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ABSTRACT

Shear strength behavior of soils have been discussed in detail in the present study. Shear
strength of soils have two distinct components, one is called the cohesive component and the
other one is called the frictional component. Literature study has been made to study the origin
of these components of shear strength based on interparticle interactions. Factors affecting
aforementioned components of shear strength have also been discussed. Effect of soil particle

size composition, pore water content and pore water salt concentration onto its shear strength

components have been discussed in the experimental framework.

Effect of reinforcing soils with fibres have also been discussed in detail. Literature study
has been made to study different types of fibres commonly used as reinforcing agents in soils as
well as failure mechanism of fibre reinforced soils. Important soil and fibre parameters affecting
behavior of fibre reinforced soil have also been discussed. Effect of increasing weight fraction of
E-glass fibres (with fibre orientation perpendicular to failure surface) onto cohesion and angle of
internal friction of fibre reinforced soil has been discussed in the experimental framework,
Strength deterioration of fibre reinforced soil composite with time also has been discussed in the

experimental framework.

Ultrasonic testing of soils have also been conducted in the present study. Literature study

has been made to understand ultrasonic testing technique as an usefil testing technique.
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Propagation and attenuation characteristics of ultrasonic pulses have been discussed in detail.
Literature study also has been made to understand about different types of ultrasonic pulses and
methods of measuring them. Effect of soil particle size composition onto ultrasonic pulse
velocity through it has been studied in the experimental framework. Furthermore, based on
experimental studies calibration curves have been developed to estimate cohesion, angle of

internal friction and safe bearing capacity of soils by knowing ultrasonic pulse velocity through

them.

Experimental observations of present study have been explained based on the information

available in the literature. Finally, practical uses of present experimental study have also been

discussed.
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1. INTRODUCTION

Strength related properties of soil are of great importance to soil scientists. When
construction work is done or foundations are laid; soil should have sufficient strength to

support the incoming load (Bolton, 1986). It is necessary for the soil scientist to have an idea

of soil strength and also to know the parameter which affect soil strength. Some of the

properties which are useful to a soil scientist are cohesion, angle of internal friction,

compressive strength, shear strength, tensile strength etc (Crawford, 1963).

These strength related properties of soil at the macro level arise due to interaction
between soil particles at the micro level (Sridharan and Venkatapparao, 1979). There are

varieties of factors related to soil system and surrounding environment, which affect the soil

strength. This is basically due to interparticle interaction between soil particles.

Non-destructive testing (NDT) techniques have become an important tool for studying
the properties of various materials being used for civil engineering applications (Xiutang et
al, 1996). Generally certain parameters, which can be measured using nondestructive testing
techniques, are experimentally obtained and correlated with the strength of the material. This
is because of the fact that these parameters are dependent upon material properties. Ultrasonic
pulse velocity testing is ~one of the most important non-destructive testing techniques
available. Ultrasonic response from soil samples obtained from different locations, having

varied soil properties and strength has been studied in detail by Chandra et al, (1991).



1.1 SOIL STRENGTH BEHAVIOR

Soil is used as an engineering material for variety of applications. Properties such as
bearing capacity, shear strength of the soil, compressive strength and cohesion are of great
practical importance to soil scientists (Venkatapparao and Moondra, 1976). Soil particles are
particulate in nature, which distinguishes them from solids and liquids. They come in a large
range of particle size, ranging from coarse sand (2mm size) to clay colloids ( 10® mm size).
Clays are distinguished from sands mainly due to particle size and specific surface area
associat;ad with the smallest particle unit for both. (800x10° mm*/gm for a typical clay

mineral as compared to 2x10° mm®*/gm for a typical sand particle). (Nagaraj, 1995).

Sand particles are more bulky than clay particles. These two soil systems have very
different strength behaviour. The strength of sand as well as that of soil gets affected due to a
variety of factors. Knowledge of these factors that affect strength and their proper explanation

based on interactions at micro-level is very important to soil and foundation engineer

(Ramanasastry and Ganeshkumar, 1989).

Sand particles are isometric in shape and exist as individual units. However clay
particles are more like a continuous unit. At macro level, it is not easy to single out an
individual unit of clay. They are hydrated aluminum silicates and hydrous oxides of

aluminum, magnesium and iron in crystalline form.



INTERPARTICLE INTERACTIONS

Between two units of matter, there are always interacting forces present. They can
either be attractive or repulsive. Same phenomena are observed between individual sand and

clay units. The magnitude of a particular type of interaction changes across the sandy and

clayey type of particle due to change in soil microstructure.

Interacting forces (both attractive and repulsive) acting between two particle units can
be broadly classified into:
{a) Short range forces

(b) Long range forces

Action radius of short-range forces is very small (few Angstroms). Forces arising due

to mineral contact, mass, homopolar and hetropolar forces, hydrogen bonding and born

repulsive forces come under this category.

Long range forces act over a long distance (several hundred Angstroms) and they are
van der Waals attractive forces and Coulomb repulsive forces. These forces originate
between particles of colloidal dimensions (clays in suspension for example). Long range

repulsive forces are dominant over long range attractive forces (Nagaraj, 1995).

Short-range forces are dominant in the case of sands. These forces originate due to
actual mineral contact between particles and due to particle mass. Long-range action radius is

much larger than short-range action radius when few particles come in contact at rough



surfaces. Due to this, the long-range forces are not important in case of sands. Frictional

strength results due to short-range interaction (Bolton, 1986).

Long range forces are dominant in case of clays. Smoother particle surface for the
case of clay spreads the mineral contact points to a large area leading to reduced short-range
force effect. Long range repulsive forces are dominant over long range attractive forces,

which keeps fine grained stable particle units separated and thus preventing direct physical

contact.

PORE FLUID EFFECT

Sand particles have low surface activity. Hence effect of pore fluid on sand particle
interaction is minimal. Physicochemical reaction between sand and pore fluid is low. As a
result short range forces arising due to mineral contact does not get greatly affected and
frictional response of the sand, more or less remains same. Generally presence of pore fluid
facilitates presence of hydrated ions or contaminants. However, this phenomenon is not found

in sands due to their low surface activity. In the presence of pore fluids, interaction between

clay particles gets modified in the way described below:

(i) Clay particles carry a net negative charge. When clay particle is placed in water, positively
charged cations swarm around the clay particle. These positively charged cations are present
due to dipolar nature of water, as well as free positive ions present in it. When cations swarm
around clay particle, negative surface charge on clay particle neutralizes. Concentration of
cations is maximum at clay surface. It decreases while going away from surface and attains

concentration corresponding to neutral water at some distance away from clay surtace. The



distance to which it takes place is called double layer thickness (Lambe, 1958). The charged

surface and strongly held cations close to the surface form two layers.

(i) Double Jayer thickness is greater than the micro roughness of surface of clay particles
under aqueous conditions. This prevents the mineral to mineral contact in clay particles
making short range forces insignificant. Also long range repulsive forces are dominant over

long range attractive forces. This keeps stable particle units separated preventing direct

physical contact.

(ili) Long range repulsive forces are sensitive to pore fluid properties. Hence by varying pore
fluid characteristic, long range repulsive forces between clay particles can be varied. This

phenomena is not pronounced in dilute suspension because distance between clay particles is

much larger than the action radius of long range forces under such conditions.

(iv) Short-range forces are significant under edge to face interaction conditions. Increased ion
concentration of pore fluid also increases short range force effect. These result in depression
of double layer. Long range forces are also present. Hence the final response of clay under
pore fluid presence depends on clay microstructure, clay concentration, pore fluid

characteristics and ion concentration of pore fluid (Bansal and Ghuman, 1997).

EXTERNAL AND INTERPARTICLE STRESSES

Soil particles are idealized as parallel plates with inter-granular friction at the point of
contact. When all external and internal forces are combined, following expression relating

internal stresses with total external force per unit area has been suggested ( Sridharan, 1991):



6 =CmamtUnant{R-A)tu.a, (1.1)

This expression provides the most general relation under partially saturated conditions.
6, is mineral to mineral conlact stress, uy is pore waler pressure and u, is pore air pressure.

Fraction of particle surface area in contact with other minerals is denoted by a,, Also, a.

refers to that it is with respect to water and similarly a, refers to that it is with respect to air. R

is long range repulsive force and A is long range attractive force. This general relation gets

modified for dry and saturated conditions. Also significance of a particular term on the right

hand side of the expression changes with soil types as well as with mineral to mineral contact

between soil particles.

For highly plastic dispersed clay in fully saturated state, long range forces are far

more significant than mineral to mineral contact short range forces as has already been

discussed. Also long range repulsive forces arc dominant over long range attractive forees.

Hence (R-A) contribution to strength is more significant compared to other contributions in

such type of clays.

For the coarse grained soils, mineral to mineral contact short range forces are the most
dominant at the particle level. This is due to existing micro-roughness of particle surfaces at

that level. As a result Omam term is the most important contributor to external stress.

Furthermore, soil strength is dependent on external stress.

Even under actual field conditions, a mixture of coarse and fine-grained soils are

found. A§ a result both (R-A) and Gmam term will play an important role in determining



strength. The contribution of a particular term will become large or small based on fraction of

coarse and fine grained soil in a given soil mixture.

Pore fluid, its dielectric constant, presence of free ions and other pollutants in it also

affect U, Omam, as well as (R-A). They in turn result in alteration in strength related

properties both for coarse and fine-grained soils. In the present investigation, an experimental

study was undertaken to study the effect of water content and electrolyte concentration of

pore fluid on soil strength.

1.2 FIBRE REINFORCED SOIL

Soil particles interact at the micro-level in the soil matrix. This interaction gets

modified under the presence of pore fluid. As a result strength of bulk soil system changes.

From engineering point of view it is always desirable to enhance the strength of soil system

by adding external agents into it. Reinforcing fibres have been successfully and effectively

used in concrete and cement structures to obtain desirable strength related properties (Zhao

and Michalowski, 1996). Besides cement and concrete, these fibres can also be used as

reinforcement in soils to enhance their strength.

Variety of natural fibres have been used as strength enhancing agents in the soil
matrix, Banana, jute and coconut fibres are some of the important ones. Lately variety of
synthetic fibres have also been developed to act as reinforcing agents for the soil matrix.

These reinforcements are classified as follows (Sonobe et al, 1997):

7



(A) Classification by Fibre Type

(1) Inorganic (i1) Organic
lnorg%anic

Glass fibres Cz—lrb::ml fibres

- ! I =1

Alkali-resistant glass E glass PAN-based Pitch-based
Orgainic

Aramid fibres Polyvinyl alcghol (vinylon) fibres Othe'rs

(B) Classification by Binders

(i) Organic (1)lnorganic

Organic
Ep(r)xy Vinyl es{er | Unsaturateld polyester Othérs

Inorganic (Specialised cement etc.)

(C) Classification by Shape

FRP reinforcement

Ba,'it;)e "Planner/three-dimensional reinforcement
. ] 1
Linear Stranded Breluded

[Pa—

Rlound bar Deformed Squalré bar Surface

r T
treatment (Sanded) W/Q treatment

—

' X ] |
Surface treatment W/O su}tace treatment Surface treatment W/O treatment

F ibn'::—wound Sar{ded Othe'rs

Soil matrix has low modulus, It is reinforced with high strength and high modulus

fibres. Plastic flow of soil matrix under stress transfers load to the fibres. This results in high

strength, high modulus composite. The principle constituents that influence strength and



stiffness of the composites are the reinforcing fibres, the sotl matrix and the interface. Each of
these individual phases has to perform certain essential functional requirements based on

their mechanical properties sa that the system as a whole will perform satisfactorily (I.cung

1996).

Following are the desired functional requirements of the fibres, which are used as

reinforcing agents in the soil matrix:

~ Fibres should have high modulus of elasticity in order to give efficient reinforcement.

~ Fibres should have high ultimate strength.
~ Variation of strength between individual fibres should be low.

~ Fibres should be stable and retain their strength during handling and fabrication.

~ Diameter and surface of fibres should be uniform.

Matrix in which fibres are reinforced should satisfy following functions:

- 1t should bind together the fibres.
~ It should protect their surface from damage during handling and fabrication.

~ It should disperse the fibres and separate them so as to avoid any catastrophic failure.

~ Matrix should transfer stress to fibres efficiently by adhesion and friction.

~ Matrix should be chemically and thermally compatible with fibres over a [ong period.

Also interface between fibre and matrix should provide adequate physicochemical

stable bonding beiwecen the two. This will enhance strength of soil matrix (Freitag, 1986).

In fibre reinforced soil system, certain factors which influence the mechanical

properties such as strength and stiffness, are given below:



Mechanical properties of fibre and matrix
~ Fibre volume fraction of the composite.
~ Degree of fibre matrix interface adhesion.

~ Fibre cross section.

~ Fibre orientation within the matrix.

GLASS FIBRE REINFORCEMENTS

Variety of reinforcements could be added to the soil system to enhance its strength.
These reinforcements are classified as ideally extensible & inextensible. Glass fibres are
extensible due to their low modulus. Maximum force in fibre is controlled by deformation in

soil under these conditions. They are broadly divided as E-glass and S-glass fibres.

E-glass is available as continuous filament, chopped staple, and random mats suitable
for most methods of resin impregnation and composite formation. S-glass, originally
developed for aircraft components and missile casings, has the highest tensile strength of all
fibres in use. However, the compositional difference and higher manufacturing cost make it
more expensive than E-glass. A lower-cost version of S-glass, called S-2 giass, has been
made available in recent years. Although S-2 glass is manufactured with less stringent non-
military specifications, its tensile strength and modulus are similar to those of S-glass. S-glass

is primarily available as rovings and yarn, and with a limited range of surface treatments

(Schwartz, 1997).

Adding glass fibres into matrix inhibits crack propagation and provides ductility. 1t

also increases tensile strength and fracture energy. Presence of glass fibres holds the matrix

10



together. Glass fibres are stiffer than matrix. Hence small amount of fibre added is adequate

to provide sufficient improvement in properties.

Properties of soil matrix reinforced with glass fibres is influenced by a variety of
factors. It includes volume fraction of glass fibres, orientation, length and manufacturing

methods. Type and density of soil matrix, as well as moisture content also play an important

role (Mandal, 1987).

As commercial reinforcements, glass tibres are produced as roving, chopped strands,
mats, fabrics and woven rovings. Glass-fibre mat is a blanket of chopped strand or of
continuous strands laid down as a continuous thin flat sheet (Schwartz, 1984). In the present
investigation E-glass fibres in the form of mat were used. Fibres of required length were

obtained from that mat. They were then used as reinforcements in soil.

E-glass fibres are less durable as compared to S-glass fibres. However E-glass fibres

being more economical, are extensively used. For the present study also E-glass fibres were

used.

1.3 ULTRASONIC TESTING TECHNIQUES

Strength of soil is an important soil property. It depends on the characteristics of soil
system and properties of surrounding environment. Conventional method of testing involves
finding out properties of soil and then determining soil strength. These conventional methods

11



involve disturbance of soil sample, which in turn puts restriction on to the usefulness of the

results.

Several non-destructive testing (NDT) techniques, have been developed to test
malcrials of civil engincering importance. In these methods of testing, certain non destruclive
parameters of the material are determined experimentally. Then a correlation is drawn
between those measured non-destructive parameters and engineering properties. Soil strength
is one such very important property. During the testing, sample is not destructed

mechanically. This makes testing convenient to perform and reliable information is obtained.

It also allows performing in-situ testing without disturbing the sample.

Wave based non-destructive tests are a special class of non-destructive testing
technique. In these methods information about elastic wave travel through the media helps to
understand the characteristics ol the media. When clastic waves travel through soil samples,
the characteristics of primary and secondary elastic waves changes with changes in properties
of the soil such as elastic moduli, density, moisture content, void ratio, porosity, degree of
saturation and particle size composition. Hence variation in any one of these parameters can
be correlated with the changes in the behaviour of elastic waves provided other parameters
remain unaltered. Strength of soil is also dependent on the above mentioned characteristics of

soil. Hence a correlation can be developed between wave characteristics and strength of the

s0il.

