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ABOTRACT

This work describes a novel method of soil stabilisation at

meso-scale which involves mixing into the soil molecularly

oriented mesh elements in the form of squares, rectangles or
ribbons. Laboratory compaction, CBR, permeability, triaxial,
repeated loading, long term loading (creep) and model footing

tests are detailed in which S50 mm square, or S0 x 100 mm

rectanguiar mesh elements are mixed with various soils in
order to identify the important properties of the mesh and the
effect of the mesh element content on the behaviour of the
stabiliseb soils. The results indicate that the basic operating
'rﬁechanism is that each mesh interlocks with the adjacent soil
particles to form an aggregation and these aggregations are
locked together by the surrounding mesh elements to form a
coherent matrix with improved stress resistant properties,
increased ductility and unaffected permeability.  These

benefits are obtained even when the mesh element content is

small.
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NOTATION INDEX

The following is a list of the more important symbols used in the text.

A Area

B Wwidth

CB.R.  California bearing ratio

Cv Coefficient of consolidaton

CM, CM, Various methods and levels of compaction

D Diameter, Depth factor, Stress intensity

DBO Effective particle size

E Modulus of elasticity
F Force, Factor of safety
C Particles’ specific gravity
H Height, Thickness
Hy Vertical height of ground-water table
| Index
I Improvement ratio at residual stress state
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improvement ratio at peak stress state

Factor ratio, constant

Dimensionless parameters, constants

Coefficient of active earth pressure

Coefficient of passive earth pressure

Length
Liquid Limit

Moment

Resilient Modulus

Bearing capacity coefficients

Plasticity index

Plastic limit
Total quantity of flow in time t

Radius, Weight of roots

Electrical resistances 1,2and 3

Tensile strength of polymeric thread

Relative density
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Degree of saturation, Total shear strength of
plant-roots, Section of polymeric thread

Time factor

Shear strength per unit area of slope surface

due to wind on trees

Average degree of consolidation

Volume, Voltage

volume of air

Volume of water

Voltage between AB

weight
weight of water

Section modulus, Depth

Area, Dimensionless parameter accounting for root

reinforcement, Angle

Shear stress intercept due to presence of polymer,

Dimensionless parameter accounting for vertical

slope surcharge
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C Cohesion with respect to total stress

c Cohesion with respect to effective stress

d Depth, Dimensionless parameter accounting for soil

moisture state

Deviator stress

e Void ratio, Eccentricity, Dimensionless parameter

accounting for physical properties of soil.

f Dimensioniess parameter accounting for water level
g Gravitational acceleration
h Hydrostatic head, Dimensionless parameter

accounting for physical properties of soil.

i  Hydraulic gradient
) Dimensionless parameter which accounts for wind in
the trees

Coefficient of permeability

1 Length

m  Molsture content, Slope of a straight line
m,, ;oef ficient of volume compressibility

n Porosity
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D Pressure

Pa Active earth pressure
Pp Passive earth pressure
Preconsolidaton pressure
Po Overburden pressure
Q Unit quantity of flow, Ultimate load
Vertical tree surcharge
r Radius
t Time, Thickness
u Pore water pressure
w Fibre concentration by sofl weight
X Horizontal distance
Y Hor{zontal, vertical distance
Z Depth
@ Angle
B Angle
Y Unit weight,
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1 Volumetric weight of geotextiles

S Settlement, Penetration
¢ Strain
€1+€2°€4 Principal strains
€ Axial strain
n Performance efficiency, Dynamic viscosity
© Angle
A Angle, Strain gauge factor
u Angle, Coefficient, One micron, Quanitity

of geotextile per soil weight

Poisson's ratio

p Density, Electrical resistivity

Pd Dry density of soil

Peat Saturated density of soil

ppylk  Bulk density of soil

Pw Density of water
o Effective stress
o N OF on, Normal stress
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01,02,0% Major, intermediate and minor principal stresses

T ohear stress

¢ Angle of internal friction, with respect to total
stress

¢ Angle of internal friction, with respect to

effective stress

0 Diameter of fibres

A% Change in length |

AV Change in volume V

AR Change in electrical resistance

AT Shear stress Increment

(0,-04) Deviator stress
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CHAPTER ONE

INTRODUCTI ON



1.1 GENERA

Natural soil is both a complex and variable material. The
alteration of f{ts properties to meet specific engineering
requirements is known as SOIL STABILISATION. The chief properties

of a soil with which the construction engineer is concerned are

volume stability, permeability, durability and strength.

