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Abstract

The research described in this thesis concerns the use of transparent soil in physical
modelling to better understand theoretical and analytical analyses of a geotechni-
cal engineering problem. One of the more recent evolutions in the field of geotech-
nics is the use of geosynthetic materials as reinforcement to improve the shear
resistance of soil, and ultimately provide reinforcement to earth structures. Their
application in engineering earthworks has increased significantly in recent years.
When designing reinforced earth structures, a vital aspect is to understand the
interaction between the reinforcement and the compacted soil as this governs the
overall stability. The main function of the reinforcement is to redistribute the
stresses within the soil structure in order to enhance the internal stability of the
reinforced soil structure. The reinforcement undergoes tensile strain as it transfers

loads from unstable to stable zones of the soil.

The most common example of soil-geogrid interaction research is to investigate
pull-out capacity. The lack of knowledge of interaction mechanics between soil
and reinforcement has considerable impact on the ability to implement rigorous
analytical solutions, or to assign suitable parameters for interface elements in nu-
merical modelling. By using classical pull-out, previous researchers have indicated
that the interface factors vary between 0.6 - 0.8 (FHWA-NHI-00-043, 2001); hence,
it is likely that many designs over predict the possible resistance that may be gen-
erated. Furthermore, in the absence of field validation, there is uncertainty as
to how representative small scale pull-out tests reflect the likely behaviour that

would prevail in the prototype structure.

The transparent soil utilised here is representative of coarse soil and allows non-
intrusive measurement of soil displacement on a plane highlighted by a sheet of
laser light, captured by a digital camera. This enables the measurement of the
displacement of the soil on the target plane by using the image process technique
“Particle Image Velocimetry”. This technique allows the observation of the in-
teraction between soil and geogrid, and the shear and pull-out boundary which is

mobilised around the geogrid.



The principal aim of this research is to investigate the detailed interaction between
granular soil and geosynthetics, and to provide a better understanding of the

interaction both analytically and numerically.

To achieve this aim, this research is separated into two key areas:

1. Analytical modelling of the interaction between soil and geogrid to assess

the degree of uncertainty inherent in the methods;

2. Advanced visualisation element tests using transparent soil technology and
Particle Image Velocimetry (PIV) to directly observation of the patterns of

strain between the soil and reinforcing material.
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Chapter 1

Introduction

1.1 Background

Non-soil materials such as reed mats, bamboo fascines, bush and small trees have
been used for millenia to aid construction of earthworks such as embankments over
soft soil. These materials have been increasingly replaced with geosynthetics over
the past few decades to provide the same function (Christopher et al., 2000). The
main advantage of this new type of material in comparison to natural materials
is durability and a well defined tensile strength. This tensile strength can be
incorporated in to the analysis of e.g. embankment stability and adds additional
resistance to bearing capacity, settlement and slope stability failure (Christopher
et al., 2000).

Early papers on geosynthetics in the 1960s documented their use as filters in the
United States and as reinforcement in Europe (Richardson and Koerner, 1990). A
1977 conference in Paris brought together many of the early manufacturers and
practitioners, where the name geosynthetics was coined by Dr JP Giroud in a

seminal paper (Giroud, 1977).

The use of geosynthetic materials in engineered earthworks has increased signif-

icantly in recent years and reinforced soil technology has now become a popular

1
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construction technique. Table 1.1 presents the results of a study carried out by
the Freedonia Group Inc. showing the global demand and growth in demand for
geosynthetics since 2007 for 10 years (Muller and Saathoff, 2015). The two pri-
mary soil reinforcement applications using geosynthetics are: (i) reinforcing the
base of embankments constructed on soft foundation soils, and (ii) increasing the
stable angle of soil slopes (Jewell, 1996). The main function of the inclusion is to
redistribute stresses within the soil mass in order to enhance the internal stability
of a reinforced soil structure. Soil has a relatively low tensile strength so that it
is not able to transfer all the forces arising in a structure when it is loaded. How-
ever, tensile forces can be transferred by using geosynthetic materials (Palmeira
and Milligan, 1989).

Table 1.1: World geosynthetics demand (in millions m?) and percentage of
annual growth (Muller and Saathoff, 2015)

Country 2007 | 2012 | 2017 2&?;&;7‘);3?2_(;78)17
Geosynthetic demand 2801 | 3400 | 5200 4.0 8.9
North America 923 | 965 | 1300 0.9 6.1
Western Europe 668 | 615 725 -1.6 3.3
Asia/Pacific 723 | 1200 | 2330 10.7 14.2
Central and South America | 124 | 160 | 220 5.2 6.6
Eastern Europe 248 | 305 | 405 4.2 5.8
Africa/Mideast 115 | 155 | 220 6.2 7.3

In order to obtain a better understanding of soil-reinforcement interaction, it is
important to identify the different modes of interaction. Palmeira and Milligan
(1989) summarised these for a reinforced slope as illustrated in Figure 1.1. The
interactions are divided into three areas and listed below with corresponding tests

to best characterise the interaction:

1. Region A: Sliding of soil over the reinforcement; direct shear test.

2. Region B: Shearing soil and reinforcement; direct shear test with inclined

reinforcement.

3. Region C: Pull-out failure; direct pull-out test.
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Figure 1.1: Typical interaction mechanisms between soil and geosynthetic
material for reinforced slope (after Palmeira and Milligan, 1989)

The most common research into of soil-reinforcement interaction is the investiga-
tion of pull-out capacity. However a lack of knowledge of the other interaction
mechanics also generates uncertainty in our ability to implement rigorous analyti-
cal solutions or assign suitable parameters for reinforcement elements in numerical

models.

A perfect pull-out boundary condition between soil and reinforcement would be
when full soil strength is mobilised in shear. In previous research the soil - geosyn-
thetic pull-out interaction coefficient was determined either by using theoretical
expressions (Jewell et al., 1985; Ghionna et al., 2001 and Palmeira and Milligan,
1989) or by back-calculation from pull-out test results (Ghionna et al., 2001 and
Palmeira and Milligan, 1989). Therefore, it is important to describe the role of
all the design (and test) parameters on the mobilisation of the pull-out interac-

tion between soil and reinforcement (frictional and passive), including geosynthetic

/
v

length, L, tensile stiffness, T, geometry and shape, vertical effective stress , o

(acting at the geosynthetic interface) and soil shear strength, ¢, or ¢, and tan ¢/,
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(Moraci and Recalcati, 2006). According to FHWA-NHI-00-043 (2001) engineers

can use an interface factor, a, equal to 0.6 and 0.8 for geogrid and geotextile re-

spectively in the absence of test data, where the interface shear strength, 7, is

given by; T = ac, or T = aol tan ¢’ for undrained and drained soils respectively.

1.2 Objectives and methodology

The principal aim of this research is to investigate the detailed interaction between

granular soil and geosynthetics by developing a new pull-out test apparatus and

provide a better understanding of the interaction analytically and numerically.

To achieve this aim, this research is separated into two main areas which are:

1.

Investigation of the analytical modelling of the interaction between soil and
reinforcement to assess the degree of uncertainty and idealisations inherent
in the methods.

. Advanced visualisation element tests using transparent soil technology with

Particle Image Velocimetry (PIV). Use of transparent soil allows direct ob-

servation of the patterns of strain between the soil and reinforcing material.

To meet this aim the following objectives were developed:

(i)

(i)

(iii)

Review and evaluate the analytical interaction models between soil and re-

inforcement by conducting a thorough review of published literature.

Model a specific example problem using the limit analysis approach Disconti-
nuity Layout Optimization (DLO) to further evaluate current reinforcement

modelling methodology.

Develop a model test rig and technique of physical modelling using non-
intrusive modelling techniques using transparent soil in conjunction with
laser aided imaging and coupled with Particle Image Velocimetry (PIV) to

visually observe soil geogrid interaction mechanics.

4
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(iv) Use the modelling technique to investigate the specific case of pull-out of a

geogrid from soil and develop and enhance an interaction model.

1.3 Thesis structure

Chapter 1 - Introduction: This chapter gives a brief outline of the contents of

this thesis, together with a statement of the issues to be investigated.

Chapter 2 - Literature Review: This chapter is separated in two main parts:
physical and analytical modelling. The physical modelling part briefly reviews
the common type of pull-out test and explains the controlling parameters. The
analytical part reviews previous literature on methods of analysing and designing
reinforced structures, highlighting gaps in knowledge and idealisations in mod-

elling.

Chapter 3 - Transparent Soil and Geogrid Reinforcement: This chapter covers the
history, types of the transparent soil and the results of the physical and mechanical
tests on the selected test material: Fused Silica. It also describes the development

process of the transparent soil used in this research.

Chapter 4 - Analytical and Numerical Models for Soil-Reinforcement Interac-
tion: This chapter discusses analytical and numerical modelling of the interaction

between soil and reinforcement and the inherent assumptions.

Chapter 5 - Experimental Development: This chapter describes the development
of the experimental systems and the image based observational methods imple-

mented to evaluate the soil-geogrid performance.

Chapter 6 - Physical Modelling Results: This chapter describes the results of
pull-out tests, individually for each type of test including consideration of the ef-

fect of confining pressure on displacement, shear and volumetric strains.
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Chapter 7 - Results and Discussion: This chapter presents the results of the

physical modelling and discusses this in the context of current analytical models.

Chapter 8 - Conclusions and Recommendations: This chapter explains the key

conclusion and recommendations for future work.

Appendix A - Limit Analysis of Reinforced Embankment on Soft Soil: This
appendix presents a paper which has been published in the Geotextiles and Ge-
omembranes Journal. In this paper comprehensive parametric studies of reinforced
and unreinforced embankments were conducted using the general purpose compu-

tational limit analysis approach Discontinuity Layout Optimization (DLO).

Appendix B - Transparent Soil to Model Thermal Process: An Energy Pile Ex-
ample. A paper which has been published in the ASTM Geotechnical Testing
Journal is presented in this chapter. This paper explored the hypothesis that
temperature change will alter refractive index of the transparent material and
therefore progressively reduce its transparency. The development of the experi-
mental methodology was discussed and a relationship between pixel intensity and
soil temperature was defined and verified. This research has been conducted along

with the main topic of this study while waiting for equipment development.



Chapter 2

Literature Review

2.1 Introduction

The use of geosynthetic materials in engineering earthworks has increased signif-
icantly in recent years to provide reinforcement to geotechnical earth structures.
Reinforcement develops a bond with the soil through either friction or adhesion
for granular soils and cohesive soils respectively. The interaction between soil and
reinforcement can be generated through two main modes, either by sliding a block
of soil over reinforcement (direct sliding) or pull-out the reinforcement from the
soil after mobilising the maximum bond stress (pull-out bond) (Manceau et al.,
2012).

In this chapter a review of previous research is carried out in order to investigate
fundamental aspects of interface mechanics and evaluate the effects of parameters
such as geogrid aperture size, soil particle size distribution, embedment length and

confining stress to enhance research design implementation.

When designing reinforced earth structures a vital aspect is to understand the
interaction between the reinforcement inclusion and the compacted soil as the
interaction governs the overall stability. The main function of the inclusion is to

redistribute stresses within the soil mass in order to enhance the internal stability
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of the reinforced soil structure. The inclusions undergo tensile strain as they
transfer loads from unstable portions of the soil mass into the stable soil zone. The
most common research into of soil-reinforcement interaction is pull-out capacity
(Palmeira and Milligan, 1989). However there remains a lack of knowledge in the
interaction mechanics between soil and reinforcement which has an impact on our
ability to implement rigorous analytical solutions or assign suitable parameters for

interface elements in numerical modelling of reinforcement.

2.2 Background

The engineer’s ability to maximise natural resources has become an important
factor in all segments of infrastructure development. Increasingly, designers are
faced with the challenge of maximising land use areas that often have both difficult

topographic characteristics as well as challenging soil conditions.

One of the first applications of using flexible tensile reinforcement (polymer fabrics)
was introduced by Schlosser and Vidal (1969) for use in vertical and inclined
retaining slopes. They used flexible galvanised steel strips in horizontal rows in
a granular backfill by attaching them to a flexible facing. Geotextile was used
for first time in a reinforced wall by Holtz and Broms (1977) and Al-Hussaini
and Perry (1976). Pigg and McCafferty (1984) pioneered the use of geogrids for
reinforced walls. The first general guide to the nature of polymer reinforcements
was given by Christopher and Holtz (1985).

Olivera (1982), Rowe et al. (1984), Rathmayer and Korhonen (1985) and Fowler
(1985) used geotextiles for construction of embankments over soft soils. Olivera
(1982) and Fowler (1985) have observed the intrusion of fill into the subgrade can
reduced by 50% to 80% by using a geotextile under an embankment.



Chapter 2. Literature Review

2.3 Soil reinforcement

Soil-reinforcement interaction is the most important aspect in the design and per-
formance of reinforced soil structures and this interaction can be very complex,
depending on the nature and properties of the reinforcement and the soil ( Palmeira,
2009). In order to better understand the soil-reinforcement interaction different

types of test and analytical analyses have been developed.

One of the common geotechnical structures which have been used since in the last
decades are reinforced soil slopes. The two main possible types of failure which
can happen for reinforced walls are; (i) shearing mass of soil over the reinforcement

and (ii) pull-out failure as shown in Figure 1.1 (Palmeira and Milligan, 1989).

2.4 Direct shear test

Different apparatus and boundary condition for the performance of the direct shear
test are presented in the literature. In conventional direct shear tests, the bottom
box which is fixed can be occupied by the same type of soil as the top, a different
type of soil or a rigid block. This test can be modified for investigation of the
shear interface properties of a geogrid by placing the geogrid in the shearing plane
either by using the same type of soil in both side or a different type of soil. Also,
the geogrid can be sheared over a rigid block with different roughness. A more
advanced box can place the geogrid with different orientations to the shear plane
(Palmeira, 2009).

The main difference between test arrangements is the way the reinforcement is
fixed into the box and how the normal stress is applied to the soil sample. The
normal stress could be applied over specimen through: (i) a rigid and free top
plate, (ii) a rigid top plate not allowed to rotate, (iii) a top plate fixed to the
top half of the box, which is desirable for dilative samples and (iv) a flexible
bag using bag fluid pressure which is more practical for large scale devices and

can guarantee that the distribution of normal stress over the specimen is uniform

9
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(Palmeira, 2009). Another issue is the influence of the boundary conditions on the
side wall of the test box particularly for dilative soil which increases the normal
stress on the shear plane and consequently the amount of shear strength measured
during a test. Figure 2.1 shows the influence of front wall friction in large scale

direst shear test on the results reported by Palmeira (2009).

2
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Figure 2.1: Influence of side friction in large scale direct shear tests
(Palmeira, 2009)

Palmeira used the results of Dyer (1985) to interpret the results of the direct shear
test for inclined specimens. The influence of the boundary on the results of the
direct shear test for a reinforced and unreinforced sand sample is shown in Figure
2.2. This study was carried out by Palmeira (1987) using a shear box with inner
dimensions 250 mm x 250 mm x 150 mm whereby soil is reinforced with steel grids.
The results of the study show the effect of top boundary condition is larger for a

reinforced sample in comparison with a non-reinforced sample.

2.5 Pull-out test

In order to study the effect of interaction behaviour between soil and geosynthetic
materials in the anchorage zone of the slope/wall, full scale pull-out tests, labora-

tory model tests and numerical analysis are valuable (Palmeira, 2009). The results
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Figure 2.2: The effect of top plate boundary condition on the results of direct
shear test for (a) Unreinforced and (b) Reinforced samples
(Palmeira, 1987)

of pull-out tests have a direct effect on the design of the structure. British Stan-
dard, BS EN 13738:2004 (2004), and American Society for Testing and Materials,
ASTM D6706-01 (2001), have published test methods to simulate the condition

as close as possible to reality.

Previous research indicates that one of the main aims of the researcher is to modify
the pull-out box by changing the dimensions of the box and developing the test
method to minimums the effects of the boundary conditions on the test results so

as to simulate the test condition as close to reality as possible (Palmeira, 2009).

The results of pull-out box tests are affected by many factors. So, the interpre-
tations of the results of the tests are complex and not easy to understand. A
pull-out test device includes: a pull-out box, a vertical load application system
which is rigid or flexible, a horizontal force loading system, a clamping system and
associated instrumentation for recording the displacement and rate of applying

the pull-out load etc.

11
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In order to investigate the pull-out behaviour of geosynthetic materials in differ-
ent types of soils, the effect of box dimensions on the results and the influence of
boundary conditions on pull-out force, several test devices were developed by dif-
ferent researchers (Chang et al., 1977; Palmeira and Milligan, 1989; Ochiai et al.,
1996; Alfaro et al., 1995; Lopes and Ladeira, 1996; Raju and Fannin, 1998; Bolt
and Duszynska, 2000; Sugimoto et al., 2001; Moraci and Recalcati, 2006 and Nay-
eri and Fakharian, 2009). Comparing these tests show that the following factors

have the most significant effects on the results of a pull-out test:
e Boundary condition at the upper surface of the soil specimen
e Boundary condition at the front wall
e Clamping of the reinforcement
The main difference between researchers is the box dimensions and the method

which they used for minimising the effect of boundary condition on the results.

