as controlling factor impact to soil strength in term of hydrological responses.
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Figure 2.9 (a) SWCC, (b) k-function in Vahedifad et al. 2017.

The backfill soil nowadays is usually noticed as marginal soil (lateritic soil) due
to the low construction cost of transportation especially in term of highway and earth
retaining structures. This type of soil, possesses suitable hydrological properties but fail
when meeting highly fined content and plasticity index requirements for mechanical
stabilized earth (MSE) walls, are of particular interest to the construction industry as a
potential replacement for granular backfill materials (Bui et al. 2017). The soil in Bui
et al. (2017) comprises 26% fine particles (-0.075 mm) with a P1 of 16%; thus, this soil
fails to meet the requirement for backfill materials (AASHTO 2002), which limits the
fine particles to no greater than 15%. The hydraulic conductivity of the lateritic soil at

the saturated state was found to be 0.34 m/day.
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Figure 2.10 (a) Grain size distribution of the studied soils and (b) SWCC of the

materials used in this study
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Table 2.1 van Genuchten model parameters of the materials used in Bui Van et al.

2017.

Materials

VG-VGM model parameters

8a (m_])

& ()

Srcs (_)

k (m/day)

Sandy soil
Lateritic soil
Geotextile
Geonet

20
0.8

20

600

L5

1.4

25
40

0.03
02
0.03
0

17
0.3456
2000 (320)*
69120

“Hydraulic conductivity of geotextile in lateral direction.

His research also utilized poor-graded sand soil (SP) from research of
Chinkulkijniwat et al. (2017), which brings high drainage capacity via high
permeability than lateritic soil for numerical model calibrating. Those conceptual
backfill soil types (lateritic soil and poor-graded sandy soil) seem as the input data for
MSE wall numerical modelling in Plaxis 2D environment. The VG parameter for all
soil types in his researches and their SWCC as well as grain size distribution of each
soil are shown in Figure 2.10 and Table 2.1.

Highlight form (Bui et al. 2017) that the WRCs of a soil outside the protected
zone has a negligible effect on the hydrological conditions of the soil inside the
protected zone, and vice versa. A greater fine particle content (lower ga (o) and gn (n)
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. Moreover, as for geonet properties and backfill soil properties, his
research figures out the ratio of the hydraulic conductivity of the geonet to that of the
soil outside the protected zone (Kouter) has an important role on the variation of the inner

phreatic surface (Figure 2.11). The capillary barrier affects the level of the outer



26

phreatic surface, particularly if the soil outside the protected zone has a high fine

particle content.
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Figure 2.11 Permeability ratio effect to the inner phreatic surface level adapted from

Chinkulkijniwat et al. 2017 and Bui et al. 2017.

Similarly, Albino et al. (2019) conducted numerical simulation to investigate of
water infiltration into a fine-grained reinforced soil wall using geotextiles in type of
non woven. A large-scale reinforced soil wall was constructed in the laboratory and
subjected to water irrigation to impose a controlled infiltration. The numerical

investigation was performed to provide insight into the overall infiltration process, with
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a particular focus on the hydraulic behavior at soil geosynthetic interfaces that was not
properly captured in the laboratory model. His results emphasized that geotextile
reinforcements were found to develop a capillary break, leading to the development of
positive pore water pressures in the soil overlying the reinforcements.

2.3.3 Extremely rainfall

Nowadays, with the unpredictable climate changes specially as heavy
rainfall, it is becoming negative effect to the stability of cutting or filled construction
as specific as MSE wall. There were many of researches attempted simulating raining
period to investigate the regime of ground flows which act through MSE wall. Severe
rainfall events result in substantial and unprecedented changes in the degree of
saturation within the unsaturated backfill of MSE walls, which can lead to failure of
these structures.

Also mentioned in research of Yoo and Jung in 2006, they conducted
infiltration analysis to quantify pore pressures in the reinforced and retained soils
arising from the rain water infiltration in a transient manner for use in the subsequent
limit equilibrium-based slope stability analyses for geosynthetic reinforced segmental
retaining wall. Finite-element modelling, for wall (Figure 2.12), as SEEP/W
enviroment was used to conducted a series of numerical simulation and undergo with
series of numerical results that various profile indicated the change of porewater
pressure behind the wall were established (Fig 2.13). They applied transient flow
condition with period time from June 1% to July 30". Those important profile bring
appropriate and comprehensive for new retaining wall design approaching under heavy

rain periods.
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Values in unit of kPa

(a) June 1 (b) July 1

(c) July 20 (d) July 30

Figure 2.13 Pore water pressure distributions at different dates during June and

July rainfalls in Yoo and Jung 2006.

Thuo et al. 2015 studied numerical models of ground reinforced soil (GRS) with
nonwoven geotextile drains (Figure 2.14). Research assumption subjected to rainfall
infiltration were developed to investigate the unsaturated hydraulic behavior and
stability of slopes constructed with nonwoven geotextile drains in thin layers of highly
permeable sand (i.e. sand cushions). The precipitation was simulated with many
scenarios to adapt to realistic weather condition. The numerical results indicated that
the sand cushions reduced the development of the capillary barrier effect by acting as

an intermediate material between the backfill and the nonwoven geotextile, which
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bridged the gap between two materials with very different unsaturated hydraulic
characteristics. The reduction of the development of the capillary barrier effect led to
the accumulation of pore water pressure above the nonwoven geotextile being

effectively dissipated downward.

Geotextile (separation)

200 mm Geocomposite
Coarse soil layer (drainage)
(drainage and filtration)

Figure 2.14 Wall construction with 200 mm thick layer of coarse soil cushion above
drainage layers to placing of locally available backfill soil (Thuo et al.

2015).

The sand cushions also acted as additional drain layers to facilitate the drainage
of water within the slope system (Figure 2.15 and 2.16). Thus, the inclusion of sand
cushions enhanced the local slope stability for soils above the top geotextile layer.

Based on the numerical results, methods for determining the occurrence of the capillary
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barrier effect are identified from the literature and discussed. The slope stability

indicated through the factor of safety (FS) reduction along with the increase of rainfall

intensity (Figure 2.13).
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Figure 2.15 Experiment setup (a), (b) numerical model, and (c) seepage velocity

vectors and pore pressure contour of the soil column infiltration test

(Thuo et al. 2015).
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From his research, the importance, for considering the hydrological responses

variation due to extreme precipitation, is repeat focused and emphasized especially with

earth retaining structural.
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Figure 2.16 Variation of slope stability with rainfall as (a) overall FS, (b) local FS for

soils above the top geotextile layer (Thuo et al. 2015).
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In cutting edge research of Robinson et al (2017), a series of numerical
simulation for investigating the impact of rainfall trigger (from long time precipitation)
to instability of slope through high development of pore water pressure increase inside
natural soil of slope. Their results are investigated along with time dependent with
increment of rainfall intensity. A numerical modeling are approached for more

comprehensive and appropriate in constancy to practical conditions in this research.

d) t=>5 days rg— e)t=7 days ~ f)t=15days

e

Figure 2.17 Pore-water pressure contour inside slope with time factor

(Robinson et al. 2017).

Research hydrological objects comprise as effective saturation degree and pore-
water pressure increment in their conceptual cross-section of slope. Under high a higher
rain intensity happened in ling time that causes an engineered slope or specific earth
retaining wall construction contain much water in void space in nature soil or more
rising of pore water pressure. That lead natural soil rapid is saturated and strength

reduction majorly and failure occurrences. In short time period, there were many
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significant rises of effective saturation degree in studied cross-section. The changes of
research objectives distributed along with the depth from top slope to the toe and to the
basic water level at slope base. Magnitude of that changes also varied considerable
following vertical and horizontal direction.
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Figure 2.18 Simulated suction stress for precipitation extremes along three cross-

sections.of slope modelling (Robinson et al. 2017).

The statement from Robinson et al. 2017 that there was a integration of
hydrological factor combine with climate analysis in serve for geotechnical work
degsin. A guantitative method also to compute the amount and quantify climate change-
induced changes in extreme precipitations may affect the performance of earth retaining
structure. The modeling approach introduced in this paper can be applied to other
geotechnical engineering structures, other regions and climate extremes as well, to

address the direct impact of climate change on geotechnical infrastructure
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Figure 2.19 Simulated effective degree of saturation (Se), along with percent relative
change in time, for baseline and projected precipitation extremes along

three cross-sections of the model slope (Robinson et al. 2017).

From Vahedifad’s research of the year 2017 recognized the high precipitation
in long time period become an extreme challenge for MSE wall construction. Various
figures of increased rain intensity due to climate change as well as occurrence of several
precipitation-induced failures in MSE walls emphasize the need to assess the resilience
of MSE walls in a changing climate. Increased rain intensity increases the degree of
saturation of unsaturated backfill, leading to a reduction in soil suction and soil strength
, and an increase in lateral earth pressures behind wall face and load to reinforcement
area. Some of typical model failure phenomena such as uplift (heave), subsidence,

internal erosion piping and slope instability (Vahedifad et al. 2017).



36

Condrats Blodks Drainage Backfill soil .
D . l ; g / Retained soil
BC=AG=5m st |
L=t | : - @4x0.6m
FG=10m k]
Hydraulic boundary conditions f / - 3 /
Closed: AB T
Seepage: AG & BD Sl ' f @5x0.4m
Prgcipitation: DEFG “" ,’ . |

} @0.2m » C

Foundation soil

Figure 2.20 Geometry of the model MSE wall used in VVahedifad et al. 2017.

His study conducted couple analysis as hydro-mechanical responses of a
mechanically stabilized earth (MSE) wall modelling (Figure 2.20) constructed with
marginal backfill to extreme rainfall events under a changing climate. Their results
highlight the importance of assessing potential impacts of climate change and
variability on the performance of MSE walls (Figure 2.21 to Figure 2.26).

This effect was more notable for 7-day rainfalls, in which up to 157% change
in effective degree of saturation was reached behind the wall when the initial suction is
60 kPa. Such an increase is even greater for the case with initial suction of 240 kPa,

where up to 667% change in effective degree of saturation was reached behind the wall

(\Vahedifad et al. 2017).
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Figure 2.21 Effect of change in intensity and duration of rain behind the wall on

effective suction with initial suction of (a) 60 kPa; (b) 240 kPa (Vahedifad

et al. 2017).
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Figure 2.22 Effect of rainfall intensity and duration behind the wall (x - xtoe ¥ 2 m)
on effective degree of saturation with initial suction of (a) 60 kPa; (b) 240

kPa (Vahedifad et al. 2017).
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Figure 2.23 Effect of rain on change in the volumetric water content for initial suction

of (a) 60 kPa; (b) 240 kPa (Vahedifad et al. 2017).
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Figure 2.24 Effect of rain on change in the mean effective stress for initial suction of

(a) 60 kPa; (b) 240 kPa (Vahedifad et al. 2017).
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Figure 2.25 Effect of rainfall intensity, duration and initial suction on the displacement
of the wall: (a) displaced wall with initial suction of 60 kPa; (b) displaced

wall with intial suction of 240 kPa (Vahedifad et al. 2017).

5 LU T TV Ty v Uiy iyl 5 TP rrrprrrprerrvyprrd
B Initial suction = 60 kPa ] B Initial suction = 240 kPa ]
- oo |nitial - = oo |nitial .
4r ++ t =1 day- Baseline ] g ++ t =1 day- Baseline ]
B 44 t =1 day- Projected - = 44 t =1 day- Projected
€3 N +— t=7 days- Baseline | €3 _ += t =7 days- Baseline _]
“"8 i e—e t =7 days- Projected ] “é i e t =7 days- Projected"
N 3 N -
N2 1 ~2[ —
1F - 1F -
0 L S TS RN 0 I B o Al B SRS AR AN AT N B A A i
0 1 2 3 4 5 0 1 2 3 4 5
(@) Tmax (KN/m) (b) Tmax (kN/m)

Figure 2.26 Effect of change in intensity and duration of rain on the maximum
reinforcement loads Tmax: (2) maximum reinforcement load for initial
suction of 60 kPa; (b) maximum reinforcement load for initial suction of

240 kPa (Vahedifad et al. 2017).
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One of the outstanding from (Vahedifad et al. 2017) that by greater influence of
extremely rainfall on the upper part of the wall was attributed to the hydraulic properties
of the marginal backfill used in finite element approach. It is obviously for the duration
of rain also could be used for determining factor of safety in MSE wall performance.
Furthermore, it was shown that the wall with higher initial suction was influenced more
by the extreme rainfalls than was the wall with lower initial suction.

Portelinha et al. (2017) conducted a full-scale geotextile-reinforced soil wall in
order to assess the characteristics of water infiltration and its effect on the structure
performance. An irrigation system was used to simulate controlled rainfall events and
the monitoring program allowed the evaluation of the advancement of infiltration and
internal geosynthetic drainage.

After breakthrough, water was also found to migrate along the geotextiles,
suggesting that the reinforcement layers ultimately provided in-plane drainage capacity.
While generation of positive pore water pressures (Figure 2.27) was not evidenced
during his tests, the advancing infiltration front was found to affect the performance of
the wall. The development of capillary breaks was found to retard the infiltration
process for the conditions in this study, retardation was 4 days per reinforced layer
(Figure 2.28).

Specifically, the infiltration front was observed to reach the bottom of the
geotextile-reinforced soil wall after approximately 30 days of irrigation. On the other
hand, the infiltration front was expected to reach the base of the wall in approximately

10 days without the development of capillary breaks.
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Figure 2.27 Volumetric water content measured in the upper reinforced soil layer: (a)

until 35,000 min and (b) until 10,000 min in test from Portelinha et al.

2017.
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Figure 2.28 Cumulative water volumes into the reinforced soil wall under high

precipitation from Portelinha et al. 2017.

In research of Bui Van et al. 2017 mentioned and simulated the effect of heavy
rainfall through the change of water level rise behind the MSE wall construction. In
their numerical model of MSE wall, the groundwater level behind an MSE wall is very
high, similar to the situation that may occur in mountainous areas during heavy
rainfalls. The water level at 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 greater than 24 hours. VG parameter influenced to changes
of water saturation around protected area with different soil type scenarios along

elevation from the wall height are shown in Figure 2.29.
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Figure 2.29 (a) Effective saturation profiles along the vertical sections around

geocomposite interface for varying a (ga) values of the native lateritic soil

for the L-S scenario and (b) for the L-L scenario in Bui Van et al. 2017.

In his research the phreatic line alternation is examined under the research
scenarios for different types of soil inside and outside reinforced area. By differential
native soil permeability of lateritic soil and sandy soil at upstream, the change of
phreatic line varying also indicate as different inside and outside, also lower phreatic

line inside reinforced area come from the high water drain out when water move to
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geocomposite drainage system. The specific change of phreatic line via series of

variation VG model parameters as shown in Figure 2.30.
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Figure 2.30 Variation in the phreatic surface outside the protected zone for varying

a (9a) values for lateritic soil from Bui Van et al. 2017.

