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Vorwort des Herausgebers

Nichtgewebte Geotextilien werden u.a. als Teil von Drainagematten verwendet. Diese
bestehen aus einem Kunststoffgeriist als Kern, welches an der Ober- und Unterseite mit
den nichtgewebten Geotextilien besetzt ist. Wahrend der Kern die eigentlich wasserleitende
Funktion parallel zur Lage iibernimmt, ist es die Aufgabe der Geotextilien anfallendes
Sickerwasser senkrecht zur Lage passieren zu lassen, aber Bodenpartikel zuriickzuhalten.
Solche Drainagematten werden z.B. als Teil von Oberflichenabdichtungen von Deponien
eingesetzt. Thema der vorliegenden Arbeit ist der Wasserfluss aus dem Boden in das
nichtgewebte Geotextil.

Die Wasserdurchlassigkeiten von Boden und Geotextilien werden im Normalfall im
gesattigten Zustand gemessen. In diesem Zustand ist die Durchlassigkeit des Geotextils
deutlich grofler als die der gewohnlich als Deckschichten eingesetzten Boden. Das andert
sich, wenn der Porenraum des Bodens und des Geotextils teilweise mit Luft und teilweise
mit Wasser gefiillt ist. In diesem teilgesattigten Zustand steht nur ein Teil des Porenraums
fir den Wasserfluss zur Verfiigung und die Durchlassigkeit nimmt stark ab. Je geringer
der Wassergehalt bzw. der Sattigungsgrad ist, desto geringer ist auch die Durchléssigkeit.
Verkniipft mit dem Sattigungsgrad ist die Saugspannung des Bodens. Die Beziehung
zwischen Sattigungsgrad und Saugspannung ist charakterisierend fiir einen Boden oder ein
Geotextil, ebenso die Bezichung zwischen der Saugspannungen und der Durchléssigkeit.
Bei geschichteten Systemen miissen die Saugspannungen an den Schichtgrenzen in bei-
den Materialien gleich sein. Daraus ergeben sich Spriinge im Sattigungsgrad und in der
Durchléssigkeit. Da nichtgewebte Geotextilien bereits bei geringen Saugspannungen stark
entwéssern, kann sich die Situation ergeben, dass bei Zunahme der Saugspannung in
den umgebenden Materialien die Durchléssigkeit des Geotextils unterhalb der des zu
entwéissernden Bodens féillt und die Drainagewirkung verloren geht. Solche Situationen
wurden bereits fiir einzelne Kombinationen aus Geotextilien und Boden experimentell
nachgewiesen.

An dieser Stelle setzt die Arbeit von Herrn Al-Anbaki an. Er untersucht dieses Phénomen

erstmalig systematisch fiir unterschiedliche Boden, abgebildet durch Gemische aus Sand und
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Kaolin mit unterschiedlichen Mischungsanteilen, und verschiedene Geotextilien. Er fiihrt
zum einen die Grundlagenuntersuchungen an den gewéhlten Materialien zum Zusammen-
hang Sattigungsgrad, Saugspannung und Durchlassigkeit aus, untersucht die hydraulische
Interaktion Boden-Geotextil in Sdulenversuchen und diskutiert deren Ergebnisse anhand
der Ergebnisse aus den Grundlagenuntersuchungen. Zusétzlich fiihrt er an den Bodenma-
terialien Scherversuche zur teilgesittigten Scherfestigkeit aus und analysiert diese vor dem
Hintergrund des Konzeptes der effektiven Spannungen. Die ausgefiithrten Experimente sind
hoch anspruchsvoll und zeitaufwandig. Herr Al-Anbaki hat mit dieser Arbeit einen in dieser
Form einmaligen sehr kompletten Datensatz zu verschiedenen Boden und Geotextilien

geschaffen.

Bochum, November 2019 Diethard Konig
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Abstract

Nonwoven geotextiles are widely used as component of drainage systems in geotechnical
structures like landfills. These systems are generally located above ground water level and
their hydraulic behavior is dominated by unsaturated conditions. Whereas the hydraulic
conductivity of nonwoven geotextiles is a magnitude larger compared to the hydraulic
conductivity of soils under saturated conditions, this relation is changing in case of un-
saturated conditions. Depending on the characteristics of the geotextile and of the soil,
unsaturated hydraulic conductivity of the nonwoven geotextile reaches values below the
one of the soil. By this, the drainage function of the geotextile is limited.

During the last decades the behavior of soils under unsaturated conditions has been
investigated. On the other side, investigations on the behavior of geotextiles under unsat-
urated conditions are limited. A number of references can be given to research related
to the hydraulic interaction between soil and geotextile under unsaturated conditions
but systematic studies taking into account different types of soils and different nonwoven
geotextile products are rare.

The aim of this work is to get an insight into the complex hydraulic interaction between
soil and geotextiles within drainage and infiltration processes in a system of a soil layer
above a nonwoven geotextile. For this soils were selected with characteristics, which
may be typical for cover soils of landfills above a drainage system, from a pure sand to
sand kaolin mixtures with increasing fine content. Furthermore, a number of nonwoven
geotextiles showing a bandwidth of apparent opening size has been chosen. First, the
relevant properties of the materials have been determined experimentally, like grain size
distribution and soil water characteristic curve (SWCC) for the soils and apparent opening
size distribution (AOS) and geotextile water retention curve (GWCC) for the nonwoven
geotextiles. Within this part of the work a method has been developed to derive the
GWCC from the AOS and this method has been validated by the experimental results.
Using existing models, the hydraulic conductivity curves for the soils and the geotextiles
have been determined from the SWCC and GWCC, respectively.

Secondly, one dimensional column tests have been performed using one typical nonwoven
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geotextile and four different soils with increasing fine content and due to that different
SWCCs and hydraulic conductivity curves. The test results show that the hydraulic
interaction and the drainage behavior are influenced by the soil type. In all cases the flow
of water through the geotextile is disabled when degree of saturation of the soil above
the geotextile is decreasing and the suction exceeds a certain value. The test results are
analyzed and explained by the properties of the materials, which have been determined in
the first part.

In addition, a separated part of the work is related to the unsaturated shear strength of
the studied soils. Experimental data are compared to different theoretical approaches to
describe unsaturated shear strength based on e.g. saturated shear strength and degree of

saturation.



Zusammenfassung

Geotextilien, insbesondere nichtgewebte Geotextilien, werden haufig als Bestandteil von
Drainagesystemen in der Geotechnik eingesetzt, so z.B. bei Deponien. Diese Systeme liegen
allgemein oberhalb des Grundwasserspiegels und unterliegen teilgesattigten Verhéltnissen.
Wihrend die gesattigte Durchlassigkeit des Geotextils um eine Groflenordnung hoher ist
als die des Bodens, andert sich dieses Verhéltnis unter teilgesattigten Bedingungen. In
Abhéngigkeit der Eigenschaften des verwendeten Geotextils und des anstehenden Bodens
kann die ungesattigte Durchlassigkeit des Geotextils Werte erreichen, die unterhalb der
des Bodens liegen, wodurch die Drainagefunktion beeintrachtigt wird.

Das Verhalten von Boden bei Teilsédttigung wurde in den letzten Jahrzenten ausfiihrlich
untersucht. Dagegen liegen nur wenige Arbeiten zum Verhalten von Geotextilien unter
teilgeséttigten Bedingungen vor. Einzelne Arbeiten behandeln die hydraulische Interak-
tion zwischen Geotextil und Boden. Systematische Studien, welche die Wechselwirkung
bei einer Bandbreite verschiedener Boden und Geotextilien behandeln, liegen nicht vor.
Das Ziel dieser Arbeit ist es, hierzu einen Beitrag zu leisten, und einen Einblick in die
komplexe hydraulische Wechselwirkung bei Drainage und Infiltrationsprozessen zwischen
obenliegenden Boden und darunter befindlichem nichtgewebtem Geotextil zu erhalten.
Hierzu werden, ausgehend von reinem Sand, Mischungen aus Sand und Kaolin mit
zunehmenden Feinanteil betrachtet, die Eigenschaften von Boden, welche in Deck- und
Rekultivierungsschichten von Deponien verwendet werden, naherungsweise abbilden.
Weiterhin werden verschiedene nichtgewebte Geotextilien mit einer Bandbreite von Off-
nungsweitenverteilungen ausgewahlt. An diesen Materialien werden zunéchst die relevanten
Eigenschaften, wie Kornverteilungen (Béden) bzw. Offnungsweitenverteilungen (Geotex-
tilien) und Saugspannungs-Sattigungsbeziehungen experimentell bestimmt. Dabei wird
eine Vorgehensweise entwickelt und verifiziert, die Saugspannungs-Séattigungsbeziehung
von Geotextilien aus der Offnungsweitenverteilung abzuleiten. Fiir die Béden wie auch
die Geotextilien wird die Wassergehalts-Durchléssigkeitsbeziehung unter Verwendung
bekannter Modelle ermittelt.

In eindimensionalen Saulenversuchen wird das System aus Geotextil mit dariiber liegen-

vii
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den Boden abgebildet und dessen hydraulisches Verhalten bei Drainage und Infiltration
beobachtet. Eingesetzt werden ein typisches Geotextil und vier Béden mit unterschiedlichen
Feinkornanteilen und damit abweichenden Saugspannungs-Séttigungsbeziehungen und
Wassergehalts-Durchlassigkeitsbeziechungen. Die Versuchsergebnisse zeigen, dass die Eigen-
schaften des Bodens einen erheblichen Einfluss auf das hydraulische Verhalten des Systems
haben. In allen Féllen wurde mit abnehmendem Wassergehalt des Geotextils der Abfluss
des Wassers in das Geotextil behindert, welches sich anhand der zuvor ermittelten Materi-
aleigenschaften erkldren lasst.

Ein weiterer Teil der Arbeit beschéftigt sich mit der ungeséttigten Scherfestigkeit der
zuvor verwendeten Boden. Die experimentellen Ergebnisse dazu werden mit verschiedenen
Ansétzen zur Beschreibung des Einflusses des Séttigungsgrades auf die Scherfestigkeit

verglichen.
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1. Introduction

1.1. Background and motivation

In the last few decades, the use of nonwoven geotextiles [as a separate layer or as a part
of the geocomposite drainage layer which is a rigid core sandwiched between two nonwo-
ven geotextiles or any other materials (D4439-15a. 2015)] for filtration and/or drainage
purposes to substitute the coarse grained soil layer became common and more attractive
in several engineering applications such as paved and unpaved roads, landfill covers and
liners, earth dams, embankments and retaining walls (Stormont & Morris 2000; Bouazza,
et al. 2006). This is due to the reduction in the cost ( practically if the quantity and/or
the quality of the appropriate soils are not available within acceptable distances from the
location of the construction site), reduction in thickness in comparison to a thick soil layer
(in case of a landfill the effective space for depositing waste may increase), the quality
of industrially manufactured geocomposite drainage layer is more uniform than that of
a natural soil, the possibility to produce the geosynthetics materials following certain
criteria to follow the design aspects also with special shape, and geosynthetics products
are easy to handle and require less effort and may also decrease the air and noise pollution
also when considering the manufacturing and transportation pollution (low COy emission)
(Ingold 1994; Koerner 2005).

The current study focuses on the nonwoven geotextile used for drainage and filtration
purposes as part of the final capping system of a landfill under partially saturated con-
dition. However, the outcome of this study may shed the light on the performance of
this material (or any possible similar material) in the other applications under partially
saturated condition.

The geocomposite drainage layer consists of a geonet (core) sandwiched between two
layers of nonwoven geotextiles, the upper one works for drainage, filtration, and separation
while the bottom one works for separation purposes. The liquid enters through the top
geotextile and travels horizontally through the space of geonet until it reaches a suitable

drainage system (Figure 1.1). Such system might be used to intercept and convey leachate
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Figure 1.1.: Schematic drawing shows the layers of a typical landfill after Bonaparte et al.
(2002)

in landfill liner or percolating water in landfill cover systems and to conduct vapor or water
beneath pond liners of various types (Koerner 2005). The design procedures related to the
flow of water thorough drainage system can guarantee a high drainage performance of the
geotextile material by considering during the design stage that both the top soil and the
geotextile are fully saturated during their lifetime. In this case the hydraulic conductivity
of the geotextile is several orders higher then that for the top soil layer and thus a smooth
flow of water will be insured from the top soil through the geotextile (e.g. Holtz & Berg
1997; Fannin & Palmeira 2002; Koerner 2005). However, the engineering applications
in which geotextiles are commonly used are under partially saturated conditions for the
majority of their design life. Figure 1.2. shows the change in the water content in a soil
layer near the surface at different climatic conditions where a drainage layer could be
placed beneath it. The thickness of cover soil layer in landfill capping systems is about 1
to 5 meters (Koerner 2012).
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However, the waste material may contain toxicity, acidity, mobility, or volume of hazardous
waste (Rushbrook & Pugh 1999; Tammemagi 1999; Shukla & Yin 2006; Hauser 2008),
therefore, the regulations are insisting to place the waste materials above the water table
in order to ensure there will be no contact between the water and the waste material. As

a result, the landfill body and its layers should be placed above the groundwater table.

Vegetative surface

Monolithic
cover

1.219m

Barrier soil =
with organic Y
amendments 2
(0.152 m)

Barrier soil

0.457 m

Depth of significant
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varies
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7777777 5 ;;'717”””””7‘\””7”””””7”””"_l—:oundation
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in monocover
Waste
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------ Evapotranspiration
(a) Soil profile showing a drainage layer (b) Typical seasonal moisture content fluctua-

tions

Figure 1.2.: a) Final cover design for a landfill, b) typical seasonal moisture content
fluctuations after (Zornberg & McCartney 2003; Zornberg & Christopher 2007).

In that case, the pores of the soil and the geotextile will be, mostly, filled with water and
air (i.e. under partially saturated conditions) and consequently a drop in the hydraulic
conductivity of the soil and geotextile will occur with small increase in the suction value.
The drop of that for the geotextile will be rapid and faster compared to the soil which has
a relatively higher air-entry value. As a result, the product may fail to drain the water
coming from the top soil layer which may lead to store the water in the soil layer and thus
weakening the soil layer (due to its limited storage capacity) and causes severe problems
like reduction in the shear strength of the soil and/or may reduce the shear strength at
the interface between the soil and geotextile (which could be weaker than that in the soil)
and as a result lowering the factor of safety and failure.

Such effect can be defined as a capillary barrier phenomena, which is known from two
layers system where a fine to coarse sand overlies a coarse sand to fine gravel (Khire et al.
2000). Under partially saturated conditions, water flow from above into the lower layer
is held within it against gravity due to capillary forces and water flow into the capillary

block is prevented (Steinert et al. 1997). While there are some applications which may
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benefit from the capillary barriers effect, there are also other applications in which an
increase in moisture storage from a capillary barrier effect can be detrimental (Zornberg
& Christopher 2007).

Such condition may urge the need to consider the partially saturated conditions parameters
in order to have a better understanding to the behavior and efficiency of such systems, in
which such parameters are still not widely used in the design procedures for landfills or
other applications.

Besides numerous studies on the capillary barrier effect at soil-soil systems, a number
of studies exists on hydraulic interaction between soil and geotextile under unsaturated
conditions. These studies are showing that the relation between water content, suction
and hydraulic conductivity of both soil and geotextile is dominating the hydraulic behavior
of the soil geotextile system. Systematic studies on the hydraulic interaction of soil and
geotextile for various type of soils with increasing fines content and various types of
nonwoven geotextiles are rare.

For understanding the hydraulic interaction between soil and geotextile it is necessary
to determine the relationship between water content and suction and between hydraulic
conductivity and suction for both soils and geotextile. The relationship between water
content and suction for soils is usually described by the soil-water characteristics curve
(SWCC). Experimental procedures to measure this relationship are nowadays well estab-
lished and for a wide range of soils empirical data are available (Nemes et al. 2018). The
experimental determination of the relationship between suction and hydraulic conductivity
is time consuming and complex equipment is needed. Due to this several approaches exist
to derive this relationship from SWCC.

The experimental determination of the relationship between water content and suction
for geotextiles (GWCC) are less established compared to the procedures for soils. Up to
now, no approach exists to derive the GWCC from apparent opening size (AOS), which
is widely used to characterize nonwoven geotextiles. Such procedure could be developed
analogues to the once for soils where SWCC is derived from grain size distribution.
However, for geotextiles, the experimental determination of the relationship between
hydraulic conductivity and suction is still unusual and there are rare number of studies
on that topic which show that this experimental test is time consuming and error-prone.
Due to these reasons, the relationship is derived from GWCC similar to soils, where the
relationship between hydraulic conductivity and suction is derived from SWCC.

The type of soils which are overlying a drainage layer may vary. As example the soils
used for top soil layer of landfills are varying from silty sands to silts with sand and clay

fractions (Koerner 2005). Also different nonwoven geotextiles with different AOS are avail-
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able. Therefore, the water content-suction relationships and hydraulic conductivity-suction
relationships for a variety of soils and nonwoven geotextiles have to be investigated.

The hydraulic interaction between the soil and the geotextile can influence the water
content in the cover soil layer, e.g. in case of a capillary barrier effect, and therefore the
shear strength will be affected. Consequently, the influence of degree of saturation and
suction on the shear strength of the investigated soils is of interest. From this following

objectives of this work are defined:
1. Experimental determination of SWCC for soils with increasing fines content
2. Determination of hydraulic conductivity - suction relationship for the selected soils
3. Experimental determination of GWCC for different types of nonwoven geotextiles
4. Development of an approach to determine GWCC of nonwoven geotextile from AOS

5. Determination of hydraulic conductivity - suction relationship for nonwoven geotex-

tiles

6. Performance and analysis of one-dimensional flow experiments on studying the
hydraulic interaction of soil- geotextile and interpretation of the observations of the

column tests by using the results of the studies on the material

7. Studying the effect of suction on the shear strength and on the shear strength

parameters for the selected soil mixtures
In order to study these properties, the current study consists the following parts:
« Experimental part which is divided into four categories of tests:

— Soil tests (hydraulic): Determining the physical properties, saturated hydraulic
conductivity, soil-water characteristics curve of the top soil layer SWCC. In
this purpose, five types of soils: Hostun sand, kaolin clay, and three different
mixtures of adding kaolin clay to Hostun sand (by weight) 10%, 15%, and 20%

are investigated.

— Geotextile tests: Determining the physical, mechanical and hydraulic properties

of a wide range of nonwovens geotextile including the effect of suction.

— Soil-geotextile tests: Evaluate the performance of one geotextile at drainage
and filtration conditions by conducting column tests on one-dimensional flow of

water through various types of soils overlying nonwoven geotextile
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— Shear strength: The shear strength parameters of Hostun sand and soil mixtures
10% and 15% under saturated and unsaturated conditions are determined in

direct shear tests.

o Theoretical part Determining the fitting parameters of the water-retention curves
for soils and geotextile. Also, since the testing techniques to determine the water-
retention curve for the geotextile are complicated, not popular or available in every
laboratory, and also could be time consuming or require hard work to achieve accuracy
(Fredlund & Fredlund 2012), an attempt is made to develop a model to determine
the water-retention curve of nonwoven geotextile based on its physical properties
(pore size) based on the data from the apparent opening size curve or AOS. The idea
behind this model is based on the concept of determining the water retention curve
of the soil based on the grain size distribution curve by Fredlund & Xing (1994).
The tests results from the laboratory are compared with the developed model in
order to check the accuracy. The results of the 1-D column tests are discussed taking
into account the measured soil-water retention curves and geotextile-water retention
curve.

Finally, for measured SWCC of the soil materials, the suction stress and by this the
shear strength are derived independent of the degree of saturation using existing
models. The results are compared to measured shear strength saturation relation-
ships.

The objective of this research can be summarized by having a better understanding
to the performance of the nonwoven geotextile by considering partially saturated
conditions.

Figure 1.3 summarizes the research activities of the current study.

1.2. Organization of the Dissertation

This dissertation contains eight chapters. Chapter one presents the background, objec-
tives and motivations, scope of the study, and the organization of the thesis. Chapter
two defines geotextiles as special type of geosynthetics materials, describes the outline of
typical landfill cover systems and the use of geotextiles within these systems, and reviews
two case studies of failure at the interface between top soil layer and geotextile due to
partially saturated conditions.

In chapter three, a literature review is given on the basics of unsaturated soil mechanics,
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Figure 1.3.: Summery of the research activities of the current study

direct shear test results under partially saturated conditions, and the theoretical models
to determine the change of shear strength with suction. Also a state of art is included on
the previous studies to determine the water-retention curve of nonwoven geotextiles using
different methods, and the experimental and the numerical studies on the one-dimensional
flow of water through soil and geotextile.

In chapter four, the materials used for the experimental studies are introduced, also the
initial and boundary conditions are presented. Chapter five, presents the experimental
techniques, equipments, and the results on the selected soil and geotextile materials
under partially saturated conditions such as water-retention curves and the hydraulic
conductivity versus suction curves. Also the development and validation of a method to
predict the GWCC from AOS is described. In Chapter six, a description to the column
device is followed by review of the results of one-dimensional filtration test through soil
and geotextile. The observations of the column tests are analyzed and explained using
the results of chapter five. Chapter seven presents the direct shear device for partially
saturated conditions and the results of the experiments which were performed on sand and
soil mixtures. The shear strength and water content relationships derived from SWCC
are shown and discussed together with the experimental results. Finally, chapter eight

summarizes the main results and provides related conclusions and recommendations, and
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propounds an outlook for future studies in this field.



2. Geotextiles in landfill cover systems

2.1. Introduction

In this chapter, an attempt is presented to define the geosynthetics materials with focusing
on the nonwoven geotextile material used for drainage and filtration purposes, and the
applications of the different products. As stated earlier in chapter 1, the drainage geotextile
material is used for many applications however, in the current study there will be a focus
on the function of these geotextiles under partially-saturated conditions in the landfill
cover systems. Such projects are considered massive and any damage or failure could be
costly and probably some environmental consequences Koerner (2012). A definition to
the landfill and its cross-section is reviewed. At the end of this chapter, two case studies
for failure at the interface between the top soil layer and the drainage geotextile layer
occurred due to unsaturated conditions are presented.

Geotextiles are types of geosynthetics products. Geosynthetic is a generic term describing
thin, flexible, planar products in which at least one of whose components is/are made from
synthetic or natural polymer generally derived from crude petroleum oils, although rubber,
fiberglass, and other materials. They are formed as a sheet, a strip or a three dimensional
structure. Geosynthetics are used in contact with soil, or rock, and/or other materials
in geotechnical and civil engineering applications as an integral part of a human-made
project, structure, or system (Ingold 1994; Koerner 2005; Shukla & Yin (2006)).

There are, mainly, eight types of geosynthetics materials; (1) geotextiles, (2) geogrids, (3)
geonets, (4) geomembranes, (5) geosynthetics clay liners, (6) geopipe, (7) geofoam, and (8)
geocomposites (Koerner 2012). Table 2.1 presents the primary function of each type of the
geosynthettic products (Koerner 2005). However, there are some other functions of the
geosynthetics materials such as protection, absorption, cushioning, insulation, screening,
surface stabilization, vegetative reinforcement Shukla & Yin (2006). In this study, a short

review for geotextiles will be presented focusing on the drainage and filtration applications.
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Table 2.1.: The primary function for each type of geosynthetics, after Koerner (2005)

Type of Primary function

geosynthetics (GS) Separation Reinforcement Filtration Drainage Containment
Geotextile GT v v v v -
Geogrid GG - v - - -
Geonet GN - - - v -
Geomembrane GM - - - - v
Geosynthetic clay

liners GCL - - - - v
Geopipe GP - - - v -
Geofoam GF v - - - -
Geocomposite GC v v v v

2.2. Geotextiles

Geotextiles are permeable geosynthetic comprised solely of textile which, when used in
association with soil, rock, or any other geotechnical engineering-related material. It
has the ability to separate, filter, reinforce, protect, or drain. Typically it is made from
polypropylene (=~ 85%), polyester (=~ 12%), polyethylene (=~ 2%), polyamide (nylon)
(~ 1%), polyvinylidene-chloride, and fiberglass. Sewing thread for geotextiles is made
from KevlarL or any of the above polymers (ASTM D4439; Koerner 2005). It has been
reported that the earliest use for geotextile materials as filters had began in the 1950s
behind precast concrete seawalls, under precast concrete erosion control blocks, beneath
large stone riprap, and in other erosion control situations (Barrett 1966). However, Giroud
was the first to use nonwoven geotextile as a filter in a dam, Valcros Dam, in France in
1970 as shown in Figure 2.1 (Giroud 2010).

Geotextiles can be classified into four main types:

« Woven geotextile: a geotextile produced by interlacing, usually at right angles,
two or more sets of yarns (made of one or several fibers) or other elements using a

conventional weaving process with a weaving loom (Figure 2.2a).

« Nonwoven geotextile: a geotextile produced from directionally or randomly ori-
ented fibres into a loose web by bonding with partial melting, needle-punching, or

chemical binding agents (glue, rubber, latex, cellulose derivative, etc.) (Figure 2.2b).
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« Knitted geotextile: a geotextile produced by interlooping one or more yarns (or

other elements) together with a knitting machine, instead of a weaving loom.

o Stitched geotextile: a geotextile in which fibres or yarns or both are inter-

locked /bonded by stitching or sewing.

——

Limit of the downstream zone of the dam
(before construction of the embankment)
Finger drains
also constructed

# with geotextile filter

T T el iﬁm N Downstream drain

_ | with geotextil

Figure 2.1.: Construction of Valcros Dam downstream drain, after Giroud (2010).

(a) Woven structure (b) Nonwoven structure

Figure 2.2.: Photographs for a) Woven structure, b) Nonwoven structure, after Ingold
(1994)

As the name implies, woven geotextiles are made by traditional methods in which two
orthogonal sets of elements are woven together. In contrast nonwoven geotextiles are
made from much finer elements, usually circular in cross-section, which are laid down in a
loose web and then bonded, usually by heat or mechanical entanglement, to produce a
coherent fabric. Figure 2.3 shows the diagrammatic representation of the production of

needle-punched geotextiles.
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Figure 2.3.: Photographs for a) The needlepunching process, b) Typical barbed needle,
after Ingold (1994).

2.3. Layout of typical capping system

There are fundamental scientific and technical aspects for placing a cover on a landfill.
Regulations (e.g. in Germany DepV 2009) control the selection and design of landfill
covers; however, they are based on specific environmental concerns and have a technical
basis. Landfill covers provide several environmental benefits, but they have three primary
goals (Hauser 2009):

o Minimize infiltration into the waste and percolation from the waste to groundwater
o Isolate the wastes from receptors and control their movement by wind and water
o Control landfill gases

The main objective of the capping system is to prevent physical contact and exposure to
waste, prevent humans or animals from digging into waste, reduce (or almost eliminate)
precipitation and infiltration, and reduces/prevents transport of contaminants to ground
water by infiltrating water. A layout of a typical capping system of a landfill is shown in
Figure 2.4.

o Cap layers: Vegetation
The purposes of this layer is to control erosion and reduce water infiltration by

evaporatranspiration.
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Figure 2.4.: Typical layers of a capping system of a landfill after Rowe (1998)

The characteristics of the vegetative supporting layer consists of shallow rooted

plants, low nutrient needs, and drought and heat resistant.

o Cap layers: top soil layer
this layer is supporting the vegetative supporting layer, used to store the water or

transfer it to the drainage layer, and protect the underlying layers.

o Cap layers: Protection layer

layer of cobbles to stop burrowing animals and deep roots (Not always included).

o Filter layer/ drainage layer
Minimizes contact between infiltrated water and low kg-layers below, prevents ponding

of water on geomembrane liner, and drains by gravity to toe.

o Cap layers: Low K layer
Composite liner: both geomembrane and low-kg soil (clay). Low kg prevents infil-
tration of water into waste: hydraulic barrier Geomembrane: at least 0.5 mm thick

compacted clay: at least 60 cm with k, < 107 cm/s

o Cap layers: Gas vent layer
Needed if waste will generate methane (explosive) or toxic gas Similar to drainage
layer: 30 cm of sand or equivalent geosynthetic Connected to horizontal venting

pipes (minimal number to maintain cap integrity)
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2.4. Filter geotextile mechanical and hydraulic stability

Design criteria in current engineering practice are mostly based on empirical relationships
derived from tests carried out on different combinations of base and filter materials. A
typical Terzaghi relationship (USACE 1953) describing effective filters made for soils, later
extended by Sherard & Talbot (1984), is as follows:

Disr/dgss < 4 (2.1)

Disp/diss > 4 (2.2)
and

Dsor/dgss < 10 (2.3)

where Di5r = di5 of the filter; Dsgr = d5o of the filter; and dgsg = dgs of the soil.
Equation 2.1 means that the d;5 of the filter must be not too small to fulfill the hydraulic
criterion that the permeability is high enough. Equation 2.2 means that the d;5 of the
filter must be not too large to fulfill the retention oe mechanical criterion ensuring that no
grains of the overlying soil entering the pores of the filter material.

The uniformity coefficient ', is most commonly used as 2 which indicates that there is a
filtering between two materials.

In case of nonwoven geotextiles there is no grain size distribution. The apparent opening
size curve AOS is used to describe the pore structure of the nonwoven geotextile.

The filtration function of a geotextile consists of allowing the liquid (water) to move
through it (hydraulic criteria) at the same time the geotextile must retain the soil on its
upstream side (mechanical criteria). A third factor is the long-term soil-to-geotextile flow
compatibility which prevent clogging the geotextile fabric during the lifetime of the system
is necessary.

The permeability of a geotextile is the property to transmit or flow the water in the
cross-plane of the geotextile (perpendicular to the plane of the geotextile).