The following equation can describe the pull-out resistance generated along a

length of reinforcement: (Palmeira, 2009)

Pr=21Lo, f, tan¢’ (2.1)

where P is the pull-out resistance (per unit width); L the length of reinforcement
in the anchorage zone; a;, is the effective stress applied over the specimen: ¢ is
the angle of shearing resistance of the soil and f; is the bond coefficient between
soil and reinforcement. Two alternative ways for computing the bond coefficient
between soil and geosynthetic materials, are either using theoretical expressions
which have been proposed by different researchers or by performing a pull-out test

and back analysis to calculate the bond coefficient (Palmeira, 2009).

12
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2.5.1 Boundary conditions at the upper surface of the soil

specimen

The boundary condition at the upper surface of the soil specimen could be rigid or
flexible, either by using a rigid plate load in contact with the soil or by applying
the vertical load through a flexible rubber bag which is filled either with liquid or
air. The significant differences between these two types of load application are the
distributions of stress on top surface of the specimen (Farrag et al., 1993). The
second system of loading allows constant normal stress and the possibility of free
vertical displacement at every point of the soil surface contact area (Moraci and

Recalcati, 2006).

Figure 2.3 shows the results of pull-out tests reported by Palmeira and Milligan
(1989) on galvanized steel for two different top boundary conditions: (i) a fixed
rigid rough plate, and (ii) a flexible top plate and bag filled with water. The results
show that the peak pull-out force is larger for a rigid boundary than for a flexible

application device.

Farrag et al. (1993) demonstrated that a flexible boundary condition at the upper
surface of the soil specimen allows a better and more uniform load distribution
on the whole contact area and consequently a more uniform distribution of the

effective stresses at the specimen upper surface.

2.5.2 Boundary condition at the front wall

The influence of the front boundary condition of the wall has been studied by many
researchers (Palmeira, 1987; Palmeira and Milligan, 1989; Johnston and Romstad,
1989; Farrag et al., 1993; Lopes and Ladeira, 1996; Raju, 1995 and Sugimoto et al.,
2001). Palmeira (2009) summarised the typical boundary condition which is used
by different researchers for doing the pull-out test (Figure 2.4).

In the traditional test arrangement the front wall of the pull-out box is fixed and

the soil is in contact with the wall. Therefore, it is important to find the way to
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Figure 2.3: The effect of top boundary condition on pull-out tests results
(Grid 1: Thickness of bearing member= 1.63 mm, grid size = 12.5 x 12.5 mm)
(Palmeira and Milligan, 1989)

reduce the friction between soil and the front wall to avoid the effect on the results
of the test. Palmeira (1987) and Abramento (1993) solved this problem by using
layers of plastic films and oil or grease. Another option to reduce the effect of
friction on the front wall is to use a sleeve which can cover a few centimeters of
reinforcement near the front wall or by placing the reinforcement away from front
wall which can be done for a geogrid by removing the frontal transverse members
of the grid (Farrag et al., 1993; Wilson-Fahmy et al., 1994; Palmeira, 1987 and
Perkins and Cuelho, 1999). Another method to reduce the influence of the front
boundary on the results of the test is to use either a flexible face via a pressurised

bag or a movable face (Sugimoto et al., 2001).

Sugimoto et al. (2001) presented the results of pull-out test for a rigid and flexible
front boundary by using X-ray techniques. The flexible boundary condition was
designed by placing two separate unit pressure bags which are filled air between
the soil and the front of the wall. They found the distribution of the displacements
along the reinforcement length is influenced by the stiffness of the front wall and

therefore the mobilisation of the interaction mechanisms. Uniform distribution of
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Figure 2.4: Typical boundary conditions of front wall in pull-out test
(after Palmeira, 2009)

the interaction mechanisms along the reinforcement were mobilised for a flexible
front wall, while with a rigid front wall the interaction mechanisms along the
reinforcement are non uniform. Figure 2.5 shows the effects on pull-out force. The
pull-out force for a flexible wall is slightly larger than that for a rigid boundary

until the point of failure.
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Palmeira and Milligan (1989) investigated the effect of friction angle between the
soil and the front wall. The results of their study as shown in Figure 2.6 reflect
that the friction angle mobilised between wall and soil has a considerable effect on
the result of test.

40 I
E}
2 20 F
—
Grid 1, L, =75 mm
Leighton Buzzard sand 14/25
oy = 25 kPa
0 .
0 20 40
§:deg

Figure 2.6: The effect of wall roughness on pull-out tests results
(Palmeira and Milligan, 1989)

Therefore, it is necessary to consider a way to minimise the influence of wall friction
on the results of a test or seek to move the front confined section of reinforcement
away from the front of the wall. The results of experimental studies show that
the influence of the stiffness of the front wall is less in a large box. Another
alternative is to glue low friction materials to the front wall of the box or to fix the
specimen between two metal sleeves to move the front confined section away from
the front wall (Moraci and Recalcati, 2006). The side wall friction of pull-out box
can also change the result of tests by affecting the effective vertical confining stress
which is applied over the reinforcement. The friction between the wall and soil
reduces the vertical effective confining stress at the soil-reinforcement. Johnston
and Romstad (1989) investigated the effect of friction along the side wall of box
and reported that the amount of vertical effective confining stress is reduced by
35% in comparison to the net value of vertical stress which is applied over the

sample.
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ASTM D6706-01 (2001) recommends that a pull-out box should be rectangular
or square and be minimum 610 mm long, 460 mm wide and 305 mm deep. The
width of the box should be increased by 760 mm for a fully frictional sidewall.
In addition, the dimensions of the box depends on the soil particle size and the
geometry of the geosymthetic. The minimum width of the box should be greater of
20 times the Dgs of the soil or 6 times the maximum soil particle size; the minimum
length should be should be greater than 5 times the maximum geogrid aperture
size. Moreover, the thickness of the soil above or below the geosynthetic should
be a minimum of 150 mm and at least 6 times the Dgs of the soil or 3 times the
maximum soil particle size. A significant difference between BS EN 13738:2004
(2004) and ASTM D6706-01 (2001) is on the minimum requirement of the length
of the box which is 1.5 m for the British Standard.

2.5.3 Clamping the reinforcement

The clamping device used for transferring load to the specimen is typically made
of two pieces of metal which should cover the whole width of the specimen. The
reinforcement can be clamped either inside or outside the pull-out box. Farrag and
Morvant (2000) studied the effect of the clamping system for both types of device.
The advantage of placing the clamping system inside the box is to make sure the
confined length of specimen is constant during the whole test and the displacement

of clamping device can be used for the first confined section of reinforcement.

In the case of clamping the specimen outside of the box the frictional resistance
between clamping plate and reinforcement can be ignored for measuring the pull-
out force. By clamping the specimen outside the box it is not possible to apply
the confining vertical stress over the specimen. So, the first confined section of
reinforcement is measured inside the box instead of at the load application point.
In addition, displacements are not affected by the slippage between the specimen
and the clamps. The most important part of the design of the clamping system
is calibrating the device to investigate the pull-out resistance developed during a

test without reinforcement by the two pieces of metal forming the clamp.
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2.6 Interaction between soil and reinforcement

The behaviour of a reinforced soil structure is largely governed by interaction
mechanism that is developed between the reinforcement inclusions and the back-
fill soil. The interface friction angle and adhesion between soil and geosynthetic
materials are the main function that redistributes stresses within the soil mass in
order to enhance the internal stability of reinforced soil structure. The inclusions
undergo tensile strains as they transfer loads from unstable portions of the soil

mass into stable soil zone (Teixeira et al., 2007).

Therefore different type of tests and analytical solutions have been developed in
order to better understand the interaction between soil and reinforcement. Direct
sliding and pull-out are the two main modes of interaction that occur in a returning

structure (Jewell, 1996 and Manceau et al., 2012).

2.6.1 Direct sliding coefficient between soil and reinforce-

ment

The modified direct shear test is an ideal way to evaluate the shear strength be-
haviour when the soil is shearing over geosynthetic materials. The British Standard
BS 6906-8:1991 (1991) and American Society for Testing and Materials ASTM
D5321 (1991) are published standards which can be used to evaluate the sliding
and bond coefficient between soil and geosynthetic materials. The direct shear
apparatus is assembled into upper and lower halves in which the reinforcement is
supported either on a solid block or the soil in lower half of the box. The shearing

force is usually performed at a constant rate of displacement.

In a conventional shear box test for investigating the coefficient of direct sliding
between soils and any type of reinforcement material the bottom of the box could
be occupied (i) by soil the same as the top, (ii) different types of soil and (iii) a rigid
block. In the case of a geotextile a rather uniform shear mechanism develops along

the soil-geotextile interface including possibly some interlocking between the soil
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particles and geotextile fibres which depends on the dimensions and the shape of
the particles and the surface characteristics of the geotextile. However, for geogrid
materials, the direct sliding resistance can be generated by sliding between soil
over soil through the apertures of the geogrid and soil over the material of the
geogrid itself (Jewell, 1996).

2.6.2 Bond coefficient between soil and reinforcement

The bond coefficient between soil and reinforcement is provided by the skin friction
over surface of reinforcement, skin friction between soil-soil through the geogrid
apertures and passive resistance of the geogrid bearing members.The bond coeffi-
cient between soil and geogrid is relative to the size of soil and geogrid apertures

and the thickness of members (Jewell, 1996).

2.7 The influence of the particle size of soil on

interaction behaviour

One of the factors which has a significant effects on the mechanism of behaviour
between soil and geosynthetic is the soil particle size as studied by Jewell (1996);
Boyle and Holtz (1994); Chen and Chen (1994); Jewell (1990); Palmeira and Mil-
ligan (1989) and Jewell et al. (1984). However, the soil particle size has the largest
effect on the geogrid materials since the soil volume can penetrate through the ge-
ogrid aperture and mobilise the interlock mechanism. The effect of soil particle size
is relative to the geogrid aperture size and thickness of bearing members. When
the soil particle is smaller than the geogrid aperture size, it can penetrate through
the geogrid. In addition, the particle size of soil should be less than the thickness
of the geogrid to generate passive resistance (Jewell et al., 1984). The results of
research by Lopes and Lopes (1999) show that the appropriate soil particle size

can increase the shear resistance between soil and geogrid by 20%.
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Palmeira and Milligan (1989) investigated the influence of the relative sizes of soil
particle and geogrid transverse ribs on the bearing stress. Figure 2.7 shows the
normalised bearing stress versus the thickness of the transverse ribs normalised
by the average of soil particle size. The results of the study show that a trans-
verse member of square or rectangular shape can provide slightly higher bearing
strengths in comparison with round sections. The results also indicate that for
ratios B/ D59 > 12 the normalised bearing strength starts to be independent of

the soil particle size.

‘ T <
100 gv* * + * °v$ * % * B —>F o, =F/B
® o H-| %

6,=25kPa

o
Ao ¢ @ Sand A - member of a metal grid - round section
50 4 O u o B Sand B - member of a metal grid - square section
8 8 L u O Sand B - member of a metal grid - round section
R 0
A

/\ Sand C - member of a metal grid - round section
(Palmeira 1987)

A Crushed glass-member of a HDPE geogrid (Milligan
et al. 1990)

o,/(o, tang)

¢ = soil friction angle
0 : : : ¢ Silty sand-member of a PET geogrid (Teixeira 2003

0 10 20 30 -6, = 25, 50 and 100 kPa)
B/Dsq @ Sand B-member of a HDPE geogrid (Palmeira 2005)

Figure 2.7: The results of pull-out test on isolated transverse geogrid ribs for
different cross section shape (after Palmeira and Milligan, 1989)

2.8 Displacement and strain in soil-geogrid rein-

forcement

(Classical pull-out box tests can determine the ultimate pull-out capacity of soil
reinforcement for a range of different confining pressures, lengths of embedment,
soil particle sizes and geogrid characterization such as rupture strength, shape and
size of aperture. However, the geosynthetic-soil interaction mechanisms based on
ultimate pull-out capacity is not easy to understand and very complex. Therefore,
there is a need to investigate a new method to offer the capability to record

the displacement across the sample during the test. To achieve this aim, a few

20



Chapter 2. Literature Review

researchers have used different methods to track soil particles during pull-out tests

by adding some artificial objects in soil mass and tracking these instead of soil.

Dyer (1985) and Milligan et al. (1990) used crushed pyrex glass mixed with colour-
less liquid paraffin together with the photoelasticity method to observe the interac-
tion between soil and metal grid and polymeric materials respectively. Dyer (1985)
used the photo-elasticity method to better understand the influence of reinforce-
ment on the distribution of stress in the soil by replacing specimens in different
orientations. In his research he used glass ballotini by manufactured of soda and
lead glass with refractive indices of approximately 1.51 and 1.60 respectively. Ap-
propriate mixtures of a-bromonaphthalene and colourless liquid paraffin were used
to match the RI with glass. The internal dimensions of the pull-out box were 204
mm length, 52 mm width and 150 mm depth. The confining pressure was applied
through a rigid platen using a dead load on a hanger. Figure 2.8 shows a schematic

of the shear box for single reinforcement.

Shear displacement

_>i e Vertical load
| |
R EENEN
: | Rigid platen |
Crushed glass :
immersed in liquid — . e———Top half of box
paraffin I
| 7,
-
3 Shear load
Reinforcement #

[ 204mm

eo—1——Bottom half of box

Figure 2.8: Schematic diagram of direct shear box test arrangement for a
single reinforcement (after Dyer, 1985)

Figure 2.9 presents the results of his study. The bright areas in the photographs
are regions of high compressive stresses and dark areas for low stress levels. The
pattern of light obtained shows that the reinforcement significantly changes the

mode of distribution of stress on the soil sample.

Figure 2.10 shows the interaction between geogrid transverse members and the

surrounding soil during the pull-out test. The results of the study show that for
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geogrid

Figure 2.9: Photo-elastic studies in the direct shear test, (a) Unreinforced; (b)
Vertical reinforcement and (c) Inclined reinforcement (after Dyer, 1985)

the long spacing between transverse members of a steel grid the load distribution

is uniform (Figure 2.10a).

Otani et al. (2001) used other techniques to investigate the interaction between soil
and reinforcement using an X-Ray CT scanner which offers superior measurement
resolution. The small sample geometry was the problem of their study. Sugimoto
et al. (2001) have done a series of laboratory pull-out tests to investigate the effect
of the front boundary condition on the pull-out behaviour of geogrids in sand by
using X-ray radiography to track lead inclusions in the soil during a pull-out test.
The inner dimensions of box were 600 mm x 300 mm x 625 mm in length, width and
height. Figure 2.11 shows the displacement of sand around the geogrid for both
rigid and flexible front boundary conditions by tracking lead shots in the soil.
The results of the study indicate that the sand movements occur over a larger
area with a flexible front boundary in comparison with rigid boundary test. The
amount of failure pull-out force for both front wall rigid and flexible boundary

condition is not so different. However, the bond stress distribution is larger for
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Vertical load Vertical load

Pull-out force Pull-out force

earing members

(a) (b)

Pull-out force

(c)

Figure 2.10: Interference between grid transverse members for different spac-
ing between transverse members (a) Large spacing, (b) Short spacing, (c) Test
on a longer grid, (after Dyer, 1985)

flexible boundary in comparison with the rigid case. Therefore, the pull-out test
with rigid front boundary may provide an underestimated resistance value for the

reinforced structures with a constant pressure boundary.

The new non-intrusive modelling technique using transparent soil modelling gives
the chance to visually observe soil geogrid interaction mechanics in a special pull-
out test apparatus. Ezzein and Bathurst (2011b, 2014) used a transparent coarse
granular soil in a large transparent pull-out box apparatus to investigate the in-
teraction between soil and geogrid. The dimensions of the test box were 300 mm
high by 800 mm wide by 3700 mm long and it was made with 13 mm aluminium
plates. This pull-out equipment was larger than a traditional pull-out box that
follows the minimum recommendation of the BS EN 13738:2004 (2004) and ASTM
D6706-01 (2001). In addition, in these standards the end of geogrid in the passive
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Figure 2.11: Displacement of sand around geogrid for the front boundary of ,
(a) Rigid front face, (b) Flexible front face (Sugimoto et al., 2001)

zone is free to move whereas it was clamped in their study using a back clamp.
Figure 2.12 shows a cross section view of the pull-out box and original image of the
biaxial polypropylene geogrid specimen embedded in transparent soil and viewed

through the bottom of the pull-out box apparatus.

The transparent soil used particles of crushed fused quartz which are non-porous
and incompressible. The fused quartz is classified as S P according to the Unified
Soil Classification System with a mean particle size (Dsg) of 1.68 mm, a coefficient
of uniformity of 2.04 and a coefficient of curvature of 0.68. The transparent soil
fluid was prepared by mixing two clear mineral oil fluids (Puretol 7 and Krystol
40) together which have a refractive index of 1.4586 at 22°C (Ezzein and Bathurst,
2011a).

Ezzein and Bathurst (2014) and Bathurst and Ezzein (2015) presented displace-
ment profiles for geogrid specimens for different surcharge pressures up to 50 kPa
at time intervals until rupturing. The length of geogrid was 2 m for their study
with ultimate strength 12.5 kN/m. The authors managed to measure the relative
horizontal displacement between the geogrid specimen and painted particles, which
were used as targets to track soil displacements, over the length of the geogrid.
The results of their study show the zone of influence of the geogrid is around 100

mm from the interface between the specimen and the soil.
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Figure 2.12: (a) Schematic diagram of pull-out box (b) Photo of geogrid taken
from bottom of box (Ezzein and Bathurst, 2014)

Ferreira (2013) and Ferreira and Zornberg (2015) presented a new transparent pull-
out test for 3D evaluation of soil-geogrid interaction under small displacement and
strain which was focused on behaviour at the local level (Figure 2.13 ). They added
additional soil markers in the transparent soil mass which allowed tracking of soil
particle displacement during the test. For soil markers they used the same fused
quartz painted black. The line of soil markers was placed perpendicularly in the
pull-out direction and observed in the plan view at a distance of 51, 31 and 7 mm

from the interface (Figure 2.14).

