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Summary
Cuttings and embankment structures form an important part of the waterways,
railway and highway transport networks and over time, due to the effect of long term
changes in effective stress, the stability and, hence, serviceability of some of these
structures has reduced. Soil nailing is an earth reinforcement technique that can be
used to stabilise cuttings and embankments. In this study an investigation of both the
collapse of these earth structures and the serviceability performance of soil nailed
structures when subjected to long term conditions is made.
The main parameters considered in the study are the slope angle, reinforcement
density, effect of drainage boundary conditions and the cyclic application of changes
in effective stress. Fifteen centrifuge model experiments were conducted using a
sandy soil to investigate the influences of the various aspects. The models were
tested at 1/20th scale with a prototype excavation of 6m and a slope angle which
varied between 50º and 70º. The slopes are supported by a matrix of 7m long grouted
nails with prototype diameter 160mm spaced between 1.5m and 2m vertically and
horizontally. Axial loads and bending moments induced in the model nails were
monitored by strain gauges. Changes in soil suction were monitored by miniature
tensiometers, developed as part of the research and displacements and strains were
monitored using an image analysis system developed during the project.
The conclusions drawn from the investigation were: nail loads can increase by 100%,
or more, when an earth structure is subjected to a reduction in effective stress; an
increased slope angle and reduced reinforcement density both lead to proportionately
greater utilisation of the soil nails capacity; the cyclic application of changes in
effective stress increases nail loads and slope displacements; serviceability
displacements

can

be

effectively

controlled

by

nail

spacing.

Further

recommendations are made to continue the study of soil nailed structures under long
term effective stress conditions.
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NOTATION
A

Cross sectional area

Ap
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Width of footing
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Soil adhesion
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Partial factored design adhesion
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D

Prototype diameter of nail

E

Elastic modulus

F

Maximum axial force

FD

Driving forces

FD

Overall factor of safety

fR

Partial factor of safety applied to a load

FR

Resisting forces

g

Acceleration due to gravity
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Maximum elastic bending moment
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qs

Average skin friction defined by pullout test

r

Centrifuge radius

Sult

Shear capacity of nail

Sw

Shear force induced in nail

Tpullout

Pullout capacity of a soil nail

Trupture

Rupture strength of soil nail

Tult

Maximum axial capacity of nail

Tw

Maximum axial load induced in nail

u

Pore pressure

ua

Pore air pressure

uw

Pore water pressure

Mw

Maximum bending moment induced in nail

φdes'

Partial factored design angle of friction
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Drained angle of friction

φb

Unsaturated soil strength parameter
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Interface shear strength parameter between soil and nail
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ω

Angular velocity of centrifuge

γ

Bulk density of soil

ρ

Density of soil

σn'

Effective normal overburden stress

σv'

Vertical Effective stress

µ

Coefficient of friction between soil and nail

α

Dimensionless interface factor

τ

Shear capacity

σvm

Vertical total stress in model

σvp

Vertical total stress in prototype

εa

Axial strain

εb

Bending strain

σ'

Effective stress

σy

Yield strength of steel in nail

Chapter 1: Introduction

1

1. INTRODUCTION

This chapter provides the background to the research project described in this thesis,
which is the problem of slope failure along Britain's transport networks. It outlines
the basic construction of waterways, railways and highways historically and how,
through time, their respective earth structures have become prone to failure. The
methods of inspection and risk analysis applicable to remedial solutions is explained,
along with some of the possible remedial measures, with extra emphasis on the
technique of soil nailing. Subsequently the technique of centrifuge modelling is
introduced and an outline of the further chapters in this thesis is given.

1.1.

Transport networks

Efficient transport networks are an essential part of a country's infrastructure and
historically in Great Britain the three major land transport means have been: the
waterways, railways and highways. Figure 1-1 shows a timeline (after Perry et al,
2001) which depicts the development of these transport networks within the UK. A
common factor between all three of the major historical networks is the necessity for
cuttings and embankments which exist to keep the track gradient low enough for
traffic to make efficient progress. Primarily this thesis is concerned with the long
term serviceability of these earthworks, how this can be problematic and measures
which can be taken to control them. This section outlines the extent of the various
transport networks and their historical development, including an overview of the
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relevant earthworks. A summary of generic issues concludes the section. It should
be noted that though the transport networks of the United Kingdom are given as
examples here, similar problems are experienced on a worldwide scale.

1.1.1.

The canals

The construction of canals began in the later part of the 18th century and the early
19th century. Over 2,000 miles of canals and navigable rivers represent about half of
all the inland navigations in Britain, for which the British Waterways Association is
responsible.

Other major waterways include the River Thames and Fenland

Navigations. The necessity of canals to remain level, within reason, meant that the
majority were built on flat ground, however as they became more common they were
supported by a variety of embankments, cuttings and tunnels. A typical canal and
embankment construction is shown schematically in Figure 1-2 where canal
embankment constructions come in a variety of forms; with protected and
unprotected banks; vegetated and irregular slopes; all of which hold implications for
the stability of the embankment. Figure 1-3 shows a photograph of a typical canal
embankment structure as part of the Lancaster Canal, the embankment is well
vegetated and the canal water surface lies about 6 metres above the surrounding area.

1.1.2.

The railway network

Following on from the canals the development of the railways largely occurred in the
mid 19th century and were again supported by a variety of earth structures such as
embankments and cuttings, to enable the track gradient to be shallow enough for
trains to make efficient progress. The scale of the railways in the United Kingdom is
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shown in Figure 1-4 and Railtrack, the organisation responsible for rail infrastructure
in the UK, is currently responsible for the 16000km of railways and around 5000km
of that passes over embankments and through cuttings, Railtrack (2001). Figure 1-5
shows a typical railway cutting which is part of the West Coast main line and it is
seen that maintenance of vegetation appears problematic. A typical railway cut/ fill
situation is demonstrated in Figure 1-6, where it is seen that the passage of the track
required some areas of cut and fill and possibly at the same positions along the track,
where sidelong ground exists. Figure 1-7 shows a 3-dimensional view of the soil
which would be removed to create a cutting in order to reduce the track gradient.
Nearly all railways were constructed on poorly compacted material. This is because
the now common, heavy construction plant had not been developed and the
compaction behaviour of soil was not well understood, Perry et al (2001).

1.1.3.

Highways

Highway development followed on from railways, however the majority of highways
followed the lie of the land, where traditional tracks and roads pre-existed, until the
development of motorways and trunk roads in the mid 20th century. In all the United
Kingdom highways agency is responsible for 10500km of major highway, of which
some 3500km are on embankments or cut and fill situations, Perry et al (2001).
Motorways and other high grade roads necessitated the use of embankments and
cuttings in order to keep the gradient of the route to the lowest level, to ease traffic
flow. A typical motorway cut and fill profile is shown in Figure 1-8, and a typical
highway embankment is photographed in Figure 1-9.
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Generic issues

The three preceding paragraphs have outlined the extent of the land and waterway
transport networks in the United Kingdom. The integrity of them depends upon
various earthworks structures, including cuttings and embankments. In order to
construct and maintain these earthworks structures it is necessary to have effective
and economic methods of analysis, design and remedial action, if needed. This thesis
develops the consideration of long term stability of cuttings which form a part of the
transport networks, how problems of stability have developed and the long term
effectiveness of remedial action.

1.2.

Failure of earthworks

At the time of construction, particularly of the waterways and railways, the
geotechnical designs used were largely empirical.

This means that the designs

implemented were based upon experience of those earth structures which had been
constructed and were still standing. Over time some of these empirical designs have
proved inferior and some are now either failing or prone to failure in the future.
These failures of earthworks are of concern to the agencies which run the various
transport networks who find it necessary to implement regular condition monitoring
and if necessary remedial action. This section gives an overview of slope failure, the
failure criteria which can be applied and how behaviour can vary in the long and
short term.
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Slip surfaces

When a slope fails there are two distinct zones: the active and resistant zones which
are illustrated in Figure 1-10. The active zone is an area which may move and
potentially collapse due to its own self weight and the weight of any surcharge
loading above it. The active zone can remain stable by utilising the shear strength of
the soil along the potential slip surface. However, if this shear strength is insufficient
the active zone will move in relation to the resistant zone and the slope may collapse.
The deformation of the active zone relative to the resistant zone can be classified as
either satisfying or exceeding "ultimate" or "serviceability" conditions, see section
1.2.2. A potential slip surface is usually found by iteration in order to find the least
safe slip surface, unless a surface is pre-existing, by a slope failure already in
progress.

Slip surfaces can take on many different shapes and forms, further

discussion of slip surfaces in relation to slope stability is made in Chapter 2.

1.2.2.

Ultimate and serviceability failure

There are two principal types of failure which occur in any structure: "ultimate
failure" and "serviceability failure." Ultimate failure is usually defined as where total
collapse or large scale movements of an earth structure occur and as a result that
section of the transport network becomes unusable. A schematic example of the
ultimate failure of a slope is shown in Figure 1-11, which shows that the movement
involved is large and it is likely that there would be severe effects on any surrounding
structures or other services which depend upon the integrity of the slope.
Serviceability failure relates to the performance of the structure in its required role.
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If, on a railway, deformations and relative displacements become too large this will
result in differential settlement of the track. A consequence of this type of failure is
reduced levels of safety and comfort level and in addition speed restrictions may
have to be placed on a railway, this will have further economic implications. Figure
1-12 schematically shows differential settlement along a railway line as a result of
serviceability failure of a section of the slope or embankment. Figure 1-4 shows the
speed restrictions which are in force along the railways in the United Kingdom, these
speed restrictions are imposed due to various factors, including track quality, upon
which the earth structures have a direct impact.

1.2.3.

Long term serviceability failure

It was demonstrated in section 1.1 that the transport networks were generally
constructed at least several decades ago and as much as three centuries ago. At the
time of construction the difference between long (i.e. drained) and short term (i.e.
undrained) behaviour of soil was not fully understood. Economy in excavating and
transporting material, and the expense of land take in urbanised areas, dictates that
designs are made with the maximum tolerable slope angle. As a consequence of this,
earthworks associated with the transport networks were often cut at a slope angle,
which though sustainable in the short term, was eventually too steep for slope
stability and therefore prone to collapse in the long term. Particularly where designs
were empirical before modern understanding of soil behaviour and methods of
analyses were developed. When the embankments and cuttings associated with the
transport networks were constructed it was not always taken into account how soil
strength may evolve over time. It is possible that only when structures started to fail
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that it was realised that the strength of soil is dependant upon time-scale effects. The
failures occur due to a long term reduction in the soil strength caused by a variety of
factors, including rainfall, natural and manmade climate change and anthropologic
events. The change in soil strength and the events which cause long term failure are
outlined further in Chapter 2.

1.2.4.

The cost of failure

The cost of failure of earth structures can occur in several different ways, including:
human life, disruption to traffic and damage to surrounding areas all with associated
economic cost. Leroueil (2001) quantifies the economic cost of these failures;
reporting that in Japan the losses associated with slope movements are of the order of
US$4 billion a year and in some developing countries can reach 1-2% of the gross
national product. The loss in economic terms does not include human losses. The
failures considered by Leroueil (2001) are attributable to a number of causes such as
earthquakes, de-forestation and long term serviceability. From these figures it is
apparent that long term serviceability must be given consideration when designing
earth structures. The British rail network is affected frequently by slope failures,
usually of a small scale, which can lead to disruption of trains and could possibly
cause serious accidents, Railtrack (2001). Railtrack Scotland perceives flooding and
the subsequent slope instability as a key issue in running the rail network, The
Scottish Executive (2001).

During 1998/99 4098 hours of train delays were

attributed to flooding and slope failures. Sasaki et al (2001) reported that rainfall
induced slope failures killed 32 people and damaged 4785 residential homes in Japan
in 1999. After this level of failure and damage a system was developed where a
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rainfall index for warning against slope failure disaster was developed. This rainfall
index considered both cumulative rainfall and rainfall intensity in order to define
when slope failures are likely to occur and give people advance warning so they can
evacuate to safety if necessary.

1.3.

Monitoring and risk assessment of earth structures

The agencies which manage the transport networks have regular inspection
programmes to monitor the stability of earthworks structures, e.g. Railtrack (1999).
These programmes aim to identify areas of earthworks which are either failing, or
prone to failure in the future. Ultimate failures are generally relatively easy to detect,
because of the large movements involved whereas serviceability failures may be
more difficult. These surveys may be carried out from the air, moving vehicles along
the route, or by foot. Perry (1989) examined the embankments and cuttings along
some 570 km of highways and found 17 km of earthworks had failed and up to three
times that amount were prone to failure in the future. The time between inspections
is generally dependant upon the state of the earth structure at the last inspection, if it
was concluded that the structure may be prone to failure then a suitable inspection
interval would be set in order that problems are identified before they become too
serious and disrupt flow of traffic, Highways Agency (1991).

When a section of cutting or embankment is found to be prone to failure it is
necessary for the managing agency to take some form of action in order to prevent
further deterioration of the structure. The remedial action is dependant upon the type
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of failure spotted, the location of the failure and is implemented on the basis of a risk
assessment. Risk assessments are conducted, Perry et al (2001), in order to assess
the consequences of a failure and ensure that it would be economic to implement a
repair. Organisations such as Railtrack or the Highways Agency have feasibility
assessment methods to calculate whether a solution will be economically and
physically effective, Perry (2001). A simple strategic risk matrix is shown in Table
1-1 and is used to categorise the level risk and the associated consequences of failure.
The level of risk analyses is judged at two levels – routine surveys of tracks and
associated structures may be carried out at an arbitrary interval, such as 5 years and
more frequent attention is paid to those areas which are identified as being 'at risk.'

1.4.

Remedial Action

When an embankment or cutting is found to be prone to failure, and risk analysis
reveals potential hazards, then remedial action to reduce the risk of failure becomes
necessary. This section gives an overview of some of the possible remedial measures
and their advantages, limitations and suitability to be applied. It gives a review of
the options available including: re-grading, vegetation, grouting and various forms of
reinforced soil. Failure can take the form of shallow surface creep or possibly more
deep rotational slides and different remedial measures may be more suited to each
scenario.

In choosing a remedial measure any restrictions imposed by the

surrounding area must also be taken into account: there are strict safety regulations
for working beside railways and to a lesser extent highways. Where a slope is cut
too steep it could be cut back to a shallower angle, or regraded, as demonstrated in
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Figure 1-13. In densely built up areas where space is at a premium, often around
roads and railways, cutting back a slope to a safer and shallower angle is rarely an
economical option. The work involved in cutting a slope back would probably
involve intrusive disturbance to the surrounding area, including the removal of large
amounts of soil. In densely packed urban areas, for example Hong Kong, space is
tight and any remedial measures must take this into account, Powell & Watkins
(1990). Vegetation on an embankment slope is generally the most aesthetically
pleasing form of surface protection and can also be used to improve the stability of
an embankment to a shallow depth. Vegetation serves to improve slope stability in a
number of ways: Removal of soil water by transpiration reduces water pressures,
hence counteracting the reduction in strength that wetting causes and the vegetation
roots can provide stability locally and may extend across potential slip surfaces with
deeper root columns acting as piles, Holland (2002). Disadvantages include the
relative unpredictability of vegetation as a form of slope stability, including the
susceptibility to fire, disease or vegetation which may not be suited to the locality
where it is planted.

Shear trenches are slots cut into slopes, or the toe of an

embankment, and backfilled with concrete. They stabilise a slope by providing a
zone of high shear strength, which effectively prevents failure mechanisms passing
through. Shear trenches can be used in both shallow and deep failures provided the
depth of the trench is sufficient, a typical shear trench arrangement is shown in
Figure 1-14. A potential hazard with the method is the destabilising effect of
construction when a trench is excavated at the toe of the slope, removing material
which was almost certainly aiding stability. For this reason only short lengths of
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trench are excavated at each time and appropriate monitoring systems are used, with
a contingency of material available for immediate infilling if failure looks likely.

A common, and growing, form of remedial action is reinforced soil, of some form.
The principle of reinforced soil is the inclusion of elements in a geotechnical
structure which provide stability by adding tensile strength together with sometimes
shear, and bending strength to the soil.

Forms of soil reinforcement include

dowelling which can be used to stabilise relatively deep failures, or micro piling,
discussed later in this section. There are also other methods such as grouting which
can be used to increase the strength of critical areas of soil. The choice of method is
dependant upon the type of failure, the suitability of the method for repair and other
constraints such as site access. Some forms of remedial action are detailed in Table
1-2, where their advantages, limitations and suitable conditions are summarised. A
greater emphasis is given on soil nailing, in section 1.5, which is the method selected
for remediation in the types of failure outlined in this thesis.

