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ABSTRACT

The behavior of soils reinforced by fibers has been studied by several investigators over the
last two decades. Fiber-reinforced soil is becoming a viable soil improvement method for
geotechnical engineering problems.

The aim of this research work is to presents an experimental study on the behavior of silty
soil reinforced by organic fibers, conducted in triaxial compression tests.

This thesis is organized into five chapters.

Chapter One presents the different types of rheological behavior of soils and the influential
parameters.

Chapter Two laid out background information for the study carried out in the current thesis.
The background information described the relation between the tree roots and soil stabilisation.
Also show the important of tree in improving soil stabilisation.

Chapter Three presents introduction of researches conducted, and provides a literature review
of basic methods of soil stabilisation analysis in field studies.it describes the different methods
of soil stabilization (slopes, river bank, embankment...) by reinforcements.

Chapter Four describes the methodology used in this study and presents the triaxial apparatus
developed for the study of soil behavior. This device can perform triaxial tests following
various stress paths (isotropic drained and undrained, monotonic, proportional to deformation,
etc...). After describing the procedure followed for the tests, we exposed the different
arrangement of fibers in the soil.

Chapter Five includes a presentation of the results of drained and undrained triaxial
compression tests performed on the chlef soil from the region of Chlef. It first presents the
drained triaxial compression tests performed on samples of plain soil, and the soil reinforced by
roots of acacia pycnantha under different confining pressures ranging from 100 to 400 kPa.
This chapter also concludes with a determination; based on testing, soil characteristics within
the study area (shear strength, secant modulus, and internal friction angle). These results will be
compared to those found in literature in particular soil reinforced by tree roots.

Keywords: Compression Triaxial Test, Fiber, Reinforcement, soil, undrained, drained, Root.

ii



q——&lﬂl

4y gcand) GG dac ae 4 5l & gl Al 5l (5 i e (ge 5 e 5 S3all o2
4 i) digda bl Agmdil) ol AN A 0 a3 Cand) 13 B el Jlaal 3l cn
Dt Jlexial M dilal L) sdie de jga (ludll ) 3 ma J) skl cild @ e aladiuly
D dsad da ) Jadiiy LSV 3 e

& sasall Jsa Anlull & ganll ulad 5 Amal jao sy J¥1 J adl) ¥

Gl paniall) 4l Cuds (3l A8 e N 5ok AEN wadl) %
iYL Aalall [ hall s VL (L P,

ol 8 Alexiondl 5 3625 Jandl £ 5 e (5 siny AN ail)
il 03 (e Alianall milil) 48s Ll 48 )b ) ALYl

e Adilia g AL Jlaaly) ddau g C._\UJ\ ua e Jedu @\JS\ Jd wadl) ¥
L sla e saally L) il

e 2l A 1 sl Lol L a0 g 1 e sl (5585 L) s i) ) il e
L8 gl Lo gae IS sdall i g o S ) 52al

Dt Gy pealll LYY Ay Aty slaall 0 b ;4 jal) el AISY)

iii



ACKNOWLEDGEMENTS

| would like to express my sincere and intense gratitude to my supervisor Dr. Arab Amed
for his continuous encourage .perfect guidance and friendly cooperation in doing my research
and rectifying my mistakes.

| am greatly indebted to my supervisor and my advisor for everything. | would like to thank
him for helping me get through the Magister’s thesis; and also for encouraging me to work
hard on this thesis and giving me the skills that will help me down the road in my career.

I would especially like to thank Dr. BRANCI Taieb for serving as jury members’ chair. | am
also indebted to Prof. HANIFI Missoum for accepting to examine this thesis and to be
member of this jury. I would also like th thank the other jury members,Dr .Belkhatir Mostafa
and Mr.Djafer HENNI Ahmed for the efforts and helpful insights and for accepting to be in
the jury members.

I would like to express my deepest gratitude to Dr. Della .N for his guidance on this
research. And his unconditional support. My special thanks and gratitude are due to Mr.
Mekkakia M, M who supported me in many ways throughout the years | worked in the
laboratory.

I would also like to thank my family and my friend Merabet Kheira for supporting me
throughout this whole endeavour. I don’t think anyone thought they would see me go this far
and without their support and encouragement it would not have been possible

Best wishes are due to the friends for their help and accompaniment.

iv



SDedivation

This work_is dedicated to my parents who always encourage, help, think and pray for

me.

I also want to give my gratitude to all my friends — especially to Merabet Kheira my
best friend thank you for your support and friendship. My deepest thanks go to my
family, to

My Brother and my sisters

To The engineer Mohamed Kamal Saeed Elbok[

Who accompanied me to this work, since March 11, for his continuous help, his
encouragement throughout the period of preparation of this thesis and for his support and

incessant help all

@‘fﬁgﬂd[ Kreira



s TABLE OF CONTENTS

ABSTRACT i
sa— 2l iii
ACKNOWLEDGEMENTS viii
DEDICATION v
TABLE OF CONTENTS Vi
LIST OF FIGURES IX
NOTATION Xii
X CHAPTER ONE INTRODUCTION AND OVERVIEW PAGES
. INTRODUCTION. ..o et e 2
1.2 PRINCIPAL RHEOLOGICAL CONCEPTS OF GRANULAR MATERIALS.............. 5)
[.2.1 Shear and Rupture CharaCteriStiCS. ..........c.ouimiieriit i )
[.2.1.1 Undrained CharaCterisStiCS. ... ........o.ouimiiiiiiie e e 6
1.2.1.2 Drained CharaCteriStiCS. .. .. ....ouiu ittt e eae e 7
1.2.2 Contractancy and Dilatancy CONCEPLS. .......ccviiriiierieierierie e 8
[.2.3 CFITICAI STALE ...t 8
1.2.4 Limit State and Critical State CONCEPLS........oiviiiiiieieiere e 9
.3 LITERATURE REVIEW .. ..t 13
1.3.1 Shear Strength Of SOIl.........ccooiiiiiic e 13
1.3.2 Pore Water Pressure 0f SOIl.........ccooiiiiiiiii s 14
233 CONSOIIUALION. ...ttt bbbt 15
**CHAPTER TWO BACKGROUND
L GENERAL. ... 17
[1.2. DEFINITION OF SLOPE .....c.oiiiiiiie ettt 17
[1.2.1 NATUIAl SIOPE .. 17
11.2.2 ArtIFICIAL SIOPE ... 17
1.3 ROLE OF VEGETATION IN PREVENTING LANDSLIDES...........ccccoiiiiiee. 18

vi



1.4 THE SLOPE INSTABILITY ..o e 18
1.5 BENEFITS OF VEGETATION IN SLOPE STABILISATION.......c.coooviiieiiininne 19
1.6 STUDIES ON IMPROVEMENT OF EARTH SLOPES BY REINFORCEMENT...19
1.7 TREE ROOTS AND REINFORCED EARTH........cciiiiiiiinl21
1.8 HYDROLOGICAL ROLE OF ROOTS.. ... 22
1.9 MECHANICAL ROLE OF ROOTS. .. 23
11.10. ROOT SYSTEM ARCHITECTURE.........coci e 24
I1.11 CAUSES OF SLOPE FAILURES .....ccccoiiiii a0 25
TLLL.L ErOSION. ...utititi ettt 0 0 2D
[1.11.2 EArtNQUAKES.......eoiveceie ettt sttt beete e nne s 25
11.11.3 RAINTAIL...coeoiiiiee e 25
[1.11.4 External 10ading..........oooiiiiiiiiii e e a0 000 25
[1.11.5 TeNSION CrACKS. ... eueneniii et e et 25
1112 CONCIUSIONS. ...ttt et 2 20

% CHAPTER THREE LITERATURE REVIEW

1.1 INTRODUCTION AND HISTORY ......uitiniiiiiiiiiiieieieiei e 28
[11.1.1 THE USE OF GEOSYNTHETICS IN REINFORCEMENT.......cccooiiiinn.n 41
11.11.2 ROOT REINFORCEMENT TESTING.........ccoiiiiiiiiiiieeieee e A2
[11.1.3  FIBRE REINFORCED SOIL.......cuiiiiiiiiiiiieseeeeeee e e 43
[11.1.4 RIVERBANK STABILITY oo e W AT