There are chemical, thermal, mechanical and other forms of soil
stabilisation acting at three different scalar levels, (macro, meso and
micro), as indicated in Figure 1.1. It must be realised, however, that
because of the great variab;lity of soils no one method IS ever

successful in more than a limited number of soils (see Figure 1.2). -

Piling, Reinforced Earth or ground anchors, can be considered to be

forms of sofl stabilisation on a8 MACRO-SCALE. So are steel wire
\-—'

 mesh, stone, gravel and straw when mixed with sofl and this latter

material has been used since Biblical times to strengthen structures.
In China mattresses made of wood branches have been placed in soil
to form dikes and revetments along the Yellow River for more than a
thousand years. The California Division of Highways have for many
years utilised Redwood logs as reinforcing elements to build highway
embankments. Similarly roads have been constructed on bamboo

fascines, logs or timber, or on bush, or small trees for many
centuries.



It has been almost twenty years since Henri Vidal, the French
architect and engineer developed the first commercial use of
Reinforced Earth (i.e. the use of steel strips to reinforce soil) and

since then a large number of structures have been completed. Some of

these structures were constructed on sites having relatively poor

foundations. This technological break-through provided foundation
engineers with 2 new tool to improve soil properties at the
macro-scale and designing the material to suit the structure rather

than the standard practice of adapting structures to suit the site.

Methods such as heating, freezing or mixing with lime, cement
and bitumen are commonly used to strengthen soils at the
MICRO-SCALE. Their action is to bind individual soil particles
together to form relatively homogeneous masses. Although these

commonly used methods result in greatly increased soil strengths,

they are usually associated with significant losses in ductility and
permeability.

A natural process of soil strengthening at the MESO-SCALE is that
developed by plant roots intertwining with soil particles. Since 1968
Kassiff and Kopelovitz at the Technion-israel Institute of Technology
have devoted a large amount of time to laboratory experiments with
the purpose of determining the strength parameters of this composite
material and their effect on the resistance to cutting tools. Gray
(1973) recognised that a root system provides mechanical
reinforcement to the soil, although the role of the tree root strength

In the stability of slopes has been the subject of speculation and



experimentation for several years, and Waldron (1977) suggested that

the mechanical stabilisation of soil on slopes can be attributed to
plant roots. At the same time Ziemer and Swanston (1977), studied
the root strength changes after logging, in Southeast Alaska. They
found that a crucial factor in the stability of steep forested slopes,
is the role of plant roots in maintaining the shear strength of soil
mantles. Roots add strength to the sofl by vertically anchoring
through the soil mass tying the slope together across zones of

weakness. Once the covering vegetation is removed, these roots
deteriorate and much of the soil strength is lost. Similarly Burroughs
and Thomas (1977) studied the declining root strength in Douglas-fir

after felling, as a factor in slope failure.

Other engineers have attempted to simulate the results of this

natural process of soil strengthening at the meso-scale by plant
roots. Thus man-made fibres and other materials “come to mind" to
replace the plant rootsmare (1979) used randomly oriented discrete
fibres as a soil-inclusion, to improve the soil's properties. He

discovered considerable increases in both strength and ductility of

the soil, provided that sufficiently_heavy compaction was apblied. S,

Andersland and Khattak (1979) obtained an increase in the modulus of
elasticity and the shear strength parameter of clay b& mixing pulp
fibres into Kalonite. Leflaive (1982) also examined the behaviour of a

granular soil reinforced by a continuous textile polymer thread

injected into its mass by.a_jet of compressed air. The soil's bearing
Capacity showed_a_considerable-improvement- The granular material

mixed with the polymer showed an apparent “cohesional behaviour®
due to the introduction of polymer in it. Hausmann (1978) had



previously called this pseudo-cohesion.

All these researchers investigating the meso-scale strengthening
effects of the various man-made soil-improving materials, have
shown that fibres like roots, develop tensile stresses when the soil
1s strained and so act as tension resistant inclusion. _'_[his action
depends principally upon surface friction between the roots or fibres,
and the soil particles, but there can also be a measure of interlock

occurring when the roots or fibres, are long and are present in large
| proportionj‘)f

j':.'. 'L.;.. lL.'

AT MESO-SCALE

Recently the use of randomly distributed polymeric mesh
elements in soils has been advocated by Mercer et al (1984). (Figure

1.3 shows a typical polymeric mesh element .structure). They have
shown that these meshes interlock with the soil particles and
produce a strengthening at the meso-scale. As with the root or fibre
soil strengthening, the ductility and permeability of the soil are not

reduced, and a relatively homogeneous composite is produced. The
principal difference between the techniques, is the predominance of

the interlock action when mesh elements are employed. This occurs
at two levels, with the ribs of individual mesh elements interlocking
with groups of soil particles to form an aggregation of particles, then
adjacent aggregations interlocking to form a coherent matrix. (See

Figures 1.4 a & b and 1.5). In a similar way to conventional

soil-stabilisation techniques, the mixing, batching and generally the



handl_lng of polymeric mesh elements can be done using conventional

engineering plaht, such as concrete mixers or rotavators, with much

less overall cost involved, McGown et al (1986).