The mechanical criterion is commonly expressed as (Miszkowska et al. (2017))

where O,, percent opening size of geotextile (usually Ogg) (Giroud 2010); z retention ratio
parameter; D,, diameter, for which n [%] in mass of the remaining soil particles are smaller

than that diameter (usually Dsgs).
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The design parameters considered by different authors are variable, chiefly with regard to
the indicative diameter of the base soil, the soil relative density, the geotextile opening size,
and the type of the geotextile. Therefore, the use of dissimilar retention design criteria
must be cautiously evaluated referring to the real in-situ design parameters.
The permeability criterion includes flow rate and pore pressure requirements. The flow rate
requirement consists of comparing the flow rate in a two-layered filter soil filtering system
and flow rate in the same soil layer without a filter. The pore pressure requirement means
that the presence of the geotextile filter should not increase the pore water pressure in the
soil in comparison to the case performed without a filter. Furthermore, the permeability
criterion takes into account the blinding and clogging limit states.
The permeability criterion is commonly expressed as Giroud (2010) and Miszkowska et al.
(2017)

kpn = X\-ks (2.5)

where k,, coefficient of permeability normal to the plane of geotextile (cross-plane); A
constant coefficient (usually 10-100); ks coefficient of soil permeability; k,, coefficient of

geotextile permeability.

2.5. Capillary barrier effect

Capillary barrier is based on the a principle in which two soil layers, high permeable in
a water-saturated state, juxtaposed (side to side) in the order by capillary layer (fine to
coarse sand) overlies a capillary block (coarse sand to gravel). Under partially saturated
conditions, water flowing from above into the capillary layer is held within it against
gravity due to capillary forces and prevented from flowing into the capillary block (Steinert
et al. 1997; Khire et al. 2000).

Nonwoven geotextile underlying a soil layer can also act as capillary block (Lima et al.
2016).

It is necessary to distinguish from those applications which the capillary break condition is
an aim to block the water to move from conductive porous layer to a higher conductivity

layer due to the action of the capillary forces e.g. the capillary barrier.
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2.6. Case studies (Example from the field)

The use of geotextiles for drainage purposes in several projects to replace the use of soils
specially when the suitable soil for the application can be found faraway from the site
and transport and preparation of the soil is too expensive. The use of the geotextile
as drainage material has been examined in the laboratory by several researchers, Tan
et al. (2001) performed a two-dimensional flow of water test using a horizontal nonwoven
geotextile beneath a residual soil. The results showed that the geotextile was effective as
a drainage material to relieve excess pore pressure caused by loading at the soil surface.
Giroud (1983) concluded that the use of geotextiles was accepted to drain the water from
saturated soil during consolidation.

However, there have been several cover soil stability problems reported in the literature,
varying from being relatively small (which can be easily repaired), to very large (involving
litigation and financial judgments against the parties involved), Koerner & Soong (1998).
The sliding of relatively thin cover soil layers (called veneer above both geosynthetic
and natural soil liners, i.e., geomembranes (GM), geosynthetic clay liners (GCL)) and
compacted clay liners (CCL) are the particular materials of concern.

Dierickx (1996) observed after a heavy rainfall, water ponded to a depth of 0.1 m above
a geotextile used at a sports ground and showed that an excess of 10 mm of pressure
head was required to cause water percolation across several geotextiles. Richardson (1997);
Richardson & Zhao (2009) reported a slide failure in the sealing cover system of a landfill
due to capillary block developed over the geotextile beneath the top soil layer (case study
1). This failure occurred on a relatively gentle slope (8 = 8.5°) as shown in Figure D.16.
The vegetative supporting soil was washed to slope base. Investigation to the failed cover
indicated that the soil was saturated (15 cm top soil, 45 c¢m silty sands). Thus the flow of
water into the geocomposite was not continuous.

Richardson & Zhao (2009) described a massive sliding of cover soils occurring after a
major storm dropped 120 mm of rain on an East Coast municipal solid waste landfill cap
construction project (case study 2). The rainfall occurred within a span of 5 to 6 hours
and damaged approximately 14 hectares of cover. Figure 2.6a shows massive cover soil
loss along the slope, and Figure 2.6b demonstrates landfill gas pressure built-up under the
geomembrane.

Field observations and laboratory testing indicated that the in-place soil was saturated.
This soil was composed of fine sugar sand containing a high percentage of silt fines. The
Unified Classification for this soil is SP-SM. The soil was to function as a vegetative

support layer immediately above the final cover geomembrane and drainage geocomposite.
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(a) Cracks widening between sliding blocks (b) Vegetative support soils washed to slope base

Figure 2.5.: Slope failure for case 1, after Richardson & Zhao (2009).

The vegetative support layer was to be covered with 150 mm of topsoil supporting grass.

Failure occurred before the topsoil layer and associated grass could be placed. This failure

(a) LFG buildup under the geomembrane (b) Massive Soils Loss on Slopes

Figure 2.6.: Slope failure for case 2, after Richardson & Zhao (2009).

showed similar characteristics like the one described in case study 1 and might be also
initiated by a capillary block phenomena restraining the flow of water into the drainage
geocomposite.

However, the links between soil-geotextile interaction at unsaturated conditions (capillary
block), increasing water content in the soil above the drainage layer and slope failure by

increasing seepage force or decreasing shear strength was not discovered, finally.






3. Behavior of soils and geotextiles

under unsaturated conditions

3.1. Introduction

This chapter provides a review of the concept of soil suction, summary of the different
methods to determine the soil-water retention curve, the effective stress and shear strength
of soil under partially saturated condition, direct shear equipments and state of arts of the
published results, and the theoretical approaches to determine the shear strength of the
soil under unsaturated condition. This review will be useful to explain and discuss the
results of the shear tests under partially saturated conditions.

Also, this chapter summarizes the different methods and techniques to determine the water-
retention curve of nonwoven geotextiles. A review of the tests results for one-dimensional
flow of water through a column of soil and geotextile with different flow conditions is
presented.

Finally, the existing investigations on hydraulic interaction between soil and nonwoven

geotextile are discussed, and limitations are identified.

3.2. Unsaturated soil

The soil near the ground surface, especially in the arid or semi-arid regions which has deep
ground water table or which receives precipitation below potential evapotranspiration,
is comprised of notoriously hazardous geomaterials called unsaturated soils (Fredlund &
Rahardjo 1993; & Fredlund & Fredlund 2012). Compacting, excavating, and remoulding
soil processes used in several engineering constructions, such as earth dams, highways,
embankments, and airport runways, result in unsaturated soils. These soils are hazard
to slopes, earth structures and earth-supported structures because on wetting by rain or

any other means, they can expand or collapse; on drying by evaporation or by any other
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means, they can desiccate and crack with serious consequences for safety and high costs
(Ng & Chen 2008).

A partially saturated soil, unlike saturated soils, has more than two phases; solid skeleton,
pore-water, and pore-air, however, more correct to recognize the existence of a fourth
phase, namely, the air-water interface or the contractile skin because this interface affects
volume change and shear strength (Fredlund & Morgenstern 1977). It can be described as
a thin membrane interwoven throughout the voids of the soil, forming a partition between
the air and water phases. However, as this interface is directly linked to the air, water,
and solid phases, unsaturated soil is simplified as a three-phase system. The pore-water

pressure is negative due to the pore-air pressure (Fredlund & Fredlund 2012).

3.2.1. Concept of suction

The concept of suction was developed by several researches (e.g., Buckingham 1907; Edlefsen
& Anderson 1943; Bolt & Miller 1958; & Aitchison 1965). Soil suction, generally, consists,
primarily, of two components: matric component and osmotic component (Fredlund &
Rahardjo 1993). The sum of these two components (i.e., matric suction, s, and osmotic

suction, ) is called the total suction s,
S5p =5+ (3.1)

The matric component is related to the difference between pore-air pressure u, and pore-
water pressure u,, in the soil (the air-water interface or surface tension) giving rise to the
capillary phenomenon. The matric component of soil suction comes from the hydration
forces and capillary component effects (Pusch & Yong 2003; Arifin 2008 & Arifin & Schanz
2009). Therefore the matric suction is the sum of the hydration forces and the capillary
forces. The osmotic suction component is related to the dissolved salts and other solutes
in bulk water which is defined as the free water (Fredlund & Fredlund 2012).

Many of the engineering problems involving unsaturated soils are a result of changes in the
surrounding environment. For example, a slope may become unstable due to the reduction

of matric suction caused by an increase in pore-water pressure from water infiltrating into
the soil (Nelson & Miller 1992; & Rowe 2000).
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3.2.2. Suction measurement

Soil suction is measured by direct and indirect methods. Different tension measurement
devices are cataloged frequently in the literature (Fredlund & Rahardjo 1993; Fredlund &
Fredlund 2012; Lee & Wray 1995; Ridley & Wray 1996; Toker 2002; Toker 2002; Toker et al.
2004; Vanapalli 2008, Murray 2010, Toker 2002; Baille 2014) as presented in Table 3.1.
Among the variety of the available techniques, only tensiometers can measure the suction
directly. All other techniques measure other parameters, which indirectly correspond to a

suction value through predetermined calibrations (Toker 2007).

Table 3.1.: Some of the techniques introduced for measuring soil suction, modified after
Toker (2007); Likos & Lu (2003); & Agus & Schanz (20054)

Technique (Reference) Suction type Parameter measured Suction range [KPa]
Axis Translation Technique (Southworth 1980) Matric u, & uy are controlled 0-1500
Porous Plate (D2325-68) Matric u, & u,, are controlled 10-100
Pressure Membrane (D3152-72) Matric ua & uy are controlled 0-1500
Filter Paper (D5298-94) Matric contacting paper water content 30-100000
Filter Paper (D5298-94) Total nearby paper water content 400-100000
Time Domain Reflectometry (Conciani et al. 1996) Matric dielectric constant of device entire range
Tensiometer (Agus & Schanz 2005a) Matric water tension 0-100
Tensiometer (by IC, MIT, Sasktch.) Matric water tension 0-1500
Centrifuge (D425-88) Matric capillarity 0-3000
Psychrometers (Fredlund & Fredlund 2012) Total temperature at evaporation 100-8000
Humidity Chamber (Fredlund & Fredlund 2012) Total relative humidity of air 100-1000000
Gypsum Porous Block (Toker 2007) Matric electrical conductivity of device 10-3000
Heat Dissipation Sensor (Matile et al. 2013) Matric thermal conductivity of device 0-700
Osmotic technique (Fredlund & Fredlund 2012) Matric thermal conductivity of device 30-1500
Hanging column method (Vanapalli 2008) Matric u, & uy are controlled 0-30
Vacuum control technique (Vanapalli 2008) Matric u, & u,, are controlled 0-40
high-suction tensiometer (Tarantino et al. 2008) Matric water tension up to 1100

3.2.3. Soil-water characteristics curve (SWCC)

The relationship between the amount of the water or moist between the soil grains and the
associated suction in the pore water could be described by the Soil-Water Characteristic
Curve (SWCC). This curve or relationship represents the ability of soil to retain (hold)
water at different suctions.

The amount of the retained water or moist can be expressed by any of the parameters
showing the wetness of soil (i.e. degree of saturation, volumetric water content, or gravi-
metric water content). The corresponding suction (negative pore-water pressure) can be
expressed as stress or height.

SWCC is one of the most useful characteristics in the unsaturated soil mechanics and
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related to many geotechnical and hydro-mechanical properties of a soil such as hydraulic
conductivity, effective stress, and volume change Fredlund & Fredlund 2012.

A typical SWCC of a non-expansive soil is drawn in Figure 3.1 which represents the
relationship between degree of saturation and suction (Leong & Rahardjo 1997). SWCC
shows different paths for imbibition (absorption) and drainage conditions. If a specimen
of saturated soil undergoes suctions, increasing a little at a time, starting from a very low
suction, it loses its water content and follows the drainage path which is also called desorp-
tion or the drying path. The increase in suction starting from the saturated condition can
be performed under zero net applied stress (unconfined) or under any specific net stress
(isotropic or one-dimensional compression). The reverse (i.e. wetting path) is the process
where the water content of soil increases with a decrease in suction. If an oven-dried
specimen experiences suctions decreasing stepwise starting from very high suction, the soil
starts absorbing water.

Usually the drying path ends in the oven-dried condition (105 °C). The suction corre-
sponding to the oven-dried condition is about 1000 MPa as found by Croney & Coleman
1961. Fredlund & Rahardjo (1993) also found from the gravimetric water content versus
suction relationship for various sand and clay soils that at zero water content the suction
approaches a value of approximately 980 MPa. This value is also supported by thermody-
namic considerations Richards 1966.

The SWCC is influenced by type, texture, and mineralogy of soil. The behavior of fine
grained soils can be indicated by the consistency or Atterberg limits Sridharan & Nagaraj
1999.

In order to determine the SWCC, the amount of water in the soil specimen with respect to
the applied suction is required. Several testing procedures with different types of equipment
have been established to apply a certain suction to a soil specimen and by measuring the
water content related to the applied suction to determine the SWCC. The most common
laboratory technique is the axis translation technique (ATT), which utilities high-air-entry
ceramic disks in a pressure plate device. This method can cover matric suctions reaching
1500 kPa. However, when a higher range of suction is required, a controlled relative
humidity environment (i.e. vapour equilibrium technique, VET) is used to apply total
suction. This technique provides a total suction up to more than 250,000 kPa depending on
the type and concentration of salt used (Agus 2005; Lins 2009; Al-Badran 2011; Fredlund
& Fredlund 2012).

The SWCC consist of two main paths (i.e. the drying path and the wetting path). To
determine the drying path, the applied suction is increased incrementally for an initially

fully saturated prepared soil specimen under zero net vertical stress (i.e. unconfined,
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Figure 3.1.: Typical SWCC after Leong & Rahardjo (1997).

such as using the pressure plate apparatus), or under any specific net vertical stress (i.e.
isotropic, or one-dimensional compression, such as using a Oedometer-suction controlled
cell). The volume and the amount of water in the saturated specimen are slightly de-
creased as the suction increases until the air-entry value suction is reached AEV (i.e. the
saturation zone). With further increase in the suction, the volume and the amount of
water significantly decrease along a drying path (i.e. transition zone) until the residual
suction RES is reached. After that, the increase in applied suction cause insignificant no

change in the volume or amount of water of the soil specimen (i.e. the residual zone).

3.2.4. Hydraulic conductivity function

The unsaturated hydraulic conductivity describes the ability of the fluid to flow through
the partially saturated soil pores under a specified hydraulic gradient and is essential
for dealing with pollutant transport or the modeling of flow through earth structures.
Whereas the saturated hydraulic conductivity of granular materials is a function of void
ratio and the type of pore fluid, the unsaturated hydraulic conductivity is also a function

of water content or degree of saturation, volumetric water content or suction Leong &
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Rahardjo (1997). The shape of the hydraulic conductivity function is influenced by the
void ratio, the amount of fluid (e.g. water content) and the type of fluid (e.g. viscosity) in
the pores.

The magnitude of the conductivity for different soil types also vary from high values as for
gravel and very low values as for clay. The suction-water content drainage path of the
SWCC, that is directly related to the unsaturated hydraulic conductivity, the unsaturated
hydraulic conductivity function and the relative conductivity function are characteristic
for each type of soil at a given state (e.g. density). The relative conductivity function
relates the relative conductivity to the effective degree of saturation.

In saturated soil, the permeability coefficient of soil specimens can be determined by direct
experimental measurements (i.e. the constant head test or the falling head test) using

Darcy’s law to analyze the flow through the soil media as follows:

4q

ks:.i
1A

(3.2)

where: ky= the permeability coefficient for saturated soil, q the flow rate, A the cross-
sectional area of the specimen normal to the direction of flow, and i the hydraulic gradient.
In unsaturated soil, determining the permeability coefficient is difficult and time consuming.
Brooks & Corey 1964; van Genuchten 1980; Fredlund & Xing 1994; Leong & Rahardjo
1997 proposed statistical models for geotechnical engineering applications.

Fredlund & Xing (1994) presented the following relative conductivity function for unsatu-

rated soils using the soil water characteristic curve:

ko (6) = Jingwy #5"0'(e¥) - dy (3.3)
T - fb 0(e¥)—0(s) . 9’(ey) d :
In(Yagv) ey Y

where: b is equal to In(1,000,000), y presents the logarithm of suction, 6’ is the time
derivative of Equation (3.3) and e is the base of the natural logarithm. This equation

requires the functional relation between suction and water content using Fredlund & Xing
(1994) model.

3.2.5. Stress state variables for unsaturated soil

The mechanical behavior of soils (i.e., the volume change and shear strength behavior)
can be described in terms of state of stresses in the soil. They are called stress state
variables and they are independent of the physical and chemical properties of the soil. The

number of stress state variables needed to fully describe the state of the soil depends on
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the number of phases involved (Coussy 1995).

For saturated porous media, one stress state variable represented by the effective stress, o'
is very neat to fully describe the mechanical behavior. The stress variable then can be
defined as (Biot 1941; Terzaghi 1943):

’

O =0—V-Uy (3.4)

where o is the effective stress, o is the total stress, u,, is the pore-water pressure, and
v is Biot’s coefficient for soil and rock materials which is the fraction of the pore-water
pressure that gives the effective stress, (also known as b and «). Several expression are
proposed to determine v. For incompressible fluid and solid particles, v becomes equal to

1, thus the effective stress equation return to the equation defined by Terzaghi (1943):
0 =0 —u, (3.5)

Terzaghi suggested that v = 1. For real soils, Biot coefficient is close to unity, ranging
from =~ 0.998 for dense sand to 0.999 for normally consolidated clay NC-clay (Mitchell
1993). As a conclusion, Terzaghi’s assumption provides an excellent approximation to the
effective stress.

One of the early attempts to study unsaturated soils was made by Croney et al. (1958),
Bishop (1959), Aitchison (1960), and Bishop & Blight (1963) which modified the Terzaghi’s
principle of effective stresses for saturated soils to unsaturated soils for two-phase nature

of the pore fluid in the unsaturated soil:

/

o =(0—ug) + x(ug — uy) (3.6)

where u, is the pore air pressure, (o — u,) is the net normal stress, and y is effective stress
parameter, equals to 1 for saturated soil, and 0 for dry soil.

Due to difficulties to find a single effective stress equation, illustrated in the works of
(Aitchison & Donald 1956; Bishop & Donald 1961; Jennings & Burland 1962b; Bishop &
Blight 1963; Burland 1965), progressively led to the acceptance of the two independent
stress state variables fields as a necessary framework to describe the observed features of
unsaturated soil behavior under paths involving the variation of total stress and pore-water
pressure deficiency (or suction).

Thus (u, — u,) was introduced as an additional stress variable. Experimental evidence
showed that a change in the value of (u, — wu,,) does not coincide directly to a change in

neutral stress (pore-water pressure), as defined by Terzaghi, since the term represents a
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pressure difference due to surface tension acting in general over only a part of the surface
area of the soil particles. Furthermore the presence of large surface tension forces within
the soil leads to differences in soil structure in specimens following an apparently similar
effective stress path.

Many attempts have been made to determine the effective stress parameter x. Some
studies relate it to the degree of saturation S, (Aitchison & Donald 1956; Aitchison 1960;
Bishop 1959; Bishop & Donald 1961; Jennings & Burland 1962b; Croney & Coleman 1961;
Bishop & Blight 1963; and Burland 1965).

Jennings & Burland (1962b) used the same equation of Bishop 1959 to determine the
parameter y which is equal to the ratio of net normal stress to the effective stress on
the normal consolidation line (NCL), at the same void ratio of unsaturated condition, as
shown in Figure (3.2).

Khalili & Khabbaz (1998) presented a relationship between the effective stress parameter
x and the suction ratio (u,-uy)/(us-uy)p, Figure (3.3). The term (u,-uy), represents
the air-entry value of soil, s,.,. They showed that the effective stress parameter x can
be calculated as [(1,-Uy)/(1a-uy )p])¥ and the best-fit value of the exponent x = -0.55 is
appropriate to represent the behavior of different soil types. The parameter x can therefore
be considered as a material-independent constant. The air-entry value, s,., depends on
the soil type and on the void ratio, though in the original formulation it was considered,

for simplicity, as void ratio independent constant.
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Figure 3.3.: Relationship between the effective stress parameter y and the suction ratio,
(a) log-log scale, (b) liner scale after Khalili & Khabbaz (1998)

3.2.6. Shear strength of unsaturated soil

Mohr (1900) introduced a theory for rupture in materials which contended that a material

fails because of a critical combination of normal stress and shear stress:

7= f(0) (3.7)

Coulomb (1776) was the first one who expressed a failure criterion for soil by assuming
that the resistance to sliding in a plane through a soil mass is a sum of a cohesion (c¢),

being constant, and a friction (o p) which increases proportional to the normal pressure
Tr=c+op (3.8)

where p is the coefficient of internal friction.
Based on Coulomb’s empirical equation (as stated by Terzaghi 1943), Bishop (1959)
proposed an equation to determine the shear strength for unsaturated soil using the

effective stress concept:

I

Ty = ¢ + (00— ug) tan(gzﬁl) + X (uq — uy) tan(eo ) (3.9)

where 7 is the shear strength of the soil, ¢ is the effective cohesion, (o —wu,,) is the effective
stress, and ¢ is the effective angle of friction.

By considering Terzaghi’s effective stress under partially saturated condition as developed
by Bishop (1959) (7.2) and Mohr-Columb failure criterion (3.9), shear strength equation
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for partially saturated soils becomes:

/

T = ¢+ [(0— uy) + x(ug — uy)] tan(o ) (3.10)

Fredlund & Morgenstern (1977) and Fredlund et al. (1978) presented two formulation for
the shear strength modeling using two sets of independent stress state variables. One set
of stress state variables was defined using the water pressure as reference and one set was
defined using the air pressure as reference. The formulations with the two sets of stress

state variables are:

! 1

Ty = ¢ + (0 —uy) tan(o ) + (uq — uy) tan(g ) (3.11)

The advantage of this combination of variables is that it provides a readily visualized
transition from the unsaturated to the saturated case. The disadvantage arises in that,
when the pore-water pressure is changed, two stress state variables are being affected
(Fredlund et al. 1978).

¢ friction angle with respect to changes in (o - ) when (u, - uy) is held constant.

¢" friction angle with respect to changes in (u, - 1) when (o - uy,) is held constant.
Tr=c¢ 4 (0 — u,) tan(¢®) + (ug — uy) tan(¢?) (3.12)

The advantage of this combination is that only one stress variable is affected when the
pore-water pressure is changed and therefore, it considered more suitable for engineering
practice.

¢* friction angle with respect to changes in (o - uy,) when (u, - uy,) is held constant.

¢® friction angle with respect to changes in (u, - uy) when (o - uy) is held constant.
Regardless of the combination of stress variables used to define the shear strength, the
value of shear strength obtained for a particular soil with certain values of o, u, and wu,,
must be the same (Fredlund et al. 1978).

The final expression of the shear strength is (Figure 3.4):

!

TP = ¢ + (0 —ug) tan(o ) + (uq — Uy) tan(qzﬁb) (3.13)

¢ = ¢* which represents the angle of friction at saturated condition and ¢ = ¢".

#® friction angle corresponding to suctions below the air-entry value of the soil. It decreases
because water no longer covers the entire void space on the failure plane.

Fredlund & Barbour (1996) and Vanapalli (19966) proposed several models for predicting
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the shear strength of an unsaturated soil using the soil-water characteristic curve and the
saturated shear strength parameters:

7= ¢ (= ) tan(6) + G — ) tan8) - [g— T (3.14)

where: 0, is the saturated volumetric water content, #, is the volumetric water content at

residual condition, and « is fitting parameter depends on the soil type. The second term

of the equation is the shear strength contribution due to suction. It can be also expressed as

Tus = (g — ) tan(g) - [i__%rr]“ (3.15)

where 7, is suction strength. It indicates that the soil water characteristic curve can be

used to compute soil property functions for unsaturated soils approximately.
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3.2.7. Experiments on the shear strength of unsaturated soil

A detailed background on the methods, techniques and equipments which are used to
determine the parameters of the shear strength under partially saturated condition,
including direct shear box, was presented by Fredlund & Rahardjo (1993) and Fredlund
& Fredlund (2012). Alabdullah (2010) and Fard (2014) presented state of arts on the
equipments and studies carried out under plane-strain conditions. In the next section,
a short review for the main studies on the shear strength characteristics under partially
saturated conditions using the direct shear device is given.
Prior to the 1960’s, partially saturated soils were tested almost similar to saturated
soils using conventional testing equipments. The control of the suction was limited and
the strain rates were relatively high (Fredlund & Fredlund 2012). Several triaxial test
techniques for measuring the shear strength of an unsaturated soil were proposed by Bishop
et al. (1960). As the axis-translation technique was introduced for the first time in traxial
shear testing by Hilf (1956), this technique is commonly used for testing unsaturated soils
at matric suctions higher than the atmospheric pressure (101.325 kPa). The acceptability
of the axis-translation technique was verified by Bishop & Blight (1963).
Wilson (1902), Haines (1925) and Haines (1927) were, probably, the earliest investigators
to study the shear strength behavior of soils under unsaturated condition. Their studies
reported an increase in cohesion with an increase in negative pore-water pressure. Haines
(1925) attempted to estimate the intergranular stresses due to pressure deformation in the
pore-water in the partially saturated soil. Fisher (1926) extended the theoretical approach
of Hanies and assumed that the soil consisted of homogeneous spherical particles arranged
in a known systematic packing.
Terzaghi (1943) referred to an increase in the cohesion due to a reduction in water content.
He suggested a better understanding to the shear strength under unsaturated condition
could be achieved by studying the distribution of the pore-water of the soil.
Rutledge (1947) stated that four variable may affect the shearing resistance of clays under
unsaturated condition when testing soil specimens with controlled water content, namely:
minor principal stress; dry soil density; water content; and degree of saturation.
Donald (1956) performed series of direct shear tests on fine sands and coarse silts under
unsaturated conditions. The results for four types of sand are presented in Figure 3.5.
As the matric suction is increased, the shear strength increases to a peak value and then
decreases to a fairly constant value.

Escario (1980) performed series of drained direct shear and triaxial tests on unsaturated

Madrid Grey clay. The suction was controlled using the axis-translation technique (ATT).
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Figure 3.5.: Results of direct shear tests on sands under unsaturated condition, after
Fredlund & Fredlund (2012)

Escario & Saez (1986) and Escario & Juca (1989) performed direct shear tests on three
soils using a modified direct shear box and the procedure described by Escario (1980) on
three different soils. The results exhibited an increase in the shear strength as the matric
suction was increased. They also found that the results of the soils followed an empirical
formulation using a (2.5°) degree elliptical curve as shown in Figure (3.6).

Gan (1986) and Gan et al. (1988) performed multistage direct shear tests on compacted
glacial till under unsaturated condition. Suction was applied using the axis-translation
technique in a range between 0 to 500 kPa. The displacement rate was 1.7 x 10™% mm/sec.
Figure (3.7a & b) shows the change of angle of friction and shear strength with suction,
respectively. Similar multistage and also single stage direct shear tests were carried out on
ash-tuff and decomposed granite by Gan & Fredlund (1994), Gan & Fredlund (1995), and
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Vanapalli (1996b) have shown that for drained direct shear tests in unsaturated conditions,
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the soil suction has no influence on the angle of shearing resistance, ¢ . Thus, the difference
between the shear strength at failure conditions and the strength contribution due to net
normal stress. Vanapalli & Lane (2002) found a reasonably good comparison between

experimental results on Head till using conventional direct shear equipment under partially
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saturated initial conditions with the once using a modified direct shear device presented
by Vanapalli (1996a). A semi-empirical procedure for predicting the shear strength of an
unsaturated soil using the soil-water characteristic curve and the saturated shear strength
parameters proposed by Vanapalli (19965).

Sridharan (1968) provided an understanding of undrained shear strength of unsaturated
using soil mineralogy concepts. He concluded that the soil type and soil structure affect
the pore-water tension.

Satija (1978) proposed a statistical analysis approach for shear strength of unsaturated
soils. Karube (1988), Toll (1990), and Wheeler & Kumar (1992) have used the concepts of
critical state soil mechanics to the shear strength of unsaturated soils.

Borana et al. (2015) fabricated a direct shear equipment to test the shear strength at the
interface between soil and steel plate under unsaturated condition. The matric suction in
the test specimens was controlled using axis translation technique. The results showed
that the shear strength and dilatancy increases with an increase in matric suction. The
rate and degree of gain in shear strength due to matric suction is more for soil as compared
to interfaces.

Table (3.2) summarizes some shear tests which were performed under partially saturated
condition for several soils. Table (3.3) summarizes some of the existing equations to fit

the shear strength.

3.2.8. Suction stress

Suction stress is a stress state variable established on the representative elementary volume
of unsaturated soil, It describes the contribution of matric suction to effective stress. Be-
cause suction stress takes into account of all the possible inter-particle stress mechanisms
(i.e., physicochemical forces, surface tension, and capillarity) it can realistically describe
effective stress variation due to changes in soil saturation in all types of soil (Lu & Likos
2006; Lu & Godt 2008; Lu et al. 2010).