Dowelling is most suitable where the failure surface is deep seated and Figure 1-15
shows a slope stability situation where soil dowels have been placed across the
potential slip surface. The reinforcement mechanism of dowelling is principally to
add further shear strength to the slip surface and prevent any further movement, e.g.
Mitchell & Villet (1987). The process of dowelling involves driving or boring a
number of very stiff inclusions through the unstable mass of soil to a sufficient depth
into the stable zone of soil. The diameter of the inclusions can be up to 1.8m and can
extend to a depth of 10m or more.

Following installation of the dowels the
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embankment may continue to move for so time as further displacements are required
to mobilise the stabilising effect of the inclusions. Steel sheet piles can also be used
to reinforce a slope in a similar fashion to dowels.

An example of micro-piling applied to provide stability to an embankment over the
natural ground, is shown in Figure 1-16. They are linked together at the ground
surface by a concrete capping beam and are typically 100-300mm in diameter.
Micro-piles provide stability by retaining the soil by an arching action and also may
provide additional resistance along critical slip surfaces. The term reticulated is
applied because the piles often splay outwards or are intertwined.

1.5.

Soil Nailing

The concept of reinforcing existing ground presents limitations of the types of
reinforcement elements which can be used. Geo-grids or sheets can not practically
be employed because although they will provide reinforcement they do not generally
possess sufficient bending stiffness to allow them to be inserted into the ground.
Inclusions need to have some stiffness to allow them to be inserted into the ground,
rather than placed within the soil as layers of soil build up. Where reinforcement into
existing ground is required, reinforcement has tended to be steel rods or bars with
good tensile strength. The soil uses the tensile strength of the reinforcing element by
transferring load from the soil through the soil/ reinforcement interaction into the
reinforcement.

Installation has typically been achieved by two methods: direct

installation into the ground by percussion, driving or firing, or by boring a hole,
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inserting the steel reinforcement rod and grouting around it. Figures 1-17 and 1-18
illustrate the processes of installation. Because of the necessity for reinforcement in
in-situ ground the inclusion must possess some bending stiffness in order for it to be
inserted easily. A soil nail is now recognised by most engineers as a passive
inclusion that is installed into existing ground, to enhance the stability of the soil
primarily by mobilising the axial strength of the bar. The main application of soil
nailing (i.e. most published and researched) has been to create near vertical cuts, e.g.
Figure 1-19. Soil nails are used as they can be inserted into an existing slope, as well
as being used in new construction. The inherent bending stiffness required for
installation the soil nails bending stiffness may also be mobilised in addition to the
tensile resistance of the bar. If bending stiffness is considered to contribute the major
part of reinforcement then the nail no longer fits the definition of a soil nail above
and may often be considered a dowel. A dowel is installed at such an inclination to
the potential slip surface to enhance stability by primarily mobilising its bending and
shear properties, Mitchell & Villet (1987). The confusion arises form the fact that
there is no demarcation between the two methods of soil reinforcement, discussed at
length by, Bridle (1989), Bridle & Barr (1990), Jewell & Pedley (1990a, 1990b &
1991), Schlosser (1991). A nail acts neither purely in tension or purely in shear, there
is always an element of both and this must be assessed and the design undertaken
accordingly, Davies & Jewell (1992). The design and behaviour of soil nails is
outlined further in Chapters 3 and 4.
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It is essential around railways and motorways that disruption is kept to an absolute
minimum and stringent safety standards are adhered to. Soil nails can be fired or
drilled and grouted into the ground. The machinery to carry out this is generally
small and mobile enough to operate beside railways, with minimal disruption to
services, which is an expensive undertaking. In comparison with other methods soil
nailing generally proves to be an economical method, without large scale movements
of earth or long periods on site sometimes associated with other methods. Economy
is a major concern when selecting a form of remedial action to stabilise slopes.
Where the technique of soil nailing is a suitable remedial measure it generally results
in a more economic solution. For example a recent example was reported, in Ground
Engineering (2002), where a soil nailed solution was chosen in favour of a bored pile
wall anchored with raking piles.

The work was carried out by May Gurney

Construction to stabilise an 800m long, 12m high embankment on the Hertford Loop,
north of London. The cost of the soil nailed solution was £2.5M which when
compared to the bored pile wall solution, costing £5M resulted in a highly economic
solution. The nature of the behaviour of soil nails has been the subject of extensive
investigation and is discussed within this thesis with relation to long term
serviceability.

1.6.

Objectives of the research

Section 1.2 has introduced the concept of cuttings by railways and motorways and
their potential to suffer long term serviceability failure. Remedial action can be
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taken by the introduction of soil nails. The movements of a reinforced soil zone are
dependant upon the following:

•

Geometry of the structure

•

soil properties

•

effective stress changes over time

•

the type of reinforcement

•

the method of installation

This research investigates the concept of long term serviceability and the behaviour
of soil nailed systems subjected to long term serviceability conditions. The effect of
spacing, slope angle and changes in effective stress is investigated. The experiments
were conducted using the technique of centrifuge modelling at the University of
Dundee. The technique of centrifuge modelling allows scale model tests to be
conducted in the laboratory, in preference to conducting full scale tests, which on a
6m high slope with soil nails would clearly occupy a large amount of space and be
costly hence the number of experiments would be limited. Centrifuge modelling
allows more experiments to be conducted within the laboratory. A full explanation of
centrifuge testing and the applicable scaling laws is given in section 5.1.
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Thesis layout

The introduction has outlined the long term serviceability problem, where it occurs
and the remedial measure of soil nailing which can be used. The aim of this research
project is to investigate the long term serviceability of cutting and embankment
structures and the use and long term serviceability of soil nails used as a remedial
measure.

This will be carried out through a review of previous work and an

experimental programme using a geotechnical centrifuge. The following chapters
examine in further detail the contents of the introduction and an explanation of each
chapter is outlined below:

Chapter 2: Slope Instability. This chapter investigates the subject of unsaturated soil
mechanics and how soil suctions can enhance slope stability. This is followed by
consideration of the mechanisms by which soil suction is eliminated and the
subsequent consequences of failure. It outlines the importance of considering the
water regimes in geotechnical structures during design.

Chapter 3: Soil Nailing – Review. The review covers the concept of soil nailing and
its historical application and development throughout the world, including the
various national research projects which were undertaken to further encourage
application of the technique by engineers. The review includes case studies of four
sites where soil nailing has been used in the United Kingdom, as well as reviewing
full scale testing, laboratory testing and analytical work.
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Chapter 4: Soil Nail design. The fundamentals of soil nail design are examined. In
particular the impact of effective stress on potential designs is investigated and linked
into the various design code recommendations.

Chapter 5: Materials, method and apparatus.

The slope design used, the

experimental model and various components are described together with details of
the instrumentation used and the experimental procedure.

Chapter 6: Development of a tensiometer to measure soil suction: A primary
concern of this research programme is to investigate soil suction and how it affects
slope stability. In order to do this a small scale tensiometer has been developed. The
development process is outlined along with the calibration, testing and an evaluation
of performance.

Chapter 7: Development of an image based deformation monitoring system: A
primary measure in assessing the effectiveness of reinforcement is the magnitude of
displacement which occurs once the reinforcement takes place. If the reinforcement
is successful then minimal movement should occur, in order to monitor this
throughout the experiments an image analysis system was developed. The system is
used throughout the tests and analyses can be carried out after events such as water
inundation to investigate the effect of them. The development of the hardware and
software is outlined in this chapter, which includes examples of the application and
calibration of the system.
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Chapter 8: Centrifuge tests and results. The stages of each test are outlined and the
methods of analysing the data are presented. Each phase of the testing is summarised
and the results presented.

Chapter 9: Analysis and discussion. The results from chapter 8 are analysed and
discussed in relation to the objectives of the research. The results are examined
criteria by criteria to evaluate the success of soil nailing as an aid to stability in the
long term. These results are then linked into the implications of what is considered
in the initial design.

Chapter 10: Conclusions and recommendations. The research is concluded and
further recommended research is presented.
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circa 1780's

Early contour canals

circa 1800's

Canal construction peak

Canal construction largely completed
1835
1841
circa 1850's
circa 1860

cira 1900

1933
circa 1948

Great Western Railway
construction complete
Railway construction peak
London Underground embankment
construction started

Manchester ship canal

Proctor publishes paper on compaction
London underground
embankments completed

1959

Large self propelled scrapers common
M6 Preston by-pass open
M1 Motorway Watford to Crick open

1986

M25 Motorway fully open

1998

A34 Newbury By-pass open

circa 1950
1958

2003 (expected)

Channel Tunnel rail link open

Figure 1-1: Timeline of transport infrastructure development in the United
Kingdom, after Perry (2001).
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Protected Bank

Boat

Unprotected
Bank

Well vegetated
slopes

Irregular Slopes

Poorly Compacted Fill

Figure 1-2: A canal embankment structure

Figure 1-3: Example of an embankment on the Lancaster canal. Typically well
vegetated and 5-6m higher than the surrounding land.
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Figure 1-4: The United Kingdom railway network, and speed restrictions in force
due to track quality, including standard of earth structures, Railtrack (2001)
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Figure 1-5: A railway embankment near Lancaster.
appears problematic, with vegetation destroyed.

Local surface stability

Embankment
Traffic

Cutting

Natural Ground

Figure 1-6: Side long embankment/ cutting situation, after Perry et al (2001).
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Natural Ground

Traffic

Figure 1-7: A cutting made through ground to ease passage of traffic

At Grade

Traffic

Cutting
Embankment

Figure 1-8: Vertical alignment of a transport infrastructure – related embankments
and cuttings, after Perry et al (2001).
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Figure 1-9: A well vegetated road embankment on the A90 near Aberdeen.

Active Zone

Potential Slip
Surface
Resistant Zone

Figure 1-10: Resistant/ active zones in slope stability and soil reinforcement
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Slipped Mass (Active zone)
Resistant Zone

Slip Surface

Figure 1-11: An ultimate slope failure where movement is large

Railway Track

Differential Settlement
(exaggerated for clarity)
Unstable section
of slope

Stable section
of slope
Zone of high shear
strain separating "resistant"
and "active" zones

Figure 1-12: The effect of differential settlement on a railway embankment
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Space lost by regrading
Construction above
unstable slope

Possible slip surface

Safe slope angle

Figure 1-13: Slope requiring reinforcement, cutting back would be impractical

Mass concrete
shear trench
Potential Slip
Surface

Figure 1-14: A slip surface stabilised by use of a concrete shear trench
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New Construction

Dowells installed to
improve stability

Potential Slip Surface

Figure 1-15: Dowelling used in strengthening prior to construction

Fill
Capping Beam

Natural Ground

Micropiles

Figure 1-16: The use of reticulated micro piles to provide stability
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ii)driven into the soil

iii) the driven bar is
capped with a plate

Figure 1-17: Directly installed nails

i) hole is bored

ii) the bar is centred in the hole

Figure 1-18: Drilled and grouted nail installation

iii) the hole is grouted up
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Rigid Face
Protection

Soil Nails to
provide stability

Figure 1-19: Vertical construction using soil nails
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Probability of Hazard
(expressed as a condition grade)

(expressed as a consequence grade)

Consequence of Hazard

Low(e.g. no
risk to people
or property)

Good

Average

Poor

Negligible
Risk

Low Risk

Medium
Risk

Routine
Inspection

Routine
Inspection

Increased
inspection
frequency

Medium (e.g.
minimal risk
to property but
high cost of
disruption)

Medium Risk

Medium Risk

High Risk

Routine
Inspection

Increased
Inspection
Frequency

Assessment
Required

High (e.g.
high risk to
people,
property and
high costs of
repair or
disruption)

Medium Risk

High Risk

Unacceptable
Risk

Routine
Inspection

Assessment
Required

Assessment
and
Mitigation

Table 1-1 A simple strategic-level risk matrix to categorise risk and to identify
actions to be taken, after Perry et al (2001)
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Limitations

Suitable Conditions

Vegetation

Aesthetically
pleasing enhances
shallow stability

Can present a safety &
maintenance liability, not
suitable in all
environments

Success dependent upon
plant selection, soil
type, orientation and
maintenance.

Shear Dowels

Can solve major
instability problems

High installation cost,
Requires some soil
deformation to be effective

Applied to deep seated
major slope failures.

Soil Nails

Relatively cheap to
install

Access platforms required
for installation of drilled
and grouted nails.

Most effective in
granular soils and low
plasticity clays

Re-grading and
toe berms

Simple and
effective measure
and immediate
effect

Sometimes difficult to
achieve within site
boundaries

All soil conditions

Reticulated piles
walls

Result in formation
of in-situ mass wall

Access platforms normally
required for installation

Requires strong sub-soil
if used to stabilise side
long ground, head room
required

Shear Trench

Simple Skills
Necessary

Concrete Costs High

Shallow and Deep
Failures

Table 1-2 Advantages, limitations and suitability of various remedial measures,
extracted from Perry et al (2001)
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2. SLOPE INSTABILITY

The of slopes and cuttings associated with the transport networks were discussed in
Chapter 1.

This chapter discusses the importance of considering long term

serviceability for slope stability analyses. It outlines basic slope stability analyses
and the relevant unsaturated soil theory important to soil strength. Coupled with this
are the factors which contribute to a long term reduction in soil strength, including;
rainfall, vegetation, anthropologic events, soil creep and the effect climate change.

2.1.

Conventional slope stability

This section outlines the basic concept of slope stability and the conventional
saturated soil mechanics which it involves. It covers the definition of a slip surface,
the soil strength parameters used and the method of slices used to analyse the
stability of un-reinforced slope or embankment earth structures. In soil mechanics
and geotechnical engineering a soils capacity to resist shearing forces is defined as
the shear strength. In its simplest form soil is able to withstand shear stresses due to
inter-particle friction, this is ignoring any effects due to cementitious bonds between
the particles or similar effects. The shear stress sustainable by a soil is considered in
terms of the normal effective stress and the angle of friction, this results in the MohrCoulomb failure criterion.

τ=c'+σ'tanφ'

Equation 2-1
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where τ is the shear stress, φ' is the drained angle of friction and σ' is the normal
effective stress.

When analysing the stability of embankments, slopes or cuttings it is important to be
able to identify the worst case potential slip surface within the earth structure. The
potential slip surface divides the resistant zone of soil, from the active zone of soil
which is liable to collapse, an example of a slip surface and the relevant zones is
shown in Figure 2-1.

The slip surface is usually identified by computation

considering the soils strength parameters and other factors such as surcharge loading
which may be applied to the surface of the soil. The shear strength of the soil
mobilised along the potential slip surface acts to aid maintaining stability and the
destabilising effect of soils self-weight and other factors such as surcharge loading
will act against the shear stress mobilised. If the stresses due to de-stabilising forces
are less than the shear stress mobilised then stability will be maintained. An example
of the application of slope stability is given in Appendix A, which outlines a slope
stability analysis taking into account the Mohr-Coulomb criterion outlined above.

2.2.

Unsaturated Soil

The failures outlined above illustrate the need to differentiate between long and short
term behaviour.

This section outlines the relevant theory of unsaturated soil

mechanics, which governs long term serviceability, where σ' can change over time,
how it enhances and affects slope stability and how the transition from unsaturated to
saturated conditions occur and the subsequent impact on slope stability.
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Unsaturated soil theory

A saturated soil is considered to contain only two phases: soil particles and water.
Saturated soil theory is comparatively easy to apply and results in an acceptable
analysis of design situations, Fredlund (1993). The situation becomes more complex
if a soil is unsaturated. Unsaturated soil consists of: soil particles, water, air and a
fourth phase which is the air/water interface, often referred to as the contractile skin,
as shown in Figures 2-2 and 2-3. The contractile skin is considered to be a separate
fourth phase because it has definite boundaries and different properties from the
other three phases. The most distinct property of an air/water interface is its capacity
to exert a tensile pull. The concept of a meniscus, causing curvature on water
surfaces near the edges of containers is shown in Figures 2-4 and 2-5. It is seen that
the height of capillary rise varies with the diameter of the tube, where a smaller
diameter encourages a greater height of capillary rise.

Consequently this tube

diameter could be seen as analogous to the mean pore diameter size in soils. Figure
2-2 shows a four phase unsaturated soil system. The air phase can be continuous or
occluded, i.e. with small pockets of air in the soil.