2.4  Geocomposite material properties

The geocomposite material, which include geonet as core drain and covered

sandwiched geotextiles, appears very high drainage capacity due to their high

permeability with high open-sized mesh in comparative to normally backfill soil.

Typical application of many kinds geosynthetics are appropriated system or porous

layers in order to reinforce earth fill construction/retaining wall/MSE wall drain out

water or reduce water content separate widely behind wall face. Depend on specific

surrounded hydrological condition, geocomposite material has various way of



45

hydraulic behavior to adapt and reduce the negative of hydrological responses. The
hydraulic behavior of permeable geosynthetics within unsaturated embankments
subjected to infiltration is examined using the finite element method is becoming
concern in many literatures.

There were many researches attempted to investigate comprehensively
hydraulic properties of geocomposite material especially be the main drainage core
geonet. Dickinson (2010) determined the relationship between geonet transmissivity
and geonet thickness through a series of laboratory testing and in-situ large-scale
testing. Giroud et al. (2014) and Yarahmadi et al. (2017) studied the reduction of
hydraulic transmissivity due to creep deformation.

2.4.1 Geotextiles properties
The geotextile properties were outstanding in research of Iryo
and Rowe (2005) and their results of hydraulic behavior of geotextile material become
the basic information in term of hydrological properties for many research. The specific
detain of hydraulic properties as shown in Table 2.2. In this paper, they used van
Genuchten — Mualem (Mualem 1976) unsaturated flow model is employed to evaluate

unsaturated hydraulic characteristics for both the soil and nonwoven geotextile.

Table 2.2 Basic relevant properties of geotextile (Iryo and Rowe 2005).

Mass per unit area, m, (g/m?) 310
Thickness of geotextile, Zyeq eyl (MM) 3
Porosity, n, 0.92¢
Saturated hydraulic conductivity in plane direction, kg seoextile plane (M/5) 2.3x1072
Saturated hydraulic conductivity in cross plane direction, ke geoexiile cross (/) 3.5x107
Tensile strength in machine direction (kN/m) 21.6
Tensile strength in cross to machine direction (kN/m) 17.2

“Estimated value assuming unit weight of polyester Yy, = 12.75 kN/m’.
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Figure 2.31 (a) Wetting phase WRC geotextiles reported and of the geotextile used in

the physical test, and (b) WRC of all geotextiles assigned to the numerical

experiment by Iryo and Rowe (2003) (Chinkulkijniwat et al. 2017).

Their study shows that nonwoven geotextiles contact water flow possible in

conditions where the pore pressure is negative as seem as no water inside void space.

That point proves they acted as a sufficient drainage material in above conditions. The

paper is also shown that the contribution of the nonwoven geotextile to the stability for
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embankment as a horizontal layer drainage material, is much less substantial than its
role as a reinforcing material.

Iryo and Rowe 2005 varied van Genuchten — Mualem model parameters for the
soil were obtained based on consideration of typical published values combined with a
parametric study of the infiltration into unreinforced embankment. Varied values
consist n = 1.5, 2.0, 2.5; a = 0.25, 0.4, 0.8 (1/kPa); ksat = 1.0, 1.3, 2.0, 4.0, 6.0, 10.0 x
10-5 (m/s); and Sres max = 90, 92, 95, and 100%. The most significant parameters were
n and o. A suitable combination was selected based on a comparison of the behavior
and volumetric water content profiles to the observed values. The water characteristic
curve and the hydraulic conductivity function for the soil deduced from this study are
shown in Figure 2.31 and Figure. 2.32. These water characteristic curve and the
hydraulic conductivity function are deployed and citied in many research papers as

Chinkulkijnwat et al. 2015 and Bui Van et al. 2017.
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Figure 2.32 Hydraulic properties for sand and geotextile: (a) Water characteristic

curves. (b) Hydraulic conductivity functions in Iryo and Rowe 2005.
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Bahador et al. (2016) studied numerical simulation to investigate the effect of
geosynthetic layers on moisture distribution and plastic deformation of paved and
unpaved road sections. This geosynthetic layers consisted of a geonet, and a nonwoven
geotextile with VG model parameter. Their properties, VG model parameter and SWCC

is shown in Figure 2.33 and Table 2.3.

Table 2.3 van Genuchten parameters and hydraulic conductivity for materials in the

modeling of Bahador et al. 2016.

Saturated water ~ Residual water Saturated hydraulic
Material content, 6 content, 6, a(l/kPa) n conductivity (m/s) References
Silty sand (subgrade) 0.270 0.0 0.012 1.331 102107 EICM
Crushed stone (ABC) 0.239 78% 1072 0.320 2750 130107 Henry et al. (2001)
WE geotextile 0.754 00 257 1.680 34 %107 Stormont and Ramos (2004)
NWP geotextile 0.60 0.0 3.801 6.900 6.60X 107 Stormont and Morris (2000)
Geonet 0.850 50X 107 50.251 2190 100X 107! Ramos (2001)
Asphalt 0.13 — — — 122107 Cooley et al. (2002)

Highlight conclusion from his research that the seepage analysis showed that
during the simulated rainfall infiltration, the geocomposite increases the suction in
subgrade by up to 8 kPa and decreases the suction by up to 3.6 kPa in Figure 2.34. The
stress-deformation analysis showed that increasing the pavement thickness increases
the hydraulic effect and decreases the mechanical effect of the geocomposite with
regard to the total plastic deformations in both the paved and unpaved road sections.
The geosynthetic, as for high permeability or high drainage capacity, is considered as
appropriate replacement for traditional water drain out method than as soil drain or

other material.
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Figure 2.33 (a) Moisture characteristic curves; (b) unsaturated hydraulic conductivity

curves (Bahador et al. 2016).
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Figure 2.34 Pore pressure contours in the profile: (a) without geocomposite; (b) with
woven-fabric geotextile transport layer; (c) with non-woven geotextile

transport layer (Bahador et al. 2016).

In research work of Koerner et al. 2015 is an overview of design and using
suitable geotextile in practical wall construction. Inadequate performance of geotextile
filters under difficult and challenging field conditions are also figured out in this
research. His research data based on series of collecting in-situ for failure of earth
structures with geotextile installation. Highlights of his research include detail
statement about 4 key criteria that caused practical failure of earth construction as
design plan; typical soil related to failure; unusual permanent related to failure; and
installation related to failure. Without excessive using of geotextile for covering and
installing inside soil wall, bring more stable and effective drain out water capacity. Inter
term of natural soil behind the wall contain much poorly graded granular soils such
sand and gravel with high permeability, the problem of either designing a more open
geotextile allowing fine soil such as silt and clay to penetrate or conversely a tighter

geotextile resulting in excessive clogging. In addition, flow conditions wherein the
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water is alternating much when across the geotextile from many factors as rainfall,
steam, river, that needle design in carefully and comprehensive. In related to this thesis,
the point form Koerner et al 2015 enlighten the distance from installed location of
drainage system to wall face, as well as soil backfill and natural play an importance role
to whole construction perform in against to negative hydrological impacts (Figure

2.35).

Shoulder

Geocomposite
edge drain
' Th Soil subgrade |

- Geocomposite

. edge drain

(b)

Figure 2.35 Installation lead failure problems for geotextile as drainage system: (a)
Occurrence of large void beneath a highway pavement preventing intimate
contact of the upstream geotextile, (b) Suggested remedy for backfilling
large voids via hydraulically placed sand with the geocomposite edge

drain moved to the shoulder side of trench (Koerner et al. 2015).
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2.4.2 Geonet hydraulic transmissivity

In some cutting edges of various papers, they emphasized the highly
effects of geonet thickness or the open-sized of geonet material variation to the changes
of hydrological responses such as permeability and transmissivity of drainage system.
Three well-known researches of them include Dickinson (2010), Giroud et al. (2014)
and Yarahmadi et al. (2017).

In research of Dickinson (2010), he determined the relationship between
geonet transmissivity and geonet thickness. By conducting a series of experimental
results from physical testing to examine the thickness and hydraulic performance of
three geosynthetic clay liners (GCLs) overlying a geonet (Figure 2.36) when subjected
to vertical stresses with time (i.e. creep test). Results from fixed ring flow tests suggest
that the indentations in the GCL caused by intrusion into the underlying geonet do not
appear to negatively impact the hydraulic performance permittivity or resistance to
internal erosion of the particular GCLs tested for the conditions examined The flow
capacity of the geonet in these tests was found to depend not only on the amount of
GCL intrusion but also on the orientation of the geonet relative. The steady state
permittivity of the GCL when underlain by a geonet was 3.8 x 10 (s') and when
underlain by saturated sand was 2.0 x 107 (s%). The permittivity was likely higher with
a geonet because there is less consolidation in between the geonet ribs. The increase in
permittivity for a GCL overlying a geonet need not be a problem provided that the
slightly higher permittivity is taken into account in design. Permittivity of the GCL with
time was calculated from the imposed flow rate and measured cell pressure using

Darcy’s Law (Figure 2.37).
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Figure 2.36 Geonet material in research of Dickinson (2010).
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Giroud et al. (2014) stated that the flow in porous media, such as geosynthetic
and granular drains, is often nonlaminar. That nonlaminar flow can vary in character
from semi-turbulent to turbulent, depending upon the flow velocity, which is related to
the hydraulic gradient. An exponent on the hydraulic gradient is used in the relationship
among the hydraulic gradient, the apparent flow velocity, and the saturated hydraulic
conductivity or transmissivity to quantify the degree of turbulence of the flow in porous
media. They confirmed that flow is very turbulent for geonets between two plates that
are both rigid and smooth (exponent on hydraulic gradient = 0.53 - 0.546) and for
rockfill (for 0.54). That change of hydraulic gradient against hydraulic conductivity is

shown in Figure 2.38.
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Figure 2.38 Generic curve of hydraulic conductivity or transmissivity (logarithmic
scale) as a function of hydraulic gradient (logarithmic scale) from Giroud

et al. (2014)
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This conclusion was not as intuitively apparent as the parallel conclusion for
granular soil because geonets are compressible and, as a result, the size of the flow
channels decreases as the compressive stress increases, reducing flow velocity. In
addition, in their research, However, geonets are modern geonets with low
compressibility, the flow regime does not appear to be affected by compressive stress
over the range of stresses considered herein.

Yarahmadi et al. (2017) studied the reduction of hydraulic transmissivity due to
creep deformation (Long-time compressive stress on geosynthetics material).
Specifically, in this study the effect of ribs geometry on hydraulic behavior of geonet
materials was investigated. geonets are classified to two main categories named tri-

planar geonets and bi-planar geonets (Figure 2.39).
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Figure 2.39 (a) Tri-planar geonet; and (b) bi-planar geonet

(‘Yarahmadi et al. 2017).
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As for the hydraulic behavior of the two types of geonet was almost similar in
low compressive stresses up to 200kPa regardless of their ribs geometry. However, the
reduction in flow capacity was dependent on the structure of the geonet in compressive
stress higher than 200kPa, and was smaller for the tri-planar geonet in which flow is
governed by the main ribs set. The drainage capacity of the tri-planar sample was 2.3-
3.0 times of that of the bi-planar sample at all four values of hydraulic gradient for the
higher stress level. Additionally, in bi-lanar geonets, the sudden drop in drainage
capacity is attributed to ribs reorientation. Although the lower ribs orientation remains
almost unchanged, upper ribs slip over the lower ones and their orientation changes
from almost vertical in low compressive stresses to almost horizontal in high

compressive stresses.
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Figure 2.40 Transmissivity as a function of hydraulic gradient

(Bourges-Gastaud et al. 2013).
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Bourges-Gastaud et al. (2013) investigated numerical method for the
transmissivity study of drain-tube planar geocomposite which includes many kinds of
geosynthetics material especially geonet as main core drain due to it high
transmissivity. The head loss was the research objective. The transmissivity, albeit
controversial if not correlated to one specific hydraulic gradient, is commonly used to
as a guide in designing geocomposites. Transmissivity is defined as the ratio of the flow
capacity of a single tube to the hydraulic gradient and so depends on the hydraulic
gradient because of non-laminar conditions (Figure 2.40).

From research of Chinkulkijniwat et al. 2017 and Bui et al. (2017), they
investigated the properties that predominantly affect the hydraulic behaviors of the
MSE wall with geocomposite installation are the hydraulic conductivity of the
geocomposite, the variation in the hydraulic conductivity with the degree 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) has a large and single
pore size attribution (2) can be completely dried and saturated under suitable
magnitudes of suction.

One of the hydrological responses, the phreatic surface in the protected zone is
governed by the ratio between the hydraulic conductivity of the geonet and that of the
soil (Krnet). The lower magnitude of Kipet results in a higher phreatic surface level in
the protected zone (Chinkulkijniwat et al. 2017 and Bui et al. 2017). 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.
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2.5 MSE wall dimensions to seepage responses

The shape variation of MSE wall play an essential role in the hydrological
responses and the internal as well as external instability. This term is mentioned and
become a hot topic in many researches. Moreover, the research methodology has been
applying popularly by numerical simulation due to its convenient and reasonable.

In this thesis, a well-calibrated numerical model, computed in the Plaxis
environment and introduced by Chinkulkijiwat et al. (2017), was further elaborated
with regard to the effect of scaling. To ensure the validity of the Plaxis-based model on
different scales, it was established using identical shape ratios at double the size of the
physical model. The calibrated model was further employed to perform a series of
parametric studies focusing on the influence of the shape parameters and geonet
transmissivity on seepage responses in the modeled MSE wall

Clement et al. (1996) investigated the effect of flow domain aspect ratio on the
height of the seepage face, which is the difference between the phreatic surface at the
exit and the downstream water level. His research used a series of finite element
analysis in order to investiagte the groundwater behavior at steady state via the change
of model dimension. Also in this research, the main objects are comprise as the flow
vector through the rectangular domain (Figure 2.41).

They found that effects on the seepage face were diminished for long, shallow
flow domains, while the position of the phreatic surface was relatively insensitive to
downstream water level for deep flow domains. The aspect ratio of rectagular domain
flow is also exmined for the changes of phreatic line curve in ter of geometric

investiagtion.
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Figure 2.41 Flow vectors corresponding to the variably saturated model

(Clement et al. 1996).

In his research, the rectangular flow is affected by the scale of flow dimension,
model aspect ratio, sensitivity of soil properties. The sensitivity of seepage face height
to the scale of the problem was observed in this research. problem using
a two-dimensional, finite-element, variably saturated flow model, and observed that
the seepage face did not scale to the problem dimensions. In term of flow scale, several
squarely flow domain problems were solved using both the variably saturated and the
fully saturated flow models. His statement concluded as more water flows through the
vadose zone (where the nonlinearity arises) in a smaller-scale problem than in a larger-
ale problem. Hence, the disparities between the fully saturated flow model and variably

saturated flow model results are more pronounced in smaller-scale problems. This
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effect should be of particular interest to those trying to model laboratory-scale

experiments.
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Figure 2.42 Variation of the phreatic surface predicted by the variably saturated model

owing to changing downstream levels for the square (Clement et al. 1996).