Suction stress characteristically depends on degree of saturation, water content, or matric
suction through the SSCC, thus paralleling well-established concepts of the soil-water

characteristic curve and hydraulic conductivity function for unsaturated soils.
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Table 3.2.: Summery of shear tests performed under partially saturated condition

Author(s) Soil type Shear Shearing | Shearing rate Suction
apparatus stage [mm/min] method
Escario (1980) Clay Modified Single 0.0083 ATT
Escario & Juca (1989) Clay & Clayey sand Modified Single 0.0016 ATT
Abramento & Carvalho (1989) Clayey sand
Shimada (1998) River sand Simple shear | Single 0.002 ATT
Vaunat et al. (2002) Silty soils
Huat et al. (2005) Residual soils Modified Single x0.006 ATT
Zhan & Ng (2006) Expansive clay Modified Single 0.0019 ATT
Ampadu (2007) Sandy clay Conventional | Single 0.048 Constant WC
Sun & Xu (2007) Sandy silt Modified Single 0.0096 Hanging column
Kulkarni (2008) Grey clay Modified Single 0.0005 Constant WC
Asadzadeh & Soroush (2009) Rockfill Conventional |  Multi 0.5 Constant WC
Ajdari et al. (2010) Silt-bentonite Conventional | Single 0.1-0.036 | Osmotic & VET
Gallage & Uchimura (2010) Silty soils Modified Single 0.048 ATT
Casini et al. (2011) Silty sand Conventional | Single 0.033 Constant WC
Hamidi et al. (2011) Silty clay Modified Single 0.003 Osmotic
Nam et al. (2011) Deposite Modified Multi | 0.005 - 0.008 ATT
Jotisankasa et al. (2012) Silt-kaolin Modified Single 0.05 Constant WC
Heitor et al. (2013) Silty sand Conventional | Single 0.01 Constant WC
Kim et al. (2013) Jumunjin sands Modified Single 0.002 ATT
Purwana & Nikraz (2013) Sand-Kaolin Modified Single 0.122 Constant WC
Nishimura et al. (2007) Silt Modified Single 0.05 ATT
Caruso & A. Tarantino (2004) clayey silt Modified Single 0.005 Constant WC
Caruso & A. Tarantino (2004) Modified Single Osmotic & VET
Villar et al. (2011) sand /silt Modified Single 0.001 ATT
Caruso & A. Tarantino (2004) Clayey silt Modified Single 0.0055 Constant WC
de Campos & Carillo (1995) Residual soils Modified Single - ATT
Chen et al. (2013) Silty soil Conventional | Single 0.8 Constant WC
Feuerharmel et al. (2006) Colluvium soil Modified Single 0.000203 ATT
Hossain & Yin (2010) CDG soil Modified Single 0.005 ATT
Hormdee et al. (2005) collapsible soil Modified Single 0.2 ATT
Vanapalli & Lane (2002) sandy-clay till Conventional | Single 1.25 Constant WC
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3.2.9. Determination of the suction stress o°

Lu et al. 2010 derived the following equation to determine the suction stress from SWCC

using the fitting parameters n and a of van Genuchten 1980 model:

0° = —(ug — uy), when (ug, — u,) <O0. (3.43)

o = (ua — Uw)

- n—1 7When (ua - uw) Z 0 (344)
1+ [a(ug — uy)]™ ™

If the suction value is less than the air-entry value of the soil, the magnitude of the suction
stress equals to the suction value. However, for higher suction range, the suction stress
can be calculated from the equation. In case of direct shear test condition, the suction

stress can be calculated following the equation (Lu et al. 2010):

¢ 17— —(0—1u,)tan¢’

~ tan a tan ¢’

s

(3.45)

3.3. Unsaturated behavior of geotextiles

3.3.1. Overview

Recently, the geotextile for drainage and filtration purposes is widely used in many engi-
neering application. However, since the mid of the 90s of the past century, several studies
were started to investigate the effect of suction on the hydraulic properties of the woven
and nonwoven geotextiles. It has been found that these polymer materials have similar
behavior compare to coarse granular materials (Stormont et al. 1997). In the following
section, a review of the published techniques and methods which are used to determine
the water-retention curve for geotextiles is given.

There are several methods and techniques used to determine the geotextile water charac-
teristic curve (GWCC). Two methods have been used in the current study; the capillary
rise method, and the hanging column method. Some modifications were made to these
methods in order to control the boundary conditions of the tests. Discussion of the results
from the current study are made with the current literature and some remarks will be

mentioned in the following chapter.
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3.3.2. Definitions

Herein, a short definition of some terms that will be used in the following parts of the

thesis.

e Cross-plane flow: occurs when the water flow cross the geotextile layer. In this

case the geotextile will perform for filtration function. Figure 3.8

o In-plane flow: occurs when the water flows through the geotextile layer (drainage

function).
« As-new geotextile: a geotextile layer as received from the manufacturer.

o Cleaned geotextile: occurred by rinsing (cleaning) the geotextile specimen with
water, squeezed by hand and then left to dry by air. It is observed that by cleaning

the geotextile, some of the coating layer might be removed.
« Dirty geotextile: occurred by introducing soil fines into the geotextile layer.

» Cleaned dirty geotextile: occurred by rinsing (cleaning) the geotextile specimen

with water, the geotextile specimen has already introduced by fine soil layer.

e Machine direction: which coincides with the direction in which the geotextile is

produced on the conveyor belt.

e Cross direction (Cross-machine direction): coincides with the opposite direc-

tion in which the geotextile is produced on the conveyor belt.

Figure 3.8 shows the different directions of geotextile material.
These conditions are presented in the literature of the drainage and filtration geotextiles
in order to investigate the possible real conditions these materials may face during their

working life.

3.3.3. Capillary rise method

The idea of the capillary rise method is to observe the rise of water due to the capillary
forces within a strip, in-plane (Figure 3.9a) or a stack of geotextile specimens, cross-plane
(Figure 3.10). The lower end of the geotextile strip or stack is submerged inside a water
reservoir. The water content within the stack is measured after reaching equilibrium at
different heights. By linking the measured water content to the hydrostatic height the
GWCC is determined. The test can be performed from saturated or dry condition. Henry
& Holtz (1997), Henry & Holtz (2001), and Bouazza & Nahlawi (2006) observed the
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Figure 3.8.: Dimensions and directions for geotextiles after Koerner (2005)

capillary rise of water through a layer of geotextile. Henry & Holtz (1997) performed
tests on different types of nonwoven geotextile and in four different conditions: new,
cleaned, dirty, and cleaned dirty. Results showed that the rise of water through dirty
geotextiles was higher than that which was found in the as-new geotextiles. Cleaning the
geotextile specimen will cause no capillary rise or capillary depression. Tests were also
performed in the machine direction and in the cross-machine direction which showed no
significant difference in the results. Bouazza & Nahlawi (2006) performed a test for a
duration of 72 hours to measure the in-plane drying water retention for two specimen of
nonwoven geotextiles under two conditions; as received from the manufacturer (as new)
which absorbed no water at suctions greater than zero, and warped with plastic firm
to prevent evaporation, the wetting appeared took place at suction less than 0.09 and
0.13 kPa. A different behavior was found when measuring the water retention curve in
cross-plane direction of the same geotextile using the hanging column method. They
concluded that the tested geotextiles were more hydrophobic in the in-plane than in the
cross-plane direction during wetting.

Lafleur et al. (2000), Stormont & Ramos (2004), Krisdani et al. (2006), Krisdani et al.
(2008b), Nahlawi et al. (2008), and Handoko et al. (2012) determined the water-retention
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curve of the geotextile using the capillary rise test. A (300)mm length and (50)mm width
strip of geotextile was hanged in a chamber with (20)mm length submerged inside the water
as shown in (Figure 3.9a). Small specimens of (10x50)mm where taken at different heights
[represent the suction| and the gravitational water content was measured to determine
the volumetric water content. Knight & Kotha (2001) performed a cross-plane capillary
rise test through 18 vertically stacked geotextile specimen layers using a column drainage
experiment apparatus as shown in Figure 3.10.

Stormont & Ramos (2004) compared the results of the capillary rise test with those
obtained from hanging column method which will be presented later.

Handoko et al. (2012) performed their tests with similar procedure to the previous once

but the geosynthetic specimens were inclined in different angles as shown in Figure 3.11.
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Figure 3.9.: Set-up of geotextile-water characteristic curve test after Krisdani et al. (2008a)

3.3.4. Hanging column method

The concept of hanging column method applied to determine the GWCC is shown in
Figure 3.12a (Klute 1986). A stack of geotextile specimen is placed inside a cell. The water
saturated ceramic plate is connected to a water reservoir below lower-end of a geotextile.

The suction in the geotextile specimen is controlled by the height of the water level h.
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Figure 3.11.: Schematic diagram of the inclined capillary rise technique after Handoko
et al. (2012)

The water content of the geotextile specimen is determined by weighting the specimen or
by measuring the magnitude of water entering or leaving the geotextile specimen.

Stormont et al. (1997) measured, for the first time, the water retention function for four
nonwoven, needle-punched, polypropylene geotextiles using the hanging column method in
the cross-plane direction. The testing device is similar to the hanging column apparatus
used for testing the water retention curve of soils as presented by Klute (1986) and shown

in Figure 3.12a. The tested specimens were in two conditions: new and cleaned in order to
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study the effect of the surfactants used in geotextile manufacturing on geotextile wetting
behavior. The new geotextile specimens always contained more water at comparable
suction heads than the cleaned geotextile specimens. The minimum equilibrium period of
24 hours was chosen for each suction head after performing preliminary tests which were
used to refine the experimental procedure. Typical preliminary test results for a cleaned
specimen at suction head being increased from 100 to 150 mm are shown in (Figure 3.12b).
Results were compared with the once obtained by Henry & Holtz (1997) for the same
geotextiles using in-plane from capillary rise measurements as shown in Table (3.4). It
can be seen that water entry suction head values are different between the in-plane and
cross-plane testing procedures which concludes that the tested geotextiles are anisotropic.
Similar testing procedure was also followed by other researches such as Morris (2000),
Stormont & Morris (2000), Henry et al. (2002), McCartney et al. (2005), Bouazza &
Delage (2006), Bouazza & Nahlawi (2006), Bouazza et al. (2006), Park & Fleming (2006),
Garcia et al. (2007), and McCartney et al. (2008b).

Stormont & Morris (2000) studied the influence of the intrusion of soil particles on the
wetting performance of polyester non-woven geotextiles (dirty geotextile) following the
procedure used by Henry (1998). The intruder of soil caused the geotextile specimens to
be wetted-up at higher suction heads as shown in (Figure 3.13). It was noticed that the
waterentry suction heads for silt and sand-contaminated specimens were not noticeably
different.

Hanson et al. (2001) presented an apparatus to measure the shear strength for interfaces
containing nonwoven geotextiles under unsaturated conditions. The apparatus consisting

of a ceramic disk which allows to measure the water retention curve of nonwoven geotextiles.

Table 3.4.: Estimates of water entry suction heads after Stormont et al. (1997)

specimen Cross-plane [mm| Cross-plane [mm] In-plane [mm)]
Hanging column test =~ Hanging column test Capillary rise test
Stormont et al. (1997) Henry & Holtz (1997) Henry & Holtz (1997)
Al 0-20 60 - 69 50 [9]*
A2 0-20 60 - 70 75 [6]*
Bl 0-10 60 - 70 25 [9]*
B2 0-30 41 - 48 36 [15]*

* the standard deviation value
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& Morris (2000).

3.3.5. Capillary pressure cell test

Knight & Kotha (2001) and Nahlawi et al. (2007a) used a controlled outflow cell to
determine the water-retention curve of nonwoven geotextile based on the information
presented by Lorentz et al. (1993). The schematic features of this apparatus and the
testing assembly are shown in Figure 3.14. The main features of the modified capillary

cell are the ability to accommodate a specimen of 150 mm in diameter and the possibility
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of achieving an accurate control of air pressure through a computer controlled pneumatic
pressure controller (accuracy of 0.001 kPa).

Nahlawi et al. (2007a) compared their results with the results established from the hanging
column method and the results found to be comparable.

The presented methods and techniques show an ability to determine the geotextile-water
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Figure 3.14.: Capillary pressure cell after Knight & Kotha (2001)

retention curve of the geotextile in the laboratory. However, these techniques require special
equipments and testing procedures which may need a control to the test continuously
and high control to prevent evaporation. However, there is no approach to determine the
GWCC using the physical properties of the geotextile specimen such as the distribution
of the pores of the specimen. These methods were known and widely used for soils and

showed reliable results.

3.3.6. Unsaturated hydraulic conductivity function of geotextile

Due to the low air-entry value and the narrow suction range of the GWCC (ranging between
1 to 5 kPa for many tested materials in the literature) of the geotextile material used for
drainage and filtration purposes, the determination of the hydraulic conductivity-suction
function is difficult in the laboratory and studies on this topic are rare.

The hydraulic conductivity functions in the in-plane direction (transitivity) measured by
Stormont & Morris (2000), Morris (2000) and Lafleur et al. (2000) in both drying and

wetting paths are shown in Figure 3.15.
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It is very likely to determine the relationship using well-known existing models which
are developed originally for soils such as van Genuchten (1980) and Fredlund & Xing
(1994) who proposed an empirical approach in order to obtain the coefficient of hydraulic
conductivity functions from volumetric water content for unsaturated soils. The theoretical
basis for the hydraulic conductivity function is the entire soil suction range.

The proposed models can provide good prediction to the hydraulic conductivity function -
suction which are acceptable in the field of the unsaturated soil mechanics. Figure 3.16
shows the hydraulic conductivity function - suction fitted from the GWCC tests results
performed by Nahlawi et al. (2007b) using both models presented by van Genuchten (1980)
and Fredlund & Xing (1994). The generated curves are similar for both models until the
air-entry value AEV. After the AEV, the fittings are showing more and more differences.
The characteristics of the hydraulic conductivity function using van Genuchten (1980)
model are closer to the measured once in Figure 3.16 and more related to the shape of the
GWCC.
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Figure 3.15.: Relative hydraulic conductivity function for geotextiles (data from Stormont
& Morris (2000) for curves No. 5 and 6; Morris (2000) for curves No. 7, 8 and 9; Lafleur
et al. (2000) after Iryo & Rowe (2003) (in-plane direction)
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3.3.7. Laboratory measurement of 1-D flow of water through

soil /geotextile interface

Ho (2000) which also reported in Iryo & Rowe (2003), Bathurst et al. (2007), Bathurst
et al. (2009), and McCartney & Znidarcic (2010) performed a one-dimensional flow of
water through a cylindrical column consisting of a horizontal layer of nonwoven geotextile
sandwiched between two layers of sand as shown in Figure (3.17a). The column was initially
filled with water and then drained from the bottom up to create an initial condition for the
subsequent infiltration test. The column was initially filled with water and then drained
from the bottom to create an initial condition for the subsequent infiltration test. The
water content profile following the drainage was measured at 20 min and 24 h following
initiation of drainage as shown in Figure (3.17b). The test has been repeated in which
the geotextile was rubbed with kaolin paste before it was installed in the sand column.
The treatment by kaolin paste was found to reduce the porosity and saturated hydraulic
conductivity of the geotextile relative to the untreated specimen.

McCartney et al. (2005) (also reported by Bouazza et al. (2006) performed a water flow
through a column of clayey soil and soil /geotextile profiles. The values of the water content
in which the flow of water was blocked through the geotextile layer is evaluated on the
water retention and hydraulic conductivity curves of the soil and geotextile without any
information on pore-water pressure measurements of water. The results indicated that

similar behavior can be expected from both conventional granular drains and geosynthetic
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Figure 3.17.: 1-D test device & results after Bathurst et al. (2007) & Iryo & Rowe (2003)

drainage layers overlain by unsaturated soil. The moisture front advance was indicated by
an increase in volumetric moisture content within the profile.

Krisdani et al. (2006) and Krisdani et al. (2008a) studied flow of water through a column
consists of a 0.51 m thick layer of fine sand overlying a geosynthetics drainage product
consisting of nonwoven geotextile which was place on 0.49 m layer of fine sand. Small-tip
tensiometer and TDR waveguide were installed. Two types of test were applied to the
soil column model: a drawdown test, which was conducted by lowering the water table
from the top of the soil column to the bottom of the soil column and a second type of test,
which was a rainfall test. Results of rainfall tests with an intensity of 5.8 mm/h for 6 h
duration are presented in Figure (3.18b).

Nahlawi et al. (2007b) studied the one-dimensional unsaturated hydraulic behavior of a
layered sand-geotextile using clear Perspex cylinder of 138.7 mm in diameter and 1,600
mm in height. A set of volumetric water content probes, pore water pressure sensors, and
air pressure sensors, were used in this test apparatus. Two tests were performed: initially
dry sand and initially saturated sand. When the infiltration test was conducted with a dry

soil, the wetting fronts become unstable and preferential low occurred. Whereas when
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Figure 3.18.: 1-D test device & results after Krisdani et al. (2008q)

the infiltration test was conducted with gravity-drained soil, preferential flow of water
(fingering) did not develop in the soil profile. Test results showed that the wetting fronts
advanced uniformly and the total head gradient was stable throughout the column height.
Iryo & Rowe 2003 and Iryo & Rowe 2004 carried out numerical simulation of the column
tests described earlier using a commercially available finite element code.

Siemens & Bathurst 2010 performed numerical modeling using to investigate the influence
of geotextile and soil hydraulic conductivity and height of ponded water at the surface

on wetting front advance below the geotextile and potential ponding of water above the
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geotextile due to a capillary break mechanism.

The presented column tests were performed for one type of soil material, mostly sand or
clayey soil, which a lot of intermediate soils with different amounts of fines content are
used in landfills cover systems.

The tests were performed starting from initial water content or from dry condition. How-
ever, starting from fully saturated condition is important to avoid any hysteresis which
could occur if the test has been started from certain initial condition which will cause
some error when explaining the results using the SWCC of the soil.

Most tests were carried out by measuring the volumetric water content or positive and
negative pore-water pressure. However, measuring both components will provide valuable
data which can be used to adopt the results coming from the SWCC, GWCC, soil perme-
ability vs suction, and geotextile permeability vs suction at different stages of the test.
McCartney & Zornberg (2010) and Zornberg et al. (2010) performed an experimental
investigation of the transient movement of water in unsaturated soil layers underlain by
a geocomposite drainage layer (GDL) during cycles of infiltration and evaporation. The
capillary break was observed to have re-established itself after infiltration was stopped
and the soil near the interface dried. The suction and volumetric water content measured
in the soil at breakthrough were consistent after multiple cycles of wetting and drying.
The conditions in the soil after each breakthrough event corresponded to the point on the
drying-path water retention curve of the nonwoven geotextile where it transitioned from

residual to saturated conditions.

3.4. Summary

The reviewed literature shows different methods to determine the water retention curve
of the soil specimen based on the soil type and the suction range. These methods have
been used for decades in different laboratories for unsaturated soil mechanics. An existing
model is described to predict the hydraulic conductivity of the soil based on mathematical
models to determine the permeability for wide range of suction.

The development of the effective stress equation to consider the effect of the suction was
reviewed and also the expansion of the relationships to describe the shear strength to
consider the influence of the suction.

Existing publications present different methods to determine the water retention curve for

the geotextile material. These methods are developed basically for soils and are varying
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from relatively simple methods (i.e. hanging column method) to more advanced methods

(i.e. capillary pressure cell). However, some notes can be highlighted from these methods:

o In most publications, the geotextile specimen is taken out of the cell, weighted and
then returned back to the cell to continue the test. This process may cause some

errors due to losing water during the sampling or due to evaporation.

e Determining the GWCC for a tilted specimen might be affected by the board in
which the geotextile specimen is lying on. The contact angle between the board
and the specimen could affect the water rises through the geotextile layer. Also, no

differences in the results due to changing the inclination angle were observed.

o The capillary rise test for some types of geotextiles was unable to determine the
GWCC and therefore more investigation is needed to understand the factors control-

ling the test.

o The laboratory tests used to determine the water-retention curve for geotextile
demand special equipment and setup, level of control to make sure the tests are
running correctly, and time and additional costs if the objective is to study several
materials. There are no studies focusing on predicting the GWCC of the geotextile
material based on its pore structure which can be determined using the apparent

opening size curve (AOS curve).

o There are few geotextile materials which are tested and presented in the literature.
However, it is necessary to test wide range of geotextile material with different curves
of AOS in order to compare between the hydraulic properties, the range of AEV and
residual suction, of these material under partially saturated conditions to study the

range of the AEV and residual suction for different geotextile material.

o Most the selected soil material used in the literature are sand or soil with high fines
content. Normally these soils are not ideal to be used as top soil layer above the
drainage layer. In the current study, three soil mixtures were selected for the testing
program which are suitable from mechanical and hydraulic perspective to be used
as top soil material. Such systematic study provides valuable information on the

performance of such systems.

o Studying the shear strength parameters of the selected soils will provide important
information on the behavior of these soils at different suction values. These informa-
tion can shed the light on the range of the shear strength for the measured suction

range from the column device results.
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In term of 1-D flow of water through a soil/geosynthetics system, it is concluded:

o there are only a few studies which presents pore-water pressures and volumetric
water content measured along the height of the column profile at different flow
conditions with time. The measurements of both pore-water pressure (suction) and

water content is necessary to analyze the results using SWCC and GWCC.

» Adopting the water retention curves of the soil and the geotextile material will be
important to explain the hydraulic interaction of soil and geotextile under unsaturated

condition.

o Most of the column tests were performed on soil which are initially fully dry or with
defined initial water content. However, the initial degree of saturation influences the

hydraulic behavior of the system due to the hysteresis.

o Most of the tests were performed on sand. Mostly soils with different amount of fine
content are used as cover soils for landfills for different reasons (i.e. the stability of
the slope, the mechanical and hydraulic stability of the filter layer, the water storage

capacity to support vegetation layer).



4. Materials used and experimental

program

4.1. General

Physical, mechanical, and hydraulic properties of the soil and geotextile materials used
in the current study are presented in this chapter. These properties were determined
following the ASTM (American Society for Testing and Materials) and DIN (Deutsche
Institut fiir Normung) standards and testing methods. The presented properties of the
nonwoven geotextiles are provided by the manufacturer using specialized equipments for
geosynthetics products. These parameters are standard and may not be precisely to the
tested samples in the current study. However, theses parameters will be also presented in
this chapter. At the end of this chapter, a review to the testing program of the current

study and the boundary conditions of the samples for each test.

4.2. Soils

The basic physical and chemical properties of Hostun sand and Kaolin clay are reviewed.
Also the Hostun sand and Kaolin clay mixtures will be presented which will be used in

the testing program. The following sections will discuss each material.

4.2.1. Hostun sand

Hostun Sand has been well studied and investigated by many researchers (Desrues 1984;
Biarez et al. 1989; Flavigny et al. 1990; Hammad 1991; Mokni 1992; di Prisco & posimato
1996; Schanz & Vermeer 1996; Dubujet & Doanh 1997; Doanh et al. 1997; Tatsuoka et al.
1997; Mokni & Desrues 1998; Shahrour & Rezaie 1997; Schanz 1998; Foray et al. 1998;
Mokni & Desrue 1999; Lins et al. 2002; De Gennaro et al. 2004; Desrues & Viggiani 2004;

o1
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Gennaro et al. 2004; Avci & Ehlers 2006; Doanh et al. 2006; Lancelot et al. 2006; Amat
2007; Bouferra et al. 2007; Andrade & Ellison 2008; Jafarzadeh & Javaheri 2008; Ezaoui
& Di Benedetto 2009; Lins 2009; Alabdullah 2010; Doanh et al. 2010; Doanh et al. 2012;
Hareb & Doanh 2012; Ping et al. 2014).

Hostun sand is originally obtained from a place called Hostun in the area of Drome in the
southeast part of France. The color of Hostun sand may vary between the gray-white to
the rosy-beige. The chemical components consist of high siliceous amount (SiOy >98%)
and the grain shape varies from angular to sub-angular (Amat 2007). Table 4.1 illustrates
the mineralogy of Hostun sand after Gay et al. (2003).

Hostun Sand is poorly-graded sand with grain sizes range from 0.1 mm to 1.0 mm in
diameter. According to the United Soil Classification System (USCS), it is classified as
poorly graded sand (SP). It has a coefficient of uniformity value, C,= 1.72 and coefficient
of curvature value, C, =1.05. Table 4.2 summarizes the soil mechanics properties of Hostun
sand.

The saturated hydraulic conductivity of the sand is required for the experimental testing
program and to compute the unsaturated hydraulic conductivity curve from the soil-water
characteristic curve using the indirect method. The saturated hydraulic conductivity was
determined using the constant head permeability test (Lins et al. 2002; Lins & Schanz
2005). The saturated hydraulic conductivity for a loose specimen (e = 0.89) is kg = 2.75
x 10 m/s and for a dense specimen (e = 0.66) k, = 2.03 x 10 m/s.

Table 4.1.: Chemical composition of Hostun sand after Gay et al. (2003)

Material Percentage [%)]
Si0, 99.17
Flammable compounds 0.55
Al; O3 0.25
TiO, 0.01
F6203 0.17
CaO 0.14
MgO 0.14
K>,O 0.02

NaQO 0.05
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Table 4.2.: Basic soil mechanic properties of Hostun sand (current study)

Property Value
€max [‘] 0.66
€min |- 0.89
Specific gravity Gs [-]  2.65
Do [mm] 0.21
Do [mm] 0.29
Dso [mm] 0.36
Dgo [mm] 0.4

Cu [ 1.72
Ce [ 1.05

Classification (USCS)  SP

4.2.2. Silver sand

The name of the silver sand originated from its mining area, close to the lake ”Silbersee”
near Haltern, Germany. It is a Quartz sand with rounded grains in a grain size range
of 0.06 mm to 0.71 mm. Table 4.3 shows the parameters for silver sand (Rochter 2011).

Figure 4.1 shows the grain size distribution curve of both Hostun sand and Silver sand.

Table 4.3.: Basic soil mechanic properties of Silver sand (current study)

Property Value
emax |- 0.901
emin 1] 0.556
Specific gravity Gs [-]  2.65
Do [mm] 0.16
Do [mm] 0.2

Dso [mm] 0.23
Dgo [mm] 0.25
Cu [] 1.8

Ce [ 1.0

Classification (USCS)  SP
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Figure 4.1.: Grain size distribution curves of Hostun sand and Silver sand

4.2.3. Kaolin clay

Kaolinite is a fine-grained clay mineral. It is part of the group of industrial minerals and
has the chemical composition AlySisO5(OH),. It is formed when the anhydrous aluminum
silicates which are found in feldspar rich rocks, like granite, are altered by weathering or
hydrothermal processes.

Kaolinite is a layered silicate mineral, with one tetrahedral layers linked through oxygen
atoms to one octahedral sheet of alumina octahedra as shown in Figure 4.2 (Deer et al.
(2013)). Table (4.4) summarizes the chemical properties of Kaolin clay.

The Kaolin clay is obtained from the west side of Germany, it has a liquid limit of 49.5%
and plastic limit of 32.1% which has a small differences compare to the Spergauer Kaolin
studied by Alabdullah 2010; Baille 2014. It is classified according to USCS (Unified Soil
Classification System) as (ML & OL) as shown in Figure 4.3. According to ASSHTO soil
classification system, the soil classification is A-7-5 (22).

Fine-grained soils with liquid limit equal or less than 50% are considered low to medium
compressible soil material (Punmia & Jain 2005).

An investigation to the basic properties of the used material includes the determination of

specific gravity, plastic and liquid limits, grain-size distribution, specific surface area, and
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compaction characteristics. Table (4.5) summarizes the physical properties of Kaolin clay.
The specific surface area (SSA) is the surface area of the soil particles measured in [m?/g].
It is also an indicator of the retention and sorption capacity of clays. The SSA was
determined using the Ethylene Glycol Monoethyl Ether (EGME) adsorption method
(Eltantawy & Arnold 1973, Cerato & Lutenegger 2002, Yukselen & Kaya 2006, and
Jotisankasa et al. 2009). The stepwise instruction is provided in the above-mentioned
references. The SSA of the soil presented in this chapter is 17.8 [m?/g] which is the average

of the three measurements.

Figure 4.2.: Structure of Kaolinite layer after Deer et al. (2013)

Table 4.4.: Chemical composition of Kaolin clay after (Dana & Dana 1892 and Anthony
et al. 2001)

Material Percentage [%]

5104 45.80
Al,O3 39.55
F6203 0.57
FeO 0.18
CaO 0.41
MgO 0.14
K50 0.03
H,O" 13.92

H,O" 0.17
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Table 4.5.: Basic soil mechanic properties of the Kaolin clay (current study)
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Figure 4.3.: Unified soil classification system plasticity chart
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4.2.4. Hostun sand-kaolin mixtures

Three Hostun sand-kaolin mixtures were used in the current study, namely; 90% Hostun
sand + 10% Kaolin (10K), 85% Hostun sand + 15% Kaolin (15K), 80% Hostun sand +
20% Kaolin (20K), and 75% Hostun sand + 25% Kaolin (25K).

Figure 4.4 shows the grain size distribution curves for Hostun sand and Kaolin clay
determined using the grain size analysis test (ASTM 2006). The standard compaction tests
were conducted according to (ASTM D698) using an effort of 600 kN.m/m? (594.8 KJ/m?).
Figure 4.5 illustrates the compaction curves for Hostun sand HS, the soil mixtures 10K,
15K, 20K, and pure Kaolin 100K. The test results show an increase in the maximum dry
density with increasing the fines content up to the soil mixture 25%. The fines are filling
the void between the soil grains which leads to increasing the density of the soil mixture.
Compaction is a process that increases the soil density, accompanied by a decrease in
air volume. There is usually no change in water content. The degree of compaction is
measured by dry unit weight and depends on the water content and compactive effort
(weight of hammer, number of impacts, number of passes). For a given compactive effort,
the maximum dry unit weight occurs at an optimum water content. However, in practice,

compaction cannot completely eradicate air fraction, only reduces it to a minimum.
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Figure 4.4.: Grain size distribution curves of Hostun sand and kaolin
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Figure 4.5.: Standard proctor compaction curves for soil mixtures

4.2.5. Soil saturated permeability tests results

In order to define the suitable value of the flow of water in the one-dimensional flow tests
and to derive the unsaturated hydraulic conductivity function of the soil mixtures, the
constant head permeability test was carried out following the ASTM D2434. Figure 4.6
shows the results of soil HS, 10K, 15K, 20K, 25K, and 100K with other soil mixtures 30K,
40K, 50K, and 60K which were prepared on the maximum dry density and optimum water
content as shown in Figure Figure 4.5.