This research programme

concerns unsaturated soils with a continuous air phase. Thus at every air/water
interface there is a contractile skin and the resultant tensile pull. The tensile pull, in
the contractile surface, acts to pull the soil particles together resulting in an apparent
increase of soil strength.

Although where water exists above the vadose zone it is probable that high suctions
are present. (N.B. The vadose zone is defined as the area above the water table that
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has a negative pore pressure. The pore pressure at the water table is zero). An
unsaturated soil with a continuous air phase generally has a degree of saturation less
than 80%, occluded air bubbles commonly occur in soils with a saturation ratio
greater than 90%, with the transition between a continuous air phase and occluded air
bubbles lying between 80–90%. 100% is fully saturated and 0 % is dry. At or below
the continuous air phase saturation level the contractile skin exists and influences the
behaviour of the soil.

Where the air phase is continuous the air is considered to be at atmospheric pressure
throughout, i.e. ua=0kPa. Figure 2-6 shows soil which contains a saturated zone and
an unsaturated zone. If water exists above the water table, in the partially saturated
zone, with an air pressure of zero then the water must have a pressure less than zero
to remain above the water table, where uw=0. Suction, ignoring boundary effects, is
proportional to distance above the water table and typical matric suction profiles are
shown in Figure 2-7. The suction follows the hydrostatic gradient above the water
table, unless affected by evaporation which would increase matric suction or other
boundary effects such as rainfall which would reduce suction. The profile is also
dependent upon the soil characteristics including particle size distribution and mean
pore size diameter. The partially saturated zone occurs as a result of the phenomenon
of capillary rise in soils. Rather like the capillary tubes, outlined in section 2.2, the
gaps in between the soil particles act to aid capillary rise of water above the water
table. The height of capillary rise, above the phreatic surface, in a soil is dependant
upon the effective pore size diameter. Again similar to the capillary tubes described
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in section 2.2 the pore size diameter of the soil dictates how far above the water table
capillary rise will occur, as seen in Figure 2-8. A soil with a small mean pore size
diameter can draw water many metres above the water table, whereas capillary rise in
a soil with a larger mean pore size diameter will be reduced. Clays which have a
small pore size diameter can draw water many metres above the phreatic surface,
whereas in sand where the pore size diameter is larger the capillary rise height is
reduced. Figure 2-8 shows the relationship between pore size diameter and predicted
capillary rise for soils, where as the pore size diameter decreases the matric suction
and capillary rise height both increase.

2.2.2.

Strength parameters

The application of strength parameters to unsaturated soil can take on varying
degrees of complexity. A soil strength model is usually selected on the basis that it
models correctly the aspects which are most important to the investigation, Potts &
Zdravković (2001). For example, a constitutive model which carries more detailed
calculation based on small strains will be used where small strains are the most
important consideration and not for ultimate strength. Several of the many available
methods of applying unsaturated strength parameters are outlined here and the
simplified method which is used forthwith in this thesis is also explained.
Highlighted are the fundamental differences in considering unsaturated verses
saturated soil mechanics.
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Extended Mohr-Coulomb failure envelope

The conventional Mohr-Coulomb model used to consider the failure of soil in
saturated soil mechanics was outlined in section 2.1. The failure envelope for
saturated soils is derived by plotting a series of Mohr circles corresponding to failure
on a two dimensional plot, the line tangent to the Mohr circles is called the failure
envelope. Fredlund (1993) and Fredlund & Guan (1997) outlines a slope stability
method where suction is used as a component in the Mohr-Coulomb strength
criterion. The controlling factor in the strength of unsaturated soil is matric suction,
defined as:- S = (ua-uw), in which ua and uw are respectively the pore air and water
pressures, Fredlund (1978). The extended Mohr-Coulomb shear strength envelope is
demonstrated in Figure 2-10.

τ = c'+ (σ-ua)tanφ + (ua-uw)tanφb'

Equation 2-2

The suction component extends the envelope by a third dimension, into shear
strength verses matric suction space.

The extended Mohr-Coulomb strength

envelope can be defined through laboratory experiments, where the frontal plane
represents a saturated soil, with increasing matric suction having the effect of
increasing the soils shear strength. If suction is present then the shear strength τ
increases according to a third parameter φb, as seen in Figure 2-10. Conversely if the
soil is saturated then the strength reverts to the saturated parameters of upon c' and φ',
as in section 2.2.2, hence this failure envelope works for both saturated and
unsaturated problems. As stated at the start of section 2.2.2 there are many different
models to quantify the strength of unsaturated soil, e.g. Wheeler & Sivakumar
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(1995), Alonso et al (1990), Escario & Saez (1986), Leroueil (2001) amongst many
others. In its simplest form the component of suction due to capillary rise can be
inserted into the conventional effective stress equation, merely as a negative
pressure, u as in:

τ = c' + σ'tanφ

Equation 2-3

where, τ is the shear strength, σ'=σ-u, where σ is the vertical stress, defined in
section 2.1, σ' is the vertical effective stress and u is the pore water pressure. If u is
positive then the shear strength of the soil decreases, if u becomes negative then this
has the effect of increasing the shear strength of the soil.

2.2.4.

Application of shear strength parameters

Figure 2-11 schematically shows the water table regime within a typical slope. It
shows a potential slip surface used in slope stability and the shear strength
parameters which are relevant to each section of the slope depending upon the water
regime. Below the water table conventional effective shear stress parameters are
applicable and pore pressure u is positive. In the zone which extends above the
water table to the uppermost extent of matric suction or capillary rise Equation 2-3 is
applicable where matric suction is used as a negative figure, resulting in an increase
of shear strength. To simplify analyses above the continuously unsaturated zone total
stress parameters are applied. Suctions could be higher and result in an increase in
shear strength, however it is a conservative approach to ignore the higher matric
suctions, which may be sporadic and not a reliable source of strength.
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Long term serviceability

Long term serviceability of soil structures is dependant upon many things:
groundwater hydrology, soil creep, structural geometry, collapse compression,
anthropologic events, climate change and the soil properties. This section explains
how these factors contribute to the long term serviceability of slopes and other soil
structures and the subsequent effects on slope stability.

2.3.1.

The water cycle

The amount of soil suction present at any time within a soil is dependant upon the
amount of water it contains. In turn the amount of water within a soil is dependant
upon several other factors. Figure 2-12 shows the typical influences upon water
within the ground. It is well acknowledged that the occurrence of water in the
ground is a complex combination which is dependant upon many factors, e.g. Blight
(1997), Lin & Kung (2000) amongst many others. These factors include: ground
geometry, soil properties (discussed in section 2.3.8), rainfall, seasonal effects,
evaporation and vegetation, all of which affect the soil-water balance. This section
will seek to investigate these factors, how they affect soil suction and soil strength
and hence stability of earth structures.

It is difficult to say that at a particular time, under particular conditions, a slope will
fail because of the complexities of the processes of water in soils. The biggest
challenge for the geotechnical engineer is to establish the relationships between
hydrologic conditions, pore pressures strength, factor of safety and possibly rate of
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Blight (1997) recommends that the geotechnical

engineer should consider not only the current water conditions on a site but how they
arose and how they may change in the future. Figure 2-12 shows some of the
environmental conditions which affect the water content and hence suction in soil. It
is the lack of anticipation or appreciation about how water regimes may change that
leads to changes in soil strength, from section 2.2.2 and hence long term slope
failures.

2.3.2.

Wetting

It is necessary to consider how long term serviceability conditions occur, it is
generally through the recharge of groundwater or the infiltration of rainwater. The
relationship between rainfall and slope failure has long been researched and
confirmed. It has been studied by many authors, e.g.- Alonso et al (1995); Öberg
(1995); Brooks et al (1995); Fourie (1996), amongst many others. It was established,
in section 2.2, that wetting the soil reduces matric suction and hence the soil strength
and it is important to consider how wetting takes place and what affects it. This
section will consider the ground conditions and how rainfall infiltrates and the
consequent effects on slope stability.

Lin & Kung (2000) investigated slope failures in Taiwan which were induced by the
infiltration of rainfall. They found that many of the failures were of a shallow nature
and that there was a critical rainfall intensity of 70mm/hour for the type of residual
soil being investigated. The failures tended to occur concurrently with the peak
hourly rainfall and that the scar, or slipped zone, tended to be unsaturated with no
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evidence of water piping from it. The slopes maintained stability in the dry season
due to the matric suction which was considered to have increased the strength of the
soil. When the critical rainfall occurred this infiltrated the soil and reduced matric
suction to the point where the slope became unstable. Hence the slope failures were
dependant upon two major factors: the change in pore pressure due to rainfall
infiltration and the change in shear strength of the soil due to infiltration. Figure
2-13 shows the most critical failure surfaces for a slope in the wet and dry seasons.
It is seen that the slip surface is deep seated during the dry season and during the wet
season the slip surface becomes much shallower, which correlates to the shallow
failures which occurred during heavy rainfall. The factor of safety was found to be
less than unity for calculations based upon the groundwater regime evident during
heavy rainfall.

The water regime in soils is variable throughout the seasons, Öberg (1995). In winter
the phreatic surface may be much higher than in the summer. This in turn changes
the infiltration characteristics for the soil and how rainfall may affect it and any
subsequent failures. The fluctuations in soil suction can be greatest at shallow
depths, Fourie (1996), where the soil is affected most by evaporation and the wetting
front which passes through during rainfall. Fourie (1996) gives examples of slope
failures where the pore pressure was negative at depth, positive near the surface and
that the groundwater level remained largely unaffected by the rainfall which induced
the failure.
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Measurements of soil suction in Hong Kong, Kasim et al (1998), show that near the
surface of the slope the matric suction decreases to almost zero in the wet season, but
can remain positive at depth. (N.B. positive matric suction is analogous to negative
water head). As rainfall infiltrates it progresses vertically downwards in a wetting
front. Prolonged rainfall would mean that the wetting front is very deep and indeed
could stretch to the height of a slope. However if the suction is greatest at shallow
depths then the wetting front could reduce this to near zero and induce a shallow
failure. Figure 2-14 shows the evolution of the calculated factor of safety, using a
limit equilibrium method and pore pressure contours predicted in a seepage model, in
a residual slope. From the 18th to the 31st July evaporation occurred which increased
the matric suction, and thus shear strength, then there was a sharp decrease in matric
suction and shear strength after a rainfall event on the 31/07/1994, Rahardjo et al
(1998).

2.3.3.

Anthropological events

There are numerous anthropological events which could affect the groundwater
regime and hence slope stability. Examples could include groundwater seepage from
a distant water source, such as a reservoir, which flows through the soil and reduces
matric suction and hence shear strength. In urban areas the drainage network should
be carefully directed so as it does not flow into areas where it could cause
groundwater recharge and subsequently affect slope stability. Other events could be
burst water mains or inappropriately placed soakaway drains. Changes in vegetation
due to human intervention could also affect stability, as detailed below in section
2.3.5.
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Collapse Compression

It was shown in section 2.2 that movement can occur as a result of reduction in
matric suction and the subsequent reduction in shear strength. A reduction in matric
suction can also cause a reduction in volume of a collapsible soil. Collapsible soils
have an open type structure with large void spaces which give rise to a meta-stable
structure, they are often soils which are compacted dry of optimum at low densities,
Fredlund (1993). Tadepalli & Fredlund (1992) conducted a series of experiments in
a specially designed oedometer, with matric suction measurements, to investigate the
one dimensional collapse of soil specimens. The specimen was subjected to an
applied total stress under constant water content conditions, when equilibrium was
reached the soil specimen was inundated with water. This resulted in a gradual
reduction in volume as the matric suction went to zero.

2.3.5.

Influence of vegetation

Vegetation has a strong influence on the matric suction within soils, e.g. Marsland et
al (1998), Holland (2002). Vegetation and its roots serve to reinforce slopes. It can
aid stability intercepting precipitation and absorbing water from the ground thus
increasing matric suction and in turn increasing the apparent shear strength.
However vegetation can also 'over demand' water from the ground in dry periods
which could result in cracking. This cracking increases the infiltration capacity
which could be disastrous in heavy rain. The total removal, or failure, of vegetation
from an embankment could alter the stability by changing the water regime and
removing the surface protection facing. The removal of vegetation could occur by
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fire, as in Warner & Barley (1997), which would change the water regime of the
slope and consequently the effective stresses. If no attempt was made to assess the
stability of the slope and take any necessary action this reduction of effective stress
could then induce a failure. This factor is particularly relevant around motorway and
railway embankments which are generally heavily vegetated, Holland (2002).

2.3.6.

Soil creep

In the conventional shear strength analyses and slope stability assessments
throughout this thesis it is generally assumed that deformation of soil occurs only as
a result of changes in effective stress.

In reality some soils deform when the

effective stress does not change, this behaviour is known as creep, Powrie (1997).
Creep is only usually troublesome in soils which are unstable due to their structure
(e.g. sensitive soils) or where earth structures are subject to unstable stress states.
These unstable stress states are approached when a structure is approaching its
ultimate limit state, often considered where the proportion of τ/σ' is above 80
percent, rather than the serviceability limit state when stresses within the soil are
likely to be considerably less.

2.3.7.

Climate change

It is inherent that rainfall infiltration is closely linked to the climatic conditions in
which an earth structure exists. Research is being carried out in the United Kingdom
lead by the Hadley Centre (1998), into the future climate changes and its subsequent
effects on the environment. Predictions of climate change suggest that precipitation
during the winter months could rise by as much as 20% by 2080, with the occurrence
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probabilities of the most intense events being several times what they are currently.
A rise in precipitation such as this could cause long term serviceability problems
which are not yet evident, because higher rainfall would most likely result in a higher
infiltration of water into soil, hence resulting in a reduction of apparent shear
strength. Figure 2-15 shows the predicted rainfall changes worldwide by the year
2080, which shows some areas of decreased rainfall and others of increased rainfall,
both of which will have varying impacts on future slope stability. Climate change is
also measured in terms of extreme events which are likely to have a significant
impact, one of these is five day precipitation, which is defined as rainfall events
which last for five days or more. The changes in five day precipitation over the latter
half of the 20th century are shown in Figure 2-16. It may therefore be deemed
necessary to account for changes in precipitation or the effects of long term climate
change in geotechnical design.

2.3.8.

Soil Properties

The soil properties which influence the evolution of suction are: the relationship
between the degree of saturation and suction, the water permeability and the presence
of other factors like cracks which may affect the rate at which water infiltrates.
Alonso et al (1995) studied these geometry factors and how they affect a soil
structures sensitivity to rain infiltration and subsequent soil failure. In addition to
these geometric factors the particle size distribution affects permeability. A well
graded soil, where the pore size diameter and permeability is lower, could lead to the
post rain failure often seen, Alonso et al (1995). Whereas a poorly graded soil, where
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the pore size diameter and hence permeability are larger, could lead to failure during
the rainfall because the rainfall infiltrates more quickly which leads to failure sooner.

2.4.

Long term serviceability

The term long term serviceability of soil slopes should be considered because
changes to a soil structure can take many years to occur. The time taken for an event
to occur could be related to the probability of a high intensity rainfall event
occurring, for example a slope may become unstable only during a rainfall intensity
of a 1:50 year rainfall event. The time could also be related to the soil properties,
clayey soils tend to have very low permeabilities in comparison to a sandy soil,
hence water could take many years to flow through and cause a reduction in matric
suction. The investigation of long term serviceability has shown the various events
which can occur affecting the long term serviceability of soil structures and how they
may affect the stability of soil structures.

2.5.