Ultrasonic pulse velocity testing is a long established non-destructive testing method.
It involves determination of velocity of longitudinal waves through the sample. Velocity

measurement is then correlated with properties of sample such as strength of the sample. In

12



the present research study use of ulirasonic technique has been made for testing of soils. This
method involves determination of longitudinal (compressional) wave velocity through
sample. This can be achieved by measuring time taken by a pulse to travel a measured
distance in the sample. Transducers are placed in contact with the sample and low frequency
transducers are used for this purpose. Frequency used was 150kHz which is very small as

compared to MHz frequencies used for NDT of metallic materials.

Measurement can be done using through transmission technique. In this method
transmitting and receiving transducers are placed on the opposite faces of the sample. The
axes of the transducers are aligned. Measurement can also be done by pulse echo or impact
echo techniques. Here transmitting and recetving transducers are placed on the same side of
the sample. In impact echo technique, elastic pulses are generated from an impact source
placed on the surface. However in pulse echo technique ultrasonic pulses are generated by a
piezo-electric transducer, placed on the surface. In both the methods receiving transducers are

placed at some distance on the same side of the surface to receive the pulse.

Velocity of these pulses depends on the density and elastic properties of the sample.
Generally quality of material is related to its elastic stiffness. Hence measurement of

ultrasonic pulse velocity in such materials can often be used to indicate their quality as well

as to evaluate their elastic properties (Brandt, 1955). These concepts have been applied to the

soil samples used in the present research work.

The pulse velocity is determined by using the single equation:

Pulse velocity=path length/transit time (1.2)

13



This single equation can be applied to transmission of pulses through material of any
shape or size. Only restriction being that the least lateral dimension (dimension measured

perpendicular to the path of pulses) should not be less than the pulse amplitude.

Ultrasonic pulse velocity *V" for an elastic homogenous material is given by:

VE=E (1-v)/p (1+v)(1-2p) (1.3)
Where,

E=Young’s modulus of elasticity

p=Density

v Poisson's ratio ol the matenal

E, p as well as v are dependent on the microstructure of the material. They also get

altered due to interaction of particles at the micro level within the material. These factors aiso
affect strength related properties of the material. Hence pulse velocity can be correlated with

sample strength directly or by incorporating some more parameters of the material (Patterson,

1956).

The pulse velocity is not affected by the frequency of the pulse. As a result the
wavelength of the pulse vibrations is inversely proportional to its frequency. Thus pulse
velocity will generally depend only on the properties of materials. Measurement of this
velocity enables an assessment to be made of the conditions of the material. There is
considerable amount of attenuation of the puises when they pass through materials of civil

enginceriﬁg importance. Hence frequency used for civil engineering materials is in kHz range

and not in MHz range.
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For assessing quality of materials from ultrasonic pulse velocity measurement,
measurement should be of high accuracy. Path length and transit time should each be
measured to an accuracy of about + 1%. Time taken for earliest part of pulse to reach
receiving transducer from the time it leaves transmitting transducer is measured. While doing
measurement, transducers are placed at suitable points on the surface of the material.
Depending on relative placement of transducers on the surface of the specimen, transmission

could be either direct, indirect or semi-direct. Direct transmission is most adequate. In this

technique longitudinal pulses leaving transmitter probe are propagated mainly in the direction

normal to the transducer face.

Attenuation characteristics of the sample can also be determined by using the

amplitude of received pulses. Following relation 1s used for calculating attenuation in dB/mm

(Ensminger, 1973) :

o (dB/rr;m)=—20/t logio(AdAo) (1.4)
Where,

Aq= Initial amplitude.

A= Transmitted signal amplitude.

t= Sample thickness (in mm).

o= Ultrasonic attenuation.

Pulse transmission through sample gets affected due to variety of reasons:
~ Presence of voids in the transmission path.
~Non homogenity of the sample.
~ Moisture content of the sample.

~ Density of the sample.
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~ Degree of compaction.

~ Mix proportion of the sampie.

Thus with change in these properties of the sample, ultrasonic transmission velocity

also changes. These relationship have been studied for soil samples coliected from different

locations, in the present research.

1.4 SCOPE OF PRESENT WORK

Present research is aimed towards study of local soil behavior. This will help in

understanding the engineering properties of soil. Study has been conducted on the
experimental framework. Experimental results obtained have been explained based on

conceptual facts already known. Computing facilities have been used wherever necessary for

data analysis.

Locally available soils of sandy and silty clayey type have been collected. They were
subjected to sieve analysis as per specifications. This helps to separate particles of specific
size in both the type of soils. Particle size distribution of these two soils was obtained.
Specific size particles from both type of soils were taken. Soil mixture containing a given
fraction of each was prepared. Their strength related properties were also determined.
Strength of soil mix are dependent on its important physical characteristics. Hence some of

the important physical characteristics aftecting soil strength were investigated. Soil samples
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collected from different locations but having similar physical properties are expected to show

similar strength behavior.

Soil mixture containing varied combination of sand and silty clay (of specific particle
size) were prepared. They were subjected to direct shear testing. This helps to determine
variation of direct shear parameters when composition of sand and silty clay in the soil
mixture changes. Water content and all other parameters were kept constant during testing.

Results thus obtained provide the much needed information about the optimum combination

of sand and siity clay to get maximum shear strength parameters.

Effect of pore fluid amount as well as variation of salt concentration in pore fluid was
also studied. Direct shear strength parameters were determined when the moisture content of
the samples was changed keeping all other parameters constant. Similarly the effect of pore

fluid salt concentration was aiso studied. Thus salt concentration and moisture content

corresponding to optimum strength parameter were obtained.

Natural as well as synthetic fibres have been used as reinforcements in materials of
civil engineering importance. This enhances strength related characteristics. Glass fibres were
used as reinforcing agents and an effort was made to study as to how does this reinforcement

affects the physical characteristics of the soil. Effect of fibre content in soil sample on the

direct shear parameters was also studied.

Detailed study of ultrasonic testing of soil samples was conducted. Variation of
ultraonic transmission velocity was studied when the particle size composition of the soil

Mixture was changed. Other parameters were kept constant during testing. Results thus
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obtained could also be used for soil samples collected from other locations, having similar

physical properties.

Ultrasonic testing was also done on variety of soil samples collected from varied
locations. All these samples had varied in-situ density, moisture content and void ratio. Safe
bearing capacity of these samples was also different. Safe bearing capacity reported in the
investigation corresponds to soil samples at 2m depth from ground surface. It is determined
for strip footing under local shear failure conditions. Results of ultrasonic transmission
velocity through these samples was combined with certain soil properties to get a parameter.
This parameter indicates a definite pattern of variation with respect to bearing; capacity of soil
samples. This correlation can be used to approximate bearing capacity of soil samples by

knowing its certain in-situ properties as well as ultrasonic transmission velocity.
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2. LITERATURE REVIEW

2.1 SHEAR STRENGTH OF SOILS

Soil for a geotechnical engineer is the top thickness of the earth’s crust. This is accessible
and feasible for practical utilization in geotechnical enginnering. In the most general sense, soil
refers to the uncemented particulate material. However shale and sensitive soils have some
degree of cementation. Soil is particulate system in the sense that the discrete particles are not
bonded together as the crystal in a metal. Al the same time, the individual molecules in a particle
are not free to move as the molecules in a fluid. Particulate materials are composed of solid
particles within the gaseous or liquid phase. They exhibit dilatency or contractancy and are
sensitive to hydrostatic stresses. Due to these three phases present in a soil system, soil behaviour
is quite complex. Consequently engineering behaviour of soils changes under drained and

undrained conditions. Similarly engineering behaviour of saturated soil is different than

engineering behaviour of partially saturated soil (Nagaraj et al, 1990).
Apart from three phases which are present in a soil system, there are certain other
parameters ajso which significantly affect engineering behaviour of soils. Particle size

composition, pore water content. salt concentration of pore water, type of mineral present and
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sol structure are some of the significant influencing parameters (Venkatapparao and Moondra,

1976)

Shear strength of soils is one of the significant engineering properties. Engineers are
interested in knowing about it because it helps in engineering design. Important practical
problems like stability, bearing capacity, in-situ stress etc. depend on soil strength. At micro-

level shear strength arises due to interparticle interactions between soil particles. These

interactions can cither be attractive or repulsive.

Shear strength of a soil is conventionally defined in terms of the two components,
cohesion ¢, and angle of internal friction ¢. Variety of factors cause chemical cementation
between soil particles (Nagaraj et al, 1991a). This results in cohesion. Similarly friction arises
due to actual mineral contact between soil particles. These two parameters of cohesion and angle

of internal friction are not constant for a given soil system. They are intluenced by several

fFactors.

Attempts have been made in the past to explain soil strength and load deformation
behaviour of soils by a number of investigators and most of them are emperical studies. Mohr-

Coulomb relation is the most widely used relationship. It is empirical relation to explain strength

behaviour of soil system (Mitchell, 1976). According to this relation:

(2.1)

= ¢ + oy tand

trll.-; C.r + O_.r"_ tand,! (22)
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Soil system when subjected to external loading fails along a failure plane. 14 and oy

indicate shear and normal stresses acting on failure plane at the time of failure. ¢ is cohesion

intercept and ¢ is angle of internal friction. From equation (2.1) it is clear that there is a critical

combination of 1y and oy at failure. Ty Or O alone do not cause failure. o in equation (2.1} is

total normal stress at failure on failure plane, whereas o'q in equation (2.2) is effective normal

stress at failure on failure plane. g and ' are similarly total and effective failure shear stresses

respectively. Effective stresses are obtained by subtracting pore water pressure at failure from

! ’ .
total stresses. Again, ¢ and ¢ are total stress parameters, whereas ¢ and ¢' are effective stress

parameters

Experience and experimental observations however indicate that Mohr-Coulomb relation

as explained above is not able to completely explain the soil strength behaviour. This is because

the strength of soil system depends on other factors as well. The complete functional relationship

for shear strength takes the form given below (Mitchell, 1976):

Shear strength = Fe, ¢, C, o', ¢, H, T, &, €, S) (2.3)

This relationship is applicable to a general type of in-situ soil, where pore fluid is also

present. In (his relationship, e represents void ratio, C represents composition, Ftdenotes stress

. . ! .
history, T represents temperature, £ represents strain, € represents strain rate and S represents

Structure. Al the parameters in the above equation are not necessarily independent. By

conducting specific type of test certain parameters can be controlled to some extent. Cohesion

and angle of internal friction values thus obtained are specific to that type of test even though
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soil system. drainage condition, rate of loading, range of confining pressure and stress history are
kept constant. Specific tests in which certain parameters can be controlled to some extent are

direct shear, triaxial compresston, triaxial extension, simple shear etc. As a result, a variety of

values for angle of internal friction and cohesion may be obtained.

From the practical viewpoint, it is always desirable to adopt comparatively simple
laboratory tests to measure the properties needed for soil strength analysis (Khosla and Wu,
1976). In view of this, in the present study direct shear testing method was adopted to test soil
samples having different particle size composition, water content and pore water salt
concentration. The direct shear test is easy to perform and therefore a number of soil samples can
be quickly tested {Das and Prakashi. 1990). This helps to esrabllish a relationship showing the

effect of particle size composition, water content, pore water salt concentration etc. on shear

strength of the sample.

Depending on the degree of saturation and the degree of cementation, soil system is

classified into three broad categories:

(a)Saturated uncemented.
(b)Saturated cemented.

(¢)Partly saturated.

These three soil systems have very different shear strength characteristics.
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Saturated uncemented soils are 1wo phase system. All the void spaces are filled up with
water. Soil particles present in such system are coarse grained. Chemical cementation between
soil particles is absent. Hence shear strength of soil anises due to actual physical contact between
soil particles. Interactions arising due to actual physical contact between soil particles is not very
sensitive to pore fluid characteristics. Hence although all the voids are filled up with water, pore

fluid characteristics have a little effect on shear strength in such type of soils. Shear strength is a

function of applied normal stress (Nagaraj et al, 199]a).

In cemented saturated soils, often environmental factors cause chemical bonding between
soil particles This is an additional complexity in soils. These cementation bonds markedly
influence the behaviour of such soils. In general, cemented soils exhibit very low compressibility
and high strength. This is nearly rigid non particulate response within the yield point. Beyond

yield point it shows high compressibility and higher shear strength compared to that of

uncemented soils. It is not easy to explain the behaviour of such soils because it has not been
possible to uniquely relate the state of cemented soils to the effective stresses. In other words, the
effective stress responsible for shear strength is not clearly understood. It changes from soil to
soil (Nagaraj et al, 199 l'b). Cementation bond in these soils is the major cause of shear strength.

However this bond is quite sensitive to pore fluid characteristics under saturated conditions.

Hence shear strength is also sensitive to pore fluid characteristics.

Most of the natural soils above water table and invariably all the compacted soils in their
initial condition are in a state of partial saturation. Partly saturated soils are found in places
where there is annual excess of evaporation potential over saturation. The mechanics of shear

strength behaviour of partially saturated soils is of major concern to geotechnical engineers due
23



to their practical use. There has been extensive research to understand these behaviours. In
general, attempt has been made to arrive at the effective stresses which control the shear strength
behavior. However, still unanimity in understanding has not been achieved as to what constitutes
the effective stresses in these soils (Nagaraj et al, 1991¢). These kind of soils are a mixture of
cemented and uncemented soils. Moreover it is a three phase system under partially saturated

state. Hence shear strength behaviour changes from soil to soil. Present study has been conducted

on partially saturated soils.

Shear strength of partially saturated soils also depends on the index properties of soil.
These ihc!ude particle size characteristics, atterberg limits, specific gravity and maximum &
minimum dry density (Lee and Singh, 1971 Wesley, 1977). Soils in general are classified as
gravel, sand, silt and clay. Soil of particle size greater than 2mm are taken as gravel. If the
particle size is in between 0.06mm and 2mm, it is taken as sand. Soils of particle size in between

0.002mm and 0.06mm s taken as silt. Soils having particles smaller than 0.002mm are taken as

clay (IS 1498:1970).

In the case of large particles, e.g. in the sand range, the compressibility and shear strength
of soil is controlled by the rigidity and strength of individual particles, their packing - and
coefficient of friction between the particles (Olson, 1974). For fine grained soils, double layer

interaction between soil particles plays an important role in modifying its shear strength (Olson,

1963),
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FACTORS INFLUENCING SHEAR STRENGTH OF SOILS

At the particle level, interparticle interactions between soil particles are responsible for
shear strength. Forces arising due to actua! particle contact as well as the interparticle attraction
and repulsion play important role in deciding the level of shear strength. Nature of interparticle
forces, spacing of soil particles, orientation of particles, applied stresses and characteristics of

soil water system are some of the important factors that affect shear strength of the soil.

For granular soils, frictional resistance is the main cause of shear strength. It arises due to
actual physical contact between the particles (Nagaraj, 1995). In clays also localized contacts at
the micro-level contribute to shear strength. However in view of smooth particle surface,
interparticle forces of interaction become the predominant cause for shear strength of clay
(Calladine, 1971). If the physical contact between soil particles increases, it will increase the
frictional strength of soil. Interparticle forces are function of particle displacement. An increase

in interparticle attraction increases shear strength, whereas an increase in interparticle repuision

decreases shear strength.

Spacing of patticles also has influence on shear strength. At the closer spacing all the
interacting forces are greater. If two soil particles are placed some distance apart, the effect of a
reduction in spacing could result in either an increase in attraction or may cause repulsion. Shear
strength would enhance, if the net result is increase in attraction. For sandy soils, increasing the
externally applied intergranular pressure reduces the particle spacing. This increases the shear
strength, Hence denser the sand and closer the particle spacing; greater would be the shear

nterparticle attraction as well as repulsion are the

Strength (Anandrajah et al, 1995). For clays, i;!5



dominant interactions. Attraction is due to van der Waals forces whereas repulsion is due to
double layer interaction. At closer spacing however, attractive forces are dominant,

Consequently shear strength of the clay increases (Nagaraj et al, 1990).