IT1.1.4.1 INErOdUCTION. .....eitt i e e 47

1.2 REVIEW OF ROOT REINFORCEMENT THEORY ..ot e, 48
II1.2.1 Curent Soil Stabilization Technologies...............ccoeiiiiiiiiiiiiiiii e, 48
[11.2.2 ROOT REINFORCEMENT THEORY ... 51
III.2.3 ROOT REINFORCEMENT MEASUREMENTS........cooiiiiiiiiiiiiiines 54
111.4.7 MODEL OF ROOT REINFORCEMENT............ccoiiiiiiiiiiiiie e eeeeeeevenl. .06

-5 CONCLUSIONS. .. ..t e e e eeeeeee a0

% CHAPTER FOUR RESEARCH METHODOLOGY

vii



IV-1 INTRODUCTION

IV-2 PRINCIPLES OF THE TRIAXIAL COMPRESSION TEST

IV-3 TRIAXIAL CELL BISHOP-WESLEY ..ot e e e
IV-4 THE MOLD MANUFACTURING SAMPLES...... ..o e
IV -5 MEASUREMENT SYSTEMS. ... e
IV-6-MATERIALS AND METHODS. ... e
IV-6-1- Triaxial CompressSion TeSL...........oui i et et e eeae s
IV-6-2  Triaxial Test EQUIPMENT. .. ... ..o oiuit et
IV=6-3- MALEIIAlS. .. ..o e e e
IV-6-3-1 FIDre. ..o e
IV-6-3-2 ROOT... ..o e e e e es

IV-6-3-3  SOIl. ..ot e

[V-6-4-1 SIeVE ANAIYSIS. .. ..o e e e

IV-6-5 Sample Preparation............coouiuiniiiii e e e e e

IV-6-6 BacCk PreSsUre SatUratioN. . ........... e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee s

IV-6-8 Consolidated-Undrained (C-U) TeSt........ .o e e e e e

V-7 CONCLUSIONS

¢ CHAPTER FIVE RESULTS AND DISCUSSIONS

V-1 INTRODUCTION. ..ot e e

V-2  MONOTONIC COMPRESSION TRIAXIAL TESTS

V-2-1 DRAINED TRIAXIAL COMPRESSION TESTS

V-2-1-1  Pure soil

V-2-1-2  Soil reinforced with vertical root
V-2-1-3  Soil reinforced with three vertical roots

V-2-1-4  Influence of fibre-reinforced drained silty soil

...65

...67

.67

.67

...68
...68
...69

...69
IV-6-4 Grain Size DiStribUTION ....cooooeeeieeie e

.70

.70

IV-6-4-2 Hydrometer AnalysiS..............coiiiiiiiiieiiiie e eene 22 10
71

12
IV-6-7 Consolidated-Drained (C-D) TeSt..........ouiiiiiiieiirier e e

viii



V-2-2 UNDRAINED TRIAXIAL COMPRESSION TESTS......coi e, 81
V-2-2-1 PUre SOil....cooei e e e 0 O
V-2-2-2  The Effect of Root Diameter on Reinforcing Soil with Vertical Root......... 82
V-2-2-3  Soil Reinforced with Horizontal RoOt.................ccooiiiiiiiieceee .83
V-2-2-4 Reinforced Soil with Vertical ROOt..............ccooiiiiiiiii e 84

V-3 THE EFFECT OF ROOTS ON THE FRICTION ANGLE OF SOIL........................85

V-4 THE EFFECT OF DEGREE OF SATURATION ON SHEAR STRENGTH OF

0] ] | TR UP PSR OPRTRN 87
V-5 CONCIUSTONS. ...t e e e et e e e 88
%% CONCLUSIONS . ...ttt et b e st e et s sb e e b et e et e e be e nneeenns 90
% REFERENCES LIST ... 92
LIST OF FIGURES
CHAPTER ONE: PAGES
Figure 1.1. Laws of Coulomb and intrinsic curves for different soil types..........ccocvviiiiniiencinnnn. 6
Figure 1.2. Undrained stress paths in the plans (p-q) and (E-P) ..vovveveiieveie e 7
Figure 1.4. Representation of the critical state (Roscoe and al.1958) ..........c.ccccvvviiiiicviiiiie e 9
Figurel.5 Experimental techniques for determining the limit state curves of clayey soil....................... 11
Figure 1.6. Limit state Curves of some natural clayey SOil..........c.cccovieviiiiiiic i 13
Figure 1.7: Failure Envelope for Shear Strength of SOl ..., 14
CHAPTER TWO
Figure.(11.1): Reinforcement induced cohesion (after Long et. al. 1972) ........ccccooviiiiniiiiiiiiieees 20
Figure.(11.2): Mobhr circles for reinforced and unreinforced sand(after Long et. al., 1972) ..................... 21
Figure 11.4- Representation of the main root system parts (From Wu, 1995).........ccccceeeiinivninnnnninennns 24
Figure 11.5 - Tension crack 0N road SUIMACE ..o s 26
CHAPTER THREE

Figure .111. 1.Model of reinforcement with roots perpendicular to the shear area (Bischetti, 2003) ... 30

Fig.II1.2. (a) Drained triaxial tests: compacted sandy soil and (b) drained triaxial tests: compacted fiber-
reinforced SaNAY SOOIl .. ... i e e 32

ix



Figure .111. 3- Deviator stress—axial strain and volumetric behavior for drained (L) tests series confined
at 100 kPa cell pressure (legend gives the fiber content

Figurre. 111.4 - Deviator stress—axial strain and volumetric behavior for drained (D) tests series confined
at 100 kPa cell pressure (legend gives the fiber content used)............o.oveviiiiiiiniiiiiiiiinnn. 33

Figure 111.5 - Deviatoric strength at 20% axial strain (a) and at 15% radial strain (b) for ensemble of
specimen densities and three different confining stresses, 30, 100, and 200 kPa ......................... .. 34

Figure 111.6 . Deviator stress—shear strain and volumetric behavior for drained compression and
extension triaxial tests on isotropically consolidated specimens at 100 kPa consolidation pressure (wf
represents the fiber CONLENL). ... ... ..ottt et et et e e e e e e e e aneanenes 35

Figure 111.7. Curves of principal stress difference versus. Axial strain............................ooel. 36

Figure. 111.8 Stress—Strain curves for unreinforced and reinforced clay of type Il with several layers of
first type geotextile for the moisture content 22% and the relative compaction of 90%............cc.cceeee. 42

Figure. 111.9. Stress—Strain curves for type | clay with relative compaction of 100% and moisture
content of 20%: first type geotextile— second type geotextile...........ooivviiiiieieicinee e 42

Figure. II1.10. Deviatoric stress (q) versus triaxial shear strain (eq) curves from CU tests for specimens
consolidated to 140-kPa effective stress and prepared at: a) loose state, and b) medium-dense state. ...44

Figure. II1.11. Deviatoric stress (q) versus triaxial shear strain (eq) curves from CD tests for specimens
consolidated to 140-kPa effective stress and prepared at: a) loose state, and b) medium-dense state . ...45

Figure 111.12- Change in pore pressure ([ /u) versus triaxial shear strain (eq) curves from CU tests for
specimens consolidated to 140-kPa effective stress and prepared at: a) loose state, and b) medium-dense

] 2 LT 45
Figure 111.13- Bishop's Method. Copyright Tsushida, 2002 ..........cccccceiiiieiie i 49
Figure 111.14- Distribution of Stresses IN SWR  ......c.ooiiiiiiiici e 50

Figure 111.15: The action of reinforcements on a cohesionless soil element (after Gray & Leiser,

Figure 111.16- Mohr-Coulomb envelopes for reinforced and unreinforced soils with circles describing
failure by (a) slippage and (b) reinforcement rupture (after Hausmann, 1976). ..........ccccccevivveicieninenee, 53

Figure 111-17: Diagrammatic representation of the infinite slope model with the addition of forces
through the surcharge weight of vegetation. The soil mass is only partly saturated and under conditions
of steady-state seepage (after Bache &MaCASKill, 1984).........cccccveviiiiiiiie i 58

Figure 111-18 Model of a flexible, elastic root extending vertically across a horizontal shear zone....... 60
CHAPTER FOUR
Figure 111-1: Diagram showing stresses during triaxial COmpression test...........coovvvrereieinieneneneeenns 62

Figure 1VV-2: Diagrammatic representation of the Bishop &Wesley Stress path cell. (Bishop and Wesley,
S ) SR 64

Figure 1V-3: mould manufacturing SAMPIES ..........coiiiiiiiiiie e 65




Figure IV-4 Diagrammatic layout of the GDS digital pressure/ volume controller..............ccccvevenenne. 66

Figure IV- 5. Photograph of the GDS 200cc/2MPa digital pressure/volume controller...................... 66
Figure 1V-6: Laboratory Testing APParatuS ..........ccocveeeriiirinereisese s 68