Summary

The various aspects which can affect long term serviceability of earth structures have
been demonstrated in this chapter as:

•

Effective stress based shear strength

•

Collapse compression
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•

Soil creep

•

Anthropologic events

•

Climate change – amount of rainfall and probabilities of extreme events

•

Infiltration of water

•

Influence of vegetation on slope stability
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Chapter 3 moves on to examine the remedial measure of soil nailing in order to
stabilise earth structures and how soil nailing design may be affected by long term
serviceability factors.
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Figure 2-1:The active and resistant zone, with potential slip surface
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Figure 2-2 A block of unsaturated soil, after Fredlund (1993)
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Figure 2-3 The 4 phases in unsaturated soil(a) and the 3 phases in saturated soil(b),
after Fredlund (1993)

Magnified Soil
Particles
Radius of meniscus
0.0002cm

Radius of meniscus
0.002cm

1.5cm

Radius of
meniscus
0.1cm

7.5cm

73.5cm

73.5cm

Radius of
meniscus
0.02cm

Figure 2-4 Capillary rise in tubes of various diameters, after Fredlund (1993)
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Figure 2-5 The principle of capillary rise in a tube, after Fredlund (1993)
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Figure 2-6 Matric suction profile in soil, after Powrie (1997)

z

Chapter 2: Slope Instability

51

Excessive evaporation
Equilibrium
with water
table

Ground
Surface
Negative
pore-water
pressures

At time of
deposition

Flooding of
desiccated
soil

Water Table
Positive
pore - water
pressure

Figure 2-7 Matric suction profile in soil, after Fredlund (1993)

Figure 2-8 Relationship among pore radius, matric suction and capillary height,
after Fredlund (1993)
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Figure 2-9 Relationship between matric suction and the degree of saturation, after
Fredlund (1993)
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Figure 2-10 Extended linear Mohr-Coulomb envelope for unsaturated soils
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Figure 2-11 Application of shear strength parameters to the various zones
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Figure 2-12 Occurrence of water in the ground, after Blight (1997)
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Figure 2-13 Potential failure surfaces during seasonal change, after Lin & Kung
(2000)
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Figure 2-14 Effect of rainfall on slope factor of safety, after Rahardjo (1998)
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Figure 2-15 Predicted precipitation changes by the end of the 21st century,
after Hadley Centre (2001)
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Figure 2-16 Changes in five day precipitation prediction over last half of
20th century, (positive in blue), after Hadley Centre (2001).
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Chapter 3: Soil nailing literature review

3. SOIL NAILING LITERATURE REVIEW

The basic principles of soil nailing and reinforced earth were outlined in Chapter 1.
It is developed further in this chapter with a review of the development of soil
nailing, both in terms of the method itself and the various national research
programmes carried out. This is extended into a review of the laboratory research
including pullout tests, large shear box tests and small scale tests including centrifuge
modelling. Full scale research and field monitoring of soil nailed systems along with
several case studies of the application of soil nailing in the United Kingdom is
included.

3.1.

Development of soil nailing

The origins of soil nailing are often reported as a development from the New
Austrian Tunnelling method, NATM, Mitchell & Villet (1987). The technique of
NATM utilises passive inclusions installed in a radial pattern in the ground around a
tunnel to reduce load on the tunnel lining and its supports. Passive inclusions were
extensively applied as fully bonded rock bolts (passive anchors) for tunnel support
during the 1950's and 60's, leading to the use of rock bolts in weaker rocks. This
then progressed to trials in soils such as silt, gravel and sands. In 1970 a small metro
tunnel in Frankfurt was constructed using the technique in soil, Bruce & Jewell
(1987).
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In conjunction with the developments towards stabilising tunnels in weak rock and
soil, the use of dowels and bolts to stabilise rock slopes was well established. In
1961 a retaining wall using anchored bars faced with reinforced concrete was
constructed in schist's for an overflow spillway at Notre-Dame-de-Commiers,
reported in Clouterre (1991). The two applications appeared to converge into a form
considered as soil nailing in 1972 when a cut slope of 70º in heavily cemented
Fontainbleu sand was constructed near Versailles, in France, Clouterre (1991). This
was one of the early applications where the method of retention of existing soil had
moved from primarily being a retaining wall assisted by the inclusions, to the passive
inclusion being the primary form of support. From this success a number of soil
nailing stabilisation and excavation projects followed in France. Interest was also
taken by engineers in North America and Germany and in 1975 the first major
research project was undertaken to develop an understanding of the mechanisms of
soil nailing, Gassler & Gudehus (1981).

3.2.

The national research projects

National research projects into the field of soil nailing have been conducted in
France, Germany and the United States. Research has been conducted in other
countries on an 'ad hoc' basis, rather than an organised programme. This section
gives an overview of the national research projects, how they evolved and what they
contributed to the knowledge and application of soil nailing.
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The Bodenvernagelung Project (Germany)

The first comprehensive research project into soil nailing took place in Germany,
beginning in 1975, Gassler (1981). The work was a collaborative project between
Bauer and the University of Karlsruhe, and was supported by the German
government. The four year programme included eight large scale instrumented field
tests accompanied both by model laboratory tests and theoretical research. The
results and observations from these experiments transformed into a limit equilibrium
method for the design of soil nailed walls. It considers only the contribution of axial
force in the nail for providing stability to the structure. Neglecting the inherent
bending stiffness of soil nails which is necessary for them to be inserted into the
ground, further discussion of the role of bending stiffness in soil nailing is made in
section 4.3.7. This research work gave German contractors confidence that soil
nailing could be applied effectively and economically and by 1994 in Germany it is
estimated that over 140000m2 of nailed face has been completed, FHWA (1996).

3.2.2.

The Clouterre project (France)

The French national research project was conducted between 1986 and 1990
cumulating in the publishing of a recommended guide for design, Clouterre (1991).
As indicated above soil nailing as a construction technique is considered to have
originated in France with the construction of the first reinforced wall in 1972,
Clouterre (1991). The programme included three large scale experiments and the
monitoring of six full scale structures. Instrumentation included strain gauged nails
and inclinometers placed within the soil mass. The work also included using results
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of over 100 pullout tests conducted during the construction of soil nailed structures to
provide a further basis for design. The aim of the project was to establish design
charts and resulted in a method of design known as the 'multi-failure criteria' which
considers failure of the nail by axial loads and bending moments.

3.2.3.
The lateral earth retaining system and FHWA projects (North
America)
The term "lateral earth retaining systems" is essentially the same as soil nailing. Up
until 1994 over 250000m2 of soil nailing has taken place in the USA, FHWA (1996).
This is mainly due to the Federal Highway Administrations promotion of soil nailing
as an economical and convenient technique. Initially research was conducted at the
University of Davis, Bang et al (1980) and including centrifuge model studies, full
scale instrumented construction and field measurements. There were also finite
element analyses conducted to simulate the centrifuge models, which are described
in section 3.4.4. A major Federal Highways Administration project took place to
investigate soil nailing application and practice in Europe, this lead to the
development of a soil nailing field inspectors manual, FHWA (1994). In 1996 the
FHWA published a further document on the design and construction monitoring of
soil nailed walls. The manual publishes details of over 50 projects undertaken in the
USA between 1987 and 1995. The manual considers that only the contribution of the
tensile pullout capacity should be included, but the choice of failure plane is at the
discretion of the engineer.
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Other international developments

Although no major coordinated research project took place in Brazil, Ortigao (1995)
publishes experience of twenty projects which were undertaken between 1983 and
1993. The study also includes experience of using soil nailing in the construction of
tunnels and to stabilise a slope around a tunnel portal. The use of ground inclusions
is similar to the New Austrian Tunnelling Method, (NATM). In Japan it is reported
that over 100,000m2 of soil nailing had taken place by 1994, FHWA (1996). The
Japanese Highway corporation proposed design methods for cut slopes using
reinforcement. They concluded that pullout tests should form the basis of design and
subsequent analysis should be carried out including the use of a failure plane.

3.3.

Soil Nailing in the United Kingdom

Soil nailing was introduced to the United Kingdom when it was used to improve the
stability of a retaining wall, Bruce & Jewell (1986). Projects have been successfully
completed in: steepening of slopes, Pedley & Pugh (1995); slope stabilisation,
Warner & Barley (1997), see section 3.6; temporary works, Barley (1992) and soil
nailed walls Eccles & Norbury (1997). The number of projects has been restricted
due to a lack of clear recommendations for design.

Most research has been

conducted by individual universities or companies rather than on a national basis. In
the early 1990's investigation began into a new ballistic installation method. During
ballistic installation the nail is 'fired' into position, by means of a large compressed
air gun. Ballistic installation has the advantage that high installation rates can be
achieved and thus the time spent on site, and consequent interruption, is minimal
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particularly with the development of a high pressure system to fire the nails into the
ground, Myles & Bridle (1991). The work was extended to study the installation of
ballistic nails into clay, Davies & Le Masurier (1997). The work consisted of using a
large shear box to study soil nail interaction between the soil and the reinforcement,
outlined further in section 3.4.2, Barr et al (1991) and in conjunction with the large
scale laboratory testing, the Cardiff geotechnical centrifuge was developed and scale
modelling took place. This work studied the construction process and movements of
walls and slopes subjected to surcharge loading, Aminfar (1998); Gammage (1997);
Jones (1999), see section 3.4.4.

In the early 1990's the Department of Transport recognised that for soil nailing to
proceed and become accepted in the United Kingdom it was necessary to have some
form of design guide. In 1994 the DoT published the Advice Note HA68/94 – Design
Methods for the reinforcement of slopes by reinforced soil and soil nailing
techniques. This was followed by BS8006 – Strengthened/ reinforced soils and other
fills, in 1995. Both guides concentrated on aspects of reinforced fill where they give
extensive guidance, however soil nailing is not covered extensively and the DoT has
recognised that HA68/94 requires development, further details of the UK soil nail
design methods are given in section 4.4.

3.4.

Experimental research

Laboratory research testing involves testing single elements, scale models and
centrifuge modelling. Laboratory testing is desirable for investigating the behaviour
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of soil nails due to its repeatability, lower cost and the ability for the nailed system to
be instrumented with well controlled boundary conditions. This section will look at
projects, in order to develop this research programme with similar testing.

3.4.1.

Pullout tests

A basic form of study which can be applied to soil nailing is the behaviour of
individual elements within a soil mass. The Bodenvernagelung project, described in
section 3.4.2, and the Clouterre project, described in section 3.2.2 both included
pullout tests conducted as part of the full scale tests and subsequently developed
databases of results from soil nailing projects. In a laboratory pullout test the soil
can be prepared around the nail; Barr et al (1991) or the nail can be inserted in a
prepared soil mass; Milligan et al (1997). The element is then loaded at the head and
pulled out using a hydraulic jack, as shown in Figure 3-1. At each load increment
strain was measured along the nail, using strain gauges, and from that the load profile
along the nail could be derived, see Figure 3-2. This shows that the maximum strain
in the nail was found to be at the head and decreased almost linearly along the nail,
before tailing off near the end. This method of pullout testing by its nature induces
the greatest strain at the head of the nail, because that is the region of the nail which
is pulling against the greatest amount of pullout capacity.

Barley et al (1997)

consider a refined version of the pullout test which de-bonds the nail from grout over
the proximal length of the nail that is considered to be in the active zone. The debonding is carried out by installing a compressible soft pack or an inflatable packer
which provides discontinuity to the grout column at the appropriate nail depth. This
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type of pullout test ensures that only the length of the nail in the passive or resistant
zone is considered to add to the stability of the nailed system.

A number of tests were conducted with varying overburden pressures in sand. After
2-3 metres depth of overburden it was observed that the failure load was similar for
each nail.

The value of pullout appeared to be independent of depth, this is

considered by both Bodenvernagelung and Clouterre to be a phenomenon of
'restrained dilatancy', which could contribute significantly to the pullout of the nail.
When the element is subject to tension the zone of soil around the element is subject
to shear stress. The low compressibility of the surrounding soil restrains the soil
adjacent to the nail from increasing in volume. This results in an increased normal
stress on the surface of the reinforcement.

Clouterre summarises that soil nail

pullout is a function of the element and soil properties, with an almost constant
contribution from overburden soil pressure. This latter observation is assumed by the
author to be most probably a consequence of 'restrained dilatancy.'

Franzèn et al (1996) conducted a series of pullout tests to investigate the effect of
overburden stress on the pullout capacity of soil nails. The objective of the tests was
to study the influence of vertical stress, relative density and soil displacements. Steel
bars were installed into a test box filled with dry sand. A confining pressure was
applied and pullout tests conducted. Six tests were undertaken using three different
types of soil nail: steel angle, ribbed bar and round steel bar. Each element was of a
similar surface area. A water bag pressurised by air was used to apply the confining
pressure and installation of the nails then took place by jacking or percussion

Chapter 3: Soil nailing literature review

66

hammer. The test results showed that the nails installed by percussion had a typical
pullout of 20kN and those driven in had a typical pullout of 15kN, as shown in
Figure 3-3. The experiment demonstrated that the method of installation has an
effect on the pullout resistance.

Franzèn (1998) conducted tests to study the effect of changing overburden pressure
on the pullout capacity of soil nails. The tests were conducted in the laboratory using
a box with dimensions 1.5m x 4m x 2m with a nail length of 1.5 m. A jack was
installed above the box which enabled an overburden pressure of up to 150kPa to be
applied, the sand used was a poorly graded fine sand and was pluviated to form a
variety of loose and dense dry samples.

The results showed that when the

overburden pressure was increased by ∆σv' the corresponding increase in pullout
resistance was about 0.2 and 0.7 times the ∆σv' for dense and loose sand,
respectively. This shows that pullout capacity is affected by how dense the soil is
originally and the increase of overburden pressure applied, however it does not
differentiate between a loose sand at a higher overburden pressure, or a dense sand at
a lower overburden pressure. The larger increase in pullout capacity for the loose
sand specimen could be attributable to the overburden pressure causing the sand to
be more dense around the nail. A comparison was also made between creep and
failure pullout resistance drawing the conclusion that the creep failure value of soil
nails is approximately 80% of the ultimate pullout capacity, which is a similar
conclusion to that drawn by Schlosser (1991). The conclusions resulted in the
following equation, for theoretical pullout:
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Equation 3-1

where D is the diameter of the nail, Le is the effective length, σ'n normal overburden
stress, µ coefficient of friction between the soil and nail and φ' the angle of shear
resistance of the soil. The study showed that the equation alone is not sufficient to
estimate the pullout capacity of soil nails. Other factors such as the method of
installation, shape of the nail, the relative density and method of installation should
be taken into account.

Research undertaken at Oxford University, Milligan et al (1997) used a pullout
arrangement as depicted in Figure 3-4. The objective of the tests was to investigate
the bond mechanisms between grouted nails and both sand and clay soil with varying
grout placement pressures, by starting with low level gravity induced grouting
proceeding up to higher pressures. Cambridge-type contact stress transducers were
used to measure the magnitude and longitudinal distribution of normal stress and the
magnitude of shear stress on the active face of the soil nail. They were sprung
loaded so as to sit level with the outer surface of the grout when it was poured around
the nail. The nails were pulled out by operating the mechanical drive screw at a
constant rate. The results showed that shear stress initially developed rapidly during
the first few millimetres of displacement and then remained constant or increased
slightly with further displacement.

The evidence of restrained dilatancy was

demonstrated above, however this restrained dilatancy is not evident in an unstable
soil mass which is likely to have dilated already. Research was conducted, Chang &
Milligan (1996), to evaluate the likely effects of a transition zone where restrained
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dilatancy should not be considered. They consider it unduly conservative not to
consider the effect of 'restrained dilatancy' in soil nail design, however its effect is
difficult to calculate. Figure 3-5 shows the transition zone can be defined as that
between the Rankine zone and the self stable zone from the toe of the wall inclined at
an angle equal to the internal friction angle of the soil mass. They conclude that a
transition zone can be defined as lying between the active zone and the self stable
zone, bounded by lines inclined at (45º+φ/2) and φº to the horizontal respectively and
characterised as a zone in which no dilation effect should be considered.

3.4.2.

Large shear box tests

At the University of Wales, Cardiff, large scale shear box tests were undertaken in
sand and clay, Jacobs (1993), Davies & Masurier (1997). The objective of the tests
was to study the performance of soil nails placed across a shearing plane. Figure 3-6
shows the testing arrangement with a shear box of 3m x 1.5m x 1.5m. Leighton
Buzzard sand was pluviated to a medium-dense state into the shear box and 2.8m
long instrumented steel bars were included during pluviation. Confining pressures of
100kPa and 200kPa were provided by air bags. Figure 3-7shows results from the
initial tests. At 20mm deflection of the shear box the force required was 17kN for
the un-reinforced soil and 20kN for the reinforced sand. To achieve a displacement
of 100mm the reinforced soil required a force of 28kN and the un-reinforced soil
required a force of 18kN which reverts to a residual value of 17kN. The results from
these tests show that at small displacements the nail load was principally axial with
larger shear forces only observed at displacements greater than 100mm, see Figure
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3-8. The results showed a shear strength improvement in reinforced samples of
typically 20% in the case of sand samples and 33% in clay. The strain gauge data
shows that at small displacements up to 40mm the improvement was almost entirely
due to tensile forces in the nails, beyond this level the shear forces developed in the
nail provided an increasing contribution to the strength improvement. The results
showed that shear forces are not significantly mobilised until the nail has reached its
pullout capacity, which allows evaluation of tensile and shear forces before the
ultimate limit state is reached and thus to help provide a method for prediction of
serviceability deflections.

3.4.3.