In order to investigate the behaviour of the proposed composite

material many parameters had to be considered;

(a) MESH TYPE

A very wide range of mesh types are available. To establish the

most efficient form of soil stabilisation, twelve types of mesh
elements were examined differing in grid hole opening size, flexural
(or bending) stiffness, polymer tensile strength, weight per unit area
and interface properties. The grid size and interface properties are
thought to play an important role in the soil and mesh element
interiocking mechanism and the flexural stiffness affects the ability
of the polymer to bend, or wrap itself, round the soil mass forming a
dense aggregation. The weight of the polymer is also an important
factor governing the economy of the total composite structure and the

polymer strength governs the final overall strength of the composite

Mass.

(b) YYPE OF SOIL

The range of soils that can be mixed with mesh elements is
obviously very important It should include both granular and cohesive

~ types. Very little work has, however, been done in this pro ject with
mesh elements mixed with cohesive soils. The only work of this kind
Is mentioned in APPENDIX E. This was due to the restrictions of



time and apart from that, to ease the initial experimental problems

associated with the project. The granular soils selected were chosen
to cover many areas of geographical occurrence in the construction
world. They include a well-graded material, a very widely found
soil, a uniformly-graded material which although rare type in this
country, is plentiful in arid climate countries and an ideal granular
sofl for laboratory research work. Some other less exhaustive work
was also carried out on two silty soils having a wide range of fine
particles in order to examine any possible strengthening results when

mixed with mesh elements. Finally two coarse grained materials were
examined to further extend the test program.

(c) MESH CONTENT

Determination of the optimum amount of mesh elements mixed
with the soil mass must be established in order that the behaviour of

the composite material can be optimised and the economics of the

process identified. The behavioural criteria are that the composite
material be sufficiently strong and dense, improve its stress-strain

characteristics and yet be sufficiently ductile. A range of mesh

contents were tested to measure the influence of this factor.

(d) MESH ELEMENT SIZE

An optimum mesh element size has to be investigated so that
there should be adequate “anchorage” between the mesh and the soil in
order that the interlocking mechanism is effective. At the same

time, however, the mesh element size has to be kept to a2 minimum for



handling convenience during construction. A wide variety of sizes and

shapes of mesh elements were therefore tested.

(e) MESH ORIENTATION

Another parameter to be considered was the mesh orientation.

There was no doubt that maximum strength benefit would be achieved
iIf the mesh elements were placed along the principal tensile strain
ax1s in a manner similar to macro-scale reinforcements. Although a
case like this has been examined later in this work, the mesh
elements were mostly mixed randomly in the soil mass because this

seemed to be the most convenient way for them to be utilised in
construction works.

Preliminary work at Strathclyde University on the composite
material was conducted by performing CBR tests, triaxial testing and
model footing tests, in order to examine the soil and mesh element
interaction mechanism and behaviour. Some of this work has been

published by Mercer et al (1984), McGown et al (1985) and McGown et
al (1986). This work produced results which suggest the

strengthening action of the mesh elements differs significantly from

that of other types of inclusions employed for soil strengthening,
such as textile fibres, metal or plastic rods, as the stress transfer
mechanism between the soil particles and the mesh relies upon
“Interlock™ and not simply surface friction. Thus it appears that

strengthening action of the proposed material to be investigated
depends upon the following factors:



(1) Interlockinc u‘
The interlock occurs at two levels with the ribs of the individual

ir-1iansiig

mesh elements interlocking with groups of particles and then
adjacent aggregations interlocking to form a coherent matrix. (See
Figures 1.2, 1.3 and 1.4).

(ii) Pc ' axural stiffnes

The flexural stiffness of every individual mesh element affects
its ability to "wrap™ itself around a soil mass forming a coherent

matrix and therefore influences their strengthening action.

(iii) Polymer tensile strength
Mesh-elements act only in tension inside the soil mass ang

therefore their tensile strength capacity is an important factor that
governs the overall strength of the composite material.

1.3 _ Jt RCH

The scope of this research is to investigate the following points:
1. The most appropriate type of mesh that strengthens a wide
range of soils, or alternatively, establishing general design criteria
of appropriate type of meshes to be mixed with certain groups of
soils.

2. The most appropriate mesh size that, combines maximum

strength benefit in a range of soils, with convenience in handling by
construction practice.

3. The op‘timum mesh element content in terms of economy and



strength for use.

4. The effect of the above factors on the degree of soil

improvement as far as strength, durability and permeability are
concerned.

One of the main objectives of this research is to provide general
design criteria based on the objectives above, in order to use mesh
elements for Soil Stabilisation. In order to achieve these objectives
a series of standard laboratory tests (with the exception of the model
footing apparatus), had to- be carried out using standard
soil-laboratory equipment and techniques such as compaction and CBR
tests, triaxial tests, some long term and repeated loading and also
some permeability tests. Finally certain full-scale trial testing of

the bearing capacity were also performed in conjunction with the
Transport and Road Research Laboratory.