Figure IV-7 : Acacia Pycnantha ... ..., 68

Figure 1V-8. Root Fibres of Acacia pycnantha (Golden Wattle)...........ccccoovevveiiiiiiiccicic e 68
Figure IV-9 .Roots system of Acacia pycnantha (Golden Wattle).............covveiiineneieiciiiseneee 69.
Figure IV-10 : Sieve analySiS GEVICE .........ccuiiiiiiieieiie s 70
Figure 1V-12. Soil Classification Curve of the soil utilised in the current study..........c.ccccovviviieinennenn 71

CHAPTER FIVE

Figure V- 1. Curves of Drained Triaxial Tests: (a) Deviatoric Stress (q). (b) Volumetric Strain versus
Axial Strain (gp) with different confining PresSSUre.........oovvivieiieiiienie e 75

Figure V- 2: Influence of the Confining Pressure: (a) Secant Modulus. (b) Normalized drained Stress
VEISUS AXIAI SEFAIN ...ttt bbbt 76

Figure V- 3: drained Response of soil reinforced with vertical root (diameter = 1.2mm) a- deviator
stress, b- VOIUMELIIC Srain VEISUS @XIAl STFAIN........veieieeie et see e et e et e e et r e st e e s st e e s e etaeesnnes 77

Figure V- 5: Response drained of reinforced soil (root diameter = 3.5mm)a- Evolution of deviatoric
stress, D-EVOIUtion OF VOITUMELIIC STFAIN ....o.vveeiiieeee ettt ettt e e et e e e st e s s et e e e serreeesarneeeenn 78

Figure V- 6: Deviatoric stress (q) versus confining pressure curve from CD tests for reinforced and
UNFEINTOICEO SAMPIES. ... ittt ettt sb b sr e s 78

Figure V- 7: Variation of Secant Modulus versus Axial Strain ..........c.cccoeeviviieiveic e 79

Figure V- 8: Experimental results of the monotonic triaxial tests on specimens reinforced with fibres at
confining pressure [1°3= 100Kpa. (a) - Deviatoric stress, (b)- volumetric strain. Versus axial strain

Figure V- 9: variation of Secant modulus versus axial strain with different fibres content. ............... 80
Figure V- 10: drained compression tests ([ 'c = 100 kPa) Variation of normalized deviatoric stress ...81
Figure V- 11: variation of friction angle with fibre content for reinforced silty soil .............cc.cceene. 82

Figure V-12: Undrained response of pure soil: (a) - deviatoric-stress (b) - pore pressure, versus the axial
11 - 1SS 82

Figure V-13: undrained response of reinforced soil (root diameter 1 and 1.1 mm) with number of
vertical roots (NVR). a- deviatoric stress, b- pore pressure, versus axial strain...............ccoceoeenene. 83

Figure V-14: Undrained response of soil reinforced with different number of horizontal roots (NHR). a-
deviator stress, b- pore pressure, Versus axial STraiN ...........ccooovioiiiiieine e s 83

Figure VV-15(c): Curve of the normalized stress versus the axial Strain .............cccccoreiiiinciiiiie 84

xi



Figure V-16: Experimental results of the monotonic triaxial tests. Deviatoric stress versus axial strain

.................................................................................................................................................................. 84
Figure V-17: Curve of normalized deviatoric stress versus axial Strain ............cccccvvevieevienieiineneenesesnnen, 85
Figure V-18: variation of the friction angle with respect to confining pressure..........ccoccevvvevveieieveenenn 86
Figure V-19: variation of the friction angle with different confining pressure...........cc.ccocvvvereinenennen. 86
Figure V-20. Stress- Strain Curve for Reinforced and Unreinforced Samples ..........ccoccocevvviiveivcveninennn, 87
<> NOTATION
e B = Skempton coefficient e AH =Vertical spacing of reinforcement.
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rupture plane.

ol = higher stress level

ol, Aol =Vertical stress and increment
CSA-= cross-section area vertical stress.

¢’ = the effective cohesion

03, Ac3 =Confining stress and increase

. . in confining stress.
e ¢ '=the effective angle of internal

friction of the soil

ov =Vertical stress acting on
reinforcement.

u = the pore pressure generated during

shearing. e 0 =angle of shear rotation
e ¢ = Angle of internal friction, deg. e P =Vertical load.
e Tp=Peak strength e ( =Average footing pressure.

1r =Residual strength

Ko = Coefficient of Earth pressure at
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Tt =shear strength.

) Kp = the coefficient of passive earth
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* UW=pore water pressure e p = Mean normal stress, KN/m2
e oc’= 1_:he highest past overburden stress q = Deviatoric stress, kN/m2
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e ¢’ = the current overburden stress for a
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CHAPTER ONE: INTRODUCTION AND OVERVIEW

I. INTRODUCTION

Slope instability is one of the serious geological hazards to most environmentally regions.
Significance numbers of failure are reported on residual soil slope and more than 2/3 of slopes
movements are shallow sliding with less than 1m depths. Earth slope could be stabilized using
reinforcement techniques and bioengineering techniques seem suitable for preventing shallow
slope failures. Vegetation plays important roles for slope stability by providing immediate
shear strength enhancement and modifying the saturated soil water regime.

The evolution of slope stability analyses in geotechnical engineering has followed closely
the development in soil mechanics as a whole .slopes either occurs naturally or is engineered
by humans. Slope stability problems have been faced throughout history when the human or
nature has disrupted the delicate balance of natural soil slopes. Furthermore, the increasing
demand for engineering cut and fill slopes on construction project has only increased the need
to understand analytical methods, investigative tools, and stabilisation methods to solve slope
stability Problems. Slope stabilization methods involve specialty construction techniques that
must be understand and model in realistic ways.

During the last decade there has been a pronounced increase in the number of
catastrophique events including shallow landslides and erosion processes after heavy
rainstorms, particularly in mountains regions. Slope in thus a major concern for all those
responsible for the protection of human lives and infrastructure against natural hazards.

Our country knows this problem of slopes and bank instability, the coverage of this natural
risk is an integral part concern of public authorities in town and country planning. Landslides
know last decades a large increase, the landslide corresponds to a loss of due resistance
mainly a surgénération of the pressure of water in the ground.

Currently trees and plantations are usually in the soil to repair the collapse or the sliding of
slopes, the improvement of the stability of breast walls and the elevations. However, the
strengthening and the improvement of grounds by the roots of plants and fibers recently
acquired the attention in a lot of application in civil engineering. The investigations of the role
of the strengthening by roots in the prevention or the reduction of the instability of banks and
elevations are largely reviewed and inspired by the works on the strengthening of ground by
roots begun(undertaken) by Wu ( 1976 ), Waldron ( 1977 ), Waldron and Darkessian ( 1981 )
and the innovative work of Endo and Tsurat ( 1969 ).

Recent experimental investigation on fibre reinforcement in sand yielded controversial
findings, depending on the method applied. Using shear tests, Yetimoglu and Salbas (2003)
found no improvement in the shear strength of the composite compared to pure sand, and
Operstein and Frydman (2000) reported an essentially constant angle of internal friction of
soil reinforced by roots, but an increase in the apparent cohesion.

However, analyses based on triaxial tests compression revealed and increase in the angle
of internal friction of composite (fibre reinforced sand) compared to the untreated granular
matrix (Consoli et al. 2002). The addition fibres to cohesionless pure sand yielded an increase
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CHAPTER ONE: INTRODUCTION AND OVERVIEW

in the angle of internal friction without any change in the cohesion but when added to
cemented sand (with cohesion), the increase in the angle of internal friction went along with a
decrease in cohesion (Consoli et al. 2002). Furthermore, it was found that the reinforced effect
generally correlates positively with the fibre aspect ratio, and if the aspect ratio and
concentration of fibres are kept constant, the composite strength is positively correlated with
the length of the fibres (Michalowski and Cermak 2003).

The present study undertaken to examine the influence of root fibres and roots of acacia
pycnantha on the shear strength of Chlef silty soil. The focus is on triaxial testing with a
programme including reinforced and unreinforced soil with root fibres and roots.
Consolidated drained and undrained triaxial testing was performed at different confining
pressures to assess the effects of root fibers and roots on soil stability.

THESIS OF MAGISTER, Page 4



CHAPTER ONE: INTRODUCTION AND OVERVIEW

1.2 PRINCIPAL RHEOLOGICAL CONCEPTS OF GRANULAR MATERIALS

1.2.1 Shear Characteristics

As a result of excessive external stresses, soils suffer irreversible deformation manifested
by the sliding of grains on each other. At the rupture, the shear stress of the soil (in fact the
skeleton) is called ultimate strength or shear failure.