Laboratory floor small scale tests

Small scale tests were conducted as part of the Bodenvernagelung project in
Germany in 1981, Gassler & Gudehus (1981). The objective of the tests was to
verify the failure mechanisms of the field tests. The scale models were 1.1m long,
0.56m wide and 0.72m high. The sides of the container were Perspex which allows
observation of the failure mechanisms. The tests were undertaken by surcharge
loading the reinforced and un-reinforced zones using water bags. The mode of
failure was simplified to a two part wedge that passed outside the reinforced zone.
Though the models represented field tests the scaling laws were not strictly observed,
because the vertical overburden stress profile of the soil was not correctly modelled,
upon which the behaviour of soil nailing and slopes is highly dependent.

The Japanese Public Highway Corporation undertook two laboratory test
programmes to investigate the behaviour of soil nailed systems. The tests were
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conducted on 70º slopes to observe the effect of reinforcement length and to make a
comparison with retaining walls, Teramoto et al (1992). The nails were modelled
using strain gauged bronze strips, 0.5m by 5mm.

In Phase I six tests were

conducted: one un-reinforced and five with varying nail lengths. In Phase II three
retaining walls were constructed using varied nail lengths to retain the same soil
mass. The models were failed by surcharge load using an electrical screw jack, with
a spreader plate 300 by 500mm. The results showed that a similar failure plane
appeared for each model regardless of the nail length. The increased nail length did
not significantly increase the overall stability. This may be due to the small soil
depth and resultant lack of overburden pressure.

3.4.4.

Centrifuge modelling of soil nailing

Centrifuge modelling is a laboratory method which gives a more accurate simulation
of the soils stress for small scale testing and the theory of centrifuge modelling is
presented in section 5.1. Soil nailed structures were first modelled in a centrifuge at
the University of California, Shen et al (1982). The programme included a series of
centrifuge tests performed to identify possible failure mechanisms and possible
design methods for stability. The centrifuge model was contained in a strong box
420 by 200 by 250mm, with silty sand compacted in layers and a 150mm vertical cut
made. Size 24 gauge piano wires were grouted into pre-driven holes to form the soil
nails.

Grout was then applied to create a 20mm thick concrete facing.

The

behaviour of the model was monitored by a video camera used to monitor the side
displacements. Five tests were conducted, one un-reinforced and a further four
nailed tests. The models were accelerated to failure, with the un-reinforced cut
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failing at 15g and the reinforced cuts failing at 30 to 40g. Photographs of the failure
were analysed to plot the line of failure, the analysis showed a good comparison to a
parabolic curve proposed by Shen et al (1992).

At Cambridge University three model soil nailed walls were constructed in over
consolidated Kaolin clay, Bolton & Stewart (1990). The objective was to monitor
loads in the nails as excavation took place, and the effect of increased pore pressures
(i.e. reduced effective stress) on the stability of the system. The model nails were
6.5mm diameter steel tubes instrumented with four pairs of strain gauges mounted at
equal spacing. LDVT's were used to monitor horizontal displacements on the face
and vertical displacements on the top surface of the model. The models were tested
at 75g and excavation was simulated by draining a bag of zinc chloride solution
which has approximately the same density as the clay. Water was inundated at the
surface of the model and the model with 120mm long nails failed 6 hours after
excavation, the failure plane was similar to that reported by Shen et al (1982). The
load in the nails peaked near to the face of the cut, probably due to load applied from
the facing.

The study showed that long term serviceability does need to be

considered, with excessive deformations of nailed walls, which are safe according to
conservative limit equilibrium calculations and that they are not necessarily related to
"factor of safety."

Centrifuge modelling was conducted at City University in collaboration with Oxford
University on soil nailed walls constructed in sand, Tei (1993). This study varied
nail roughness, inclination and the facing stiffness.

Walls were constructed at
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200mm height and the facing supported by a water bag. 24 tests were conducted by
accelerating models to 30g, draining a water bag to simulate construction and then
accelerating the model to failure. Instrumentation consisted of LVDT's, monitoring
side displacement markers and pressure cells behind the wall. The side wall targets
demonstrated a log spiral type failure, gradually moving into the slope as excavation
proceeded. The results showed that increasing nail length and surface roughness
reduced the horizontal displacements.

At the Israel institute of Technology, in Haifa, soil nailed walls in clayey sand soils
were modelled using a centrifuge by Frydman et al (1994). The model nails were
1mm and 2mm in diameter and 75mm and 150mm long respectively. Fourteen tests
were conducted at acceleration levels of 25 and 50g Slope movement was monitored
by markers inserted into the model on the viewable side.

The test procedure

simulates construction and failure was induced by excavating a greater wall height.
The forces measured in the nails were three times those calculated using pullout
theory and the depth of excavation was twice the length of the nails. The high level
of pullout compared to theoretical values suggests that the phenomena of restrained
dilation may be in process.

At the University of Wales, Cardiff, centrifuge models were performed on soil nailed
walls constructed in sand, Gammage (1997). The behaviour of soil nailed walls in
both construction and subsequent surcharge loading was investigated and the
experiments were conducted in two phases at a scale of 1:20, (i.e. at an acceleration
of 20g). The soil nailed wall modelled was 7.5m high, prototype, using 6m long
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grouted nails installed at vertical and horizontal spacings of 1.5 and 2.33m
respectively. A similar study to Gammage (1997) was conducted on soil nailed
slopes excavated in sand, Aminfar (1998). The projects investigated the behaviour of
the nails during excavation and surcharge loading. Figure 3-9 shows a model of
prototype height 7.5m with nails of 6m length spaced on a grid of 1.5m. The slope
angle and nail inclination were varied in the experiments and the nails were
instrumented with five opposite pairs of strain gauges to monitor axial and bending
loads. A grouted soil nail of 160mm diameter was modelled using 8mm diameter
plastic rods coated in sand to simulate a soil/nail interface at a geometric scaling of
1:20, (i.e. the tests were conducted at an acceleration of 20g). The testing procedure
consisted of simulating excavation procedure by a series of sequential centrifuge
runs. Each stage of slope was excavated at 1g and then accelerated to 20g to
measure the effect of the excavation stage on nail loads and displacements. This
method of simulating excavation does not simulate the excavation process entirely
accurately, as in reality the excavation process would take place at the same scale
factor N, or acceleration g. The results from the nailed tests show that as excavation
proceeds the magnitude of the loading increases and the peak moves further away
from the face. After excavation of the slope a surcharge loading was applied to the
top and from that a theoretical method was outlined to predict the increase in pullout
resistance of soil nails due to an increase in surcharge loading.

Further studies were conducted investigating the contribution made by soil nails to
maintain stability in steep cuttings, Jones (1999). The aim of the study was to
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investigate the contribution of soil nails to maintaining the stability of an excavated
steep sided cutting. The study included investigating the effects of excavation and
changes in effective stress conditions, achieved by varying the ground water table, on
the stability of the slope. The main conclusions drawn were that the angle of
installation of the nail has no significant effect on overall stability and that the long
term serviceability scenario can increase the nail load by 100% or more, Figure 3-10
shows axial load before and after water inundation for a sand cutting conducted at
10g. Upon water inundation the slope crest displaced by 30mm which in a 3m high
cutting is 1% of the slope height, as shown in Figure 3-11.

3.5.

Full scale research and field monitoring

This section investigates the various full scale tests which have been conducted. To
reproduce field conditions as closely as possible the most effective way to investigate
the behaviour of soil nails is full scale models. However these are expensive to
construct and test and also represent more danger than smaller scale laboratory tests,
with failures involving larger amounts of soil and possible hazard to any surrounding
people or buildings.

3.5.1.

Stability of vertical cuts, Bodenvernagelung project

The first major full scale research project was the German Bodenvernagelung project
from 1975 to 1979.

The seven experiments were designed to monitor the

deformations and failure mechanisms of full scale nailed structures, Gassler (1992).
The field tests were nearly vertical cuts excavated at 1.1m stages to a total depth of

Chapter 3: Soil nailing literature review

75

6m in sand and over consolidated clay, shown in Figure 3-12. The nails were 22mm
diameter steel bars grouted into 110mm diameter holes, six rows of nails 3.5m in
length were installed. Six of the nails in one section were instrumented with seven
strain gauges along each bar to monitor nail loads. Further monitoring included the
use of inclinometers to monitor movements at the cut face and surface.

The

structures were brought to failure by surcharge loading. The test period for each wall
was 10 weeks, with two weeks to construct the wall and two weeks to mount the
loading system. A load of 30kPa was applied for four weeks then increased to 50kPa
for two weeks. The load was then gradually increased to 130kPa or until large
displacements had occurred. The tests demonstrated the effectiveness of soil nailing,
but the failure mechanisms were rather dependant upon the surcharge loading point
and also demonstrated the problem of creep under high load conditions.

3.5.2.

Stability during wall excavation

The second full scale project was conducted as part of the investigation into the
lateral earth support system in the USA. A landfill facility at the University of
California campus at Davis was modified and a 9.2m deep excavation in sandy silts
was conducted in five stages, Shen et al (1981). Inclinometers were installed at 1.5
intervals from the face prior to excavation and the central column of nailed was
instrumented to monitor loads. The nails were 100mm diameter drilled and grouted
at 6.5m long. The results showed that during construction a typical peak force of
18kN developed, with a maximum deflection of 13mm at the end of construction.
No further significant displacement occurred in the following twelve month period
this apparently indicated that long term serviceability had been maintained.
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Full scale testing in the Clouterre project

The third full scale research project was the French national research project:
Clouterre. The dimensions and instrumentation of the tests were similar to the
Bodenvernagelung project in Germany, but the method of failing the structures was
different. The first wall was failed by saturation of the soil form the upper surface to
reduce the effective stress of the soil. The second experiment wall as 3m high and
excavation continued for a further 3m until failure occurred. The final experiment
investigated the implications of reducing the nail length, a well defined failure plane
developed and the experiments provided further data as a basis for design, Clouterre
(1991).

Each of the full scale experiments was carried out to illustrate different failure modes
of a soil nailed wall. One of the full scale experimental walls was failed by a partial
inundation of the soil from the top of the wall and failure occurred after breakage of
the nails, with the arrangement of nails and inundation shown in Figure 3-13. The
effect of saturation was to reduce effective stress and increase the overall weight
placed on the reinforcement, thence reducing overall stability.

Once collapsed

excavation of the nailed wall allowed investigation of the behaviour of the structure
at failure. This perhaps indicates problems of long term serviceability, though the
Clouterre method itself does recommend that the possibility of water should be
accounted for by the provision of drainage.
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A second experiment was conducted to investigate the effect of increasing the depth
of excavation with each successive layer of soil nails. The first excavation depth was
1m, the second was increased to 2m during which the wall failed and it became
stabilised through arching.

During the third excavation phase the wall failed

completely which lead to overturning and internal failure of the wall. Centrifuge
tests were also conducted as part of the Clouterre project and these are discussed in
section 3.2.2.

3.5.4.

Field instrumentation and monitoring

Another method of investigating the effect of soil nailing construction was to
instrument commercial projects as they took place. Field measurements included
monitoring the first installation in 1976, in Oregon, using inclinometers to measure
movements, Shen et al (1981).

The method of analysis considered only the

contribution of axial force in maintaining stability of the structure, again neglecting
the role of bending stiffness as discussed in section 3.2.2. Following on from the
development of the Davis method a number of projects included instrumentation of
nails and monitoring of movements.

A limit equilibrium method using the

kinematically permissible log spiral was proposed and included the option to include
bending stiffness, similar to the Clouterre method, Juran & Elias (1990). The first
soil nailing project in Seattle took place in 1987, Thompson & Miller (1990). The
lack of experience in soil nailing dictated that instrumentation should be installed to
monitor the performance of the structure. The project consisted of two nailed walls
at 10.7 and 16m high, as part of a temporary excavation for a building, as shown in
Figure 3-14. The 10m long nails were drilled and grouted at 1.8m centres. Six
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vibrating wire strain gauges were welded to five of the nails. Two inclinometers
were installed behind the face, with the instrumentation monitored regularly during
construction and monthly afterwards. Long term monitoring showed that the strains
had increased by a factor of 2 on those values recorded immediately after
construction. Where the strain gauge data showed uncharacteristic jumps it was
considered this could be due to the grout cracking and the load being passed through
to the steel in the nails.

The first use of soil nailing in Australia was to stabilise a highway embankment and
included a long term monitoring program, Seto et al (1992). The embankment slope
became unstable after prolonged heavy rainfall in 1989 with a slip threatening the
embankment and surrounding road structures. The nail loads and displacements
were monitored for a period of two years after construction, four of the nails were
instrumented with five welded strain gauges at equal intervals along the bar. The
results showed that 15-25kN of load developed during construction and remained
almost constant after construction. A significant number of gauges failed during the
monitoring period.

3.6.

Case Histories of soil nailing application in the UK

The case histories in this section investigate the application of soil nailing within the
United Kingdom.

They demonstrate different applications of the technique, in

particular usage in reinforcing existing slopes which have suffered long term
serviceability problems. The use of soil nailing to widen a motorway in clayey soil is
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covered, followed by slope stabilisation of an slope which had become unstable in
long term serviceability. And finally an example of soil nailing used in motorway
construction in Scotland.

3.6.1.

Motorway Widening – M1

A section of the M1 motorway in the UK was to be widened from three to four lanes
without using additional land, Johnson & Card (1998). The initial motorway cuttings
were at an angle of 20 to 25º and were to be steepened to 68º. Figure 3-15 shows the
final structure. Site investigation revealed the cuttings were in a firm to stiff clay
with some gravel content.

Two rows of nails were installed in the 2m high

excavation with a 1.5m vertical and horizontal spacing. The installation method used
was drilled and grouted. A total of 12 pullout tests were conducted to verify the
design, two were pulled to failure and a further five on either side of the carriageway
were pulled to 150% of the design load. No instrumentation was installed for
monitoring of the long term serviceability behaviour of the excavations.

3.6.2.

Slope Stabilisation – Bouley Bay, Jersey

The coastal slope around Bouley Bay suffered damage from a gorse fire in the
summer of 1991, Warner & Barley (1997). Following this a wet winter and the loss
of natural reinforcement, provided by the vegetation, lead to instability. The affected
area was 75m long varying in height from 14m to 20m, with a slope angle of 45 to
50º. A typical section is shown in Figure 3-16. A site investigation was undertaken
using trial pits and probe holes which showed the rock head to be 8m below the crest.
The assumed angle of friction for the silty soils was 35º. Design was undertaken
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using a slip circle analysis and the consideration of normal stress distribution around
the potential failure mechanism. Installation took place from a scaffolding platform
and the nails were drilled & grouted with a spacing of 1.5 and 2.0m horizontally and
vertically, respectively. The nails have a length of 8m at the base through to 10m at
the top. A mesh and geogrid was used to prevent further surface erosion and
encourage the rehabilitation of vegetation to aid stability. No pullout tests were
conducted and no instrumentation was installed to monitor the performance. This
project is an example of soil nailing used to improve an existing slope, where access
is difficult and to date there has been no further slippage.

3.6.3.

Motorway construction, Tinny Bank, Scotland

The M6 motorway was extended into Scotland to meet the M74 and included
difficult ground conditions, Ground Engineering (1998). Tinny Bank is a 1km
section where a cut had to be made, into the hillside. A reinforced soil fill slope has
been constructed at 40º to support the north bound carriageway. A 40º cut, up to 20m
high, forms a cutting for the southbound carriageway, Figure 3-17. Up to 6 rows of
nails are drilled & grouted, in a 3m by 3m grid, with a maximum length of 12m. The
nail heads are fixed to a geo-grid and seeded mat to establish vegetation, to help
prevent surface erosion. Pre-construction pullout tests of 10 nails to failure were
used to determine site conditions. The observational method, whereby movement is
monitored and reinforcement is applied as necessary, of design was employed
throughout construction
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Summary

The basis of previous applications of soil nailing has been outlined.