Tests results show that the permeability decreases with increasing the Kaolin content. The
fine particles of the Kaolin will fill the voids between the sand coarse particle which lead
to reduce the porosity of the soil mixture and thus reduce the hydraulic conductivity.
As stated in Table 4.5 the saturated hydraulic conductivity for Kaolin clay at 95% proctor
density is 1 x 10 m/s.
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Figure 4.6.: Saturated hydraulic conductivity

4.3. Nonwoven geotextiles

4.3.1. Selected materials and basic properties

The nonwoven geotextile which is mainly used in this study is part of the geocomposite
drainage material (geocomposite) produced by company Bonar (the name of this material
in the current research will be refereed as B). Its commercial name is Enkadrain® ZB which
consists of geonet (drainage core), which is used to allow the water to flow through it,
sandwiched between two polypropylene nonwoven needle-punched geotextiles, one used to
drain the water and layers separation while the other is used for separation purposes. The
hydraulic properties of the products (Nonwoven geotextile, drainage core, and Enkadrain
ZB) are shown in Table 4.6. The geotextile specimens used in the current study were
manufactured using polypropylene material. The specific gravity of the polypropylene
material as provided by the manufacturer was equal to 0.91. This value is consistent
with the specific gravity for polypropylene reported by Koerner (2005) and Ingold (1994).
However, three tests were performed to determine the specific gravity of the geotextile
following the (ASTM D854) within this study. The average specific gravity of the geotextile
was found to be 0.91.



60 4. Materials used and experimental program

In the current study, the hydraulic interaction between the nonwoven geotextile and soil is
studied. Due to this the further investigation of the properties of the other parts of the
geocomposite is not needed.

For discussing the variation of GWCC with changing AOS and hydraulic conductivity
function of different nonwoven geotextiles additional nonwoven geotextiles are used in this

study. The properties of these materials are given in Table 4.7. Tables 4.7 presents the

Table 4.6.: Properties of the geocomposite drainage layer *

Parameter Symbol  Unit  Average Minimum value

Nonwoven Geotextile

Layer thickness d, mm 2.0 1.8
Mass per unit area Ma g/m? 200 190
Tensile strength (MD) - kN/m 11 9.5
Elongation (MD) - % 60 75 (max)
Apparent opening size Qg (m 80 110 (max)
Water permeability K mm /s 80 60
Drainage Core
Layer thickness dpk mm 5.7 5.4
Mass per unit area Mpk g/ m? 500 492
Enkadrain ® ZB
Layer thickness d mm 8.7 8.0
Mass per unit area m g/m? 900 870

" All parameters are provided by the manufacturer (Bonar©)

hydraulic properties of other nonwoven geotextile products which are tested in the current

study to determine the geotextile-water retention curve.
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Table 4.7.: Properties of the nonwoven geotextile layer specimens *

Material Thickness Mass per unit area Tensile strength AOS Permeability

Symbol dy Ma - Ogo ks
Unit mm g/m? kN/m pm mm/s
N1 0.7 130 16 90 90
N2 2.2 180 20.7 120 10
T1 0.6 90 16 180 130
T2 0.72 120 20.7 150 100
T3 1.4 330 20.7 85 85
F1 0.7 85 16 180 130
F2 0.72 93 15.5 150 100
F3 0.8 105 17.4 110 85
F4 0.93 112 21 90 88
F5 1.1 112 22 85 95

* All parameters are provided by the manufacturers

4.3.2. Apparent opening size

Apparent opening size (AOS) is a geotextile property, which indicates the diameter of the
approximate largest particle that would effectively pass through the geotextile. At least
95% of the openings apparently have that diameter, or are smaller, as measured by the
dry sieve test (ASTM D-4751).

The test uses known-diameter glass beads or soil particles of a wide particle size. The test
can be performed dry or by flowing water to ensure a better distribution of the beads/soil
particles around the geotextile sample.

Figures 4.7 and 4.8 present the apparent opening size curves for different nonwoven
geotextiles. The curves were compared with the material used in the current study as
main material (Bonar). The tests were performed at the laboratories IRSTEA (France)
and Huesker (Germany).

There is an objective in the current study to select geotextile specimens which have different
AOS values (Ogp), these materials will be compared between each other to verify the
approach to determine the GWCC of the geotextile using the properties of the geotextile
material.

Figure 4.9 shows the grain size distribution curves of the three selected mixtures and

Hostun sand together with the boundaries given by the supplier of the geotextile product
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(B), which is used later in the column tests. In case the grain size distribution of the soils
are between the given boundaries, the hydraulic (permeability) and mechanical (retain)

stability of the system are assured. Also, criteria presented in Equations 2.4 and 2.5 are
fulfilled.

100 ¥ o8 -4 A\\H
A m N1
3 o N2
80 '“xlf A TI |
¢ ¢ T2
— 60 .“ 0T3%*
XX ) B
5 )
A
~ 40 A ]/
20
o
s/
0

10 100 1000

Diameter [pm]

Figure 4.7.: Apparent opening size curves for different nonwoven geotextiles (IRSTEA)

4.4. Experimental program

As it has been described earlier, in order to understand the effect of the partially saturated
condition on the hydraulic flow of water through the nonwoven geotextile and the change
in shear strength with different water contents, an experimental testing program is needed
to be established so that adequate parameters are collected and the phenomena of the
capillary break can be observed.

Aside from the the primary and prerequisite tests and observations explained above,
the laboratory testing program consists of investigating the effect of capillary forces on
soil mixtures, geotextile, and soil /geotextile specimens. The determination of soil-water
retention curves, the shear strength parameters using modified direct shear device for
Hostun sand, soil mixtures 10K and 15K. The compressibility of geotextile sample under
unsaturated conditions was also investigated. The results will help to understand the
behavior of the nonwoven geotextile material under vertical stresses (overburden pressure)

with different saturation conditions.
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Finally, one-dimensional flow of water tests through a column of soil and a horizontal layer
of geotextile have been performed for different mixtures.

In all tests, the soil specimens were prepared initially with void ratio and water content as
summarized in Table 4.8. The soil specimens, later, were saturated and then desaturated
to reach the target suction for the SWCC or direct shear tests. To make sure that the
samples were fully saturated, they were placed over saturated porous stones and covered
with nylon foil. After a few days in these conditions the samples reached constant weights.
These weights were supposed to be equal to the pre-calculated weight of saturated samples,
and as such they were assumed to be fully saturated.

SWCC is the most essential and important parameter to study the soils under partially
saturated conditions (Fredlund & Fredlund 2012). Series of tests were performed using
three different techniques to establish the SWCC; hanging column method, axis-translation
technique; and vapor-equilibrium method.

For the soil /geotextile column tests, different sample preparations were examined first; dry
pluviation was used method in which the dry mixed sand and kaolin were added to the
column and compacted carefully to the desire density as shown in Table 4.7 and later the
water was added from the bottom to saturate the soil. The procedure was not useful when
increasing the fines content. Because a fully saturated soil was not reached specially near
the geotextile layer due to trapped air. In the second method the dry sand and kaolin were
mixed in small amounts (= 5 kg) and mixed with the optimum water content and then
added to the column, which was filled with an amount of water before, in small portions
with considering that the water level inside the column should be higher then the soil
elevation to ensure a saturated condition. A careful compaction of the soil is necessary to
achieve the required density without damaging the electrical equipments connected to the
column by this method saturated specimens with the desired density were prepared and

this method was used in all column tests.

Table 4.8.: Initial conditions of specimens for the tests

Nr. mixture Symbol € Ya we;

100H:0K HS 0.66 0.0

90H:10K 10K 0545 1.72 109
85H:15K 15K 0462 1.82 10.65
S8OH:20K 20K  0.388 1.92 10.5
75H:256K 25K 0.334 2.00 12.0
OH:100K 100K  0.86 1.466 27.3

SO W~
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4.5. Summary

In this chapter, the basic properties of the soil materials used in this study were presented,
the properties of the nonwoven geotextile material, and the design qualifications proposed
to determine the suitable type of soil for certain nonwoven geotextile which can assure a
hydraulic and mechanical stability for filter materials. The initial properties (void ratio

and water content) of the soil mixtures were presented.






5. Soil & geotextile
water-characteristics and

permeability relationships

5.1. Introduction

In this chapter the techniques and equipments which are used to determine the water
characteristics curve of the soils and geotextile are presented. The oedometer device to
determine the water characteristics curve of the geotextile material under vertical loads
is also presented. The soil-water characteristics curves results, which are a function of
volumetric change during mean drying and wetting of sand HS and soil mixtures 10K, 15K,
20K, 25K and 100K are presented. The details of the SWCC are presented in appendix A.
The water characteristics curves of geotextiles in different conditions and under applied
vertical stresses are illustrated and discussed.

The objective of this chapter is to determine the SWCC and GWCC which will be used
to analyze the one-dimensional infiltration tests in the next chapter and to explain the
change in the shear strength parameters with changing the suction. Studying the effect of
suction on geotextiles used for drainage and infiltration have been started since about 20
years. However, a complete understanding to the behavior of such materials is still needed
in order to improve their performance in the field under different conditions specially that
a small amount of applied suction may significantly affect their hydraulic behavior as it

will be discussed in this chapter.

67
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5.2. Techniques and procedures used for SWCC/GWCC

tests

5.2.1. Overview

There are several techniques to control the suction for soil and geotextile which have been
used in this study depending on the suction range; the hanging column technique HCT (i.e.,
suction 0-30 kPa, head difference up to approximately 3 meter high), the axis-translation
technique ATT (i.e., suction 0-1500 kPa); the vapor equilibrium technique VET (suction >
2000 kPa). The ATT is particularly useful for testing specimens with suction values greater
than 100 kPa avoiding problems associated with cavitation (Richards 1931; Vanapalli
2008). Also, in this study, the capillary rise method CRM (suction < 15 kPa) was used in
addition to the hanging column method to determine the water-characteristics curve of
the nonwoven geotextile.

The limitation of using the hanging column and the capillary rise methods may be
associated to the effect to the difficulties to test a sample longer than 1 meters inside the

laboratory.

5.2.2. Pressure plate apparatus following ATT

The pressure plate apparatus as shown in Figure 5.9 following ASTM 2015 consists of an
air-tight chamber enclosing a water-saturated porous plate (high-air entry ceramic disk,
HAEV), which allows water but not air to flow through its pores. The testing technique
was introduced for the first time by Hilf (1956).

The soil sample is placed on the top of the saturated ceramic plate. Three types of ceramic
plates were used with different air-entry values AEV, namely; 100, 500, and 1500 kPa
depending on the applied air pressure. The use of ceramic plate with a high AEV is not
desirable when lower matric suction value is to be applied (Agus 2005). This is due to the
fact that the test can run for longer time duration.

The tests started initially from fully saturation of the ceramic disc by placing it under
desired water. Afterwords, in order to remove all the air bubbles from inside the ceramic
disc, it was subjected to water pressure less than its air-entry value in the pressure plate
apparatus. In this way the water followed through the ceramic disc and brought the air
bubbles out. This water pressure lasted until no bubbles were seen in the out-flow pipe.

Prepared soil specimen were placed on the saturated ceramic disk inside the pressure
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apparatus and the tests had been started by creating suction pressure by making a
difference between the air pressure and the water pressure. The specimens were weighed
frequently until equilibrium occurred. A precision balance with an accuracy of 0.0001 g
was used to weigh the specimens. Regular flushing to the water below the ceramic disk is
necessary to remove the diffused air bubbles which may cause discontinuity between the
water phase in the specimen and the water source.

In this study, the pressure plate apparatus is used to control the suction between 20-800
kPa.

Pressure gauge

Burette
I
To main air supply
Pressure chamber Pressure regulator
30-50 cm 0o

L1

Seating mass
Soil specimen

Ceramic plate

Water compartment
and wire mesh

(a) photograph (b) schematic diagram

Figure 5.1.: Schematic sketch and a photograph of the pressure plate apparatus

5.2.3. Vapor equilibrium technique VET

The vapour equilibrium technique (VET) has been used by several researchers to control
total suction during unsaturated tests (e.g., Cuisinier & Masrouri 2002; Lloret et al.
2003; Blatz & Graham 2003) and to determine the soil-water characteristic curve (e.g.,
Croney et al. 1952; Agus et al. 2001; Schanz et al. 2004; Alabdullah 2010; Al-Badran 2011;
Nguyen-Tuan 2014; Fard 2014).

Figure 5.2 shows the desiccators which were used to apply the vapour equilibrium technique.
Group of six large desiccators were used each for different suction value. The desiccators
were placed in a temperature-controlled room in which the temperature was kept constant

at 22°C + 0.5°C. Aqueous and molal salt solutions using NaCl were prepared according
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Figure 5.2.: Schematic sketch and a photograph of the desiccators

to equation 5.1 given by Lang (1967) and the data reported by Pitzer & Pelper (1984)
with different relative humidity of the vapor space in order to apply different total suction
to the soil specimens. The concentrations were verified using chilled-mirror hygrometer

technique.
ss=2-m-R-T-¢ (5.1)

where s; is total suction [kPa], m molar salt solution [mol/kg], R is the universal gas
constant (i.e., 8.31432 J/mol.K), T is absolute temperature in Kelvin, and ¢ is osmotic
coefficient.

At the end of each test, the relative humidity of the solution was measured using the

chilled mirror technique to compute the final total suction applied to the specimens.

5.2.4. Chilled mirror hygrometer (AQUA LAB)

In this study, the chilled mirror technique was used to determine the total suction of soil
specimens and to verify the salt solution which is used in the vapor equilibrium technique.
The chilled-mirror used was a water activity meter type 3TE produced by AQUA LAB
device, as shown in Figure 5.3. The equipment has a sealed chamber of about 12 cc
in volume, where the soil specimen is placed. The sensors in Chilled Mirror apparatus
measure the relative humidity of the air in the sealed chamber at a given temperature. The
components and principal working of the equipment were described by Leong et al. (2003);
Albrecht et al. (2003); and Agus & Schanz (2005b). Agus & Schanz (2007) stated that
the technique can be used for suction measurement as low as 1500 kPa if the maximum

measurement error is limited to 30%.
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Figure 5.3.: Chilled-mirror hygrometer (AQUA LAB)

The total suction in the chilled-mirror technique can be calculated using Kelvin equation
(Thomson 1871) that is the thermodynamic relationship between total suction and relative

humidity of the vapor space in the soil (Sposito 1981):

__R-T | RH
= 31700 Moo

St (5.2)
where s; is total suction in kPa, R is the universal gas constant (8.31432 J/mol K), T is
absolute temperature in Kelvin, M, is the molecular weight of water (18.016 kg/kmol), p,,
is the unit weight of water in kg/m? as a function of temperature, and RH is the relative

humidity.

5.2.5. Capillary rise method CRM

The capillary rise method is used to determine the GWCC. Figure 5.4 shows the setup
for the capillary rise experimental cell. A Plexiglas cell in 500 mm in height and 390
mm in inner diameter contains a holder to hang the geotextile specimen. The cell has
a valve to apply water from the bottom and a valve at the top used for air ventilating.
Eight tightening nuts are used to lock the cell with the top and the bottom plate. A
geotextile specimen 440 mm long and 50 mm wide was used and hanged using plastic
clips. About 20 mm of the sample length was submerged inside the water. To determine
the drying path of the geotextile-water characteristics curve, the geotextile specimen was
saturated prior to the test for 48 hours, while for the wetting curve, an initially saturated
and then oven-dried sample at temperature 60 degrees and for 12 hours was prepared. The

distribution of gravimetric water content of the geotextile over the height of the sample



72 5. Soil & geotextile water-characteristics and permeability relationships

Air vent Tightening nuts —__

‘O‘—ri%

Top

[[ plate
‘._Sﬂmm_,‘

Clips

Filter
geotextile

Holding

Specimen bar 1

chamber
Tt
440mm

Threaded
rod T | v.cutin the
geotextile

‘0’-ring

Water

L Water
supply

Bottom
plate \L

(a) photograph (b) schematic diagram

Figure 5.4.: Capillary rise test apparatus

was measured at the end of each test. The geotextile specimens were cut into small strips
5-10 mm and then placed in the oven at temperature 105 for 24 hours to obtain the water
contents. The drying and wetting water characteristics curves were obtained by plotting
the volumetric water contents of each strip at different heights against the corresponding
matric suctions determined from the elevation of the specimen above the water table. In
order to calculate the suction value (for capillary rise test), the suction (¢)) at different

heights can be determined from the equation:

V="h-py-g (5.3)

where (h) is the height of the geotextile sample from the water surface, (p,,), water density,
and (g) is the gravitational acceleration. For a geotextile, the volumetric water content (6)

can be determined using the following expression:

0=S-n (5.4)

where (5) is the degree of saturation, and (n) is the porosity. The degree of saturation (.5)

and porosity (n) of the geotextile can be computed using the below equations:

(5.5)

n=1-—

t-ps
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and
W'MA

§ =2
t-n- pw

(5.6)

where (My) is the mass per unit area, (py) is the fibre density, (t) is the specimen thickness,

(w) is the water content, and (p,,) is the density of water.

5.2.6. Hanging column technique HCT

Perhaps Buckingham (1907) was one of the earliest researchers who used the hanging
column technique (i.e., negative water column) by studying the relationship capillary
potential and water content (Barbour 1998; Narasimhan 2005).

The hanging column method is used to apply suction in the range 0 - 80 kPa (ASTM
2002). It was used in this study to determine the water retention function of the nonwoven
geotextile in the cross-plane direction and also of the soils for suction range between 0-30
kPa.

The salient features of the apparatus and the testing assembly are schematically shown
in Figure 5.5. The cell can accommodate a sample of 60 mm diameter and maximum
height of 20 mm. The cell consists of three layers built from Plexiglas. Three screws are
joining the three parts to each other and the joints are sealed by O-rings. A high-flow
ceramic porous stone (60 mm in diameter and 7.14 mm in thickness), having a saturated
permeability, Ks, of 7.56x1077 m/s with an air entry pressure value of 100 kPa, is seated
on the lower part which is attached to two connections to control the water pressure in
the specimen. Figure 5.5 shows a cross-section through the cell layout.

A 25 ml burette acting as a constant head reservoir was connected by 8 mm tubing to the
cell from the top and bottom. Prior the test, the porous ceramic disk was saturated and
flushed to remove the air bubbles and connected to the water reservoir in the burette. A
geotextile specimen with diameter 60 mm (weighting between 0.5-0.7 g) was first saturated
for 48 hours and then seated on the saturated porous ceramic disk. A stainless steel mass
of 117 g containing holes, to allow the air to pass through, was placed above the geotextile
specimen to achieve hydraulic contact between the geotextile specimen and the ceramic
porous plate (Stormont et al. 1997). After saturating the geotextile sample, suction will be
changed by lowering the water level in the burette in increments of 0.02 kPa until reaching
the equilibrium in each step. In order to prevent any loss in the volumetric water content
due to weighting the specimen on a balance, the volume of water coming out from the
sample towards the burette was measured. As the mass of the water at initial state is

known as well as the weight of the dry sample.
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Plexiglas cells used to determine the water retention curve of the geotextile. Geotextile
specimens were prepared inside the cell which has 1-bar ceramic disk. After saturating
the sample suction was applied by lowering the water level in the burette until reaching
equilibrium. Suction was applied to the sample using hanging column method (Haines
1930).

The Cell

Ceramic
Plate

Water = o
Connection A

Figure 5.5.: Hanging column test apparatus

5.3. Modified pressure plate (MPP)

The modified pressure plate apparatus, also known as black cell (due to its color), was
used to determine the stress-strain curve for nonwoven geotextile under controlled suction.
It has been used by Lins (2009); and Al-Badran (2011).

A detailed scheme of the cross section of the apparatus is given in Figure 7.1. It has
a specimen ring with diameter of 70 mm and height of 20 mm. A coarse porous stone
is placed on the top of the soil specimen and a ceramic disk is placed at the bottom
of the specimen. The ceramic disk used below the soil specimen in this study has an
air-entry value of 100 kPa. There is the possibility to replace this ceramic disk by a ceramic
disk with an air-entry pressure of 500 kPa or a porous stone for performing conventional
saturated tests (Lins 2009). Below the ceramic disc a water reservoir is located. A burette
with a capacity of 25 cc and a least count of 0.05 cc is connected to this water reservoir.
Net stress is applied to the specimen by placing the cell in an oedometer loading frame.
Volume changes of the specimens are measured by an attached dial gauge.

In order to fill the specimen room inside the cell, ten layers of geotextiles were placed over
each other. The geotextiles were saturated outside the cell and then again inside the cell

to ensure no air bubbles were trapped between the layers.
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Figure 5.6.: Modified pressure plate after Fredlund & Fredlund (2012)

5.4. Performed experiments to determine soil-water

characteristics curves

In the next section, SWCCs of the different mixtures are presented which determined by

the experimental procedures described previously.

The water-retention curves were fitted using the empirical model proposed by Fredlund
& Xing (1994). This model is also used to establish the hydraulic conductivity-suction
relationship based on the saturated hydraulic conductivity of the soil. Table 5.1 presents

the tests of the SWCC for each soil mixture.

Table 5.1.

Suction range to determine SWCC

Nr. Test Symbol Material(s) Suction range [kPal
1 Hanging column method HC Soil* 0.0-15
2 Axis-translation technique ATT Soil* 20-800
3 Vapor-equilibrium technique = VET Soil* 1000-60000

* Soil includes the soil mixtures 10K, 15K, 20K, 25K, and 100K
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5.5. Experimental results of the SWCC

5.5.1. SWCC experimental data

Soil water characteristic curves were determined by performing the mean drying and
mean wetting paths for four soil mixtures 10K, 15K, 20K, 25K, and 100K. The change of
specimen mass with time of selected specimens for drying and wetting paths are shown in
Figure 5.7 & 5.8 for different samples tested using the ATT and VET methods, respectively.
The soil sample 10K needed less time to reach the equilibrium state and the weight of the
sample became stable compare to the soil sample 15K in which the air needs to replace the
water in the small inter-particle pores which are relatively larger in the 10K and therefore
the time duration needed is longer. In case of the wetting path, the soil sample 15K also
needed longer time period to reach an equilibrium state because the water needs longer
time to replace the air in the small voids between the soil particles.

Figure 5.9 shows the curves for the different soil mixtures used in this study in term
of suction 1 [kPa] versus degree of saturation S, [%]. The water retention curves for
dense Hostun sand were determined by Lins (2009) and were also used in the study by
Alabdullah (2010). A details review of the water-retention curves for the soils are shown
in Appendix A.

The results show that the SWCC of Hostun sand is steep and covers narrow range of
suction (poor graded sand). The SWCC of kaolin covers wide range of suction and has a
more curved shape. By increasing the amount of fines content (kaolin), the SWCC of the
soil mixtures start to cover the range between Hostun sand and the pure kaolin.

The majority of the pores of Huston sand are drained at a narrow range of suction and
show tendency to desaturated with further increase in suction. The pores of pure kaolin
are smaller and high suction values are needed to push the water away.

In the next step, an analysis to determine the characteristic parameters of the SWCC such
as air-entry value, water-entry value will be presented, and residual suction. Also, the

hydraulic conductivity versus suction function will be derived based on existing models.

5.5.2. SWCC experimental parameters

The SWCC parameters were determined following the methods suggested by Fredlund &
Xing (1994) (see Figure 5.10):
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i Air-entry value ()agy) is the value of suction at which air starts to enter the largest

pores of the soil during the drainage process. before AEV the soil is assumed to be
saturated (e.g. Vanapalli 19966 and Khalili & Khabbaz 1998).

ii Residual suction (7/,) is the suction at which the water starts to be held in the soil
by adsorption forces (Sillers 1996).

iii Water-entry value (¢¥wgy) is the suction at which water starts to enter the smallest
pores during the wetting process. The water-entry value corresponds to the suction at
which the water content of the soil starts to increase significantly during the wetting
process (Yang et al. 2004).

The SWCC parameters of mixtures can be determined from Figure 5.9. Table 5.2

presents the SWCC parameters defined above for the materials used in this research.
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Figure 5.9.: SWCCs of the tested soils in term of mean drying (D) and mean wetting (W)

Table 5.2.: Review of the experimental parameters for the tested soils

Soil type Yapv  Srarv  U: S Yw Sew
HS 1.5 98 4.5 13 4.1 9.7
10K 2 97.6 22 25.3 10.3 14.8
15K 3.1 97.1 50 27.45 30 21.8
20K 5.5 96.57 90 33.2 87 22.5
25K 11.2 95.5 600 34.7 200 28.8
100K 3300 78 20000 8 19000 4

5.5.3. SWCC fitting models

Several fitting models or equations have been suggested and developed to simulate the soil-
water characteristics curve. Most of the models are based on a best fit to the experimental
data. Other models were made based on the soil properties, grain-size distribution curve,

pore-size distribution curve.
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Figure 5.10.: Idealized soil-water characteristics curve after Yang et al. (2004)

The model derived by Fredlund & Xing (1994) is considering the pore-size distribution of
the soil. It can assess a reliable closeness to fit many experimental data sets (Leong &
Rahardjo 1997; Sillers 1996; Sillers & Fredlund 2001; Fredlund & Fredlund 2012):

1
% = OO e @ 57
In(l1+ %
c(s) —1- ln(1<+foo§§lo) (5:5)

The coefficient C(S) is used in the equation to give a zero volumetric water content at
a suction of 1000 MPa which approximately corresponds to the oven-dried condition of
the soil. The fitting of the SWCCs are used later to derive the hydraulic conductivity -
suction relationships. The measured and fitted SWCCs are presented in Appendix A.
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5.5.4. Hydraulic conductivity function

Several indirect methods (Fredlund & Xing 1994, Leong & Rahardjo 1997, Agus et al.
2003) can be used to determine the unsaturated hydraulic conductivity function. These
methods may based on empirical models, macroscopic models, and statistical models
(Mualem 1986). In this study, the model by Fredlund & Xing (1994) is used to determine
the hydraulic conductivity function based on the saturated hydraulic conductivity of the
soil as shown in Appendix A.

The hydraulic conductivity becomes smaller with increasing the fines content however, the
continuous phase stills for higher suction value and thus the the soil mixture is still more
permeable compare to the mixtures with smaller fines content.

Figure 5.11 presents the fitted relative hydraulic conductivity curves for HS, 10K, 15K,
20K, 25K, and 100K using the model based on Fredlund & Xing (1994).
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Figure 5.11.: Relative permeability function vs suction for the soil mixtures (drying curves)
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5.5.5. Influence of FC on SWCC and hydraulic conductivity function

Figure 5.9 shows the SWCCs of the pure sand HS, sand-kaolin (10K, 15K, 20K, 25K)
mixtures and 100K. The curves cover wide range of suction values. Test results presented
by Stoicescu et al. (1998) on sand-Bentonite mixtures performed using multiple apparatuses
to measure the soil-water characteristic curves showed no effect on the results.

It can be seen that with increasing the kaolin content, the SWCC curves are shifted to
the right direction (to the direction of pure kaolin), also an increase in water retention
capacity is significantly observed (increasing the air-entry value AEV and residual suction
values). This is due to the presence of smaller pore size developed as a result of filling the
small pores between sand grains with with smaller kaolin grains. It is also observed, that
adding kaolin to Hostun sand causes the pore-water to remain within the sand mass until
increasing in the suction values (Stoicescu et al. 1998). When small increase in the suction
value, water can be spilled out from the larger voids between sand grains. With further
increase in the suction, the water can be pushed from the smaller voids. With increasing
the fines content, the kaolin grains will effect on the ability of the soil to hold water with

higher suction compare with the soil mixtures with fewer fines content. In case of pure
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sand, one pore size is dominating, also for pure kaolin, while for soil mixtures, a double
porosity material will exist.

When adding water to the soil during the wetting path, an the fine material will hinder
the water from flowing through the small pores which will lead to a delay to reach the
water-entry value for soil mixtures with higher kaolin content.

The SWCCs have a gradual sloping curve at low suction values (0.1 to 10-100kPa) and
then a sharp dropping curve at higher suction values. The pore-water was trapped in the
inter-aggregate and intra-aggregate pores.

Following the concept of fines content by Thevanayagam (1998), the threshold value of
the current mixture is determined from maximum void ratio tests and proctor tests to
25% as shown in Figure 5.13. Tt is predicted with increasing the kaolin content more than
25%, the SWCC will change in the shape to look similar to the one of pure kaolin.

In Figures 5.14 and 5.15 show the SWCC curves for both drying and wetting curves,
respectively including the tests results performed by Alabdullah (2010) for the soil mixtures
30K and 50K. In the figures the tangents of the measured SWCC are marked.

Figure 5.16 summarizes the inclinations of the SWCCs of soil mixtures (inclinations of
the tangents marked in Figures 5.14 and 5.15). It is observed that with increasing the fines
content, the inclination of the SWCC (tangential) is reducing until reaching 25% fines
content which is the threshold value of this soil mixture. The inclinations of the SWCCs
for the drying and wetting paths are similar. After the threshold value, the inclination of
the SWCC stays nearly constant with increasing the fines content.

Figure 5.17 and 5.18 show the values of the saturated hydraulic conductivity and the
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Figure 5.13.: Determination of the threshold value for Hostun sand-kaolin mixtures
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hydraulic conductivity at 50% of the degree of saturation vs fines content and the tangential
of the hydraulic conductivity curve for different fines contents, respectively. It is to be
noted that with increasing the fines content, the tangential of the curves starts to increase
up to the threshold value, and then the increase in the tangential will reduce.

Based on the concept of the fines content, the values of the degree of saturation at the
residual suction, and water entry value are plotted versus suction for the tested soils as
shown in Figure 5.19. As the fines contents increases, the air residual suction values will
increase as the fines grains of the kaolin will fill the small voids between the sand particles
and thus the suction value needed to expel the water will be higher.

With increasing the fines content above the threshold value (25%), the value of the degree
of saturation at the residual suction will tend to reduce. This is because the SWCC of
these soil mixtures will occur at lower moist content compare to sand dominant mixtures.
kaolinite occurs largely as discrete soil grains and mostly as pseudo-hexagonal, sub-
idiomorphic platy crystals loosely attached to pore walls, or as an intergranular pore fill
(Figure 5.20a & b). kaolinite crystals can reduce the intergranular pore volume (Wilson
& Pittman 1977) but more importantly can act as migrating fines in the pore system
(Neasham 1977). The "discrete particle” kaolinite acts as if they are another sand grain
and has little effect on the permeability and the capillary pressure curve.