For a given particle spacing, at micro-level, the more nearly parallel the adjacent particles
are, the weaker the soil would be. Net attractive force for a parallel orientation of particles is
lower compared to the orientation in which particles are inclined. Consequently shear stress
required to slide particles relative to each other is lower when particles are oriented nearly
parallel. The orientation in which soil particles are parallel or nearly parallel takes place when
soil particles are in dispersed state. If soil particles are flocculated with salt type flocculation then

also this type of orientation is favored. Under non-salt flocculation orientation edge of one

Particle comes closer to face of another particle. Consequently edge to face attraction becomes

Significant. Hence shear strength increases.

A change in externally applied intergranular pressure results in a change in spacing
and/or orientation. This alters the electrical forces between particles. Consequently shear strength
thanges. For particles in contact with each other, a change in the intergranular pressure affects

the contacy pressure between particles and thus the shear strength. Externally applied stresses

480 induce stress in pore fluid. The stress in the pore fluid is not a primary variable of shear

Strength However it is a factor which helps in determining the intergranular stresses between

the Particles. In soils under fully saturated state or under high degree of saturdtion, negative

Vater tension due to stress in water causes intergranular pressure of equal magnitude. As a result

Attractive tendencies are increased. The stress in pore fluid mostly comes from hydrostatic

26



Variables as well as characteristics of soil water system also have effect on interparticle
forces between particles. Any expansion of the double layer increases the interparticle repulsive
force between adjacent particles. This will cause reduction in shear strength. The attractive
forces are not greatly affected due to soil-water system characteristics. Percolating waters can

howe :
v . . .
er deposit cementing agents such as carbonates and iron oxides. This will enhance

attractive tendencies (Lambe, 1958).

2.2 REINFORCED SOIL

Geotechnical engineers are interested in effective utilization of poorest of poor soils
C . _ . .

onsequently, their efforts are directed to develop technically viable and economically feasible
This will suit the requirements of

Methods to jmprove the mechanical properties of soil.

nginccring structures. Various soil improvement methods have been developed to improve soil
Properties, Among recent developments is the introduction of reinforcements in the form of
Sheets, strips, discrete fibres etc. Reinforcements in the form of sheets and strips does
nforcements in the form of discrete fibres

Str. . . st :
engthening of soil at «macro-scale”. Similarly rel

> When randomly distributed discrete fibres are added to

do
€S strengthening at the “meso-scale’

t . .
he soil, the soil-fibre mix is termed as “ply soil” (Ranjan and Charan, 1998).

The use of reinforced soil as a civil engineering material has gained widespread
etc. are routinely being constructed with

ADDliens:
Plication, Thys earthwalls, embankments, abutments,
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this material. Reinforcement of ground for slopes, foundation beds, pavements, etc. is another
application of reinforcement principle. There have been extensive and varied application of
reinforced soil. However design procedures are still empirical or semi-empirical due to

inadequate understanding of the behaviour of reinforced soil.

The reinforcing elements vary from almost inextensible steel or galvanised iron strips,

through moderately stiff geogrids to highly extensible geotextiles. The improvement in the

overall behaviour of the composite is achieved through the interaction between soil and the

reinforcement. There is difference in the moduli of elasticity between soil and reinforcement and

this results in differential deformation between soil and the reinforcement. Consequently shear

stresses are mobilized at the interfaces between the soil and the reinforcement. The effect of the

shear stress is to generate tensile stress in the reinforcement (Madhav, 1992).

The fibre reinforcement falls under the category of ideally extensible inclustons. The

deformation under load and the consequent failure mechanism of fibre reinforced soil is different

from that of soil reinforced with inextensible reinforcements. In case of extensible fibre

reinforcement, the maximum force in the fibre is controlled by the deformation in the soil. This

ype of fibre reinforced soil exhibits an enhanced load carrying capacity. This capacity is higher

e soil alone. Furthermore, it also exhibits greater residual

than the peak shear strength of th
o soil alone or soil reinforced with inextensible

Strength and ductility as compared ¢

"einforcements (Ranjan et al, 1994)-

s of materials currently being used for civil

Even though the strength propertie
od, their stiffness, in terms of their modulus of

NEina. .
ngmee““g applications are reasonably 80 a



elasticity, is low. For engineering applications, both strength and stiffness are important.
Therefore reinforcement becomes necessary. The most commonly used reinforcements are in
particulate or fibre form. In fibre composites, fibres have high strength and high modulus. They
are embedded in the low modulus matrix (Andersiand and Al-Khafaji, 1981) such as soil. The

fibrous reinforcement is oriented in such a way, so as to provide maximum strength and stiffness

in the desired direction.

A unidirectional fibre composite is highly anisotropic. Whereas, stiffness and strength
along fibre direction are very high, stiffaesses and strength across the fibre direction are much

lower. Consequently properties of composite depend on the orientation of fibres (Cox, 1952).

The low values of stiffness and strength in the transverse direction provide the motivation
to opt for laminate construction. Laminate consists of thin unidirectional layer with different
reinforcement directions. The layer thickness, fibre directions, choice of fibres, etc. are selected

t0 minimize the weight and price for achieving a particular strength and stiffness (Hashin, 1983).

Matrix is effective in transferring stresses from one fibre to another fibre. As a result,
applied load is evenly distributed. Furthermore, as fibres are much stronger than the matrix,
Usually the cracks initiate in the matrix (Aryciw and Irsyam, 1991). The main factors controlling
the theoretigal performance of the composite material are the physical properties of the fibres and

the matrix, The strength of the bond between the fibres and matrix also plays a very important

Tole jp deciding the overall strength of the composite. Important properties of fibres which are

Used zg reinforcing agents in materials of civil engineering importance are listed in table 2.1.
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TABLE 2.1 Properties of Selected Commercial Reinforcing Fibres (Schwartz, 1997)

Coeflicient
Typical Tensile Tensile Strainto | of Thermal
Diameter Specific Modulus Strength Failure E:pansuon Poisson’s
___Fibre (pm)* Gravity (GPa) (GPa) (%) 18P Ratio
Cilias T oo
E-plass I 2.54 72.4 3.45 4.8 5 02
|__S-plass 10 2.49 86.9 4.30 5.0 2.9 0.22
|_PAN carbon
| 1-300° 7 1.76 231 3.65 14 0.6, 7-12 0.2
AS-1% 3 1.80 228 3.10 1.32
___AS4° 7 1.80 248 4.07 1.65
| T40° 510 1.8 290 5.65 18 0.75
L IM-7° 5 1.78 3010 S 31 1.8]
| HMS4" 8 1.80 345 2.48 0.7
L GY-70° 8.4 1.96 433 1.52 0.38
Pitch carbon
[ P-55° 10 2.0 380 1.90 0.5 1.3
L P-10¢° 10 2.15 758 2.41 0.32 -145
[ Aramid
| Keviar49” 11.9 145 131 3.62 28 2,59 0.35
| Kevlar-149" 1.47 179 345 1.9
|__Technora® 1.39 70 3.0 4.4 %
En\lended-cham polyethylene
| Spectra900 38 0.97 117 2.59 3.5
Spectra- 27 0.97 172 3.0 2,7
L1000 ]
l-l-..._-_‘_‘__
-.S.__Llﬂ_ra_rgl I 190 | 2.7 393 | 31 0.79 5 0.2
1 Al
Mono- 140 3.08 400 3.44 0.86 1.5
(llament®
-‘q—_""‘—'—-———
Nicalon 4.5 2.55 196 2.75 1.4
(multj-
'-Kli@.m._‘ﬂl_ll‘
20]
__A_g'_i_(bsr___cggl | 70 [ 3.95 379 | 190 04 83
R ESiOf ~
Fibrefrax 2-12 2.73 103 1.03-1.72
(discon-
anuoua)

1 Hm = 0.0000393 in.
] Wm per °C = 0.556 in./in. per 'F.

0co.
Hercules_
<
. BASF,
DUpont.

" Teijin,

Alhed S]gna]

‘PDOn Carbon.
a"borundum
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Fibres elongation at break are two or three orders of magnitude greater than the strain at
failure of the matrix. Consequently, the matrix fails long before the fibre strength is approached.
Modulus of elasticity of fibres is many times higher than that of soil matrix, However, if the fibre
volume fraction is low in the composite, modulus of elasticity of the composite will not be
greatly different from that of the matrix. By placing flexible reinforcements in the soil, shear

Strength of soil may be enhanced. In addition, they also provide protection from erosion and

Mmechanical damage (Patel and Kuikarni, 1990),

Natural as well as synthetic fibres have been used as reinforcing agents in the civil
engineering applications. There is interaction between the soil and reinforcement due to soil
reinforcement surface friction. Resultant interaction transmits the stresses in soil mass to the
reinforcement resulting in improved engineering properties (Mandal, 1987). However synthetic

fibres are preferred over natural fibres as reinforcing agents in the soil matrix. Synthetic fibres

are more efficient, although total cost involved is higher compared to natural fibres.

The mode of placement of fibres in soil mass is also an important aspect. The fibres may
be placed along certain preferred direction. They can even be randomly distributed in soil mass,
In oriented fibre reinforced soil, increase in shear strength of reinforced soil depends on
°°Hcentration, modulus and initial orentation of fibres. Confining stress also plays an important

role. Stren gth increase is directly proportional to weight fraction of fibres. Fibres must be long

and roygt, enough to avoid pull out under the confining stress.

The inclusion of discrete fibres results in significant increase in shear strength of soif

W ot mly distributed fibres can be mixed v .
hen fibres are randomly distributed. Rando 3 ly ed with ease, jt



maintains strength isotropy and there is no specific plane of weakness. They are effectively used
as ground improvement techniques, with respect to embankment, subgrade etc. These randomly
distributed fibres interlock soil particles or soil particle groups in a unitary coherent matrix.

Essentially discrete fibres are simply added and mixed with the soil, much the same way as

cement, lime or other additives are added (Maher and Gray, 1990).

The length and volume fraction of fibres in the soil matrix also play an important role in
modifying strength related matrix properties. Strength of the composite generally increases with
increase in length of fibre filaments. Thus largest strength and strain capacities can be achieved
in short term by high volumes of the long fibres (Gray and Al- Refeai, 1986). Thus length,
volume fraction and orientation of the fibres in the soil matrix characterize the soil properties.

Even in metallic composites, modulus of elasticity of the composite increases with increasing

fibre volume fraction (Whittaker and Patten, 1983).

Zhao and Michalowski (1995), have suggested two methods for the analysis of reinforced

$0il structures: the structural approach and the continuum approach. In structural approach, soil
and reinforcements are considered as two seperate structural constituents. Soil reinforced with

”“idirectionally placed bars, strips, geosynthetic sheets and geogrids are best described by this

croscopic failure criterian for the reinforced soil is used This

In continuum approach, ma
laments or fibres are used as reinforcing

appr . s r

q .
Bents, This approach assumes that
t role in determining the type of interaction. If the

8raip Size of the soil matrix plays an importan "



diameter of the {ibre is an order of magnitude smaller than the grain size, the Nexible iibres may
be accommodated in a three dimensional grain assembly entirely by the pore spaces even if the
fiber aspect ratio (fibre length to diameter ratio) is large. In such a case little or no load can be
transferred to the fibres since the fibres will slip in the process of matrix deformation. However

fibres become effective when soil grain size becomes small compared to fibre diameter.

An effect known as belt friction effect refers to a condition where the force on the
filaments is induced due to deformation of matrix. A tensile force thus induced does not relax
due 1o slippage because of the serpentine deposition of the filaments in the matrix. However
during a deformation process, only a portion of the fibre filaments is subjected to extension
(stretching), whereas the remaining part generally kinks because of the inability of fibre
filaments to carry compressive load. Also portions of fibre filaments at transition from the
extension to compression regime do slip. It is the portion of fibre filaments subjected to

extension that contributes foremost to the composite strength (Michalowski, 1997),

In the present investigation diameter of glass fibres was in the range of 15-20 ym. Only
silty clay soil particles retained on pan will have some soil grains smaller than that size. Most of
the soil particles in the soil matrix have particle size larger than that value. Hence the effect of
fibre addition, in enhancing soil matrix strength, is largely due to belt friction effect explained

above, Effect due to frictional interaction between soil matrix and fibres is comparatively

Smalier.

Glass fibres have been used extensively as reinforcing agents in the soil matrix. The

Physical performance of the fibres in this matrix as well as the performance of the composite is
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critically dependent on the chemical and physical microstructure of the soil. The interfacial

region is important not only on the external surface of the fibre bundle but also within the fibre

bundle.

As reinforcement for soils, glass fibres are generally used in short lengths. Sometimes
glass fibres are also used as woven mats or as continuous rovings. Glass fibres have a number of
important properties which make them potentially attractive for engineering applications. Glass
is made of stable oxides (thus free of oxidation problem), has high strength and can withstand

thermal shocks and vibration. It has low stretchability and is largely resistant to chemical action

(Gupta et al, 19'89).

2.3 ULTRASONIC TESTING

Ultrasonics. which is a branch of acoustics, deals with vibratory waves at frequencies

above those within the hearing range of the average person. These frequencies are above 20 kHz.

Ultrasonic waves are stress waves and for this reason they can exist only within mass media.

They are transmitted from one mass to another by direct and intimate contact between the
masses. In this respect, they differ from light and other forms of electromagnetic radiation which

travel freely through vacuum. However, these two forms of energy obey similar laws of

Propagation. Ultrasonic waves also are termed elastic waves. It is the elastic property of the
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medium which is responsible for the sustained vibrations required for ultrasonic wave

propagation.

Application of ultrasonics in general is divided into two broad categories: Low intensity
and high intensity. Low intensity applications are those wherein the primary purpose is to
transmit energy through a medium. Here, the objective may be to learn something about the
medium or to pass information through the medium. The objective is never to change the state of
the medium. Typical low intensity applications are nondestructive testing of materials or devices,
measurement of the elastic properties of materials and medical diagnosis. Marine applications

such as depth sounding, echo ranging, communication and submarine detection may also be

included in this category.

High intensity applications are those wherein the purpose is to produce an effect on a
medium, or its contents, through which the wave propagates. Typical high intensity applications
of ultrasonics are medical therapy, atomization of liquids, machining of brittle materials,

cleaning and welding of plastics as well as metals. Homogenization or mixing of materials is also

included in this category.

An ultrasonic transmitter is an instrument designed to generate the disturbance from
which the ultrasonic’ energy emanates. Consequently, any device capable of generating
ultrasound is an ultrasonic transmitter. The ultrasonic transmitters most frequently used are either

Piezoelectric devices or magnetostrictive devices. Piezoelectric transducers may be used

throughout the ultrasonic range of frequencies. However magnetostrictive transducers are useful

for Benerating high intensity ultrasonic encrgy having frequencies approximately 50 kHz. The
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device that detects the ultrasound is called an ultrasonic receiver. The transducers most often

used as receivers of uitrasonic energy are the piezoelectric types. Magnetostrictive devices are

used occasionally (Ensminger, [973).

Ultrasonic waves are classified on the basis of the mode of vibration of the particle of the

medium with respect to the direction of propagation of the waves. They are longitudinal,

transverse and surface waves.

Longitudinal wave is the most common form of ultrasonic wave transmission. In this type
of ultrasonic wave, alternate compression and rarefaction zones are produced by the vibration of
the particles parallel to the direction of the propagation of the wave. Particle oscillations are in
the longitudinal direction in longitudinal waves. Because of its easy generation and reception,

this type of ultrasonic wave is most widely used in ultrasonic testing. This type of wave can

propagate in solids, liquids and gases.

Transverse waves are also called shear waves. In this type of ultrasonic wave, the

direction of particle displacement is at right angles to the direction of wave propagation. For such

wave to travel through a material, each particle of the material should be strongly bound to its

neighbors. In liquids and gases, adjacent particles are not strongly bound to each other.
Consequently, vibration of one particle doesn’t cause sufficient vibration of adjacent particles.