The fused quartz was classified as S P according to the Unified Soil Classification

System with a mean particle size (Dsg) of 3.7 mm, a coefficient of uniformity of 1.6
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and a coefficient of curvature of 1.2. They found the zone of influence of geogrid
is between 7 and 31 mm which correspond to 2 to 8 D5y of the soil. In addition,
they found at small displacement and strain the bearing mechanism along the

transverse ribs contributing to soil-geogrid interaction.
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Figure 2.13: Schematic diagram of crosse section of transparent pull-out test
setup (Ferreira and Zornberg, 2015)
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Figure 2.14: Position of soil markers in the pull-out test
(Ferreira and Zornberg, 2015)

2.9 Analytical and numerical evaluation of the

reinforcement design

Previous literature on methods of designing reinforced structures are summarised
in this section highlighting the gaps in knowledge and approximations in modelling

methods.

To design a reinforcement soil structure two issues are normally checked: (i) check-
ing the ultimate limit state by examining collapse failure on major damage and (ii)
controlling the deformation and settlement in the case of serviceability limit states
(Manceau et al., 2012). To model the effect of soil reinforcement on slope stability
traditional limit analysis and limit equilibrium method have been modified and

various methods are presented in the literature.

Limit equilibrium is a popular method used traditionally for checking the stability
of slopes either with or without reinforcement. The main advantage of this method
is the capability of modelling the complex soil profile and seepage with different
loading conditions (Yu et al., 1998). The main assumption of this method is that
the soil follows a Mohr-Coulomb yield behaviour at collapse (Terzaghi, 1943) and
that the tensile force mobilised in the reinforcement acts to oppose collapse. A
circular slip surface or combination of circular and log spiral or plane surfaces

are the common types of assumptions used with most available limit equilibrium
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methods (Palmeira et al., 1998). The reinforcement can be applied as a tensile
force at the location of the intercept between the reinforcement and slip surface.
For instance, Duncan (1996) modelled the reinforcement by using a pre-computed
pull-out force which acts to stabilize the construction. An other alternative way
is the method of slices which is often used to assess stability. Bishop (1955),
Spencer (1967) and Janbu (1973) simulated the reinforcement as a tensile and shear
resistance which is applied to each slice. However, additional tensile resistance
adds in to the system which is generated from the length of reinforcement that

lies beyond the failure mechanism (Clarke et al., 2013).

The limit analysis method is a powerful method for checking slope stability and
limit bearing capacity of geotechnical engineering structures. Drucker et al. (1952)
first introduced limit analysis based on plastic limit theorems. Chen (1975) used
limit analysis in geotechnical engineering for the first time for solving bearing
capacity, earth pressure on retaining walls and slope stability problems. In this
method soil is modelled as a perfectly plastic material following an associative
flow rule. This idealisation of the behaviour of soil allows the use of two plastic
bounding theorems which are lower and upper bounds (Drucker et al., 1952 and

Chen, 1975).

Using the upper bound theorem a compatible mechanism of collapse is identified
and the rate of external work with the rate of internal energy dissipation. The
upper bound theory will identify a load that will definitely cause collapse. However,
collapse may occur at a lower load. On the other hand, the lower bound theorem
identifies an equilibrium distribution of stress that balances the applied load and
nowhere violates the yield criterion. The lower bound theorem guarantees that
this load will definitely be carried by the body. However, higher loads may be
taken without causing collapse. Haliburton et al. (1978) listed the common failure
types of embankments and slopes which are due to rupture failure of reinforcement,

pull-out failure and excessive deformation of reinforcement.

In the case of soil nail reinforcement different researchers have employed different
ways of modelling nail. Juran et al. (1990) used the kinematic limit analysis

approach to calculate the maximum shear and tensile forces generated on the soil
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nail. However, a modified Bishop (1955) method needs to use to identify the failure
mechanism of slope. A continuous stress distribution over the soil nail can be used
to find a more accurate approximation of the strength and pull-out and resistance
of soil nails. This method developed by Zhu et al. (2005) allows the distribution

of the normal stresses acting on soil nails crossing a slip surface.

2.9.1 Analysis of stability

In an internal stability check potential failure mechanisms that either pass through
some part of the reinforced area or in front slope all the reinforcement are exam-
ined. The output of this check is to find out the best layout of reinforcement.
Figure 2.15 presents the potential ultimate limit state modes of failure for slopes

which is summarised by BS 8006-2 (2011).

Figure 2.15: Ultimate limit state modes of slope failure; External rotational
failures (A,B,E), Internal rotational failures (C,D,H), Internal translational fail-
ures (F.,I), Internal local face failure (G,L), External translational failure (J),

Internal local over stressing of reinforcement, surface (1) and soil reinforcements
(2)(after BS 8006-2, 2011)

29



Chapter 2. Literature Review

2.9.1.1 Bishop’s simplified method of slices

Bishop’s simplified method of slices is the most common method of limit equilib-
rium analysis methods for the purpose of checking the rotational stability of slope
(Bishop, 1955 and Bishop and Morgenstern, 1960). In this method the free body
diagram of the slip mechanism is divided into a number of vertical slice as shown
in Figure 2.16. The main assumption in this method is that, the shear strength
across of the slice boundary is neglected and, the normal force acts through the

centre of the base of the slice.

Figure 2.16: Slip circle method of slices (after BS 8006-2, 2011)

This equilibrium equation which is used in this method is based on moment equi-
librium and force equilibrium in the vertical direction. This approach is used in
British Standard (BS 8006-2, 2011) for designing soil nailing but the process is
equivalent for geosynthetic reinforcement. The following equations show the cal-
culation moments either for driving/disturbing moment and resistance about the

centre of rotation to obtain the factor of safety.

Mdriving

FS = (2.2)

Mresisting
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Mdriving = Z[VVZ + qBi]T sin Q; (2?))

=1

¢ + [Wi+ ¢B; — u;B] tan ¢
cos a; + sin a; tan ¢’

Mresisting - soil — Z{ }T (24)
=1

where, ¢ and ¢ are shear resistance of soil, W; is the self-weight of the slice, ¢
is the surcharge acting on the surface of the slice, u is the pore pressure acting
the base of the slice. The geometrical parameters as shown on Figure 2.16 are
introduced in Table 2.1.

Table 2.1: Slip circle method of slices geometrical parameters

Symbol | Definition

width of slice (m)

height of slope (m)

length of reinforcement to base of slice (m)
length of embedment zone (m)

radius of slip circle (m)

design tension in reinforcement (kN)

angle as defined by Bishop (1955)

angle of slope

reinforcement declination

angle between normal to slip plane and reinforcement

S |olw[e | |DH T w

However, by reinforcing the slope with soil nail the moment resistance of soil nails

also contributed to the computation of the safety of factor of slope. Therefore,

Mresisting = soil T Mnails (25)

where
m

Mnaz‘ls = Z[de COS(O!]' + gj +

i=1

Tg; sing; tan gb/ r (2.6)

N 7T
cos aj + sina; tan @'~ sy

31



Chapter 2. Literature Review

where, T, is the designed nail force (in kN) and S}, is the horizontal spacing of the

nails.

2.9.1.2 Two-part wedge mechanism

The two-part wedge method is recommended by British Standard BS 8006 (1995)
for designing the reinforced soil slopes. This method is essentially the same as the
simplified method AASHTO (2004) of design tie-back wedge analysis for geosyn-
thetic reinforced soil walls which are discussed by Allen et al. (2003) and Bathurst
et al. (2005). In the two-part wedge method the factor of safety is computed by
comparing the restoring and disturbing forces for a prescribed failure mechanism
(Clarke et al., 2013).

The Two-part wedge method works by checking the stability of each wedge in terms
of a force balance across the boundary of the wedge (Figure2.17) rather than a
moment balance which is used in the Bishop’s method. This analysis involves less
calculation in comparison with Bishop’s method of slices and it is easier to follow
the calculation (BS 8006-2, 2011). The inter wedge forces are normally assumed to
be normal, ignoring friction. The following equations are described in the British
Standard (BS 8006-2, 2011):

“The assumption of a frictionless inter-wedge boundary is always likely to be
conservative compared to Bishops simple method of slices, while the assumption

of full friction on the inter-wedge boundary is always likely to be unconservative.”

(W1 + Q1)(sin ) — cos ) tan @)

cos 6y — sin ¢ tan ¢’

H+

NQIZ{

(2.7)
-2 %‘S][Cos(ﬁl + ) +sin(f; + €) tan ¢_kgy

cos 6y — sin 6, tan ¢’

{
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Figure 2.17: Two wedges analysis (after BS 8006-2, 2011)

—(Wy 4 Q4)(sin fy — cos by tan ¢')

cos By — sin 6, tan ¢’

Ny = { H+

(2.8)
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where the various parameters are as indicated in Figure 2.17.

33



Chapter 2. Literature Review

2.9.1.3 Modelling discrete soil reinforcement in numerical limit anal-

ysis

In traditional limit analysis and limit equilibrium methods, internal and external
stability is checked separately, fewer types of failure mechanisms are considered
and the reinforcement is represented by a finite pull-out force. The force is com-
puted from the pull-out strength and the length of reinforcement beyond the slip
mechanism. Finally, the resistance to movement of the reinforcement normal to
its plane of placement can potentially be modelled, but this is normally neglected

in the simpler models (e.g., the two-part wedge method)(Clarke et al., 2013).

However, by using the numerical limit analysis procedures such as finite element
analysis (Lysmer, 1970; Sloan, 1988 and Makrodimopoulos and Martin, 2006) or
Discontinuity Layout Optimization (DLO) (Smith and Gilbert, 2007a and Gilbert
et al., 2010) it is possible to:

1. Determine the critical failure mechanism, without relying on pre-defined

mechanism geometries.
2. Model pull-out and lateral resistance for reinforcement.

3. Model the effect of reinforcement on soil failure, regardless of where the

reinforcement is located within the soil body.

4. Eliminate the distinction between external and internal stability (i.e., the
critical stability state should be identified, whether this involves internal

failure, external failure, or some combination of both).

DLO is a computational limit analysis method which can be used to directly com-
pute the collapse load of solid body (Smith and Gilbert, 2007a) and has success-
fully been employed for a wide range of limit analysis problems, e.g. Gilbert and
Smith, 2007; Smith and Gilbert, 2007b, 2008, 2013; Smith, 2012 and Shwan and
Smith, 2014 | including those involving soil reinforcement, Clarke et al. (2013). In
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that study, the DLO method was calibrated against the two-part wedge analysis
method recommended by BS 8006-2 (2011).

The limit analysis problem is formulated in terms of the potential discontinuities
that interlink nodes used to discretise the solid body under consideration and
involves four key stages as illustrated in Figure 2.18. The critical arrangement
of discontinuities (which defines the mechanism of failure that dissipates mini-
mum energy) can be identified using optimisation. In the kinematic formulation
these discontinuities represent sliplines and compatibility rigorously enforced ev-
erywhere. The accuracy of the method depends on the number n nodes employed
which allow the critical mechanism to be selected out of a set of n(n—1)/2 potential

sliplines.

YYVVYYY

(a) (b) (c) (d)

Figure 2.18: Stage in DLO procedure: (a) define problem domain and bound-

ary conditions; (b) discretise domain area with nodes; (c)interconnect every

node to every other node with a potential discontinuities; (d) identify critical
layout of discontinuities at collapse (after Gilbert et al. 2010).

2.9.2 Modelling geosynthetic reinforcement in DLO

In a conventional limit equilibrium analysis based on the method of slices, a re-
inforcement element is modeled as a pre-computed pull-out force which acts as a
stabilising force on the slice through which it passes into the non-deforming soil
(Duncan, 1996; Bishop, 1955 and Spencer, 1967). Interaction within the failing
slope mass is not typically modelled and normally the action of the reinforcement
in terms of whether it pulls out of the deforming mass or pulls out of the stationary

soil is pre-determined before the analysis.
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In contrast, in the DLO approach, soil reinforcement can be modelled in a fully
general way without any pre-knowledge of whether it will fail by pulling out of the
stationary or moving soil mass. Reinforcement is modelled as a one-dimensional
element which is able to model failure in bending, tensile rupture and compressive
failure controlled by parameters M, R, and C respectively, where M,, is the plastic
moment of resistance and C' is the compressive strength of the reinforcement. The
element described by Clarke et al. (2013) was designed to also allow the modeling
of soil nails and so had the additional ability to allow soil to ‘low around’the
element controlled by a lateral and pull-out resistance. These properties were
not required and these resistances were set to co. Each engineered element has
three parallel components (as shown in Figure 2.19) which comprise: an upper
boundary interface, the reinforcement itself and a lower boundary interface. For
the purposes of modelling geotextile reinforcement M, is set to zero to allow free
flexure, C' is set to zero and the upper and lower boundaries are modelled with

Mohr-Coulomb materials with strength a, tan ¢’ or a.c, respectively.

In the equilibrium formulation of DLO, for each discrete element ¢ of the reinforce-
ment, variables are assigned to represent the shear force 7, ;, 7;;, on the upper and
lower faces respectively, and the tensile force T; and bending moment M; in the
reinforcement. The set of 7,, 7, M, T are found that give the maximum load on

the system that does not violate the following constraints:

1. 7 < a.cy,
2. 7, < ag(d + ol tan ¢')
3. C<T<R

4. M < M,

It is noted that even if M,, = R = C = 0, the modelled reinforcement will still affect
the mechanics of the system in that direct shear displacements are not permitted
through the reinforcement element. However this can be represented via element

rotations. With sufficiently small segments the same effect is achieved. Use of a
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higher nodal density along the reinforcement can therefore be beneficial in some

cases.

Note that in a limit analysis formulation such as DLO, yield or rupture of the
reinforcement does not lead to breakage or fracture but to unrestricted ductile

elongation that still allows transmission of tensile forces along the length of the

reinforcement.
Tyi Ty e Luir2_
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Figure 2.19: Modelling flexible reinforcement in DLO for segment or node 1,

T: tensile force (kN/m), 7,: upper boundary soil/reinforcement interface stress

(kPa), 7;: lower boundary soil/reinforcement interface stress (kPa), R: tensile

force in reinforcement (kN, per m width), M: bending moment in reinforcement
(kN, per m width).

2.10 Transparent Synthetic Soils

Traditionally in an experimental model spatial stresses and strains within the soil
have been measured using embedded sensors. While beneficial to offer some un-
derstanding of the soil response; disadvantages of this methodology include: (i) a
lack of detailed spatial measurement resolution owing to the sparse number of mea-
surement locations within the soil and (ii) local stiffening of the soil in the vicinity
of the sensors leading to stiffness compliance errors. Transparent synthetic soil
has been developed in recent decades to allow direct internal observation of ax-
isymmetric and three dimensional geotechnical problems (Iskander, 2010). Since
its inception many forms of transparent soil analogues have been successfully de-
veloped to represent a broad spectrum of both fine and coarse grained soil for
modelling purposes. Visualisation capabilities have also advanced considerably in

terms of material quality and image capture /measurement observation techniques.
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Early pioneers sought to directly capture the location of isolated embedded targets
visible within the soil (similar to lead shot X-Ray methods) which has evolved to
full field resolution using laser aided imaging methods harnessing advanced auto-
mated digital image correlation methods. The work reported in the thesis relates
to granular based soils thus a review of granular transparent materials previously

developed is summarised in the following sections.

Figure 2.20 contains two sets of images from the testing conducted. Early ex-
periments in transparent soil adopted back illumination to silhouette embedded
target markers to capture the mechanical response of the soil and a geostructure
by Gill (1999) and recent works by using laser aided imaging in conjunction with
digital image correlation by Kelly (2013). This demonstrates the advance of the

experimental technique to other enhance resolution measurement.

(b)

Figure 2.20: Images from investigations conducted by (a) Gill (1999) and (b)
Kelly (2013)
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2.10.1 Coarse grained transparent synthetic soils
2.10.1.1 Crushed glass

One of the first experimental programmes that used transparent soil was by
Allersma (1982) which used crushed borosilicate glass submerged in a white oil
pore fluid to examine the stress and strain distributions developed during the in-
stallation of a penetrometer. The particle size of crushed glass was specified in
two ranges of 1-2 mm and 2-3 mm in diameter. Several concerns prevent this ma-
terial being adopted for the present research, (i) the susceptibility of crushing the
glass particles during the loading process which is reported by Allersma (1982),
(ii) internal micro fractures within the crushed particles diminish the visual depth
within the model that can be viewed, and (iii) the particle shape of the crushed
glass is highly angular and thus may offer increased frictional resistance compared
to natural granular soil under pull-out. Indeed Allersma reported the friction an-
gle of crushed glass in a medium-dense sample as 33° and 40° for particle sizes
between 1-2 mm and 2-3 mm respectively, which is larger than typical values for

fine sand and gravel respectively.