As for the influences of aspect ratio to seepage sensitivity in Clement et al. 1996,
Three rectangular-flow area as considered as 10 m x 10 m, 5.0 m x 25 m, and 25 m x
5.0 m. The length-to-height aspect ratio of the problems are 1,0.2, and 5, respectively.
His results in Figure 2.42 reflected that in square problem with an aspect ratio of unity,
the absolute length of the seepage face decreases significantly with an increase in the
tail-water level. That come from the decline for seepage-face height get to be due to a
decrease in the discharge through the system at lower hydraulic gradients coupled with

the concurrent increase in cross-sectional area for flow at higher tail-water levels. For
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the long problem, with an aspect ratio of five, no seepage faces are discernible for the
various downgradient conditions (Figure 2.43) indicating that the effects of seepage

faces are diminished for long, thin problems.
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Figure 2.43 Variations of the phreatic surfaces predicted by the variably saturated
models owing to changing downstream open-water levels for the

‘elongated’ (Clement et al. 1996).

Refer to the influences of soil properties head to rectangular flow, Clement et
al. 1996 agreed for that steady-state water tables and seepage faces are insensitive to
changes in the hydraulic conductivity. His studies results indicated varied discharges
are directly proportional to the changes saturated hydraulic conductivity of assign soil

model. As similar to this thesis, hydraulic properties of an unsaturated soil are described
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by soil-water retention and relative-permeability functions, as described earlier as the
Van Genuchten (1980) and Mualem (1976). Conceptual VG parameter results in Figure

2.44 and Figure 2.45.
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Figure 2.44 Sensitivity analysis of the variably saturated flow model to the Van
Genuchten parameter a for the square slow problem (Clement et al.

1996).

His research noted that for small VG parameter values as n in presentative for
poorly sorted media, the low permeability of the unsaturated zone forces the variably

saturated flow model to behave like a fully saturated flow model. By contrast, for high
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values of a, the low water content in the vadose zone forces the variably saturated flow

model predictions to approach those of the fully saturated flow model.
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Figure 2.45 Sensitivity analysis of the variably saturated flow model to the Van
Genuchten parameter n, for the square embankment problem (Clement et

al. 1996).

Saeedpanah et al. 2011 reported that the length of the groundwater flow path
plays a more important role in the flow rate than the upstream water level does. Despite
their importance to seepage responses, the relevant shape parameters are yet to be
investigated thoroughly enough to comprehensively explain their influence on seepage
responses in an MSE wall. In this research, the groundwater level is examined under
the impact from many factors such as shape function via finite element method (FEM)

and finite volume method (FVM) are popular numerical schemes for the solution of
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ground water flow problems. Some of satisfied results from Saeedpanah et al. 2011 as

shown Figure 2.46, 2.47 and 2.48 for the change groundwater level under impacts of

leakage phenomena, distance from the tidal source as stream source.
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Figure 2.46 Fluctuation of groundwater head in the leaky confined aquifer at t % 3 h

with specific leakage L % 0, 0.01 and 0.05 (Saeedpanah et al. 2011).
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Figure 2.47 Fluctuation of groundwater head in the leaky confined aquifer att = 3 h

with specific leakage L = 0, 0.01 and 0.05 (Saeedpanah et al. 2011).
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Figure 2.48 Piezometer head fluctuations at 100 m from the coast with L = 0.01, 0.05

in 1 day (Saeedpanah et al. 2011).
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A novel of Saeedpanah et al. 2011 research approach is for radial point
interpolation meshless (LRPIM) method is introduced to investigate the influence of
leakage on coast tidal response in a coastal leaky to confined aquifer system, based on
a local weighted residual method with the Heaviside step function as the weighting
function over a local sub-domain.

It is widely agreement with that wall shape parameters play important roles in
the mechanical responses, and hence internal and external stabilities of an MSE wall
(Roy and Singh 2008; Stuedlein et al. 2012; Kibria et al. 2014). However, the effect of
these shape parameters on the seepage responses in an MSE wall are not yet to be
investigated or even very few. That point of above literatires encourage this thesis will
focus on the effect of wall dimension or wall shape parameter to seepage response. This
research point is based on the effect wall dimension noticed in ressearch of Roy and
Singh 2008; Stuedlein et al. 2012; Kibria et al. 2014.

Roy and Singh 2008 examined MSE walls cases, which failed in the final stages
of its construction, was constructed after foundation soils were strengthened with
prefabricated vertical drain installation and preloading. Using pre and post
consolidation shear strengths the MSE walls were redesigned. Reconstruction involved
prefabricated vertical drain installation at the second site and construction of stabilizing
berms at both locations. The facilities are now operational and appear to be performing
satisfactorily. Also, the series failure cases occurr for MSE wall investigation as can be

seen typically in Figure2.
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Figure 2.49 MSE Failures at research area in Roy and Singh 2008.

Soil material in this research as considered as sand backfill material, a friction
angle of 35° and belong to cohesionless soil were deemed necessary for internal
stability of the MSE wall. The reinforcing bars in this research as strips were bolted to
180 mm thick interlocking reinforced concrete facing panels with four strips
connected to a single facing panel. Their report of MSE wall failure cases for each

construction steps are shown by graphic in cross-section of Figure 2.50.
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Stuedlein et al. (2012) concluded the effect of MSE wall shape to the wall

construction instability as the reinforcement load within the very tall west MSE wall

increased at a rate greater than that predicted by theoretical overturning stresses alone.

Given that MSE walls behave as relatively flexible rather than rigid structures, the

reinforcement stiffness may have significantly contributed to the development of high

reinforcement loads within the bottom tier of the west MSE wall as well as the observed

differential settlement Figure 2.51 and Figure 2.52. In most cases and considering the

plane strain friction angle estimated from the measured direct shear friction angle, but

capped at 44°, the Ehrlich and Mitchell method provided the most accurate overall

estimate of reinforcement loads for both walls, especially at full height and intermediate

wall heights greater than 20 m. The mean bias values ranged from 0.79 to 1.27.
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Figure 2.51 Development of reinforcement strains and stresses as a percent of yield

stress at the North MSE wall (Stuedlein et al. 2012).
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stress at the West MSE wall (Stuedlein et al. 2012).
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The Mechanically stabilized earth (MSE) walls offer simple construction
techniques, pleasing aesthetics, and cost-effective solutions as an alternative to
conventional gravity walls (Kibria et al. 2014). Their research processed a case study is
presented on a MSE wall located on State Highway 342 in Lancaster, Texas and conduct
the numerical model simulation (Figure 2.31). The horizontal movement of the MSE
wall was monitored between 300 and 450 mm within 5 years of construction. Through
research results, inadequate reinforcement length was one of the contributing factors

that caused horizontal displacement of the MSE wall.
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Figure 2.53 Cross section of MSE wall (qualitative) (Kibria et al. 2014).

The effects of soil in reinforced on excessive movement of the MSE wall play
an important role (Figure 2.53). So that their research pick that effect as main objective

research and conducted numerical analysis to simulate it. Overall stability of the MSE
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wall was determined using the phi-c reduction method in PLAXIS 2D finite element
software (Figure 2.54). The variations in displacement with reinforcement length
suggested that a substantial decrease in displacement occurred for an increase in L/H

ratio from 0.5 to 0.7 (Figure 2.55 and 2.56).
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Figure 2.54 (a) Geometry of MSE wall; (b) mesh connectivity (Kibria et al. 2014)
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Figure 2.55 Maximum horizontal displacement 287 mm (arrows indicate direction of

movement of MSE wall) (Kibria et al. 2014)
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Figure 2.56 Overall factor of safety of 1.2 (arrows indicate direction of movement of

MSE wall) (Kibria et al. 2014)



73

+ Wall height 12 m ® Wall height 8 m 4 Wall height 4 m

900 -
£ 5

800 F *
£ i
g 700 L N
3] ! ~
g 600 | N N
Z 500 | N
[ E S~ o
g 400 | LA
.§ L S~
3 300 T R2 = 0.96
~ : n TTTeeee
éé 200 F

100 [ R? =0.98

0 E [ . ——mm e ——— A m—————— Y VT T— = —————— -y l{) = 082
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Wall height/Reinforcement length (L/H)

Figure 2.57 Effect of reinforcement length on horizontal displacement of MSE wall

(Kibria et al. 2014).

Xu et al. (2014) reported 3D numerical experiments with modelling depicture
in Figure 2.58, that indicated the downstream water level decreased at greater insertion
depth ratios: i.e. a ratio between penetration depth and distance from the tip of the pile
to the impervious layer. The wall geometries were focused in this studied for
investigating wall performances under their influences. In their literature, the design of
a deep retaining wall, it is necessary to consider the blocking effect on groundwater
seepage of retaining walls in aquifers. In this study, both laboratory tests and numerical
simulation with finite element method (FEM) were adopted to investigate the blocking
effect on groundwater seepage under different insertion depths of retaining wall in
aquifer. The time duration to reach stable groundwater head remains at around 30 min

when insertion depth ratio (J) is less than 70% and then time duration increases with
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the increase of J. The difference of groundwater heads between the upper and lower

sides of the impervious plate increases with the increase of J when J is greater than
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Figure 2.58 Three-dimensional finite element model of laboratory test adapted from

Xu et al. (2014).

Finally, through this series of laboratory increment of hydraulic gradient

remains constant between the upper and lower sides of the impervious plate. The depth

ratio plays as double-wall geometry that caused the change of hydraulic gradient as well
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as the drawdown of groundwater in comparison to practical construction. When J is less

than 70% (Figure 2.59), however, (Ai) increases with the increase of J when J is greater

than 70%.
0 0 T T T T l T T T T l Ll T T T 'l T Ll T T 'l T

_ Aiyy =0.21+0.0001eV V115 (R? =0.974) ]
~ \ -
< A AAA A
SRUEY YT _ ALLAAMAANANAA]
) T~ [ ]

. p— - =R O O A
-U = — -
E | /7 ~ o ]
) i

0.4 F A, = 0.18+0.045¢0 11633129 (g2 =0.984) ~ ~

[ Laboratory

o
[= )

—

.l!(”\_.

= AOTEQ - 1 - A - H
[ Regression line for Ai

. ] N
L . y .
*“m-' O J’[m’ N
L A s, N\

- , |
Nipy = 0.20+0.027¢V 707 (R* = 0.988) N

Increment of hvdraulic

08 -~ FEM — ]
- laboratory G Io)E) B K ]
L - - - Pujades et al's equation (2012) ;

loba— s b 1
0 20 40 60 80

J %

Figure 2.59 Relationship between increment of hydraulic gradient and insertion depth

ratio adapted from Xu et al. (2014).

2.6 Linear analysis for maximum water level (ho) in protected area

Also as given as failures happened in mechanical stabilized earth (MSE) wall

with back drainage system during long term rainfall that mention in above section

especially in highlight research of Koerner et al. 2015, Koerner et al. 2018, Yoo and

Yung et al. 2006. Through the maximum level changes of phreatic surface in the
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protected zone of MSE wall, h,, reflects the effectiveness of the drainage system and
also suitability selection of soil backfill and native in practical works. The wide
distribution of water content in the protected zone was a major source for many types
of failure. To control this water distribution, the backfill soil must consist of least fine
particle and the level of phreatic surface inside the protected zone must be minimized.

There are number of literatures reported influence variables that affect the
magnitude of ho such as Chinkulkijniwat et al. 2017, Bui Van et al. 2017, La Duong et
al. 2020. However, very few of the previous attempts reported influence of MSE wall
dimensions on the variation of phreatic surface in the protected zone. Also, few
researches did not integrate and quantify well the rise of h, with all influenced factors
that lead uncomprehensive research for practical wall design.

One of highlight finding from previous reports as La Duong et al. 2020
emphasized that there were many factors influence to the ho variation such as soil
hydrological properties, drainage properties, and the wall dimensions mentioned. Their
research drawn a significant correlation existed as linear association between the rate of
fall in ho with geonet transmissivity (Tnet) and proposed a linear equation with highly
coefficient of determination (R?) greater than 0.96. This value bring reliable estimating
of ho among other relevant influenced factors of MSE wall model.

The mainly results of La Duong et al. 2020 are the main core content of this
thesis (refer Chapter I11). On the other hand, via their report, permeability coefficient of
the soil on the upstream side governs the rate at which h, falls with increments of Tyet,
and the linear line slope ratio by 36:1 proves not much different from permeability
coefficient ratio by 49:1. Nonetheless, their research limited calibrating ho rise by using

wide range of soil permeability for MSE wall backfill and native.
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Based on above statements, by numerical simulation, this thesis desires to
estimate the linear association rise of h, comprehensively with geonet transmissivity
(Tnet) in successor from research of La Duong et al. 2020. Moreover, other relevant
influenced factors are focused and integrated in final linear analysis especially for
proposing mathematic equation. The wide extension of soil permeability range, for
representative for each soil type in practical, is successful picked from previous reports
(Konukcu et al. 2004, Szymkiewicz et al. 2015, Acharya et al 2012). Selected
influenced factors to h, for linear analysis in this study comprise the geonet
transmissivity (Tret) in presentative for geocomposite drainage properties; MSE wall
dimension as distance from the upstream water level to the drainage face (L); native and
backfill soil permeability (k).

The linear model provides an ease for practical via linear equation uses. Good
linear estimation of h, in relevant relationships is, therefore, vital for the best design of
MSE wall against failure. Conceptual numerical input data were based on 180 Plaxis-

2D experiments conducted.
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CHAPTER Il
STEADY STATE GROUNDWATER IN MECHANICAL
STABILIZED EARTH WALLS OF VARIOUS
DIMENSIONS WITH GEOCOMPOSITE BACK DRAIN

INSTALLATION

3.1 State of problem

Mechanically stabilized earth (MSE) walls have been widely used in cut and fill
works for highway construction through mountainous areas. Although MSE walls are
very effective for cut and fill works in sloping ground, several MSE wall failures during
heavy rainfall have been reported in previous research of Yoo and Jung 2006; Robinson
et al. 2017 and Vahedifard et al. 2017. Internal instability is one of the most often
reported failure modes in MSE walls (Koerner et al., 2011; Koerner et al., 2013; Thuo
et al., 2015; Robinson et al., 2017; Koerner et al., 2018; Valentine. 2013; Thuo et al.
2015; A. Chinkulkijniwat et al. 2017; Bui Vanetal. 2017; Robinson etal. 2017. Heavy
rainfall might cause an increment of water content and phreatic level in MSE wall, and
hence the drop of soil suction. Based on the extended Mohr-Coulomb criterion
proposed by Fredlund et al. 1978, cohesive strength is divided to two components: (1)
cohesion ¢’, and (2) apparent cohesion due to suction. Escario and Saez. 1986, among
others, reported from their test results a nonlinear drop of the apparent cohesion due to

increment of water content, and hence suction drop. Iryo and Rowe 2004 and Thuo et
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al. 2015 reported serious reductions in shear strength of the soil in the reinforced zone
due to extreme precipitation. Koerner et al. 2018 reported that 41% of all internal
failures were caused by the poor performance of the drainage system. Other than
internal stability, Zhang et al. 2015 reported the influence of water content on external
stability of retaining walls. In order to avoid high water content in MSE wall, drainage
system must have a high enough capacity to drain sufficient water in extreme
conditions.