As a resylt transverse waves are not able to propagate in liquids and gases. For all practical

Purposes, transverse waves can propagate only in solids. Usually shear wave velocity is

approximately one haf of longitudinal wave velocity in the same material.
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Surface waves can travel only along a surface bounded on one side by strong elastic
forces of the solid and on the other by nearly non-existent elastic forces between gas molecules.
These waves have a velocity approximately 90% that of shear waves in the same material. They
can propagate only in a region no thicker than about one wavelength beneath the surface of
material. In surface waves, particle vibration follows an elliptical orbit. Major axis of ellipse is
perpendicular to the surface along which ultrasonic waves are propagating. These waves are not

as frequently used as longitudinal or transverse waves for ultrasonic testing. However, these

waves find some application in locating Haws along the material surface (Baldev Raj e al,

1997),

As ultrasonic wave propagates through a medium, its amplitude decreases or it attenuates.
In general, an increase in the attenuation of ultrasound in a material is an indication of possible
degradation or loss of strength of material. In practice several factors countribute to wave

attenuation. In a material with very coarse grains compared to the wavelength of incoming

ultrasonic pulse, attenuation primarily takes place due to geometric division of the ultrasonic

pulse. On an oblique grain boundary, the pulse is split into various reflected and transmitted

pulse types. This process repeats itself for each pulse at the next grain boundary. Thus, the

original ultrasonic pulse is constantly divided into partial pulses as it propagates through the

medium. Consequently attenuation of pulse takes place.

If the grain size in 2 material is smaller than the wavelength of incoming ultrasonic pulse,
attenuation of pulse takes place pr imarily due to scattering. If the grain size is 171000" to 1/100"
of the wavelength, scattering for all practical purposes is negligible. Consequently attenuation
effect is not present. However attenuation eﬁ‘ec; ;ncreases rapidly as the grain size increases. The



effect of attenuation is felt at grain sizes from 1/ 10" to full value of the wavelength. Effect of
attenuation is of such an extent that it makes testing impossible. Consequently in such materials

frequency of ultrasonic puise should be such that the corresponding wavelength of incoming

ultrasonic pulse is at least 10 times more than the average grain size.

Absorption is another major cause of attenuation. Absorption is a direct conversion of
ultrasonic energy into heat. Absorption arises due to braking effect of the oscillations of the

particles. Consequently a rapid oscillation loses more energy than a slow oscillation. As a result

absorption usually increases with frequency (Krautkramer and Krautkramer, 1969).

[n pulse-echo method, ultrasonic pulses are generated with the help of piezoelectric
element in the probe head. These pulses are then transmitted into the material under test.
Consequently transmitters act as emitters of ultrasonic pulses. A defect or discontinuity within
the material along pulse path causes reflection of ultrasonic pulse back to the transducer. Hence
same transducer also acts as receiver of reflected ultrasonic pulse. Reflected ultrasonic pulse (

i.e. echo) is converted by the transducer into electrical signal. The echo amplitude and time of

travel through the material is indicated on the screen of flaw detector. By knowing ultrasonic

pulse velocity through the material and the time of travel, the distance of defect or discontinuity

from the test surface can be evaluated. Ultrasonic pulse is also reflected from the opposite face of

the material. This can be used to determine material thickness if pulse velocity and travel time is

known

Pulse-echo method can also be used with two transducer arrangement. In such

Arangement, one transducer transmits the ultrasonic pulse. The echoes reflected from the
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backwall, defects and discontinuities are received by another transducer. This transducer is called

receiver. Both the transducers are placed on the same side of the test specimen.

In through transmission method two separate transducers are used. Testing requires
access to both sides of the test specimen. One unit of transducer acts as transmitter and the other
unit acts as receiver. The beam from the transmitter travels through the material. It is received by
receiver placed on the opposite surface. Presence of defect or discontinuity in the path of the

beam causes reduction of the ultrasonic energy reaching the receiving transducer. However exact

size and location of defect cannot be known using this method.

To help efficient transfer of ultrasonic energy from transmitting transducer to test
specimen; an intermediate medium is generally used. This is generally in the form of gel. This
intermediate medium is called acoustic couplant. Couplant also helps in making perfect contact.
Heavy loss of acoustic energy takes place if imperfect acoustic contact is there. The couplant
should be able to wet both the test surface and transducer face. For rough surfaces, more viscous

couplant should be used. Couplant should not be corrosive or toxic. It should be homogeneous,

free from air bubbles and solid particles (Bindal, 1999).

Propagation and attenuation of ultrasonic pulses through the specimen is dependent on
the specimen’s micro-structure. Quality of specimen is also dependent upon its micro-structure,

COnsequenﬂy propagation and attenuation of ultrasonic pulses through the specimen can be used

' . so been used in materi ivi
© assess quality of the specimen. These concepts have al als of civil
ntal research has not been conducted in the area of

e 3 B -
ng“‘ee!‘mg importance. Enough expenme
d that longitudinal and shear wave velocities in soils

Ultragopie testing of soils. It has been reporte "



depend on its minerology, porosity, fluid content and degree of consolidation (Blangy et al,
1993) As far as use of ultrasonic testing of concrete is concerned, a number of authors have
studied ultrasonic characteristics of concrete (Carino et al, 1986; Elvery, 1971; Ismail et al, 1996;

Knab et al, 1983; Malhotra and Carette, 1980; Narayanan and Ramaswamy, 1976; Niyogi and

Mukhopadhyay, 1977, Wu et al, 1996).

2.4 BEARING CAPACITY OF SOILS

Information about bearing capacity of soils is used in foundation design. Foundation is
the lowest part of the structure. This part of the structure is in direct contact with surrounding soil
of the ground. Loads from the upper part of structure (superstructure} is transmitted to the
foundations. Maximum amount of load which can be transmitted to the foundation from the

superstructure depends upon the load bearing capacity of surrounding soil. If the applied load is

more than this maximum value, failure of surrounding soil takes place.

Foundations are subdivided as shallow foundations and deep foundations. Shallow

foundations are located below ground surface at a shallow depth. Depth of shallow foundation

below ground surface is less than or atmost equal to width of foundation. These kind of

foundations are ysed when load due to superstructure are small. Furthermore soil immediately

below and in surrounding region of foundation should have sufficient shear strength.
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When load due to superstructure is very high (typically due to multistorey buildings),
deep foundations are used. These foundations extend to great depth from ground surface. Certain
soil deposits have low shear strength close to the ground surface. High strength soil layer is
available only at deeper depth. Under these conditions also deep foundations are used. Soil
having low shear strength, is associated with low load bearing capacity and vice-versa. As the

deeper soils have higher shear strength, they have high load bearing capacity and therefore the

concept of deep foundations.

The design of foufidations must satisfy certain requirements. Firstly, complete failure of
the foundation must be avoided with an adequate margin of safety. Secondly, the total and
relative settlements of the foundation must be kept in limits. This limit should be tolerated by the
superstructure. The ultimate bearing capacity of a foundation is defined as the maximum load
coming lrom the superstructure that surrounding soil can sustain betore failure of soil takes
place. Sometimes load-settlement curve of soil doesnot exhibit a peak load corresponding to

failure. In such soils bearing capacity is taken as the load at which the curve passes into a steep

and fairly straight tangent (Meyerhof, 1951).

The failure of foundation when the bearing capacity of soil is exceeded usually takes
place in four stages. The first stage involves a downward movement of soil beneath the
foundation. The second stage is described by a localized cracking of soil around the perimeter of

foundation, Stage three involves formation of a cone shaped wedge of soil beneath the footing.

This forces the soil downward and outward. Finally a faflure surface develops.
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Several faillure mechanisms have been suggested for shallow foundations. These include
general, local and punching shear failures. General shear failure of foundation takes place when
the underlying soil is dense and compacted. Such soils develop relatively high resistance to

foundation penetration under external load. Beyond the critical load, there is sharp decrease in

resistance to foundation penetration. General shear failure occurs when sufficiently large region
of soil beneath the foundation is stressed to its yield condition. Consequently flow of soil away
from the foundation from below the foundation takes place. Region of soil which is stressed to
yield condition extends to 2.5 times the width of foundation on either side of foundation in the

horizontal direction. Similarly in vertical direction this region extends two times the width of

foundation (Saran and Agarwal, 1974).

Local shear failure of foundation takes place if underlying soil is of intermediate density.
Resistance to foundation penetration under external loading is small compared to general shear
failure condition. Under local shear failure, only localized region of soil close to foundation is
stressed to its yield condition. Punching shear failure of foundation takes place if underlying soil
is in loose state. Such soils have very little resistance to foundation penetration under external

load (Larkin, 1968). Consequently depending on the density of the soil, general, local or

punching mode of shear failure takes place for shallow foundations.

Bearing capacity of foundations depend on the mechanical properties of the soil

Important mechanical properties of soil affecting its bearing capacity are soil density, soil shear
Strength and soil deformation characteristics. Water conditions below the ground surface and

Physical characteristics of the foundation also affect bearing capacity of foundations. Important
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“physical characteristics of the foundation affecting its bearing capacity are its size, shape,

roughness and depth of embedment below ground surface (Meyerhof, 1955).

Shallow foundations are subdivided based on the geometrical shape of their base.

Geometrical shape of the base of shallow foundation could be in the form of continuous strip,

rectangle, square or circle. Shallow foundations in the form of continuous strip are most widely

used. Following equations are used to determine ultimate bearing capacity of shallow

foundations if geometrical shape of foundation base is continuous strip (IS : 6403 - 1071).

Qo = cN, + gNy + 0.5ByNy (Under general shear failure) (2.4)

Qe = % eNe+gNy+ O.SByN'T (Under local shear failure) (2.5)

Where,

qe = Ultimate bearing capacity in Kg/om’”.
¢ = Cohesion of the soil in Kg/em”.

q = Effective surcharge at the base level of the footing in Kg/cmz (=yD»).
Y = Total unit weight of soil in Kg/em’.

Dy = Depth of embedment of footing from ground level in cm.

B = Width of strip footing in cm.
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N¢, Ny and N, in equation (2.4) are Terzaghi's bearing capacity factors of the soil for
general shear failure They are dependent on the angle of internal friction of soil and can be

obtained from table 2.2 given below. N',, Nq and Ny in equation (2.5) are Terzaghi's bearing

capacity factors of the soil for local shear failure. To determine Ne N‘q and N'., in equation (2.5),

modified angle of internal friction ¢’yg is obtained using:

¢'moa = tan”' 2/3 tand (2.6)

Bearing capacity factors corresponding to this modified angle of internal friction is also

obtained from table 2.2. These values correspond to N'¢, N and N'y.

TABLE 2.2 Bearing Capacity Factors of Terzaght (Murthy, 1996)

i ¢(deg.) N Nq N?

0 57 1.0 0.0
s 73 1.6 15
10 9.6 2.7 12
15 12.9 44 25
20 17.7 74 50
25 25 ] 12.7 0.7
30 37.2 22.5 19.7

35 578 414 124
40 95.7 81.3 100.4
45 1723 173.3 2975

50 347 5 4715 ] - 11530

Safe bearing capacity is determined by dividing uvltimate bearing capacity by an
appropriate factor of safety. In present investigation 2 factor of safety of three has been used to
determine safe bearing capacity. Safe bearing capacity has been determined using equation (2.5)

tiking foundation width as 200cm and depth of foundation embedment below ground level also
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as 200cm. Safe bearing capacity thus obtained has been correlated with ultrasonic pulse velocity

through soils. Study has been based on soil samples collected from different locations.
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3. EXPERIMENTAL WORK

3.1 SHEAR STRENGTH BEHAVIOUR OF SOILS

SOIL USED

Locally available soil was used as the main experimental material. One of the reason for
selecting local soil was to better understand its behaviour in view of major expansion plan being
Undertaken at BITS Pilani. Buildings are proposed and are under construction for new library

CoOmplex, additional hostel complex, additional residential accommodation for facuity, new class

rooms etc. Experimental work required coarse-grained soil as well as fine-grained soil. Coarse-

8rained soil was collected from desert stretch located some distance from BITS campus, Soil

from this location was predominantly coarse grained. Amount of fine grains in the soil was very

Small. Sojl sample had an in-situ moisture content of 4 to 5%. It was oven dried for 24 hours

before using it for experimental work.

Experimental work also required fine grained soil. This soil was available locally close to
the BITg campus at a depth of 12 to 15 meters. It was collected in the month of April from a
deep digch excavated at that location. Water table in the area is approximately at 5 depth of 150
Meters and the in-situ water content of the soil was 6%. Liquid limit and piastic limit of sample
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was 26% and 16% respectively. Soil had an in-situ density of 1.61 gm/cm" and specific gravity

of 2.63.

Sieve analysis of both the soil samples were made. Particle size distribution obtained

after doing the sieve analysis of both the samples have been indicated in Table 3.1.

TABLE 3.1 Particle size distribution of local sand and silty clay

Particle ~ 1336mm | L.I8mm | 600um | 300um 150pm | 75pm
| Size

% finer 100 100 100 100 73.72 487
| (sand)

% finer 100 100 100 100 62.57 24.29
(silty clay)

Afier doing sieve analysis, both the soils were found to be retained on 150y sieve, 751

sieve and on pan. Sandy soil retained on 150y sieve and silty clayey soil retained on 75 sieve as

well as on pan was used for further studies. Coarse grained soil retained on 150y sieve has been

classified as sandy Similalrly fine grained soil retained on 75y sieve as well as on pan have been

classified as silty clay This classification s based on dispersion test. Particle size distribution

curve of these two soils is also plotted in Figure 3.1

For di ion test, 2 spoonful of oven dried soil sample is allowed to settle in a jar
or dispersi ,

containi ter. Time for full settlement of sample in the jar is noted and based on time for
ing water.
ed in different catagories as shown in Table 3.2. Time taken for

Settlement of the soil, it is classif

: full settlement was noted as 35 seconds. S
. ieve for il settlement conds. Some
Coarse grained soil retamed on 150u S

. . od on 75y sieve and also on pan, got fully settled in 1
Part of fine grained soil which Was retaine
grained sO!
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hour and remaining part remained in suspension for more than one hour. Hence coarse grained

soil (retained on 150y sieve) can be classified as sandy and fine grained soil (retained on 75

sieve and on pan) can be classified as silty clay.

TABLE 3.2 Results of dispersion test (Sehgal, 1984)

___‘_m—“- ~“Time for full settlement Soil classification
Within a minute Sandy
IS minutes to | hour Silty
L In suspension for hours Clayey

Specific combinations of sandy and silty clayey soil samples have been used in the

present investigation. Each combination will thus have unique particle size composition.

Important soil properties for each combination of sandy and silty clayey soil is given in Table 3.3

given on page 55. These important soil properties include liquid limit, plastic limit, maximum

and minimum dry density as well as specific gravity.

PORE WATER USED

Tap water available in the soil mechanics laboratory was used in all the experiments

Conducted.

48



TEST PROCEDURE

Direct shear testing was conducted to find out cohesion and angle of internal friction of

soil. In the direct shear testing, the soil is forced to fail along a predetermined failure surface.

This failure surface is horizontal. Thus testing is conducted on idealized condition. On this

failure surface, there are two stresses acting, a normal stress due to applied vertical load Py and a

shearing stress due to applied horizontal load Py;. Thus 6 = Py/Aquw and T = Pit/Asrea at any stage

of loading. A, is the cross sectional area of the shear box. At failure, equation (2, 1) is followed

At failure o = oxand T = Ty

Direct shear testing makes use of shear box. Shear box has separate upper and lower

Parts. Shear box was assembled by keeping grid plate at the bottom and by putting shear pins to

Combine the upper and lower part of shear box. Uniform mixing of soil and pore water was done
by hand mixing. Afterwards it was placed in the shear box by doing appropriate compaction. Soil
Sample was compacted in the box about Smm from the top and then top grid plate ang loading

block were placed above soil. The serrations of upper and lower grid plate were placed at right
angles to the direction of shear.