Coulomb (1776) was the first to define an expression of resistance to shearing of granular
materials, based on links between the grains constituting the skeleton (due to links due to
capillary tension water content interstitial and adsorbed) and the skeletal structure (shape and
arrangement of grains). This expression is given by the following equation:

T=c+0 tge (1-1)

Where: ¢ is cohesion and ¢ is the internal friction angle of soil (shear parameters). o, is the
normal stress acting on the rupture plane.

The Cohesion and the internal friction angle are intrinsic properties of the material and
depend on the mineralogy, grain size and its geological history. These two parameters take
specific values when the material is purely rubbing (¢ = 0) or purely cohesive (¢ = 0).
Between these two extremes, they find materials that have properties intermediate as in the
case of most natural soils (Figure 1.1).

Given the principle of effective stress, Terzaghi (1923) has modified the previous expression
and proposed in its place the following formula:

t=c’+(o, —u)tge’ (11-2)

Where: ¢’ is the effective cohesion and ¢ ' is the effective angle of internal friction of the
soil and u is the pore pressure generated during shearing. This relationship indicates that the
shear strength under constant total stress, or some variable increases when the excess pore
pressure decrease. In other hand, the shear behavior of soils for long-term, at the end of
consolidation, has a shear strength greater than that in the short term corresponding to the
beginning of the consolidation.

FGn

a / granular soil or purely rubbing (eg sand).
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CHAPTER ONE: INTRODUCTION AND OVERVIEW

Cu
On
b/Sol purely coherent (eg stiff clay).
A
T
T=c+to,tge
c
B
Cn

c/ cohesive soil or intermediate (eg soft clay).
Figure 1.1. Laws of Coulomb and intrinsic curves for different soil types

The Soil type and condition of consolidation in which it is located and conditions drainage
determine the shear behavior of soil, but also the intensity of the forces exerted and how these
efforts are applied. They distinguish between drained and undrained characteristics described
below.

1.2.2 Undrained Characteristics

In undrained tests, the loading is quite fast. In the absence of drainage and volume change,
the normal components of stresses induced in the soil by application of the force are
transmitted almost entirely in the liquid phase. Figure (1.2) shows the undrained stress paths
whose final state is on a straight critical state (curve intrinsic ground state normally
consolidated) similar to the curve of isotropic consolidation.
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CHAPTER ONE: INTRODUCTION AND OVERVIEW

Q4 Critical A
state line

Consolidation
isotrope

p1 Pz P3 p
Figure 1.2. Undrained stress paths in the plans (p-g) and (e-p)

Under these conditions, the shear is accompanied by the appearance of strong excess pore
pressures, a significant reduction in the effective stress and frictional resistance of the
particles. The critical shear strength is the maximum stress that can be mobilized during shear.

The shear characteristics corresponding are called undrained characteristics. They reflect the
overall behavior of both solid and liquid phases and are determined experimentally from the
results of the shear undrained triaxial, so that ¢, is the undrained cohesion and ¢, = 0.

1.2.3 Drained Characteristics

In drained tests, considering the soil permeability and the length of drainage ligne,
application of the load is slow enough to induce any time of excess pore pressure in the soil
(null or negligible). The applied forces are transmitted to the skeleton of the soil and induced
stresses are the effective stresses. Figure 1.3 shows the stress paths drained whose final states
are on the same line of critical condition as that obtained for undrained stress paths.

[ gote opic
cotsolidation

P3

v

Figure 1.3. Drained stress paths in the plans (p-q) and (e-lg p)

Under these conditions, application of the effort is accompanied by a change in volume
more or less depending on the applied stresses. This decrease in volume results in a tighter
grain which causes an increase in its real cohesion. The effective normal stress and resistance
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to internal friction increased. And consequently, the shear strength can grow beyond the
critical resistance.

The shear characteristics corresponding are called drained characteristics and to be
determine from the results of shear drained triaxial, and c ' is the effective cohesion and ¢' is
the angle of internal friction effect.

.24 CONTRACTANCY AND DILATANCY CONCEPTS

The concept of contractancy -dilatancy is directly related to the granular structure. The
Contracting is a densification of the material under a shear loading condition drained. The
phenomenon is more pronounced than the sand is loose initially. In the other hand, dilatancy
is the opposite phenomenon, observed in dense sands. By analogy to the behavior drained the
contractancy (respectively the dilatancy), in an undrained shear test, and is characterized by a
positive generation (resp. negative) pore pressure (u).

.25 CRITICAL STATE

Casagrande (1936) was the first to introduce the concept of critical index, and corresponds
to the state where the soil deforms continuously under a constant drained shear stress. The
critical-state framework originally developed from plasticity theory for saturated soils
(Roscoe et al., 1958) offers a theoretical basis for predicting not only the volume change
behaviour but also the shear deformation taking place during triaxial compression
(Figure 1.4). A more advanced understanding of the behaviour of soil undergoing shearing
lead to the development of the critical state theory of soil mechanics (Roscoe et al (1958) In
critical state soil mechanics, distinct shear strength is identified where the soil undergoing
shear does so at a constant volume, also called the ‘critical state’. Thus there are three
commonly identified shear strengths for a soil undergoing shear:

Peak strength tp
Critical state or constant volume strength tcv
Residual strength tr

The peak strength may occur before or at critical state, depending on the initial state of the
soil particles being sheared:

A loose soil will contract in volume on shearing, and may not develop any peak strength
above critical state. In this case 'peak’ strength will coincide with the critical state shear
strength, once the soil has ceased contracting in volume. It may be stated that such soils do
not exhibit a distinct 'peak strength'.

A dense soil may contract slightly before granular interlock prevents further contraction
(granular interlock is dependent on the shape of the grains and their initial packing
arrangement) . In order to continue shearing once granular interlock has occurred, the soil
must dilate (expand in volume). As additional shear force is required to dilate the soil, ‘peak’
strength occurs. Once this peak strength caused by dilation has been overcome through
continued shearing, the resistance provided by the soil to the applied shear stress reduces
(termed "strain softening"). Strain softening will continue until no further changes in volume
of the soil occur on continued shearing. Peak strengths are also observed in overconsolidated
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clays where the natural fabric of the soil must be destroyed prior to reaching constant volume
shearing. Other effects that result in peak strengths include cementation and bonding of
particles.

The constant volume (or critical state) shear strength is said to be intrinsic to the soil, and
independent of the initial density or packing arrangement of the soil grains. In this state the
grains being sheared are said to be ‘tumbling' over one another, with no significant granular
interlock or sliding plane development affecting the resistance to shearing. At this point, no
inherited fabric or bonding of the soil grains affects the soil strength.
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Figure 1.4. Representation of the critical state (Roscoe and al.1958)

.26 LIMIT STATE AND CRITICAL STATE CONCEPTS

The behavior of natural soils is defined by a limit pressure, the pressure preconsolidation
which is a critical constraint to consolidation, where the compressibility of the soil increases,
and their internal structure is changed from a strong state structure, where the volumetric
strain and shear are small and a reversible unstructured condition weaker characterized by the
appearance of volumetric strain, important shear and largely irreversible.

Roscoe et al (1958) based on theoretical and experimental studies on clay samples
reconstituted in the laboratory, they have proposed the concepts of limit state and critical state
as ground rules for the study of behavior of clays:

Limit state is defined by a surface charge, called limit state surface, which separates the
space of principal stresses, the domain of small deformations (reversible deformation) from
that corresponding to the large deformation (irreversible deformation). This limit is formed by
all points of limit state (points corresponding to the values of ultimate shear strength) of the
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stress paths simulated in the laboratory shear tests in triaxial apparatus, using state of
consolidation of the overconsolidated domain. The critical state is defined as the condition
from occurring in the soil as deviatoric plastic deformations. In this state, the soil behaves
like a fluid rubbing, distorts and flows at constant volume (purely deviatoric shear).

This condition is associated with the existence of a “critical void ratio” reached at the time,
which develops shear plastic deformation without volume change, and stress.

Experimental studies have established the existence a limit state curve for each soil studied
and show that the concepts of limit state and critical state were applicable. Among these
studies, the work of Tavenas and Leroueil (1979) on the clay of St. Alban (Quebec) have
confirmed the applicability of the concepts above mentioned and also presented a method for
determining the limit state curve of natural soft clays from the results of conventional triaxial
tests and oedometer tests conventional loading levels. In addition, Mitchell (1970) and Crooks
and Graham (1976) presented methods that also call for routine testing laboratory. These three
methods are described briefly as follows (Figure 1.5).