HESIS

The general layout of this thesis is as follows; Chapter |
describes the concept of soil stabilisation at every scale and briefly

~ States past and present soil stabilisation, research and technigues.

Then the technique which is the scdpe of this project, is introduced
and is compared to the existing ones.

In Chapter 2 a literature review of soil stabilisation at the
MESO-SCALE is described in detail.

A selection of apparatus , materials and general equipment that



is used in this project, as well as, their detailed description and ail

the testing procedures are described in Chapter J.

Chapter 4 follows with a detailed discussion and analysis of the

coﬁpaction and CBR test results. In this chapter the soils were
firstly tested alone and their relationships between dry density and
water content, as well as, CBR values and water content were
established. Secondly the same soils were tested with each type of

mesh element at optimum water content and various concentrations.
Thus relationships between CBR values and mesh element
concentration are fully examined here for each type of mesh. The
mesh types that produced high CBR values were selected for further

testing.  Additionally the effects of mesh elements on soils’

perm'eability are also discussed in this chapter.

In Chapter 5 of this thesis the test program, discussion and

analysis of results from a large number of triaxial tests are

described in detail. Tests were carried out firstly on each soil alone
and secondly on every soil mixed with mesh elements at various
concentrations and cell pressures. In this way the behaviour of the
composite material in terms of mesh-content and stress-level 1S
discussed. Similarly test resuits related to mesh-element size
optimisation, mesh orientation and strain rate variation are also
examined in this chapter. Finally the elastic behaviour of the
composite material and its response to creep, are also analysed, by

examining the resuits from a series of cyclic loading and long term
loading tests.
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Chapter 6 examines the behaviour of soil and mesh element
mixtures in a plane strain model f ooting apparatus. A large number of
tests were carried out on soils mixed with mesh elements and they

were examined for load-penetration characteristics using this

apparatus.

Finally general conclusions about the behaviour of the soils mixed

with mesh elements at diff erent' sizes, shapes, contents etc. are fully
stated in Chapter 7.
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2.1 INTRODUCTION

The concept of soil reinforcement by plant roots is a form of
Soil-Stabilisation at the MESO-SCALE. As mentioned pr'evlously,
roots add strength to the soil by anchoring through the soil mass and
interlock with soil particles forming a composite soil-root matrix.

Once the covering vegetation is removed, these roots deteriorate and

much of the soil strength is lost.

This “natural” form of soil stabilisation has been the subject of
research for the past twenty-five years in order to establish a
mathematical study and design criteria to enable scientists to
control slope stability and deforestation techniques. At the same

time however scientists being inspired by this patural
‘root-reinforcement mechanism”, they started investigating the use
of man-made (artjficial) fibres to simulate “roots”. Hence new forms

of soil stabilisation at the meso-scale developed.

2.2 SO ABILISATION BY F

YaAlBa\

Investigators have recognised the correlation between timber
cutting and increased frequency of landslides with time after logging.
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Most notable was the paper by Bishop and Stevens (1964), who wrote
that the number and acreage of slides in south-east Alaska increased

more than 4-5 times within 10 years after logging. They attributed

in the increasing frequency of landslides following logging to root

deterioration, which requires several years to exert its full impact on
slope stability.

Nakano, H. (1971) reporting on the results of research in Japan,

showed that the resistance of stumps to uprooting decreased with

years after cutting. The decreasing root strength on a unit area basis
was offset by increasing resistance to uprooting of the young trees

growing on the site. The net result of timber cutting was an
increasing frequency of landslides.

Actual measurements of the decrease in the tree root strength

following cutting are not commonly found in literature. Swanston

(1969) mentions that Alaskan measurements of shear strength
perpendicular to the grain of lateral roots greater than one inch in
diameter showed a very gradual decrease in strength with time after

cutting. Similarly O'Loughlin (1974) studied landslides and found that
a high percentage of roots of all sizes along the margins of

landslides failed in tension, while a smaller percentage failed in
shear.

The question remains as to how to apply quantitative data to

équations used in analysing slope stability once the decay function of

13



root systems is understood. A Japanese study (Endo and Tsuruta
1969) measured the increase in soil shear strength by making

large-scale direct shear tests on soil pedestals containing live tree

AY
roots. The soil shear strength increased direclty with the bulk

weight of roots per unit volume of soil. Their results showed that
data on the shear strength of soil with live roots fit the equaton;

S = a +BR +0tand
where;

S = total shear strength in Kg/m?

a and 8 = empirical constants
R = weight of roots in g/m>
o = normal stress in |(g/rn2

O = angle of internal friction of the soil.