2.10.1.2 Silica gel

The geotechnical properties of silica gel are presented by Sadek et al. (2002). This
type of material has been used for modelling sand and originates from a colloidal
form of silica. It is available in a wide range of particle size from 0.5 mm to 5 mm.
Silica gel is an amorphous highly porous, partially hydrated form of silica, which

is a substance made from silicon and oxygen (Iskander, 2010).

The specific gravity of silica gel is approximately 20% less than the specific gravity
of natural silica sands which is 2.2 (Weast, 1986) and the dry unit weight is typi-
cally between 6-9 kN/m?. Sadek et al. (2002) carried out triaxial compression and
direct shear tests on dry and saturated specimens to investigate shear strength of
silica gel and stiffness. The stress-strain behaviour for fine and coarse particle size

are presented in Figure 2.21 and summarised in Table 2.2. The strain associated
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with the peak strength of dense silica gel in the triaxial test is higher than natural

dense sand owing to the greater compressibility of silica gel.

Table 2.2: Frictional properties of fine and coarse silica gel for statured speci-
men (Sadek et al., 2002)

Friction angle (¢)
Triaxial Test \ Direct shear test

Silica gel Deunsity | Particle Size (mm)

. Loose 29°-36° 320-46°
Fine angular Denso 0.5-1.5 310-490 379590
Loose 29°-33° 36°-43°

Coarse round Denso 2.0-5.0 339360 3]9.530
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Figure 2.21: Typical results of (a) Stress-strain curve for consolidated drained
triaxial tests and (b) Direct shear test on loose (dashed) and dense (solid) on
specimen of silica gel (Sadek et al., 2002)
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2.10.1.3 Fused silica

Ezzein and Bathurst (2011a) introduced the most recent type of transparent gran-
ular soil based on fused silica aggregate which is shown in Figure 2.22. Fused silica
is a noncrystalline which is made from silica dioxide (SiO2) quartz sand. The ma-
terial is manufactured by melting natural quartz crystals present in quartzite sand
in high temperature around 2000°C, and cooling. The fused silica particles are
impermeable and non-absorbent. A series of laboratory tests were carried out to
investigate the properties of fused silica transparent soil by Ezzein and Bathurst
(2011a) to assess its suitability for modelling natural soils. Table 2.3 shows the
sieve analysis of fine and coarse fused quartz samples used by Ezzein and Bathurst
(2011a).

Figure 2.22: Fused quartz particles (Ezzein and Bathurst, 2011a)

The shear strength of fused quartz materials was determined by direct shear tests
for dry and saturated conditions with either water or mineral oil (Table 2.4). The

results of the tests are shown in Figure 2.23.

The results of one-dimensional compression tests over fine and coarse fused quartz
compared with uniform natural sand is presented in Figure 2.24 with the influence
of fluid type. The main advantage of using this type of material for modelling

granular soils in compression compared to silica gel beads is that the particles
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of fused quartz are hard with negligible breakage. Furthermore, trial tests by
Ezzein and Bathurst (2011a) indicated no adverse chemical reaction occurred be-
tween the aggregate and pore fluid that would compromise its visual clarity. In
fact, as described later, examination of the various aggregates sourced for this
project indicted that fused quartz offered superior optical properties i.e. greater

transparency which could be advantageous in allowing larger model geometries.

Table 2.3: Particle size of fused quartz samples (Ezzein and Bathurst, 2011a)

’ Property \ Coarse particle \ Fine particle ‘
Particle size (mm) Dego 2.10 0.39
Dsg 1.68 0.33
D3 1.21 0.22
Dy 1.03 0.11
Coefficient of curvature C. 0.68 1.16
Coefficient of uniformity  Cy, 2.04 3.65

80

normal stress = 75 kPa
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% 401]
g pore fluid
E —O— dry
8 —— water
= —&— ol
9 20

0 T T T T T

0 2 4 6 8 10 12

Horizontal displacement (mm)

Figure 2.23: Influence of type of fluid on the results of direct shear test for
coarse fused quartz (Ezzein and Bathurst, 2011a)
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Table 2.4: Peak shear strength of fine and coarse fused quartz from direct
shear tests for ¢ = 0 (Ezzein and Bathurst, 2011a)

| Pore fluid | Particle type | Peak friction angle (¢) |

Dr Fine 42°
y Coarse 43°
Fine 44°

Water Coarse 45°
. Fine 43°

Oil Coarse 44°

Vertical strain (%)
%]

aranutar materisl e
=0 coarss fused quarz
—— fine fused quarkz
=0~ unifaron natural sard

1 0 100 1000 10000
a} Vertical stress (kFa)

Vertical strain (%)

i
—— dry
51 — i water
=0~ mineral oil
] T T T
1 10 100 1000 10000
b) Vertical stress (kPa)

Figure 2.24: Result of one-dimensional test (a) over coarse and find fused
silica and natural soil in dry condition, (b) influence the type of fluid on fine
particle specimen (Ezzein and Bathurst, 2011a)
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Chapter 3

Transparent Synthetic Soils and

Geogrid Reinforcement

3.1 Transparent soil used in this research

Following the literature survey it is clear that material properties, particle size
- reinforcement compatibility and optical clarity are all important factors in the
selection of a suitable aggregate material. Based on the superior mechanical and
optical qualities of fused silica introduced by Ezzein and Bathurst (2011a) it was
decided to implement a similar aggregate type for this research. The following
sections outline details of the specific material used and highlight the relevant

mechanical and optical properties.

3.1.1 Fused silica

The fused silica adopted in this work was manufactured by Xuzhou New Hitech
Silica Materials Co.,Ltd in China. It is produced from high purity Quartz Sand
which is melted at high temperature between 1800 —2000°C, cooled and crushed to
produce a granular aggregate (Figure 3.1). Once submerged in suitable refractive

matched index fluid the aggregate particles become transparent. This material
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and supplier were selected as the manufacturer was able to produce the material

in a desired range of both large and small aggregate sizes.

Figure 3.1: Fused silica particles

The size of soil particles selected for the project is between 10-15 mm with the mean
particle size (Dsg) of 7.42 mm which is classified as G P according to the unified soil
classification system. The coefficient of uniformity, C', is 1.342 and the coefficient
of curvature, C, is 1.009. The particle size distribution of this material is presented
in Figure 3.2. The aspect of particle crushing was investigated by conducting a
sieve analysis before and after triaxial shear tests (Figure 3.2). Particle crushing
was not found to be significant and thus given the lower global stress conditions

in the experimental pull out tests minimal particle breakage is anticipated.

Optical transmission of the soil is critical to ensure optimum viewing of the parti-
cles illuminated by the laser sheet and thus the precise mixture ratios have been
carefully calibrated at 20°C. The matched RI pore fluid is blended from two min-
eral oils: technical white oil (Foodlink 15 supplied by Lincol oil) and Paraffin
(N-Paraffin C10-C13 supplied by Aztec Oil) that are mixed at 80 : 20 ratio by
volume (Figure 3.3).

Conventional consolidated drained (CD) triaxial tests have been used to deter-
mine the mechanical properties of this fused silica aggregate. Stress-strain curves

from tests on dry and wet samples of this fused silica aggregate which are presented
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in Figures 3.4 and 3.5. All tests were conducted on specimens 100 mm in diameter
and with 200 mm in height.
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Figure 3.4: Stress-strain curves from conventional triaxial test on dry under
three different cell pressures value

Figure 3.6 shows peak shear strength data from triaxial test for saturated sample.

The strength data may be interpreted in several ways:

e A best fit tangential line gives strength parameters: ¢ = 80 kN/m? and
¢ = 23°.

e [t is not possible to make a good straight line fit through the origin. Hence

the tangent to the smallest Mohr-circle through the origin has been selected.
This gives ¢ = 0 kN/m? and ¢' = 37°.

e A power-law fit is normally assumed, especially at low stress levels. While
there is insufficient data to determine parameters with accuracy, an estimate

is made here for use for low stress levels of the order of 12-50 kN/m?. The
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Figure 3.5: Stress-strain curves from conventional triaxial test on saturated

indicative curve shown in Figure 3.6 gives a friction angle of ~ 45° — 50°.

For the purposes of later interpretation an estimated value of ¢ = 48° will

be adopted in saturated condition.

under three different cell pressures value

The average dry unit weight of fused silica specimens in these tests was 12 kN /m?3.

It should be noted that the values of cell pressure for triaxial testing were chosen

based on a preliminary test programme for pull-out tests at the concept phase of

this research. However, after manufacturing the box and the way of designing the

structure of the box, it came to the author’s attention that it was not possible to

apply this amount of pressure as a surcharge. This is the reason that the stress

levels used between the triaxial testing and pull-out testing were different.
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Figure 3.6: Peak shear strength envelopes for saturated samples from triaxial
testing

3.1.2 Optical clarity assessment

To assess the optical transparency of the fused silica the “modulation transfer
function” (MTF) approach was used as reported by Black and Take (2015). MTF
works by relating the pixel contrast that is transferred from an object to an image
and is commonly used to calibrate an optical system (Equation 3.1). The concept
of MTF is shown in Figure 3.7. By way of an example, consider viewing a calibra-
tion target consisting of black and white contrasting lines through a translucent
soil body. A soil with high optical quality will enable distinct observation of max-
imum and minimum pixel contrast between the black the white alternating lines
to be well defined in an image. However, if the calibration target were viewed
through a material of lower optical quality (i.e. poorly refractivity matched soil),
the maximum and minimum contrast would be less well defined such that the
line edges appear blurred or become indistinguishable and merge to a single pixel

intensity.
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Modulation of image

Modulation of object

_ Umary = Iminy) /UImaz(n) + Imin(r))
(Imaz(0) = Imin(0))/ Umaz(0) + Imin(0))

MTF =

(3.1)

where Ipq.r) and I are the maximum and minimum intensity as captured
in an image of an actual object with repeating structure having maximum and

minimum intensity I..(0) and Lyin(o)-
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Figure 3.7: Concept of using MTF (after Black and Take, 2015)

The test card shown in Figure 3.8 represents a number of cycles per pixel (¢/p) in
the range of 0.02 ¢/p (low frequency) to 1.00 ¢/p (high frequency). As the spatial
frequency changed from low to high, the ability to visually resolve individual line
pairs reduces (Black and Take, 2015). By capturing images of each calibration
target of increasing spatial frequency submerged in the saturated transparent soil,

it is possible to determine the optimum resolution of the soil-pore fluid mixture.

The MTF method was conducted to investigate two aspects, (i) the optimum
blend of pore fluid mix ratio (ii) the maximum possible depth of viewing that
detail in the model could be resolved. The latter aspect was critical as it would
dictate the possible size of the experimental test chamber that could be achieved
for the aggregate materials. Figure 3.9 shows the test set up for calibrating the

transparency of the fused silica.

The calibration test cards were viewed through a Perspex box at three different

depths of 100 mm, 125 mm and 150 mm. The test was conducted for a range of
50

Pixel Intensity
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Figure 3.8: Calibration target used to assess transparency of transparent soil
through the MTF method
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Figure 3.9: Test set up for calibrating the transparency of the fused silica
(Note: aggregate is not saturated)
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pore fluid with aggregate at 20°C (Figure 3.10). The results of study indicate that
the maximum depth of view for optimum ratio of mixing of pore fluid is 100 mm
which has the higher value of MTF (Figure 3.11).
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Figure 3.10: Transparency of fused silica transparent soil through 100 mm
depths of material for different ratio of pore fluid

No fused silica aggregate is perfectly transparent and it is common for particles
to have minor inclusions such as trapped air or minor internal stress fractures
resulting from non-uniform cooling during the manufacturing process. Some minor
inclusions were observed in this aggregate particles which was later determined to
yield small errors in the image processing methods during data analysis. In brief,
some individual particles with inclusions could be seen in front of the plane of
interest which compromised the tracking of particles on the illuminated plane
behind. A novel colour spectrum filtering image analysis method was deployed to
mitigate this effect using image extraction techniques which is described in detail
in Section 5.2.3.
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Figure 3.11: Transparency of fused silica transparent soil for three different
depths of view at mixed ratio of 80 (Technical white 0il):20 (Paraffin)

3.2 Geogrid reinforcement

The geogrid used in this research was selected in consideration of the nominal
average particle size of the soil that could be sourced. As outlined in Chapter
3, the size of soil particles varied between 10-15 mm with the D5y = 7.42 mm.
Reflecting on literature (Lopes and Lopes, 1999) the geogrid aperture size needs
to be considerably larger than the soil particles to allow the particles to embed in

between the apertures to mobilise the passive resistance in the bearing members.

Also, Sarsby (1985) investigated the influence of aperture size on the size of soil
particles for maximum frictional efficiency (or efficiency against pull-out). Accord-

ing to Sarsby (1985) study, the highest efficiency occurs when:

A, > 3.5D5 (3.2)
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Thus according to Equation 3.2 for the transparent soil particle size range available
a geogrid aperture of 30 mm would be compatible. Three types of biaxial geogrid
used in this research which are manufactured by HUESKER Synthetic GmbH
Company. The nominal specifications of three geogried products used by this
researcher are presented in Tables 3.1, 3.2 and 3.3. Note, in this research only the
effect of rupture strength\stiffness on the performance of the geogrid during pull-
out test is evaluated; other variables such as shape of the apertures and thickness

of the geogrid are not considered.

Table 3.1: Geogrid material properties of Fortrac R150/30-30
(from manufacture’s website)

Property Type or value
Raw Material PET
Coating Polymer
Weight (EN ISO 9864) « 600 g/m?
Ultimate tensile strength (EN ISO 10.319)

Longitudinal > 150 kN/m

Transversal > 30 kN/m
Strain at nominal tensile strength (EN ISO 10.319)

Longitudinal <12.5%
Stiffness « 1200 kN/m
Mesh size 30 x 30 mm

Table 3.2: Geogrid material properties of Fortrac R200/30-30
(from manufacture’s website )

Property Type or value

Raw Material PET
Coating Polymer
Weight (EN ISO 9864:2005) « 680 g/m?

Ultimate tensile strength (EN ISO 10.319)
Longitudinal > 200 kN/m

Transversal > 30 kN/m
Strain at nominal tensile strength (EN ISO 10.319)

Longitudinal <13%
Stiffness « 1600 kN/m
Mesh size 31 x 28 mm
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Table 3.3: Geogrid material properties of Fortrac R400/50-30

(from manufacture’s website)

Property Type or value

Raw Material

Coating

Weight (EN ISO 9864:2005)

Ultimate tensile strength (EN ISO 10.319)

Longitudinal

Transversal
Strain at nominal tensile strength (EN ISO 10.319)

Longitudinal
Stiffness
Mesh size

PET
Polymer
1300 g/m?

> 400 kN/m
> 50 kN/m

< 14%
« 2900 kN/m
30 x 25 mm
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Chapter 4

Analytical and Numerical Models

for Soil-Reinforcement Interaction

4.1 Introduction

The shearing resistance of soil can be improved by reinforcement, and reinforce-
ment acts most effectively when placed in a direction in which tensile strain devel-
ops in the soil (Jewell, 1996). The main purpose of such inclusions is to redistribute
stresses within the soil mass so as to increase the internal stability of reinforced
soil. The inclusions undergo tensile strain as they transfer loads from unstable
portions of the soil mass into stable soil zones. The redistribution of stresses
within a reinforced soil mass is dependent on the stiffness and the shear strength
properties of the soil, the tensile properties of the reinforcement, and the stress
transfer mechanism taking place between soil and reinforcement (Teixeira et al.,

2007).

The two most common applications of reinforcement are for slope stabilisation
and for constriction of embankments over soft soil. Herein a simple analytical
calculation demonstrating the effect of reinforcement for increasing the stability

of these two geostructures is presented.
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Figure 4.1 illustrates the effects of reinforcement on the stability of a slope. The
self-weight loading of the soil generates a shear force, P, , that acts on the section
of the shear surface as shown in Figure 4.1a. For an unreinforced slope, this force

is resisted by the available soil frictional resistance, P)tan¢’, along the failure

surface.
o Reinforcement
n
\/ C /
PR
RZ7R, tang Yy r
RIRBI3 R

(@) (b)

Figure 4.1: Effects of reinforcement on equilibrium (a) unreinforced slope and
(b) reinforced slope (after Jewell, 1996)

However, for the reinforced slope, shown in Figure 4.1b, shear deformation in the
soil will generate a tensile force in the reinforcement, P,. This force provides two
additional components of resistance to the reinforced slope. The first component
is P, sin @ which acts along the failure surface against the disturbing shear force.
The second component mobilises additional frictional shear resistance against slip

failure, P, cosftan ¢ .