A large AEV is required for a soil with small pores and micro-scale structure dominated.
The difference between drying and wetting narrows with an increase of kaolin content.
The pore-size distribution parameter (n) controls the slope of SWCC. As shown in Figure
5.14, n tends to decrease as the kaolin content of the mixtures increases. The average
values for both drying and wetting have close values to each other, so a single trend line
for both states was drawn.

The average residual volumetric water contents resulting from these test results are plotted
versus kaolin content. As expected, residual volumetric water content increases with kaolin
content. As shown in Figure 5.19, a tremendous difference is noted between the samples
with 0% kaolin content (pure sand) and 100% kaolin content. Also, the slope of trend line
decreases with increasing kaolin content.

The experimental results indicate that an increase in kaolin content results in an increase

of residual volumetric water content, and a decrease in the fitting parameters (alpha and

n).
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(a) Discrete-particle kaolinite crystal aggregates (b) Loose basal plane stacking arrangement of
attached to a pore wall pseudohexagonal crystal

Figure 5.20.: Scanning electron micrograph of discrete-particle kaolinite, scale bar = 4um
after Morris & Shepperd (1982)
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5.6. Geotextile water characteristics curves

5.6.1. Performance experiments to determine soil-water retention

curves

In this section, the results of the water-retention curves for the nonwoven geotextiles used
in the current study will be presented. The geotextiles are B (from Bonar) which is the
main material that used in the column tests, N1, and N2 (from Naue), T1, T2, and T3
(from Terram) and F1, F2, F3, F4, and F5 (from France). The properties of the products
are presented in chapter 4. The characteristics of the retention curves will be discussed
and compared with data from literature.

Table 5.3 summarizes the tests performed on the geotextile samples.

Table 5.3.
Suction range to determine GWCC
Nr. Test Symbol Material(s)
1 Hanging column method HC B, T,N, F
2 Capillary rise method CR B
3 Hanging column method (Dirty Geotextile) ~HCD B
4 GWCC under vertical stress BC B

5.6.2. Capillary rise tests

This test was performed by several researchers in the literature (subsection 3.3.3), however,
some of the testing setups were performed using a follie to cover the geotextile sample and
to prevent evaporation. However, some results showed no capillary rise of water through
the geotextile, this could be due to the testing conditions and the evaporation control
and/or the temperature inside the testing chamber.

To assure a reliable results using the capillary rise cell, it is important to control the
temperature inside the cell and make sure a constant temperature during the test, a
thermometer has been attached to the Plexiglas cylinder from inside. Figure 5.21 shows
the change in the temperature during 1-day test drying path and 3-days test wetting path.
Figure 5.24 shows the capillary rise test repeated for 4 times in order to check the accuracy
and reliability of the test.

The drying and wetting paths of nonwoven geotextile (G1) for different time durations
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(1-day, 2-days, 3-days, and 4-days) are shown in Figures (5.22)and (5.23) respectively.

The results of capillary rise tests performed with different time durations. The differences
between the tests results are small and there is small bandwidth which could happen due
to the testing conditions. It can be concluded that 1-day test is sufficient to determine
the water-retention curve of the geotextile as shown in Figures 5.22 and 5.23. The water
retention curves determined from the tests with different durations are located within a
cognizable band width and show no systematic tendency. Comparing this bandwidth with
the scattering of 1-day test result (which is selected as a reference test), this is might be
due to the testing conditions in which the geotextile sample has to be taken from the cell,
cut into small pieces, reassuming the weight and then taken to the oven. For lighter color
geotextiles, probably, pre-defining the height in which the small sample will be cut would
reduce the time of the cutting process.

Similar observations are reported by Krisdani et al. (2006). They had performed the
capillary rise test with different duration and suggested that the tests results after one day
are sufficient. However, Bouazza & Nahlawi (2006) tested two geotextile materials using
the capillary rise method. They noticed that the nonwoven polyester geotextile was able to
observe small amount of water in the in-plane direction in compare to the cross-plane that
could be due to the fact that the geotextile is more hydrophobic in the in-plane than the
cross-plane direction and also to the testing condition as the geotextile was not protected
from losing the water due to the evaporation or maybe the warping technique was used
was lowering the contact angle. The eye observations were achieved based on the highest
level reached by the water (which was blue dyed) and this may not be an accurate method

to prove that the water did note rise higher.
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Figure 5.21.: Time-temperature curve
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Holtz & Kovacs (1981a) reported that the contact angle of water and soil particles is
assumed to be 0°, however, the contact angle of water with most plastics is ranging between
0° and 90°. This difference is due to chemical composition used, trace contamination
of fiber surfaces, and surface roughness (Berg 1989). Table 5.4 shows that the contact
angle for Polypropylene is higher than that for Polyester on the advancing cycle but less
for receding cycle (Miller 1977; Kamath et al. 1987; Henry & Holtz 1998). The method

Table 5.4.: Contact angles of textile fibers in water after Henry & Holtz (1998)

Fiber type Advancing 6[°] | Receding cosf, 6
Polyester 76-79 63-65
Polypropylene 86 54

described by Knight & Kotha (2001) is considered easy and to assess. However, the
nonwoven geotextile used in this study has a waved surface and the points of contact
between the geotextiles could be weak and may not allow the water to rise smoothly

specially to measure the wetting path.

5.6.3. Hanging column method

Figures (5.25 and 5.26) presents the drying and wetting curves for nonwoven geotextile
(G1). The test duration was 15 days for both drying and wetting paths.

The test results for both drying and wetting paths were compared with the results of 1-day
test using the capillary rise test. A good agreement between the tests results is observed
which can lead to the conclusion that the capillary rise test is capable to establish reliable

results using less time and relatively cheaper set-up.

The tests results show that the GWCC of the nonwoven geotextile is similar to the basic
shape of the SWCC (as can be idealized in Figure 5.10). The air entry value is small
(0.2 kPa). Reported results from the literature show that most geotextile air entry values
are between 0.2 and 1.2kPa (Iryo & Rowe 2003) which is similar to granular materials
(Stormont et al. 1997).

The coarser materials (sand and geotextile) show highly nonlinear behavior, with a
significant decrease in volumetric water content (or degree of saturation) within a significant
narrow range of suction. The fine-grained soils (sand-silt mixtures and clayey materials)
show instead a more gradual decrease in water content with increasing suction.

The nonlinearity observed in these relationships is caused partly by the range of pore size

distributions in these materials. During initial drying of a fully saturated geomaterial, the
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Figure 5.26.: Comparison of wetting curve with Hanging column method

negative pressure in the water increases, but water does not flow from the geomaterial until
the value of suction corresponding to the air entry value is reached. When this suction
value is reached, air enters the specimen and the water content decreases. The residual
condition occurs because the water becomes occluded (or disconnected) within the soil
pores, with no available pathways for water to flow.

The water characteristic curve WCC for a given material is sensitive not only to the
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pore size distribution, but also to the soil mineralogy (for soils), polymeric material (for
geosynthetics), density, and pore structure (Hillel 1998). The water characteristic curve
can show significantly different wetting and drying paths.

During drying, the largest pores drain first, followed by the smaller pores. During wetting,
the smaller pores fill first, but the presence of large pores may prevent some of the small
pores from filling. Also, wetting of a dry geomaterial often leads to entrapment of air in
the larger pores of the nonwoven geotextile, preventing saturation of the medium unless
positive pressure is applied to the water. Air entrapment causes the wetting path to be
relatively flat for high suction, with a steep increase in volumetric water content at lower

suctions.

5.6.4. GWCC for additional geotextiles products

In this section, water-retention tests results for additional nonwoven geotextile materials
are presented. The objectives from these tests are to distinguish the range of the air entry
values of these products (Chapter 4), also they will be used in the theoretical analysis
later.

Figure 5.27, 5.28, and 5.29 shows tests results for the samples donated by TERRAM (T1,
T2, T3), Naue (N1, N2), and other 5 samples donated from France (F1, F2, F3, f4, F5),
respectively.

The tests results show that for the selected samples the GWCCs are similar to or in the
range close to the previous tested samples and to the other samples from the literature.
The air entry value of these samples is within the range of the previous tested geotextile
samples also. The selected samples from France have different AOS values and the GWCC

results show an influence of the AOS curve on the shape and air-entry value also.

5.6.5. GWCC of geotextiles with intrusted soil

As geotextiles are placed in soil, soil particles may adhere to geotextile fibers and may affect
the characteristics of the water-retention curve of the geotextiles. Henry & Holtz (1997)
investigated the influence of the intrusion of soil particles on the wetting performance of
two polyester non-woven geotextiles. Results showed that the intnided soil caused the
geotextile specimens to be wetted-up at higher suction heads (i.e., higher water-entry
suction head). The water-entry suction heads for silt and sand-contaminated specimens
were not noticeably different.

Figure 5.30 shows the grain size distribution curves for 6 soil mixtures (HS, 10K, 15K, 20K,
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Figure 5.29.: GWCC for 5 geotextile samples from France

25K, and K) together with the geotextile opening size curve AOS of the main geotextile
material (B). The curves show that for pure Hostun sand, the sand particles are larger than
the openings of the geotextile material. However, with the increase of the fines content,
the amount of the retained soil particles above the geotextile will decrease from 90% for
10K to 77% for 25K. In case of pure kaolin material, the openings of the geotextile are
larger than the biggest particle of the kaolin. Due to this an intrusion of finer grains into
the geotextile may be possible. In the following the influence of intrused grains on the
GWCC is investigated.

The test procedure was performed by pouring soil material of each mixture on the geotextile
sample, covering the geotextile layer with a folio and than hammering it gently using
rubber-hammer to allow the soil particles to pass through the pores of the geotextile. Then
the soil/geotextile sample was saturated and tested using the hanging column method
to determine the GWCC using the previous procedure to determine the GWCC in the
current study.

Figure 5.31 shows the tests results for the tested geotextile after poring 6 different type
of soil mixtures. It can be seen that the geotextile retention curve was not be affected
by the soils HS, and 10K, but the AEV has been shifted with further increase in the
kaolin content for the mixtures 15K, 20K, 25K, and pure kaolin 100K. Henry & Holtz
(1997) found that dirty geotextiles had larger capillary rises than cleaned or new specimens
because soil fines coated the fibers and thereby increased the wettability of the fibers. To

have a better understanding to this topic, it is important to classify the soil particles into
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three types; soil particles which are larger than the openings of the geotextile and will be

located above the geotextile layer, soil particles smaller than the openings of the geotextile
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and may be washed away by the water, and the soil particles which are in a size close to
the openings of the geotextiles and can be hold by the openings. It is most likely that the

third type of the soil particles may cause an increase in the wettability of the geotextile.

5.6.6. Geotextile water characteristics curves under vertical stress

The nonwoven geotextile as part of the cover layer in the landfill is placed in a depth
between 1 m to 5 m under the ground surface. A thick soil layer above the geotextile layer
applies an overburden pressure which could compress it and therefore reduce the pores of
the material which affects the properties of the geotextile layer.

Few studies had been published to study the effect of vertical stress on the hydraulic
performance of a nonwoven geotextile. Ho (2000) studied the effect of the compressibility
on the woven and nonwoven geotextiles using a modified oedometer device. Gourc et al.
(1982), McGown et al. (1982), and Palmeira & Gardoni (2000) studied the influence
of stress on the physical and hydraulic properties of nonwoven geotextile. The results
showed an effect of confinement on geotextile properties, with special reference to pore
size diameters.

The increase of geotextile retention capacity caused by increasing stress levels and geotextile
partial clogging was also evaluated, as well as the accuracy of equations for the estimate
of geotextile permeability. The results obtained showed a marked effect of confinement on
geotextile properties, with special reference to pore size diameters, with implications to
current filter criteria for non-woven geotextiles.

Ten geotextile samples were cut to the desire diameter (70 mm) and weighted to determine
the dry weight of each sample. The samples were later saturated using a container filled
with distilled water. After 24 hours, the geotextile samples were tested again to determine
the saturated weight and then were set in the sample room inside the cell. To avoid any
possibility of existing air trapped inside the cell and to make sure the ceramic disc is fully
saturated, a flushing process was performed by allowing distilled water to flow from the
top valves towards the lower values through the geotextile samples and the ceramic disc.
The test was started by applying the target vertical stress with small increments to avoid
increasing the porewater pressure inside the geotextile sample. After reaching the target
vertical stress, the reduction in the height of the geotextile was monitored and recorded
until reaching a stable reading. The suction was started to be reduced by lowering the
water inside the burette. The water inside the burette was further reduced to measure
several points on the GWCC for the drying and wetting paths. After finishing the test,

the samples were taken from the cell and the weight was again measured to re-check the
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gravimetric water content at the end of the test. The test was repeated with new vertical
stress to cover a range of different vertical stresses namely; 5, 10, 20, 50 and 100 kPa. To
measure the height of one geotextile sample, the recorded reduction in the height of the
ten samples was divided by 10.

Figures 5.32(a) and 5.32(b) present the drying and wetting GWCCs under different vertical
stresses. The drying and wetting paths for the material under unconfinded vertical stress
were also presented to compare the results. Table 5.5 presents the fitting parameters of
the GWCCs using the models van Genuchten (1980) and Fredlund and Xing (1994).
Figure 5.33 shows the change in the height of the geotextile sample with the increase in
the vertical stress. Each curve was determined by measuring the height from different test
under different vertical stress with the same suction value.

Two tests were performed on the whole geocomposite material presented in Figure 5.34.
The first test was for a saturated sample while the other test was performed under 0.1 kPa
suction. The tests were highly influenced by the compressibility of the geonet material

between the two geotextile layers.

Table 5.5.: Fitting parameters of the GWCC curves for drying and wetting under vertical
stresses

Model Van Genuchten (1980) Fredlund & Xing (1994)
Fitting parameter « [1/m] n ay [kPa] ny my
Drying 5 kPa 0.45 0.0012 1.2 2.8 4.3
Wetting 5 kPa 0.43 0.0014 1.1 2.7 4.2
Drying 10 kPa 0.466 0.002 133 30 40
Wetting 10 kPa 0.44 0.0012 1.2 2.9 3.8
Drying 20 kPa 0.88 0.002 2.4 3.2 4.3
Wetting 20 kPa 0.80 0.0013 2.2 3.1 4.1
Drying 50 kPa 1.5 0.13 3.0 3.2 2.0
Wetting 50 kPa 1.4 0.10 2.8 3.0 1.9
Drying 100 kPa 2.4 0.21 35 33 10
Wetting 100 kPa 2.2 0.20 3.4 3.1 0.9

The results of tests on packs of geotextiles will provide average values of geotextile proper-
ties, because of the number of layers being simultaneously tested.

The tests results show an increase in the storage capacity for curves with increasing the
vertical stress as the air-entry value for both drying and wetting paths. This shifting of

the air-entry values is related to the reduction of the pores of the geotextile sample due to
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Figure 5.32.: GWCC under different vertical stresses

the applied stress. This reduction in the pores will need a higher suction value to expel the
water from the geotextile sample in comparison to less or no vertical stress. The influence
of the vertical stress on the GWCC is almost negligible after an applied vertical stress
higher than 20 kPa. A reason for that could be that the most significant reduction in the
pores of the geotextile will occur at stresses around 50-100 kPa. It is also expected to

reduce the conductivity of the water with increasing the vertical stress as a result from
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reducing the pores of the material.

The change in the suction values shows no clear influence on the height-vertical stress
curves. The structure of the geotextile pores is different from the pores between the soil
grains which could change and re-mold due to the applied vertical stress. The water-

geotextile interaction due to the applied vertical stress may not be affecting the height of
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the geotextile sample.

5.7. Hydraulic conductivity function of unsaturated

nonwoven geotextiles

The relationship between hydraulic conductivity versus suction provides a measure of the
increased impedance to water flow with increasing suction. It is difficult to determine
the hydraulic conductivity function in the laboratory due to the low air-entry value of
the nonwoven geotextiles therefore it is more practical to determine the function using a
proposed model from the literature which has been used by several others to determine
the hydraulic conductivity for geosynthetics products (Chapter 3).

Figure 5.35 shows the k(t)-functions of the nonwoven geotextile B using the model
proposed by Fredlund & Xing (1994).

Figures 5.36 5.37 show the k(¢)-functions of the tested nonwoven geotextile for the different
specimen selected in the current study. The curves show similar trend for wide range of
nonwoven geotextiles and the curves are located in a narrow bandwidth within a relatively

small suction range.

5.8. GWCC derived from apparent opening size

Predicting the water retention curve from the apparent opening size curve (AOS) for
geotextiles using the model to predict the SWCC from basic geotechnical properties
(Aubertin et al. 2003)

This model is established based on the original by Kovacs (1981) which uses parameter
defined as the equivalent capillary rise h., in the porous medium. This parameter is
derived from the well known expression used for the rise h, of water in a capillary tube
having a diameter d. The value of h, is given by (Smith 1990; Chin 2000):

_ 4oy, - cos By,

hCO
d- Yy

(5.9)
where
0w : surface tension of water, o, = 0.073 N/m at 20°C

Bw : contact angle between water and the tube surface (°) for polypropylene (3, is 86°
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Figure 5.35.: Hydraulic conductivity function of the main geotextile (B)

Y : unit weight of water [N/m?]
d : pore diameter [m]
Equation 5.9 indicates that capillary rise is proportional inversely to the diameter of the
tube.
Geotextiles are similar to soils, in which, the pore size is not uniform as shown in Figures
4.7 and 4.8, hence, h. is not easily defined with equation 5.9.
This pore system can be substituted by a system of regular channels with a diameter
expressed as the equivalent hydraulic pore diameter d.q, defined as (Bear 1972; Kovacs
1981):

deg = 42 (5.10)
where V, and A, are respectively the volume and surface of the voids. In practice, A,
approximately corresponds to the surface area ASS of the solid grains. By relating ASS to
the massic specific surface area S, equation (5.10) can be transformed as Scheidegger

1974:
e

,Os'Sm

deq =4 (511)
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In this equation, e is the void ratio and ps is the solid grain density for polypropylene is
146.76 m? /kg.
The equivalent capillary rise he, is obtained by replacing diameter d (in equation 5.9) by

the equivalent hydraulic pore diameter d.q, and can therefore be expressed as:

Ow * COSBw Ps * Sm

Yw €

hco -

(5.12)

This is one of the fundamental equations from which the MK model is built. As it will be
indicated below, h., is somewhat equivalent (at least for granular soils) to the height of
the capillary fringe above the still water table in a homogeneous deposit, as defined in
many geotechnique textbooks (e.g., Lambe & Whitman 1969; Bowles 1984).

Although Sy, can be directly measured by various techniques (e.g., Lowell & Shields 1984),
in most practical cases, the value of Sm is not readily available to apply equation (5.12).
For coarse-grained soils, the specific surface area can nevertheless be estimated from the

grain size distribution using the following expression Holtz & Kovacs 1981b:

o
ps'DH

Sm=14 (5.13)
where « is a shape factor (6 < o < 18; a = 10 is used here as in the Kovacs original model),
and Dy is an equivalent particle diameter for a heterogeneous mixture. The equivalent
diameter Dy for a heterogeneous mix of particles theoretically represents the diameter
of a homogeneous mix (with a single size) that has the same specific surface area as the

heterogeneous one.
Ow*COS By

Tw e'DH

hco,G - (514)

where subscript G stands for granular (low plasticity, low cohesion) materials, as opposed
to clayey (plastic/cohesive) materials (which will be discussed below). In this equation,
the contact angle fy, will be taken as zero (e.g., Marshall et al. 1996).

In granular soils, S;,, and Dy can be evaluated by subdividing the grain size curve based on
standard mesh sizes Chapuis & Legare 1992. For practical geotechnical applications, the
value of Dy can also be approximated using the following function (Aubertin & Chapuis
1998; Mbonimpa et al. 2002):

Dy = [1 + 1.17log(Cy)] D1o (5.15)

where OV is the diameter corresponding to 10% passing on the cumulative grain-size

distribution curve, and Cy is the coefficient of uniformity (Cy = Ogp/O10).For the equivalent
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capillary rise in granular soils, equation (5.14) is then expressed as follows:

b

hco =
e D10

(5.16)

with 5
Q- Oy + COS

b= - = 5.17

[1.17log(Cy) + 1]y (5.17)

To determine the residual suction 1., the following relationship provides an adequate

estimate of the residual suction:
0.42

e = (D)% (5.18)

A simple relationship was established between v, and the equivalent capillary rise, he,:
¥, = 0.86h%2 (5.19)

The value of h¢, could be used to define the relationship between the degree of saturation,
S, (or volumetric water content, ), and suction. The capillary saturation, S., and by

adhesive forces, causing saturation by adhesion, S,.
S, =8.+S:(1-25,) (5.20)

The contributions of the capillary and adhesion components to the total degree of satura-

tion are defined as functions of h., and ¥ using the following equations:

Sc =1- [(hco/¢)Q]mewp[_m(hco/w)Q] (521)
2/3
S, = a60¢m (5.22)
in which I In(1+v/9,) 523,
Y (1 o/ d) '

Figures 5.38 to 5.48 present GWCCs for the selected geotextile materials AOS method,
which are compared with the experimental results using the hanging column method. The
results show that the method is capable to predict the geotextile-water characteristics
curves based on the apparent opening size of the geotextiles.

The input data for each material are presented in Table 5.6. The small differences in the
comparison could be related to several factors; testing conditions of the GWCC, testing
condition of the selected sample for the AOS, and the value of the angle of contact of

between the geotextile and the water which can vary from a product to the other. However,
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the method could be very suitable to predict the GWCC without performing a laboratory
test to determine the GWCC which could be expensive, time consuming, and may require

special equipments which are not available in every laboratory.

Table 5.6.: Input values to derive GWCC from AOS for each material

Material | O10 [mm] | O60 [mm]
B 0.0475 0.082
N1 0.026 0.041
N2 0.0245 0.056
T1 0.029 0.056
T2 0.0265 0.0535
T3 0.027 0.047
F1 0.009 0.039
F2 0.005 0.031
F3 0.007 0.043
F4 0.005 0.058
F5 0.009 0.074
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Figure 5.38.: GWCC fitting for B
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5.9. Summary

In this chapter, the experimental results of the SWCCs and GWCCs tests are presented.
The hydraulic conductivity functions are derived from these curves using an existing model
from the literature which were found to be suitable for geotextiles. Water-characteristic
curves are very important since to understand the attitude of the material due to shearing,
compression, and infiltration under partially saturated condition. In this chapter also, a
method to determine the water-characteristic curve of the geotextile based on the AOS
has been presented. Measured GWCCs were compared to the GWCCs derived by the
proposed method. Good agreement was found. Figures 5.49 and 5.50 presents the water-
characteristic curves and hydraulic conductivity curves of the geotextiles, Hostun sand and
kaolin. It can be seen that the geotextile curves are presented by small bandwidth at small
suction range compared to the SWCCs. The GWCC curves tested for several geotextile
materials show that for wide range of geotextiles the curves are close to each other in case
of the values of the AEV and the residual suction. The hydraulic conductivity curves vs
suction derived from the GWCC curves show also similarities. Therefore, one nonwoven
geotextile sample (B) will be taken to perform the column tests in the following chapter

to study the soil-geotextile interaction with one-dimensional flow of water.
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Figure 5.49.: GWCC of geotextiles and SWCC of Hostun sand and kaolin
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6. Soil/geotextile column interaction

6.1. Introduction

In this chapter, the column equipment is described which was used to perform the one-
dimensional flow tests; water through a soil layer with a layer of nonwoven geotextile. A
description of the cell and the equipments which are used measuring the volumetric water
content and the positive and negative pore water pressure are also described. The tests
results and the discussion of the results are also presented in this chapter.

The aim of these tests is to evaluate the performance of a selected nonwoven geotextile
to drain and filtrate water through a layered system (soil-geotextile layer system) under
partially saturated condition. The results obtained from this analysis will be evaluated

from different perspectives:

1. Is the nonwoven geotextile layer however still capable to drain water under partially

saturated condition (qualitative analysis)?

2. The effect of the value of the matric suction on the hydraulic conductivity function

of both soil and geotextile (quantitative analysis).

3. Testing different types of soils which have different values of AEV to evaluate the
usability of the SWCC parameters to the understanding of such a system.

After reviewing the tests results, a separate capital will discuss the above mentioned points
and will try to reach common conclusions which will be helpful to understand such systems
under partially saturated conditions.

Few tests were performed to analyze the flow of water through a column of soil geotextile
interface. Most of the tests were performed using sand material, while others were
performed using clay material. However, using pure sand material is not suitable to
perform as a top soil layer above the drainage matrix because of the relatively high

permeability values and the low cohesion between the sand grains (¢ = 0 kPa). On the

115
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other hand the clay material is considered as a low permeable material which will lead to
hold the water on the surface or in the vegetative supporting layer and thus will allow small
amount of water to pass through the clay layer to be drained through the geocomposite
drainage layer.

In the current study, 4 soil mixtures were used. The tests were analyzed using the SWCC
and the hydraulic conductivity curves.

Valuable information will be collected by analyzing the hydraulic conductivity curves of
both soil and geotextile. This will help to predict the behavior of the nonwoven geotextile
in the field in association to the selected top soil layer. Therefore, this study is focusing on
selecting four types of soil with different AEV and to evaluate the unsaturated parameters
on the drainage performance of the filter geotextile.

The initial void ratio of the selected soils is defined in accordance to the element tests.
The objective here is to use the results of the element tests to explain the behavior of the
soils and geotextile in the column test.

After reviewing the state of art of the performed tests in this topic, it was observed that
the tests were performed on initially dry soil material or initially defined volumetric water
content. In the current study, the soil is initially saturated and then was drained from
water from the bottom until reaching equilibrium water distribution at the different soil
heights. Later, the water was added to the column from the top. The infiltration stage
was stopped when the water filled the column. The final stage was the second drainage
stage after the infiltration.

Two sets of sensors are connected to the column device. Time Domain Reflectometry
Sensors (TDR) to monitor the change of the volumetric water content and tensiometers to
record the change in pore-water pressure.

During the test the zero water level was set to two levels. During the saturation stage,
the water level was set to a height of 3 cm above the soil level inside the column, also
the water level was set to the level of the base of the column during the drainage stage,

infiltration stage, and the 2nd drainage stage.

6.2. Test equipment and test procedure

The 1-D flow test has been performed using a clear hollow Plexiglas cylinder of 240 mm
inner diameter and 630 mm in height as shown in Figures 6.1a and 6.1b. Three threaded
screws hold the Plexiglas cylinder with the upper and lower caps. The upper cap has

a valve used for air ventilating and two other valves connected by plastic tubes to an
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electrical pump which allows adding water to the column from a reservoir. The pump
has different flow rates to simulate the rainfall on the soil. The pumped water falls from
the two valves over a hollowed disk which helps to distribute the water equally over the
cross-section area of the column. The lower cap has two valves allowing to saturate or
desaturate (drain) the water from the soil during different stages of the test and to flush
the water at the lower cap from any trapped air by circulation. The column is connected
to a stand pipe through plastic tube to define the zero water level. During the infiltration
stage, two types of pumps, available at the laboratory, were used based on the hydraulic
conductivity of the soil layer; a relatively high one and another slower one. For 15%K and
20%K tests, as the infiltration stage needs long time to fully saturate the top soil layer,
a security system was used to stop the pump when the water starts to flow outside the
column and therefore stops the test.

At five different heights (namely; 110, 210, 310, 410, 510 mm), a set of time-domain
reflectometer (TDR) and pore water pressure sensors (Tensiometers) are installed in order
to monitor the volumetric water content and also positive and negative pore water pressures,
respectively. The tensiometer’s tubes were filled with distilled water and submerged in a
container of distilled water to make sure the ceramic tips are fully saturated.

All the measuring devices were checked and calibrated before starting the test and the
pump device was tested to provide the correct flow rate needed in this study. Due to
the fact that the TDR needs to be surrounded by soil, it was not possible to install the
geotextile layer close to the TDR and Tensiometer.

The soil was mixed by weight the target proportions of Hostun sand and kaolin after
drying them inside the oven. Then water was added to the dry soil mixture reaching the
optimum water content. After that the soil mixture was protected with plastic folie to
prevent the evaporation.

During sample preparation, water was allowed to flow from the stand pipe through the
bottom of the column to a certain height, and then a defined amount of sand was pluviated
from the top of the column and compacted in layers of about 100 mm in thickness using a
700 g weight hammer to ensure homogeneity of the soil column model. Care is needed at
this stage in order not to damage the electronic equipment connected to the cell which is
installed at each level before adding the soil. Afterward, water level was increased again
and another amount of soil was pluviated. The procedure was repeated until the reaching
a height of 65 cm along the column. Two combined geotextile layers are placed in a height
of 260 mm from the base of the column in the middle distance between sensors (2) and (3).
The perimeter of the geotextile layers was sealed from above and below with plastic fermit

to prevent the water from seeping around its perimeter. The sealing material was tested
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using a small prototype column and it showed efficiency to prevent water from sinking.
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Figure 6.1.: Schematic sketch and a photograph of the column apparatus
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The reason using two layers of geotextile rather than one is to prevent the water from
flowing in the opening made by the rods used to combine the elements of the geocomposite
drainage layer together (a geonet sandwiched between two nonwoven geotextiles). The
vertical displacement was monitored for any possible settlement may occur during the test.
After constructing the sand column, flashing has been made at the lower cap by circulating
the water between the two valves connected to the lower cap, this procedure is useful to
remove any air bubbles trapped below the filter paper. The water level during this stage
was increased to 30 mm above the soil surface level by pumping it from the bottom. The
TDR and Tensiometer sensors are set to monitor the volumetric water content and pore
water pressures. The readings from the TDR sensors are checked with the water-retention
curve of the soil and they were located on fully saturated zone. The tensiometers readings
were compared with the hydrostatic pressure and the results were accepted. After 24
hours, the valve at the bottom of the cell was opened and water was allowed to drain. The
water head was fixed at elevation (z = 0).