Note, however, that tree root strength is considered to be a cohesive
force.

owanston (1970) made a stability analysis of three landslides in
conesionless soils in South eastern Alaska and found that an

“apparent cohesion™ of 3.31 to 4.26 kN per square metre was needed to

maintain stability. He concluded that the most likely source for this

14




stabilising force was the anchoring effect of tree roots growing

through the slide-prone, weathered till into the compacted till.
Swanston and Dyrness (1973) considered roots to "provide continuous
long-fibre cohesive binders to the soil mass proper and cross local

zones of weakness within the soil mass®™. In their opinion the

- anchoring effect of roots can be extremely important on some steep,
shallow soils.

The effect of roots on the ultimate shear properties of a soil _wés
also studied by Kaul (1965). Tests were made on uncompacted sandy
clay loom sofl having a matrix of millet roots grown in a growth
chamber using a direct double shear apparatus (See figures 2.1 and
2.2). Kaul found that the presence of roots increased the shearing and
tensile strength of the soil at all molsture_levelsﬁe increase in
strength, however, was found not to conform to a superimposable
pattern, mainly because of extreme variation in the homogeneity of
the samples test@ Ehe values of @ were found to be of a *larger
magnitude for samples having roots as against those with no root&j
This was postulated to be due to ihe action- of rootlets making larger

virtual particles out of smaller ones, with a consequent increase in
the shearing angle.

Kaul's investigation was unique, but suffered form the fact that
he experimented with samples influenced by too many factors which
could not be controlled during testing and hence could not be

separated during the analysis of the results. These factors included

15



variations in moisture, density, root/soil area ratio, etc,,_which
(-____———-/" . . - . ey s ——

-yl
i eyl sl e 5

actually govern the stress-strain behaviour of this material.

Three years later Kasiff, G. and Lopelovitz, A (1968) managed to
control some of these factors and also to separate their influence on

results. They similarly studied the strength properties of soil-root

systems and they conducted tests on soils at predetermined moisture
and density reinforced with synthetic fibres of known quality and
quantity. The strength parameters were investigated with the aid of
a direct double shear apparatus, and some of their results are shown
on Figures 2.5 and 2.6. They concluded that the overall strength of the

composite material increases with the amount of fibres (or roots) in
the soil and also cohesionless soils exhibit a “high cohesion™ due to
the presence of roots. Later, Haussman (1978) called this
'pseudo-cohesion'.' Fixity of fibres in a3 soil, which simulate deep
roots relative to the plane of cutting, also increases the strength of
the composite. In sandy soils, maximum resistance to shear occurs at
moisture-dehsity conditions corresponding to optimum moisture and
maximum dénsity on a compaction curve, while in cohesive soils drier
than optimum conditions govern this resistance. By energy concepts

(see Figure 2.6) it was shown that during the initial stage of shear

failure of the composite, the roots barely contribute to the shear

strength of the composite, while its ultimate shear strength fis
governed by the tensile strength of the fibres.

Additionally the effect of the strength parameters on the

16



behaviour of a cutting tool was also studied by the same people. The
composite material was placed inside a model, composed of 2
transparent box, and was subjected to the action of a model blade In

the horizontal direction (see Figures 2.3 and 2.7). The shape of the

failure zone and the forces acting were measured and correlated with

existing theories using the strength parameters of the composite. It

was found that the failure mechanism of a soil composite under the

action of a cutting tool involves initial passive rupture of the soil
component fol_loined by additional ruptures resulting from the

shearing resistance of the composite. The rupture surfaces were
found to assume an approximate plane shape, lacking cdrved portions
thus complying with Rankine’s theory for passive earth pressure (see
Figure 2.4). When a soil without fibres is stressed laterally by a thin

cutting tool, the height of the zone stressed amounts to a few times
the thickness of the blade. This finding applies also to reinforced

cohesionless soils. However, when a reinforced cohesive soil fs
concerned, the fibres act as a continuous medium in all directions in
front of the cutting tool, thus increasing the height of the stressed
zone and the forces acting on the tool. Hence Kassiff and Kopelovitz

concluded that root-cutting can be achieved efficiently only when the
roots are fixed in the soil. To increase fixity of the roots it Is

suggested that a device should be developed which would compact the
soil and cut the roots simultaneously.

o011 stabilisation became a popular topic of research for
Geotechnical Engineers in the early seventies. Gray, D.H. (1970)
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studying the effects of forest clear-cutting on the stability of

hatural slopes, recognised four ways in which vegetation affects
slopes:

(1) The root system provides mechanical reinforcement to the soil;

(2) Vegetation provides a vertical slope surcharge; (3) wind in the
trees causes surface shears and moments; and (4) soil moisture

content and water level are modified by vegetation changes.