Figure 4.2 shows the distribution of forces in an unreinforced and reinforced em-
bankment. Jewell (1996) divided the main loading which is applied from an em-
bankment to the underlying soft soil into two parts; (i) the vertical self-weight of
the embankment (Figure 4.2a), and (ii) the outward directed lateral force cased
by horizontal stress in the fill (Figure 4.2b). As Figure 4.2c illustrates the lateral
outward force acts over the surface of the base layer which acts to reduce the
bearing capacity of the soil. Therefore, the primary role of reinforcement is to

generate resistance against this outward force (Figure 4.2d).
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Figure 4.2: Disturbing forces in an unreinforced and reinforced embankment
(after Jewell, 1996)

The traditional way of checking the stability of a reinforced soil structure is based
on the limit equilibrium method. Michalowski (1998) states that this technique
was used for the first time for reinforced soil analysis in the late 1980s using the

following two approaches:

e Soil and reinforcement are modelled as homogenised materials (de Buhan
et al., 1989 and Sawicki and Lesniewska, 1989)

e Reinforcement is modelled as a separate structural element. The soil is
modelled as a continuum and the reinforcement consider as a discrete element
(Anthoine, 1989 and de Buhan and Salencon, 1993)

Michalowski (1998) used the kinematic approach of limit analysis which is based on
the construction of kinematically admissible collapse mechanisms, and the balance
of the work rate in an incipient failure process. Since limit analysis leads to a
rigorous bound on the reinforcement strength, limit loads, or a safety factor, the
geometry of the failure mechanisms considered can be optimised, so that the best

bound is obtained. A dual formulation of kinematic limit analysis is possible in
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terms of limit force equilibrium (Salencon, 1990), but the former is preferable since
the kinematics of collapse mechanisms appeals to engineering intuition more than

the distribution of forces.

Both analysis methods discussed above depend on specific model of soil reinforce-

ment interaction.

4.2 Embankment failure mechanisms

A reinforced embankment can fail via a variety of mechanisms such as shearing,
pull-out and incline shearing. A comprehensive parametric study of reinforced
and unreinforced embankments was conducted using the general purpose compu-
tational limit analysis approach Discontinuity Layout Optimization (DLO). This
study identified four distinct mechanisms of failure as shown in Figure 4.3. These

mechanisms can be described as follows:

1. Lateral sliding failure (surface failure).
2. Deep seated global failure.
3. Lower layer failure (squeezing/extrusion failure) with sinking.

4. Lower layer failure (squeezing/extrusion failure) with ‘snapping’.

For a high strength lower stratum, failure is in the shoulders of the embankment
only (Figure 4.3a). For low strength reinforcement the dominant failure mech-
anism is a deep seated global failure accompanied by yield of the reinforcement
(Figure 4.3b). In this type of failure, significant shearing happens in the main body
and side slopes of the embankment. For high strength reinforcement significant
‘squeezing’ deformation is primarily seen in the lower stratum. The embankment
itself either undergoes very localised shearing and vertical ‘sinking’ translation
(Figure 4.3c) or rotational ‘snapping’ (Figure 4.3d). The latter mechanism is
more likely to occur and need not involve any significant deformation/yielding of
the reinforcement which simply rotates. To the authors knowledge, the latter type

of failure has not been previously examined in the literature.
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Py e

Figure 4.3: Failure mechanisms of embankment over soft soil (exaggerated),
(a) lateral sliding failure (surface failure), (b) deep seated global failure, (c)
lower layer extrusion with sinking and (d) lower layer extrusion with ‘snapping’

4.2.1 Reinforcement Strength

Two values of R/vyH? were employed in the generic parametric study, 0.1 and
1.0. This was intended to cover a broad range from very weak reinforcement
(0.1) and strong reinforcement (1.0). To investigate the effect of reinforcement on
stability, specific studies were undertaken over a broad range of values of R/~yH?.
Figures 4.4a and b show how c,/vH varies with reinforcement strength R/vH?>
for a particular parameter set. It can be seen that for the no surcharge case, the
solutions are independent of R/yH? > 1.0 (this value will be defined as the limiting
value Rp/vH?, at which the embankment will be said to be fully reinforced),
and that there is a generally linear relationship between the parameters between
R/yH?*=0 to 0.7. Therefore if it is necessary to interpolate for R, a conservative
approximation is to linearly interpolate between the values of R = 0 to R;. An
example interpolation is indicated in Figure 4.4b. In order to ensure conservative
results, it can be seen that there will be a small error in the interpolation which
is maximum between around 0.5R; to 0.6R;. This maximum error is around 8%

in ¢, or around 20% in R.
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Figure 4.4: Required undrained shear strength for stability plotted against

reinforcement strength(H/D = 0.5, 1V:2H, ¢ = 0 and o = 0.8).

4.2.2 Simplified design envelopes

The study also generated a new design chart that allow critical heights and re-

inforcement strengths to be rapidly determined based on soft soil strength and

depth, and shows how the balance between soft soil strength and reinforcement

strength combines to affect overall stability. This is shown in Figure 4.5. In Figure
4.5a for ¢ = 30° and ¢/ /yH = 0.0 and Figure 4.5b for ¢' = 50° and ¢/ /yH = 0.1.
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Two curves are given. Above the upper value the system is always stable (this cor-
responds to R = 0). Below the lower limit, it is generally always unstable (though
minor gains may be made with stronger fill) and this corresponds to R = Ry.
Values of Ry /yD? are given on the same graph. In between the values the more
detailed design charts must be used, or, as discussed in Section 4.2.1, a linear

interpolation can be used to provide a good estimate of R.

Note that for these graphs the values of ¢, and R; have been normalised using
D rather than H since this is expected to be an independent variable. Overall it
can be seen that the use of reinforcement allows an embankment of a given size
to be constructed on soft soil of around 50-100% the strength of that on which an
unreinforced embankment could be constructed, depending on the value of H/D.
It can also be seen that stronger fill has a marginal effect on the performance
of a reinforced embankment, but a more significant effect on the stability of an

unreinforced embankment.

Figure 4.5b also indicates that, for this example, an almost unlimited height of
a fully reinforced embankment is possible for ¢,/vD > ~ 0.16 which may seem
paradoxical, however this arises because the mechanism of failure is squeezing of
the (relatively thin) confined soft soil layer which occurs over a width that extends
beyond the embankment crest. Since the side slope width increases in tandem with
the height, the bearing resistance in the soft soil layer also increases. It is noted

that the reinforcement strength must also increase significantly with the height.

4.3 General interaction modes between soil and

reinforcement

The behavior of reinforced soil structures is largely governed by interaction mech-
anisms that develop between the reinforcement inclusions and the backfill soil.
The interface coefficient between reinforcement and soil is an important factor
required to compute the accurate pull-out resistance of reinforcement. Palmeira
and Milligan (1989) characterized the typical soil-reinforcement interaction mech-

anism as (i) shearing soil over reinforcement, (ii) transverse shear or (iii) pulling
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Figure 4.5: Simplified design domains (o = 0.8, ¢ = 0 and n = 2). The

reinforced embankment case uses reinforcement with rupture strength R; the

value of which is given in the same plot. The shaded zone is the design domain

where reinforcement is required. Below this zone stability is not possible with
a single layer of reinforcement

out the reinforcement through the soil as indicated in Figure 4.6. Based on the
embankment study discussed in Section 4.2 the transverse shear mechanism can be
subdivided into (ii) a discrete shear band (Figure 4.3c) and (ii) a diffuse shearing
(Figure 4.3d). While pull-out tests provide invaluable information on the soil-
reinforcement interaction, additional understanding of the other mechanisms that
occur during pull-out testing is still needed and can provide valuable insight into

the behaviour of reinforced soil structures (Teixeira et al., 2007).
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Figure 4.6: Typical interaction mechanisms between soil and geogsynthetic
material (after Palmeira and Milligan, 1989)

4.4 Geogrid pull-out

As mentioned in Section 2.6, the pull-out interaction mechanisms between soil and
geogrid reinforcements are more complex than those between soil and geotextile
reinforcements. This is because the pullout resistance of geogrids includes two
components: (i) the interface shear resistance that takes place along the longi-
tudinal ribs and to a lesser extent along the transverse ribs and (ii) the passive
resistance that develops against the front of the transverse ribs (Jewell, 1996). Al-
though the interface shear resistance can be quantified using parameters achieved
from modified direct shear tests, the passive resistance can only be evaluated us-
ing pull-out tests. Jewell mentioned that the ultimate pull-out resistance results
from the summation of the passive and interface shear components. The passive
pull-out resistance that develops against the transverse ribs can result from several
types of failure mechanisms. These failure mechanisms are listed as: (i) general
shear failure (Peterson and Anderson, 1980), (ii) punching failure (Jewell et al.,
1984) and (iii) modified punching failure (Chai, 1992).
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Previous studies have reported that the interaction between soil and geogrid rein-
forcement depends on the geometry of geogrid, soil grain size distribution, shape
of soil particles, and density of soil. However, Jewell (1996) reported that the
geogrid pull-out failure mechanism is a function of the ratio between transverse
rib spacing S and the transverse rib diameter and the average particle size Dj.
He identified limiting values of the S/Djq ratio that characterize either interface

shear or interface shear plus passive resistance.

Jewell (1996) introduced a theoretical expression for direct shear sliding coefficient,
ags, which is a function of the geometry reinforcement type and soil’s properties
(Equation 4.1).

ags tan@’ =a, tand + (1 —a@,) tan¢’ (4.1)

where tan d is the skin friction between soil and planar surface of the reinforcement,
@' is the friction angle of soil and a, is the fraction of the grid surface area that is

solid which equals 1 for geotextiles and for most geogrids this ratio is 0.5.

He also introduced the theoretical expression for computing the coefficient of bond,
ap, between soil and geosynthetic materials (Equation 4.2). The coefficient of
bond is the contribution between skin friction over the planar surface area, a,
skin friction between soil, tan ¢, and the passive resistance of geogrid bearing

members.

The theoretical expression for bond is:

’

— g (_le
tan ¢’ = a5 tand + (—2)(——
ap tan ¢’ =a, tand + (U;L)( 25)

(4.2)
where o, is the effective bearing stress on reinforcement, o, is the normal effective
stress acting in the plane of the reinforcement, B is the width of the transverse
member of a geogrid and a, is a fraction of the grid width available for bearing
resistance (in the case of geotextile a;=1.0 and @,=0.0 because it has no openings

in the structure). The parameters which are used in Equation 4.2 are shown in
Figure 4.7.
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Figure 4.7: The interaction between soil and reinforcement; (a) contribution
of mechanisms and (b) definitions for analysis (after Jewell et al., 1984)

Previous research in this area by Dyer (1985) and Milligan et al. (1990) indicated
that the pull-out bond for a geogrid is combined from three types of resistance
which are generated during the pull-out; (i) partly through concentration of bear-
ing stress against the transverse members of the grid, whilst they develop direct
sliding resistance (ii) partly by shear of soil over planar geogrid surface areas,
and finally (iii) somewhat by shear of soil over soil through the apertures (Jewell,
1996).

4.5 Transverse shearing

Another aspect which needs to be considered, is the complex mechanism of failure
at the point of intersection between failure surface and reinforcement. Consid-
eration of the kinematic shows that, after a small increment of deformation, the
reinforcement is no longer horizontal at a failure surface, and the direction of the
limit force in the reinforcement taken in the analysis is then not well-defined as
discussed by Wright and Duncan (1991) in the context of the limit equilibrium
methods as applied to reinforced slopes. Figure 4.8 indicates the schematic of
tensile force before and after small displacement. This introduces a moment into

the system which must be locally resisted by the soil.
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Figure 4.8: Schematic of tensile force which is generated in reinforcement; (a)
small displacement of geosynthetic in shear bond, (b) horizontal reinforcement
and (c) inclination reinforcement (after Michalowski, 1998)

4.6 What needs to be researched?

As discussed earlier in this chapter, uncertainties remain concerning the interface
coefficient between reinforcement and soil. Figure 4.9 presents, as an example, a
non-dimensional chart generated for better clarification of the effect of the interface
coefficient on the required soil properties to build embankments over soft soil. The
figure presents the required soil properties for the embankment which is reinforced
by a high rupture strength reinforcement. The results of the study show that by
changing the perfect boundary condition between soil and reinforcement to 0.6,

the required shear strength of the soft soil needs to increase by 20%.

In numerical modelling the interface coefficient between soil and reinforcement is
modelled by following the concept of sliding soil over the full plan area of rein-
forcement. This is achieved by using a very thin layer of soil between soil and
reinforcement with lower shear strength properties in comparison to the surround-
ing soil. It follows that the interaction between soil and reinforcement for geotextile
reinforcement for bond is simply twice that of sliding. However, this mechanism

becomes more complex for geogrid type reinforcement. The reason is that the
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Figure 4.9: Required soil properties for embankment to achieve the safety
of factor on strength of material equals one for different values of interface
coefficient (H/D = 1,1V :2H, ¢ /vH = 0.1)

contact area of soil and geogrid is non uniform and soil particles can penetrate
through the apertures of geogrid. Therefore, the interaction between soil and ge-
ogrid is a combination of different parameters; sliding soil over soil, sliding soil
over a plane surface of geogrid and passive bearing capacity in front of geogrid
ribs. This needs to be correctly captured in a numerical model in such a way that
pull-out and sliding are correctly modelled. In addition, the effect of the extensi-
bility of the specimen does not affect conventional calculation of pull-out and shear
calculations. The interaction between soil and reinforcement, particularly geogrid
needs to be investigated to specify or at least formulate a better representation of

current unknowns:

e The influence of soil particle interlock over open spacing in geogrid (geogrid

apertures).

e The effect of soil properties such as shape, particle size distribution, shear

properties on the interaction behaviour.

e The influence of material properties of geogrid such as stiffness, dimensions

and shape of aperture, size of longitudinal and transverse members.

68



Chapter 5

Experimental Development

5.1 Introduction

It is evident from the adjoining literature and numerical implementation that there
is uncertainty surrounding soil and geo-reinforcement interaction that governs the
local resistance and global failure mechanics. To enhance knowledge in this field
a novel experimental methodology is proposed to enable direct visualisation of
internal interaction mechanics using advanced non-intrusive transparent soil mod-
elling methods. Ezzein and Bathurst (2011b, 2014) pioneered the early adoption of
transparent soil modelling to investigate geo-reinforcement and successfully char-
acterised the strain distribution in the reinforcement during pull-out. Ferreira
(2013) verified these observations, albeit at a smaller scale, but also sought to
detect the relative soil movement during pull-out using visible embedded tracer
particles. However, owing to the low number of particles the measurement resolu-
tion in the model was sporadic and quantification of precise interaction mechanics
proved elusive. The work presented herein builds on these contributions but ad-
vocates the use of laser aided imaging to illuminate a planar cross-section of soil
particles in a model to detect high resolution full field soil interaction charac-
teristics in the immediate vicinity of the reinforcement. To deliver this ambitious
objective a new experimental test system is required. The design of this apparatus

is outlined fully in the following sections along with the image based deformation
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measurement techniques implemented to determine the soil-geogrid interaction

characteristics.

5.2 Image based deformation measurement meth-

ods

Spatial deformation measurement within a soil body has been the subject of con-
tinued research for many decades. Roscoe et al. (1963), James (1965) and Bransby
(1968) where the first to utilise X-rays to measure internal displacement of em-
bedded lead shot targets to evaluate strain patterns in large scale physical mod-
els and shear box tests. The method consists of burying a grid of lead markers
within the soil and exposing radiographs at different stages of the test to reveal
the soil-structure behaviour. Bransby and Milligan (1975) applied this method to
cantilever sheet pile walls defining the position of the lead shot with an accuracy of
+34pm over the measurement field. More recent imaging advances in the medical
field such as Magnetic Resonance Imaging (MRI) and X-Ray CT have opened up
new opportunities for geotechnical interaction studies at considerably higher reso-
lutions than previously thought possible; although this has yet to be been applied

to geo-reinforcement problems.

The advance of modern camera technology and photographic methods in the
mid 1970’s revolutionised physical model testing and gave rise to plane strain
modelling techniques whereby surface targets exposed through a perspex window
were used to resolve soil displacement and strain behaviour. Butterfield et al.
(1970) introduced stereo-photogrammetry to observe soil movements during cone
penetration stating an accuracy of approximately 10um. Early forms of stereo-
photogrammetry where conducted by hand matching however the rise of computer
based automatic target recognition improved computational efficiency and accu-
racy. A distinct advantage of this technique compared to X-Ray methods was that
it mitigated health and safety concerns surrounding radiation exposure and it did

not require expensive experimental systems.
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Both the aforementioned methods are reliant on discrete target markers for dis-
placement measurement which has several inherent limitations; (i) low measure-
ment resolution, (ii) stiffness compliance issues within the soil affecting the soil
stress field and (iii) pre-determined locations for strain measurement during model
construction. The above difficulties in conjunction with the continued improve-
ments in digital imaging capabilities motivated White et al. (2003) to develop
a new image based deformation measurement system using only the natural soil
texture for tracking. They implemented Digital Image Correlation (DIC) on meth-
ods established by Adrian (1991), adapting Particle Image Velocimetry (PIV), to
track soil movement throughout a series of digital images to resolve displacement
and strain fields using only the natural texture of the soil for measurement. This
mitigated the need for artificial targets and offered increased resolution; hence, it
has found favour among geotechnical researchers for a wide range of geotechnical
problems in the lab (White et al., 2003) and field. Ni et al. (2010) and Stanier et al.
(2012) were among the first to harness GeoPIV image processing capabilities and
transparent soil laser aided imaging methods to determine internal displacement

mechanics of CFA’s and helical screw piles respectively.