The method of Mitchell (1970) is to follow to test the stress paths to constant effective stress
ratio = o', /o', . The Limit state points are determined on the curves representing the

evolution of volumetric strain according to the actual average applied stress. They are defined
by the state of stress at which plastic deformation begins to develop.

The method of Crooks and Graham (1976) resembles the preceding one; except that must
start with reconsolidate the specimens to the effective stress (condition Kg) and then
subjecting them to radial path (drained triaxial tests) from this state.

The method of Tavenas-Leroueil (1979) is to perform the compressibility oedometer tests,
to determine the preconsolidation pressure of the soil, anisotropic consolidation tests at
constant effective stress ratio at which they measured changes in the volume of the specimens
according to the constraints applied to them and undrained shear tests after consolidation of
these constraints in order 0.1 to 1.5 times the preconsolidation pressure of the soil. For each
test corresponding to low shear stress of consolidation in the overconsolidated domain, the
peak of the curve corresponds to a shear limit state; while the tests corresponding to strong
constraints to determine the angle of internal friction of the normally consolidated state of the
soil and therefore the line to critical state.
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Figurel.5 Experimental techniques for determining the limit state curves of clayey soil
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In one or other of these three methods, the limit state curve is obtained by connecting
different points of the limit state considered clay. Figure (1.6.a, b, ¢) shows the limit state
curves of some natural clayey soil.
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(Tavenas ct Lerouveil, 197%)

a/ Clay St. Alban (Tavenas and Leroueil, 1979)

Cubzac-les-Ponts, France

(Magnan et al., 1982)

b / Clay of Cubzac-les-Ponts (Magnan et al., 1982).
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Figure 1.6. Limit state Curves of some natural clayey soil

1.3 LITERATURE REVIEW
1.3.1 Shear Strength of Soil

Das (2002) defines the shear strength of soil as “the internal resistance per unit area that the

soil mass can offer to resist failure and sliding along any plane inside it.” There are two
important shear strength parameters for soils, the angle of internal friction (¢) and cohesion
(c). The ¢ angle indicates the degree of friction and interlocking among the soil particles, and
the cohesion represents the ionic attraction and chemical cementation between the soil
particles. Both of these parameters can be determined in a geotechnical laboratory by
performing shear strength tests. Also, there are a few test methods that can be performed in
the field to estimate shear strength properties of in-situ soils.
Shear strength of soil is a function of the normal stress applied, the angle of internal friction,
and the cohesion. The angle of internal friction describes the interparticle friction and the
degree of the particles' mechanical interlocking. This characteristic depends on soil particle
gradation and shape and the void ratio. Cohesion describes soil particle bonding caused by
electrostatic attractions. So, with normal stress, the angle of internal friction, and cohesion,
the following equation, known as the Mohr-Coulomb theory, can be used to find the shear
strength of soil under a certain condition:

T=c+ 0o (tan @) (L.3)
Where 6 = normal stress applied. This equation can be plotted on an x-y graph with shear

stress on the ordinate and normal stress on the abscissa. This is known as a failure envelope
and is shown in (Figure 1.7).
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Figure 1.7: Failure Envelope for Shear Strength of Soil
In reality, however, the failure envelope is rarely a linear relationship. The degree of

electrostatic attraction and cementation of cohesive particles in the soil can cause a slight
concave downward curve to form instead.

1.3.2 PORE WATER PRESSURE OF SOIL
Saturated soils have water filling all of their void spaces. This leads to the concept of
effective and normal stress. When a column of saturated soil is subjected to load, the total
stress is carried by both the soil particles and the water filling the voids. The equation given
below describes this:
c=0c"+u (1.4)
Where 6’ = effective stress; and u = pore water pressure.

The effective stress is the soil particle acting as a skeleton to support the load. Therefore, the
effective stress is often directly proportional to the total stress. Also, the shear failure
envelope formula, Equation (1.4), can be addressed in terms of effective stresses for saturated
soils as:

T=c¢’+0o’(tan @) (1.5)

where ¢’ = the effective cohesion; and ¢’ = the effective angle of internal friction.

Many times in the field, however, soil may not be fully saturated. Bishop et al. (1960) gave
the following equation to describe the shear strength of unsaturated soils:

o'=06—ua—y (ua—uw) (1.6)
Where: u, = pore air pressure; x = degree of saturation; and uw = pore water pressure.

Going back to Equation (1.6) and adding new variables, the shear strength at failure for
unsaturated soil can be written as:

11=c’ +[oc—ua+y(ua—uw)] (tan @’) (1.7)
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For soil that is completely dry (y = 0), soil that is 50% saturated, and soil that is 100%
saturated, the following three equations result, respectively:

tf=¢’ + (o —ua) (tan @) (1.8)
tf=¢’ + (o — 0.5u; — 0.5uw) (tan @’) (1.9)
tf=c¢’+ (6 —Uy) (tan @) (1.10)

Typically, u, is less than 0 and uy, is greater than 0. Experiments done by Casagrande &
Hirschfeld (1960) revealed that unsaturated soil has greater shear strength than the same soil
in a saturated condition. In some cases the unsaturated state may be temporary, and the soil
may become eventually saturated due to surface precipitation and subsurface drainage events.
Therefore, it is conservative to design highway embankments using the shear strength of
saturated soils.

1.3.3 CONSOLIDATION

When loads are applied to clay that has low hydraulic conductivity, the pore pressure will
increase greatly. Gradually, the pore water pressure and the effective stress will increase,
resulting in a volume reduction. This can happen over a period of days, months, or years,
depending on the type of soil and the corresponding drainage paths (Das 2002).

This leads to a discussion on the overconsolidation ratio (OCR) for soils. The equation for
OCR is given below:

OCR = 2=

a

where o;” = the highest past overburden stress for a soil; and ¢’ = the current overburden
stress for a soil.

Essentially, if the current overburden stress for a soil is the highest stress it has ever been
subjected to, then the OCR will be 1. Soils under this condition are referred to as normally
consolidate. Soils with an OCR above 1 are overconsolidated. This means they have been
subjected to greater stresses than the current overburden one (Das 2002). The consolidation
of soils and their past stress histories are important for triaxial compression testing.
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1.1 GENERAL

Slope instability is one of the major problems in geotechnical engineering where disasters,
like loss of life and property, do occur. The majority of these slope failures are of vegetated or
forested natural slopes. A natural slope is different from an embankment or a man-made slope
in that the effects of vegetation and soil variability play an important role in their stability.

The effects of vegetation on the stability of slopes are well recognised.Vegetation affects
slope stability through modification of the soil water regime, which in turn causes a variation
in soil suction or pore pressure. Vegetation can also enhance the stability of a slope by root
reinforcement .\Wu et al. (1979) investigated the stability of slopes before and after removal of
forest cover and concluded that the shear strength contributed by tree roots is important to the
stability of slopes. The study indicated that vegetation could contribute shear strength to the
slopes through root reinforcement .Wu et al. (1979) showed that slope failure would have
occurred if the effects of vegetation were not taken into account in slope stability analyses.

Vegetation can influence the stability of slope when the roots act as reinforcement to the soil.
Their contribution is dependent on the plant material used, the method of installation and their
properties. In soil-bioengineering, vegetation is installed artificially to improve stability and a
wide range of vegetation is utilized for the stabilization of slope. The geometry of the
installed vegetation and its root system is often determined by the type of plants being used as
well as the method of installation.

Generally, the properties of roots which are needed for the computation of soil-root
interaction include the geometry of root and the strength properties. However, while data are
available for a number of species, these are limited to the sites from which the data were
obtained. Hence, extrapolation of the data from one site to another involves uncertainties and
is only sufficient for approximate calculations in a number of cases and should therefore be
verified by in situ tests, whenever possible (Mafian et al., 2009).

11.2. DEFINITION OF SLOPE
11.2.1 Natural slope

Natural slopes formed over long periods, geological and geomorphological processes. These
slopes are only stable if the mass of soil has sufficient cohesion to withstand the forces of
gravity. Changes in the pore water pressure, the geometry of the slope or work can lead to
ruptures on these slopes. In the case of a small valley or valley traversed by a river, the
vegetation can help prevent erosion at the toe of slopes, where soil is eroded by the action of
waves in the watercourse. Stabilizing the foot of the slope vegetation may be sufficient to
maintain the stability of the slope as a whole.