To combine high drainage capacity and ease of installation, drainage systems
installed in many geostructures, including MSE walls, have frequently used a
geocomposite comprising a geonet core with a large flow channel sandwiched by a
nonwoven geotextile (Zornberg et al. 1995, McKean and Inouye 2001, Koerner et al.
2011, Koerner et al., 2015; Koerner et al., 2013). Utilize of geocomposites drain has
been conducted as geosynthetics reinforcements with high in-plane transmissivity not
only provide mechanical reinforcement to the unsaturated marginal fill, but their
drainage properties can prevent destabilizing water flow configurations in reinforced
constructions (Mitchell and Zornberg 1995, Christopher et al. 1998). This type of
geocomposite system installed as a back drain for an MSE wall is the focus of this
study. Although geocomposite drains in MSE walls have been spotlighted in various
reports, most of these works focused on aspects of material properties, particularly the
influence of factors affecting geonet transmissivity. Dickinson 2010 determined the
relationship between geonet transmissivity and geonet thickness. Giroud et al. 2014 and
Yarahmadi et al. 2017 studied the reduction of hydraulic transmissivity due to creep
deformation. Reports about the influence of geocomposite properties on seepage

responses in MSE walls are limited. Chinkulkijniwat et al. 2017 concluded that the
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capillary barrier phenomenon plays a role in the distribution of effective saturation at
the soil-geotextile interface. Bui Van et al. 2017 proposed that the outer permeability
ratio, defined as a ratio of geonet permeability to permeability of upstream soil, affected
the phreatic level in the protected zone. No correlation between the phreatic level in the
protected zone and the permeability ratio was provided since only 4 simulation cases
related to the outer permeability ratio were conducted in their report. This study
conducted a series of numerical experiment for further elaborating the finding in Bui
Van et al. 2017.

Other than geocomposite properties, the hydrological properties of the relevant
soils also play an important role in seepage responses such as the distribution of water
content and the location of the phreatic surface in MSE walls. A number of studies
reported the effect of hydrological properties of the soil on seepage responses in MSE
walls (Zornberg et al. 1994, Christopher 1998, Vahedifard et al. 2017; Albino et al.
2019). Previous significant research reports indicated the build-up of pore water
pressure (i.e. The appearance of wide distribution of water content inside protected zone
occurred in backfill soil walls due to low permeability and high fine content particle
(Santos et al. 2010; Koerner et al. 2013; Valentine. 2013). In mountainous terrain,
where heavy rainfall could raise the upstream water level due to huge amounts of
rainwater flowing from high ground towards an MSE wall (Bui Van et al., 2017), the
seepage responses in the MSE wall were also governed by the relevant shape
parameters. These parameters included the level of the upstream water table, the
distance from the upstream water to the drainage face, the depth below the wall of the

impervious rock interface, and the width and height of the protected zone.
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Theoretically, these shape parameters affect groundwater flow geometry and, hence,
related seepage responses.

For steady-state unconfined flow in rectangular-flow systems, Clement et al.
1996 investigated the effect of flow domain aspect ratio on the height of the seepage
face, which is the difference between the phreatic surface at the exit and the downstream
water level. They found that effects on the seepage face were diminished for long,
shallow flow domains, while the position of the phreatic surface was relatively
insensitive to downstream water level for deep flow domains. Saeedpanah et al. 2011
reported that the length of the groundwater flow path plays a more important role in the
flow rate than the upstream water level does. Despite their importance to seepage
responses, the relevant shape parameters are yet to be investigated thoroughly enough
to comprehensively explain their influence on seepage responses in an MSE wall.

In this thesis, a well-calibrated numerical model, computed in the Plaxis
environment and introduced by Chinkulkijiwat et al. 2017, was further elaborated with
regard to the effect of scaling. To ensure the validity of the Plaxis-based model on
different scales, it was established using identical shape ratios at double the size of the
physical model. The calibrated model was further employed to perform a series of
parametric studies focusing on the influence of the shape parameters and geonet
transmissivity on seepage responses in the modeled MSE wall. Results from this study
will reinforce research into the influence of the dimensions of MSE walls and drainage

properties on seepage responses.
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3.2 Governing equations

Steady-state of unconfined aquifer is considered as flow regime expressed that
when the magnitude and direction of flow is constant with time throughout the entire
domain. With steady state flow appearance, time is no longer an independent variable
and thus the storage term in the groundwater flow equation disappears; Since there is
no change in the amount of water stored in the domain (i.e. the hydraulic head and
pressure at any points get constant value over time. Steady-state flow condition is also
chosen in order to quantify the final state of ground flow which act in homogeneous
soil mass against phreatic surface growth in this conceptual numerical simulation. In
addition, under the impacts of groundwater level behind the wall rise due to extreme
precipitation, the phreatic surface changes and water content distribution at steady-state
condition present and determine critical conditions at a particular upper stream state
since the increase of water level in research.

The equation governing transient water flow for a two-dimensional
homogeneous anisotropic material within an unsaturated porous medium is given as
follows:
o°h K o’h 06

—~ (3.1)

k S0 1k, 0 =
o’ Yoy’ ot

where @ is volumetric water content which defined as volume of water presents
in a unit volume of soil mass, h is the total head, k, and k, are the unsaturated
coefficients of permeability in the X— and y— directions, and t is time. When the

variables describing the water states at a given point do not change in time, the flow is
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treated as steady, the time derivatives in the equations of motion are zero and Eq. 1
becomes
o°h o°h

kxyﬁ'kyy:o (32)

To supplement Eq. 2, constitutive equations are required, relating o, k,, and
k, to h. Inthis study, the van Genuchten model (Eg. 3a) (van Genuchten 1980) and

van Genuchten-Mualem model (Eqg. 3b), which is an integration of the van Genuchten
model with the Mualem hypothesis (Mualem 1976), were employed to approximate the
water retention curve (WRC) and permeability functions for every porous media in the
MSE wall problem. These models are later named in this paper as VG and VGM model,

respectively. The models gave the following equations:

S _ S—Sres < Q—Hres :|:1+(a|hp

) Ssat - Sres gsat P gres ) :| (338')

k (S,) = S2°[- @-S¥™)"T’ (30)

In the above equations, S, is effective degree of saturation, s is degree of

saturation, S, is residual saturation at very high values of suction, S, is the maximum

sat

saturation of saturated soil, €. is residual volumetric water content, 6_, is maximum

sat

volumetric water content of saturated soil, h is matric suction head, and k, is the

p
relative permeability coefficient:  [m™] and n are fitting parameters which represent

respectively the air-entry value of the soil and the rate of water extraction from the soil
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once the air entry value has been exceeded: m, according to the Mualem hypothesis
(Mualem, 1976), is assigned the value 1-1/n . Steady-state flow conditions were the
focus of our study in order to quantify the final state of groundwater flow in the porous

media.

3.3 Materials and methods

Figure 3.1 presents a sketch of a physical model designed to investigate
responses in an MSE wall with a geocomposite installation as a back drain under high
upstream ground water level. This large-scale model was established by
Chinkulkijniwat et al. 2017 who also reported the results from tests conducted with this
model filled with sandy soil. Basic and hydrological properties of the studied materials;

including sandy soil, lateritic soil, geotextile, and geonet, are given in Figure 3.2 and

Table 3.1.
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Figure 3.1 Sketch of the physical test model and its instrumentation: (a) plan view of
the model, (b) side view of the model, (c) sketch of bearing reinforcement

(adapted from Chinkulkijniwat et al. 2017 with permission).

Figure 3.2a presents grain size distribution of the sandy soil and the lateritic
soil. Since the problem in this study involves with water flow into the MSE wall, the
wetting phase water retention curve (WRC) of the corresponding materials must be
obtained. Figure 3.2b present the wetting phase WRC of sandy soil, lateritic soil, and
geotextile. Nonlinear regression was conducted fit the VG model (Eg.3a) to the
measured WRC. The best-fit VG model parameters of the studied materials are also
given in Table 3.1.

Although we obtained the wetting phase WRC from the previous studies
(Chinkulkijniwat et al., 2017 and Bui Van et al., 2017), determinations of WRC are
briefly given in the following paragraph for clarification. Different techniques were
employed to obtain the curves. The wetting phase WRC of the geotextile was obtained

from a capillary rise test (Lafleur et al., 2000).



91

The wetting phase WRC of the sandy soil was obtained using double-walled
triaxial cell. Due to difficulty of direct determination of wetting phase WRC in the
lateritic soil, the drying phase WRC of the lateritic soil was obtained using a pressure
plate apparatus (ASTM D6836-02).

After getting the best-fit VG model parameters for the drying phase WRC of the
lateritic soil, every VG model parameter values for the drying phase WRC were
assigned to the wetting phase WRC except the parameter a, which was twice as high as
that for the drying phase WRC (Kool and Parker 1987). The VG model parameters of

geonet was based on the physical meaning of the VG model parameters.
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Figure 3.2 (a) Grain size distribution, (b) WRC, and (c) permeability function of studied
sandy soil, geotextile, geonet and lateritic soil utilized in this study (adapted

from Bui Van et al. 2017 with permission).
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The o parameter is related to the largest pore size and the n parameter is related
to the pore distribution. 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 (Sres = 0.0) and
completely saturated (Ssat = 1.0). With respect to the first consideration, high values of
a and n reflect a large pore size and a more uniform pore size distribution, respectively.
Hence, high a and n values were assigned to the geonet. According to Chinkulkijniwat
et al. 2017, the geonet parameters o and n were assigned values of 600 m™ and 40,
respectively. These values were summarized after finding that the calculation results
were no changed after assigning magnitudes of a greater than 600 m™ and n greater than
40. Since it is easier to measure WRC than to measure the permeability function,
estimation of the permeability function can be achieved through the model parameters
extracted from WRC of the corresponding material.

Figure 3.2c plots the permeability function of every materials used in this study.
At low suction (high saturation) level, the geonet permeability is much higher than the
permeability of the other studied materials. In this condition, the geonet accepts water
flowing from its adjacent material and collects water to drain away at the downstream
side. The geonet permeability, however, drops sharply with suction and becomes
notably lower than the permeability of the other materials. At high suction (low
saturation) level, the geonet is filled with air, and hence no water flow across the

boundary between the geonet and its adjacent material.
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Table 3.1 Basic and relevant physical and hydraulic properties of studied sandy soil,

geotextile, geonet (adapted from Chinkulkijniwat et al., 2017) and lateritic

soil (adapted from Bui Van et al., 2017) utilized in this study.

Physical property Hydraulic property and VG model parameter
Soil

material -

¥ Gs PL LL Permeability a N | Sa | Sres

(kN/m®) Q] (%) (%) (m/sec) (my | G | 6 Q]

Sandy soil | 15.0 2.74 1.97x10* 20 15 | 1.0 0.03
zg‘itle”“c 1827 | 275 26 42 4.0x10° 08 |14 |10 | 02
Sg(c:)synth Porosity | Open size| Weight per |Thickness | Permeability |Transmissivity [Permittivity| o n Saat Sres
material -) (mm) area (kg/m?)|  (mm) x102 (m/sec) | x10 (m?/sec) |(sec™) (mY | () ) )
Geotextiles 0.9 0.15 0.339 25 2.3(0.37)? 57.9(9.26)° 9.23(1.48)° | 20 25 0.8 0.03
Geonet 1.0 5.0 80 0.004 160 600 40 1.0 0.0

4 Permeability of geotextile in lateral direction.

bTransmissivity of geotextile in lateral direction.
¢ Permittivity of geotextile in lateral direction.

In the remaining part of this section, model preparation, test procedure and test

results reported by Chinkulkijniwat et al. (2017) are briefly mentioned for the sake of

clarification. The sandy soil, geocomposite drain, reinforcement of the wall facing and

instrumentation were carefully positioned in the model. Groundwater flow during the

test was activated by the difference of water levels in upstream and downstream water

tanks. The water level in the downstream tank was kept constant at a depth of 0.4 m

(+0.0 m) using a control weir. The water level in the upstream tank was increased

stepwise from a depth of 0.4 m (+0.0 m), to 0.8 m (+0.4 m), 1.1 m (+0.7 m, and 1.4 m

(+1.0 m). Increments in water level in the upstream tank were made when steady state

was observed, which was indicated by steady water content values, detected by Time

Domain Reflectometry (TDR) probes.
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Figure 3.3 (a) Water saturation profiles, phreatic level and (b) time series plot of water

content adopted from the physical model test reported in adapted from

Chinkulkijniwat et al. (2017) and the corresponding calculations.

Figure 3.3 presents time series plots of water content at M2, M6, and M8 TDR

probes and distribution of water content and groundwater levels at steady state in sandy

soil for an upstream water level of +0.4 m, +0.7 m, and +1.0 m. At any height of

upstream water, the groundwater level decreased through the wall face and dropped

drastically in the protected zone (or reinforced zone). The water content values in the
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protected zone were also much lower than that outside the zone. These measurements
showed that installation of high permeable geocomposite could prevent water flow to

the protected zone effectively.

3.4 Numerical simulations

A series of numerical experiment was conducted using the finite element code
Plaxis. Figure 3.4 depicts the discretized finite element mesh for the MSE wall model
and the shape parameters investigated in this study. The shape parameters included the
height of the wall (H), the width of the protected zone (W), the distance from the
upstream water source to the drainage face (L), and the distance from the wall base to
the impervious boundary (D). The “groundwater flow only”” mode was selected for the

Plaxis calculations.

Geocomposite materials
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Figure 3.4 Plaxis model of mesh discretization and the relevant shape parameters of

MSE wall with back drain using geocomposite.
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Fifteen-node triangles were assigned to the generated models, and a very fined
mesh with an average element size of 0.05 m was selected. The very fined meshing
bring much accuracy interpolation than others as coarse and medium mesh. On the other
hand, very fined mesh with accuracy for small sacle interpolation when extracting value
of research objectes such as 4, and S.. The mesh size much expansion near the left,
right, upper and bottom model boundaries. That is in purpose that avoid the boundary
effect in simuation. Since the hydrological related properties; including permeability
and VG parameters, had to assigned to the geotextile and geonet, the geotextile and
geonet in this study were prescribed as soil materials having own hydrological related
properties. Finer meshes of fifteen-node triangle was also assigned to the geotextile and
the geonet. Dirichlet boundary conditions with prescribed pressures were imposed on
the left, right, and upper boundaries of the model, and the bottom boundary of the model
was defined as impermeable. The left and right boundaries were assigned hydrostatic
pressure whereas the upper boundary was assigned atmospheric pressure. Interface
setting up is not applined for studied materials in this numrical simualtion. This is
because the model desires the continious at many materials for indicating the continious
phreatic water level from the upstream to downstream water level, and water saturation
profile inside protected area. Groundwater flow was simulated by applying hydrostatic
pressure according to the upstream water level equal to any desired height. Time steps
were automatically assigned by the software. At each time step, the nonlinear
differential equation (Eq. 2) was solved iteratively using a modified Newton-Raphson
model. In each iteration, the increment of the groundwater head was calculated from the

imbalance in the nodal discharge and added to the active head. This process continued
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until the norm of the imbalanced vector — that is, the error in the nodal discharge — was
smaller than that of the error tolerance of 0.01 (or 1%).