5.2.1 GeoPIV

GeoPlV is a program which implements Particle Image Velocimetry (PIV) to
measure deformation of soil from sequences of digital images captured during tests.
For succinctness only a brief overview of GeoPIV is presented herein; however,
comprehensive information can be found in Take (2003), White (2002) and White
et al. (2001a). The PIV method uses a cross-correlation function to track soil
texture in a reference image throughout a series of subsequent images captured
during a displacement event. An image is initially subdivided into a mesh of
individual patches (I;.s) that each having a unique soil texture signature that is
recorded as an intensity matrix with known patch centre U. Each patch within the
reference image is compared with subsequent images in the event sequence within
a designated search zone (Isqren) as shown in Figure 5.1. The cross correlation
estimator R(s) is specified by Equation 5.1, given that U is the location of the
test patch and s is the displacement experienced by the patch.
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R(S) = Z Itest(U)-Isearch(U + 3) (51)
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Figure 5.1: PIV image analysis technique (after White et al., 2003)

To reduce the computational requirement for multiple patches, the tracking algo-
rithm is implemented in the frequency domain by Fast Fourier Transform (FFT) in
preference to the spatial domain. The matching algorithms provide a map of ‘de-
gree of the match’ over the chosen search zone. The highest peak of the map gives
the displacement vector to single-pixel precision and subsequent bi-cubic spline
interpolation around this point of best match is used to assess the displacement

to sub-pixel precision.

5.2.2 Photogrammetry and image error

Photogrammetry is the series of mathematical transformation functions which

allow conversion of image space pixel data into real world coordinates (object
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space). GeoPIV executes an inbuilt pinhole camera model (Figure 5.2) which is
used to convert between image and object space using the methods described by
Heikkila and Silven (1997). This method is based on the principle of collinearity
such that each point in object space is projected by a straight line through the
lens into projection centre in the image plane. The transformation between object
points is described by a 6 degree of freedom rigid-body rotation and translation
matrix. Camera properties can be determined using calibration toolboxes available
in MATLAB™ such as (Heikkila, 2000). The camera rotation with respect to X,
Y and Z axis is described Eulerian rotation angles w, ¢ and x which are defined
by Slama (1980). High contrast black on white control target markers positioned

within the field of view of each image enable calibration of the image reference

framework.
projection center O
camera frame C ‘?f/w
T n X . .
y 1mage point p
e

image plane I1

object point P

world frame W

Figure 5.2: Pinhole camera model (Heikkila, 2000)

In the current work, a further refraction correction is necessary as in transparent
soil modelling the calibration control markers and the plane of interest of soil
displacement are non-conplanar (i.e. control markers and the laser illumination

plane occur at different distances from the camera); hence, a refraction correction
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model is required to account for distortion of light rays passing through the Perspex
viewing window and saturated soil (Figure 5.3). Details of this calibration process

are described in Section 5.6 later in this chapter.
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Figure 5.3: Mathematical framework for refraction through a viewing window
(White, 2002)

5.2.3 RGB imaging

Visualisation experiments are best conducted in a dark room environment to en-
sure that the test exposure can be carefully controlled. As discussed previously in
Chapter 3, high quality image measurement requires conversion of pixel data to
real co-ordinates (i.e. mm). Within the framework of GeoPIV this is conducted
using control markers located on the viewing window. Hence, owing to the dark
conditions it is difficult to distinguish high contrast black on white control targets
as any control marker on the viewing window is silhouetted by the background

laser illumination plane. Hence, some front illumination is necessary.

74



Chapter 5. Ezperimental development

Previous transparent soil tests in dark room conditions conducted by Stanier
(2011) attempted to use LED’s as target markers however the LED glow proved
difficult to determine the precise centroid as the LED ‘flared’ in the captured im-
age. In this work it was proposed to use front illuminating LED panels to highlight
the control markers directly. As outlined in Chapter 3, some particles had minor
inclusions resulting from the manufacturing process and thus were not 100% per-
fectly transparent. It was considered to use white light to illuminate the control
markers on the front of the test box; however, it was observed that some of these
non-perfect soil particles reflected the white light and thus were visible in an im-
age. This poses a problem as these particles are in front of the desired internal
plane illuminated by the laser and thus would affect the image correlation process.
As general white light contains a blend of Red, Green and Blue colour spectrum
this left little opportunity to control the light conditions if ambient light used to

illuminate the control markers.

For this reason, it was decided to utilise filtered light of a known frequency to
highlight the control markers. Doing so would ensure that erroneous particles
visible in front of the target plane illuminated by the filtered light could then be
eliminated from subsequent images for analysis processing runs by extracting the
specific wavelength from the image. Owing to the laser being in the green and
blue spectrum, red light was selected as the suitable light frequency to use as the

control illumination channel in Figure 5.4.
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Figure 5.4: LED light illumination, (a) White light (b) Red light
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5.3 Development of interaction pull-out test sys-

tem

The design of reinforced earth is based on effective load transfer between soil and
the reinforcement (Hryciw and Irsyam, 1993). Similar to previous investigations
(Ezzein and Bathurst, 2011b, 2014 and Ferreira and Zornberg, 2015) it is proposed
to evaluate interaction mechanics between the soil and geo-reinforcement material
using a classical pull-out approach BS EN 13738:2004 (2004) and ASTM D6706-01
(2001), with the distinct advancement of visualising the soil-geogrid interaction us-
ing transparent soil laser aided imaging to observe soil particle movement. Figure

(5.5) show a typical overview of the transparent soil modelling application.
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Figure 5.5: Physical modelling methods, (a) plane strain modelling and (b)
transparent soil non-intrusive modelling (after Black, 2015)

Considerable experience has been gained in previous studies at The University
of Sheffield (Stanier, 2011 and Kelly, 2013). Many of these investigations using
laser illumination have used a single point beam laser source in conjunction with a
diverging optical lens to produce an illuminated plane within a model. While this
is perhaps the simplest configuration to generate a light sheet, the diverging beam
often leads to non-uniform illumination intensity which can compromise the image

analysis. A further limitation of this method is that it can lead to shadowing/loss of
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laser light when an opaque object is present in the transparent model, for example
geogrid reinforcement. When investigating interaction effects of stone column
groups, Kelly (2013) devised a novel methodology of using a scanning beam box
to produce a parallel beam of highly uniform light that minimised shadow effects.
This laser generation methodology is highly suitable for this study also and thus
the development of the experimental pull-out box was developed on this basis. A
conceptual diagram of the laser, scanning beam box projection system and test
chamber are shown in Figures 5.6 and 5.7, each of which are fully described in the

following sections.

500mm
Laser light
field
Pull-out force /
— !
Sleeve — | o
7 —
) / Digital|camera \
Geo-grid ,
reinforcement Front & side

windows

Figure 5.6: Schematic illustration of technique adopted for pull-out test,
plan view

5.4 Pull-out experimental box

The test pull-out box with internal visualisation capabilities was designed in Solid-

Works 3D to ensure full integration of components prior to fabrication. Each plate
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Figure 5.7: Schematic illustration of technique adopted for pull-out test, cross
sectional view

was constructed from 20 mm thick aluminium which was sufficiently stiff to min-
imise deflections/strain of the boundary under the proposed working stresses. The
chamber was mounted on a base plate 730 mm in length and 300 mm in width.
Vertical plates bolted to the base formed the box sides producing an internal sam-
ple dimension of the 500 mm (L)x200 mm (W)x200 mm (H). Each plate was
anodised black to minimise laser light reflection. To observe the interaction per-
formance of the soil and reinforcement during a pull-out event it was necessary
to incorporate several Perspex windows into the box design. A viewing window
440 mm long x 140 mm high was incorporated into the front plate to enable visual
observation of the exposed internal soil plane within the model. A strip window
440 mm longx50 mm wide was incorporated into the base plate to enable the
introduction of the laser illumination from beneath as shown in Figures 5.8 and
5.9. Fluid lines were also located on the base plate to enable filling of the test box

from a header tank.

According to the literature, one of the important parameters, which has significant

effect on the pull-out force, is the friction between the soil and the front wall.
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Top plate and surcharge

Front viewing window
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Figure 5.8: Design of pull-out box test in SolidWorks

Front viewing window

Back viewing window

Bottom viewing window

Figure 5.9: Location of three viewing windows in pull-out box
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Therefore, to better understand this influence on the results of the test, the pull-
out box was simulated by LimitState:GEO software. The friction of front wall
decreases the magnitude of the vertical stress, which is applied on the top boundary
of the box hence the result of the pull-out test is slightly lower than that for a
frictionless boundary condition. Figure 5.10 shows the result of pull-out test which
is normalised by the length of specimen and vertical stress versus the different
friction angle of the front wall. The results of this study shows the friction angle
mobilised between front wall and soil has a considerable influence on the result of
the pull-out test. Therefore, it is important to find a way to reduce the friction

between soil and front wall to avoid the effect on the results of the test.
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Figure 5.10: Effect of wall roughness on the results of pull-out test

The front wall of the chamber accommodated the attachment of upper and lower
friction sleeves (of length 100 mm) that minimised the resistance between the load
system and front wall during pull-out as recommended by Bolt and Duszynska
(2000), Farrag et al. (1993), Lopes and Ladeira (1996) and Raju and Fannin (1998)
(Figure 5.11). A 19.5 mm diameter hole and bush assembly, complete with ‘O’-
ring seals, allowed the load ram (19 mm steel bar) to enter the chamber through

which the pull-out force was applied.
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Figure 5.11: Schematic illustration of clamping system

To simulate difference stress conditions at the soil reinforcement interface it was
necessary to apply vertical confining stress. After some consideration it was de-
cided to apply the vertical stress via a flexible rubber membrane rather than a rigid
plate, in accordance with recommendations by Palmeira and Milligan (1989). This
would ensure that the applied stress was more uniform across the wide of the sam-
ple and also prevent detrimental interaction effects with the chamber walls which
would be more pronounced for a rigid boundary. This aspect was confirmed using
numerical simulations to evaluate the likely boundary effects during the design
stage of the test system. The results of the analyses which have been done by
LimitSate:GEO emphasised that by applying the flexible vertical load on the top
surface boundary of the pull-out box, the stress is distributed uniformly over the
surface of the specimen. Figure 5.12 illustrates the mechanism of failure and dis-
tribution of stress for rigid and flexible top boundary. The flexible boundary was
achieved using an air bag that was filled with fluid and pressurised to simulate
various surcharge conditions. To restrain the air bag a 20 mm thick aluminium

plate was bolted to the top of the box so that it could be pressurised.

The geogrid is placed in the mid-height of box between the friction sleeves and
secured using a clamping system. This clamping system was crucial to ensure

that it was able to transfer the necessary pull-out force from the actuator to
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(a) (b)

Figure 5.12: Load distribution, (a) Rigid, (b) Flexible

the geo-reinforcement uniformly without local rupturing. The clamp body was
manufactured from 10 mm aluminium plate and a smaller insert plate of thickness
4 mm clamped the geogrid when fastened together using M5 countersunk socket
cap bolts (Figure 5.11). The clamp system is attached to the load bar and a load

cell that is interfaced with the liner screw actuator.

5.4.1 Drive system

The drive system for pulling out the geogrid incorporates an electronic actuator
(K91G40NC-T) is coupled with a right angled planetary gear box that yields a
gear ratio of 24 : 1. Motor torque is converted to linear force using a linear screw
such that the actuator can generate a pull-out force of up to 10 kN and travel at
a rate of 1.7 mm/min up to a total stroke of 100 mm. The load assembly is shown

in Figure 5.13.

5.4.2 Laser and optical systems

5.4.2.1 Laser

The laser utilised in this research was a class IV Argon laser manufactured by Laser
Quantum Opus 532 serial No 11142 (2011) with 2W maximum power output and
a wavelength range of 514-532 nm (green spectrum). The laser provided a beam
of polarized collimated light 1.85 mm diameter. For safety compliance it was fully

enclosed in matt black plywood shuttering to prevent accidental harmful radiation
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Cubic screub

Figure 5.13: Actuator system of pull-out box

exposure. The laser was mounted on an adjustable platform to enable alignment

with the scanning beam box entrance.

The scanning beam box was manufactured by Optical Flow System Ltd. The
device incorporates a motor driven polygon mirror to reflect and disperse the laser
beam onto a parabolic mirror which in turn produces a parallel, continuous sheet
of vertical laser illumination. The admissible energy input for the box is 20W,
while the scanning period can be set from 0.5 ms to 12.7 ms by varying the RPM
of the polygon mirror. Calibration of laser power and scanning beam box RPM, in
conjunction with camera settings, were conducted to obtain the optimum exposure

for soil tracking performance as described in Section 5.6.

5.4.2.2 Camera

A digital camera is used to capture the soil displacement behavior during the pull-
out event. The camera is fixed in front of the test chamber 1000 mm away from the
front Perspex viewing window. The camera is a CANON EOS 1100D Digital Single

Lens Reflex (DSLR) with an 18-55 mm lens and a summary of its specification
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is reported in Table 5.1. The camera was controlled by an integrated National
Instruments data acquisition hardware and LabVIEW to trigger the camera at a

predetermined time interval.

Table 5.1: Canon EOS 1100D Digital Camera Specification

Image Sensor

Type CCD
Maximum Resolution 4872x 2848
Effective Pixels 10.0 M

Size 22 x14.7
Image Ratio (W:H) 3:2

Image Stabilisation Gyroscopic
Lens

Focal Length Range 18.0-55.0 mm
Aperture Range F3.5-38.0
Ezxposure Control

Shutter Speeds 1/4000 sec to 1/60 sec
ISO Speed Auto. ISO 100-6400

5.4.2.3 LED illumination panels

As described in Section 5.2.3 , it was determined that a suitable method to mini-
mize the impact of lower quality particles whilst ensuring the control targets would
be visible would be to use filtered light. To achieve this two LED illumination pan-
els were fabricated, 450 mm high and 100 mm wide. Three individual 12V DC
illumination panels consisting of 30 surface mount diodes (SMD) were positioned
in each tower. Brightness was controlled using a dimmer circuit. In front of each
LED tower a white diffuser was located followed by a red LED Perspex filter that
allowed controlled light, wavelength red light is 600-750 nm at 400-484 Hz to below

500 nm, to illuminate the front of the test chamber.
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5.4.3 Data acquisition and instrumentation

In addition to the visual deformation data stream captured by the camera of the
soil and geo-reinforcement within the test chamber, additional external measure-
ments of applied force and displacement during pulling were also recorded. A data
acquisition module was built using National Instruments hardware and integrated
LabVIEW user interface and is described in the following sections and a schematic

overview of the system electronics is shown in Figure 5.14.

Data I Computer i
Acquisition
Device
Laser light field
LVDT
- Air and vacuum pipe line
Drawing
Load cell r——
system
R Oil header tank |
Sleeve

Geo-grid Reinforcement

A

Front & side windows

@ LED constant

illumination

500mm

1000mm

N
\
O3

Digital camera

Figure 5.14: Schematic of instrumentation

5.4.3.1 Load cell

An S-type stainless steel tension-compression load cell from Vishay Precision
Group, Inc. was chosen to monitor the load applied for pulling out the geogrid.
The transducer was certified with a capacity of £10 kN. The transducer was pro-

vided with an excitation of 12V DC, which was within the recommended supply
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voltage of 10-15 V, and generated an output signal of 2 mV/V with tolerance
0.0035 + mV/V. The load cell was connected to the actuator and clamping sys-
tem using a pair of stainless steel connectors of 32 mm diameter, half threaded
with M16T as shown in Figure 5.15.

S-type load cell Drawing system
connection

LVDT reference plate

Figure 5.15: 10 kN tension-compression load cell

A SHIMADZU AGS-X series 10 kN reaction frame was used to calibrate the load
cell in both compression and tension and the result is shown in Figure 5.16. A
linear correlation was observed with a least square regression analysis (R?) of
0.9996. At the end of the experimental programme the load cell calibration was

re-checked for drift which did not occur.

5.4.3.2 Draw wire transducer

An ASM WS31C draw-wire LVDT transducer was used to measure the applied
displacement of the linear actuator. This transducer had a range of 500 mm and
was mounted in front of the box and adjacent to the plate which is located on
load cell Figure 5.17. The transducer was provided with an excitation of 12V DC,
which was within the recommended supply voltage of 10-15 V, and generated an
output signal of 24 mV /mm with tolerance £0.35 % full scale. Figure 5.18 shows
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Figure 5.16: Load cell calibration, (a) compression (b) tension

the results of calibration at the beginning and end of the tests. A strong linear

correlation was observed with a least square regression analysis (R?) of 0.98.

5.4.3.3 Data acquisition system

A National Instrument NI USB-6229 Data Acquisition Device (DAQ) was utilised
to record input signals from the transducers. This device had 16 differential or
32 single ended analogue inputs in the range of 0.2V to £10V with a maximum
sampling rate of 250 kS/s and 16 bit resolution. The NI DAQ was packaged into
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Figure 5.17: Photo of actuator system include load cell and LVDT
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Figure 5.18: Draw-wire LVDT transducer calibration
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an [P66 rated water proof protective housing that also incorporated a 12V DC
Traco power supply that provided sensor excitation. External surface mount 9-
way D-sub terminal connectors interfaced with the incoming sensors. The NI USB
DAQ also featured Digital Input and Output (I/O) channels one of which was used
to trigger the DSLR camera automatically at a predetermined time interval. A
time of 5 seconds between successive images was deemed suitable to provide a
comprehensive image bank over the duration of the pull-out event ensuring that

1.7 mm of movement occurred between subsequent image frames (Figure 5.19).
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| +10V fuse

Power supply unit for

SININULSNI L transducers

E 240V ac to 5V dc,
Power supply unit l £ +12Vdc
for DAQ 7 3
’ .