11.2.2 Artificial slope:

Slopes or artificial embankments are formed from natural rocks or brought materials to
form dikes or dams. Vegetation can be used to stabilize the soil embankments, but is less used
in dams where stability is more assured mainly by works of art (Escostab, 2001).
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1.3 ROLE OF VEGETATION IN PREVENTING LANDSLIDES

Vegetative cover can contribute to improving the stability of steep slopes by reducing
erosion, reducing direct infiltration from rainfall, and increasing the strength of the near-
surface soil. Dense vegetation intercepts direct rainfall before raindrops impact the soil
surface, thereby reducing or eliminating rains plash erosion. With dense vegetative cover and
thick forest litter, the overland flow is also reduced in intensity and speed, lessening surface
erosion. Thick vegetation, forest litter, and organic soils retain moisture from direct
precipitation, and evaporate the water back to the atmosphere. Root systems can increase the
strength of the soil they penetrate, reducing the likelihood of shallow landslides; and the
deeper the roots, the better the protection in this respect. Native vegetation is best because it
can be maintained without irrigation during the dry season. However, certain types of
vegetation can have an adverse effect on slope stability, e.g. unstable trees can initiate a
landslide if they are toppled during high wind conditions.

114 THE SLOPE INSTABILITY

Slope instability, also commonly referred to in the plural as slope failures or landslides, is
a serious geologic hazard common to many regions of the world. Globally, landslides cause
billions of dollars in property damage and fatalities and injuries running into the thousands
each year.

Slope instability problems can be subdivided into two broad categories, namely, problems
associated with the failure of natural slopes and failures associated with man-made slope (i.e.,
excavations or fills). There are a number of possible factors that can lead to the instability of a
soil slope. However, in general, earthen slopes remain stable unless there are changes in the
pore-water pressures in the soil comprising the slope. Changes in pore-water pressures are
generally the result of water infiltration related the climatic conditions. Often it is the
reduction in negative pore-water pressures in the upper 1 to 6 m that triggers slope instability
(Zhang et al., 2004). Slope instability problems become a “hazard” that needs to be managed
through the application of sound engineering principles.

The consequences of slope instability can be costly and even result in the loss of many lives
(Fell, 1994). Any slope failure can result in substantial costs for remediation while in regions
of dense population or areas prone to high velocity landslide, the loss of life can be
considerable. Therefore, governments and private agencies are increasingly asked to manage
the “hazard” of slope instability.

Natural slopes are subjected to inherent variability both in the soil and the vegetation. It is
unlikely that the underlying soil profiles of natural slopes are completely uniform or
homogenous. Even within a homogenous soil layer, soil properties tend to vary from point to
point (Vanmarcke, 1977). The growth of vegetation is sensitive to environmental conditions
and changes. Typically different types of vegetation grow on a natural slope, such as a
mixture of grasses, herbs, scrubs and trees. Their differences in size and physical properties
will affect the slope stability in different ways. Therefore, the use of a single input value for
the vegetation dependent parameters in analyses is best viewed as a first approximation of the
field conditions.
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11.5 BENEFITS OF VEGETATION IN SLOPE STABILISATION

An enormous body of research concerned with vegetation and slope stability exist. Most of
the literature supports the contention that , in the vast majority of case ,vegetation helps to
stabilize a slope(Macdonald and witek1994).as Gray and Sotir 1982 remarked ,’the neglect of
the role of woody vegetation(and some instances its outright dismissal)in stabilizing slopes
and reinforcing soils is surprising’. Their summary of beneficial influences of woody
vegetation follows:

> Root reinforcement — roots mechanically reinforce a soil by transfer of shear stresses
in the soil to tensile resistance in the roots

> Soil moisture modification —evapotranspiration and interception in the foliage limit
buildup of soil moisture stress. Vegetation also affects the rate of snowmelt, which in turn
affects soil moisture regime.

> Buttressing and arching —anchored and embedded stems can act as buttress piles or
arch abutments in a slope ,counteracting shear stresses .Gray and Sotir (1996) added a fourth
beneficial effect.(the earlier work listed it as potentially negative)

> Surcharge —weight of vegetation can in certain instances, increase stability via
increased confining (normal) stress on the failure surface.

Greenway (1987) concurred with the work above and notes that as vegetation is removed
from a watershed, the water yield increases and water table levels rise in response to logging.
These occurrences would tend to increase soil saturation and run-off. Zeimer (1981) states
that “root decay after timber cutting can lead to slope failure.in situ measurement of soil with
tree roots showed that soil strength increased linearly as root biomass increased”.

Zeimer (1981) reports that live brush roots were twice as strong as conifer roots of the same
size. (Woods, 1938; Menashe, 1993; Gray and Sotir, 1996) provide information on the
effectiveness and use of herbaceous and woody vegetation in slope stabilization.

11.6 STUDIES ON IMPROVEMENT OF EARTH SLOPES BY REINFORCEMENT

The use of reinforcement to improve the behaviour of weak soil is not new. Early
civilizations have utilized soil reinforcement in the form of straw, bamboo rods, reeds or
similar alternate materials to reinforce mud bricks and walls of primitive houses. In spite
of its long history, modern development of reinforced soil was first pioneered by
Vidal(1969). Vidal developed the idea of reinforced earth where flat metal strips are laid
horizontally in a frictional soil to provide the means of reinforcement. Due to its rapid
success, reinforced earth isnow used in the construction and repair of embankments
and side slopes, roads, retaining walls and erosion control.

In most of the recent investigations, the effect of the reinforcement on the behaviour
of the soil mass was studied through full scale models(Brown and Poulos,
1984),laboratory models (Duncan et al .,1970) pull- out tests (Chang et al, 1977b) direct
shear tests (Jewell et al.1987)or by an equivalent homogeneous or a discrete finite
element method (Mandal and Char, 1985).
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The concepts of strengthening the embankment, stabilizing or improving the earth slopes by
adding rods, fibres or using stabilizer materials are not new. Lee et al. (1973) and Ingold
(1980) reported a brief review of this concept, such as the use of tree trunks and branches,
sticks, reeds, straws and other reinforcing materials to strengthen or stabilize soil for projects
such as culverts, river banks, dikes and other special uses.

Gray (1974) analysed and summarized available studies on the effect of woody vegetation
removal on deep seated stability of slopes. Mckittrick and Darbin (1979) suggested a solution
to the problem of needing large quantities of materials for embankment construction by
eliminating the embankment side slopes and supporting the roadway platform on a reinforced
earth structure.

Madhavi Latha et al. (1999) studied the advantages of geocell reinforcement on the
performance of earth embankments constructed over soft foundation soils through laboratory
model tests. The influence of various parameters like tensile stiffness of geocell material,
aspect ratio of cells, length of geocell layer and type of fill material inside the cells on the
load-deformation behavior of the embankment was studied. Geocell reinforcement was found
to be advantageous in improving the load bearing capacity and reducing the deformations of
the embankments. Slope stability analysis was conducted on all the experimental
configurations of geocell supported embankments using a general-purpose slope stability
program.

Ingold (1980) mentioned to the work of Long et al. (1972). They published the results of a
series of triaxial tests carried out in the hope of defining the mechanism of reinforced earth.
They studied the effect of reinforcement spacing (AH) as well as the effect of reinforcement
tensile strength (T). The results showed that above a certain value of applied confining
pressure, there was a constant increase ‘Acy’ in applied vertical stress at failure in samples
with reinforcement at a given tensile strength (T) and spacing (AH) as shown in Figure.(l1.1).
It was concluded that the failure of both the reinforcement and unreinforced sand are parallel,
and therefore, exhibit the same angle of internal shearing resistance. The additional strength
transmitted by the reinforcement could be represented by an apparent cohesion ¢’, as shown in
Figure (11.2).

Ingold (1982) believed that, if the soil under the action of confining stress is (o3), then the
same soil will have confining pressure of (o3tAcs) when using the reinforcement with it,
see Figure.(11.3). In this case, the failure will occur at much higher stress level of (61) I.

o1 reinforced

unreinforced

o3

Figure.(I1.1): Reinforcement induced cohesion (after Long et. al. 1972)
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Figure.(11.2): Mohr circles for reinforced and unreinforced sand(after Long et. al., 1972)
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Figure.(I1.3): Improvement of strength of soil when using reinforcement (After Ingold, 1982).