The

development of soil nailing as a reinforcement technique worldwide in the previous
several decades has been considered together with a review of soil nailing in the
United Kingdom. The results of previous experimental investigations indicate that
soil nail loads and system displacements increase when subjected to a long term
scenario. The various methods of testing of soil nailed systems have been outlined
and centrifuge modelling gives a good compromise when conducting tests, allowing
a good simulation of soil overburden stress, experimental repeatability and the ability
to conduct many tests and thus perform parametric studies.
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Figure 3-1: Pullout test arrangement, after Clouterre (1991)

Figure 3-2: Measured strains along a nail during an incremental pullout test, after
Clouterre (1991)
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Figure 3-3: Comparison between pullout force for nails jacked and percussively
driven, after Franzèn (1998)

Figure 3-4: Laboratory pullout tests, after Milligan et al (1997)
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Figure 3-5: Transition from unstable to stable soil zone, after Chang & Milligan
(1996)

Figure 3-6: Laboratory shear box tests, after Jacobs (1993)
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Figure 3-7: Load Vs deflection of the large shear box, after Barr et al (1991)

Figure 3-8: Development of tensile and shear forces at the centre of a nail at a
confining pressure of 200kPa, after Barr et al (1991)
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Figure 3-9: Centrifuge model experiments, after Gammage (1997)
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Figure 3-10: Axial load before and after water inundation, after Jones (1999)
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Figure 3-11: Displacement after water inundation, after Jones (1999)
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Figure 3-12: The full scale Bodenvernagelung experiments, after Gassler (1992)
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Figure 3-13: The Clouterre project full scale experiments, after Clouterre (1991)

Gauge
Position

Section
through nail

16m

Strain gauged
nails

15

0

Drilled and grouted
nails, 10.7m long,
at 1.8M centres

Inclinometer

Figure 3-14: Field monitoring of a soil nailed structure, after Thompson &
Miller (1992)
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Figure 3-15: Motorway widening, M1 Junction 21-21A
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Figure 3-16: Slope stabilisation Bouley Bay, Jersey
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Figure 3-17: Motorway widening M6 extension, Tinny Bank, Scotland
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4. SOIL NAILING DESIGN

This chapter will outline the design of soil nailed systems. Design of the soil nailed
system requires consideration of the overall stability of the slope, an estimate of the
stabilising capacity required and following on from that the design of the nails
themselves.

Soil nails principally depend upon: nail element strength; pullout

capacity; bending and shear capacity. Of most concern are those elements of design/
construction which may change in a long term serviceability scenario.

4.1.

The steps of design

Once soil nailing is considered a feasible option the steps of a limit equilibrium
design are:

•

define the geometry of the structure

•

establish the soil properties

•

ascertain any external loads

•

the type of nail

•

apply safety factors necessary

Chapter 4: Soil Nailing Design
•

determine the critical failure surface

•

select and analyse a trial nail layout

•

optimise the nail pattern repeating the analysis as necessary

4.2.
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Soil design and analysis

Most design situations in geotechnical engineering require consideration for current
and future situations. A site investigation should reveal much about the current
ground conditions and soil properties. It is generally carried out to find the shear
strength properties of the soil, variability within the region of construction, previous
use of the site, index soil properties amongst others. Of prime consideration is the
effect of new construction on the surrounding area. A new cutting could lead to
settlement of surrounding structures. Chapters 1, 2 and 3 outlined the need to
consider the groundwater conditions both currently and in the future. Consideration
of effective stress in the future generally reveals the safest designs. A design from
the short term view may inadvertently take into account strength enhancing matric
suction, which could disappear in the long term, thus causing the structure to become
less stable.

4.3.

Analysis of the soil nailing system

This section considers the analysis of the soil nailing system. It covers what should
be included in a soil nail design, including: the soil nail element, failure of soil nailed
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systems, mechanical capacity of soil nails, pullout capacity and the various methods
which can be used to analyse the system.

4.3.1.

The soil nail element

A soil nail element transfers the load placed on it by the active soil zone, see section
1.5, through the element and dissipates the load in the resistant zone. The earth
structure may also have a facing, for example geotextile or a hard concrete finish,
which will transfer load. This is often evident where 'bulging' of a geotextile face
occurs between the nail heads. The soil nail element can be any of those illustrated
in section 1.5. When choosing the nail element the following should be considered,
Clouterre (1991):

•

mechanical performance – the required axial and bending capacity

•

durability of the nail in the ground conditions

•

material creep of the element

•

installation technique used

•

soil/element interaction, i.e. friction mobilised between the soil nail and the
soil
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Failure of Soil Nailed Systems

Clouterre (1991) considers there to be four main failure mechanisms for a soil nailed
structure:

•

Breakage of the nails

•

Lack of friction between the soil and the nails

•

Instability during the excavation phases

•

Overall sliding of the reinforced soil mass

The different modes of internal failure are shown in Figure 4-1 where a stable
structure is shown and the failures which can occur. External instability is defined as
where a slip surface falls outside the zone of the soil nailed system, thus the soil nails
have no influence on preventing a slide.

The modes of external failure are

demonstrated in Figure 4-2.

4.3.3.

Capacity of soil nails

The capacity of the nail is dependant upon the following criteria:

•

axial and bending capacity of the nail element

•

pullout resistance of the nail (effective stress conditions)
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•

bending resistance capacity of the nail

•

shear capacity

•

bearing resistance of the soil on the nail
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This section considers the above factors on the capacity of the nail and how they are
considered in design.

4.3.4.

Mechanical strength

It must be ensured that the nail element will withstand the expected axial forces
placed on it. The limiting criterion for the axial rupture of the element is:

Trupture = Aσ y

Equation 4-1

where A is the cross sectional area and σy is the yield strength of the bar. The yield
strength of the bar may be reduced by corrosion, damage during installation or
heterogeneous material properties. It is assumed for this research programme that
the nail element will not fail within the long term serviceability period of 50 or 100
years due to corrosion.

Clouterre (1991) gives guidance on the prediction of

corrosion, the mechanism of which is generally well understood and can be
accounted for in the future design. This is generally made by allowing a sacrificial
layer of reinforcement for which it is assumed will not provide mechanical strength
to the reinforcing mechanism of the soil nail. The possibility of failure due to
changes in soil water regimes is concentrated upon.
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Soil nails by their intrinsic nature require bending capacity to be inserted, see section
1.5, the soil nail element may also provide stability via its bending resistance. If the
bending capacity of the nail mobilised is significant then the axial capacity of the
element may be reduced. The combined axial and bending criteria are used in
structural design, Jewell & Pedley (1992), is applied at the point of maximum
bending and axial load is:

Mw
M ult

+ TTultw ≤ 1

Equation 4-2

where Mw and Tw are the maximum bending moment and tensile loads and Mult and
Tult are the ultimate capacities of the element. If a soil nail element resists load
through its bending stiffness, as in Equation 4-2 it will also be subject to shear
loading, Clouterre (1991). The shear criterion is:

( ) +( )
Sw 2
Sult

Tw 2
Tult

≤1

Equation 4-3

where Sw and Tw are the maximum shear and tensile loads at a point on the bar and

Sult and Tult are the ultimate shear and tensile capacities of the bar. The location of
the maximum bending moment and shear force in a soil nail is detailed further in
Paragraph 4.3.4.

4.3.5.

Grouted nails

The nature of soil nails dictates that a small movement is required for the nails to
take up load. It is assumed that a grout annulus around the nail reinforcement
element will crack under these small displacements and therefore it will provide no
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axial capacity. Clouterre (1991) recommends that the tensile capacity of the grout
should be ignored for design purposes, hence only compressive capacity may be
considered. The principle of this is demonstrated in Figure 4-3 which shows that
only the steel core of the nail provides resistance to tension and Figure 4-4 shows the
contribution of grout only in compression, when a nail is subjected to bending
moments. As a result the nails axial capacity will depend only on the axial capacity
of the steel reinforcement. However it is assumed that half of the grout annulus will
provide bending resistance in compression, as shown in Appendix B.

4.3.6.

Pullout Capacity

The pullout capacity of a soil nail is dependant upon the overburden pressure of the
soil, the vertical and lateral pressure around the nail and the nail/soil interface
friction. In the Department of Transport advice note, HA68 (1994) calculation of the
nails pullout capacity is considered in terms of the overburden pressure, the vertical
and lateral pressure around the nail and an interface factor between the soil and the
nail, the method is outlined as follows:

Tpullout = Apα (σ n ' tan φ '+c' )

Equation 4-4

where Ap is the surface area of the nail, σn' is derived from the stresses around the
nail, which is a function of the vertical effective stress σv' and the coefficient of
active earth pressure, Ka:

σ n = (1 + K l )σ v '

Equation 4-5
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(1+ K a )
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Equation 4-6

The interface factor α is derived from interface friction tests between the soil and
nail material, e.g. Gammage (1997):

α=

(σ v 'tan φ 'int + c 'int )
(σ v 'tan φ 'des + c 'des )

Equation 4-7

φ'int and c'int are the interface shear strength parameters between the soil and the bar,
and φ'des and c'des are the partial factored design parameters for the soil.

The second method of designing soil nailed systems is based empirically upon
pullout tests, Clouterre (1991). In this case the soil/ nail interaction becomes

T pullout = Ap q s

Equation 4-8

where qs is the average skin friction derived from a pullout test derived by
considering the load deflection curve of a nail. This derivation of pullout capacity
only accounts for the pullout capacity of the nail at that precise moment. It does not
account for long term serviceability conditions. The HA68 (1994) method can
account for changes in effective stress by using effective stress based parameters,
whereas in the Clouterre method there is no utility to account for future effective
stress changes. Clouterre (1991) covers the subject of effect of moisture content on
skin friction stating only that an increase in moisture content could cause the soil to
revert to an un-drained adhesion which is a fraction of the drained cohesion. Though
Clouterre (1991) does recommend that soil nailing should be avoided in areas which
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are likely to be subject to large fluctuations in the groundwater table. Equation 4-9
summarises the dependence of skin friction the parameters on:

qs = f (α * ,σ v , µ * ) ≈ const.
*

Equation 4-9

Where α* is the coefficient of interface friction, µ* is a coefficient dependant upon
restrained dilatancy. If pullout capacity is considered to be influenced by vertical
effective stress then it would be necessary to account for this in the design. For
example: If nail installation occurred during a drier season the suction forces above
the phreatic surface would serve to increase the normal effective stress, thus
increasing the apparent pullout capacity of the nail, according to Equation 4-4. If
nail design was based upon in-situ pullout capacity, at the time of construction, it
would result in an unsafe design, if it was assumed that the pullout capacity
experienced by such a test would be a long term value.

4.3.7.

Bending and Shear

If the bending stiffness, e.g: Bridle & Barr (1990), of the nail is considered to be a
significant factor in providing stability there are two options: An elastic analysis:
Schlosser (1982) or plastic analysis Jewell & Pedley (1992); Bridle & Davies (1997).
There are no tests which estimate the contribution of bending capacity to the stability
of nails in the field, laboratory estimates can be made through the use of large shear
box experiments in the laboratory, see section 3.4.2, Davies & le Masurier (1997) or
by the analyses outlined below.
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The elastic and plastic analyses are derived from the theory of beams on elastic
foundations. A fourth order differential equation is developed from beam theory.
Figure 4-5 shows a beam with a uniform surcharge, q, applied. The beam has a subgrade reaction of Ks which depends on the soil type. In solving the equation an
assumption is made that a hinge is formed at the point of maximum moment, which
is the point where the shear is zero.

EI

d4y
dx

4

Equation 4-10

= q − K s Dy

Solutions
Elastic

Plastic
2

M elastic = q l15s .4

M plastic = q l s8

Felastic = 4.9 M elastic
ls

Fplastic = 4

where

ls =

2

M plastic
ls

π 4 4 EI
2

KsD

where M and F are the maximum elastic or plastic bending moments or shear forces,
respectively, in the bar. E is the young's modulus and I the second moment of area.
Solutions for the deflection of laterally loaded piles, Bridle & Davies (1997), gives a
similar equation where Ay is a non-dimensional coefficient:

ls =

4
4 EI
2.5
Ay D
Ks

Equation 4-11
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These results can included in stability analyses to achieve higher factor of safety and
hence more economic design.

4.3.8.

Bearing capacity of the soil

A soil nail element may be considered as a deep strip footing, Jewell & Pedley
(1992), because the nail is long in comparison to its width. The ultimate bearing
capacity qf the soil under a shallow strip was derived by Terzaghi, [e.g: as Craig
(1995)]:

q f = 0.5γBNγ + cN e + σ 'v N q

Equation 4-12

where B is the width of the footing and Nγ, Nc and Nq are the bearing capacity factors.
For a deep foundation where B and c are small compared to σv' the bearing capacity
is simplified to:

q f = σ 'v N q

Equation 4-13

where Nq is derived by Terzaghi as

N q = tan 2

(

π

4

)

+ φ2' .e[π tan φ ']

Equation 4-14

As derived by Equation 4-5 the effective stress surrounding a bar is

q f = σ 'n N q

Equation 4-15

If the nail has developed a hinge at the point of maximum moment the maximum
shear that the nail can withstand before shear failure occurs is:
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Fmax = q f D l2s
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Equation 4-16

Analysis of the system

Prior to selecting the appropriate soil nail configuration it is important to determine
the potential slip surface with the lowest factor of safety for the slope. The potential
slip surface will divide the active zone from the resistant zone allowing the volume
of active soil to be calculated. The soil properties, slope angle and groundwater
conditions all contribute to the slip surface calculation. The types of geometric slip
surface, shown in Figure 4-7 which could be used, include:

•

Translational: The potential slip surface is drawn parallel to the slope

surface and the effects of the toe and crest are negligible.

•

Single Wedge: A straight line from the toe of the slope exiting somewhere

behind the crest. The angle of the line is adjusted to determine the most
critical slip surface, Mitchell and Villet (1987).

•

Two-part wedge: A two part wedge mechanism where the inter-wedge

boundary is vertical and the base of the lower wedge intersects the toe of the
slope, HA68 (1994).

•

Circular: Circles of varying radii and centre represent potential slip surfaces.

The radii and the circle centre are changed to find the most critical surface,
e.g: Bishop (1955).
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Log-spiral: The log spiral method finds the critical slip surface by changing

the parameters within a log spiral equation. Generally the log spiral passes
through the toe of the slope, Bridle and Davies (1997).

•

Parabolic: This is used similarly to the log spiral, again parameters are

changed within a parabolic equation to find the critical surface, Juran et al
(1990).

The different published design methods favour slip surfaces of varying geometry.
In order to ensure a safe design the most critical of these should be identified.
For long term serviceability the critical slip surface should be calculated taking
the possible long term soil strengths into account. The published design methods,
from a number of different countries, are discussed below together with their
main recommendations. The different national methods are often developed in
parallel and are based on differing design philosophies. Hence the assumptions
which each method makes can be very different.

Clouterre, (1991), France. This method recommends the use of proven classical

methods, either: Bishops method or a generalised method. The Clouterre design
states that it is important to find the most critical slip surface, which ever method
is chosen. It also recommends that infiltration of water should not be allowed, as
this would corrode the reinforcement and may not be compatible with the method
of analysis. The corrosion factor would seem to be a prime consideration in the
majority of ground conditions where dampness is inevitable. Clouterre considers
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nail pullout capacity from an empirical view using in-situ pullout tests at the time
of construction, rather than using calculated vertical effective stress.

FHWA method (1996), United States. This method uses the most critical slip

surface, as demonstrated in Figure 4-7, whichever geometry that may be. This is
similar to BS8006:1995, with the proviso that where installation is in a preexisting unstable slope any existing slope failure surfaces are taken into account.

HA68 (1994), United Kingdom. This method recommends the use of the two

part wedge geometry due to its simplicity and suitability to obtain a safe and
economic solution. It does acknowledge that other geometries, such as the log
spiral, may lead to a more economic solution but that they are more complex to
apply.

In all: the most suitable methods are those which are applicable via computer
calculation. Bertola (1999) developed an Excel spreadsheet solution using the
log spiral method of analysis allows the soil parameters to be adjusted and the
most critical surface to be found. The most critical slip surface is found by
solving using the limit equilibrium method of slices. The solution incorporates
the overall instability of the slope or wall and allows pullout capacity to
calculated in terms of a constant skin friction and effective stress. It is possible to
apply effective stress based parameters to the complete soil nailed system which
is useful when considering the effect of long term serviceability scenarios on the
stability.
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Ultimate limit state
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Ultimate limit states are generally associated with total collapse or failure. It is
achieved when disturbing forces exceed the available stabilising forces at any
particular moment.

BS8006 suggests that the following ultimate limit states,

illustrated in Figure 4-1, are considered:

•

External stability – the failure falls outside the zone of reinforcement, it may
be tilting, forward sliding or worse a slip surface which was not originally
considered, demonstrated in Figure 4-2.

•

Internal stability – mechanical failure of the nail elements, generally more
than one element, shown in Figure 4-1. Pullout may also result in internal
failure of the soil nailed system. The nature of soil nailing allows transfer of
load from one nail to another if an individual failure occurs.