240V ac to 24V dc - Earth
‘ - = arth strap

240V ac Input
supply

Switch bottom

Main fuse  power LED

Figure 5.19: Data Acquisition System

A front end user Virtual Instrument (VI) interface was developed in LabVIEW to
control the DAQ and display real time data feedback of all sensors during a test.
The VI included graphical output of force and displacement with time, force vs

displacement and test input information as shown in Figure 5.20.
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Figure 5.20: LabVIEW control software interface for data sampling and real
time control of pull-out test

5.5 Experimental procedures and methodology

5.5.1 Sample preparation

Material properties of the fused silica used in this investigation are reported in
Chapter 3, Section 3.1. Prior to use, the material was thoroughly washed and
air dried to remove surface dust residue produced by the crushing process during
manufacture. This pre-screening stage is essential as contaminants on the parti-
cles discolour the refractivity matched pore fluid and compromise the image data
quality. Clean dry fused quartz was placed into the test chamber in 50 mm lay-
ers in loose relative density. The box was filled up to the lower friction sleeve
and levelled in preparation for the geo-reinforcement to be laid horizontally at the
mid-height of the chamber.

The geo-reinforcement specimen was prepared by trimming it to 420 mm (L) x90
mm (W) and fastened securely within the clamping system described in Section

5.4. The load rod, connected to the clamp, was fed through the bush assembly in
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the side plate and attached to the lead screw drive assembly. The reinforcement
was placed over the aggregate, pulled taut and checked to ensure that the vertical
plane of interested that would be illuminated by the laser aligned with the cross
member rib. Two further 50 mm layers of aggregate were placed into the box
ensuring not to disturb the alignment of the reinforcement. Once filled, the rubber
membrane used to apply the flexible confining stress was placed on the soil and

the chamber sealed by securing the rigid top backing plate.

The soil should be fully saturated to ensure optimum transparent to the plane
of interest. To aid saturation a vacuum was applied to evacuate air from the
compacted sample and the pour fluid was slowly drawn in under suction from
the header tank. This process proved highly successful in removing air pockets

trapped at the particle contact interface.

Once the sample was assembled the test was conducted by the following steps:

1. The front viewing window was thoroughly cleaned and the control target

marker panel attached.

2. The light panels were positioned to provide uniform illumination of the tar-

gets on the control panel.

3. The camera was mounted to the support frame, f-stop and aperture set to
f/8 and 1/10 sec respectively, and connected to the automatic trigger of the
DAQ. At the same time the laser as switched on and the camera manually

focused to provide the optimum clarity of the illuminated soil particles.

4. All sensors were connected to the DAQ, LabVIEW VI launched and the

system energised for 10 minutes to allow stabilisation of electrical resistances.

5. Data acquisition was started, logging at a rate of 1Hz and the camera trig-

gered capture an image every 5 seconds.
6. Confining pressure was applied to the sample via the flexible membrane.

7. Pull-out was initiated at a rate of 1.7 mm/min until a displacement of 40

mm was achieved.
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5.6 Experimental system calibration and valida-

tion

Prior to conducting the main body of tests it was necessary to confirm the suit-
ability of the developed experimental systems with respect to the aspects such
as (i) the achievable measurement resolution and error associated with the image

base observations and (ii) confirm the repeatability of the pull-out system.

5.6.1 Laser calibration

The calibration process conducted to assess the accuracy of GeoPIV in tracking
a known displacement was similar to that employed by White et al. (2003). The
images translated 10 pixels in horizontal direction using the M AT LAB™™ toolbox.
Then, computing the displacement between original image and manipulated one
using GeoPIV and comparing the results for different patches with upper bound
estimate of the standard error in image space generated with White (2002). It
should be noted that for this calibration process, the ‘search zone’ parameter was
raised to 20 pixels to allow accurate computation of the displacements. Patch
sizes from 10 to 100 pixels in 10 pixel increments were calibrated and compared in
all case. All calibrations are presented here in image space units (pixel) since no
photogrammetric correction processes were conducted at this stage. The error was
quantified in all cases as the standard deviation of the displacement measurement
errors, so that the results were comparable with the upper bound proposed by
White (2002). Figure 5.21 shows the results of calibration of different power of
the laser, indicating that the standard error for patch size of 100 pixels was near
upper bound of White (2002). From the results the optimum power of the laser is
0.5 W for the test conditions considered. A patch size of 100 pixels was adopted
for the analysis process, while creating patch overlap by maintaining a spacing of

50 pixels, further improves performance.
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Figure 5.21: Standard error of tracking soil particles for different laser power;
(2)0.5W, (b)1.0W, (¢)1.5W and (d)2.0W

5.6.2 Camera calibration

A calibration target was fabricated at the University of Sheffield from Perspex
which is shown in Figure 5.22. The target was drilled with 252 3mm diameter
blind holes to an accuracy of +£10 pum at 15mm centres in square grid arrangement.
The target was then painted matt black before the blind holes were backfilled with
white Tipp-Ex”™ fluid to generate the control points.

The resolution of data can be assessed by using a single image from calibration
target since the center position of holes is clear. The accuracy achieved in the

present work is 42 pm for vertical measurement and 32 pm.

The calibration of the camera was conducted in accordance with the Heikkila anal-
ysis toolbox for MATLABT™ (Heikkila, 2000). Three images of the calibration

panel were taken at different angles and positions relative to the camera in each
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Figure 5.22: Calibration target

as show in Figure 5.23. The camera settings remained the same as those used
in validation and testing. Table 5.2 contains the camera calibration parameters

derived by using Heikkila camera calibration toolbox.

Figure 5.23: Calibration target images
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Table 5.2: Camera calibration parameters derived using calibration target

’ Parameter Output ‘

o 0.9976

U 2166.9250

Vo 1511.4221

kq —1.933974 x 10~°
ko —3.942701 x 1078
1 —9.178687 x 10~°
D2 —5.541610 x 1075

5.6.3 Time dependency

As the test to be conducted requires the camera to be placed in continuous trigger
mode it is necessary to check the temporal error that is generated with the test
apparatus and also the processing steps. For checking the movement of the camera
itself during tests, 500 photos were captured of a box filled with the transparent
soil and highlighted by the laser light sheet. GeoPIV was then used to track the

movement of these photos which is shown in Figure 5.24.
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Figure 5.24: Camera movement vectors after capturing 500 images
(vectors amplified by 10)
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5.6.4 Calibration test set up

In order to calibrate the experimental system pullout response and the image
acquisition a simulated reinforcement element was used. A sheet of steel was cut
in the same dimensions and aperture as the geogrid selected for the research such
that it would provide a fully rigid body pullout in the soil (Figure 5.25a). A second
calibration condition also attempted to verify the resistance of the drive systems
under different confining pressures. In this instance a complete sheet of steel was

used in order to isolate the particle interaction effects (Figure 5.25b).
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Figure 5.25: Configuration of steel reinforcement; (a) steel with holes, (b)
sheet of steel

The results of the experimental study can be categorised into two sets, external
and internal. External results relate to the force-displacement results measured
with the load cell and the LVDT transducer. The internal results are the output of

post processing of the images of the illuminated soil plane within the model. These
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results present soil interaction behaviour by plotting the soil velocity and horizon-
tal trajectory, vertical displacement, shear strain and volumetric strain contours
of local interaction effects soil particles. These sets of graphs indicate the region
of soil movement, zone of influence, for local and global response (cumulatively

and incrementally).

For reference the convention for labelling of the graphical output, in horizontal dis-
placement contour plots, negative contours indicate that the soil particle is moving
in the same direction of pull-out force and positive contours show rightward move-
ment which is against the pull-out force. Similarly, in the vertical displacement
contour plots, positive contours indicate settlement and negative contours show

dilation or heave.

5.6.4.1 Steel reinforcement with holes

The results of load-displacement under three different confining pressures (12.5
kN/m?, 25 kN/m? and 50 kN/m?) are presented in Figure 5.26. The maximum
pull-out force obtained at each test were 35 kN/m, 60 kN/m and 69 kN/m for
confining pressure of 12.5 kPa, 25 kPa and 50 kPa respectively. The results for all
three different values of confining pressures show the initial elastic region of the
load-displacement response of the pull-out behaviour is independent of the value
of confining pressure and the magnitude of the pull-out force is sharply increased

with small displacement.

The cumulative PIV results at 40 mm axial displacement of geogrid under three
different values of confining pressures (12.5 kPa, 25 kPa and 50 kPa) are presented
in Figures 5.27 to 5.29. The figures show the movement of soil particles along the
reinforcement is almost uniform confirming the fact of the rigid body transition

and mobilisation of the soil resistance at the same strain magnitude in the test.
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Figure 5.26: Load-displacement plots of steel with holes
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Figure 5.27: Cumulative PIV results at 40 mm axial tensile displacement of
steel with holes for 12.5 kPa confining pressure
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Figure 5.28: Cumulative PIV results at 40 mm axial tensile displacement of
steel with holes for 25 kPa confining pressure
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Figure 5.29: Cumulative PIV results at 40 mm axial tensile displacement of
steel with holes for 50 kPa confining pressure
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5.7 Sheet of steel reinforcement

The purpose of using the sheet of steel reinforcement is also to calibrate the system
and look at the friction between the components. The results of load-displacement
graph for three different confining pressures (12.5 kPa, 25 kPa and 50 kPa) pre-
sented in Figure 5.30. The maximum pull-out forces obtained at each test were
6.5 kN/m, 7.6 kN/m and 10.6 kN/m for confining pressure of 12.5 kPa, 25 kPa
and 50 kPa respectively.

The graph shows exactly after starting the test the amount of load increased
sharply. The reason is that no interlocking between soil particles is generated
at the boundary of the interface and it is simply sliding through the soil. For
the first 5 mm movement of steel the shear strength of between steel and soil
particles mobilised which is the case to show the higher loading capacity. Then,
the amount of pull-out load starts to reduce because the shear strength between
soil and specimen start to release.
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Figure 5.30: Load-displacement plots of sheet of steel
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Physical Modelling Results

The results from the laboratory element pull-out testing are presented in this chap-
ter. In addition to the classic force-displacement pullout relationship, horizontal
and vertical displacement, shear strain, volumetric strain are also possible due to
the internal visualsation and PIV method implemented. Section 6.1 introduces
the test plan in this research. Section 6.2 presents the output data from pull-
out test for three different types of geogrid under different confining pressures.

Repeatability of test system and experimental data are presented in Section 6.3.

6.1 Test programme

The tests conducted as part of this research are summarised in Tables 6.1. The aim
of these tests is to evaluate the effect of rupture strength \stiffness of the geogrid on
the pull-out mechanics at different confining pressures in the interaction behaviour
between soil and geogrid. In each test the camera, laser and LED light parameters
were fixed as described in Chapter 5. Also, as mentioned in Section 5.4.1, the rate
of pull-out of the reinforcement was constant at 1.7 mm/min during which images
were captured at a frequency of 5 sec. Typically, around 300 images were captured
by the digital camera which enabled displacement, shear strain and volumetric

strain fields to be derived from PIV analysis.
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Table 6.1: Test programme for pull-out test

Test No. | Stiffness of geogrid (kN/m) | Confining pressure (kN/m?) |

1 « 1200 12.5
2 « 1200 25
3 « 1200 50
4 « 1600 12.5
) « 1600 25
6 « 1600 50
7 2900 12.5
8 « 2900 25
9 2900 50

The cumulative displacements, shear strain and volumetric strain fields are pre-
sented for axial tensile displacement of geogrid at 10, 20, 30 and 40 mm. In
addition, incremental results are shown for 10-20 mm, 20-30 mm, 30-40 mm axial
tensile displacement of reinforcement to show the evident of interaction perfor-

mance.

6.2 Pull-out test results

6.2.1 Testl: Stiffness of geogrid = 1200 kN/m
6.2.1.1 External results

The stiffness of the geogrid specimen used in this test is 1200 kN/m. A series of
three tests were carried out to study the effect of confining pressure (12.5 kPa, 25
kPa and 50 kPa) on the load-displacement response of the geogrid and the results
are presented in Figure 6.1. The maximum pull-out force obtained in each test
were 50 kN/m, 60 kN/m and 68 kN/m under confining pressure of 12.5 kPa, 25
kPa and 50 kPa respectively.

A peak pull-out resistance was not observed in any of the three values of confin-
ing pressures as shown in Figure 6.1. The results of the tests also show that the

initial elastic region of the load-displacement graph is independent from the value
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Figure 6.1: Load-displacement plots of geogrid specimen with stiffness of 1200
kN/m

of confining pressure for low stiffness geogrid. This could be because the geogrid
itself is not strong enough to resist the pull-out force, but after initial stretching of
the geogrid and increasing the interaction between soil and geogrid, the test with
the higher confining pressure has stiffer behaviour in comparison with the low con-
fining pressure. As the figure above shows the load-displacement response for the
displacements smaller than 5 mm is linear for the confining pressure 12.5 kPa which
is extended to 9 mm and 10 mm for 25 kPa and 50 kPa confining pressure respec-
tively. This linear response indicates that the pull-out load is transferred directly
to the geogrid generating minimal interaction with the surrounding soil particles.
This viewpoint can be verified by reviewing the contours of soil displacement in
these regions. Horizontal displacement contours of soil particle displacement in
Figures 6.3, 6.9 and 6.13 show almost no soil deformations prior to 5 mm pull-out
under 12.5 kPa confining pressure. For the first 10 mm of displacement for two
others tests at 25 kPa and 50 kPa. The amount of transmitted force to the geogrid
is about 15 kN/m, 30 kN/m and 35 kN/m for low to high confining pressures.

Figure 6.2 shows the picture of the geogrid specimen retrieved at the end of test for
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three different confining pressures. It is observed that the transverse members of
the geogrid under higher value of confining pressure deformed more in comparison

with other ones.

Figure 6.2: Deformation of geogrid transverse members at the end of test for
different value of confining pressure, (a) 12.5 kPa, (b) 25 kPa and (c) 50 kPa
(J=1200 kN /m)

6.2.1.2 Internal results

The output indicated soil interaction behaviour by showing the velocity trajectory
vectors and presented the region of soil movement, a zone of influence and local and
global response with plotting the cumulatively and incrementally horizontal and
vertical contours of soil displacement. The following sections explain the behaviour
of soil-geogrid interaction which is observed from pulling out the geogrid through

the transparent soil.
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6.2.1.2.1 Displacement contours

The cumulative horizontal and vertical displacement of soil particles under three
different confining pressures (12.5 kPa, 25 kPa and 50 kPa) are presented in Fig-
ures 6.3-6.16. The local behaviour of soil-geogrid interaction under three different

values of confining pressure at the end of the test are explained separately bellow:

Confining Pressure=12.5 kPa

As Figure 6.3 shows, for the first 5 mm movement of the geogrid, the pull-
out tensile force generated is produced by pre-tensioning of the geo-grid
as negligible levels of soil movement are observed upon the initial pullout.
However, as the geogrid is mobilised further the onset of interaction between
soil and geogrid commences as evidenced in Figure 6.4. As the geogrid
pull out advances the interaction zone propagates along the full length of
the reinforcement confirming that the geogrid is mobilising the soil capacity
generated by the interlocking soil particles and geogrid. Larger magnitudes of
horizontal displacement around the transverse cross rib members indicates
that passive bearing capacity of these elements is mobilised. This could
be the reason for vertical movement of the soil particles in advance of the
transverse members as they are rotating clear of the interaction zone. The
vertical contours demonstrate that the soil has started to dilate. Figure 6.7
presents the results at the end of the pull-out test and indicated the pull-out
resistance between soil and geogrid is fully mobilised. The largest horizontal
displacement contours are generated near the rib position that confirms the

capacity of the transverse members has been released.

The magnitude of maximum horizontal displacement contours of soil par-
ticles is -4 mm which was generated in the proximity of the geogrid ribs
location. The value of the horizontal displacement reduces with distance
from the surface of the geogrid. The maximum vertical displacement con-
tours of soil displacement are -2 mm which occurred over the ribs location
near the loading place. The direction of vector displacement shows that
the soil was dilating during the test. The post processing analysis showed

the initial horizontal displacement of soil particle happened after 5 mm of
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geogrid movement whereas 20 mm was required to generate initial vertical

displacements.

Confining Pressure=25 kPa

For the first 7.5 mm of movement of the geogrid, the pull-out force is directly
transferred into the geogrid with nominal interaction between soil and the
geogrid (Figure 6.8). However, after 10 mm movement of the geogrid, as it
is shown in Figure 6.9, the passive resistance of the transverse members has
started to mobilise. At this stage of the test, the passive pull-out resistance
in front of the transverse members has been mobilised and soil particles have
started to move vertically. As Figure 6.11 demonstrates, dilatation occurs

after the passive resistance of the transverse members is mobilised.

The maximum horizontal displacement contour of soil particles is -4 mm
which was concentrated around the geogrid ribs location. This value reduced
to -2 mm for the area around geogrid. The maximum displacement of the
soil particle is -1.5 mm in the vertical direction which was mobilised above
the geogrid. The initial horizontal and vertical movement of soil particle

occurred after 9 mm and 15 mm of movement of the geogrid respectively.