11.7 TREE ROOTS AND REINFORCED EARTH

Woody and herbaceous vegetation is commonly used to prevent surficial soil erosion
(Coppin and Richards, 1990). Its influence on the processes of mass stability is less well
appreciated although it is generally accepted that vegetation affects slope stability through six
primary mechanisms (Gray and Leiser, 1982). These are:

1. Root reinforcement of the soil
2. Soil moisture modification

3. Buttressing and soil-arching
4. Surcharge weight of trees

5. Root wedging

6. Wind-throw
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It is likely that the first four factors listed here generally aid in the stabilisation of a slope
although the surcharge weight of a tree may have either a beneficial or adverse effect
depending on such characteristics as its position on a slope, and the geometry and angle of the
slope (see Styczen & Morgan, 1995). Both Abernethy & Rutherfurd (2000b) and Hubble
(2001) modelled the effect of surcharge weight on riverbank stability and found that generally
it had minimal effect. Root wedging and wind-throw will potentially have a negative effect on
slope stability however their significance is largely unstudied and therefore unknown. Brown
& Sheu (1975) developed a theoretical framework for assessing the effect of wind on trees
and asserted that forces could be transmitted to the soil via the roots, thus increasing the
likelihood of failure.

The factors listed above have been the subject of comprehensive reviews 5Gray and Leiser,
1982; Greenway,1987; Coppin & Richards,1990; Styczen & Morgan,1995; Wu, 1995) with a
general consensus that the positive effects on slope stability far outweigh the negative. As root
reinforcement and soil moisture modification directly impact upon soil strength it is suspected
that they will have the greatest effect on slope stability. This research focuses only on root
reinforcement of the soil as it has not been possible to assess both mechanisms within the
constraints of a research programme of this nature.

11.8 HYDROLOGICAL ROLE OF ROOTS

Shallow slope failures can occur when the pore water pressure is increased and effective
stress is decreased due to large rainfall events. Site-specific factors, such as “preferential
hydrological flowpaths, slope steepness, soil thickness, and material properties” can also
contribute to slope failure (Roering .2003). Roots are responsible for creating macropores and
cavities in the soil thereby improving infiltration. However, an increasing rate of infiltration
also leads to a higher water table, thus increasing seepage pressures (Ruebens.2007). The
contiguous chain of macropores beneath the forest floor that transports subsurface water is
known as pipeflow. Pipeflow plays a role in slope stability and landslide initiations “since the
Spatial variation in hydrologic response is attributed to the influence of pipeflow” (Uchida et
al 2001).

Researchers have discovered that 50-90% of landslide scars contained soil pipes at the
headscarps or origin of the slide. During intense rainfall events, closed ended soil pipes can
cause slope instability by preventing the dissipation of water. This causes the pore water
pressure to increase, thus lowering the effective stress in the soil mass. A majority of the slope
failures in unsaturated conditions result from large rainfall and infiltration events. As negative
pore water pressure is reduced, the shear strength of the soil decreases below the critical value
along the potential slip surface, causing failure. When soils drain rapidly, suction occurs and
creates negative pressure. The soil has no real strength. And will fail. Decreasing the degree
of saturation would decrease the permeability of the soil (Budhu 2007). Increasing the degree
of saturation in a soil mass causes an increase in permeability because the existing water film
on the soil particles result in a lower frictional resistance to flow. If the soil is not completely
saturated, the rate of flow would decrease as the inflow of water works to saturate the soil by
filling the voids and forming thin films of water around the dry soil particles (Budhu .2007).
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Material properties such as the type of soil and their grain size play a major role in
determining the permeability of a soil mass and ultimately, slope failure. Permeability is
important because it relates directly to pore water pressure. Fine-grained soils such as clay
have much greater surface areas and thus absorb large amounts of water and cause swelling
and undrained conditions, while coarse-grained soils are looser packed and have large void
ratios. Permeability is indirectly controlled by particle size (Budhu .2007). Since void ratio is
a function of particle size, fine particles that exist within the sand would interfere with water
flowing through the relatively large pores between the coarse - grained particles. As the fine
particles migrate and accumulate in the soil sample, the blockage of water flowing will
increase and the result will be a decreased permeability.

11.9 MECHANICAL ROLE OF ROOTS

Roots provide mechanical support to a soil mass through its tensile strength, adhesive and
frictional properties (Ruebens.2007). Roots growing perpendicular to the soil surface provide
resistance to shearing forces acting on the soil. Roots extending parallel to the soil reinforce
the tensile strength of the soil zone. A soil mass is reinforced not only by these two
strengthening aspects but also in terms of the spatial distribution it occupies. Fine roots (1-2
mm in diameter) are a tertiary root system and represent less than 5% of a tree’s biomass but
provide more than 90% of the water and nutrient uptake of all roots (Schwarz et al. 2009).
Coarse roots are greater than 2 mm in diameter and consist of 15-25% of a tree’s biomass.
They can be broken down into four classes: taproot, lateral roots, basal roots and adventitious
roots (Schwarz et al. 2009). These classes can be subdivided to primary and secondary roots,
with secondary roots stemming from primary roots that originate from the root system. There
Is documentation proving a positive correlation between fine roots and soil reinforcement but
the same cannot be said of coarse roots as its data is unproven. The effectiveness of coarse
roots highly depends upon its depth and spatial density. If the spatial density is not sufficient,
the strengthening effect of the roots is negligible as the soil can easily move around the roots.
In general, fine roots are more effective at soil reinforcement but for shallow slope stability,
the advantage of fine roots is less obvious. The major factors that govern shallow slope
stability are: number, size, tensile strength and bending stiffness of roots penetrating the
failure planes (Ruebens 2007). A greater quantity of fine roots is more effective at reinforcing
the soil than a smaller number of coarse roots since tensile strength increases as root diameter
decreases. Furthermore, during a slope failure, fine roots tend to break off but remain fixed
within the soil, while coarse roots can simply slip out. However, only coarse roots can
penetrate great depths and firmly anchor the soil mass.

The effectiveness of mechanical slope stabilization depends on the depth of the weakest soil
zone, the likely failure mechanism and the steepness of the slope (Ruebens.2007). The
environment surrounding the soil plays a large role in determining the effectiveness of root
fixation. Factors that hinder the growth of roots, including but not limited to rocks and a water
table, reduce the significance it has on a slope.
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The soil type also plays a significant role in determining the effectiveness of roots for the
texture of the soil can influence the resistance of uprooting while the soil’s nutrient level may
dictate the spatial density and distribution of roots.

11.10. ROOT SYSTEM ARCHITECTURE

In order to assess the contribution of a plant’s roots to a particular slope’s stability it is
necessary to know the morphology of the root system present. Despite the well-recognized
importance of this fact (see Wu, 1995) the systemic morphology of tree roots is one of the
least understood aspects of arboriculture (Helliwell, 1986). This is due mainly to
observational difficulties and variation, not only from region to region, but to a lesser extent
from tree to tree. Kozlowski (1971) observed that root structure as well as depth and rate of
root growth are chiefly controlled by the rooting environment. Local soil and site conditions
such as moisture availability, soil aeration, temperature, nutrient availability, and mechanical
impedance, all affect the development of a plant’s root system.

The major components of a tree’s root system are illustrated in Figure (11.4) Comprehensive
descriptions of root system morphology have been provided by Kozlowski (1971). The lateral
roots are mostly found close to the soil surface while tap roots and sinker roots are to a large
extent located close to the zone directly below the tree stem. Trees tend to have most of their
roots in the upper layers of soil where the mass of laterals are located in what is often referred
to as the ‘root mat’. Although the lateral root system may play a role in binding the soil into a
single mass, the main resistance to shear failure in slopes is provided by vertical roots which
are more likely to intercept potential failure planes (Gray and Leiser, 1982). The depth to
which vertical roots extend is therefore important and varies considerably between: a) species
and b) rooting environment. Many tree species have the inherent capability to develop deep
and far-reaching roots in the absence of restrictive soil or substrate characteristics (Stone and
Kalisz, 1991).