During the drainage stage, the column was monitored to check the suction value and
the corresponding volumetric water content.The infiltration stage simulates a scenario in
which a rainfall will take place. The flow rate of water through the pump was controlled
to be less than the saturated hydraulic conductivity of each of the selected soils. This will
assure an existing of partially saturated condition among the column profile. The analysis
of the column tests results will be better explained using the SWCC to understand the
behavior of such systems. At selected points over the height of the column, the TDRs are
used to measure the volumetric water content and the tensiometers to measure the positive
and negative pore water pressure at different stages of the test. The test was performed
inside a controlled temperature room inside the laboratory. During the drainage stage,
with the increase in the suction (negative pore water pressure), the measuring points will
follow paths on drying curve of the SWCC and during the infiltration stage (positive pore
water pressure), the points will follow paths on the wetting curve of the SWCC.

The final stage (2nd drainage stage) in which the water was allowed to drain from the
column immediately after the infiltration stage may provide an understanding to the new
moist content profile within the soil after a rainfall, which indicates initial conditions in
case a possible rain season will occur soon after the previous one. According to the case
studies presented earlier, the failure stability problem had occurred after rainy weather
and therefore it will be helpful to understand the moist profile around the column and
compare it with the drainage condition. The boundary conditions in this stage are similar
to the first drainage stage.

The drainage stage was continued until complete equilibrium was reached. The rainfall
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stage started by applying colored water from the top of the column using potassium
permanganate (KM, O,), which allows a better observation of the water flow through the
column. This color can be washed out from the soil after the test easily. At the final stage,
the column was left for one day to observe the redistribution of the moist over the soil

profile after the infiltration stage.

6.3. Tensiometer Sensors

The tensiometer used in this study is a Miniature Pressure Transducer Tensiometer (UMS-
Umweltanalytische Mess-Systeme, today METER Group Munich). As show in Figure 6.2,
it consists of a body and a tensiometer cup including a ceramic cup and a water filled
tube. The tensiomter has an overall length of 81 mm and the body is 20 mm wide. The
body consists of the pressure transducer, the acrylic plastic body and the lead.

Based on the piezoresistive effect of the silicon semiconductor, the sensor measures the
change of the specific electric resistance due to deformations. These deformations are caused
on the sensitive silicon chip by changes in pore-water pressure. By using a Wheatstone
Bridge the change of the specific electrical resistance is processed to a signal, which
corresponds to certain pore-water pressure value. The ceramic cup has an active surface
of 0.5 cm? and is 5 mm in diameter. Thus the soil disturbance of the tested soil is small.
The response time of the sensor is fast. The tube is transparent and thus air bubbles are

easily detectable.
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Figure 6.2.: Tensiometer Sensor, after Lins (2009)
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6.4. Time Domain Reflectometry Sensors

The TDR sensor used in this study is a Mini Buriable Waveguide (Soil-moisture Equipment
Corp.). It consists of 3 parallel rods and a cable as shown in Figure 6.3. It is designed to
be installed permanently in the soil and allows the measurement of the dielectric constant
of the tested soil. The rods of the mini TDR sensor are 80 mm long with a 25 mm spacing
between the outer rods. The wire spacing is 12.5 mm. For computing, analyzing and
saving the test results the TDR sensors (TDR SOILMOISTURE METERS (TRASE))
are connected to a multiplexer and then to a Trase System. The multiplexer allows
measurements to be made automatically of several TDR sensors. A switching board with
16 channels for connecting up to 16 TDR sensors was used. Measurements, computations
and analysis of the data are done by the trase system. A computer connected to the Trase

system is used to display the results.

Cable

TDR " |‘_80mm_’|

Figure 6.3.: Time Domain Reflectometry Sensor (TDR), after Lins (2009)

6.5. Testing program

Few tests were performed to analyze the flow of water through a column of soil geotextile
interface. Most tests were performed using sand material or using clay material. However,
for the testing program the materials should be selected satisfying the drainage and
filtration design criteria.

In the current study, five column tests were performed. One test was performed using
pure sand without geotextile. The aim of the test is to evaluate the quality of the test,
the performance and accuracy of the sensors, and to analysis the results of a column test

at different saturation and de-saturation stages.
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Four tests were performed on Hostun sand and three soil mixtures (10K, 15K, and 20K)
in which a geotextile layer was placed at elevation of 260 mm from the bottom base of the

column device as shown in Figure 6.1.

6.6. Tests results

The tests results will be presented for each test separately and the observations of the

tests will be explained. The main results and final conclusions will be described later.

6.6.1. Hostun sand (without geotextile layer)

In this test, the column has been filled with Hostun sand only. The objective of this test is
to observe the infiltration process using the column device and to check the performance
of the measuring equipments (Tensiometers and TDRs). The results will be taken as
a reference and will be compared with the following test in which a horizontal layer of
nonwoven geotextile is placed between two Hostun sand layers.

The target void ratio of the test was 0.66. The achieved void ratio was 0.64. The reason is
because of installing the sensors which made the densifying of the sand not easy using a

2.5 kg hammer without damaging the equipments.

6.6.1.1. Saturation stage

In this stage, the top of the soil layer was located at elevation 550 mm and the water
level was fixed at elevation 570 mm. The readings were observed for more than 24 hours
to make sure that the column is fully saturated and stable and reliable readings were
measured as shown in Figure 6.4. Figure 6.5a shows a comparison between the values of
the pore water pressure during the saturation stage with the hydrostatic pressure values

determined using the following equation:

p=h-p-g (6.1)

where, p: water pressure [kN/m?], h: height of the point [cm], p: density of water [kN/m3],
g: the gravitational constant [9.81 m/s?]. Figure 6.5b shows the location of the five points
on the SWCC.



6.6. Tests results 123

5
= 50 —
e R T S XSO AU SO S T1 < D2
§ 4 = 48} — D3
= T2 *é Readings of Bé
5 9 i 461 the 5 TDRs on 1
S T3 % / the same line
2 2f = 4l
E T4 2
B 1t =490
o T5 ER
£ S
[al) 0 ‘ ‘ ‘ ‘ ‘ ‘ =
0 5 10 15 20 25 30 35 400 5 1‘0 1‘5 2‘0 2‘5 j() 35
Duration ¢ [Hour] Duration ¢ [Hour]
(a) Tensiometers readings (b) TDR readings

Figure 6.4.: Saturation stage: Change of the readings vs time [HS]
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6.6.1.2. Drainage stage

The drainage stage was started by allowing the water to drain from the bottom of the
column. The zero level is already defined at the bottom of the column. The readings from
the TDRs and tensiometers are observed (Figure 6.6) to be able to define the end of the
stage when the readings show no change versus time. The curves show a relatively fast
graduate reduction in the readings due to water drainage. A small change in the water
content was observed by D1 and D2 while D3, D4, and D5 at the middle and the top
of the column recorded a reduction in the water content. The drainage of the water is
relatively fast due to the poor grading of irregular shape of the grains of Hostun sand.

Figure 6.7 shows the path of the five reading points (pore-water pressure and volumetric
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Figure 6.6.: Drainage stage: The readings of the tensiometers and TDRs [HS]

water content) on the drying path of the water retention curve of Hostun sand. It can be
seen that P1 (related to point 1) was above the air-entry value of the sand while P2, P3,
and P4 were past the AEV. P5 was located at the residual suction value.

Figure 6.8 project the location of the final position of the 5 points using the suction values
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Figure 6.7.: Drainage stage: Location of the points on the SWCC for different elevation
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on the hydraulic conductivity - suction curve of Hostun sand for drying path. Point P1 is
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still within the saturated zone and the permeability is equal to the saturated permeability
of the sand, while P2 and P3 are beyond the AEV suction. The points P4 and P5 are at
low suction range in which the permeability values are very low.

Figure 6.19 shows the position of the five points on the height - vol. WC curve based on
the location of each point inside the column device at the end of the drainage stage. The
results look compatible with the data measured from the sensors during the test.

Lins (2009) performed series of imbibition and drainage tests on Hostun sand using a
column device (240 mm inner diameter and 282 mm height). A similar sample preparation
method was used to the current study. The distribution of void ratio along the height was
homogeneous and the drainage curve, imbibition curve, scanning drainage and scanning
imbition curves were measured by using similar tensiometers and TDRs setup.

Figure 6.10 shows the the volumetric water content values versus suction for three different
reading points for two different soil samples; loose state (e, ~ 0.89) and dense state (e, ~
0.66). The two tests show good results and the results were comparable. The established

SWCCs were in good agreement with the determined in the current study.
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6.6.1.3. Infiltration stage

After the drainage stage, the water was added to the column through the two openings in
the top cap with a rate less than the saturated hydraulic conductivity of the sand. The
calibration was made earlier during the preparation stage.

The readings were taken every 5 minutes. Figures 6.11(a) and 6.11(b) show the change in
pore water pressure and volumetric water content versus time respectively. Figures 6.12
presents the location of the points on the SWCC of Hostun sand.

Figure 6.13 presents the location of the five points on the hydraulic conductivity - suction
curve on the wetting path on the end of the infiltration stage.

Lehmann et al. (1998) investigated the water dynamic in a sand column with fluctuating
capillary fringe for different flux and pressure boundary conditions. The observations
indicate an influence of the hysteresis of the water retention curve on water dynamic. The

same matric potential fluctuations lead to different water content variations.
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Figure 6.11.: Infiltration stage: Readings of the tensiometers and TDRs [HS]
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6.6.1.4. 2nd drainage stage

During this stage, the column was left in order to reach an equilibrium in the readings of
the sensors. Figure 6.14 shows that the reading is reducing with time until reaching values

close to those recorded during the drainage stage.
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Figure 6.14.: 2nd drainage stage: The readings of the tensiometers and TDRs [HS]

6.6.1.5. Main points from the test (HS)

During this test, a column filled with clean Hostun sand was initially saturated and then
drained from water until reaching an equilibrium. The column was infiltrated from the
top to simulate a season of fall of water. Until the water level reached a height of 50 mm
above the soil layer the column was again drained until reaching stable readings.

Figure 6.15 summaries the results of the test by presenting the readings of the pore-water
pressure at the end of each stage of the test. The pore water pressure distribution is
demonstrated by the hydraulic gradient. During the following tests, the pore-water pressure
distribution will be changed due to the influence of the nonwoven geotextile layer. The
air-entry value of the soil and geotextile is different which will lead to shift the hydraulic
pressure.

Pore water pressure is decreased rapidly during the drainage stage and a rapid increase
during the infiltration stage, this could be due to the granular and edgy shape of the
particles of Hostun sand and also to the poor-graded grain size distribution curve which
leads to a relatively high permeability.

From this test, it can be seen that during the drainage stage, the water level after reaching
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an equilibrium, the water did not reach a level higher than 245 mm. This will help to plan
the elevation of placing the geotextile layer at elevation around 245 mm. to avoid making
the geotextile layer fully saturated due to its location inside the column.

During the infiltration test, Figure 6.12, P1 was saturated and thus when the point moved
to the left until the suction reduced to zero. Similarly, point P2 below the AEV moved to
the zero suction following the drying path. However, the points P3, P4, and P5 moved

following an individual scanning path until reaching the main wetting path.

70 | I I
[0 Saturation stage
A Drainage stage
60 |- B Infiltration stage |
O2nd Drainage stage
50 |-
g
— 40 i
<
=
2
g 30 i | i
=
b5  T5[T
20/4ps Tafr |
fios T
10fip2 12T
Tpr  TLF Drain. Sat. Filt.
O II-_‘-II ‘ | | | | |
-8 —6 —4 -2 0 2 4 6 8

Pore water pressure pwp [kPa]

Figure 6.15.: Location of the points during the test stages for different elevation [HS]
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6.6.2. Hostun sand with geotextile

In this test, a horizontal layer of nonwoven geotextile has been placed at elevation 260

mm from the base bottom of the column (z=0.26 m). The void ratio of the sand layer is

approximately 0.627.

6.6.2.1. Saturation stage

After the construction of the column, the test was left for 24 hours in order to assure
fully saturated condition. Figure 6.16a shows the values of the pore water pressure versus
depth at the saturation stage measured from the tensiometers devices. The readings are
compared with the hydrostatic pressure values as the water level was fixed at height 560
mm (z=0.56 m). Figure 6.16b shows the location of the points on the soil-water retention
curve for sand. It show that each soil layer was fully saturated during the saturation stage
as it can be observed from the stable readings of the sensors and the location of all the
points through the profile on the SWCC. That shows, the method used to prepare the
soil initially with its optimum water content and then adding it to the column in small

portions with increasing the water height every time was suitable and helped to achieve a

fully saturated column setup.

60 T : T 50
-=Tensiometers reading L — Drying
— Hydrostatic pressure — Wetting
50| I5 1 o,
= 40|
= 40| § Location of
= S 30 the points
PR P 5
£ i :
g= =
g 5 2 201
= 20 T4 <
T3 E
10 ™ * T 2 107
1
% 1 7 3 g 5 6 b1 1 10
Pore water pressure pwp [kPa] Matric suction ¥ [kPa]

(a) Hydrostatic pressure versus the tensiometers (b) Location of the points on the SWCC
readings
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6.6.2.2. Drainage stage

Figure 6.17a shows the change of pore water pressure at different depths with time during
the drainage stage. Figure 6.17b presents the reduction in volumetric water content during
the drainage stage. Figure 6.18 presents the same results for the first 100 minutes to have
a close view to the change in the readings during the drainage stage.

In Figure 6.19, the effect of suction on the five points is illustrated.

The pore water pressure started to reduce with time. The drop in pore-water pressure did
not develop gradually over the sensors at different depth. The reductions started from
sensor T and T4 at the top of the column followed by sensor T3 and later sensor T2.
About 25 minutes after starting the drainage stage, the reduction of water content above
the geotextile layer was in different slope from that below the geotextile. The geotextile
layer started to suffer from an increase in matric suction which led to reduction in the flow
rate through it as the air started to replace the water inside the pores of the geotextile.
As shown in Figure 6.17b, the increase in the suction is associated with the increase of the
overall suction inside the column and since the air-entry value of the nonwoven geotextile
is smaller than the one for sand, the geotextile started to have an effective reduction in
the water permeability.

The reduction in the drainage performance of the geotextile due to the increase in the
suction is not related to the drop of the water content in the soil layer below the geotextile.
The reduction in the water flow through the geotextile occurred earlier before the moist
content measured by T2 reached a suction value higher than the air-entry value of the
sand also without considering the effect of the capillary rise of water above sensor T2.
Figure 6.18 represents the readings of the tensiometers and TDRs for the first 100 minutes
of the drainage stage.

As a result, the water started to be stored above the geotextile layer. It can be noticed at
tensiometer T3, located 40 mm above the geotextile layer, the pore-water pressure stopped
to reduce at suction value ~ 2.2 kPa and then started to have an opposite behavior with
an increase in the pore water pressure to 1.8 kPa followed by a reduction again. This
phenomenon can be explained using the hydraulic conductivity curves of the soil and the
geotextile which are determined using a fitting model based on the water-retention curves
from the element tests in the previous chapter.

The unsaturated hydraulic conductivity curves for soil and geotextile are shown in Figure
6.20. The geotextile reached the point in which the hydraulic conductivity drops below
the conductivity of the soil (point A) and therefore the water started to be stored above

the geotextile which leads to an increase in the moist and pore water pressure due to the
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water coming from the overlying layers of the column. This stored water led to a reduction
in the matric suction which caused the water to flow through the geotextile with slow rate.
The figure shows also the location of each point at the end of the drainage stage. The flow

of the water at point 3 is lower than the saturated permeability of the sand and it shows

how it is difficult to allow the water to flow to the geotextile layer.
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Figure 6.19 shows the location of the TDR and Tensiometers sensors on the water-retention

curve of the sand. It can be seen that P1 at elevation 110 mm from the bottom of the
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column stayed above the air-entry value AEV of the sand, while point P2 located at 210
mm started dropped down below the AEV. For the Points P4 and P5, the reduction
on the water-retention curve continued to drop at the transition zone and residual zone,
respectively. For point P3, it can be seen that it dropped to a certain point in which
it started to follow a hysteresis path from the drying curve towards the wetting curve.
During this stage, it can be seen clearly dark areas of moist developing above the geotextile
layer and above the bottom of the column due to capillary forces as shown in Figure 6.21.
The moisture development above the geotextile is a sign of reduction in the hydraulic
conductivity of the geotextile due to increase of suction and thus the water started to be
blocked above the geotextile layer.

Iryo & Rowe (2003) and Krisdani et al. (2008b) reported an increase in the water moist
above the geotextile after the drainage stage which is an evidence of a capillary break at

the geotextile layer as shown in Figure 6.22.
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6.6.2.3. Infiltration stage

In this stage, the water was pumped into the the column from the top of the column

apparatus. The rate of the water flow was 1.8E-4 m/s which was selected to be less than
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Figure 6.20.: Hydraulic conductivity function of Hostun sand and geotextile and location
of the points P1 and P5 at the end of the drainage stage on the function of Hostun sand
[HS+G]

the saturated hydraulic conductivity of Hostun sand. Figure 6.23(a) shows the readings of
the tensiometers with time. The change of the volumetric water content is presented in
Figure 6.23(Db).

The water pressure starts to increase in tensiometer T5 at the top of the column followed
by tensiometer T4 and T3 consequently. After 43 minutes from starting the infiltration
stage, the water started to infiltrate through the geotextile layer and tensiometer T2
started to show an increase in the pore water pressure. The increase in pore water pressure
continued as the water level inside the column was increasing until the water filled the
column and the test has been stopped. In figure 6.24 the volumetric water content suction
path determined from the tensiometers TDRs readings during the infiltration stage are
compared to the main drying and wetting SWCC of the Hostun sand.

It can be noticed from the figure, that the points T3, T4, and T5 started to follow hysteresis
path in order to reach the wetting path of the water retention curve of the soil. After the
infiltration stage, it can be noticed that the moist re-blocked above the geotextile layer
which gives the evidence that the unsaturated condition will affect again the performance
of the geotextile layer to transfer the water.

Figure 6.25 shows the location of the points the hydraulic conductivity function of Huston

sand at the end of the infiltration stage.
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Figure 6.25.: Infiltration stage: Hydraulic conductivity function of Hostun sand [HS+G]

6.6.2.4. 2nd drainage stage

This stage starts after the infiltration stage. The sensors recorded the reduction in the
pore-water pressure and volumetric water content with time until reaching stable reading.
Figure 6.26 shows the recorded readings of the sensors. The curves show that the top soil
layer (above the geotextile) will be in unsaturated condition again after a rainfall condition.
The geotextile layer will become impermeable again and the potential to develop water

moist above the geotextile layer may occur again.

6.6.2.5. Main points from the test (HS+G)

During this test, a geotextile layer was placed at elevation 260 mm from the bottom of the
column. The elevation was selected carefully that the sand layer below the geotextile layer
will not be fully or nearly saturated during the drainage or the infiltration stages. This
step is important to avoid any chance of re-saturating the geotextile layer from bottom.

During the drainage stage, it can be seen from Figure 6.19 that the geotextile created a
capillary break and diverted the flow of water above it due to the low air-entry value of

the geotextile layer compare to the above sand layer.
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Figure 6.26.: 2nd drainage stage: The readings of the tensiometers and TDRs [HS+G]

The hydraulic conductivity curves show that the sand layer above the geotextile was
desaturated and the flow of the water through the sand is limited. This phenomenon
will exist due to the effect of suction and thus the risk of having a partially saturated
conditions is very likely which is opposite to the current design methods which assume
that the soil and the geotextile are saturated during the workability time of the drainage
system.

During infiltrating the column, the water started to flow through the upper part of the
column. As the wetting front reaches the location of each of the TDR waveguides the water
content is observed to increase, up to a value of approximately 18%. Once the wetting
front reached the geotextile layer, water did not immediately flow through the geotextile.
Instead, because of the capillary break, water accumulated within the soil immediately
above the geotextile until the matric suction was reduced to a value at which capillary
breakthrough could occur. Specifically, outflow was collected from the base of the column
only once the soil reached a water content of approximately 36% (degree of saturation of
80%). The breakthrough suction is consistent with the suction value expected based on the
WRCs for these materials (see discussion in Section 4.2). Once outflow was collected after
breakthrough, steady downward flow of water was established through the soil-geotextile
system.

Figure 6.27 summarizes the location of the pore-water pressures of the points at different
heights.
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Figure 6.27.: Location of the points during the test stages for different elevation [HS+G]

6.6.3. Mixture 10K

In this test, a mixture of 90% Hostun sand and 10% kaolin clay is used as a top soil layer.
Beneath the geotextile layer, a layer of Silver sand was used. The soil-water retention
curve of Silver sand has been determined based on the grain size distribution curve using
the proposed model by Fredlund (1997a).

6.6.3.1. Saturation stage

Figure 6.28(a) presents the pore pressures measured during saturation stage versus depth.
The readings are compared with the hydrostatic pressure values as the water level was fixed
a height of 559 mm. Figure 6.28(b) shows the location of all the four points on the soil-

water retention curve SWCC for mixture 10K which are located as one point at zero suction.



6.6. Tests results 141

60 - —— 10 :
—=Tensiometers reading Location of — Drying path
500 — Hydrostatic pressure | | 35 ﬁm“({" to, — Wetting path | |
K - the points W Sat. stage
— = 30
5. 40y E
< § 25 |-
8 30 % 20 |-
= E
= -2 L
< 201 ER
2 qof
K=
10 -
51
0 | | | | | 0 | | | |
0 1 2 3 4 5 6 10! 10° 10! 10? 10 10 10° 106
Pore water pressure pwp [kPal Matric suction W [kPa]

(a) Hydrostatic stress vs tensiometers readings (b) Location of the points on the SWCC (D3 & D4)

Figure 6.28.: Saturation stage: Readings of the tensiometers and the location of the points

on the SWCC of 10K

6.6.3.2. Drainage stage

During this stage, the water was drained from the bottom of the column until reaching an
equilibrium state along the column profile similar to the previous tests. Figures 6.29(a)
and 6.29(b) show the change of the volumetric water content and the pore-water pressure
with time, respectively. Figure 6.30 shows the location of the points on the SWCC.

The time needed to reach stable readings is longer in comparison to the previous tests
(pure Hostun sand). This is due to the lower hydraulic conductivity of mixture 10K under
saturated and partially saturated conditions. The degree of saturation of the mixture
10K reaches about 75% at the end of this stage. Figure 6.30 indicates that adding the
kaolin made the soil layer at points 3 and 4 to be near the AEV compared to the test

with only sand in which the points were settled above the residual suction value. Figure
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Figure 6.29.: Change of the reading during the drainage stage [10K]
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Figure 6.30.: Drainage stage: Location of the points on the SWCC for different elevation
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6.31 shows a suction value of ~ 2.2 kPa in which the capillary break will occur between
the soil mixture 10K and the nonwoven geotextile (Point A). This value is similar to that
recorded in the previous test HS+G but the hydraulic conductivity of the 10K is relatively
smaller and the potential to transfer the water through the geotextile layer is lower at this

suction.

6.6.3.3. Infiltration stage

After the drainage stage, the water was pumped top of the column to simulate a rain. The
flow rate was 4.E-07 m/sec which is smaller than the saturated hydraulic conductivity of
mixture 10K. Figures 6.32a and b present the change in the tensiometers readings and the

volumetric water content respectively. Figure 6.33 shows the location of the points on the

SWCC.

The tests results showed an existence of capillary break during the drainage stage at
suction value (3.6 kPa). The hydraulic conductivity function versus suction curves show

that the curve of soil 10K and the geotextile intersects at this suction value.
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Figure 6.32.: Infiltration stage [10K]

6.6.3.4. 2nd drainage stage

Similar to the previous tests, the water was allowed to drain from the column during this
stage, water started to drain until it reached an equilibrium phase. Figures 6.34a and
6.34b show the reading of the pore-water pressure and volumetric water content versus

time, respectively.
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Figure 6.34.: 2nd drainage stage: The readings of the tensiometers and TDRs [10K]

6.6.3.5. Main points from the test (10K)

In this test, a kaolin sand mixture was used above the geotextile. The main observations
from the test is that during the drainage stage, the soil layer above the geotextile reached
the almost same suction value as in the (HS+G) test but the equivalent value of the degree

of the saturation was relatively higher. In other words, the soil layer reached similar value
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of suction when using the same geotextile but the soil layer has higher degree of saturation
which may allow the soil layer to be more saturated.

During the infiltration stage, the paths of points P3 and P4 followed hysteresis paths to
reach a fully saturated volumetric water content.

Figure 6.35 review the value of the pore-water pressure at the end of each stage of the
test. The existing of the geotextile layer which has a different characteristics of the
water-retention curve compare to the soil mixture will affect the location of the points
above and below the geotextile layer.

The time needed to reach stable readings after the drainage stage was longer in comparison

to pure sand due to the low permeability of the mixture.
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Figure 6.35.: Location of the points during the test stages for different elevation [10K]

6.6.4. Mixture 15K

In this test, the soil material used was a mixture of a 85% Hostun sand with 15% kaolin
clay. This increase in the kaolin content still keeps the soil mixture (15K) within the

recommendations of the stable design filter from mechanical and hydraulic perspectives.
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6.6.4.1. Saturation stage

Figure 6.36(a) shows the values of the pore water pressure versus depth at the saturation
stage measured from the tensiometers devices. The readings are compared to the hydro-
static pressure values as the water level was fixed at height 559 mm. Figure 6.36(b) shows

the location of the points on the soil-water retention curve for mixture 15K.
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Figure 6.36.: Saturation stage readings [15K]

6.6.4.2. Drainage stage

During this stage, the water was drained from the column by opening the valve at the
bottom. Figure 6.37a presents the pore-water pressure readings vs time. Figure 6.37b
shows the volumetric water content readings vs time. In this test the time needed to reach
equilibrium of the moist distribution around the profile of the column (stable readings)
was 750 minutes.The tensiometer readings indicate that the geotextile layer is required
longer time in comparison to the previous tests (HS and 10K) to become desaturated.

Figure 6.38 shows the location of the points P3 and P4 on the SWCC of 15K mixture.
Due to the higher air-entry value of the mixture, the points were located beneath the
AEV which shows that the soil was capable to hold more moist compare to the HS and
10K mixtures at the same suction range. Figure 6.39 presents the hydraulic conductivity
functions of the 15K and the geotextile. However point A which represents the threshold
between having a permeable soil-geotextile system and having a capillary break , it can
be seen that, the permeability of the geotextile layer has to reach approximately 5x108
m/sec which is below than the saturated permeability of the geotextile which is expected

during the design stages of the drainage system.
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Figure 6.37.: Reading during the drainage stage [15K]
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[15K]

6.6.4.3. Infiltration stage

Figure 6.40a presents the pore-water pressure readings vs time. Figure 6.40b shows the
volumetric water content reading vs time. Figure 6.41 shows the location of the points
on the SWCC. Figure 6.42 shows the location of P3 and P4 at the end of the infiltration
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6.6.4.4. 2nd drainage stage

Figure (6.43a) presents the pore-water pressure readings vs time while Figure (6.43b)

shows the volumetric water content reading vs time.
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Figure 6.43.: The readings for after the infiltration stage [15K]

6.6.4.5. Main points from the test (15K)

In this test, the soil mixture 15K was tested.

Figure 6.44 presents the values of the pore-water pressures during the test for different
heights. During the drainage stage, the measured suction readings after reaching stable
readings were in similar ranges to the previous tests however, the recorded volumetric
water content values were higher in comparison to HSG and 10K tests.

During the infiltration stage, the soil at P3 and P4 has more moist in comparison to the
previous tests, so it is predicted that a breakthrough in the geotextile sample occurs earlier

however, due to the lower permeability of the 15K mixture, the time needed is longer.
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Figure 6.44.: Location of the points during the test stages for different elevation [15K]

6.6.5. Mixture 20K

In this test, the amount of the fines content (kaolin) has been increased to 20% by weight
while the percentage of Hostun sand was reduced to 80%. The same procedure from the

previous tests were used during the current test.

6.6.5.1. Saturation stage

Figure 6.45(a) shows the values of the pore water pressure versus depth at the saturation
stage measured from the tensiometers equipments. To assure saturated conditions at the
beginning of the test, the readings were compared with the hydrostatic pressure values

as the water level was fixed at height 559 mm. Figure 6.45(b) shows the location of the
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measured points on the soil-water retention curve for the soil mixture 20K.
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Figure 6.45.: Saturation stage: The pwp level and the location of the points on the SWCC
[20K]

6.6.5.2. Drainage stage

Similar to the previous tests, the water valve in the bottom of the column was opened
and water was allowed to drain, the readings were monitored until equilibrium readings
was observed. Figure 6.46(a) shows the change in the pore-water pressure pwp with time
during this stage. Figure 6.46(b) presents the change in TDR reading with time. Figure
6.47a shows the location of the points P3 and P4 on the SWCC of 20K and Figure 6.47b
the location of Point P1 and P2 on the SWCC of Silver sand SS.

The time duration needed to achieve stable readings was 1000 minutes. However the
amount of the kaolin was increased in this test, there was no volume change recorded due
to the drainage of the column.

Figure 6.48 shows the location of point A on the hydraulic conductivity function curves of

the soil mixture 20K and the geotextile.
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6.6.5.3. Infiltration stage

The infiltration stage continued for 1600 minutes. Because the test suppose to run without
break, a special device was installed at the top of the column to break the infiltration of
water if the column was filled with water during the night. The readings of the tensiometers
and TDRs are presented in Figure 6.49 and the locations of the points P3 and P4 are
placed on the SWCC of 20K are shown in Figure 6.50.