Shear box assembly was placed on the load frame. Lower part of shear box was against
the loading jack. Upper part ol shear box was against the horizontal load dial (proving ring).
Horizongat load dial reading was set 10 zero.

top of loading block. A known vertical (normal) load was

Loading yoke was placed on
Pt on the h of loading yoke. Shear box pins were removed. Horizontai loading was done
e hanger
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at constant rate. Reading of horizontal load dial was taken at failure. At failure horizontal load
dial reaches a peak and remains constant at peak for some time. Afterwards dial reading slightly

decreases. Peak dial reading is taken as failure reading. Peak horizontal dial reading was

multiplied by proving ring calibration to get horizontal load at failure. Proving ring calibration

used in the present study is 2.16574 Newtons per smallest division of proving ring,

Same procedure was repeated for four more other normal loads. Failure shear load for

each normal load was found. Normal load was divided by cross sectional area of the shear box to

obtain normal stress. Corresponding failure shear stress was obtained by dividing horizontal load

at failure with cross sectional area of shear box. Cross sectional area of shear box used in present

study is 36 cm® Straight line of best fit was drawn through data points of normal stress and

corresponding failure shear stress. These are plotted on a linear graph paper choosing same scale

for normal and failure shear stress on x and Y axis respectively. X axis shows variation of

normal stress. Y axis shows variation of failure shear stress. Intercept of this line with failure

shear axis gives cohesion of soil. Slope of this line gives the angle of internal friction for the soil

sample tested.

rties of soil system were changed while conducting the direct shear

Following propé
testing:
(i) Particle size composition
() Water content

(iii) Salt concentration of pore Water
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Five different particle size composition of soil were used while doing the direct shear
testing:
(i) $150=90% by weight, Crs=5% by weight, C, = 5% by weight.
(i) S1s0 = 70% by weight, Cos = 15% by weight, C, = 15% by weight.
(ii1) S130 = 50% by weight, Crs = 25% by weight, C, = 25% by weight.
(V) S1s0 = 30% by weight, C75 = 35% by weight, Cp = 35% by weight.

(V) S150 = 10% by weight, Crs = 45% by weight, C, = 45% by weight.

Sise refers to sand retained on 150p sieve, Css refers to silty clay retained on 75u sieve
and C, refers to silty clay retained on pan. Gradation curve of these soil mix is shown in Figure
3.2 on page 54. Water content of the soil mixture while doing the testing was kept constant at
10%. Salt concentration of pore water was kept zero in all the set of tests. Cohesion and angle of
interna) friction for each of the above five set of particle size composition' were found as
Mentioned earlier. Particle size composition was the only property of the soil sample which
Changed for different sets of experiments. Consequently change in cohesion and angie of internal
friction values across five sets was correlated with change in particle size composition of the sojf
Mix. Table 3.4 lists results ‘of direct shear testing for the above mentioned partitie size
Composition. Corresponding plots have also been prepared to get cohesion and angle of internal
friction valyes in Figures 3.3, 3.4 and 3.5. Cohesion and angle of internal friction obtained for

®ach composition is shown in Table 3.5. Variation in cohesion and angle of interna] friction with

in Fi .6and 3.7.
Particle size composition is also shown 1n Figures 3.6 a

o observe the effect of water content variation. Five

Following procedure was used t
6%, 10%, 13% & 20%) while doing the testing

- %
d re used (0%,
'erent water content values we 5)



Soil particle size was kept constant for each set of testing. Siso was taken as 50% by weight, Crs
as 25% by weight and C, also as 25% by weight for each set of test. Salt concentration of pore
water was zero. Thus variations in cohesion and angle of internal friction was due to variation in

moisture content of the soil. Table 3.6 lists results of direct shear testing for the above mentioned

pore water content when particle size composition of the soil was constant. The variations of

failure shear stress with respect to normal stress due to changes in water content are plotted in

Figures 3.8, 3.9 and 3.10. Variation in cohesion with pore water content is shown in Figure 3.11.

It is shown in a tabular form in Table 3.7.

Effect of pore water salt concentration on strength parameters of soil has been studied by

keeping particle size composition as well as pore water concentration constant during the testing.
Particle size composition of soil was kept at Siso = 50%, Css = 25% and C, = 25%. Water
content of soil was kept at 10%. Four different molar concentrations of salt were used in pore
water (1M, 2M, 3M & 4M). Since molecutar weight of salt is 58.5 gms., 5.85 gm. of salt was

dissolved in 100 ml of water to get 1M salt solution. Similarly 11.7 gm., 17.55 gm. and 23.4 gm

of salt were dissolved in 100 ml of water to get 2M, 3M and 4M sait solution respectively.

Results of direct shear testing as well as variation of strength parameters with pore water salt
concentration are indicated in Tables 3.8 and 3.9 respectively. The graphical representation is

shown in Figures 3.12, 3.13,3.14 and 3.15.
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Figure 3.2 : Gradation curve of soil mix used in direct shear testing
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TABLE 3.3 Important Properties of Soil Mix

55

[ Soil(gomposition Important Soil Properties
WwWCIgE,
Sand S{ll_vc(l.‘%t«} Minimum | Maximum

retained retained Silty Clay Liquid Plastic Dry Dry

on 150p on 75p retained Limit Limit Density Density Specific
L Sieve sieve on pan (%) (%) (kg/m’) (kg/m") Gravity
| 90% 5% 5% 24.5 143 12306 | 15723 237
[ 70% 15% 15% 23.7 13.8 1269.8 | 1626.46 | 2.39
[ 50% 25% 25% 24.4 141 | 1253.55 | 1621.16 | 242
__30% 35% 35% 28 182 | 1217.78 | 1588.78 | 2.45
| 10% 45% 45% 29.1 19.4 1159.92 | 152042 | 2.48
%% 50% 50% 30.6 207 | 1198.93 | 157236 | 25

TABLE 3.4 Direct Shear Test Results on I_,ocal Soil Mix
(at 10% water content and varying particle size composition)
s
D LEGEND _
S s0=Sand retained on 150p sieve
C,s=Silty Clay retained on 751 SIieve
| cysiny Clay ceaine BB :
W Failure S};ear Stress
Stress - (10 MPe

X 103

%————:—‘WJWW S1:0=30% | S150=10%
S150-'9o (3 Con15% Crs=25% C75=35% C15=45%
C75=50A| 75:15% ﬂ Cp=35% Cp=45%
| .Egﬁ——’%ﬁr’ 13.96 15.92 16.9
% 12,9 _._-ngé—""' 15.92 17.39 22.05
Ry M Tk s> | 1886 2744
-k . P : K
554 — s | 2T —— 384
{ T ——
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TABLE 3.5 Direct Shear Test Results on Local Soil Mix
(at 10% water content and varying particle size composition)

Angle of
Soil Composition Cohesion Internal
(x 10”) MPa Friction
(degrees)
Sand retained Silty Clay Silty Clay
on 150u sieve | retained on 754 retained on pan
- sieve
90% 5% 5% 2.74 35
| 70% 15% 15% 8.62 22.5
50% 25% 25% 11.56 13
30% 35% 35% 14.4 9
| 10% 45% 45% 11.27 29
TABLE 3.6 Direct Shear Test Results on Local Soil Mix
(effect of pore water content variation)
[ SOIL COMPOSITION
Sand retained on 1501 steve = 50%
Silty Clay retained on 75 sieve =025%
Silty Clay retained on pan = 25%
| Pore Water Salt _%hear Stress (x 10~) MPa
WH——WT‘" w2 W3 w4 W5
(X 10)MPa_| 1773 | 12.93 13.23 6.32
49 ] 932 et 684 16.54 502
o | 1A 7 | 2406 24.66 18.04
19.2 [ 2045 o5 | 397 40.3 27.37
392 [ 33689 o a5 2813 | 3068
L#ﬁ%ﬂ#\ﬁ?{mmer Content

6% Pore water Content

\":32: 10% Pore water Content
w4 = 15% Pore water Content
Pore Water Content

v,\lf—zo’%”””
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tration

Water Content :
(%) (xcl%l}%sfﬂ)a Angle of Internal Friction
0 6.2 (degrees)
6 5407 35.92
10 04 32.47
15 ' 98
20 3'8?5 38.55
. 28.92
TABLE 3.8 Dirett Shear Test Results on Local Soil Mix
(effect of pore water salt concentration)
T SOIL COMPOSITION -
Sand retained on 150p sieve=50%
Silty clay retained on 751 sieve=25%
Silty clay retained on pan=25%
*K%t_‘i‘"_g_ﬂntentﬂo%
N Failure Shear Stress (x 10”) MPa
Ormal Stress S1 S2 S3 Sa
—&x10HMPa | e
~_ 45 13.23 13.83 14.44 1323
e 0.6 71441774 17.44 17.74
92 [ 2406 24.06 24.36 23.16
392 | 40.3 40.3 37.9 373
~49 ] 46.62 49.03 46.62 44.5
S1=IM Salt Concentration
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Figure 3.12 : Variation of failure shear stress as a function of normal stress for a soil mix at two different pore water
salt concentration {S;50=50%,C;5=25% C,=25%, water content = 10%}
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TABLE 3.9 Direct Shear Test Results on Local Soil Mix
(at constant particle size composition and varying salt concentration)

Salt Concentration Cohesion Angle of Internal Friction
(x 10%) MPa (degrees)
N IM 9.62 374
S 2M 9.69 38.36
L 3M 0.6 35.75
S 4M 10.23 34 .81

69




cohason (x 0 w'))MP’

108 -

106

04

102

10

98

86

94

05 15 2 25

3
salt concantraton (M)

35
| —@—cohosion

Figure 3.14 : Variation of cohesion with pore water sait concentration (S,50=50%,C5=25%,C,=25%, water content = 10%)

70

45



dagroeos)

s of irdarnal frefion (

—— .

as

/|

25

3 b )
salt concentraton (M)

45

—o—angle of internal fncon

Figure 3.15 : Variation of friction angle with pore water salt concentration (S150550%,C5=25%,C,=25%, water content = 10%)

n



3.2 SHEAR STRENGTH BEHAVIOUR OF REINFORCED SOIL

TEST MATERIAL

Soil samples used in the present study were collected from locations close to the BITS
Campus. Sandy as well as silty clayey soil were used in the study. Method of collection of these

sotls has been described in detail on pages 46 and 47. Particle size composition of soil was kept

constant in all the experiments. Soil sample consisted 50% by weight of sandy soil retained on
150 sieve, 25% by weight of siity clayey soil retained on 75 sieve and 25% by weight of silty

clayey soil retained on pan. At this composition soil was found to have a liquid limit of 24.4%

and plastic limit of 14.1%. This soil also had minimum dry density of 1253.55 kg/m:', RS

dry density of 1621.16 kg/m® and specific gravity of 2.42.

Pore water content was also kept constant during testing. Tap water available in the

IabOfatory was used. Water content was kept at 10% in the reinforced soil.

E-glass fibres were used as reinforcing agent in the present study. Fibres were taken from

8lass fibre woven mats. Fibre length was kept constant at 5 cm in all the experiments. Important

Properties of E-glass fibres are given in Table 2.1 on page 30.
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FEST PROCEDURI

Reinforced soil was subjected to direct shear testing in present study. Fibre orientation
was kept perpendicular to horizontal failure surface. Furthermore fibres were placed transverse

to the sliding direction of direct shear testing. Weight fraction of fibres was the only parameter

varied during testing.

In the first set of direct shear testing with soil reinforced with glass fibres, a layer of soil
having composition and water content as mentioned earlier, was spread on a glass plate to get 6
¢m by 6 ¢m plan area. Thickness of soil sample was kept at 2 cm. On top of this soil layer, 1
strand of glass fibres of S cm length was kept in the centre along the length of sample. Another
layer of soil having 2 cm thickness was kept on top of it. One strand of glass fibres of 5 cm
length was again kept on top of second soil layer in the centre. Fibre was kept along the same

direction as the fibre in the previous layer. Finally another layer of 2 ¢m thick soil was kept on

top of second fibre layer.

Thus the whole composite consisted of 3 layers of soil each 2 cm thick and having 6 cm
by 6 cm plan area. In between two soil layers, there was a layer of glass fibre strand. Weight
fraction of glass fibre in the composite was 0.02% by weight. Weight fraction of fibre in

composite was obtained by taking ratio of total weight of fibre in composite to total weight of

composite and expressed on percentage basis.

This composite was rotated 90" and placed inside the shear box. This made glass fibres
ar to the horizontal failure surface. Horizontal failure

vertical. Consequently it was perpendicul
7



surtace is predetermined failure surface in direct shear testing. Dimensions of the composite

were selected based on the dimensions of the shear box (ie. 6 cm X 6 ¢cm X 6 cm). Same

arientation of fibres was kept in all the experiments.

Direct shear testing was then conducted in usual manner. Failure shear load
corresponding to four different normal loads were obtained. These loads when divided with
inside plan arca of shear box gave the corresponding normal and failure shear stress values

Cohesion and angle of internal friction for the composite was then found out in the usual manner.

In further set of direct shear tests, fibre content of the composite was gradually increased.
Method of preparing composite was same as before. However amount of glass fibres in between

two soil layers were increased gradually, Thus all the composites tested were having three soil

layers and two fibre layers. In these composites, fibre content gradually increased and the weight

fraction of glass fibres in these composiles was 0.02, 0.04,0.06, 0.08,0.1 and 0.12.

Composites having different weight fractions were placed in the shear box and direct

shear testing was conducted in usual manner to obtain cohesion and angle of internal friction.

When fibre weight fraction was increased beyond 0.12, it was found that even after
shearing to the maximum limit of the direct shear testing, horizontal load dial (proving ring) was

not indicating failure even at the lowest normal load of 9.8x10° MPa. In other words, failure of

the composite was not taking place even at the lowest normal load within the limits of direct

shear testing. This observation is due to the fact that with more and more fibre addition, there is

more and more increase in shear strength of the composite. When fibre content of composite
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increases beyond 0 12% by weight, 1t was not possible to measure strength of composite by

direct shear testing,

One set of test was also conducted without the presence of glass fibres in the soil. Particle
size composilion ol soil and pore water in soil was kept same as soil reinforced with fibres.

Cohesion and angle of internal [riction for this condition was also found using direct shear

testing

Results of direct shear testing on fibre reinforced soil matrix is shown in Table 3.10 and

the variation of failure shear stress with normal stress is plotted in Figures 3.16, 3.17 and 3.18,
Variation in cohesion and angle of internal friction with fibre content by weight in the composite

are shown in Table 3.11. Variation of cohesion with fibre content and variation of angle of

internal friction with fibre content is indicated in Figures 3.19 and 3.20 respectively.
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I'ABLE 3 10 Direct shear test results of reinforced soil

SOIL COMPOSITION
Sand (retained on 150 sieve) = 50%
Silty clay (retained on 75 sieve) = 25%
Silty clay (retained on pan) — 25%

‘Mrcomem = 10%
Failure shear stress

(x 107) MPa
Normal stress FO Fl F2 F3 F4 ES F6
(x 10°) MPa
9.8 1654 | 1805 | 1844 | 1805 | 205 | 2046 | 1985
19.6 24.66 | 25.85 | 26.18 | 27.07 | 281 | 27.96 | 30.08
39.2 40.3 41.45 | 41.65 | 42.7) 4335] 4279 | 4361
49 48.13 | 4925 | 49.56 | 48.73 | 50.92| 50.23 | 4993

FO = Glass fibre content, 0% by weight
F1 = Glass fibre content, 0.02% by weight
F2 = Glass fibre content, 0.04% by weight
F3 = Glass [ibre content, 0.06% by weight
F4 = Glass fibre content, 0.08% by weight
FS = Glass fibre content, 0.10% by weight
F6 = Glass fibre content, 0.12% by weight

TABLE 3 || Variation of cohesion and angle of internal friction with fibre content
(at constant particle size composition)

Fibre content Cohesion Angle of internal friction

— (% by weight) (x 10™*) MPa (degrees)

0 8.76 388
e 0.02 ©10.23 38.52
—s DDA 10.68 38.33
o= 006 11.04 38.15
e 008 12.83 37.79
A 010 13.11 37.12
— 0.2 13.79 36.87
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Figure 3.20 : Variation of angle of internal friction with fibre content (S,5=50%,C;5=25%,C,;=25%)
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STRENGTH DETERIORATION OF GLASS FIBRE REINFORCED SOIL

COMPOSITES

Strength deterioration of glass fibre reinforced soil composites with time was studied,
Soil used in the present study, its method of collection and its important physical properties have
already been described on page 72. This soil which was used in the present study was found to

have a pH value of 8.48. Consequently soil was alkaline in nature. Pore water content was also

kept constant at 10%.