For calibration purposes, the model was designed to replicate the experimental
studies mentioned above. This model incorporated sandy soil, structural components
(reinforced bar and acrylic facing), and drainage components (geotextile, and geonet).
The seepage characters of the relevant materials were described using Eg. 2 and Eq. 3.
To ensure the validity of the Plaxis-based model on different scales, the Plaxis-based
model was established to keep identical shape ratios at double the size of the physical
model: H=2.0m, Hy=2.0 m, W= 1.6 m, and D = 0.8 m. Furthermore, the thickness
of geotextile and geonet was also enlarged 2.0 time thicker than that of the physical
model, i.e. thickness values of geonet and geotextile were 10 mm and 5 mm,
respectively.

The results of the simulations were plotted and are shown in Figure 3.3. Since
the calculations were extracted from the double-sized model, the dimensions shown in
Figure 3.3 are presented in terms of ratios to the wall height H. Good agreement
between the data from the physical tests and the corresponding simulations was
obtained from the plots, proving that the relevant seepage responses, including water
content and ground water level, were well captured using the established model in the
Plaxis environment regardless the size of the model.

The numerical experiment was carried out in two parts. In the first part, a series
of numerical simulations was produced to investigate the individual effects of shape
parameters W, H, L, and D on seepage responses, including the highest water level in
the protected (ho), and the water saturation profile inside the protected zone. During the

experiment, all the shape parameters, except the parameter being varied, were kept
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constantat H=20m, W=16 m, L =2.0 mand D = 0.8 m. The simulations were
conducted in three scenarios based on the soil types prescribed as native and backfill
soils. The numerical simulations conducted in this part are summarized in Table 3.2.
Noteworthy that the S-S scenario, which the native and backfill soils were placed by the
sandy soil, rarely exists in field conditions.

This scenario, however, was established for sake of comparison. In total, 66
simulations were made, 22 for each scenario. The height of upstream water level Hy
was kept constant at 2.0 m though 66 simulation cases. Constant Hy as 2.0 m even H
parameter increases for reflecting unchanged h, subject to MSE wall height rises
(Figure 3.5). Other reason for that keeping Hw constant is for ignorance of Hw
influences in this parametric research of thesis.

All model parameters imposed for the seepage characters of the sandy soil,
lateritic soil, geotextile, and geonet were those reported by Chinkulkijniwat et al. (2017)
and Bui Van et al. (2017) and are presented in Table 3.2. These model parameters (k,
a, N, Sres, Ssar) including thickness of geotextile and geonet were kept constant
throughout the first part of the numerical experiment.

The second part of numerical experiment comprised 27 cases. In this part, a
series of numerical simulations was produced to investigate the effects of geonet

transmissivity (T,.) on seepage responses, including the highest water level in the

protected (ho), and the water saturation profile inside the protected zone. Geonet

transmissivity was controlled by geonet thickness (t,, ) and geonet permeability (K., )

through the relationship written in Eq. 4,
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Table 3.2 Detail of 66 simulations conducted for shape parameters.

) Permeability Thickness o n Ssat Sres
Material 4
(m/sec) (mm) (m~) ¢ ¢ Q)
Sandy soil | 1.97x10™ - 20 1.5 1.0 0.03
Lateritic soil  4.0x10® - 0.8 1.4 1.0 0.2
Geotextile |0.023 (0.0037)* 5.0 20 2.5 0.8 0.03
Geonet 0.8 10 600 40 1.0 0.0
Scenario Native soil Backfill soil
S-S Sandy soil Sandy soil
L-L Lateritic soil Lateritic soil
L-S Lateritic soil Sandy soil
Varied
arameter  Definition Studied values
W (m) Protected zone width 1.6,2.0,25
L (m) Length from upstream water to the drainage face 0.5, 1.0, 3.0, 4.0, 5.0
H (m) MSE wall height 2.5,3.0,3.5,4.0,45,50
D (m) Distance from the wall base to the impervious 0.0, 0.2, 0.8, 0.5, 1.0, 2.0,
boundary 3.0,4.0,5.0

4 Permeability of geotextile in lateral direction.
Note: The height of upstream water level (Hw) was kept constant at 2.0 m for all 66 simulations.

Tnet = knet Xt (3.4)

where T, is geonet transmissivity (m?/sec), t, ., is geonet thickness (m) and K,

net

is geonet permeability (m/sec). In this experimental part, all the shape parameters were

kept constantat H =2.0m,w =1.6m, H, =2.0m,L=20mand D =0.8 m. The tnet

was varied at 10 mm, 15 mm and 20 mm while the knet Was varied at 0.8 m/sec, 0.08
m/sec and 0.008 m/sec. The simulations were also conducted in three scenarios based
on the soil types prescribed as native and backfill soils. Table 3.3 summarizes detail of

the second part of the numerical experiment.
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Table 3.3 Detail of 27 simulations conducted for Tpet Study

Scenario Native soil Backfill soil
S-S Sandy soil Sandy soil
L-L Lateritic soil Lateritic soil
L-S Lateritic soil Sandy soil
Geometry parameters are kept constant at H(Hv) =2.0m,L=2.0m,D=0.8 m, W
=16m
Varied parameter Definition Studied values
tnet (MM) Geonet thickness 10, 15, 20
Knet (M/sec) Geonet permeability 0.8, 0.08, 0.008

A steady flow mode was selected to calculate the final groundwater states due
to elevated upstream water. The groundwater states at steady state, including h, and
water saturation, extracted from the numerical experiment were used to analyze the

influence of the studied parameters.

3.5 Influence of shape parameters

This section describes, via the location of the phreatic surface and the
distribution of water saturation inside the protected zone, the influence of shape
parameters w, H, D, and L. The location of the phreatic surface inside the protected
zone was represented by its highest level (h,) and the distribution of water saturation
inside the protected zone was determined from the water saturation profile in the
protected zone along a vertical section located at 0.8 m apart from the drainage
interface.

3.5.1 The highest water level inside protected zone (ho)

For the sake of brevity and comparability, the variations of h, for every

shape parameter and every scenario were plotted together (Figure 3.5). For the S-S
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scenario, the native soil was sandy soil which was different from L-L and L-S scenarios
whose native soil was lateritic soil. The calculation results show that h, in S-S scenario
was higher than that in L-L and L-S scenarios. In fact, the phreatic surfaces in every
scenario before approaching the geocomposite were not much different (ref. Figure
3.6). The significant difference of phreatic surface took place only near the drainage
interface.

It is known that flow across a boundary between two materials of different
permeabilities might results in a reflection of the flow direction (as shown in the top
right of Figure 3.6) and the relationship between the reflected angles and the

permeability of the materials is written as:

tanp, kK

—t 3.5
tan 5, k, (39

where £ is incident angle or angle of flow vectors in the native soil, /% is reflected
angle or angle of flow vectors in the drainage material, ki is permeability of the native

soil, ko is permeability of drainage material.
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Figure 3.5 Variation of h, subjected to change in all shape parameters for

(@) S-S, L-L and L-S; and (b) L-L and L-S scenarios.

Since the drainage material possessed very high permeability, the flow vectors
in the drainage material directed almost vertical, i.e. b, was almost 90°. The flow
vectors in the soil before approaching the drainage interface had to direct themselves

such that the relationship between the incident angle (b1) and the reflected angle (bz)
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followed Eq. 5. For a given permeability of drainage material, the high permeability
native soil yielded the higher incident angle than the low permeability native soil did.
Accordingly, near the drainage interface, the phreatic surface in L-L and L-S scenarios
dropped below the phreatic surface in S-S scenario.

Figure 3.5 also shows that the h band in L-L scenario was higher than the band

in L-S scenario, indicating a higher mean phreatic surface in L-L scenario than that in
L-S scenario. This finding is similar to that reported in Bui Van et al. (2017). They
argued that soil in the protected zone was more permeable in L-S scenario than in L-L
scenario, therefore the flow path reflection resulted in the lower phreatic surface in the
protected zone for L-S scenario than that for L-L scenario.
3.5.1.1 Dimensions of the protected zone
The dimensions of the protected zone comprised the protected
zone width (W) and the wall height (H). It is widely accepted that these shape
parameters play important roles in the mechanical responses, and hence internal and
external stabilities of an MSE wall (Roy and Singh 2008; Stuedlein et al. 2012; Kibria
et al. 2014). However, the effect of these shape parameters on the seepage responses in
an MSE wall are yet to be investigated. In this study, since the protected zone was
encapsulated by the geocomposite, W and H were also the length of geocomposite at
the bottom and the back side of the protected zone, respectively. The W was varied from
1.6 to 2.5 m. Based on based H value of 2.0 m, the W/H ratio in this study ranges from
0.8 to 1.25 which is about the practical recommendation of 0.8 to more than 1.1 (Berg
et al2009). Keeping horizontal distance from upstream to downstream water sources

constant at 5.0 m, the h, negligibly drops with W (Figure 3.5). As for the influence of
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the wall height Hon h_, since this shape parameter has no effect on flow geometry, the

value of h did not change with H, as indicated in Figure 3.5.
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Figure 3.6 (a) Phreatic surface approaching drain interface and (b) reflection of flow

directed from native soil to drain material.

3.5.1.2 The distance from the wall base to the impervious boundary (D)
Theoretically the distance from the base of an MSE wall to the

impervious layer beneath, identified as the shape parameter D, affects the discharge of
water flowing beneath the wall to the downstream side. In a study of groundwater flow
through a sheet pile barrier, Xu et al. (2014) reported 3D numerical experiments that
indicated the downstream water level decreased at greater insertion depth ratios: i.e. a
ratio between penetration depth and distance from the tip of the pile to the impervious
layer. In MSE walls without a back drain, an influence of D distance depends on the

combination of soil types in the flow domain. Figure 3.7 presents influence of D
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distance in three conditions of MSE wall without back drain installation; including (a)
the backfill and the native soils were identical, (b) the backfill soil was sandy soil and
the native soil was lateritic soil, and (c) the backfill soil was lateritic soil and the native
soil was sandy soil. Noteworthy that the last condition rarely exists in real condition
since it is no sense to use lateritic soil as backfill material if sandy is available. However,
this study shows three different conditions; including the rarely exist condition (c), for
sake of comparison and understanding the flow behavior. For condition (a), whose
backfill and the native soils were identical, the greater D distance resulted in a lower
phreatic level due to the exist of larger flow channel beneath the protected zone. For
conditions (b) and (c), whose backfill and the native soils were different, the type of
backfill soil played role to the flow behaviors. In condition (b), whose backfill material
was the sandy soil and the native soil was lateritic soil, the water flow tended to direct

to the sandy soil as it possessed high permeability.
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Figure 3.7 (a) Setup of conditions a, b, and ¢ for modeling of MSE wall without back

drain installation and (b) variation of hy with D for conditions a, b, and c.
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For the larger D distance, there was the wider area to allow the water flow into
the concerned domain. Since the water flow tended to direct to the sandy soil which
was placed as backfill soil, enlarging D distance would result in higher phreatic level.
In the condition (c), the lateritic soil was placed as backfill soil and the native soil was
sandy soil.

Enlarging D distance resulted in the drop of phreatic level since the sandy soil
which located below the MSE wall could accept more amount of water flow. For an
MSE wall with geocomposite back drain installation, enlarging D distance resulted in
little rise of ho level as shown in Figure 3.5. Variation of h, with D distance was found
only within limit range of D from 0.0 to 2.0 m. Increment of D beyond 2.0 m did not
change the ho level. Noteworthy that the cases with D of 0.0 m were conducted to
simulate impervious foundation at the wall base. However, it is yet to be clarified
whether the contribution to this increment of ho is due to the thickness of the foundation
soil or the area of water contribution on the upstream side.

Extra numerical experiment was conducted in MSE wall with back drain
installation model. In this model, vertical impervious boundary of length | was
prescribed at the bottom corner of the upstream side as shown in Figure 3.8. In this
experiment enlarging the distance D was incorporated with extending the length of
vertical impervious boundary line (I) such that the entry length of the upstream water
(see Figure 3.8a) keeps unchanged at 2.0 m. Figure 3.8b presents variation of h, with
D distance when the entry length of upstream water was kept constant. The h, level did
not change with D for all scenarios implying that increment of h, with D found in

Figure 3.5 was solely contributed by the entry length of the upstream water.
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Figure 3.8 (a) Setup of extra numerical experiment to model MSE wall with back drain
installation keeping the entry length of upstream water unchanged and (b)

variation of ho with D.

One must be aware that the geonet transmissivity, which is product of geonet

permeability (k. = 0.8 m/sec) and geonet thickness (t., = 10 mm), assigned in this

=
study is very high (0.008 m?%/sec). In field condition, reduction of geonet- and geotextile
transmissivities might be encountered by various factors; including creep,
mineral/biological clogging, geocomposite intrusion, damage on implementation,
discontinuity at the connection, etc. Conclusion drawn in this study is valid if the

geocomposite does not exceed its drainage capacity.
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3.5.1.3 Length from upstream water to the drainage face (L)
There is no doubt that the longer the distance from the upstream
water to the drainage face (L), the more the hydraulic head falls and with it the phreatic

level h, at the downstream exit. Figure 3.5a shows the variability of h with shape
parameter L. When L was small, h, fell very fast with increments of L but the rate

of fall decreased when L was greater. In S-S scenario, the magnitude of h, approached

asymptote when the shape parameter L was greater than 4.0 m, i.e. 200% of the wall
height. This behavior implies that the influence of shape parameter L was eliminated
if L was large enough. On the other hand, the phreatic height in the protected zone
could be as high as 10% of the wall height when L was shorter than one fourth of the
wall height. When MSE walls are installed in mountainous areas, the distance from the
upstream water source to the protected zone can be very short. Accordingly, engineers
must pay close attention to the potential phreatic levels in the protected zone of an MSE
wall in mountainous terrain.
3.5.2 Water saturation profile in the protected zone

The distribution of water saturation inside the protected zone was
determined from the water saturation profile along the vertical line located at 0.8 m
apart from the drainage interface. In general, the water saturation profile in a given soil
is governed by the shape of the WRC and the phreatic level in the corresponding soil.
Consequently, water saturation profiles in the protected zone were plotted according to
the type of soil used as backfill material. Water saturation profiles for S-S and L-S
scenarios are presented in Figure 3.9a and profiles for L-L scenario in Figure 3.9b.