Brown, and Sheu, (1975) continued Gray's research on the effect
of deforestation on slopes. They analysed the four vegetation

features affecting slope behaviour (creep and stability) proposed by
Gray and they also worked out factors of safety against instability of

slopes. They idealised the ground by considering it as an infinite soil
slope of angle § founded on bedrock (see Figures 2.8, 2.9, 2.10, 2.11

and 2.12). Hence the following dimensionless arrangements were
concluded:

. 5 accounts for root
_ 1T+ Y
° % ¥ Hcos®B reinforcement
of the soil

where o, is the initial tensile strength of the soil,oyis a measure of

the effect of the tree root syste'm onthe conhesion of the soil,, is the
unit weight of water and H is vertical thickness of soil mantle
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accounts for the vertical

L

b= —— slope

-
b 1

surcharge

where q  Is the vertical tree surcharge on surface

accounts for the water

W level and soil moisture

state

where H,,, is the vertical height of grounb-water table above bedrock

Accounts for the physical
Y properties of the soil

where v 1s the saturated unit weight of soil

y Accounts for the water
f = .
Y, level and sofl moisture
; - state

where vis the unit weight of soil
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tan® Accounts for the physical
properties of the solil

where © is the separation shear angle 1 between the rigid and

creep phases
o terd | Accounts for the physical
ters - properties of the soil

where ¢ is the ultimate shear angle or effective angle of soil
friction.
And finally;

T Accounts for the wind

J * ¥ HsinBcosB
Yy 1o1NPEOs in the trees

where Tg Is the shear per unit area of slope surface due to wind In

{rees.

Hence the factor of safety against instability of slope was found to
be:
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F shear capacity

maximum spplied shear

[a+b+f(1-d)+d(e-1) }h'
or F o= b+f(1-d)+ed+ ]

Sudden slope failure is frequently observed at times of heavy rainfall.
‘The worst case will be then H,, =H. Then ;

F - (a+b+e-1)h'
b+e+]

From the whole previoué analysis it was concluded that; (1) The
removal of the overburden of trees deceases the creep ratej (2) the

cutting and removal of trees with the consequent drop of overburden
and wind loading to zero increases the slope stability; (3) the decay
of the root system attenuates the soil tenacity especially in soils
with low cohesion and increases the creep rate and decreases the
stability; and (4) the rising of the water table occasioned by the drop

in evapotranspiration increases the creep rate and decréases
stability.

Simil‘ar’ly waldron, (1977) studied the effect of plant roots on
soil shearing resitance using a direct shear device in which a prism

of soil was sheared along a plane perpendicular to the axis of the
prism shown on Figure 2.14.
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The predetermined failure plane was selected to study root effects at

different depths in @ homogeneous soils or along specific layers in a

stratified soil. Alfaifa roots in the homogeneous clay loam had a
larger reinforcing effect than young European alder trees. The alder
roots increased shoil shear resistance A4S at the 20 cm depth, by 8.21
kKN/m2 compared to 9.81 kN/m? for aifalfa at 30 cm depth. The

relative strength increase AS/S¢ x 100 was far greater for alfaifa

than for the alders but barley and pine roots at 30 cm depth, gave
much lowerAS values.

Root reinforced soil may be analysed, according to Waldron, as if
it were a composite material in which fibres of relatively high

tensile strength, are embedded in @ matrix of lower tensile strength.
This is the basis of the engineering technique of reinforced earth in
which true cohesion is imparted to soil by linear reinforcing
elements. Force is carried from point to point within the matrix by
forces tandential to the fibres producing different tensions along
their length. These tangential forces may be carried by friction or by
bonding between the fibres and the surrounding matrix. The elements
may be randomly oriented or they may be oriented in conformity with
the stresses in an earth structure. Plant roots are neither randomly
oriented nor placed by design to resist stresses in the soil. However,
In the soil columns of the present model study the roots had general

vertical orientation normal to the shearing surface. Therefore, the
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simple model of the root-soil system (shown in Figure 2.14) was
useful in applying fibre reinforcing concepts for root reinforcing soil
by treating roots as flexible elastic reinforcing elements.

A few years later Waldron, and Dakessian, (1981) produced
calculations of the increased soil shear resistance AS (or sofl
reinforcement) from root properties and compared it with measured
shear resistance difference between rooted and non-rooted soils (see
Figure 2.17. Their model study was based on the Coulomb equation in
which soil shearing resistance S 1S developed by cohesive and -

frictional forces

where Oy is the normal stress on the shear plane,® is the sofl

friction angle, and c is the cohesion. For arooted soil a few
assumptions were made in modifying equation (1):

(1) roots extend vertically across a horizontal
shearing zone of thickness Z, as shown in

Figure 2.15 and this Z does not change
during shear; |
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(2) roots of different diameter classes are

flexible and linearly elastic with Young's

Modulus E;

(3) the soil friction angle@, is unaffected by

roots, so that Coulomb equation for root-

permeated soil becomes:

S = C+AS toN tand - (2)

Hence,

AS = AS,I* AS v,

45,1s an increment of root reinforcement due to stretching of roots

and

As, is the increment of reinforcement due to slipping roots.