E - glass fibres were used as the reinforcing agent. To study strength deterioration of
glass fibre reinforced soil composites, direet shear testing was conducled. Testing was conducted
using a sample having 0.12 weight fraction of glass fibres. Method of preparing fibre reinforced

soil sample for direct shear testing has already been described on pages 73 and 74.

One set of direct shear testing was conducted just after fabricating the soil composites.

Another set of direct shear testing was done on soil composites which were left in the shear box

for a week. Direct shear testings were conducted on both types of samples in usual manner. The

results of direct shear testing were then used to determine cohesion and angle of internal friction
for both types of samples.

Typical results of direct shear testing on these two types of samples have been given on

Table 3.12. Graphical representation of direct shear testing is given in Figures 3.21 and 3.22.

Table 3 13 lists the values of shear strength parameters for these two types of samples.
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TABLE 3 12 Direct shear test results to study strength deterioration of glass fibre reinforced soil
composites having constant fibre weight fraction

E Failure Shear Stress (x 10”) MPa
Normal Stress ( x 107) MPa TI T3
- 9.8 10 85 19.03
e 19.6 30.08 27.15

39,2 4361 41.45
49 4993 48.62
T1 = testing conducted at the time of composite formation
T2 = testing conducted one week after composite formation

TABLE 3.13 Variation of shear strength parameters due to strength deterioration of glass
fibre reinforced soil composites
(fibre content = 0.12% by weight)

Angle of internal friction

Sample specification Cohesion
- (x 107)MPa (degrees)
e ] 13.79 36.87
_ T2 | 2,88 36.13

T1 = testing conduct

T2 = testing conducte

ed at the time of composite formation
d one week after composite formation
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3.3 ULTRASONIC TESTING OF SOILS

SOIL USED

Soil was collected locally close to BITS campus for the study related to ultrasonic
etermination of cohesion and angle of internal friction. Cohesion and angle of internal friction
are important soil properties. They are used to determine shear strength of soils. Conventionally

cohesion and angle of internal friction are determined by conducting direct shear test, unconfined

compression or triaxial lesting These experiments require specilic experimental setup and may

be catagorised as destructive tests.

in the present study, an attempt has been made to estimate cohesion and angle of internal

friction of locally available soils by knowing ultrasonic pulse velocity through the soil.

Ultrasonic pulse velocity determination through soils is simple and can be catagorised as
Nondestructive testing technique.

d for this study. Location, method of

Coarse as well as fine grained soil were use
Collection and important propertics of both the soils have already been described on pages 46 and

47. Particle size distribution of both the soils is given in Table 3.1 on page 47. The plot showing

Particle size distribution is given as Figure 3.1 on page 53 for both the soils
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Sieve analysis of both the soils was done. After doing sieve analysis, coarse grained soil

retained on 150u sieve, fine grained soil retained on 75y sieve and fine grained soil retained on
pan were used for further experiments. Coarse grained soil retained on 150y sieve was classified

as sandy. Similarly fine grained soil retained on 75u sieve and on pan was classified as silty clay.

This classification is based on dispersion test. Details of dispersion test have been described

earlier on pages 47 and 48.

In addition to determination of coheston and angle of internal friction, an attempt was

made to correlate the safe bearing capacity of soils and ultrasonic pulse velocity through soil.

Information about safe bearing capacity of soils is very useful in foundation design.

Conventional method of obtaining bearing capacity of soils by using equations (2.4) and (2.5)

have been described earlier on pages 43, 44 and 45. Whereas, parameters like effective

surcharge, total unit weight of soil, depth of embedment of footing as well as width of footing as

required in equations (2.4) and (2.5) can be obtained convemently, information about cohesion
and angle of internal friction require complicated experimental setup. Furthermore, if one may
estimate the bearing capacity of soils directly by measuring ultrasonic pulse velocity through the
soil under test, it will be a great step forward because determination of ultrasonic pulse velocity

through soils is much simpler than determination of cohesion and angle of internal friction

Soil samples used to estmate bearing capacity of soils by knowing ultrasonic pulse

llected from locations close to BITS Pilani campus All the

velocity through them was €O
£ 100 km from BITS Pilani campus. 40 soil samples from 40

locations were within a radius o
ations, test pits were excavated upto a depth of 2

different locations were collected. At all the loc
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meters from ground surface. Soil samples were collected from that depth. Important soil

properties like in-situ water content, in-situ void ratio and in-situ density for all the soil samples

are given in Table 3.15.

PORE WATER USED

To estimate cohesion and angle of internal friction of soil by knowing ultrasonic pulse
velocity through them, water content in the soil mix was taken as 10%. Same water content was

used in all the experiments. These two parameters are required for calculation of safe bearing

capacity of the soil as well as shear strength of the soil.

To estimate directly the safe bearing capacity of soil, by measuring ultrasonic pulse
velocity through them, water content in each soil sample was varied. Water content equal to in-

situ water content in each sample was taken. Tap water available In our soil mechanics

laboratory was used in all the experiments.

TEST PROCEDURE

Ultrasonic testing was done by using ultrasonic materials tester (Model : Emefco type
UCT3). This ultrasonic materials tester is a low ultrasonic frequency (150 kHz) tester for-ghvil

engineering applications. Coarse grained samples like soils can conveniently be tested with this

of the ultrasonic wave was measured through a

ultrasonic materials tester. Transmission time
s done using through transmission technique.

Biven soil sample of known thickness. Testing wa
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This : . :
measurement is used to find out the ultrasonic velocity of longitudinal wave through the soil

sample. Ultrasonic velocity is obtained using equation (1.2) given eartier on page 13.

Transmitting and receiving transducers having diameter of 36 mm each were placed on

t : . ‘ .
he opposite faces of the soil sample so that their axes remain colinear. Grease was used as

coupli : ;
oupling agent between transducer face and soil sample. Ultrasonic wave passes through the soil
ample from transmitting to receiving transducer. Transmission time of ultrasonic pulse was

Measured using this ultrasonic materials tester.

n and angle of internal friction of soils by knowing ultrasonic pulse

To estimate cohesio
s silty clayey soils were used. Sandy soil retained on 150p

velocity through them, sandy as well a
silty clayey soil retained on pan were used for

Sleve, silty clayey soil retained on 754 sieve and
onducted by changing the weight

ifferent set of experiments were €

Calibration tests, Five d
sed in each of the five

fraction of sand and silty clay in each set. Fraction of sand and silty clay u

different set of experiments is same as that given earlier on page 51.

unt of sandy and silty clayey soils were taken.

f experiments, required amo

In each set o
r mixture was statically compacted in a

0 4 s Y i
0% water was added to the soil mix This soil wate

| compact in the wooden frame was 145¢g cm™. Inner plan area of

Wooden frame. Density of sOi
of wooden frame was 17 mm.

mm. Furthermorée the thickness

Wooden frame was 60 mm X 60
were determined using

elocity through the soil samples,

The values of ultrasonic pulse V

Llltr"isc’nic materials tester.
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Vanation of ultrasonic transmission velocity with particle size composition of soil is

Indicated in Table 3.14. This variation plot is shown in Figure 3.22. This plot further indicates

the variation of cohesion with varying particle size composition for same soil samples. Variation

of ultrasonic pulse velocity as well as angle of internal friction with particle size composition of

soil is similarly plotted in Figure 3 23. Figures 3.22 and 3 23 can be used to estimate cohesion

and angle of internal friction of soil samples by knowing ultrasonic pulse velocity through the

samples. Further details regarding use of ultrasonic technique for measurement of cohesion and

angle of internal friction will be discussed in the next chapter.

TABLE 3 14 Variation of ultrasonic pulse velocity with particle size composition of soil

(water content = 10%)
Soil composition Sample Transmission | Ultrasonic |
(percentage by weight) thickness time pulse velocity
(centimeters) (micro- (meters per
o seconds) second)
Sand Silty clay Silty clay
(retained on | (retained on | (retained on

150y sieve) 751 sieve) pan)
90 5 5 1.7 50.0 340.0

70 15 15 1.7 452 376.1
i 50 23 25 1.2 37.9 448 5
-~ 30 35 35 1.2 33.3 510.5
QO 45 45 1.7 37.0 459 4
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For estimation of safe bearing capacity of soils by measuring ultrasonic pulse velocity
through the soils. soil samples from 40 different locations were taken Safe bearing capacity of
these soil samples from conventional methods can be obtained by using equation (2.5) given on

Page 43 This method has been discussed in detail on page 44. Safe bearing capacity values thus

obtained for ail the soil samples have been given in Table 3.15,

Ihese soll samples were mixed with required amount of water to get in-situ water content
M the soil mix. This soil mix was compacted in the wooden frame. Amount of soil mix
compacted in the wooden frame was such that the density of soil compact was 1.45 g cm™.
Details of preparing soil samples in the wooden frame has already been described on page 88.
Ultrasonic pulse velocity through all these soil samples were measured using ultrasonic materials

tester. These measured velocity values for all the soil samples are tabulated in Table 3.15.

Data points indicating variation of ultrasonic pulse velocity through soil samples with

respect 1o safe bearing capacity value of the soil samples have been plotted in Figure 3.24. Curve

of best fiy through these data points is plotted in Figure 3.24. There exists a correlation between

Safe bearing capacity of soil samples and ultrasonic pulse velocity (correlation coefficient =
0.94) [1owever there is scatter of data points wilh respect to best fit curve.

¢ a need to combine certain soil properties with ultrasonic

Consequently there appears 10 b
e velocity and then correlate

Pulse velocity measurements to get a new or apparent ultrasonic puls
(h safe bearing capacity. These soil properties preferably

the apparent ultrasonic velocity wi
se propagation through soils as well as on safe

Should haye significant influence on ultrasonic pul
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bearing capacity values of these soils. Such soil properties are its density, void ratio and water

content

Data points indicating variation of in-situ density, in-situ void ratio and in-situ water
content of soils with respect to safe bearing capacity values of soils have been plotted in Figures

325, 326 and 3.27 respectively. Curves of best fit through these data points in all the three

figures have also been drawn.

In-situ density, void ratio and water content of a particular soil sample has been linearly
combined with ultrasonic pulse velocity through the soil sample to get apparent ultrasonic

velocity, V,p,. Using this method apparent ulirasonic velocity value for all the samples have

been determined. Details of the method have been given in next chapter.

d for all the soil samples have been listed in Table

Apparent ultrasonic velocity obtaine
city with respect to safe bearing

3.15. Data points indicating variation of apparent ultrasonic velo
sles have been plotted in Figure 3.28. Curve of best fit through

Capacity value of the soll samyj
otted in the same figure. Data points indicating variation of

these data points have also been pl
aring capacity value of the soil samples are

apparent ultrasonic velocity with respect 10 safe be
(correlation coefficient = 0.946). There is little scatter of the data

indicating improved correlation

points with respect to best fit curve.
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TABLE 3 15 Results of ultrasonic testing of soils

&l . I =
SBC T | Time A 0 e W Vapp
| 520 1.7 56.0 303.4 140.3 87.0 60.0 8677.39
649 ", 36.3 300.8 141, 86.6 59.8 917478
64.9 1.7 55.3 307.1 141.7 86.4 5.5 9459.77
656 [.7 s4.0 3145 141.3 86.2 37.3 9502.69
70.0 1.7 559 3043 141.6 85.1 56.3 9609.20
70.0 1.7 53.9 315.6 141.7 §6.2 56.4 9854.33
73.7 1.7 54.8 310.2 142.1 86.0 54.7 10096.69
77.2 1.7 53.7 316.6 142.3 852 58.7 10117.66
6.7 1.7 33.9 315.3 142.2 85.6 54.6 1020036
728 ).7 53.0 320.5 142.2 83.0 55.4 10337.59
T 86.0 549 10402.93
[ 351 10488.08 |
[ 351 [ 1081LS5I |
803 [T a35 [ 10913.09 |
ﬁ‘T" L2 o 3 447 | 840 J_ 55.2 1125314 |
8406 1.7 18.7 388 | 1442 | 847 536 | 1126866
£ 17 159 3403 144.8 84.3 54.2 11321.54
82 3 17 19 4 T4s4 | 1445 84.6 53.2 11481.73
843 ] 5 | P 145.3 84.6 53.1 11727.09
380 ] 5 s Sl pas | sad L 535 11737.68
%70 17 | _ 491 ——T62 | 1456 846 52.2 11778.30
e T s 75 | 3653 1444 | 850 50.7 11847.07
T g 3383 145.8 84.6 54.2 11?93.92
— 1" 465 365.8 B EEE 818 | 520 11973.13
hT)Tﬁ___r?___ i — 360 1 __,_111_5_-6_,_ 83.0 -58.3 12124.04
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4. RESULTS AND DISCUSSION

4.1 SHEAR STRENGTH BEHAVIOR OF SOILS

Particle size composition, pore water content and salt concentration of pore water are
Impors, _ . . . - _
Portant faciors which aflect cohesion and angle of internal friction and thus govern soil shear

rength Effect of these factors on the aforementioned shear strength parameters wag studied in

dey, ;
etail Direct shear testing was conducted to find out the shear strength parameters for varied

Partig]e Size composition, pore water content and salt concentration.
“TPECT OF pARTICLE SIZE COMPOSITION

In the first set of experiments, particle size composition of the soil was changed. Pore

Water content kept constant at 10% Similarly salt concentration of pore water was kept
: was ¢ '

C
Onsmm at 0 M. It was observed that:

@ ) was reduced from 90% to 30%,

. : leve
As weight fraction of sandy soil (T etained on 150} ste
3
: MPa, However angle of
COheS,On of the soil mix increased from 2.74 x 10 MPa to 14.4 x 10 g

j . 0 0
”IemaI friction of soil mix decreased from 35" o %
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Hence one may conclude that at coarse grained content of 30% by wetght, local soil mix
has maximum cohesion. Furthermore angle of internal friction is minimum at this composition.

Soil of BITS campus having high cohesive strength and low frictional strength has variety of

usage and the same has been discussed in detail in the next chapter.

EFFECT OF PORE WATER CONTENT

In the second set of experiments, pore water content of the local soil mix was changed
Particle size composition of soil mix was kept constant (S5 = 50%, Cas = 25% and Cpo = 25%).

Similarly salt content of pore water was also kept constant at 0 M. Pore water content was varied

from 0% to 20%. It was observed that;

(a) As water content was increased from 0% to 6%, cohesion of the soil mix increased from

6.2 x 10 MPa to 9.407 x 107 MPa.

(b) Further increase in water content from 6% to 20% however decreased cohesion of soil

mix from 9.407 x 10™ MPa to 4.93 x 10~ MPa.

Jennings and Burland (1962) have stated that changes in the water content of a soil can
€use changes in soil behavior. Pore water has very Iittle effect on short range forces of
INteraction, Long range forces however are greatly affected due to amount of pore water present.
This happens because in the presence of pore fluid, there is a formation of a membrane like layer
around clay particles. This layer causes repuision between clay particles. On the other hand, Rolit

(1956) has mentioned that presence of pore fluid favors hydrogen bonding between clay particles
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and causes clay particles to stick together. Hence it appears that as water content is increased

from 0% to 6%, hydrogen bonding formation is favored. Effect of hydrogen bonding is dominant

over the effect of membrane like layer formation for water content in the range of 0% to 6%.