The profiles were plotted along a vertical direction and they were plotted

from the wall base to the top of the wall. In other word, the saturation profiles were
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plotted to equal height of the wall height (H). Since the wall height was kept constant
at 2.0 m when modeling the influence of the shape parameters W, L, and D, the profiles
for these shape parameters were generated from elevation of 0.0 m at the wall base to
elevation of 2.0 m at the top of the wall (Fig. 9a and 9b). For the shape parameter H,
the height of wall was varied from 2.0 to 5.0 m. The profiles must be extended equal to
the height of the wall and plotted separately in Figure 3.9c.

In S-S and L-S scenarios, a high level of water saturation was found only
near the wall base. The level dropped very fast with distance from the wall base and
water saturation was lower than 50% at a height of 0.2 m from the wall base. The water
saturation curve approached asymptote at the middle height of the wall. In L-L scenario,
water saturation dropped so slowly that it was greater than 80% over the entire height
of the wall. The influences of the studied shape parameters on the water saturation
profile are also presented in Figure 3.9. This figure combines the plots of all assigned
values of every shape parameter and presents the plots as the boundaries of the profiles

of each shape parameter.
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Figure 3.9 Water saturation profile subjected to variation of D, W, L shape parameter
in (a) S-S and L-S scenarios, (b) L-L scenario and (c) for H shape

parameter in 3 scenarios as S-S, L-L and L-S.

Wider boundaries indicate a greater influence of the corresponding shape
parameter on the water saturation profile. As shown by the boundary plots in Figure
3.9, the influence of all shape parameters on the water saturation profile is in accordance
with the influence on h,. The boundary width of water saturation profiles for shape
parameter L is larger than it is for the other shape parameters. The water saturation

profiles for shape parameter H are plotted as three single lines, one line for each

scenario. There is little deviation between the water saturation profiles for S-S and L-S
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scenarios, in which the backfill soil was identical. This similarity indicates that the

water saturation profile was mainly governed by the WRC of the corresponding soil.

3.6  Geocomposite drain properties

The transmissivity of the geonet (T, ) is widely accepted as a crucial property
for drainage purposes (Gallichand et al. 1992; Clement et al. 1996; Koerner and Soong
et al. 2005; Giroud et al. 2000; Bourges-Gastaud et al. 2013; Yarahmadi et al. 2017). In

Plaxis, the magnitude of T, must be prescribed through the geonet thickness (t,, ) and
its permeability (k.. ). A series of numerical simulations was produced to investigate

the individual effects of t, ., and k., on seepage responses, including the highest water

level in the protected zone (ho), and the water saturation profile inside the protected

zone. The t_, and k., were varied at 10 mm and 20 mm and 0.8 m/sec and 0.008 m/sec,

respectively (Table 3.3).

Figure 3.10 presents variation of water saturation profile with t__ for three

net

studied scenarios having k., of 0.8 m/sec. The profiles were plotted along a vertical

section at 0.8 m apart from the drainage interface inside the protected zone. In general,

varying t .. had very little effect on the water saturation profile. The water saturation

profile in the protected zone mainly depended on the soil type prescribed. Since the soil
type in the protected zone in S-S and L-S scenarios was sandy soil, and in L-L scenario,
lateritic soil, the water saturation profiles of S-S and L-S scenarios differed significantly

from the profiles of L-L scenario.
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Figure 3.10 Water saturation profile subjected to variation of geonet thickness

(tne) in S-S, L-L and L-S scenarios.

Furthermore, Figure 3.10 also shows little difference in the water saturation
profiles of S-S and L-S scenarios. In S-S scenario, water saturation in the lower part of
the protected zone was greater than in L-S scenario because the phreatic level inside the
protected zone in S-S scenario was higher than in L-S scenario (Figure 3.5a). However,
in the upper part of the protected zone, water saturation was higher in L-S scenario than

in S-S scenario.
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Figure 3.11a and 3.11b present suction profiles over the domains in question
for S-S and L-S scenarios, respectively. The variation of suction with elevation above
water table along a vertical section a-a located at 0.75 m right apart from the drainage
interface is shown in Figure 3.11c. Since the water flow directed inclined downward to
the downstream side, the variation of suction with elevation above water table deviated
from 1:1 line to the left (Bear 1972). Figure 3.12 plots the k-function curves of the
geotextile and the native soil. The suction at the place where water started penetrating
the geocomposite in both scenarios was read from the point where plots of k-functions
intersected. The suction values at the intersection of k-functions are about 1 kPa and 3
kPa in S-S and L-S scenarios, respectively. Water saturation in the upper part of the
protected zone was higher in L-S scenario than in S-S scenario because, in L-S scenario,

water started to penetrate the geocomposite at a higher elevation (ref. Fig. 12a and 12b).
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Figure 3.13 presents the effects of tret and knet On h,in the three studied
scenarios. Increasing tnet and/or knet produced a fall in h; due to the increased capacity
of the drainage channel. The h, axis was plotted in log scale for sake of ease

comparison. For each knet, the ratio of h, for the lowest t  to h, for the highest tnet

net
value is indicated as number appeared on the corresponding line. The drop of h, ratio

with increasing tnet is greater for the higher knet, which means that reduction of h, by

enlarging geonet thickness is more effective in the higher geonet permeability.
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Figure 3.13 Variation of h, subjected to the effect geonet thickness (tnet) and geonet
permeability in S-S, L-L, L-S scenarios (The number appeared on the

corresponding line is ratio of ho for the lowest tnet to ho for the highest thet).
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Conclusions

This article investigated the influence of relevant shape parameters on seepage

responses, including the highest water level in the protected (ho) and the water saturation

in the protected zone, in an MSE wall with a geocomposite back drain. Other than the

relevant shape parameters, the influence of geonet transmissivity, which is a main

component of geocomposite drainage systems, was also investigated. The following

conclusions were drawn from this study.

Where distance from the upstream water to the drainage face (L) is short, this
shape parameter (L) plays a significant role in the seepage responses in the
MSE wall. Accordingly, involved engineers must pay close attention to the
phreatic level in the protected zone when dealing with an MSE wall in a
mountainous area, where the distance from upstream water to the drainage face

might be very short (Fig. 3.5).

The height of the wall (H) and the width of protected zone (W) play no to
negligible role to the magnitude of ho. Whereas, the vertical distance from the
wall base to impervious boundary (D) also plays no role to the magnitude of h,
whenever the contribution upstream water source does not change (Fig. 3.8).
This conclusion is based on an assumption that the geocomposite does not

exceed its drainage capacity.

Water saturation in the protected zone mainly depended on the water retention

curve of the soil used as fill material (Fig. 3.9 and 3.10).

Although distribution of water saturation in the protected zone mainly depends

on the properties of backfill material, the k-function of the soil at the upstream
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side might play little role to the water distribution in the protected zone
particularly at the upper elevation. This conclusion is based on k-function plots
of upstream soils and geotextile (Figure 3.10 - 3.12).

e The permeability of the upstream soil is important properties contributes to the
ho level. The difference between permeability of the drainage material and that
of the upstream soil governs the h, value (Figure 3.6). Furthermore, the
permeability coefficient of the soil on the upstream side governs the rate at

which h, falls with increments of geonet transmissivity.
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CHAPTER IV
GROUNDWATER ESTIMATION IN MSE WALL WITH
GEOCOMPOSITE BACK DRAINAGE: LINEAR

ASSOCIATION ANALYSIS

4.1 State of problem

Nowadays, many kinds of failures happened in mechanical stabilized earth
(MSE) wall with back drainage system during long term rainfall. MSE wall failure
cases have been mentioned detail in many reports (Koerner et al. 2015, Koerner et al.
2018, Yoo et al. 2006). Through the maximum level changes of phreatic surface in the
protected zone of MSE wall, ho, reflects the effectiveness of the drainage system and
also suitability selection of soil backfill and native in practical works. There are number
of literatures reported influence variables that affect the magnitude of ho
(Chinkulkijniwat et al. 2017, Bui Van et al. 2017). However, very few of the previous
attempts reported influence of MSE wall dimensions on the variation of phreatic surface
in the protected zone. Also, few researches did not integrate and quantify well the rise
of ho with all influenced factors that lead uncomprehensive research for practical wall
design.

One of highlight finding from previous reports as La Duong et al 2020
emphasized that there were many factors influence to the h, variation such as soil
hydrological properties, drainage properties, and the wall dimensions mentioned. Their

research drawn a significant correlation existed as linear association between the rate
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of fall in ho with geonet transmissivity (Tnet) and proposed a linear equation with highly
coefficient of determination (R?) greater than 0.96. On the other hand, via their report,
permeability coefficient of the soil on the upstream side governs the rate at which ho
falls with increments of Tnet, and the linear line slope ratio by 36:1 proves not much
different from permeability coefficient ratio by 49:1. Nonetheless, their research limited
calibrating ho rise by using wide range of soil permeability for MSE wall backfill and
native.

Based on above statements, by numerical simulation, this study desires to estimate
the linear association rise of ho comprehensively with geonet transmissivity (Tnet) in
successor from research of La Duong et al 2020. Moreover, other relevant influenced
factors are focused and integrated in final linear analysis especially for proposing
mathematic equation. The wide extension of soil permeability range, for representative
for each soil type in practical, is successful picked from previous reports (Konukcu et
al. 2004, Szymkiewicz et al. 2015, Acharya et al 2012). Selected influenced factors to
ho for linear analysis in this study comprise the geonet transmissivity (Tnet) in
presentative for geocomposite drainage properties; MSE wall dimension as distance
from the upstream water level to the drainage face (L); native and backfill soil
permeability (k).

The linear model provides an ease for practical via linear equation uses. Good
linear estimation of h, in relevant relationships is, therefore, vital for the best design of
MSE wall against failure. Conceptual numerical input data were based on 180 Plaxis-

2D experiments conducted.
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4.2 Methods and materials

4.2.1 Research methodology
Throughout this thesis, a steady flow mode was selected to calculate the
final groundwater states due to elevated upstream water. Steady-state flow conditions
were focused in this to quantify the final state of ground flow in MSE wall. All values
of ho was extracted from the numerical experiment in PLAXIS-2D in using to analyze
linear correlation existed among other relevant influenced factors. A series of 180
numerical simulations was produced to investigate correlation of geonet transmissivity

(T.«), soil permeability (k) and L shape parameter, to rise of ho. Geonet transmissivity

was controlled by geonet thickness (t,., ) and geonet permeability (k.,) as written in

Equation 4.1.
Thet = Knee X ther (4.1)
where T is geonet transmissivity (m?/sec), t.. is geonet thickness (m) and k., is

geonet permeability (m/sec).
Soil-water model is based on van Genuchten model (Equation 4.2a) (van
Genuchten 1980) and van Genuchten - Mualem model (Equation 4.2b) for all studied

materials (Mualem 1976); as following equations:

S _Sres e_eres "
Se ) Ssat _Sres ) esat _eres ) |:l+(a‘hp‘) j| (420
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k.(S.) =S.°[L-(A-S.'")"T (4.2b)

In which, S, is effective degree of saturation, S is degree of saturation, S,.. IS
residual saturation at very high values of suction, S, is the degree of saturation at
saturated state, h,, is matric suction head, and k.. is the relative permeability coefficient:

a [m™] and n are fitting parameters which represent respectively the air-entry value of
the soil and the rate of water extraction from the soil once the air entry value has been
exceeded: m

4.2.2 Simulation set up for linear association analysis

This study used successful calibrated MSE wall model in previous
research of La Duong et al. 2020 for linear analysis of ho. The VG parameter of studied
materials are shown in Table 4.1 and scenarios for all numerical simulation cases in
Table 4.2. Accordingly, influence of the wall geometry variables; including upstream
water level Hy, length from upstream water to the drainage face (L), protected zone
width (W), distance from the wall base to the impervious boundary (D), on the variation
of h, were investigated through a set of numerical experiment in Plaxis environment
(Plaxis-2D 2018) depictured in Figure 3.4.

According to reports of Bui Van et al. 2017, Chinkulkijniwat et al. 2017
and La Duong et al. 2020, they emphasized the high effects of soil permeability (k) and
geonet transmissivity (T,.;) to the level of phreatic surface in the protected zone.
Therefore, kg,; and T,,., were included in this study among other influence factors. It
is noteworthy that this model was well calibrated in Chinkulkijniwat et al 2017. VG

parameters of all studied materials prescribed in this model are presented in Table 4.1.
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Table 4.1 Relevant VG model parameters of studied materials.

Permeability v} n Ssat | Sres
Material Symbol

(m/sec) my | G| 6
Coarse sand CS 1.3x10°® 49.36 | 153 | 1.0 | 0.002
Sandy soil S 1.97x10* 20 1.5 1.0 | 0.03
Clayey sand CLS 4.1x10° 12.4 2.28 1.0 | 0.14
Lateritic soil L 4.0x10° 0.8 1.4 1.0 | 0.03
Clay CL 5.56x107 0.08 | 8.0x10° | 0.74 | 0.12
Geotextile - ] 0.023(0.0037)7 20 25 | 0.8 0.03

Geonet - 0.8 600 40 1.0 0.0

4Permeability of geotextile in lateral direction.

The set up for soil at native and backfill soil were identical assigned for each
specific soils. The foudation soil below MSE wall and geocomposite system was
considerred as native soil or surrounded soil behind the protected area. Five kinds of
soil permeability following as coarse sand (Konukcu et al. 2004), sandy soil
(Chinkulkijniwat et al. 2017) and clayey sand (Szymkiewicz et al 2015), lateritic soil
(Bui Van et al. 2017) and clay (Acharya et al 2012).

Accordingly, for wall dimension set up in this study, cosntant values was fixed
for wall height (H) was fixed at 2.0 m; distance from the wall base to the impervious
boundary (D) at 0.8 m; Protected zone width (W) at 1.6 m for all simulation cases. Due
to significant effect for h, mentioned on revious resarch of (Chinkulkijniwat et al. 2017,
Bui Van et al. 2017, La Duong et al. 2020), this research varied the values of (L) shape

parameter in range mentioned in Table 4.2. The assigned hydrological properties of
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geonet as thickness (tnet), permeability (Knet) and transmissivity (Tnet) are shown in Table

4.2.

Table 4.2 180 PLAXIS-2D simulation cases set up in this studied.