The Tensiometer T4 started to record increase in the pore-water pressure about 200
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minutes from starting the infiltration stage. The tensiometer T3 followed T4 by 5 minutes.
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Figure 6.49.: Infiltration stage: The readings of the Tensiometers and TDRs [20K]

6.6.5.4. Main points from the test (20K)

During the drainage stage of this test, the water content of the soil material at P3 and P4
(above the geotextile layer) was above the air-entry value. In this case, the soil layer 20K
is still saturated. During the infiltration stage, the permeability of 20K will be close to

the saturated permeability and therefore the layer of the geotextile will be re-saturated
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6.7. Discussion of the column tests

The column tests studies have been conducted to reproduce the hydraulic interaction
between soil and geotextile drainage system under controlled laboratory conditions. In all
the soil / geotextile tests, the same subsequent stages were followed in order to evaluate
the performance of the nonwoven geotextile during different saturation / de-saturation
conditions. All the tests were started from fully saturated condition. In this way the
results can be explained on the mean drying and mean wetting paths of the SWCC. If the
tests were conducted from an initial water content followed by a drainage or infiltration
stage, the tests results could follow a scanning curve. The flow rate of water during the
infiltration stage of each test was less than the saturated hydraulic conductivity of the
selected top soil layer. The objective was to ensure an unsaturated condition in each test
during the infiltration stage.

The comparison between these tests will be based on the time duration needed to re-
saturate the top soil layer, and the time of breakthrough of the water through the geotextile
layer. The results are discussed together with the soil and geotextile water retention curves
(SWCC and GWCC) and the hydraulic conductivity curves determined in chapter 5. The
infiltration properties of each soil layer on the over all performance of the soil /geotextile
drainage system will be analyzed since there is a graduate increase in the air entry value
for each soil type and a decrease in the hydraulic conductivity.

In the first two tests, HS and HSG, Hostun sand was used. In the three other tests, 10K,
15K, and 20K Silver sand SS was used to replace Hostun sand in the soil layer below the
geotextile due to limitation in the amount of Hostun sand at the time during preparing
the tests. Figure 6.52 shows the SWCC curve for both materials. The curve for Hostun
sand was performed in the laboratory while the curve of the Silver sand was determined
using the proposed model by Fredlund (2002). The results show that the SWCC of Silver
sand is not significantly different from that of Hostun sand. The use of Silver sand as a
soil layer beneath the geotextile layer will not have a major influence on the tests results

of the column tests.

Figures 6.5, 6.16, 6.28, 6.36, and 6.45 show that each soil layer was fully saturated during
the saturation stage as it can be seen from the projection of the measured suction and
volumetric water content to the SWCCs. That shows, that the method used to prepare
the soil initially with its optimum water content and then adding it to the column in
small portions with increasing the water height every time was suitable to achieve a fully

saturated column even with increasing the fines content. Nahlawi et al. (2007b) performed
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two types of tests, an initially dry sand and an initially saturated sand tests, for the second
test, the column was filled with water and then the sand was pluviated through the water
which is similar technique to Ho (2000). McCartney et al. (2008a) started the test from
relatively low initial water content.

The "plastic fermit” used to seal the contact line between the column and the geotextile
layer at the perimeter found to be suitable in all the tests without problems even when
un-assembling the column and cleaning the Plexiglas cylinder. Ho (2000); Nahlawi et al.
(2007b) suggested using silicon, McCartney et al. (2008a) preferred to use grease to
minimize side-wall leakage.

In Figure 6.53 the pore water pressures or suction measured at the end of the drainage
stage are plotted versus the height of the sample for all the four tests with geotextile.
Below the geotextile layer hydrostatic pore water pressure develops in all the tests with
zero pressure at water level at the bottom of the sample. Closely above the geotextile
layer the suction does not exceed values between 2.2 and 2.8 kPa. Figure 6.54 shows the
hydraulic conductivity curves derived for the geotextile as well as the soils. Points A for
each soil material are marked at which hydraulic conductivity of the geotextile drops below
the hydraulic conductivity of the soil materials by increasing suction. The corresponding
critical suctions are between 2 and 3 kPa which is in the range of the suction measured

closely above the geotextile in the column tests. This means that the drainage process is



158 6. Soil/geotextile column interaction

interrupted in case critical suction values are reached close to the geotextile.

This explains the suction - water content development in the HS+G test displayed in
Figure 6.19. Up to approximately the critical suction the path follows the main drying
curve. From there tendency is changing and at least the water content is increasing and the
path followed a kind of scanning curve. Suction is increasing up to a value in the order of
the WEV of the geotextile, which can be estimated from the measured GWCCs in chapter
5.6 to 1 kPa. Reaching this value the direction of the path is changing again and drainage
process starts again. Of course it has to be taken into account that the suction value
measured at point P3 may differ slightly from the suction at the soil-geotextile interface.
Transferred to Figure 6.53 this means that reaching the critical suction at the level of
the geotextile the drainage process is stopped and water is ponding above the geotextile.
Reaching suctions close to WEV of the geotextile drainage starts again. So suction is
varying between critical suction and WEV and flow of water is reduced.

The suction at the beginning of the drainage process above the geotextile is increasing.
When reaching approximately the critical suction the increase stopped and after a short
time suction is decreasing until reaching a value close to WEV of the geotextile (ca. 1 kPa).
After that, suctions stay constant for a while before decreasing again. The water content
shows corresponding changes, first decrease, followed by an increase and a second decrease.
It may be concluded that water is accumulating above the geotextile. The mixtures with
higher fine content stay saturated during this process due to higher air entry value. The
low permeability of the 20K mixture may cause that no additional drainage occurs after
reaching the critical suction.

Figures 6.55, 6.56 , 6.57, and 6.58 summarize the readings of the tensiometers and TDRs
during the drainage stage for the four tests with geotextile.

Figures 6.55 and 6.56 showing the suction values and the volumetric water content below
the geotextile. It can be concluded that the results are similar to each other during the four
tests when using Hostun sand and Silver sand. The soil behavior of the soil layer below
the geotextile is not influenced by the properties of the soil layer above the geotextile. The
drainage in this part of the column occurred relatively fast and after reaching hydrostatic
pressure profile (compare Figure 6.53) pore water pressures and volumetric water content
are remain constant.

From Figure 6.57(a) it is obvious that suction above the geotextile did not exceed the
critical suction values mentioned above and that drainage restrained when reaching this
suction values. From Figure 6.58(a) it can be seen that the soil-geotextile interaction
explained above effects also the water content and suction distribution in the upper soil

part.
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In Figure 6.59(a) the degree of saturation is plotted versus suction for the soil layer above
the geotextile starting from the level of the sensors 3. It is assumed that suction at this level
is for all tests 2.2 kPa (see Figure 6.53) and that suction decreases with height following
the hydrostatic pressure distribution. It is obvious, that with increasing fine content the
water content over the height measured at the end of the drainage state in the column
tests is increasing. On the other side, Figure 6.59(b) shows the unsaturated permeability
versus suction. From this figure it becomes clear, that unsaturated permeability of the
sand is still high over the complete upper soil layer in comparison to the permeability
of the mixtures. For 20K soil mixture, the degree of saturation remains close to one for
the whole drainage period which explains why no increase in water content with time is
measured after reaching the critical suction (Figure 6.57(a)).

The suction profiles which are observed for HSG, 10K, and 15K after the end of the second
drainage stage (Figures 6.26, 6.34, and 6.43) are similar to the once discussed before after
the first drainage stage (Figures 6.17, 6.29, 6.37, and 6.46). This indicates that the process
is repeatable.

Figures 6.60, 6.61 , 6.62, and 6.63 summarize the readings of the tensiometers and
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Figure 6.53.: The PWP points during the test stages for different elevation (All tests)

TDRs during the infiltration stage. With increasing the fines content, the flow of the water
through the soil mixture is becoming slower and the potential to store the water in the

soil mixture is increasing.
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During the infiltration stage water starts to flow through the column apparatus. The higher

point P4 will start to gain moist first than followed by P3 until reaching the geotextile

layer. As the water starts to accumulate above the geotextile layer and as the suction

value reduces to become less than critical suction (point A), water starts to flow through
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the geotextile layer. The increase in the readings of point 2 (40 mm below the geotextile)
is a clear indication of the break of the water through the geotextile layer. For HS the
increase in the moist in P2 was about 42 minutes after the start of the infiltration stage.
For the soil mixture 10K, the increase in the moist was at a time of 140 minutes. For the
mixture 15K was 260 minutes. For the last soil mixture 20K the time duration was about
350 minutes.

The test results show that the increase in the water content during the infiltration stage

is relatively more pronounced in HS compared to the soil mixtures. The increase of
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permeability of the sand is significant with small decrease in the suction value while for the

soil mixtures, the increase of the permeability with decrease of suction is less important

for the flow process due to the lower saturated permeability of these mixtures. For the soil

mixture 20K, the flow of the water through the geotextile was slower however the sensors

P3 and P4 are considered saturated but the low saturated permeability of the mixture
affected the infiltration velocity through the whole soil layer.

Bouazza & Nahlawi (2006) performed a 1-D column test using clay as top soil layer above

the geotextile. The clay has 12% volumetric water content as initial condition before the
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infiltration of the water with a flow rate less than the saturated permeability of the clay.
Test results showed that it required around 4500 minutes to achieve a breakthrough in the
geotextile layer and about 8180 minutes to saturate the clay layer.

It can be concluded from the test that the initial water content of the soil layer will control
the time needed to get a breakthrough and to saturate the soil layer. In the current study,
the time needed to have a breakthrough in the geotextile layer was about 200 minutes
which is mainly due to the volumetric water content of the mixture before the infiltration
stage which was 28%.

Comparing the soil-geotextile interaction for different soil materials it becomes clear that
in all cases the drainage process is restrained in a similar manner. This is related to the
critical suction values of the soil mixtures in combination with the used geotextile which
are also in the same range (Figure 6.54). This critical suction is mainly defined by the
significant drop of the hydraulic conductivity with decreasing suction at suctions about
2 to 3 kPa. However, for the sand, the influence of the restrained drainage process on
the water content profile above the geotextile is limited to relative narrow zone (Figure
6.59(a)). Therefore, with increasing fines content this zone is expending which may affect

the mechanical behavior of the layered system.
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7. Shear strength

7.1. Introduction

In this chapter, the direct shear device used to perform the saturated and partially
saturated shear tests is presented, the shear results are presented and discussed. The
results are analyzed using the Soil-water retention curves for the different soil mixtures,
namely; HS, 10K, and 15K. The shear strength at the post-failure and also the dilatancy

angle with suction are studied.

Table 7.1.
Initial conditions of specimens for SWCC tests

Nr. Mixture Net normal stress [kPa] Matric suction [kPa)

1 100H:0K 80 120 250 0 2 3 4 10 100
2 90H:1I0K 80 120 250 0 2 3 4 10 100
3 8HH:15K 80 120 250 0 2 3 4 10 100

7.2. Direct shear device

The device was designed and constructed by the manufacturer Wille Geotechnik. It
consists of an air pressure chamber which includes a room for a square shear box with
dimensions 100x100x20 mm. A circular 3-bar high air entry ceramic disk was glued on
the base of the lower half of the shear box. The axis translation technique is used to apply
the matric suction. The shear box is restrained from the inclined and vertical movements,
it is only allowed to move in the horizontal direction. The device has the ability to apply
vertical load in the axial direction and restricted from any tilting or movement in any
other direction. The device can reach maximum 15 mm horizontal displacement.

Features of the direct shear device:

167
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7.2.1. General description

An automated device that uses feedback from vertical and horizontal load cells and
displacement transducers to provide real-time control of vertical and horizontal loading.
The vertical and horizontal loadings are applied using stepper motors. The basic device
consists of a shear box to retain the sample, two loading mechanisms for horizontal and
vertical motions, two load cells, two displacement transducers, and two microprocessors for
control of vertical and horizontal motions and data acquisition, and a personal computer
with Windows-XP compatible software (Geosys 8.7.8.2) to setup the test conditions and

reduce the test results.

7.2.2. Air pressure chamber

The air pressure chamber made from Plexiglas (internal dimensions) is 220 mm diameter,
and 150 mm high with wall thickness of 13 mm as depicted in Figure (7.1). The cell can
carry air pressure up to 10 MPa. The top of the air pressure chamber has two air/water

ports, and another port for venting.

7.2.3. Shear box

The shear box, constructed of stainless steel, has a square cross section with the dimensions
of 100x100x20 mm and consists of two halves that are held together with two screws.
The bottom half has a high air entry porous disk with two drainage connections, one for
sending water and the other for flushing water and air. The shear box is placed over the
shear box holder. The shear box holder, which is rigidly fitted to the lower half of the shear
box,f it slides over the rollers while the upper half of the box is fixed to the horizontal
load cell shaft. The ceramic plate can be removed and replaced with another one which
can have higher or smaller air-entry value or also replaced with a plate for testing soils

using vapor equilibrium technique.

7.2.4. Controlling suction

The axis-translation technique ATT was used to control the suction in the soil specimen.
A 30 mm diameter 3-bar HAEPD was fixed to the base of the shear box. It has very

fine pores that allow water to pass through, but not air, provided that the air pressure is
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less than the air entry value of the HAEPD. The shear box has the ability to replace the
HAEPD with different different air-entry value.

For smaller suction values (less than 10 kPa), an air-water interface device was used to
control the suction. The air pressure applied with the same quantity to two lines, the
air-pressure chamber and to the air-water device, the air pressure will blow a balloon
inside the cylindrical cell which will apply water pressure to the water line connected to
the ceramic desk. Adjusting the height of the cell to create a difference between the water
pressure and the applied air pressure which will cause suction to occur. The system was

checked using sensitive pressure measuring device.

7.2.5. Software and results monitoring

The software used during the testing program is Geosys 8.7.8.2 which allows to apply the
vertical stress, to set the shear rate, and to shear the soil sample. The software allows to
monitor the results during the test and to save the data in order to be presented using
any suitable software (e.g. Microsoft Excel) for the whole test or for certain stage of the
test (e.g. consolidation during applying the vertical stress or the shear-displacement curve

during shearing).

7.3. Direct shear tests

In the following section, the results of the direct shear tests are presented. The tests can
be divided into two categories; (1) validation tests, in these tests the results are compared
with other tests performed using the classical direct shear device to check the accuracy of
the new shear cell, these tests were performed on Hostun sand and on Silver sand/ Kaolin
mixtures, (2) partially saturated tests, these tests were performed on mixtures of Hostun
sand/ Kaolin mixtures (HS, 10K, and 15K) which are part of the current doctoral study.

7.3.1. Validation tests

The tests are performed on dry Hostun sand (dense state, e;=0.66 & loose state, ¢;=0.89),
the vertical stress applied on the samples was in the range between (10-300) kPa. Similar
tests were performed using the classical device on the lab. Tests were also performed on

dense, medium dense and loose Silver sand and on Silver sand/Kaolin clay mixtures. The
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Figure 7.1.: The new direct shear device

tests results were compared with the tests performed also on a classical device by Rochter
(2011).

7.3.1.1. Hostun sand

Two sets of tests were performed on Hostun sand; dry condition and saturated condition.
The tests were performed using the new device with similar boundary conditions: initial
density, vertical stress, and shearing rate which were used by the conventional direct shear
device. The test results established for Hostun sand will be used to investigate the shear
stress parameter under fully saturated, partially saturated, and fully dry condition.

In the dry tests, series of test in a range between 10 kPa and 300 kPa vertical stress had
been performed, the idea from these tests was to evaluate the performance of the new
direct shear device. The results shown in Figure (7.2) were compared with similar tests
performed on the classical device in the laboratory. It can be seen from the tests results

that the shear tests are in good agreement and the device is able to measure the shear
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strength parameters properly. The tests results of the validation tests are presented in

Figure 7.3.
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7.3.1.2. Validation tests: Silver sand and kaolin

Series of tests on silver sand and mixtures of silver sand and Kaolin clay were performed
in order to validate the performance of the new direct shear test device. The results were
compared with the results performed by Réchter (2011). The vertical stress for these tests
was 15, 30, 55, and 105 kPa. The shearing rate used during these tests was 0.04 mm/min

7.3.1.3. Silver sand

These tests were performed on Silver sand in loose state (p = 1.5 g/cm?), middle-dense
density (p = 1.55 g/cm?), and dense state of the sand (p = 1.60 g/cm?).

The results were compared with the shear tests results presented by Réchter (2011). Figures
(7.4),(7.5), and (7.6) shows a comparison between the results performed by Rochter (2011)
and the new direct shear device. The results show a good agreement between the two
devices which leads to the conclusion that the new direct shear device is suitable to perform

direct shear tests.
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Figure 7.4.: Dense Silver sand



7.3. Direct shear tests 173

400 ‘ ‘

B Roechter, 2011
® New device

w
o
o

200

Shear stress 7 [kPa]

100 rg

a

0 100 200 300 400
Vertical stress o, [kPa]

Figure 7.5.: Meduim dense Silver sand

400 | |
B Roechter, 2011
® New device
— 300
a,
=4,
~
2 200
=
§ /‘
=
2 100
0
0 100 200 300 400

Vertical stress o, [kPa]

Figure 7.6.: Loose Silver sand

7.3.1.4. Silver sand-kaolin mixtures

The silver sand-Kaolin mixtures were performed under dry state in four groups; M1 =
Silver sand 5% - Kaolin clay 95%, M2 Silver sand 7% - Kaolin clay 93%, M3 Silver sand
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10% - Kaolin clay 90%, and M4 Silver sand 20% - Kaolin clay 80%. The initial densities
were 1.75, 1.67, 1.67, and 1.67 g/cm?®, respectively.
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7.3.2. Partially saturated tests

The tests were performed on three different soil mixtures; dense state clean Hostun sand
HS (€;=0.66), mixture 10K, and mixture 15K. The objective of these tests was to cover a
wide range of suction in order to have a sufficient understanding to the behavior of each
soil mixture under partially saturated condition with focusing on the critical suction range
before and after the AEV and at relatively higher suction.

The tests results will be analyzed and fitted using the proposed models by Vanapalli 19965
(Model 1) and Khalili & Khabbaz 1998 (Model 2) and after validating the model with the
best fit parameters, the shear strength of soil mixture 20K will be calculated based on the
previous model.

The tests were performed by preparing the soil sample with its initial water content inside
the shear box, adding the seating load (about 1 kPa) by lowering the axial stress ram
until it touches the plate above the soil sample. This process is important because the
device starts to record the magnitude of the vertical stress, vertical displacement, and
horizontal displacement versus the time after initiating this contact. The saturation of
the soil sample is achieved by adding water to the air chamber. The water enters the soil
sample from the gap between the two shear boxes and from the top of the sample. After
this stage, the suction is applied to the soil sample by controlling the water pressure and
air pressure simultaneously. The excess added water drains from a special valve located at
the bottom of the air chamber. To reach suction equilibrium, the readings of the water
inside the burette and the change in the height of sample is constant. The target vertical
stress is applied with small rate (5 kPa/min) and the soil sample is checked until reaching
stable reading for the settlement versus time. In this study, the secondary consolidation
was not important and thus the consolidation stage did not exceed two days for soil sample
15K under 200 kPa vertical stress. The shearing stage was done with small shearing rate

to avoid any change in water pressure during shearing process.

7.3.2.1. Hostun sand

The development of the shear force with horizontal displacement as well as the development
of the vertical displacement with horizontal displacement of Hostun sand under controlled
suction are presented in appendix B for different vertical stresses.

Figure (7.11) presents the change in the peak shear strength results for Hostun sand for
different suction values (0, 2, 3, 4, 8, 14) kPa. The vertical stress applied on the samples
is (60, 80, 120, and 250) kPa. Similar tests were performed by Alabdullah 2010 on Hostun
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sand with similar density using controlled suction plane-strain device as shown in Figure

(7.12)
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Figure 7.11.: Effect of suction on shear strength for Hostun sand
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Figure 7.12.: Effect of the matric suction on the maximum deviator stress after Alabdullah
(2010)

7.3.2.2. 10K

Appendix C presents the the detailed of the tests results for different vertical stresses.
Figure (7.13) presents the change in the peak shear strength results for soil mixture 10K
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for different suction values (0, 2, 3, 4, 50, and 100) kPa. The vertical stress applied on the
samples is (60, 80, 120, and 250) kPa.

_300 x x 1
& & 0,—60kPa S
24, —o— 0,=80kPa | | N
0.8 o
; ——0,=120kPa -
£ 200 —a—0,=250kPa [ .8
8 10.6 2
: :
@ =
% . 4 104 @
& 100 kS
= — g
. . 102 &
M &b
: I s s

! §

0 50 100 150 200 250 300 350 40
Matric suction ¥ [kPa]
Figure 7.13.: Effect of suction on shear strength for 10K
7.3.2.3. 15K

Appendix C presents the the detailed of the tests results for different vertical stresses.
Figure (7.14) presents the change in the peak shear strength results for the soil mixture
15K for different suction values (0, 2, 3, 4, 50, and 100) kPa. The vertical stress applied
on the samples is (60, 80, 120, and 250) kPa.
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Figure 7.14.: Effect of suction on shear strength for 15K
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7.3.2.4. Fitting the results

As presented in chapter 3, several models exist to predict and fit the shear results based on
the SWCC and shear strength parameters. Since the shear tests under partially saturated
conditions are difficult to perform and could be time consuming, these models could be
used the shear parameters (fully saturated) and the SWCC to predict the shear strength for
wide range suction. However, the fitting parameters which are proposed by the literature
could not give suitable results for all soil types.

In the current result of Hostun sand HS and the soil mixtures 10K and 15K are fitted using
the empirical model proposed by Vanapalli 19966 (Model 1) and Khalili & Khabbaz 1998
(Model 2) as shown in appendix D for the maximum shear strength, angle of friction due
to suction , and the apparent cohesion developed due to the suction for different suction
range.

The fitting parameters x and r for the selected models proposed by Vanapalli (1996b) and
Khalili & Khabbaz (1998) must be selected based on the best fit of the results.

The values chosen for k and r, which had the best fit with the experimental results, are
presented in Table 7.2.

For Hostun sand, the fitting using model 1 was used only since the model proposed by
Khalili & Khabbaz (1998) did not show good results for pure sand.

Both models were able to produce good results when fitting the shear results for both
mixtures 10K and 15K.

Table 7.2.: Fitting parameters of model 1 and Model 2
Soil k r

HS 1 -
10K 1 04
15K 1 0.33

7.4. Discussion of shear tests results

The analysis to the effect of the suction on the shear strength of the soil using the direct
shear device with controlled suction will be presented in this section. The results can
be analyzed using the SWCC of each soil mixture. Following the literature of the shear
strength under partially saturated condition, the shear behavior of sand may be different

from clayey or sand/clay soils.
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7.4.1. Hostun sand

Figure 7.11 shows that the peak shear strength is almost constant with small increase in
the suction values up to the suction lower than the air-entry value AEV in which the sand
is still considered saturated, also known as the boundary effect zone (Vanapalli 19960).
With further increase in the suction, the desaturation process starts to occur (reducing the
degree of saturation of the soil sample), the shear strength starts to increase, beyond this
value, the shear strength drops down but still relatively higher than the saturated shear
strength of the sand. Also, the increase of the suction did not affect the general shape of
the stress-strain relationship. Similar observations were presented by other studies like
Donald (1956); Farouk et al. (2004); and also Alabdullah (2010) who performed series of
tests on dense Hostun sand under plane-strain condition.

This phenomenon may be explained as follows; at low suction value (lower than the
air-entry value), the pores between the coarse-grained soils (such as sand grains) are filled
with free pore water and since the sand has a very low ability to sustain water menisci
between the grains (no water adsorbed on particle surfaces) therefore, a small amount of
suction beyond the air-entry suction will allow the air to start to enter the large pores, a
contractile skin begins to form around the points of contacts between sand grains (act as
a glue) which will increase the capillary action thus the normal forces at the inter-particle
contacts will increase. These additional normal forces may enhance the friction and the
cohesion (Capillary cohesion) at the inter-particle contacts. Consequently, the partially
saturated sand exhibits higher strength than the saturated sand.

With further increase in suction, the shear strength starts to decrease. It can be explained
that at lower suction range (still beyond the AEV), air replaces some of the water in
the large pores which forces the water to flow through smaller pores and forms water
menisci at contact points. At higher suction value, the sand starts to dry and the water
menisci start to accumulate only between fewer sand grain Farouk et al. (2004). Sand
has a very low ability to sustain water menisci between the particles. At higher suction
values, a further decrease in water that occupies the pore volume will take place during the
consolidation stage, which may result to a further decrease in the number of connections
between the water and sand particles. The total contact area of the momentary contact
surfaces arising from the water menisci may be radically decreased also as a great amount
of continuous air phase is formed throughout the soil. Thus, the total number of water
menisci, which act as a glue at the grain contact points, will be fewer than the number at
lower matric suction. As a result, the amount of increase in the strength of the studied

sand begins to drop.
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Fisher (1926) proposed a model to explain the the effect of water-air meniscus on the stress
state of two solid spheres. Figure (7.15a) shows two spherical grains of radius R in contact.
The water meniscus between them is bound by the two grains and by an imaginary torus.
The small radius of this doughnut-shaped torus is r; and the distance from the center to
the inside wall of the torus is ro. Therefore, the local contact force (AN) which is the
only force that the meniscus imposes on the particles, contributing by the pressure of the
fluid acting on the cross-sectional area of the meniscus and the surface tension (7%) acting
along the perimeter of the meniscus, can be expressed as Fisher (1926); (Gili 1988); and
Cho & Santamarina (2001):

T, TS

o )y
{«<— meniscus \‘T 1‘ T ¢\ 1‘ 1\ 1‘ 1\ ’;\fl
/ N
(water shown as dashed region)
(a) (b) (c)

Figure 7.15.: Microscale Models-Schematic Representation: (a) Spherical Particles; (b)
Forces Involved; (c) Disk Particles, after Cho & Santamarina (2001)

AN = (ug — uy)(m-13) + To(27 - 13) (7.1)

This force increases by increasing the suction. Therefore as a result of increasing the
suction, a normal force holds the two soil grains together and limiting slippage strength
(Sawangsuriya (2006)). Consequently, the stiffness and the strength of unsaturated soils
increase with increasing matric suction. This effect does not increase infinitely since the
contact force (AN) tends toward a limiting value due to progressive reduction in the
meniscus radius as suction increases (Mancuso et al. 2002). Figure (7.16) shows the

increase of the stiffness of Hostun sand with increasing suction proposed by Lins (2009).

As a fact of both the geometrical packing of grains (fabric) and the contact forces between
them are strongly controling the mechanical behavior of particulate systems, such as sand.
When a sand body is sheared, an increase in volume (dilation) ensues due to the geometrical
constraints imposed by the fabric against applied stresses. This important phenomenon,
coined as stress dilatancy, hinges on particle kinematics (slip and spin) as the grains

override each other against confinement Wan & Guo (2004). The physical manifestation
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Figure 7.16.: Compression and swelling index versus suction for Hostun sand after Lins
(2009)

of dilatancy was first identified by Reynolds (1885) and Rowe (1962) introduced a stress-
dilatancy theory.

The characteristics of the volume change of sand during shearing depends on the confining
pressure (or vertical stress) and the initial void ratio e; Lee & Seed (1967). While applying
the vertical stress during the consolidation stage, the void ratio reduces and thus the
tendency of the sample to dilation will increase. However, the increase in the vertical
stress will tend to suppress the dilatancy. Applying a vertical stress higher than the
preconsolidation stress will reduce the dilation of the sand sample. From another side,
the denser the specimen, the higher the dilation compareed to a looser specimen under
the same confining stress. For specimens with the same initial void ratio e;, the confining
pressure suppresses the degree of dilation.

Bilinear lines are intentionally drawn for each relationship under the different normal
stress Shimada (1998). Figure 7.17 shows that the dilation of the samples increases after
the AEV and then it starts to relatively decrease with further increase in the suction.
The increase in suction causes an increase in shear resistance between soil particles due
to an increase in normal stress which leads to an increase in rigidity for soil structure.
As a result, the dilatation of the soil increases during shearing Gan & Fredlund (1994);
de Campos & Carillo (1995); Shimada (1998); Cattoni et al. (2005). For fully saturated
soil specimen, the magnitude of the change of the pore water pressure equals to that of the

change of the effective stress. However, under unsaturated condition, the effective stress
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can be expressed as Bishop et al. (1960):

!

o = (0 —uy) + x(ug — uy) (7.2)

The increase in suction may increase the effective stress but its effect is not strong enough
compare to the applied vertical stress and therefore, the effect of the suction on volume
change is different from that for saturated samples. The influence of the application of the
suction on the volume change behavior is not so strong compare to that of the application
of the consolidation pressure itself. Then, the volume change behavior of unsaturated

specimens during shear can be different from that of saturated specimens.
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Figure 7.17.: Effect of vertical stress on the maximum angle of dilatancy (HS)

7.4.2. Sand-kaolin mixtures

As the suction increased (with an associate decrease in the degree of saturation), the
shear strength increases and the drop in post peak strength (critical state shear strength)
becomes more visible.

With increasing the suction value up to the AEV, the angle of friction is similar to the
saturated one, while with further increase in the suction, the angle of friction starts to
reduce as shown in Appendix D (Figures D.13, D.14, D.15, and D.16).

White et al. (1970) identified different desaturation stages of the soil, Vanapalli (1996b)

presented these stages as shown in Figure (7.18):
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o The boundary stage, the soil is essentially saturated. The water menisci in contact
with the soil particles are continuous. Degree of saturation in the soil does not
change with increasing matric suction. In this stage the variation of shear strength

is assumed to be linear.