Due to hydrogen bonding, sticking tendency of clay particles increases resulting in higher

cohesion. Further increase in water content from 6% to 20% results in membrane like layer
formation resulting in mutual repulsion between clay particles. Consequently cohesion of the soil

decreases Maximum cohesion was observed at 6% water content for the sotl tested.

Angle of internal friction was found to decrease from 3592 to 34.47°, when water
content of soil tested was increased from 0% to 6%. When water content of soil tested was
further increased from 6% to 15%, angle of internal friction increased from 34.47° to 38.55°. If

the water content is increased even beyond 15%, i.e. from 15% to 20% it results in decreased

angle of internal friction of soil tested (i.¢. Irom 38.55" to 28.92").

Attempts have been made in past to explain the effect of pore water onto frictional

behavior of soils containing coarse as well as fine grained particles. However, unanimity in

understanding has not been achieved as to what is the exact effect of pore water on frictional

behavior of a soil containing coarse as well as fine grained particles. It changes from soil to soil,

It also depends on variety of - teractions between soil particles (Nagaraj et al, 1991c). In the

Present study also no definite pattern in variation of angle of internal friction of soil tested was

i ) 0
observed when water content was increased from 0% to 20%
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EFFECT OF PORE WATER SALT CONCENTRATION

In the third set of experiments, pore water salt concentration was changed. Particle size
composition of soil tested was kept constant (Sysp = 50%, Cys = 25%, Gy = 25%). Similarly water
content of soil tested was also kept constant at 10%. Pore water salt concentration was varied

[rom IM to 4 M. It was observed that:

(a) As pore water salt concentration was increased from IM to 3 M, cohesion of the soil
tested increased from 9.62 x 10° MPa to 10.6 x 10° MPa. Further increase in pore water salt

oncentration from 3M to 4 M, however resulted in decreased cohesion of soil tested (ie from

10.6 x 10° MPa to 10.23 x 10° MPa).

(b) As pore water salt concentration was increased from 1M to 2 M, angle of internal friction
- - . ~ 0 0 1 H .
OF soil tested increased from 37.4° to 38.36". Further increase in pore water salt concentration

from 2M 10 4 M, however resulted in decreased angle of internal friction of soil tested (ie from

38.36%t0 34.819).

When salt concentration of the pore water increases, it causes decrease in thickness of
Membrane like layer, Decrease in thickness of membrane like layer enhances the effect of long
Tange attractive forces between clay particles. Consequently sticking tendency of the clay
Particles increases, resulting in increased cohesion. Further increase in pore water salt
Concentration, however brings negatively charged clay particles too close to each other. Under
these conditions clay particles tend to repel each other. Consequently repulsive effect between

clay particles becomes dominant resulting in decreased cohesion (Mitchell and Arulanandan,
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1968). In the present study, cohesion of soil tested was found to show similar pattern of variation
when salt concentration of pore water was increased from 1M to 4 M. Maximum value of

cohesion was observed at a pore water salt concentration of 3 M.

As far as effect of pore-water salt concentration on angle of friction is concerned, initial

NCrease in pore water salt concentration brings soil particles closer resulting in increased
Physical contact between particles. This in turn results in increased frictional strength. Further
'NCrease in pore water salt concentration reduces spacing between soil particles even more and at
this stage Coulombic repulsion between soil particles becomes more significant forcing soil
Particles to move apart and the physical contact between the particles decreases. This causes
decrease in frictional strength (Seed and Chan, 1959). In the present study, angle of internal
friction of soil tested was found to show similar pattern of variation when pore water salt

Concentration was varied from 1M to 4 M with a maximum value at 2 M salt concentration.

4.2 REINFORCED SOIL CHARACTERISTICS

Effect of increasing weight fraction of glass fibres on cohesion and angle of internal
friction of glass fibre reinforced soil composite was studied in detail. Shear strength parameters
Of cohesion and angle of internal friction were determined by conducting direct shear testing.

Gray and Ohashi (1983) have stated that fibre type, fibre length, fibre orientation, fibre diameter
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and weight fraction of fibres in the composite, are the significant factors which do affect

cohesion and angle of internal friction of the composite.

In the present study, fibre type, fibre length, fibre orientation and fibre diameter were
Kept constant in the glass fibre reinforced soil composile. Weight [raction ol glass [ibres in the
glass fibre reinforced soil composite was the only factor which was varied to observe changes in
cohesion and angle of internal friction of the glass fibre reinforced soil composite due to changes

In weight fraction of glass fibres. The following observations were made:

(a) As the weight fraction of glass fibres in the glass fibre reinforced soil composite was
increased from 0 to 0.12, cohesion of the composite increased from 8.76 x 10” MPa to 13.79 x

107 MPa.

(b) As the weight fraction of glass fibres in the glass fibre reinforced soil composite was

increased from 0 to 0.12, angle of internal friction of the composite decreased from 38 8° to

36.87°

When the weight fraction of glass fibres in the glass fibre reinforced soil composite was

increased beyond 0.12, it was tound that even after shearing to [he maximum fimue of direct shear

lesting, failure of the composite did not take place even at the lowest possible normal load.

Cohesion arises due to sticking tendency between individual soil particles. Hydrogen

bonding and van der Waals bonds are the significant forces causing sticking of soil particles,
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Decrease in the thickness of membrane like layer around soit particles also cause soil particles to

stick together (Skempton and Northey, 1952).

The physical performance of the fibres in the soil samples and consequently performance
of the fibre reinforced soil composile is critically dependent on the physico-chemical micro-
structure of the soil samples. Physico-chemical micro-structure of the fibres in the interfacial
region, where the fibres and soil make contact, also play significant role in altering physical
performance of the fibre reinforced soil composite. Interface between the fibres and soil provides

Physical as well as chemical bonding between the fibres and soil (Maher and Ho, 1994).

Interface between glass fibres and soil particles are quite surface active. Due to physico-
chemical interaction between glass tibres and soil particles at the interface, adhesion develops
between the two. Consequently physical bonding between the glass fibres and soil particles
Increases. Adhesion between glass fibres and soil particles increases with increase in weight
fraction of glass fibres in the composite. Adhesion between glass fibres and soil particles also

INcreases with increase in fibre surface roughness and increase in coarse grained fraction of the

s0il sample (Andrawes et al, 1980).

With increasing weight fraction of glass-fibres in the composite, adhesion between soi

Particles and glass fibres increases resulting in better physical bonding between the two phases.

Apart from better physical bonding, increased adhesion between soil particles and glass fibres

- i [ m
results in decrease in thickness of membrane like layer around soil particles. Combined effect of

_ . . der Waals attracti
decrease in thickness of membrane like layer around soil partlcles and van ctive

; cy between soil
forces berween soil particles due to better adhesion, enhances sticking tendency
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particles. This results in increase in cohesive strength of the glass fibre reinforced soil composite.

In the present study. cohesive strength of glass fibre reinforced soil composite was tound to

increase with increase in weight fraction of glass fibres.

When glass fibres are present in the soil matrix, the contact area between soil particles

gets reduced. Furthermore, if diameter of glass fibres is smaller compared to particle size of soil

particles of the soil matrix, glass fibres tend 1o slip under external load. This causes actual

physical contact between soil particles to decrease. Consequently frictional resistance of the

glass fibre reinforced soil composite is less (Michalowski and Zhao, 1996). In the present study,

glass fibre diameter was smaller than the particle size of the soil tested and therefore this

Michalowski and Zhao phenomenon was applicable. 1o soils without glass fibre reinforcements,

frictional resistance is either duc to physical contact between the soil particles or due to attractive

electrical forces of interaction between soil particles (Matsui et al, 1980).

Due to reduction in contact area between soil particles, there is reduction in attractive

clectrical forces ol interaction between line grained soil particles as well, This reduction In

attractive electrical forces also reduces frictional resistance of the glass fibre reinforced soil

composite. Consequently overall effect of increasing weight fraction of glass fibres in the glass

fibre reinforced soil composite 18 decrease in frictional strength. In the present study, angle of

internal friction of glass fibre reinforced soil composite decreased with increasing weight

fraction of glass fibres.

£ fibre reinforced soil, orientation of fibres was kept

For studying the strength behavior 0
ilure surface Strength behavior of fibre reinforced soil with such

perpendicular to the fa :
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orientation can most conveniently be studied by conducting direct shear testing. Orientation of
fibres perpendicular to the failure surface is the most preferred orientation if fibre reinforced soil
is to be subjected to shear stresses. Fibre reinforced soils with orientation of fibres perpendicular
to failure surface has variety of practical applications and the same has been discussed in the next

chapter. Results of present experimental study on fibre reinforced soil of BITS campus will thus

be of use for those varied practical applications.

Strength behavior of fibre reinforced soil is also studied by having two dimensional
planer orientation of fibres. Strength behavior of fibre reinforced soil with such orientation of
fibres can most conveniently be studied by conducting triaxial test. Two dimensional planer

Orientation of fibres is the most preferred orientation if fibre reinforced soil is subjected to
Compressive stresses. Fibre reinforced soil is subjected to such stresses if it is used in pavement

design and at the foundation base. Due to certain experimental set-up constraints, triaxial test on
fibre reinforced soil samples could not be carried out. Studies related to triaxial test on fibre

reinforced soil samples are available in reference such as Ranjan et al (1996) and Kaniraj and

HaVanagi (2001) etc.

Several investigations have been made on fibre reinforced sotls. Brown and Sheu, (1975),

WU et al, (1988a), Wu et al, (1988b), and Wu and Watson (1998) have reported that plant roots

act as reinforcement in soil and increase the shear strength of soil. Gray and Ohashi (1983), and
Shean'dge and Sitar (1989) have reported the results of laboratory tests on oriented fibre
‘t'infurccd soils. These studies show that fibres cause significant modification and improvement
" engineering properties of soil including its shear strength. Gray and Ohashi (1983) have
of angle of internal friction of fibre

" lue
"Ported jncrease in cohesion and nearly constant va
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reinforced soil with increase in fibre content with perpendicular orientation of fibres in sandy
soils. However information on the effect of reinforcing soil (containing sand as well as silty clay)

with E-glass fibres with perpendicular orentation of libres on cohesion and angle of internal

friction of fibre reinforced soil composite have not been reported in these studies.

An experimental study was undertaken to study strength deterioration of glass fibre

reinforced soil composite with time. For this purpose, four different normal loads were applied

on glass fibre reinforced soil composite and corresponding shear strength were determined using

direct shear testing apparatus. It was observed that shear strength at a particular normal stress

decreased for composite tested one week after fabrication with respect to composite tested soon

after fabrication. Similar trends were observed for all the applied normal loads. It was also

observed that:

(@) Cohesive strength of the glass fibre reinforced soil composite when tested at the time of

COmposite fabrication was 13.79 x 10° MPa. However this strength decreased to 12.88 x 107

MPa when composite was tested after a week from the date of fabrication.

(b) Angle of internal friction of the glass fibre reinforced soil composite when tested at the
time of composite fabrication was 26.87" However the value of angle of internal friction
decreased to 36.13° when composite was rested after a week of fabrication

it has been stated that properties of E-glass fibres deteriorate with

In the literature,
Ingression of water. Furthermore it is stated that F-glass fibres degrade faster if soil is alkaline

o E-glass fibre reinforced soil composite indicated

(Demcher et al, 1998). In the present study als
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loss ol cohesive strength and angle of internal lriction with lime. Reduction in shear strength at a
particolar normal Joad with time was observed The deterioration of properties of composite 1§
due to deterioration in propertics ol E-glass [ibres with time since soil used was alkaline (pH =
8.48) and 10% water was present in the composite. Consequently strength deterioration of E-

glass fibre reinforced soil with time puts limitations onto the practical use of such reinforced

soils.

4.3 ULTRASONIC TESTING OF SOILS

Propagation of ultrasonic pulses through soil samples depends on soil microstructure.

Particle size composition, particle angularity, soil void ratio and soil density are some of the

important factors affecting ultrasonic pulse propagation through soils (Desai et al, 1995,

Bachrach et al, 2000). In the present study, effect of varying particle size composition of soil

Onto ultrasonic pulse propagation through the soil has been studied.

EFFECT OF SOIL PARTICLE SIZE COMPOSITION

e size composition of the soil was changed while

In the first set of experiments, partic
Pore water content was kept constant at 10%,

determining ultrasonic pulse velocity through soils.

I Was observed 1hat
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(a) As weight fraction of sandy soil (retained on 150u sieve) was reduced from 90% to 30%,

ultrasonic pulse velocity through soil increased from 340.0 ms™ to 510,5 ms™.

(b)  When weight fraction of sandy soil was further reduced from 30% to 10%, ultrasonic

pulse velocity through soil decreased from 5105 ms™ to 459.4 ms’™".

When an ultrasonic pulse propagates through soil, attenuation of the ultrasonic pulse
takes place along the travel path. Scattering of ultrasonic pulse at the microscopic interface of
soil particles is an important mechanism for attenuation of ultrasonic pulse (Molyneux and
Schmitt, 2000). When particle size of soil increases, scattering of ultrasonic pulses also
Increases. Consequently an increase in soll particle size results in increased attenuation. An

increase in attenuation of ultrasonic pulses through soil, in turn leads to higher transmission time

of ultrasonic pulses through soil. Consequently ultrasonic pulse velocity decreases.

In the present study, sand content of soil was reduced from 90% to 30%, i.e. fine-grained

content of soil increased from 10% to 70%. This resulted in the decrease of ultrasonic attenuation
leading to higher ultrasonic pulse velocity. The observed increase in ultrasonic velocity was from

340 ms” 10 510 S ms” corresponding to the said decrease in sand content of soil from 90% to

30%,

. (3] b g .
If one goes for further reduction in sand content of soil from 30% to 10% i.e. increase in
, . ined sotl particles i
fine grained content from 70% to 90%, it leads to aggr egation of fine grained P el
' il particle
Presence of water resulting in floc formation. The flocculated fine grained soil particles behave

2000). Consequently attenuation also increases

like coarse grained particles (Kaya and Fangl :
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evident from Figures 3.22 and 3.23. Exact silty clay content of soil can be determined by

conducting sieve analysis. Consequently by knowing both the ultrasonic pulse velocity through

soil and silty clay content of soil, cohesion of soil can be obtained from Figure 3.22. Similarly by
knowing ultrasonic pulse velocity through soil and silty clay content of soil, angle of internal

friction of soil can be obtained from Figure 3.23.

Thus depending upon the magnitude of ultrasonic pulse velocity through soil, pulse
velocity alone or along with silty clay content of soil can be used to estimate its cohesion and

angle of internal friction value. Conventional methods of cohesion and angle of internal friction

determination require complicated experimental  setup. Calculations required for the

determination of cohesion and angle of internal friction are also lengthy. However ultrasonic

pulse velocity through soil and silty clay content of soil can be determined more conveniently.

Hence estimation of cohesion and angle of internal friction of soil by knowing ultrasonic pulse
velocity through it will be a great step forward. Information about cohesion and angle of internal

friction of soil is frequently needed when soil is used for different Civil engineering applications,

Figures 3 22 and 3 73 have been prepared by collecting soils from two different locations

close to BITS campus. At one location soil was predominantly sandy. Similarly at the second

location soil was predominantly silty clay. However at other locations of BITS campus, soil
silty clay fraction with silty clay content between 10% and

typically will contain sand as well as

90%. Consequently Figures 3.22 and 3.23 can be used to estimate coheston and angle of internal

friction of soil by knowing ultrasonic pulse velocity through the soil.
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ESTIMATION OF SAFE BEARING CAPACITY

In the present experimental study, an attempt has been made 1o estimate safe bearing
Capacity of soils by knowing ultrasonic pulse velocity through the soils. Suggested method
fequires information about ultrasonic pulse velocity through soils and certain soil properties to
estimate safe bearing capacity. All these parameters can be obtained by conducting simple
experiments. This method is simpler compared to conventional method of safe bearing capacity

determination which requires information about too many parameters and calculations involved

are [engthy.