Scenario Native soil Backfill soil
CS-CS Coarse sand Coarse sand
S-S Sandy soil Sandy soil
CLS-CLS Clayey sand Clayey sand
L-L Lateritic soil Lateritic soil
CL-CL Clay Clay

Varied parameter | Definition Varied value
W (m) Protected zone width 1.6
L (m) Length from upstream water to the drainage face 2.0,3.0,4.0,5.0
H (m) MSE wall height 2.0
D (m) Distance from the wall base to impervious boundary | 0.8
tnet (MmM) Geonet thickness 10, 15, 20
Knet (M/seC) Geonet permeability 0.8, 0.08, 0.008

Upstream water level (Hy) is kept as constant 2.0 for all simulation cases

4.3 Results

4.3.1 Estimating hoagainst geonet transmissivity (Tnet)

The drop of h, ratio with increasing t,., is greater for the higher k

net net !

which means that reduction of h, by enlarging geonet thickness is more effective in the

higher geonet permeability. From those numerical data set were further employed to

investigate the relationship between h, and geonet transmissivity (T,,,) in this chapter
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Figure 4.1 Linear relationship between ho and log Tret for all 27 cases conducted in

the second part of the numerical experiment.

as plotted in Figure 4.1. Figure 4.1 shows the variation of h, against geonet

transmissivity (T, ) in semi-log scale for the three studied scenarios.
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A linear relationship existed between ho and logTret that was represented with a
coefficient of determination (R?) greater than 0.96. The gradients of the linear plots were
equal to 0.36 in S-S scenario and 0.01 in L-L and L-S scenarios. The identical gradients

in L-L and L-S scenarios indicate that the fall in h, with increments of logTnet was mainly

governed by the soil type on the upstream side.
Since the gradient in S-S scenario was 36 times steeper than in L-L and L-S
scenarios and the permeability coefficient of the upstream soil in S-S scenario was 49

times the permeability coefficient in L-L and L-S scenarios, taking into account the very

wide range of the permeability coefficients (1.0 ~10™* m/sec), the gradient ratio of 36:1
is not very different from the permeability coefficient ratio of 49:1. The conclusion was
drawn that a significant correlation existed between the rate of fall in ho with InTnet and
the permeability coefficient of the upstream soil.

The variables Tnet was transformed to logTnret for the best sake of linear
association analysis. Two parameters comprise gradient or slope (S) and intercept (1)
were identfied through linear approach for ho variation for all simuations. Those
parameters are presentative for effect of geonet transmissivity (Tret), Soil permeability
as well as L shape parameter in investiagting the trendency and approximation for ho

variation in practical. This research conducted total by 180 simulation experiments.
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Figure 4.2 Linear relationship of ho subject to log Tret and L shape paremeter for (a)

coarse sand, (b) sandy soil and (c) clayey sand.
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lateritic soil and (b) clay.
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A series of concept Plaxis simulation results for linear approximation of ho
against log Tret subjected to the increase of L shape parameter for coarse sand, sandy
soil and clayey sand respectively shown in Figure 4.2a, 4.2b and 4.2c; and lateritic
soil, clay shown in Figure 4.3a and 4.3b.

According linear line and equation for simulation cases, all simulation cases
reflect themselves best fit with linear association via high R? by more than 0.96. Also,
the extension of L shape parameter leads more drops of h, that consistency with
statements in previous research of (La Duong et al. 2020). These drops of h, are under
effected by the increase of log Tret Or the increase of geonet transmissivity due to much
amount of water is able to penetrate the drainage interface. The obviously change of h,
are easier been seen in case with high peaceable soil types (k = 107 - 10°° m/sec).

4.3.2 Linear slope (S) and intercept (1) for h, estimation

The slope S and intercept | Figure 4.4a and Figure 4.4b for each linear
line reflects variated magnitude and developed direction of ho to other relevant
parameters. Their changes also indicate, for each soil permeability k), not identical and
strongly reduce when extending L shape parameter. Based on behaviors of S and I, this
study continues plotting more results for investigating those relations. Figure 4.4a and
Figure 4.4b indicate the linear behavior of S and | in logarithm scale against to
variations of L shape parameter. The absolute format of S and | is set absolute value for
all cases. Along with increase of L, the changes of log |S| and log |l| for each linear line
in Figure 4.2 and Figure 4.3, respectively, appears identically downward for each
assigned soil type and parallel in comparing all, R? value of linear equations greater

than 0.98 (Figure 4.4a and 4.4b).
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Figure 4.4 Linear relationship of (a) log |S| and (b) log |I| subjected to L shape parameter.
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In order to expand linear association, normalized results of S and I as with
studied soil permeabilities k defined as log S/k and log 1/2k, perspective, was
investigated and indicated in Figure 4.5a and 4.5b with linear equation (Equation 4.3)
and (Equation 4.4). The linear analysis shows little differences among variation of them
and highly R? by more than 0.9. By appropriate normalized S and | with soil
permeability (k) against log L shape parameter, accuracy for estimating ho in

relationship among other relevant factors strongly fitting to linear association.
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Figure 4.5 Linear relationship of (a) log S/k and (b) log 1/2k subjected to log L shape

parameter.
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The integration of slope S and intercept | in Equation 4.3 and Equation 4.4 to
linear equation for hg rise in relationship with geonet transmissivity (Tnet) from research

of La Duong et al. 2020 (Refer. Figure 4.1) as modified linear equation Equation 4.5.

log (S/k) =-0.113 log L - 1.835 R?=0.93 (4.3)

log (1/2K) = -0.121 log L - 0.187 R? = 0.923 (4.4)

4.3.3 Linear equation establishing for ho
The proposed linear equation between h, and geonet transmissivity (Tnet)
in Figure 4.1 and also mentioned in their study that the increment of Tnet lead mainly to
the fast drop of ho. The trendy variation ho always moves in opposite way of Tnet Varying.
This thesis based on above statement and express mathematical format for integrating
linear relationship among h, and more other relevant factors such as soil permeability

and MSE wall dimension, as following:

ho = ‘| S ||Og Thet - || | (45)

where, S is developed gradient of linear line, I is intercept at y — axis of linear line. In
term to consistent with Equation 4.5, in order to ensuring the Equation 4.3 as following
format linking to the effect of geonet transmissivity to rise of ho. The conversion of the
mathematic form indicated in Equation 4.3 and 4.4, respectively, in to Equation 4.6

and 4.7.

llog (S/K) | = 0.113 log L + 1.835 R2=0.93 (4.6)
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[log (1/2k)| = 0.121 log L + 0.187 R?=0.923 4.7)

The ultimate equation for ho estimation for groundwater estimation via values
of ho in MSE wall with geocomposite back drainage is created from mathematic deliver

component equations as following in Equation 4.8.

ho — _(100.113Iog L +1.853 + log k)longet + (100.121log L +0.187 + log Zk) (48)

4.4  Model verification results

Addition 12 simulation cases having the influence variables were randomly
assigned to Plaxis model for verifying the proposed equation (Equation 3.8). Table 4.3
presents variation of influence variables and the corresponding ho values extracted from
every Plaxis simulation and for checking with the linear proposed equation,
respectively. The results of h, variation also examined in Table 4.3 with randomly
selecting series of soil permeability k = 1.97 x 10, 2.23 x 10, 3.0 x 10%; MSE wall
shape parameter L = 0.5, 2.1, 2.6, 2.8, 3.0, 3.5, 4.2, 4.5, 5.0, 5.5, 6.5, 7.7; geonet
transmissivity Tret= 1.7 x 103, 3.0 x 103, 6.0 x 10, 8.0 x 103, 1.2 x 102, 2.7 x 107,

Following points are concluded from this thesis shown that comparison between
the Plaxis reads and linear association model calculations is plotted in Figure 4.6. The
coefficient of determination R? along 1:1 line is by 0.9726 which indicates strongly
linear correlation between h, values read from Plaxis and that calculated from the
proposed model. Those identification of verification results are present from the

distribution of referenced points in plot of Figure 4.6.
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Table 4.3 Variables assigned in 12 verification cases and the corresponding ho values

from Plaxis calculation and the linear proposed equation (Eqg. 4.5).

Soil type and L Thet ho ho
its permeability (m) (m2/sec) (Plaxis) | (Proposed equation)

Soil type 1 0.5 8.0 x 107 0.0214 0.0255
k=1.97x 10" 3.0 1.7 x 103 0.058 0.0415
(m/sec) 3.5 6.0 x 10 0.013 0.033

6.5 3.0x 10° 0.025 0.0429

2.1 3.0x 103 0.298 0.413
Soil type 2

5.0 2.7 x 107 0.212 0.274
k=2.23x10°

55 6.0 x 103 0.284 0.402
(m/sec)

7.7 8.0 x10°3 0.1465 0.374

2.6 3.0 x10°® 0.042 0.0566
Soil type 3

2.8 8.0 x10°3 0.001 0.003
k=3.0x10°

4.2 1.2 x10°2 0.0198 0.01452
(m/sec)

4.5 6.0 x1073 0.001 0.004

*Note that the VG parameters were assigned to the corresponding soils according to

their permeability
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Figure 4.6 Verification results between Plaxis simulation and Proposed equation.

45 Conclusions

Following points are concluded from this thesis:

e The greater the permeability coefficient of native and backfill soil, the faster h,
falls with geonet transmissivity.

e Estimating of ho through linear equation (Equation 4.8) is establishing with wide
range of the studied soil assignment in relationship with MSE wall dimension,
L, and geonet transmissivity (Tnet).

e Generally, linear association results reveal that variables as L shape parameter,
soil permeability (k) and log (Tnet) are three variables playing major role to

maximum water level in protected zone h, as according to previous statement.
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e Verification results of proposed linear equation for estimation of ho value
indicate high accuracy and identical in comparing with Plaxis simulation, the
reliability is shown via coefficient of determination of R? greater than 0.95 so
that prove the initial selection of input simulation cases were acceptable for this
thesis research.

e Practical wall design must be paid attention to obtain correct value of soil
permeability (k), geonet transmissivity (Tnet) as well as distance from the
upstream to drainage face (L) for approximation of ho. This highlight the

practical uses for wall design again negative impacts of hydrological factor.
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CHAPTER YV

CONCLUSION AND RECOMMENDATIONS

5.1 Summarize and conclusions

The thesis comprises 3 key research objectives Recently, considerable risks to
the internal instability of mechanically stabilized earth (MSE) walls have been
encountered from the inadequate drainage capacity of some backfill under extremely
heavy rainfall. Due to its high drainage capacity, geocomposite is regarded as an
appropriate material for drainage purposes in many geotechnical structures, including
MSE walls. However, the installation of a geocomposite drain produces hydrologically
complex boundary conditions, and unsaturated flow through the MSE wall becomes
more complicated. This article reports a series of numerical simulations conducted to
investigate the influences of MSE wall dimensions and drainage capacity on seepage
responses inside the protected zone of the wall. The results indicated that the distance
from the upstream water source to the drainage face (L) contributes most to the level of
the phreatic surface inside the protected (reinforced) zone. Furthermore, a relationship
existed between the permeability of the soil on the upstream side and the lowering of
the phreatic surface due to increased geonet transmissivity. Results reported in this
study might reinforce understanding of complex flow behaviors in MSE wall with back
drain installation. Based on the linear relationship among influenced factors to the
change of 4,, this thesis were also utilized for linear association analysis for adapting

and provide a convenient and simple linear equation for estimation the variation of h,
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following the relationship among many influenced parameters such as native and
backfill soil permeability (k), MSE wall dimension (L), geonet transmissivity (Tnet). The
linear model provides an ease for practical via linear equation uses. Good linear
estimation of ho in relevant relationships is, therefore, vital for the best design of MSE
wall against failure.

5.1.1 Chapter Ill: Steady state groundwater in mechanical stabilized
earth walls of various dimensions with geocomposite back drain
installation.

This article investigated the influence of relevant shape parameters on
seepage responses, including the highest water level in the protected (ho) and the water
saturation in the protected zone, in an MSE wall with a geocomposite back drain. Other
than the relevant shape parameters, the influence of geonet transmissivity, which is a
main component of geocomposite drainage systems, was also investigated. The
following conclusions were drawn from this study. Where distance from the upstream
water to the drainage face (L) is short, this shape parameter (L) plays a significant role
in the seepage responses in the MSE wall. Accordingly, involved engineers must pay
close attention to the phreatic level in the protected zone when dealing with an MSE
wall in a mountainous area, where the distance from upstream water to the drainage
face might be very short. The height of the wall (H) and the width of protected zone (W)
play no to negligible role to the magnitude of h,. Whereas, the vertical distance from
the wall base to impervious boundary (D) also plays no role to the magnitude of ho
whenever the contribution upstream water source does not change. This conclusion is

based on an assumption that the geocomposite does not exceed its drainage capacity.
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Water saturation in the protected zone mainly depended on the water retention curve of
the soil used as fill material.

Although distribution of water saturation in the protected zone mainly depends
on the properties of backfill material, the k-function of the soil at the upstream side
might play little role to the water distribution in the protected zone particularly at the
upper elevation. This conclusion is based on k-function plots of upstream soils and
geotextile. The permeability of the upstream soil is important properties contributes to
the ho level. The difference between permeability of the drainage material and that of
the upstream soil governs the h, value. Furthermore, the permeability coefficient of the
soil on the upstream side governs the rate at which h, falls with increments of geonet
transmissivity.

5.1.2 Chapter IV: Groundwater estimation in MSE wall with

geocomposite back drainage: linear association analysis

Following points are highlight concluded from this chapter of this thesis:
The greater the permeability coefficient of native and backfill soil, the faster h, falls
with geonet transmissivity. Estimating of h, through linear equation is establishing with
wide range of the studied soil assignment in relationship with MSE wall dimension, L,
and geonet transmissivity (Tnet). Generally, linear association results reveal that
variables as L shape parameter, soil permeability (k) and log (Tret) are three variables
playing major role to maximum water level in protected zone h, as according to
statement in La Duong et al. 2020. Verification results of proposed linear equation for
estimation of ho value indicate high accuracy and identical in comparing with Plaxis
simulation, the reliability is shown via coefficient of determination of R? greater than

0.95 so that prove the initial selection of input simulation cases were acceptable for this
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thesis research. Practical wall design must be paid attention to obtain correct value of
soil permeability (k), geonet transmissivity (Tnet) as well as distance from the upstream
to drainage face (L) for approximation of ho. This highlight the practical uses for wall

design again negative impacts of hydrological factor.

5.2 Recommendations for future works

e This study investigated the influences of MSE wall dimension, geonet
transmissivity as well as soil permeability only used steady state flow
conditions. The addition for transient flow model is recommended for the future
works in more comparisons of this current results.

e The research works on soil type variation at the MSE wall base as soil
foundation is suggested for further research in order to provide much and more
detail on h, values variation.

e The linear equation is needed for addition of more influences factors that related

to time factors for transient flow.
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Abstract. The main target of paper is applying field investigated method and
measuring for 20 cross-sections in dry and flood scason, in combination with
remote sensing analysis and GIS in period from the years 2000 to 2016 in order
to assess erosion and accumulation activities of main 4 sections at estuary of Ha
Tinh province with their names as Hoi estuary, Sot estuary, Nhuong estuary and
Khau estuary that their distribution almost is uniformed about 137 km with
direction from North to South. Study results indicate that in conceptual period
from year 2000 to 2016, the erosion activities took advantage with eroded rate
2 - 5 m/year and croded intensity tend to southern direction and this crosion
process mainly occurred in northern part of riverbank. The river channel
accumulation and the formatting of sandbar and alluvial delta (accumulated rate
> 10m/year) happened extremely, destructed several protected dikes and river
embankments and damage civil and economic constructions, and massively
damages to domestic water routes at mentioned estuaries in research area.