 The transition stage, (i.e. primary and secondary transition stages), in which suction
> AEV. In this stage S, reduces with increasing matric suction. Specifically, the air

starts to enter into the soil and the shear strength varies non-linearly with suction.

o The residual stage, the change in the water content is very small. Beyond this stage
shear strength with respect to the matric suction decreases or remains relatively
constant for sandy and silty soils. However, a slight increment in the shear strength
can be observed for clayey soils. The general nature of SWCC gives an indication of

the shear strength behavior over a wide range of suction.
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Figure 7.18.: Typical soil- water characteristic curve showing zones of desaturation Vanapalli

& Fredlund (2000)

The angle of dilatancy may be considered independent of testing conditions. Schanz &
Vermeer (1996) reported a dilatancy angle of 13.3-14.0 © for dense Hostun sand specimen
tested in triaxial test under confining pressure of 300 kPa. In the present study, dense
Hostun sand specimen tested under the same confining pressure shows a dilatancy angle
of 13.3-13.8 °. This is also supported by the data presented by Bolton (1986).

Increasing the suction leads to an increase in shear resistance between soil particles due
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to the increase in normal stresses . This increase in normal stresses will contribute to an
increase in the rigidity for the soil structure. The rigid soil structure has the tendency to
increase the dilatancy of the soil during shearing. The increase in the dilation is reflected
as an increase in the shear resistance of the soil Gan & Fredlund (1994).

With increasing the suction, the water, air, soil three-phase coexistence system of unsatu-
rated soil, the air bubbles will be larger and joint the surface of particle, crescent water
film between the particle began to emerge and independent of each other. At this point,
the suction which was formed by the pressure differential between hydrostatic pressure in
crescent water film and the outside atmospheric pressure gradually increased, and because
the role of suction, shear strength of unsaturated silty sand gradually increase. When
the moisture content continues to reduce to a certain extent, crescent water film content
to reach the highest levels, forming the largest area of the suction effect and improve
the shear strength of unsaturated silty sand to the peak value. After a while with a
further reduction in moisture content, suction will increase, but at the same time crescent
water film shrinkage and collapse will occur, resulting in reduced suction effect area. The
decreasing of suction effect area and the increasing of suction formation of two growth and
decline factors affect the shear strength of unsaturated silty sand. And when moisture
content is reduced to a certain extent, the rate of suction increases will slow. The rate of
suction effect area reduce will increase with the contraction and disintegration of crescent
water film leading to the shear strength decreased with the moisture content showed lower
and the suction increased. It should be noticed that: First, when the silt content of soil in
a significant increase, the internal force chain and transmission of interaction gradually
controlled by the silt, and the sand surrounded by silt become suspended in the particles,
so the no contact or little contact with each other, the impact on soil properties is very
small. Therefore, the peak phenomenon of unsaturated silty sand only occurs in the certain
components. Secondly, the water-holding capacity of unsaturated silty sand increased with
the increases in fine-grained. Therefore, the amount of fine fraction was effected the shear
strength of silty sand Dong et al. (2012).

The shear strength depends on cohesion and angle of friction, when both increases, the
shear strength increases however, it can be seen that the angle of friction due to suction
reduces when increasing the suction. This is due to the increase in the cohesion.

For sandy and silty soils, the shear strength is independent of suction; by contrast for
clayey soils, it increases slightly with suction increase Unlike sand, fine-grained soils can
absorb the water on particle surface. the water adsorbed on particle surfaces becomes
dominant.

The value of the internal angle of friction is not constant for a given soil, even for a
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constant void ratio, it was found that it changes greatly depending on: the confining
pressure, principle stress direction with respect to the bedding plane (anisotropy), and the
intermediate principle stress Oda & Iwashita (1999). It is important to obtain the values

of ¢ and ¢ from test data in the pressure range which will be felt in the soil Kutter et al.
(1988).

7.5. Suction stress

The suction stress can be related to the degree of saturation (or matric suction). This
relation is called suction stress characteristic curve SSCC (Song 2014).
Lu et al. (2010) proposed the following closed-form equation to determine the suction

stress using the fitting parameters n and a from van Genuchten 1980 fitting model:

For (ua — uw) < ¢arv

For (us — uyw) > ¥arvq

o= — (o =) (7.4)

n—

(1+ [or(ug = ww)]™)
The parameter « is the inverse of the air-entry value AEV of the soil, and the parameter n
is related to the pore size distribution and describes the slope of the SWCC. If the target

suction is less than the AEV, equation (7.3) is valid and the suction stress equals to the

value of the AEV. For higher suction range, equation (7.4) can be used for predicting the
suction stress.
To determine the suction stress from the direct shear tests results under partially-saturated
condition, Figure () describes the Mohr-Coulomb failure envelope of the shear strength.
Suction stress at a given matric suction is then reduced from (Lu & Likos (2004)):

5 T —c — (0 — u,) tan ¢’

o’ = Po— (7.5)

7.5.1. Suction stress for Hostun sand

Figure 7.19 presents the calculation of the suction stress for Hostun sand using the SWCC

under unconfined stress condition.
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In the current study, the proposed model by van Genuchten (1980) has been used to
determine the fitting parameters for predicting the suction stress using equations (7.3) and
(7.4). Figure (7.19a) presents the suction stress characteristic curve (SSCC) for Hostun
sand. Figure (7.19b) shows the relationship between suction stress and degree of saturation.
The results show an increase in the suction stress with increasing the suction until reaching
the air-entry value of the sand followed by a decrease until vanishing at a suction value of
about 10 kPa. This behavior has been observed and reported by other researchers (Kim
2001).

By calculating the suction stress based on the direct shear tests results as shown in Figure
(7.19a), an obvious increase in the suction stress with increasing the applied vertical stress
is observed. Similar observations are shown on the suction stress and degree of saturation

curves in Figure (7.19b).
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Figure 7.19.: SSCC for Hostun sand

7.5.2. 10K

Figures (7.20)a and (7.20)b show the suction stress curves SSCCs and suction stress -
degree of saturation curves for the soil mixture 10K based on the SWCC and on the direct

shear tests results. As the suction is increased, the suction stress increases gradually.

7.5.3. 15K

Figures (7.21)a and (7.21)b show the values of the suction stress and suction stress - degree

of saturation when increasing the the amount of the fines content to 15%. The results are
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Figure 7.20.: SSCC for 10K

also based on the SWCC and on the direct shear test results. Similar observations have
been seen with 15K mixture as in 10K. There is an increase in the suction stress with the

increase in the suction value. The suction stress was calculated from the SWCC curves

10? 10°
5 s
°
o *
E
B
= 1ot = 10! @
£ 10 =10
= =} o
o % -
: ° 7 ~s— o
7 ' z o AN
2 £ %
e g
& 10° % 100 /!
= LK SS i = 15K SS-Sr
a 15K SS DS 60kPa || a 15K $S-Sr 60kPa
« 15K SS DS 80kPa. || 5|+ 15K SS-Sr 80kPa
o 15K SS DS 120kPa - L-| o 15K SS-Sr 120kPa
15K S8 250kPa = 15K SS-Sr 250kPa
10-1 [T T TTT T 17T 101 I I I
10! 100 10 10° 10° 10" 10° 108 0 01 02 03 04 05 06 07 08 09
Matric suction ¥ [kPa] Degree of saturation S, (%]
. s . .
(a) -Suction stress o (b) -Suction stress - Degree of saturation

Figure 7.21.: SSCC for 15K

based on the fitting parameters a and n. The parameter « represents the suction value
when the air starts to replace the water inside the voids (the curve is shifting to larger
values of suction and the air-entry value is increasing), in which the parameter n reflects
the pore size distribution of the soil.

The results of the suction stress calculated from the SWCC show that with the increase in
the fines content, the magnitude of the suction stress increases. The increase is relatively

small which could be due to the small percentage of the fines were added to the pure sand.
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Dry sand has minimal suction stress close to zero. With further increase in the moist
content, the suction stress increases to a peak value (around the suction value at the AEV)
and then reduces to nearly zero at fully saturated condition.

For the soil mixtures 10K and 15K, the suction stress increases with reducing the degree of
saturation and tends to remain constant with further increase in the suction. The tensile
strength is increasing with the increase in the fines content. Similar observations were
reported by other researchers (Tamrakar et al. 2007; Barzegar et al. 1995; Song 2014).
The results of the suction stress calculations from the direct shear tests for Hostun sand
and thwe soil mixtures 10K and 15K show a small shift upwards with the increase in the

vertical stress.

7.5.4. Discussion of the results

The suction stress values are increased until the soil was nearly fully saturated and then
decreased rapidly to zero. When the suction is lower than the AEV or WEV of the soil, the
suction stress remains at the stress of the saturated condition. When the matric suction is
higher than the AEV or WEV, the suction stress decreases. Therefore, the effective stress
of partially saturated sand differs from that of saturated sand due to the suction stress.
The suction stress of different soil mixtures was investigated using the soil-water charac-
teristics curve SWCC under unconfined stress and also using the tests results of direct
shear under partially saturated conditions.

The selected soil materials are pure Hostun sand HS, and also sand-kaolin mixtures 10K,
15K, and pure kaolin.

In case of sand, it is obvious that the capillary stress is the major reason for the suction
stress. The general increase and decrease in the suction stress is due to the reduction of
the degree of the saturation with increasing the suction.

For the soil mixtures, 10K and 15K, the behavior is somehow similar. The results show an
increase in the suction stress with increasing the suction value and also with increasing the
applied vertical stress. The increase in the vertical stress will lead to increase the effective
stress and to shift the air-entry value (increase in the AEV) which as a result will increase
the suction stress value.

The suction stress developed from the direct shear results is higher than that calculated
from the SWCC. There are several factors control the increase in the suction stress; the
applied vertical stress which increases the effective stress, the increase in the cohesion
between the soil grains due to the shearing process and increase in the capillary forces,

and the effect of soil dilation on the volume change of the soil sample during shearing.
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Similar observation were reported when analyzing the results of the plane-strain of Hostun
sand of Alabdullah 2010.

7.6. Summary

This chapter can be divided into two main parts; validation shear tests, and partially
saturated shear tests. In the first part, three sets of soils, which were available in the
laboratory were tests in similar conditions to the once documented in the literature. The
objective of these tests is to validate the new direct shear device. The results were found
in good agreement to the once produced using the conventional direct shear device.

In the second set of tests, the shear strength of three soil materials was determined under
partially saturated conditions. The objective of these tests is to understand the shear
parameters under partially saturated condition and also to understand the risks when

introducing suction to the soil.
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8.1. Summary

The aim of this work is to get an insight into the complex hydraulic interaction between
soil and geotextiles within drainage and infiltration processes in a system of a soil layer
above a nonwoven geotextile. For this soils with characteristics, which may be typical for
cover soils of landfills above a drainage system, from a pure sand to sand kaolin mixtures
with increasing fine content have been selected. Furthermore, 11 samples of nonwoven
geotextiles showing a bandwidth of apparent opening size has been chosen. First, the
relevant properties of the materials have been determined experimentally, like grain size
distribution and soil water characteristic curve (SWCC) for the soils and apparent opening
size distribution (AOS) and geotextile water retention curve (GWCC) for the nonwoven
geotextiles. Within this part of the work a method has been developed to derive the
GWCC from the AOS and this method has been validated by the experimental results.
Using existing models, the hydraulic conductivity curves for the soils and the geotextiles
have been determined from the SWCC and GWCC, respectively.

Secondly, one dimensional column tests have been performed using one typical nonwoven
geotextile and four different soils with increasing fine content and due to that different
SWCCs and hydraulic conductivity curves. The test results show that the hydraulic
interaction and the drainage behavior are influenced by the soil type. In all cases the
flow of water through entering the geotextile is disabled when degree of saturation of the
soil above the geotextile is decreasing and the suction exceeds a certain value. The test
results are analyzed and explained by the properties of the materials, which have been
determined in the first part.

In addition, a separated part of the work is related to the unsaturated shear strength of
the studied soils. Experimental data are compared to different theoretical approaches to
describe unsaturated shear strength based on e.g. saturated shear strength and degree of
saturation.

The main results of the investigations are summarized in the following

191
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Geotextile material

1. The GWCC test results showed that the geotextile material has a water-retention

curve similar in shape to the SWCC for soils.

2. The air-entry value of the nonwoven geotextile materials is relatively small (0.2-2

kPa) and in the range of granular materials.

3. The hydraulic conductivity of the geotextile will drop down with small increase in

the suction value.

4. The geotextile material showed a hysteresis between the drying and the wetting

curves which is similar to the observations on the SWCC.

5. Several geotextile materials have been tested in the current study and it has been
observed that the GWCC and the permeability-suction relationship are similar for

the tested materials.

6. Oedomter tests show, that the influence of suction on the compressibility of the
geotextile in the maesured stress range is small. On the other hand, the influence of
the stress level and the compression of the geotextile due to the stress level have a

significant influence on the GWCC. AEV is increasing with increasing stress.

7. Experimental determination of the GWCC is difficult and time consuming. A
method has been developed to derive the GWCC from AOS. Comparison of measured
and derived GWCCs for different geotextiles shows, that the developed method is
applicable and allows a simplified determination of GWCC.

Soil materials

1. The effect of the fines content has been studied on the SWCC and its parameters

and also on the permeability relations.

2. The SWCC curves of the tested soil showed an increase in the AEV with the increase

in the fines content.

3. The tested soils have higher AEV compared to the geotextile materials.
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4. SWCCs and hydraulic conductivity - suctions relationship of the tested materials
show a much wider range compared to the narrow band of the related functions of
the geotextiles. Due to this, soils with different fine content have been used in the

column tests.

1-Dimensional flow of water through sand/geotextile column

1. Five column tests were performed to study the effect of partially saturated conditions
on the soil and soil/geotextiles following four consequence stages: saturation stage,

drainage stage, infiltration stage, and drainage after the infiltration stage.

2. The sand column test (without geotextile) showed that the used setup was sufficient

to study the effect of the suction on the column apparatus.

3. The soil/geotextile tests showed that the geotextile suffers from the effect of the

suction on its drainage performance since the AEV of the geotextile is very small.

4. Tt is observed in the column tests, that the drainage process is restrained at suction
values of 2-3 kPa close to the geotextile. These suctions are corresponding to the
critical suction for which unsaturated hydraulic permeability of the geotextiles drops

below the one of the soil materials.

5. At the end of the drainage stage, a moist layer will develop inside the column layer
above the geotextile layer. The thickness of this layer depends on the AEV of the
soil layer. The higher the fines content, the thicker the existing moist to develop

above the geotextile layer.

6. As the fines content was increased in the soil mixtures 10K, 15K, and 20K, the
saturated permeability of the soil is reduced. However, as the AEV is higher, the
drop in the values of the permeability relationship with increasing the suction will

be less.

7. A soil mixture with lower fines content tends to transfer the water to the geotextile

layer faster but a small suction value has higher influence on its drainage potential.

8. The breakthrough will occurs through the geotextile layer at a suction range relatively
close to its own WEV. At this value, the geotextile layer will become permeable and

capable to transfer the water.
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Shear results under unsaturated conditions

1. The new direct shear device showed good and reliable results to study the influence

of the suction on the shear strength.

2. The shear strength of the sand increases with the increase of the suction at suction
range higher than the AEV due to the capillary forces between the soil grains however
with further increase in the suction (beneath the residual suction) the shear strength

reduces and will be similar to the shear strength at the saturated condition

3. The shear strength of the soil mixtures increases with increasing the suction value

due to the effect of the capillary forces between the soil grains.

4. the soil materials tested in the current study have low range of the AEV and it is
possible that the effect of the suction is limited on the shear strength parameters in

comparison to clayey soils.

During the current study some work packages were initiated, which are not included due

to the quality of the results and the challenges which appeared with the tests.

1. It was planned to study and determine the shear parameter between the soil and
the geotextile under partially-saturated conditions in modified direct shear device.
However, it has been observed that the shear results were not regular and the stress-
strain curves did not flow the ideal shear results. It could be due to the influence of
the surface of the geotextile material which created un-smooth surface during the

shearing stage.

2. As part of the current study, a numerical analysis of some case studies using different
soil properties was planed.
Due to the limitations of the used software, it was difficult to adopt the drying and
the wetting curves of the SWCC and the GWCC curves during the change from the
drainage and the infiltration stages.
The representation of the permeability of the soil material was not systematic. It has
been observed that the numerical results could match the experimental results when
using a lower permeability values in the numerical model rather than the determined
once in the laboratory and also the infiltration rate during the infiltration stage

which is a function of the saturated permeability.
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This observation put a challenge to validate the results accurately however, it was

reported by other authores in the literature.

3. An attempt was started to measure the hydraulic conductivity relationship of the
nonwoven geotextile at different suction range. A special cell called multi-task
cell was used for this purpose. The test was performed initially using a ceramic
disk however when controlling the suction to the target value using the hanging
column method, the measured permeability was for the ceramic disk rather than the

geotextile layer due to higher saturated permeability of the nonwoven geotextile.

8.2. Outlook

Based on the findings of the experimental work and the proposed model in this thesis the

following further works are suggested:

1. Performing laboratory tests using one-dimensional flow of water through a column

of soil and a layer of geotextile using woven geotextile material.

2. Performing laboratory tests using large scale equipment to study the distribution of
the water during the infiltration stage in 2-dimensional set-up that drainage systems
are inclined, so that in addition to vertical percolation lateral flow arises. This leads

to a two dimensional flow problem, which has to be studied in 2-dimensional test set

up.

3. Performing further tests using different soil mixtures to study the use of higher plastic
soil mixture and the influence of wetting/drainage cycles on the swelling/shrinkage

behavior of the soil.

4. Include a numerical analysis using a suitable software or a code capable to simulate
unsaturated flow. The code must handle the numerical difficulties arising from the
steep SWCC / GWCC and hydraulic conductivity - suction relationship within the
range, where water content and hydraulic conductivity is significantly changing with
small variation of suction, and can detect the influence of the hysteresis of the drying
and wetting paths of the SWCC/GWCC on the column test.

5. The influence of change of water content on the shear strength at the soil geotextile
interface is of interest. For this the development of an adequate test set up is

necessary.






A. Appendix A Measured and fitted
SWCC

In the current appendix, the fitting curves of the soil-water characteristic curves and
the hydraulic conductivity curves of the tested soils are presented.

In this appendix, the results of the soil-water characteristic curves for Hostun sand,
10K, and 15K, 20K, 25K, and Kaolin clay consequently including the fitting curve
using Fredlund & Xing (1994).
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g i o HS wetting
£ 0.6 — HS drying fitting ||
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Figure A.1.: SWCC of Hostun sand

o The water-retention curve of Silver sand was determined based on the grain size

distribution curve following the model proposed by Fredlund (1997b).
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Figure A.4.: SWCC of 20K
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The hydraulic conductivity function versus suction derived based on the suggested

model by Fredlund & Xing (1994).
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Figure A.8.: Hydraulic conductivity function vs suction for Hostun sand
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Figure A.9.: Hydraulic conductivity function vs suction for 10K
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Figure A.12.: Hydraulic conductivity function vs suction for 25K
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B. Appendix B (Direct shear tests

under dry and saturated conditions)

In this appendix, the results of the direct shear tests under fully dry and fully saturated
conditions are presented for Hostun sand, Silver sand, and Silver sand-kaolin mixtures,

consequently.

B.1. Hostun sand

B.1.1. Dense Hostun sand

Figure B.1 presents the tests results for dry dense Hostun sand using the new direct shear
device. Figure B.2 shows the results using the traditional device. The vertical stresses
applied on the samples are (60, 80, 120, 250) kPa.
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Figure B.1.: Hostun sand: dry samples (new device)
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Figure B.2.: Hostun sand: dry dense samples (traditional device)

B.2. Silver sand

B.2.1. Dense Silver sand

Figures B.3 and B.4 show the tests results for dry dense Silver sand using the new direct

shear device and the traditional device, respectively under the vertical stresses 10, 25, 35,
55, and 110 kPa.
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Figure B.3.: Silver sand: dry dense samples (traditional device)
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Figure B.4.: Silver sand: dry dense samples (new device)

B.2.2. Meduim dense Silver sand

Figure B.5 presents the tests results for dry medium dense Silver sand using the new direct
shear device under the vertical stresses 10, 25, 55, and 110 kPa.
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Figure B.5.: Silver sand: dry medium dense samples (new device)

B.2.3. Loose Silver sand

Figures B.6 and B.7 illustrate the tests results for dry loose Silver sand using the new
direct shear device and the traditional device, respectively under the vertical stresses 10,
25, 35, 55, and 110 kPa.
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Figure B.7.: Silver sand: dry loose samples (new device)
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B.3. 95% Silver sand + 5% kaolin clay

Figures B.8 and B.9 illustrate the tests results of dry 95% Silver sand + 5% kaolin clay

using the new direct shear device and the traditional device, respectively under the vertical

stresses 10, 25, 35, 55, and 110 kPa.
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Figure B.8.: 95% Silver sand + 5% kaolin clay (traditional device)
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Figure B.9.: 95% Silver sand + 5% kaolin clay (new device)

B.4. 93% Silver sand + 7% kaolin clay

Figures B.10 and B.11 illustrate the tests results of dry 93% Silver sand + 7% kaolin
clay using the new direct shear device and the traditional device, respectively under the
vertical stresses 10, 25, 35, 55, and 110 kPa.
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Figure B.10.: 93% Silver sand + 7% kaolin clay (traditional device)
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Figure B.11.: S93% Silver sand + 7% kaolin clay (new device)
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B.5. 90% Silver sand + 10% kaolin clay

Figures B.12 and B.13 illustrate the tests results of dry 90% Silver sand + 10% kaolin

clay using the new direct shear device and the traditional device, respectively under the

vertical stresses 10, 25, 35, 55, and 110 kPa.
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Figure B.12.: 90% Silver sand + 10% kaolin clay (traditional device)
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Figure B.13.: 90% Silver sand + 10% kaolin clay (new device)

B.6. 80% Silver sand + 20% kaolin clay

Figures B.14 and B.15 illustrate the tests results of dry 80% Silver sand + 20% kaolin

clay using the new direct shear device and the traditional device, respectively under the
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vertical stresses 10, 25, 35, 55, and 110 kPa.
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Figure B.15.: 80% Silver sand + 20% kaolin clay (new device)



C. Appendix C (Direct shear tests
under unsaturated saturated

conditions)

In this appendix, the results of the direct shear tests under partially saturated conditions

are presented for HS, 10K, and 15K, consequently.

C.1. Hostun sand

Figures C.1 to C.6 present the tests results for HS for different suction values 0, 1, 2, 3,
4, 8, and 14 kPa. The vertical stress applied on the samples is 60, 80, 120, and 250 kPa.
A summery of the results for the same vertical stress under different suction range are

presented in Figure C.7 to C.10.
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Figure C.1.: Hostun sand: Suction = 1 kPa
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Figure C.3.: Hostun sand: Suction = 3 kPa
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Figure C.4.: Hostun sand: Suction = 4 kPa
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Figure C.8.: Hostun sand: Vertical stress o,=80kPa
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Figure C.9.: Hostun sand: Vertical stress o,=120kPa
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Figure C.10.: Hostun sand: vertical stress o, =250kPa
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C.2. 10K

Figures C.11 to C.17 present the tests results for 10K for different suction values 0, 2, 3, 4,
8, 50, and 100 kPa. The vertical stress applied on the samples is 60, 80, 120, and 250 kPa.
A summery of the results for the same vertical stress under different suction range are
presented in Figure C.18 to C.21.
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Figure C.11.: 10K: Saturated samples
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Figure C.12.: 10K: Suction = 2 kPa
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Figure C.16.: 10K: Suction = 50 kPa
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Figure C.17.: 10K: Suction = 100 kPa
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Figure C.18.: 10K: Vertical stress o, =60kPa
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Figure C.19.: 10K: Vertical stress 0, =80kPa
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Figure C.20.: 0,=120kPa
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Figure C.21.: 10K: Vertical stress o, =250kPa
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C.3. 15K

Figures C.22 to C.29(b) present the tests results for 15K for different suction values 0, 2,
3,4, 8, 50, and 100 kPa. The vertical stress applied on the samples is 60, 80, 120, and 250
kPa. A summery of the results for the same vertical stress under different suction range

are presented in Figure C.29 to C.32.
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Figure C.23.: 15K: Suction = 2 kPa
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Figure C.24.: 15K:
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Figure C.27.: 15K: Suction = 50 kPa
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Figure C.28.: 15K: Suction = 100 kPa
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Figure C.29.: 15K: Vertical stress o, =60kPa
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Figure C.31.: 15K: Vertical stress o, =120kPa
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D. Appendix D (Fitting of direct shear
tests results)
In this appendix, the fitting curves of the direct shear results under partially saturated

condition using the model proposed by Vanapalli (1996b) (Model 1) and Khalili & Khabbaz
(1998) (Model 2).

D.1. HS

The tests results of Hostun sand for the direct shear device under partially saturated
conditions are fittied using the model proposed by Vanapalli (1996b) as shown in Figures
D.1 to D.4.
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Figure D.1.: Fitting the results of max. shear strength under o,=60kPa for HS
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Figure D.2.: Fitting the results of max. shear strength under 0,=80kPa for HS
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Figure D.3.: Fitting the results of max. shear strength under o,=120kPa for HS
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Figure D.4.: Fitting the results of max. shear strength under o,=250kPa for HS
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D.2. 10K

In this section, a review to the fitting results of the shear results for the soil mixture 10K.
Figures D.5 to D.12 present the fitting curves for maximum shear strength vs suction for
the drying and wetting paths.

Figures D.13 to D.16 present the fitting curves for the angle of friction due to suction vs
suction for the drying and wetting paths.

Figures D.17 to D.20 show the attempt to fit curves for the cohesion due to suction vs

suction for the drying and wetting paths.
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Figure D.5.: Fitting the results of max. shear strength under 0,=60kPa for drying path
(10K)
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Figure D.6.: Fitting the results of max. shear strength under o,=60kPa for wetting path
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Figure D.7.: Fitting the results of max. shear strength under ¢,=80kPa for drying path
(10K)
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Figure D.8.: Fitting the results of max. shear strength under o,=80kPa for wetting path
(10K)
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Figure D.9.: Fitting the results of max. shear strength under o,=120kPa for drying path
(10K)
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Figure D.10.: Fitting the results of max. shear strength under o,=120kPa for wetting
path (10K)
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Figure D.11.: Fitting the results of max. shear strength under ,=250kPa for drying path
(10K)
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Figure D.12.: Fitting the results of max. shear strength under o,=250kPa for wetting
path (10K)
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Figure D.13.: Fitting the results of ¢ under o,=60kPa for (10K)
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Figure D.14.: Fitting the results of ¢” under o,=80kPa for (10K)

@ 50 I I I 1

o o 0,~120kPa <

2 — 0,=120kPa M1-D | L

=40 0.8 o

= ——0,=120kPa M1-W -

Q 2

o 30 0.6 %

= Z
=

k3

= | o)

— ] A

- T -

é 0 50 100 150 200 250 300 350 40

Matric suction ¥ [kPa]

Figure D.15.: Fitting the results of ¢” under o,=120kPa for (10K)
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Figure D.16.: Fitting the results of ¢” under o,=250kPa for drying path (10K)
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Figure D.17.: Fitting the results of app. cohesion strength under o,=60kPa for (10K)
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Figure D.18.: Fitting the results of app. cohesion under o,=80kPa for (10K)
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Figure D.19.: Fitting the results of app. cohesion under o,=120kPa for (10K)

300

350 40

f

10.8

0.6

0.4

<
N

f

Degree of saturation S, [%]



234 D. Appendix D (Fitting of direct shear tests results)

? 40 1 1 1 1
=] 5 ,=250kP S
N — 0,=250kPa MI-D | |4 -
= 30 —0,=250kPa M1-W [~ %
g=! @]
: o6 £
e 20 E
g 10.4 §
g @)
§ 10 i 102 iéo
= \\T\\\ o
i
S0 \Tg
0 50 100 150 200 250 300 350 40

Matric suction ¥ [kPa]

Figure D.20.: Fitting the results of app. cohesionunder ¢,=250kPa for (10K)
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D.3. 15K

In this section, a review to the fitting results of the shear results for the soil mixture 10K.
Figures D.21 to D.28 present the fitting curves for maximum shear strength vs suction for
the drying and wetting paths.

Figures D.29 to D.32 present the fitting curves for the angle of friction due to suction vs
suction for the drying and wetting paths.

Figures D.33 to D.36 show the attempt to fit curves for the cohesion due to suction vs

suction for the drying and wetting paths.

_300 I I 1
QCE & o o,=60kPa Test g
o — 0,=60kPa M1 | | 0.8 .=
\ O A
t \ —— 0,=60kPa M2 -
%O 200 kS|
) 10.6 %
) —
B Z
. 104 &
g} 100 > 3
: — | | 3
= [

0
0 50 100 150 200 250 300 350 408

Matric suction ¥ [kPa]

Figure D.21.: Fitting the results of max. shear strength under 0,=60kPa for drying path
(15K)
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Figure D.22.: Fitting the results of max. shear strength under o,=60kPa for wetting path
(15K)
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Figure D.23.: Fitting the results of max. shear strength under 0,=80kPa for drying path
(15K)
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Figure D.24.: Fitting the results of max. shear strength under o,=80kPa for wetting path
(15K)
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Figure D.25.: Fitting the results of max. shear strength under ,=120kPa for drying path
(15K)
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Figure D.26.: Fitting the results of max. shear strength under o,=120kPa for wetting
path (15K)
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Figure D.27.: Fitting the results of max. shear strength under ,=250kPa for drying path
(15K)
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Figure D.28.: Fitting the results of max. shear strength under o,=250kPa for wetting
path (15K)
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Figure D.29.: Fitting the results of ¢” under o,=60kPa for (15K)
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Figure D.30.: Fitting the results of ¢” under o,=80kPa for (15K)
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Figure D.31.: Fitting the results of ¢” under o,=120kPa for (15K)
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Figure D.32.: Fitting the results of ¢" under o,=250kPa for (15K)
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Figure D.33.: Fitting the results of app. cohesion under o,=60kPa for (15K)
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Figure D.34.: Fitting the results of app. cohesion under o,=80kPa for (15K)
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Figure D.35.: Fitting the results of app. cohesion under o,=120kPa for (15K)
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Figure D.36.: Fitting the results of app. cohesion under o,=250kPa for (15K)
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