Soil parameters such as density, water content, void ratio etc, affect the safe bearing
Capacity of the soil (Ingra and Baeccher, 1983 and Zadroga, 1991). The same properties affect
pulse velocity too (Robertson et al 1995 and Koerner et al 1976). Consequently ultrasonic

transmission velocity is expected to show some kind of correlation with safe bearing capacity of

S0il. The variation of safe bearing capacity with ultrasonic pulse velocity is shown in Figure 3,24

On page 95 Data point for each soil tested has been plotted. Best fit curve through these

®Xperimental data points have been drawn. This curve can be treated as calibration curve and

May be used for measuring safe bearing capacity of soil after. neasring the: pulse -velosity

thrOugh the soil.

g G ve in Il 2418 ¢ i

As [ar as scatter of data points with respect (o best fit curve in Lig. 3.24 1s concerned, it

: ' ith ultrasonic pulse velocity.

an be minimized by linearly combining certain soil properties Wit P Y
parameter V,pp When correlated with

We may term it as apparant ultrasomc pulse velocity Vapy

%afe beari city. a better correlation is obtained.
ng capacity, .



Apparent ultrasonic velocity V.., in the present study was taken in the following

mathematical form:

v.’]pp =aV + bp +ce + dw (41)

Where,

V = Ultrasonic pulse velocity (ms").

P = In-situ soil density (x 16* gnﬂcn13).

¢ = In-situ void ratio of soil (x 107).

W = In-situ water content of soil (x 10 '%).

3, b, ¢ and d are constants.

Following simple method was used to determine the unknown constants of equation
(4.1). Data points indicating variation of in-situ density, in-situ void ratio and in-situ water
content of soils with respect to safe bearing capacity of soils were plotted in Figures 3.25, 326
and 327 on pages 96, 97 and 98 respectively. Dependence of safe bearing capacity of soils on
aforementioned soil properties is evident from these figures. Curve of best fit through these data

Points have also been drawn in the Figures 3.25, 3.26 and 3.27. To obtain these curves, soil

Propertics ( i ¢ in-situ density, in-situ void ratio and in-sitt waler content) have been taken as

cubic functions of safe bearing capacity. A cubic fimetion has four constants. Same nimber of

Constants are required in equation (4.1). Consequently cubic functions were used in the present

Study to get best fit curve in Figures 3.25, 3.26 and 3.27. Since simple method has been used to

, — e
obtain apparent ultrasonic velocity Vapp, as a linear combination of ultrasonic pulse velocity and
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soil properties, multi-variable functional relation between safe bearing capacity and soil

properties were not pursued.

Following is the mathematical form of aforementioned cubic cquations. These equations

were obtained using Microsofl Excel (Person, 1998).

V'=.0002(SBC)’ + 0.5244(SBC)? - 41.46(SBC) + 1336.3 (4.2)
P =-0.00002(SBC)’ -+ 0 0056(SBC)* - 0.319(SBC) + 144 46 (4.3)
e = -0.00009(SBC)* +0.0191(SBC)* - 1.4357(SBC) + 122.77 (4.4)
w = 0.0006(SBC)" — 0.1446(SBC)” + 10.555(SBC) - 189.59 (4.5)

Parameters V, p, e and w have already been described in connection with equation (4.1).

SBC indicates safe bearing capacity of soil in equations (4.2), (4.3), (4.4) and (4.5). Based on

several iterations, the following cubic functional relation between safe bearing capacity (SBC)

and V,,, was tried:

Vape = =0.001 1(SBC)? + 0.3014(SBC)” - 24.544(SBC) + 500 B
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Also, from equations (4.1), (4.2), (4.3), (4.4) and (4.5):

Vipp = aV + bp + ce + dw
= a[-0 002(SBC)® + 0.5244(SBC)” - 41 46(SBC) + 1336.3] +
b[-0.00002(SBC)’ + 0. 0056(SBC)? - 0 3196(SBC) + 144 46] +
¢[-0.00009(SBC)* + 0 0191(SBC)? - 1 4357(SBC) + 122.77] +

d[0.0006(SBC)* - 0.1446(SBC)* + 10.555(SBC) - 189.59] (4.7)

Collecting coefficients of terms (SBC)’, (SBC)?, (SBC) and constant term of equation

(4.7), equation (4.7) can be rewritten as:

Varp = [(-0.002)a - (0.00002)b - (0.00009)c + (0.0006)d)(SBCY’ +
[(0.5244)a + (0.0056)b + (0.0191)c — (0.1446)d(SBC)” +
[(-41.46)a — (0.319)b - (1.4357)c + (10.555)d](SBC) +

[(1336 3)a + (144 46)b + (122.77)c ~ (189.59)d] (4.8)

Equating coefficients of (SBC)J, (SBC)Z, (SBC) and constant term of equations (4.6) and

(4.8), following relations are obtained.

(-0.002)a — (0 00002)b — (0.00009)c + (0.0006)d = -0.0011 (4.9)
(0.5244)a + (0.0056)b + (0.0191)c — (0.1446)d = 0.3014 (4.10)
(-41.46)a — (0.319)b ~ (1.4357)c + (10.555)d = -24.544 (4.11)
(1336.3)a + (144.46)b + (122.77)c — (189.59)d = 900 (4.12)
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Equations (4.9) to (4.12) are a system of four linear equations with four unknowns.

Solving these equations for a, b, ¢ and d, we get: a = 07285, b = 3724, ¢ = -503.6 and d =

0.364.

Solution of equations (4.9) 1o (4.12) was obtained using Matlab (Pratap, 1999). Also as

equations (4.9) to (4.12) are four independent linear equations, values of a, b, ¢, and d are unique

and stable.

Aforementioned constants a, b, ¢, and d can be put in equation (4.1) to get the following:

(4.13)

Vigp = 0.7285V + 372.4p - 503.6¢ + 0.364w

Equation (4.13) has been used to calculate apparent ultrasonic velocity (Vapp) for all the

40 soil samples studied. These values are given in Table 3.15 on page 94. Data points indicating
variation of safe bearing capacity with Vapp have also been plotted in Figure 3.28 on page 99.

Curve of best fit through these data points have also been shown in Figure 3.28

By comparing Figure 3.24 on page 95 and Figure 3.28 on page 99, it can be concluded
y ;

that there is considerable reduction i scattering of data points with respect to best fit curve.
curve of Figure 3.28 provides better s

rovide a better fit with less scatter, as is

timation of safe bearing capacity,

Consequently best fit
Vapp being an improvement o1n V, it was bound to p

evident from Fig. 3.28.
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5. CONCLUSIONS

Soil is used for variety of Civil engineering applications. Soil and foundation engineers

are interested in knowing about important engineering properties of soils. Information about

these soil properties helps in selecting appropriate type of soil for a particular engineering

application. In the present experimental study, shear strength behavior of soil has been studied in

detail. Results reported in the present study are based on experimental observations on soil

samples collected from locations close to BITS Pilani campus.

Origin of shear strength in soil has been explained at the particle level. Different types of
interactions between soil particles resulting in soil shear strength have been discussed. Related

literature review for interactions between soil particles has been provided.

Based on review of literature, it may be concluded that shear strength in soils has two
components, viz. the cohesive component and the frictional component. These are called shear

(ferent types of interparticle interactions between soil particles

Strength parameters of the soil. Di

are responsible for these shear strength parameters. Features such as composition of soil, pore
water content, in-situ salt concentration in the soil are some of the important factors which affect
shear strength of soil. Literature study was also done to explain shear strength behavior of
saturated uncemented, saturated cemented and partially saturated soils
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Thus the suggested experimental method in which we use V,pp instead of V, involves

determination of ultrasonic velocity, in-situ density, void ratio and water content. These four
parameters can easily be obtained through simple experimental set-ups to get the value of Vapp.

Using V.pp, value of safe bearing capacity can directly be obtained from Figure 3.28.

The results of present study in the form of Figure 3.28, may be used for obtaining safe
bearing capacity of other soil samples. Soil samples from other regions will have different
ultrasonic velocity, density, void ratio and water content resulting into different values of Vp,.
For these V,p, values, safe bearing capacity can easily be obtained from the calibration curve.

Consequently, ultrasonic technique can effectively be used for estimation of safe bearing

capacity of soils.
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5. CONCLUSIONS

Soil is used for variety of Civil engineering applications. Soil and foundation engineers

are nterested in knowing about important engineering properties of soils. Information about
these soil properties helps in selecting appropriate type of soil for a particular engineering
application. In the present experimental study, shear strength behavior of soil has been studied in

detail. Results reported in the present study are based on experimental observations on soil

samples collected from locations close to BITS Pilani campus.

Origin of shear strength in soil has been explained at the particle level. Different types of

interactions between soil particles resulting in soil shear strength have been discussed. Related

literature review for interactions between soil particles has been provided.
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In the present study, effect of soil particle size composition, por¢ water content and salt

concentration of pore water on to cohesive and frictional strength of soil has been studied.

Results of the experimental study have been explained in terms of interparticle interactions

between soil particles.

When particle size composition of the soil was changed, it was found that the soil having
30% (by weight) of coarse grained particles and 70% (by weight) of fine grained particles had
the maximum cohesion. Furthermore angle of internal friction of soil was minimum at this
composition. Consequently a soil mixture having 70% fine grained particles and 30% coarse
grained particles should be used for construction of low cost housing, earthen embankments,
earthen dams, earthen slopes, foundation base, earthen pavements, as well as for subgrade
material in the highway construction. As is well known, in all aforementioned civil engineering
applications, high cohesive strength of soil is required. Furthermore since frictional strength of

soil was found to be minimum at this particle size composition, it will help in prevention of crack
w

.o S % ications.
formation in soil when it is used for these applications

' Y fent SOH
{ t was fOUnd that at 6% water con i
w 0 t of soil was changed, 1
When pO[’C ater conten
t SO“. An Ie
I’] i nnqequently 6% pOI’e water content ShOUld be pmvtded m g
had maximum c¢ohesion Cons

his water content was also not very high. Consequently possibility
{ tnis w

of interna) friction of soil a

. water content
of crack formation in soil will be small at this Jevel of pore

W i it was found that at 3M pore

alt concentration of soil was changed, 1 f

hen pore water s | -
inum cohesion Consequently required amount of s

ximu i

, il had ma
W ntration, SO ) . .
R g oncentration. This will help in further enhancing
s C '

et thi
Should be added in the pore WA B 122
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This is also desirable

B - ; .
ased on experimental studies on soil samples collected from locations close to BITS
Pilan;
ni . :
campus, one may conclude that the soil having 70% fine grained particles, 30% coarse
graine .
d particles and 6% pore water content should be used for different civil engineering

ANk nn e
Pplications. Interestingly most of the soil samples of the present study had fine grained particles

in-situ water content of most of the soil samples

in ¢ \
he range of 65 to 75%. Furthermore,
These in-situ values are very close to optimum

colf : 2,
ected from this area is in between 4 to 5%.
present experimental study.

art y ,
Particle size composition and pore water content established by the
H ,
ence 1t cap be concluded that soil in its natural state may he used for different applications. If
ded. it will further enhance soil property for its

iM : ,
salt concentration in pore water 13 provi
t the aforementioned composition and

var, i . y
led applications. If required, soil can be compacted 2

the . ;
N used for different civil enginecring applications

d on fibre reinforced soils. Effect of

Experimental studies were also conducte
g fihres onto cohesive strength of soil and on angle of internal

einfor .
Orcement of the soil using plas
rix material and E-glass

s used as experimental mat

friee:
¢ ) .
lon value were studied. Local soil wa

fib
re , .
S Were used as reinforcing agents.

entation of E-glass fibres was kept perpendicular to

erimental study, ori
tion of E-glass fibres in the

In the present €xp
reasing weigh! frac

the 1 . .
faﬂure surface within the soil mass With mc
d soil was found to increase. However,

¢ .
OmPOSite from 0.02 to 0.12 coheston of the reinforce
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angle of internal fricti 3 > ' L
gle of internal friction of the composite was found to decrease with increasing weight fraction

of fibres.

Since E-glass fibres were found to increase cohesive strength of soil, they can be used in
applications such as earthwalls, embankments, dams, slopes, foundation beds etc. because a high

cohesive strength is desired for all these applications. In all these applications, a prominent

{ailure surface is present within soil and lthe same can be located using standard techniques. E-

glass fibres can be oriented perpendicular to this failure surface to inhibit the crack propagation

within the soil.

Increasing weight fraction of E-glass fibres in the soil resulted in decrease of angle of
internal friction. This is also a desirable factor because this helps in minimum crack formation in
the reinforced soil. However with increasing time duration, cohesion and angle of internal
e. Decrease in shear strength of fibre

friction of fibre reinforced soil were found to decreas
reinforced soil, at a particular normal load, with time was also observed. Aforementioned
behavior of fibre reinforced soil has been explained in literature wherein it is stated that
line soil under the presence of moisture. Similar

properties of E-glass fibres deteriorate in alka
ent in the present study too and one may conciude that E-glass fibres will

conditions were pres
o1l is concerned.

have limited application as far as reinforcement of moist alkaline s

DT) techniques is finding increasing applications for

Use of non-destructive testing (N
ity of materials including quality of soils. These testing techniques are very

assessing the qual
bout the properties of the material without

useful because they provide the desired information &
5. Ultrasonic testing is oné such non-destructive testing (NDT)

impairing their future usefulnes 4



techmque and is used for testing materials of civil engineering importance (e g concrete, wood,

brick etc.).

In the present study, ultrasonic testing was performed on soil samples. Through

transmission technique was used to find the ultrasonic pulse velocity through soil samples and

the effect of particle size composition onto ultrasonic velocity was studied. This was correlated

to the effect of particle size on cohesive strength and angle of internal friction. A calibration

curve was obtained for estimating cohesion of soil sample by just measuring the ultrasonic

velocity through soil. Calibration curve was also obtained for estimating angle of internal friction

by knowing the ultrasonic velocity through the soil.

Cohesion and angle of internal friction are important soil properties. These properties of
soil are frequently needed whenever soil is to be used for different civil engineering applications.
Conventional method of cohesion and angle of internal friction determination require

; suring ultrasonic pulse velocity through soil
complicated experimental set-up, whereas mea g

; i - refore the latter appears to be a better option.
samples requires only a simple set-up and the

ained for soil samples having wide range of particle size

The calibration curves were obt
n the natural state in general will have

composition (10% silty clay to 90% silty clay). Soil 1

1 i 'e5 Of
in the '1t.lerHlCﬂ“UnL'd ranyec. CO"SC(]UC"”_\/ ca]lbratlon Curves
‘

particle size composition e e g
nd angle of internal friction of soils in its natural
a

cohesion
Present study can be used to estimate cohesic

State.
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In the present study, calibration curve was also obtained for estimating safe bearing
capacity of soils by measuring the ultrasonic velocity. For plotting the calibration curve,
experimental analysis of soil samples was undertaken in usual manner. Safe bearing capacity is
an important soil property and the conventional methods of safe bearing capacity determination
are rather complicated Ultrasonic pulse velocity measurement, howevere, is quite simple and

therefore a welcome alternative for assessing safe bearing capacity of soils.

Calibration curve for estimating safe bearing capacity of soils from ultrasoric puise
velocity however was associated with scatter of data points with respect to the best fit curve. To
minimize this scatter, a new parameter V,,, (apparent ultrasonic velocity) was introduced. This
parameter was taken as a linear combination of ultrasonic pulse velocity, its in-situ density, its
water content and the void ratio. A new calibration curve was plotted for estimating safe bearing
capacity of soil by knowing Vi, i.e. apparent ultrasonic pulse velocity. This calibration curve

was found to have much reduced scatter of data points with respect to the best fit curve.

the new calibration curve would provide a better estimate of safe bearing

Consequently,
for the determination of apparent ultrasonic velocity can be

capacity. All the parameters nedded

determined by performing simple expertments.

t by measuring ultrasonic pulse velocity through soils,

it may be concluded tha

Finaily,
f internal friction and its safe bearing

one can effectively estimate its cohesive strength, angle o

Capacity nondestructively.
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