Keywords: Erosion, accumulation, ¢stuary, remote sensing analysis, Ha Tinh

1. Introduction
Nowadays, the erosion and accumulation activities at estuary are considered as a dangerous
geological hazard cause serious damages to civilization, waterway and natural environment
becoming most concern in Vietnam. This geodynamic research topic has been implemented
almost frequently, especially in the adaptation to unpredictable climate change recently. Via
applying remote scnsing image analysis and GIS combine with ficld investigation in order to
assess the erosion and accumulation activities in coastal zone that are implemented frequently
in many nations in the world [11-13] and Vietnam [1, 9]. Those authors have conducted many
researches on this scientific topic in different territories around Vietnam [3, 11-13].

The coastal area in Ha Tinh province with total distance by 137 km from the North to South
includes 4 main estuaries: Hoi estuary (Nghi Loc District), Sot estuary (Loc Ha District),
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Nhuong estuary (Cam Xuyen District) and Khau estuary (Ky Anh District) (Figure 1), this area
concentrates various civil — economic constructions (harbors, tourism, monuments,..) in
comparative with other provinces in the Central part of Vietnam. This region got impacted
annually 5 or 6 storms coming per year with the highest wind speed reaches higher 40
m/second, that lead to the erosion and accumulation occurred frequently at estuaries with larger
scale and higher intensity. These impacts caused serious damages for civilized environment,
socio-economic activities and national security and defense in research area. Therefore, this
topic of research project on geodynamic activities brings comprehensive supplement of
scientific theoretical basic for river - marine dynamic study but also be urgent and high

practical for prevented solutions, mitigating damages of erosion and accumulation.

Figure 1. Main 4 estuaries of Ha Tinh province.

2. Documents and rescarch method

The document collections related to rescarch topic and research arca are listed in the
references, main documentation basis of this paper as below:

INPUT

Personal Geo-databasc
Coast lines I:>
Baselines

Step 1. SEFTING UP DEFAULTPARAMETERS
- Transoet determination (Cross - scction linc)

- Set up coastling ealculation

- Establish Metadata darabase

- Output determination

Step 2. TRANSECT DETERMINATION
- Swrage Transccl in Geo-dalubuse
- Layout method lor Transcet data

OUTPLT

- Variety spaial data of coastline in C:
periods

- Characteristic data

Step 3. VARIATING CALCULATION
- Select Iransect layers

- Calculated mothod on Transcct

- Select statistic parameters

Figure 2. Block diagram of coastline variation analysis steps.

e Remote sensing data are Landsat image TM and LC (OLI) collected from website:
http://glovis.usgs.gov in the year 2000, 2005, 2010, 2016 (Landsat 7 image — Junc 6%,
2000; Landsat 5 image — July 14%, 2005; Landsat 5 image - July 12, 2010; Landsat 8 —
May 9%, 2016). These satellite image were taken at different period in the past under the
‘WGS-84 UTM 48-range, 30-meters resolution, collected time from May to July in order

to eliminate the temporary coastline variations and locally in stormy season, these images

are also adjusted geometry before implement isolation of seashore to compare with initial

coastline variation.

e Landsat images got processed and interpreted by ERDAS IMAGINE software, with
changes into Vector format to carry out variation analysis. The DSAS (Digital Shoreline
Analysis System) tool was integrated into the Environmental Systems Research Institute
(ESRI) software, version 4.3 was integrated for ArcGIS 10.x developed in 2012 by the
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US. Geological Survey [3, 7, 13, 15]. The block diagram of the shoreline analysis steps is
illustrated in Figure 2.

3. Results of geodynamic activities

Field investigation results for erosion and accumulation activities at estuaries in Ha Tinh
province conducted by authors in 2 investigated stages in dry and rainy scason, simultancously
combine with cross-section measuring by 20 for 4 estuaries (Stage 1, December 13 - [ 7%
2016; Stage 2, July 9% - 12"2017; Stage 3 - After tropical storm No.10 on September 23
2017), other results come from Provincial research project entitle “Research state and propose
mitigated solutions for damages cause by erosion and accumulation hazard in coastal area and
Ha Tinh estuary”.

Figure 3. State map of crosion and accumulation at estuarics in Ha Tinh coastal province.

The studied result collecting is clearly presented in state map of erosion and accumulation
at studicd cstuarics (Figure 3) with statistic table of significant erosion and accumulation in
research area (Table 1), by Remote sensing analysis and GIS in period 2000 - 2016. An
overview of erosion and accumulation in coastal area of Ha Tinh province as following:

Hoi estuary: with the width about from 500 to 900 m, the average depth from 6 to 7 m,
tidal flats have 25 - 28 melers wide and formed by medium - fine grained soil) with origin
from wind - marine Holocene (mvQ,-3). In which, the North of Hoi estuary, there are several
independent san barriers which clongate from direction North to South, with 700 m long, 50 - 60 m
wide; Since the South estuary is crossed by sand dunes with 50 meters long and 80 - 100 meters wide;
And low deltas with small slope degree, wide and elongate to the estuary. In 2013, the government
carried out the project of dredging Cua Hoi - Ben Thuy channel (Nghe An province) to ensure
waterway transport (Figure 4, 5) [4]. The sand dunes are often unstable and constantly changing in
spacc and time, the dry scason extends the arca, the flood season is croded to the duncs with an arca
of 2-3m? 0.7 - 1.5 m high. River dykes have been built in combination with mangrove planting.
However, submarine sand bar and embankments in river and coastal estuarics fluctuate continuously
over time. In Xuan Pho district, the erosion activities are weak on the small sand layer at the rate lees
than 2 m/year, 70 m long. Continuously, controlled and prevented constructions include embankment
with 11 dyke embankments in Hoi Thai commune, Hoi Thank commune along 2 kilometers, the
length of dyke from 100 to 150 meters, and at present they only have 50 — 70 meters remaining. In the
years from 1990 to 2004, ships and beats were difficult to enter the harbor because sand bars lay in
front of this estuary (Figure 6). The results of remote sensing analysis for the period of 2000 - 2016
show that the Cua Hoi coastline has an average range of 175 m.

The results of remote sensing analysis for the period of 2000 - 2016 show that the Cua Hoi
coastlinc has an average range of 175 m. In particular, strong variations occur on sand bars in the
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South of the estuary > 400 meters and apart of the banks of the river mouth in the north.
Sedimentation is prevalent and occurs at a rate of 1.5 m/year.

Table 1. Significant crosion and accumulation arca at cstuarics in Ha Tinh coastal province

" Length (m) Rate (m/year) ;
Ne. Location Froskan: -Aecaiision  Faoalon T Feature of formed material
1 South of Hoi estuary - 1500 - 30 Sand barrier cross estuary
2 Xuan Hoi 400 - 25 - Fine sand
250
3 Xuan Pho 70 - <2 - Fine sand
4  Cuong Giang, Thinh Loc 250 - - - Fine sand
5 Thinh Loc 120 - - - Provincial route 22/12
6 Thach Kim 80 - - - Protected embankments
7 Sotestuary - 560 - >10 Northern sand barriers
8  North of Nhuong cstuary - - - - Local crosions of cmbankment
9 Nhuong estuary - 400 - - Sand barriers cross estuary
10 Bridge closes to Nhuong - 280 - - River delta (50 -100m wide)
estuary
11 Cam Nhuong - 2200 - - River delta with width 35-100m
12 Cam Linh - 1800 - - River delta (50 -100m wide)
13 Rock mountain - - - - Bedrock crosion
14 Khau estuary - - - - Estuary corsion
15 Khau estuary (rivernouth) 700 - - 25 Erosion destructs at casuarina forest
16 Ky Ninh beach 30 = - 25 Crosion destructs at casuarina forest

Southern sand bars are heavily eroded on the length of 1.5 km and the further southward the
crosion rate decreases and tum to accumulation. Locations inside the estuary have crosion and
accumulation rotate to each section with amplitude less than + 10 m. From the coastline section of
Hoi estuary to Sot estuary, coastline at Ken channel where the border between Cuong Gian commune,
Nghi Xuan district and Thinh Loc commune, Loc Ha district have average movement is 52 m/year
to the South that cause the lost about 20,000 hectares for aqua cultural. In the tropical storm No.10
in 2017, the erosion eliminated many sections of coastline and provincial route 22/12 (Figure 7).

Sot estuary: Within 150 — 450 m wide, depth from 2 to 4 m, tidal flats have from 22 to 138 m
wide. Northern side is formed by granular sediments (small sand) with wind marine origin
Holocene (mvQ;.3), southern part is granite — biotite bedrock from complex of Phia Bioc (GTsn
pbr). For flood scason in 1989, the coastline in section of Thach Kim communc was croded hardly
lead the massive destruction. By 1994, erosion activities have taken advantaged with rate 2 — 5
m/year after constructing of local Li Bi dyke with tidal flat is about 70 - 100 m (Figure 8).

Nowadays, the government is implementing the project with title ‘Dredging and channel
regulation for anchorage and storm cover™ [9] in order to mitigate the accumulation at wharf, harbor
and storm shelter from tidal currents for ships and boats at Sot estuary. In which, that also control the
disadvantages of coastal dynamic activities, the left flow direction increased the flow rate by 25% of
the total initial flow and reduced 50% of the sediment deposited at Sot estuary, also decline the
periodic dredging volume (5 years) up to 60% with the dike at Sot estuary is under construction.

Figure 4. (a) Hon Ngu island acts as breakwater;
(b) and sand barrier in the South of Hoi estuary.

Figure 5. Sand bar along the South of Nam
estuary with 1-1.5 meters long in section near
estuary (a); Section of estuary bank with 0.5-1
meters long (b); Sand dune crosses estuary (c).
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Figure 6. Colum - shaped reinforced dyke for embankment protection (Xuan Hoi - Xuan Pho) and anti
- accumulation at Hot estuary.

Nhuong estuary: With 550 — 900 m wide, creeks under southern by 2.5 - 3.0 m deep,
tidalflats is from 35 to 150 m wide. The North side is formed from small sand with origin by
marine — wind Holocene (mvQ,.3), as for southern side being from granite biotite bedrock which
belong to Phia Bioc complex {GTsn pb ), crossing the mentioned estuary is mainly granite biotite
rock and granodiorite which elongate 400- 500 m in paralle] to the coast. The erosion and accumulation
of the estuary seem so complicated. In period 1995 -1997, with narrow 150 - 200 m, the erosion
expanded the estuary and the area inside the estuary continuously until building a dyke and
cmbankment system of 2 km long from the year 2012 to reduce crosion and protect residential
areas of Cam Nhuong commune. The length of each embankment is approximate 20 m under
the highly impacts of sca waves the roof embankments are still damages (Figure 9) [2, 5, 7].

Figure 7. (a) Erosion at provincial route 22/12: and (b) protected embankment of Thach Kim commune
after tropical storm No.10,2017.

In dry season (July 11", 2017), sand bar extending about 400 m from 200 — 250 m in 1995 from

the north shore to the southern side and sand flats along the river and in the middle stream. Under

Cua Nhuong bridge also appeared river delta with 280 m long and 50 -100 m wide along the bridge.

(a) . | - . (v..: : =

Figure 8. () Erosion damages in the North estuary; and (b) extremely accumulation at Sot estuary.

According to remote sensing data for the period 2000 - 2016, the coastline varied average about
150 meters long. The erosion of the northern estuaries is at an average rate of 3.8 m/year. In the North
of the estuary, the sediments are filled with a speed > 10 m/year, forming sand dunes with a length of
about 500 meters. Coastline of Sot estuary to the Nhuong estuary is relatively flat (3-10 slope degree).
The current embankment system in northem riverside (Cam Nhuong commune) and southem river
bank (Cam Linh commune) combine with mangrove forest and breakwater embankment (3 km),
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more effective mitigate flood damages in rainy season and forming various scales of mudflats (35 —
40 meters wide to 100 - 150 meters wide) along the two banks of the river mouth.

Figure 9, System ol embankment at the North of Nhuong estuary.

Before the year 2007, under foothill of Rock mountain (Nam estuary, Cam Linh commune)
occurred a wide mudflat with 250 - 350 m wide that also concentrate many residents and got
the deep estuary. In the section of Cam Linh beach (near estuary), the activities of high
weathering granodiorite bedrock erosion happen extremely that cause rock fall at the edge with
average dimension of rock masses from 0.5 m to several meters create the rock beds under the
foothill. The period results of from 2000 - 2016 via remote sensing image analysis show that
the shoreline varied below 100 m. The strongest change at estuary in the north and inside
southern estuary arca with the average rate of advantaged erosion is 3 m/year.

Khan estuary: This estuary gets 125 — 450 m wide with southern creek depth (<0.5-3.5
m), the tidal flats have width from 90 to 110 m. The northern side of estuary is formed by small
sand with wind — marine origin Holocene (mvQ-.:), the southern side is structured Jurassic
terrigenous sediments consist of conglomerate, sandstone of Muong Hinh formation (J; m#).
The erosion — accumulation of estuaries and coasts are causing a great impact on the socio-
economic activities. In comparison with above o@\e,s,, this estuary is smaller, but accumulation
activitics occur strongly in estuarics and also creates mudflats of up to 100 — 150 m wide with
accumulation rate 2 - 5 m/year. As for flood season in April of the year 2016, sea waves eroded
Casuarina forest about 10 -15 meters, at 100 meters from the Border Gate at Khau estuary (Bac
estuary). The eroded edge is 700 m long, 0.5 - 2.0 m of height, extending from the estuary to
the coast (Figure 10).

ks

Figure 10. The erosion of Border Gate Station of Khau estuary (Northern side).

4. Conclusions
From above research results, we can conclude that the erosion and accumulation of estuarine
and coastal arcas of Ha Tinh province as follows:

- The distance among estuaries are relatively equal and 30 - 40 km apart. In the north side,
the estuaries are created from medium - small sand and as for the south side are mainly the
bedrock. Especially for Hoi estuary, two sides of river are formed by fined sand and considered
a natural sea wave prevent.

- Estuaries have the funnel shape specific as inside of the estuary is 500 - 700 m wide and
high accumulating in dry season. Average depth of estuaries is from 1 m to 3 - 4 m, especially
for Hoi cstuary is 6 to 7 m dcep, the deep channcl is often direct to the south, the shallow part
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is on the North side of estuary and also there are also sub-sandbars or floated sandbars under
season changes, especially for Hoi estuary has deep channels near the North.

- The crosion and accumulation activity arc still occurring complicated. Tn the period 2000-
2016, erosion activities took advantage with the rate of 2 - 5 m and mainly erosion happened
in the North side. Accumulation of sandbars and riverside > 10 m/year occurred very
extremely, causing high damages to various embankments and many civil construction and
waterway transportation at research estuary.
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