One year later Waldron, and Dakessian, (1982) studied the effect

of grass, legume and tree roots on soil shearing resistance and they
calculated factors of safety (see Figures 2.13 and 2.16) of shallow
planar and rotary slides using measured shear strength. They showed
that plant roots can make large increases in slope stability. They
also modified Brown and Sheu's factor of safety which included root
strength enhancement, depth of the sofl to rock, depth of free water,

vegetation surcharge, slope angle, soil density and wind loading via
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F =K|"K23

where K, and K,, are consiants and 3 1s the dimensionless parameter

defined previously by Brown and Sheu.

2.3

OIL STABILISATION USING MAN-MADE FIBRES

The research on slope stability and the effects of deforestation

on slopes still continues today in order to improve the mathematical
analyses and deforestation teé_hniques. Scientists, inspired by the
idea of root-soil reinforcement, began to research on soil
stabilisation at the meso-scale by using synthetic (artificial) or

natural fibres to simulate the tree roots, like Kassiff and Képelovitz
(1968). |

Andersiand, and Khattak, (1979) examined the behaviour of soil
mixtures prepared from pulp fibres and Kaolinite using the triaxial
test. Dry paper pulp (cellulose) fibres with an average leng‘th of 1.6
mm were mixed randomly with dry Kaolinite in proportions of 16 and
40 per cent of fibre by weight and water was added in amounts needed
to form a slurry. Thus the samples with fibre inclusions were tested
in triaxial apparatus for undrained and drained conditions. A summary
of their results is shown in Figures 2.18 and 2.19. They concluded
that; (1) the addition of small amounts of fibre significantly

Increased the peak strength of Kaolinite for undrained loading
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conditions. Larger amounts of fibre changed the material behaviour
from brittle to plastic with strength continuing to increase up to 20 +
® axial strain. (2) The shear strength of the fibre Kaolinite

mixtures increased with normal stress whereas the shear strength
parameter d' was dependent on both the fibre content of the sofil

mixtures, and the test procedure. (3) Consolidated-drained triaxial
tests with failure based on the peak stress or stress at 20% axial

strain,gave ¢ values which increased from 20 degrees for Kaolinite

alone, up to 31 degrees for .the composite material.
Consolidated-undrained tests with the same failure conditions, gave

values ranging from 20 degrees for Kaolinite alone, to 80 degreefeé' for

the same composite material. @Recomputation of the safety factor
for an experimental slope failure in an excavated fibrous sludge with
properties similar to the fibre/Kaolonite mixtures suggests that the

shear strength parameter & based on consolidated-undrained tests, is
the most suitable for a stability analysis. Use of ¢  from

consolidated-drained tests gave values for the factor of safety much
less than one.

In the same year Hoare, (1979) had undertaken the study aimed at
determining the f easfblllty of using randomly oriented discrete fibres
as a soil inclusion, to improve the properties of the soil. The soil

used for the tests was 2 dry angular crushed sandy gravel and the

reinforcement materials were; (1) small strips cut up into 66 x 7
mm, ICl Terram 140 (named RM1) and (2) polypropylene fibres in the

form of proprietory twisted, (5 cm) chopped staple fibre (named RM2).
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Various percentages by weight of these discrete fibres were mixed
with the granular material and were compacted at various levels and
methods of compaction (named CM1, CM2 etc) achieving different

porosities. A series of triaxial tests were then performed on the

composite materials and some of the results are shown in Figures
2.20 and 2.21.

Hoare's conclusions were that; @ reinforcement provides

resistance to the compaction of the soil. A positive linear

relationship exists between resulting porosity and amount of

reinforcement in the soil, which appears to be independent of the

compaction method adopted, but dependent on the characteristics of

the reinforcing material and the soil properties and their interaction.
(2) Triaxial tests performed using various compaction methods
showed that the reinforcement has beneficial effects on both the
strength and the ductility of the soil. For samples with different
amounts of reinforcement compacted by different compaction

methods to -constant porosity, 2 substantial increase in strength

results. The strength increase will not be so big (it may even be
negative) when a constant amount of compactive effort is applied to 2
range of samples with increasing amounts of reinforcement. This is
due to the increases in porosity which occur with increasing
reinforcement and the inherent decrease in strength which this
porosity increase causes. Ramming methods of compaction appear
more beneficial to strength increase than vibration methods. (3) A

linear correlation exists between the amount of reinforcement and
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the increase in the ductility of the mixture. This is independent of
the compaction method but depends on the properties of the
reinforcement. Hoare also remarked that for the technique to have
practical application (as for example, 3 mix-in-place soil
stabilisation process for low cost roads), sufficiently heavy

compaction would need to be used to overcome the resistance to
compaction afforded by the reinforcement.