•

Compound stability – a possible mixture of external and internal stability.

The margin of safety is satisfied by considering an overall factor of safety, or partial
factors applied to the materials and loads. The overall factor of safety is considered
as:

Fo S =

FR
FD

≥ 1 .5

Equation 4-17
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where FR is the resisting force and FD is the driving force. An analysis is performed,
e.g.- Bertola (1999) and providing the resisting force is greater than the driving force,
by an acceptable limit the soil nailed structure is considered safe. The overall factor
of safety is suitable where the type of soil and materials is well known in the case of
Equation 4-17 it is selected as 1.5, a factor of 1 would infer that the nailed system is
'just' stable, the 0.5 is an extra margin of safety. This may be in a filled embankment
where suitable material is carefully selected.

The partial factor of safety is

represented as:

FR 1 . f R 1 + FR 2 . f R 2 + FR 3 . f R 3
FD 1 . f D 1 + FD 2 . f D 2 + FD 3 . f D 3

≥ 1 .0

Equation 4-18

where FRy is the resisting force, FDy the driving force and fxy is the partial factor
applied to that load. This method is applied where there is less certainty about the
materials and the applied loads. It could be appropriate to introduce partial factors
for the long term serviceability behaviour of soils and soil nails. This method may be
considered more suitable where less is known about the soil conditions, such as in
stabilizing a slope, rather than an embankment made from constructed fill. The
partial factors suggested by BS 8006: 1995 are given in Table 4-1 and the partial
factors by HA68: 1994 in Table 4-2 and allow for uncertainties in the design.
Currently there is no specific recommendation for considering changes due to long
term serviceability effects.
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Serviceability limit state

A serviceability failure occurs if a structure deforms more than an allowable value, as
discussed in 1.2.2. This type of failure is not necessarily catastrophic but could be
hazardous to surrounding structures. An example is in tunnelling where surface
displacements as a result of tunnel boring must remain within a particular limit to
prevent disturbance to surrounding buildings and other services. Soil nailing can be
applied to limit deflections during tunnelling by being inserted ahead of the tunnel
boring machine as it proceeds along the line of the tunnel, Ripley (1999). As the
tunnel boring machine proceeds the nails are drilled out along with the excavated soil
and the tunnel casing is placed.

BS8006:1995 recommends that the following

serviceability are considered:

•

External stability – settlement of the slope foundation

•

Internal stability – post construction strain in the reinforcement and creep of
soil

Serviceability is in particular a long term problem. Usually for cuttings and slopes
around railways and highways this is not critical, Perry (2001), provided other
structures remain undisturbed. Displacements should be limited to prevent:

•

settlements affecting surrounding structures

•

failure of a rigid facing
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the load is no longer distributed evenly throughout the soil nail array

•

tensile cracking of the soil
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Limits are set as to what would be acceptable to limit damage, or it may be human
perception of what is dangerous. The only method to check the displacements with a
soil nail system is numerical analysis, e.g: Thompson & Miller (1990). Clouterre
(1991) monitored soil nailed retaining structures to gauge in service conditions.
Generally horizontal and vertical displacement of the crest of the slope were found to
be between 0.1% and 0.4% of the excavation height.

4.4.3.

Traditional approach to design

Soil nailing tends to be 25 to 50% more economical than other forms of retaining
structure, FHWA (1996). The stabilisation of slopes is generally more economic and
feasible than re-grading or replacement, Powell & Watkins (1990) give an example
of restricted scope for slope improvements in densely packed urban areas such as
Hong Kong, where re-grading would inevitably lead to disturbance of other buildings
or services.

The most important aspect for design is the ground conditions. A dry sand would be
difficult to excavate and nail, due to a lack of cohesion which limits depth of
excavation before collapse occurs, where as a damp sand above the phreatic surface
will allow sufficient excavation to install the nails, e.g. Jones (1995). The primary
concern with this project is the remedial use of soil nails in existing cuttings and
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embankments. This would require extensive site investigation both to determine the
soil conditions and any pre-existing slip surfaces.

4.5.

Summary

The design and analysis of methods and models available has highlighted the
differences between national design standards and how they may behave in the long
term serviceability aspect. The main points summarised from this review are as
follows:

•

It is possible to allow for long term serviceability effective stress based
calculations in design.

•

Not all methods account for long term changes in groundwater states

•

There are currently no recommendations to allow for effective stress in
simple methods such as Clouterre.

•

It may be possible to apply a partial safety factor in design to allow for long
term serviceability
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c) pullout in the unstable zone
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b) nail elements ruptured

d) pullout in the stable zone

e) bending and shear of the nails

Figure 4-1 Internal modes of failure of a soil nailed system
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b) sliding block

a) the stable slope

c) rotational

c) bearing and tilt

Figure 4-2 Modes of external failure

Grout cracked under tension,
no contrbution to capacity
Steel core
Direct Axial
Tension

Direct Axial
Tension

Grout Annulus

Figure 4-3 Contribution of grout to axial capacity
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Grout - contributes to
bending capacity,
under compression
Steel core
Grout Annulus

Grout - cracked under
tension no contribution to
bending capacity

Figure 4-4 Contribution of grout to bending capacity
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Figure 4-5 Soil/ nail interaction, load transfer axially
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F=0
M = Mmax

M=0
F = Fmax
Potential shear
plane

Figure 4-6 Soil/ nail interaction, lateral pressure on the nail
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Translational Slip

Two-part wedge

Log-spiral
Figure 4-7 Types of geometric failure surface
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Single Wedge

Circular Slip

Parabolic
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Partial Factor

Load Factors

Ultimate Limit Serviceability
State
Limit State

Soil unit Mass

1.5

1.0

External Dead Loads

1.2

1.0

External Live Loads

1.3

1.0

1.0

1.0

1.6

1.0

Soil Material Factors Peak tanφ'
c'
Reinforcement
Material Factor

Reinforcement
Strength

Base Depends on type of reinforcement
used and the design life

Soil/reinforcement
interaction factors

Pullout resistance of
the reinforcement
1.3

Table 4-1 Design factors applied for design in BS8006 (1995)

1.0
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Partial Factor

Load Factors

Soil Material Factors

Limit Equilibrium

Soil unit Mass

1.0

External Dead Loads

1.0

External Live Loads

1.0

Peak tanφ'

1.3-1.5

c'

1.3-1.5

Reinforcement
Material Factor

Reinforcement
Strength

Base Depends on type of reinforcement
used

Soil/reinforcement
interaction factors

Pullout resistance of
the reinforcement
1.0

Table 4-2 Design factors applied for design – DoT advice note HA68/94
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5. MATERIALS, APPARATUS, METHOD

This chapter explains how the long term serviceability of soil nailed slopes was
investigated and the centrifuge experiments which were carried out and what
methods were used, including: the technique and theory of centrifuge modelling, the
manufacture and specification of equipment; the model manufacture process; the
experimental procedure and post test examination of the models.

5.1.

Centrifuge Modelling

As discussed in section 1.6 the technique of centrifuge modelling was used in this
research programme to investigate the behaviour of soil nailed systems in the long
term.

Full scale models were not a feasible option for this study due to the

significant finance and resources which would have been required, as well as the
hazards of inducing full scale earth failures. Laboratory scale modelling has long
held a valuable role in development in engineering. There are obvious advantages to
experimenting on small scale models, i.e. reduced cost of the model, reduced time
and less hazard in the event of a failure. However, small scale models are not
considered acceptable because the soil structures would not be tested under the
correct stress regime. One of the principal influences on the behaviour of slopes is
the self weight of the soil which would not be modelled correctly in a small scale
model. In order to model correctly the non-linear behaviour and the stress regime of
the soil it is necessary to scale the models by increasing the acceleration field
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Centrifuge modelling also allows repeatability of

experiments with control over the boundary conditions and the heterogeneity of the
soil. The following sections cover the centrifuge scaling laws and also how the
phenomena of capillary rise is affected by increased acceleration.

5.1.1.

Centrifuge scaling laws

'In situ' stress within soil changes with depth and the engineering properties of soil
are directly linked to the stress level, or conditions, created within a prototype
structure. The stress level is proportional to the soils bulk density and depth. When
a soil model is accelerated in a radial acceleration greater than that of the earth, the
soils self-weight and related stress field is increased accordingly. The top surface of
the model is unstressed but with increasing depth into the soil mass the magnitude of
stress increases with direct proportion to the soil density and the acceleration field.
To create an equal stress at a depth hp in a prototype structure and hm in a model, the
model must be accelerated at N times Earth's gravity, e.g. Schofield (1980),

σ vm = ρNghm

Equation 5-1

where the subscript m denotes the model and p denotes the full scale prototype. On
the prototype the vertical stress would be given by:

σ vp = ρghp
But if:

Equation 5-2

Chapter 5: Materials, Apparatus, Method

119

Equation 5-3

then:

σ vm = ρNg

hp

Equation 5-4
N

where σ'vm and σ'vp are the vertical effective stress for the model and the prototype
respectively.

For most practical purposes the earth's gravitational field can be

considered to be uniform, whereas a smaller scale radial acceleration field is not and
is dependant upon the distance of the model from the axis of rotation.

This

acknowledges one of the inaccuracies of centrifuge modelling in that if the
acceleration field can be related to the radius of the model by:

ng = ω 2 r

Equation 5-5

If a centrifuge model is spun at a radius, r, the top of the model will be closer to the
centre of rotation, than the bottom, thus there will be a variation of acceleration felt
by the model throughout the depth. This is unlike a structure in the earth which
generally is subject to the same gravitational acceleration. Thus it is necessary to
take this error into account during experimentation and a compromise is made by
specifying that the acceleration that is to be felt at a specific depth within the model.
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Scaling laws for capillary rise

The scaling laws for centrifuge modelling were discussed above in section 5.1, an
extension to the unsaturated soil theory is to account for changes in capillary rise due
to acceleration. Burkhart et al (2000) conducted a series of experiments to model
capillary rise in soils accelerated using a geotechnical centrifuge. Figure 5-2 shows
the results of a series of experiments in which the soil was subjected to a dry to wet
situation and water was permitted to rise through the soil via the capillary rise
phenomenon. The results show that capillary rise scales correctly at 20g, though as
the scale factor N increased deviation from the scaling law occurred.

5.1.3.

Modelling errors

For a model of height h with its centre of gravity at 1/3h the maximum overstress and
under-stress error for a particular model at a radius r can be calculated. The total
stress at a depth h in a model can be determined from, Taylor (1995):

σ vm = ρω

rh
2

2
2
2
∫ rdr = ρω (rh − r )

Equation 5-6

r

Experiments within this thesis were undertaken so as to minimise the effect of this.
Another problem with geotechnical centrifuge modelling is that: Whilst there is a
strongly increased level of radial acceleration present, the earths own gravity
acceleration still may affect the behaviour of the model. During operation of the
Dundee centrifuge the gondola will rotate outwards so that the radial component of
acceleration is acting at near right angles to the earth's gravity field. However due to
this gravity field the gondola will never swing out at a perfect right angle, therefore
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this intimates that some error is introduced. During this experimental programme the
tests are undertaken at a scale of 1:20, thus a radial acceleration of 20g. Resolving
triangles and calculating the error as a percentage it is 0.125%.

5.2.

The centrifuge and strong box

The 7m diameter beam centrifuge at the University of Dundee is a C67-2
manufactured by Actidyn of France, as seen in Figure 5-3. The pendulum swinging
platform will accommodate a model up to 1m x 0.8m x 0.8m and will accelerate a
one tonne package up to 130 gravities (g). This size of box is ideal for large slopes to
be modelled accurately. It is computer controlled and is designed to run unattended,
which is useful for tests of a long duration.

The strong box is the box in which the soil model is contained for placement onboard
the centrifuge ready for experiment. It must be strong enough to withstand the
pressures applied by the soil under high accelerations and the side wall deflections
must be minimal to impose constant boundary conditions. The strong box containing
a model is seen in Figure 5-4 and shown placed onto the centrifuge gondola in Figure
5-5.

5.3.

Model Design

In order to model the prototype situation as accurately and consistently as possible
careful consideration should be given to model design in relation to the centrifuge
scaling laws, see section 5.1.1. As a result model design is an iterative process and
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constraints outlined in this section are: strong box size, instrumentation effects, soil
particle size, side wall friction which is discussed in section 5.8.2, and the model soil
nails, outlined in section 5.4.

5.3.1.

Model size

The centrifuge models, within this research programme, are plane strain models
which consider part of a constant cross section of an earth structure, i.e. looking at a
section of slope such as that schematically shown in Figure 1-12. An example of a
strong box containing a centrifuge model of a section of slope is shown in Figure
5-4. It is seen that the slope model is contained within the strong box, which is
specially constructed to withstand the high levels of forces imposed on it during
testing. The first constraint in centrifuge modelling is the size of the strong box
available, in this case the internal dimensions are 0.5m wide, by 0.8 long and 0.6m
deep. With the proportional scaling laws and distances scaled up by the factor N,
within this research programme N=20, therefore a full strong box simulates a soil
section of 10m wide, by 16m long by 12m deep, so the soil slope dimensions must
lie within the capacity of the strong box. Allied to the actual size of the model are
the boundary effects which the strong box places on the model behaviour. An
example of where the strong box may influence the model behaviour is where a deep
seated slip surface may form within the model, but be curtailed by the strong box
base, schematically demonstrated in Figure 5-6. Therefore consideration should be
given to the predicted behaviour of the models and how that behaviour may be
affected by the strong box boundary conditions. In the case of these experiments a
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sufficient depth, judged to be 15cm, was left between the foot of the slope and the
base of the strong box. Also considered important is the distance between the ends
of the model nails and the end of the strong box, it was felt that sufficient distance
was allowed to ensure no significant disturbing effects occurred.

5.3.2.

Inclusion size

Whilst the model size increases with acceleration scale factor N, the prototype
dimensions of the soil particles, instrumentation and any other inclusions within the
model also increase directly with N, as described in section 5.1.1. For example if
accelerated to 20g, as in this test programme, a pressure transducer with a diameter
of 1cm, at 1g, or N=1, then becomes 20cm diameter, at N=20. This increase in size
of instrumentation should be given consideration, as it may be more appropriate to
model at a lower acceleration if instrumentation size became too intrusive on the
behaviour of the model. The size of soil particles increases in a similar fashion and
must be considered in relation to the size of the ground inclusions, in this case soil
nails. Ovesen (1979) conducted a study into particle size effects on a circular footing
and found that deviation from the common behaviour occurred when the ratio of the
foundation diameter to diameter of grain size was less than about fifteen. The
properties of the sand are outlined in Table 5-1 and the derivation of the model nail
diameter is considered in Appendix B, which resulted in a model nail diameter of
8mm, see section 5.4.1. Within this research project the fine sand used results in a
nail diameter/particle size diameter of 44, therefore the soil particle size is not
considered to have a significant effect on the model behaviour.
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Model slope design

This section explains the design of the prototype reinforced slope which is then
scaled down to a centrifuge model. The height and angles of the slopes were chosen
to ensure that if left un-reinforced then failure would certainly occur under the
conditions applied. The soil used in the experiments had an angle of friction of 41º,
Gammage (1997), which means a slope any steeper would collapse without the
strength enhancing effect of matric suction, as outlined in Chapter 2. The reinforced
slopes were analysed using a soil nailing analysis spreadsheet, Bertola (1999), which
uses a log spiral slip surface and additions to the spreadsheet enabled the stability of
the overall soil nailed system to be considered using effective stress. The 'worst case'
spreadsheet output is displayed in Appendix B. The analysis revealed a conventional
soil nailed solution, constructed with 20mm steel reinforcement, surrounded by a
70mm grout annulus, with a nail spacing of 1.5 to 2m and a nail length of 7m, shown
in Figure 5-7.

5.4.

Model soil nails

This section outlines the scaling of the prototype nails down to model size.