Confining Pressure=50 kPa

The soil interaction behaviour of this test is similar to the 12.5 kPa and 25
kPa conditions. As Figure 6.13 shows, for the first 10 mm of movement of
the geogrid, the pull-out force is stretching the geogrid without transferring
into the soil particles. The interaction between soil and the geogrid is fully
mobilised at 30 mm displacement of the geogrid as shown in Figure 6.15.
However, as Figure 6.16 indicates, the magnitude of dilation of soil particles
is less than two other tests. This is due to only confining pressure resistance
the upward rotational movement more compacted and it is difficult for them

to move.

The magnitude of maximum horizontal contours is -2 mm which was hap-
pened around the geogrid ribs position. This number is reduced to -1 mm for
the vertical movement with dominate the movement equals -0.5 mm. The
initial horizontal and vertical movement of soil particles was around 12 mm

and 15 mm of geogrid movement respectively.

108



Chapter 6. Physical Modelling Results

The results of the tests indicate that the largest horizontal displacement of soil
particles was consistently adjacent to the geogrid location concentrating near the
rib positions. The magnitude of horizontal displacement of soil particles increase
by reducing the amount of confining pressure whereby the soil particles have more
movement in the direction of loading for lower confining pressure. The reason is
that the resisting pressure of the soil is less so soil particles can move easily with
generating the lower resistance against the movement. Other observations can be
made by evaluating the reduction in magnitude of horizontal displacement across
the specimen. The soil near the loading place has more movement in comparison
with the soil located near the rear wall which indicates the pattern of distribution
of pull-out force along the specimen. Also, as the value of the confining pressure
increases the initial movement of the soil particles occurs for the bigger pull-out
force and displacement of the geogrid which is further evidence that the interaction

between soil and geogrid is directly related to the value of confining pressure.

By looking at the direction of the vector of displacement in Figures 6.3-6.16 it is
evident that dilation occurs for all tests with different confining pressure values

and that greater dilation occurs in the tests with lower confining pressure.

From the horizontal displacement contours can be observed that the boundary of
the zone of influence of the geogrid was observed to be at a distance from the

interface of 4 times the Dsq of the soil.
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Figure 6.3: Cumulative PIV results at 5 mm axial tensile displacement of
geogrid with 1200 kN/m stiffness under 12.5 kPa confining pressure
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Figure 6.4: Cumulative PIV results at 10 mm axial tensile displacement of

geogrid with 1200 kN/m stiffness under 12.5 kPa confining pressure
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Figure 6.5: Cumulative PIV results at 20 mm axial tensile displacement of
geogrid with 1200 kN/m stiffness under 12.5 kPa confining pressure
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Figure 6.6: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 1200 kN/m stiffness under 12.5 kPa confining pressure
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Figure 6.7: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 1200 kN/m stiffness under 12.5 kPa confining pressure
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Figure 6.8: Cumulative PIV results at 7.5 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.9: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.10: Cumulative PIV results at 20 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.11: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.12: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.13: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 50 kPa confining pressure
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Figure 6.14: Cumulative PIV results at 20 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 50 kPa confining pressure
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Figure 6.15: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 50 kPa confining pressure
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Figure 6.16: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 1200 kN /m stiffness under 50 kPa confining pressure

The incremental PIV results from 0 to 40 mm for 10 mm increments for a vector
of horizontal and vertical displacement under three different values of confining

pressure (12.5 kPa, 25 kPa and 50 kPa) show in Figures 6.17-6.28.

Incremental PIV results of the displacement contours for 12.5 kPa confining pres-

sure indicate for the first 10 mm movement of geogrid, the maximum soil particles
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displacement in the horizontal direction is -0.5 mm and -0.25 mm which was gener-

ated around the geogrid near the loading place and close to rear wall respectively.
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Figure 6.17: Incremental PIV results from 0 mm to 10 mm axial tensile
displacement of geogrid with 1200 kN/m stiffness under 12.5 kPa confining
pressure
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Figure 6.18: Incremental PIV results from 10 mm to 20 mm axial tensile
displacement of geogrid with 1200 kN/m stiffness under 12.5 kPa confining
pressure
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Figure 6.19:

Incremental PIV results from 20 mm to 30 mm axial tensile

displacement of geogrid with 1200 kN/m stiffness under 12.5 kPa confining
pressure
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Figure 6.20: Incremental PIV results from 30 mm to 40 mm axial tensile
displacement of geogrid with 1200 kN/m stiffness under 12.5 kPa confining
pressure
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Figure 6.21: Incremental PIV results from 0 mm to 10 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.22: Incremental PIV results from 10 mm to 20 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.23: Incremental PIV results from 20 mm to 30 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.24: Incremental PIV results from 30 mm to 40 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 25 kPa confining pressure
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Figure 6.25: Incremental PIV results from 0 mm to 10 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 50 kPa confining pressure
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Figure 6.26: Incremental PIV results from 10 mm to 20 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 50 kPa confining pressure
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Figure 6.27: Incremental PIV results from 20 mm to 30 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 50 kPa confining pressure
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Vector displacement

!
!
/
!
!
4
LA A A R
’
1
'
!
4

€
E
> T T T c0 ST T |
1 1 1 1 1 .
4Ap 6Ap 8Ap 10Ap 12Ap 14Ap
Horizontal displacement
o T OJ) T % T j T 0 T T /
—0
_ 40f = 01 /\/‘M i
c N ( -0.25 \/\/ 70.25—0.1
E q”> < <305
>' 80 -0.1 ma,o 5 % f_‘_ /\ —ﬂﬁ_o A_ o1 -
AN ) ) A
-~ /\—— -0. 0—
120 1 1 1 1 1 1
0 2Ap 4Ap 6Ap 8Ap 10Ap 12Ap 14Ap
Vertical displacement
L(l) T T T v T /
o o> 0/ L—\O
0 o |
g 1_/\_/\ -0.1 /\/X 01
= -0.25 <>
> C O A 01 (N -
I Gz
1 1 1 - 1
6Ap 8Ap 10Ap 12Ap 14Ap

Figure 6.28: Incremental PIV results from 30 mm to 40 mm axial tensile dis-
placement of geogrid with 1200 kN /m stiffness under 50 kPa confining pressure
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6.2.1.2.2 Total shear strain contours

The interaction between soil and geogrid is a result of interlocking of particles,
friction between soil particles and surface skin of the geogrid and the passive bear-
ing capacity generated in front of the geogrid ribs. Due to interlocking, particulate

material may expand or contract in volume as it is subject to shear strains.

Figures 6.29, 6.30 and 6.31 present the shear strains caused by pulling out the
geogrid from soil under three different amounts of confining pressures 12.5 kPa,
25 kPa and 50 kPa. The results show that the maximum shearing is apparent
around the geogrid with more concentration around geogrid ribs position with
the zone of influence around 30 mm from the interface of geogrid which is equal
with 4D5q of the soil particle. Of most interest is the comparison of shear strains
induced by pulling out the geogrid from soil for two amounts of confining pressures
12.5 kPa and 25 kPa is not significantly different. The reason for this could be
because the magnitude of the two lowest confining pressures is small in comparison
with the stiffness of the geogrid. From the results of PIV analyses the maximum
shear strain of these two tests is 20% which is reduced to half for higher confining

pressure, 50 kPa.
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Chapter 6. Physical Modelling Results

6.2.1.2.3 Total volumetric strain contours

Figures 6.32, 6.33 and 6.34 present of the volumetric strains caused by pulling
out the geogrid from soil under different amount of confining pressure 12.5 kPa,
25 kPa and 50 kPa. The results of the study show the volumetric strain for 12.5
kPa and 25 kPa confining pressure is not significantly different and maximum
amount volumetric strain is around 10%. However, this number is reduced to 5%
for higher confining pressure. The results of the analysis show a higher percentage
of volumetric strain occurred around the position of geogrid ribs which is evidence

of mobilising the passive bearing resistance generated in front of the ribs.
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Chapter 6. Physical Modelling Results

The observed soil-geogrid interaction was similar for all three types of geogrid.
Therefore, in order to avoid repetition, description has only been provided for the
first set of the results. For the other two sets, only the internal and external graphs

have been presented.

6.2.2 Test2: Stiffness of geogrid=1600 kN /m

Figure 6.35 shows the results of pull-out load-displacement for three different con-

fining pressures.
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Figure 6.35: Load-displacement plots of geogrid specimen with stiffness of
1600 kN/m

The cumulative vector of displacement with horizontal and vertical displacement
under three different values of confining pressures (12.5 kPa, 25 kPa and 50 kPa)
at the end of the test presented in Figures 6.36-6.47.

The zone of influence of geogrid and transparent soil is observed from the horizontal
contours between 35 - 40 mm which corresponds to 4 to 5.5 times the soil particles.
The results of the study show that the lowest confining pressure has a bigger zone

of influence.
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Vector displacement
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Figure 6.36: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 12.5 kPa confining pressure
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Figure 6.37: Cumulative PIV results at 20 mm axial tensile displacement of

geogrid with 1600 kN /m stiffness under 12.5 kPa confining pressure
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Vector displacement
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Figure 6.38: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 12.5 kPa confining pressure
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Vector displacement
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Figure 6.39: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 12.5 kPa confining pressure

148



Chapter 6. Physical Modelling Results

Vector displacement

Y (mm)

4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

Horizontal displacement

L A

€
(S
> - SR m 7 .
-0.5 U U5 T
(O
1 1 1 1 1
4Ap 6Ap 8Ap 10Ap 12Ap 14Ap
Vertical displacement
0 T uu T T U T T
. L) L
—~ 40 /; .
IS 0
E
> 80 0'/) _z"/\—O /\O i
[ -
120 1 1 1 1 1 1

0 2Ap 4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

Figure 6.40: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 25 kPa confining pressure
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Figure 6.41: Cumulative PIV results at 20 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 25 kPa confining pressure

150



Chapter 6. Physical Modelling Results

Y (mm)

Y (mm)

Vector displacement

R T, \ T T T
NN i
NENE N N T N
A R NN S
a—=— F—. -
Ce e e e e e e e e e e e e e Joo o L | BN
6Ap 8Ap 10Ap 12Ap 14Ap

- G
SV

6Ap 8Ap 10Ap 12Ap 14Ap

Vertical displacement

O/

L C/&/@f@ &/ |

f\/\\—/\/~”’> ,o o>

0 2Ap 4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

120

Figure 6.42: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 25 kPa confining pressure
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Vector displacement
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Figure 6.43: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 25 kPa confining pressure
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Figure 6.44: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 50 kPa confining pressure
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Figure 6.45: Cumulative PIV results at 20 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 50 kPa confining pressure
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Figure 6.46: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 50 kPa confining pressure
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Vector displacement
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Figure 6.47: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 1600 kN /m stiffness under 50 kPa confining pressure

The incremental PIV results from 0 to 40 mm for 10 mm increments for a vector

of horizontal and vertical displacement under three different values of confining

pressure (12.5 kPa, 25 kPa and 50 kPa) show in Figures 6.48-6.59.
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Figure 6.48: Incremental PIV results from 0 mm to 10 mm axial tensile
displacement of geogrid with 1600 kN/m stiffness under 12.5 kPa confining
pressure

157



Chapter 6. Physical Modelling Results

Y (mm)

Y (mm)

Y (mm)

Vector displacement

L ‘
' v

t -

’
VAVE "R VAV
I
’

!
e

7/

.
ottty oL
WS

/

AN N VRV A A
N
~
RN P D I

A | A A

4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

0 2Ap 4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

Vertical displacement

= \,;g/ V ¥ '
=> AN /\C -
_— 0257 K/O\\ — 0;.1 /\—,—\o—

0 2Ap 4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

é

120

Figure 6.49: Incremental PIV results from 10 mm to 20 mm axial tensile
displacement of geogrid with 1600 kN/m stiffness under 12.5 kPa confining
pressure
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Figure 6.50: Incremental PIV results from 20 mm to 30 mm axial tensile
displacement of geogrid with 1600 kN/m stiffness under 12.5 kPa confining
pressure
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Figure 6.51: Incremental PIV results from 30 mm to 40 mm axial tensile
displacement of geogrid with 1600 kN/m stiffness under 12.5 kPa confining

pressure
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Figure 6.52: Incremental PIV results from 0 mm to 10 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 25 kPa confining pressure
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Figure 6.53: Incremental PIV results from 10 mm to 20 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 25 kPa confining pressure
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Figure 6.54: Incremental PIV results from 20 mm to 30 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 25 kPa confining pressure
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Figure 6.55: Incremental PIV results from 30 mm to 40 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 25 kPa confining pressure
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Figure 6.56: Incremental PIV results from 0 mm to 10 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 50 kPa confining pressure
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Figure 6.57: Incremental PIV results from 10 mm to 20 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 50 kPa confining pressure
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Figure 6.58: Incremental PIV results from 20 mm to 30 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 50 kPa confining pressure
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Figure 6.59: Incremental PIV results from 30 mm to 40 mm axial tensile dis-
placement of geogrid with 1600 kN /m stiffness under 50 kPa confining pressure

Figures 6.60, 6.61 and 6.62 show the shear strains caused by pulling out the geogrid

from soil under three different amounts of confining pressures (12.5 kPa, 25 kPa

and 50 kPa).
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Chapter 6. Physical Modelling Results

Figures 6.63, 6.64 and 6.65 show the volumetric strains caused by pulling out the
geogrid from soil for different amount of confining pressure 12.5 kPa, 25 kPa and

50 kPa.
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Chapter 6. Physical Modelling Results

6.2.3 Test3: Stiffness of geogrid=2900 kN /m

Figure 6.66 presents the results of the load-displacement under 12.5 kPa, 25 kPa

and 50 kPa confining pressures.

100 ‘
50kPa

90 1~ _—75kPa
| —12.5kpa

Load (kN/m)

0 10 20 30 40 50 60
Displacement (mm)

Figure 6.66: Load-displacement plots of geogrid specimen with stiffness of
2900 kN/m

The cumulative vector of displacement with horizontal and vertical displacement
under three different confining pressures (12.5 kPa, 25 kPa and 50 kPa) at the end
of the test is presented in Figures 6.67-6.78.

The zone of influence of geogrid and transparent soil is observed from the horizontal
contours between 35 - 40 mm which corresponds to 4 to 5.5 times the soil particles.
The results of the study show that the lowest confining pressure has a bigger zone

of influence.
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Figure 6.67: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 12.5 kPa confining pressure
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Figure 6.68: Cumulative PIV results at 20 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 12.5 kPa confining pressure
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Figure 6.69: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 12.5 kPa confining pressure
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Vector displacement
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Figure 6.70: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 12.5 kPa confining pressure
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Figure 6.71: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.72: Cumulative PIV results at 20 mm axial tensile displacement of

geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.73: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.74: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.75: Cumulative PIV results at 10 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 50 kPa confining pressure
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Figure 6.76: Cumulative PIV results at 20 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 50 kPa confining pressure
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Vector displacement
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Figure 6.77: Cumulative PIV results at 30 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 50 kPa confining pressure
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Vector displacement
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Figure 6.78: Cumulative PIV results at 40 mm axial tensile displacement of
geogrid with 2900 kN /m stiffness under 50 kPa confining pressure

The incremental PIV results from 0 to 40 mm for 10 mm increments for a vector

of horizontal and vertical displacement under three different values of confining

pressure (12.5 kPa, 25 kPa and 50 kPa) show in Figures 6.79-6.90.
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Figure 6.79: Incremental PIV results from 0 mm to 10 mm axial tensile
displacement of geogrid with 2900 kN/m stiffness under 12.5 kPa confining
pressure
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Figure 6.80: Incremental PIV results from 10 mm to 20 mm axial tensile
displacement of geogrid with 2900 kN/m stiffness under 12.5 kPa confining
pressur
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Figure 6.81: Incremental PIV results from 20 mm to 30 mm axial tensile
displacement of geogrid with 2900 kN/m stiffness under 12.5 kPa confining
pressur
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Figure 6.82: Incremental PIV results from 30 mm to 40 mm axial tensile
displacement of geogrid with 2900 kN/m stiffness under 12.5 kPa confining
pressure

192



Chapter 6. Physical Modelling Results

Vector displacement

40

Y (mm)

80

NN Y Yy e s
\

120

4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

Y (mm)

0 2Ap 4Ap 6Ap 8Ap 10Ap 12Ap 14Ap

Y (mm)
f
L.

10Ap 12Ap 14Ap

Figure 6.83: Incremental PIV results from 0 mm to 10 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.84: Incremental PIV results from 10 mm to 20 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.85: Incremental PIV results from 20 mm to 30 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.86: Incremental PIV results from 30 mm to 40 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 25 kPa confining pressure
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Figure 6.87: Incremental PIV results from 0 mm to 10 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 50 kPa confining pressure
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Figure 6.88: Incremental PIV results from 10 mm to 20 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 50 kPa confining pressure
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Figure 6.89: Incremental PIV results from 20 mm to 30 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 50 kPa confining pressure
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Figure 6.90: Incremental PIV results from 30 mm to 40 mm axial tensile dis-
placement of geogrid with 2900 kN /m stiffness under 50 kPa confining pressure

Figures 6.91, 6.92 and 6.93 show the shear strains caused by pulling out the geogrid
from soil for different amount of confining pressure 12.5 kPa, 25 kPa and 50 kPa.
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Chapter 6. Physical Modelling Results

Figures 6.94, 6.95 and 6.96 show the volumetric strains caused by pulling out the
geogrid from soil for three confining pressures are 12.5 kPa, 25 kPa and 50 kPa.
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