Figure 11.4- Representation of the main root system parts (From Wu, 1995).
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11.11 CAUSES OF SLOPE FAILURES

Slope failures are initiated by a variety of causes including: natural forces, human
misjudgement and activities, and burrowing animals (Budhu. 2007). A slope failure in steep,
mountainous landscapes can result in shallow landsliding (Roering, J.J. 2003). This is the
common erosional process in these environments and is often comprised of colluvial
sediments (Roering, J.J. 2003). As the debris flow accumulates along its long path
downwards, it deposits sediment and scours the slope along the way. Shallow landslides can
have large implications when it occurs near human values. Water quality and fish habitat are
at risk, and in areas where unstable slopes border human activity, infrastructure and human
welfare are at stake as well. The following are some of the common human and natural
induced activities that compromise the stability of a slope.

v" 11.11.1 Erosion

The weathering and transportation of solids on natural slopes is a continuous process. Erosion
alters a slope’s geometry where it may lead to slope failure. In a forestry example, erosion is
commonly seen when the soil is heavily compacted after harvesting. Forest harvesting
exacerbates erosion by exposing mineral soil and removing the forest floor. The forest floor
protects the underlying soil from the impact of rain drops and helps absorb water. Roads also
lead to increased rates of erosion by changing the natural drainage pattern.

v 11.11.2 Earthquakes

Earthquakes apply seismic loading that reduces the shear strength in soils. These shear Forces
cause the grains in the soil to compact closer together, reducing the soil pores. Water then
quickly fills the spaces between the soil grains. This occurs so quickly that even coarse-
grained soils cannot dissipate the excess pore water pressures. This phenomenon is known as
liquefaction. Sometimes the dynamic forces are so great that the pore water pressure is
increased to values near total vertical stress, resulting in the total effective stress to approach
zero.

v 11.11.3 Rainfall

A slope experiencing prolonged periods of rainfall may be susceptible to failure. Rain
saturates, softens and erodes soil by entering cracks in the soil and weakening soil layers due
to increasing seepage forces. Failure in these cases can lead to mud slides.

v' 11.11.4 External loading

Loads placed on top of a slope add to the gravitational load and may cause a slope to fail.
Conversely, loads placed at the toe of the slope, also known as a berm, increase the stability
of the slope. Piling rocks, for example at the berm of a slope can help stabilize weak slopes.

v 11.11.5 Tension cracks

Although tension cracks may not always be a significant factor in slope failures, they are
worth mentioning because they are quite common. Firstly, a tension crack modifies the slip
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surface. When a tension crack is present, the slip surface intersects the base of the tension
crack and not the base surface of the road (Budhu. 2007). Secondly, when a tension crack is
filled with water, there is a hydrostatic pressure applied along the depth of the crack (Budhu.
2007). The result is a decrease in the factor of safety due to an increasing moment of force.
Lastly, the tension crack provides an opening for water to seep through the slope and into
underlying soil layers. This can induce seepage forces, which compromise the slope.

Figure I1.5 - Tension crack on road surface

11.12 Conclusions

In this chapter we have seen that the use of vegetation in restoring the stability of slopes
becomes highly demanded especially to solve the problem of shallow slope failure in both
natural and man-made slopes. With variation in plant species that may be established on
severe slopes condition, variation reinforcing trend can be observed. Several key factors have
been identified that determine slope stability.

The role of roots in assessing slope stability can be narrowed to two factors: mechanical
and hydrological. From a mechanical perspective, roots help to stabilize the soil through their
tensile strength, adhesive and frictional properties. The strength and spatial distribution of
roots within the soil are major variables to consider when assessing the degree of soil
reinforcement influenced by roots (Nilaweera & Nutalaya, 1999). In terms of the hydrologic
effects of roots, they aid in reducing the soil moisture and effectively dissipating the pore
water pressure through evapotranspiration and water absorption through the fine roots. The
role of roots in slope stability is an extremely important topic, especially when human lives
and infrastructure are at risk.
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1.1 INTRODUCTION AND HISTORY

During the last decades there has been a pronounced increase in the number of catastrophic
events including shallow landslides and erosion processes after heavy rainstorms, particularly
in mountainous regions, which has raised public awareness of the hazard (Bezzola and Hegg,
2007).Slope instability is a serious geologic hazard common to many regions of the world.
Globally, landslides cause billions of dollars in property damage and human fatalities and
injuries annually. In tropical regions numerous landslides have been reported during the past
four decades. It is therefore imperative that the slope problems need to be addressed urgently.
The solution required to be comprehensive. An increased adoption of the bioengineering
(vegetation) approach to the design of slope covers, taking advantage of the benefits of grass
and woody on slopes with respect to erosion and stabilization, optimized slope drainage and
improved slope maintenance appears to be the optimal way forward.

The public has recently become much more aware of natural hazards in general, and
demand for security has increased. Thus, precise information about the effects of plants on
slope stability is needed, and the development of methods to provide evidence for vegetation
effects is an urgent objective. In particular, we need to find ways of including the influence of
plants in conventional models for estimating the stability of natural slopes and embankments
(Janbu,1954), which are generally based on the Mohr-Coulomb failure criterion (t¢+ =c'+
o'tane’, in Lang et al. (1996). For this purpose, the vegetation effects need to be assigned to
shear strength, i.e. to the angle of internal friction @' or to the cohesion c'.

To calculate and model vegetation effects on soil stability, suitable measurement techniques
are necessary to properly address the relevant parameters. During the early history of soil
mechanics, the direct shear test was the most popular approach, but it has some considerable
disadvantages. To overcome some of its most serious limitations, the triaxial compression
apparatus was developed in the 1930 (Casagrande, 1936). The triaxial compression test is
more demanding and time consuming than the direct shear test, but it is also much more
versatile. Several improvements have made it the appropriate choice, today, for experimental
investigations of complex stress paths Lang et al. 1996).

Wu (1984) proposed, probably for methodical reasons, implementing the effects of plant
roots on soil stability as an additive constant of the cohesion c¢' in the Mohr-Coulomb failure
criterion (Mohr-Coulomb: 1t = ¢'+ o'tan®’; Wu: sr = ¢'+ o'tan®'+ ¢,'; with sr as the shear
strength t and r for root). This approach has the advantages that, as a plain strength value,
the additional cohesion ¢, mobilised by roots, may be measured relatively simply by direct
shear tests. Nevertheless, the soil stability conditions and, correspondingly, the effects of roots
in the near-surface zone of the soil are not satisfactorily described by the cohesion c¢'. The
stress-dependent term o'tan®' represents the proper characteristics much better. During a
simple shear test in which the only stresses measured are the normal and shear stresses on
horizontal planes. The results of laboratory tests on Cowden Till and on Blue London Clay
(Atkinson et al. (1991) showed that the strength measured in simple direct shear tests differed
from those measured in triaxial compression tests. The conventional interpretation of direct
shear tests leads to a false cohesion intercept with friction angles smaller than those measured
in triaxial compression tests (Atkinson et al. (1991).

Recent experimental investigations on fibre reinforcement in sand yielded controversial
findings, depending on the method applied. Using direct shear tests, (Yetimoglu and
Salbas,2003) found no improvement in the shear strength of the composite compared to pure
sand, and (Operstein and Frydman ,2000) reported an essentially constant angle of internal
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friction of soil reinforced by roots, but an increase in the apparent cohesion with increasing
cross-sectional area and tensile strength of the roots. Accordingly, they interpreted the general
increase in shear strength of the composite as the result of an increase in cohesion.

However, analyses based on triaxial compression tests revealed an increase in the angle of
internal friction of a composite (fibre reinforced sand) compared to the untreated granular
matrix ( Consoli et al. 2002). The addition of fibres to cohesion less pure sand yielded an
increase in the angle of internal friction without any change in the cohesion but when added to
cemented sand (with cohesion), the increase in the angle of internal friction went along with a
decrease in cohesion (Consoli et al. 2002). Furthermore, it was found that the reinforcement
effect generally correlates positively with the fibre aspect ratio, and, if the aspect ratio and
concentration of fibres are kept constant, the composite strength is positively correlated with
the length of the fibres (Michalowski and Cermak, 2003).

The triaxial compression test is better suited than the direct shear test at representing
processes and characteristics of the superficial soil layers reasonably well. There is no rotation
of the principal stresses, and, although stress concentrations still exist, they are significantly
less. Normal stress is applied in three dimensions, and the area of shearing does not change
during the test procedure. Furthermore, the failure plane can occur anywhere, and the stress
paths can be controlled reasonably well. This means that complex stress paths in the field can
be more effectively modelled in the laboratory. In particular, if undrained shear strength and
the effective stress parameters of low-permeability material are needed, the triaxial
compression test (consolidated undrained, with pore water pressure measurements) is by far
more adequate (Holtz and Kovacs, 1981).

Various investigations on peaty soil have been performed using triaxial compression tests,
showing that the behaviour of the peaty soil is essentially frictional, with high angles of
internal friction (®') and relatively small cohesion (c') intercepts ( Yamaguchi et al.1985).The
high angles of internal friction are due to not entirely decomposed fibres intersecting the
failure plane. This indicates that shearing resistance depends on the mutual orientation of
fibres and failure plane. Undrained triaxial compression te