Oriented fabric layers or geotextiles are widely used in
engineering practice in a variety of reinforcement applications
(Giroud, 1984 - Holtz, & Broms, 1977 - McGown, & Andrawes, 1977).

Reinforcement with randomly distributed, discrete fibres has

attached considerable attention in concrete technology (Namaan,

Moavenzadah, and McGarry, 1974). Very little information has been

reported, on the other hand, about the use of this technique for
reinforcing sotls.

Recently Gray, and Al-Refeai, (1985) performed triaxial
compression tests to compare the stress-strain response of 3 sand

reinforced with continuous, oflented fabric layers, as opposed to
randomly distributed, discrete fibres. Both natural and synthetic
fibres (sugh as reed-fibres and glass-fibres) were used, varying from
13-38 mm in length (1) and 0.3-1.75 mm in diameter( © )and were
mixed at var'ious weight properties (w) with sand. For continuous,
oriented fabric inclusions, fabrics such as GEOLON, TYPAR and
FIBREGLASS 196 were used , cut into discs, and placed horizontally in
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layers, inside the triaxial specimen's sand mass. (See Figure 2.25).
osome of their results are shown in Figures 2.22, 2.23, 2.24 and 2.26.

They concluded that both types of reinforcement systems increased

strength and modified the stress-deformation behaviour of sand in a
significant manner.

1. Continuous, oriented fabric inclusionsqmarkedly increased
the ultimate strength, increased the axial strain at failure,

and in most cases limited reductions in post-peak 10ss of
strength.

2. At very low strains (less than 1 per cent) fabric inclusions

produced a loss in compressive stiffness of triaxial
specimens.

The loss in stiffness was more pronounced the greater the

number of layers, or the higher the tensile modulus of the
fabric (see Figures 2.22 and 2.25).

3. Discrete, randomly distributed fibres increased both the
uitimate strength and stiffness of reinforced sand. The

decrease in stiffness at low strains, observed with fabric
inclusions, did not occur with the fibres.
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4. The increase in strength with fibre content varied linearly
up to a fibre content of 2% by weight, and thereafter

approached as an assymptotic upper'l’lmit. The rate of
increase was roughly proportional to the fibre aspect ratio.

S. At the same aspect ratio, confining stress, and weight
fraction, “rougher®, not stiffer fibres tended to be more

effective in increasing strength.

6. Fibre reinforced samples failed along a classic planar shear

‘plane whereas fabric reinforced sand failed by bulging

between layers.

Soil fabric inclusfons (such as geotextiles) normally used in
layers, offer the undeniable advantages of good combination between

the constituent polymer fibres and the soils. This use in the form of
layers makes the material thus obtained strongly anisotropic, hence
the idea of trying to find an “isotropic™ material, reinforced in all

directions. Several researchers, such as Hoare (1979), Andersland
and Khattak (1979) by using fibres dispersed in the soil mass as
mentioned before, applied themselves to the problem. Similarly
Leflaive (1982), Leflaive, Khay, and Blivet (1983) developed a new
method of soil stabilisation at the meso-scale, by reinforcing

granular materials with a continuous pélyester thread, TEXSOL. The
composite material thus obtained from a mixture of two constituents

which possess very different moduli of deformation such as sand and
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thread has “isotropic® properties and an overall behaviour which

depends on the mechanical characteristics and relative proportions of
each of the two elements.

Texsol is a new material. The sand, fed from a hopper, is

transported on a continuous conveyor to a duct, ending a retrievable
mould. The continuous tensile thread, collected in a container, is
injected into the duct by a pneumatic tube. The sand and thread
mixture falls into the mould, which is subjected to an eccentric
rotation. (See figures 2.34, 2.35 and 2.36). Leflaive et al (1983)
studied the Texsol on a triaxial apparatus at various densities, using
two types of sand: the Streff 0/5 mm semi-crushed and the Perche
0/2 mm rounded, and threads made of polyester consisting of 30
staples, with a diameter of 14y . per staple. The quantities of

threads used were between 1.4 and 2.0 per cent by dry sand weight.
The behaviour of the Texsol is relatively complex, but four distinct
actions can be schematically identified:

a. grain-to-grain friction (internal rubbing of the sand),
b. grain-to-thread friction,

C. the “loop™ effect of the threads which enclose the grains
(interlock),

d. entangling of the threads and thread-to-thread friction.




oSome of the triaxial testing results are shown in Figures 2.27, 2.28,
229, 230 and 2.31. Finally Leflaive et al (1983) reached the
following principal conclusions; @ Texsol in general possesses

shear strength greater to that of sand alone. Its modulus remains
equal or superior to that of the soil but it is not certain (as Hoare has

shown) that it always increases with the percentage of thread. \ﬂwere
exists a marginal percentage, beyond which an inc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>