The

material used to construct the nails, the method of construction and the systems used
the measure the axial load and bending moments induced in the nails are outlined.
Finally the method of application of sand to the outer surface of the model nails to
correctly model the soil/ nail interface is given.
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Prototype to model nail

In order to convert the prototype soil nail into an equivalent model soil nail the aim is
to achieve similitude between the axial and bending behavioural characteristics of the
model nail and prototype nail. This calculation is demonstrated in Appendix B,
where the axial capacity of the nail is considered to exist only from the axial capacity
of the steel reinforcement and the bending capacity is derived by considering half of
the cracked grout annulus, see section 4.3.5. The material is chosen to replicate the
behaviour of the prototype nail. This calculation shows that the equivalent model
nail is an Acrylic bar 8mm diameter and 350mm long. An 8mm rod allows strain
gauging to take place with reasonable ease, e.g.- Gammage (1997), this is different to
the more closely modelled, but more difficult to instrument, grouted piano wire bars
with a 2mm diameter steel strand and 3mm grout annulus. The stress strain curve for
the type of acrylic used is shown in Figure 5-8 and it was intended that the stress
induced in the acrylic during the experiments would remain within the linear elastic
range at the beginning of the curve. The model nail is compatible in terms of axial
stiffness but it is over designed for bending stiffness, however the experiments in this
programme are concerned with serviceability displacements and the role of bending
stiffness is not considered to become important until the nails pullout capacity has
been reached. Table 5-2 shows the material properties of the acrylic used for the
model nails. The rod was cut into 350mm lengths and each nail had a thread turned
on one end to allow a nut and washer at the nail head/ facing interface. The washers
are used to spread/ absorb any load passed through the textile to the nail and to
prevent sand leakage around the nail heads.
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Axial load and bending moment measurement

As the experiments are concerned with serviceability of the soil nailed slopes it is
important to measure how much of the nail capacity, in terms of bending and axial
stress, is being utilised throughout and comparisons can be made to predicted pullout
capacities. Events which may affect the nail loads could be excavation of the slope
or effective stress changes by the recharge of ground water. When direct axial load is
placed on a nail it will stretch according to the Young's modulus, conversely when
bending load is placed on the nail one side of the nail will stretch and the other side
will compress, according to conventional bending theory. To measure how much
axial load or bending moment is induced in the nails the nails are instrumented with
strain gauges placed in pairs opposite along the length of the nail. This allows
bending and axial loads can be calculated, of which further detail is given in section
8.3. Figures 5-9 and 5-10 show the location of the pairs of strain gauges placed, in
order to gain a picture of the loads sustained throughout the length of the nails. The
data acquisition capabilities allow three of the nails to be gauged, each with six
opposite pairs. The instrumented nails are placed in the centre column of the model,
as shown in Figure 5-7.

The strain gauges used were of the type EA-06-060LZ-120 as supplied by MicroMeasurements. They have a 6mm length and are capable of measuring strains up to
5%. The three wire self temperature compensating wiring configuration is used, after
difficulties in previous research with temperature drift and general reading stability,
e.g. Aminfar (1998), Jones (1999). The three wire system, shown in Figure 5-11, self
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compensates for any drift as a result of temperature changes during measurements by
alleviating the effect of lead wire resistance changes, which would affect results
obtained. The gauge lead wires, of 0.1mm diameter, were 'tacked' up the sides of the
nails, along the neutral axis where they were assumed not to interfere with the
behaviour of the nail, as shown in Figure 5-9. If left unprotected the gauge lead
wires are easily susceptible to damage, therefore they were covered with heat shrink,
extending from the head of the nail back to the completion bridge circuit box.
Example output of loading the nails and stability of readings is shown in Figure 5-12,
which shows the readings were of a steady nature and that changes in load are easily
discernable. A minimal supply voltage of 3V was used to obtain steady readings and
avoid the problems of excess heat dissipation, associated with higher voltages. The
strain gauge lead wires were connected to the data acquisition system via bridge
completion circuits, which were 120 Ohm quarter bridge circuits, configured as
shown in Figure 5-11.

5.4.3.

Modelling the soil/nail interface

A grouted nail has different surface friction properties to that of the acrylic used in
the model nails, therefore to simulate the normal soil/nail interaction the model nails
required a fine coating of sand. This was applied by covering the nails with a thin
film of epoxy resin (Araldite Glue), then dusting them with sand to ensure a smooth
and consistent finish was applied to each nail. To protect the strain gauges and lead
wires from moisture within the models the instrumented nails required a protective
coating which in this case was M-Coat J, as supplied by Measurements Group. Sand
was applied to the outer surface of the protective coating in the same fashion as the
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un-instrumented nails. This method gives an interface angle of friction of 37.1º,
Gammage (1997). Frequent inspection of the nails showed that araldite proved
durable enough to last for the entire testing programme. The un-instrumented and
instrumented nails are shown for comparison in Figure 5-13.

5.5.

Geotextile facing

Facing is necessary for soil slopes, such as those modelled, to prevent local failure of
the face of the slope. The facing used was a HF550 geotextile produced by Don &
Low of Forfar, Scotland. The properties of the facing are detailed in Table 5-3 which
shows the various stiffness and stretch properties in the relevant directions. The
facing is cut to size using a soldering iron, or hot knife. The holes for the nails are
also cut, just large enough to prevent leakage. The facing has a 50mm overlap at the
top, bottom and both sides of the strong box, as shown in Figure 5-14, to prevent
leakage of sand or washout. An over-cut of 100mm was cut at the top and bottom of
the facing for similar reasons.

5.6.

Water flow

Since the primary objective of the model tests was to model the long term
serviceability behaviour of slopes it is necessary to be able to control the drainage
boundary conditions throughout the model. Described within this section are the two
systems used, i.) groundwater recharge, and ii.) surface inundation, along with the
flow net analysis carried out prior to testing, the water flow system is shown
schematically in Figure 5-15.
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Groundwater recharge

To simulate groundwater recharge, water was introduced at the end of the model and
allowed to flow through and out at the other end, as shown in Figure 5-15. To allow
water into and out of the model it is necessary for it to dissipate evenly through the
cross section. In order to do this mesh drains are used at either end of the model to
spread the flow of water in and allow it to flow out of the model without any excess
build-up. The mesh drains consisted of metal mesh grilles filled with gravel and
finally covered in geotextile to prevent washout of soil. Figure 5-15 shows the
position of the two mesh drains at either end of the model. The head levels at either
end of the model are controlled by cylindrical copper reservoirs (about 100mm
diameter) which allow the overflow head to be set at 1cm intervals, through the
height of the model and allow the specific flow net to be set-up through the model,
as defined in the flow net analysis in section 5.6.2.

5.6.2.

Predicted flow net

A flow net predicted using the SPIRES software package, developed by Oxford
Geotechnica International, is shown in Figure 5-16.

The boundary conditions

applied in the analysis were those of the model and the permeability was used as
shown in Table 5-1. The results of the flow net analysis showed that the head level
attainable at the upstream end of the model is dependant upon the length of the
drainage path between the end of the model and the foot of the slope, hence the head
level for each experiment was selected so that a zero head of water would be
achieved at the point of the foot of the slope. The flow net analysis also enabled
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strategic placement of the tensiometers, see Chapter 6, which were used to monitor
the condition of the groundwater and matric suction throughout the tests.

5.6.3.

Surface Inundation

To have maximum effect on the overall stability of the slope the use of surface
inundation will directly affect the upper nails which may not be significantly affected
by groundwater recharge. It is important when selecting a surface water inundation
system that the changes measured in the model are due to the effect of water flowing
through the model, thus changing effective stresses and not due to additional loads
placed on the model surface by additional equipment or volume of water. Surface
water inundation is carried out by raining water from a distribution channel which is
suspended above and spanning the width of the strong box, shown schematically in
Figure 5-17. Water is introduced to the distribution channel and then allowed to 'rain'
down on the model via small holes which are drilled in the bottom. The water flow
is controlled by the use of a solenoid valve, the water raining down builds up into a
shallow pool of water on top of the model as shown in Figure 5-17. Figures 5-18 and
5-19 show the side view and top view of the surface inundation system. The depth of
water, controlled by the bund height of about 10mm, was kept to a minimum to
minimise any additional loads placed on the surface due to volume of water. Excess
water on the top surface was prevented from building up by being allowed to drain
through the end mesh, with the bund at the end of the box set at a lower elevation
than the bund near the crest of the slope. This prevents water overtopping the crest
and flow down the slope face. This in effect gives a zero head/ suction boundary
condition at the top of the model. To prevent scour, or degradation, of the bunds they
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are constructed out of clay/grease mixture which is less liable to softening when
continuously exposed to water. Several layers of filter paper are placed on the top
surface of the slope in order to prevent scour of the surface of the model by the water
falling from the drain tube.

5.6.4.

Control of flow

Water flow through the model is fed by pipes which pass through a set of hydraulic
slip rings down to the end of the centrifuge arm.

The flow is controlled by

electromagnetic solenoid valves placed upstream of the slip rings and thus unaffected by increases in gravity. A separate valve is used for both the groundwater
flow and surface inundation systems. The water flows into reservoirs rather than
being allowed to flow directly into the model, this enables a greater control over head
level.

5.7.

Displacement Measurement

The primary criterion in judging the effectiveness of the reinforcement is the
displacements which occur during the earth structures life, see section 1.2.2. As the
models simulate a plane strain situation, explained in section 5.3, it is sufficient to
measure displacements at suitable cross sections. In the case of these experiments
displacement was measured at the centreline of the model, using LVDT's (Linear
Voltage Displacement Transducers), along the top surface and front face and
displacements deeper in the model were monitored using image analysis. This
section explains each of the methods used to monitor displacements.
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LVDT Displacements

The LVDT's were used to monitor surface displacements along the top of the slope,
near the crest and adjacent to the nails down the face of the slope, the relative
positions shown in Figure 5-20. They were held in position by a stiff framework, as
shown in Figure 5-4 and their alignment was checked to ensure they were horizontal
or vertical as appropriate. The top surface LVDT's were in contact with the model,
via a small thin metal plate, to ensure that the tip of the LVDT did not sink into the
model surface. The LVDT's used have ranges of +/-12.5mm and +/-25mm and are
manufactured by RDP.

5.7.2.

Image analysis displacement measurement

Image analysis was used to measure the displacements at depth within the soil. This
was carried out by inserting small markers, as described in section 7.4.2, of
contrasting colour to the surrounding soil, into the visible side of the model, shown
schematically in Figure 5-20 and seen photographed on the side of the model in
Figure 5-4. These markers then move with the soil as it displaces throughout the
tests.

The positions of these markers were then photographed and monitored

throughout the test and subsequently analysed to determine the movements and
patterns of strain. Further detail of image analysis and its application and method is
given in Chapter 7.
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Model Preparation

The most important aspect of model preparation is to achieve repeatability
throughout the experimental programme. This means that every centrifuge model
must be prepared and treated using the same methods. An example of a major
variable is the density of the sand, where any change will alter the behaviour of the
model, for example where dense sand exhibits a peak strength and loose sand does
not. The method of model preparation was developed through the period of proof
testing, as well as the methods of previous research, e.g. Jones (1999), Aminfar
(1998) amongst others.

The explanation of model preparation will follow in

chronological order, according to when it takes place in the model construction
process.

5.8.1.

Nail insertion

The nails used in the test are effectively 'wished in place', this means that they are
placed in the model as the sand is poured, with the layers of nails building up as the
sand is built up. This is in direct contrast to nail placement in the field where the
nails are inserted into pre-existing soil. The principal reason for using the 'wished in
place' method is that experience showed from these tests that the process of inserting
them by hand was inconsistent and resulted in spurious strain gauge readings in the
nails. Placement of the nails during pouring meant that they were all placed in the
same way and subjected to the same conditions, from test to test, which facilitates
more accurate comparisons to be made between tests.
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Sequence of model preparation

The sand pouring took place with the box on its side, as shown schematically in
Figure 5-21. This enabled the nails to be placed in the slope as sand pouring took
place. One side of the box was removed and a wooden lid was fixed, on what would
be the top of the box when upright, to hold the sand in place as it was poured. Prior
to pouring the end mesh drains were taped in place, which served to prevent any sand
leakage around the bottom or the sides, which could then block pipes or valves. The
facing geotextile was stretched over a frame, to ensure that it did not deform as the
nails and sand were placed, it was then fixed in place in the box so it would sit at the
correct slope angle when the slope was later excavated.

The sand was then placed into the hopper, suspended above the strong box and the
rate of pour was regulated, so as to be slow enough to achieve a dense sample. As
the layers of sand built up the nails were placed through the textile. The nails were
positioned so that in the completed model they would lie at 15° to the horizontal and
the levels are checked to ensure they all lie in the same vertical plane, see Figures
5-21 and 5-7. It is important the nails are located precisely, as any discrepancies are
exaggerated at increased accelerations due to the scale factor N, applied to distance,
see section 5.1.1.

After the sand had been poured the model was saturated with water and drained from
the base at either end.

Damp sand allows the insertion of side markers and

instrumentation to be carried out more easily with less disturbance to the model. The
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tensiometers were installed at various heights, to a distance of 25cm from the side, at
the centreline of the model. The tensiometers were inserted by drilling a hole, with a
wood drill auger, into the side of the model that did not contain the image analysis
markers. The holes drilled were large enough to take the tip and allow it to be
pushed down into the model. Pushing a hole into the sand would create large
disturbances in the sand surrounding the hole which would change the density and
behaviour of the surrounding sand. Once the tensiometers were inserted the hole was
backfilled with tamped damp sand, to ensure that the tip has good contact with the
surrounding soil. The tensiometers transducers were mounted at the same height as
the tensiometer tips in the model, on a rack as shown in Figure 5-22, more detail on
the behaviour and mounting of the tensiometers pressure transducers is given in
Chapter 6.

Because it is important that the model sufficiently replicates the 'plane strain'
situation, as outlined in section 5.3, then the effect of side friction must be
considered. If side friction is significant it will tend to enhance stability of any soil
structure in the strong box, which would mean that the model would not accurately
simulate prototype behaviour. Bransby & Smith (1975) conducted a series of tests to
study the effect of side wall friction on retaining wall models, their research found
that the effect of side friction is not always insignificant and it can affect the
behaviour of the soil model. In order to minimise these frictional effects pieces of
40mm by 40mm acetate coated in silicon oil were placed on both sides of the model.
The pieces of acetate were overlapped so as eliminate direct contact between the
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model and the strong box wall, as well as allowing the pieces of acetate to slide over
one another and not obstruct each other. Gammage (1997) conducted a series of
shear box tests and concluded that the intra-acetate angle of friction, using this
method was 2.4°.

On completion the strong box containing the model was then placed upright and the
model was excavated to the required model slope dimensions. The excavation was
carried out by firstly excavating the bulk of the soil with a trowel then finishing off
with a scraper to ensure that the surfaces were flat, as required, whilst ensuring
minimal disturbance to the soil, which would constitute the actual model placed
onboard the centrifuge. Disturbance of the soil in the model could change the model
behaviour and hence cause inconsistent results. After excavation the required water
inundation materials and any other surface instrumentation was installed. The strong
box was then ready to place onboard the centrifuge gondola, as shown in Figure 5-5.

5.8.3.

Data Acquisition and Processing

In the early stages of work it was apparent that the available data acquisition
facilities would not give a comprehensive picture of the instrumentation readings
'real time' during the tests. Thus a data acquisition system was developed using the
Agilent VEE, control and acquisition software which allowed the readings to be
taken and conversion to engineering units, such as force and pressure, can be
calculated and plotted in 'real time.' A typical display window during a test is shown
in Figure 5-23. The system detailed above allowed considered decisions to be made
about the progress of any tests. The computer system used throughout the test
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programme to control the data acquisition and digital camera, used for image
analysis (see Chapter 7), is shown schematically in Figure 5-24.

Of primary

importance with any acquisition facilities was the capacity to withstand exposure to
high levels of acceleration.

Research from computer equipment manufacturers

revealed that the equipment used could withstand a 200g or more 'shock' loading,
Sony (2001) and still function properly. This gave confidence that a fully functional
standard computer hard disk could be placed onboard the centrifuge and would
withstand the excessive acceleration g forces placed on it.

The computer is a

standard desktop PC re-housed, in a metal case suitable for high acceleration forces.
The cards and hard disk were orientated so that acceleration forces exerted were in
plane, i.e. the cards would not bend due to acceleration, as shown in Figure 5-25. In
addition the wiring was firmly tied down to prevent any movement during centrifuge
flight, the computer has thus far proved functional at accelerations of up to 130g,
which is the limit of the centrifuge at the University of Dundee. The data acquisition
computer has a hard disk of 2 Giga-bytes capacity and 64 Mega-bytes of memory,
which is sufficient to allow operation of the programs required.

The acquisition computer is placed onboard the centrifuge, strategically close to the
centre where acceleration forces are smallest, and is controlled remotely over the
computer network via a control room computer. The remote control allows complete
control of all the functions of the computer and hence the data acquisition program.
The data during the tests is recorded in a comma-delimited format for subsequent
processing. The instrumentation data were processed post-test via a spreadsheet in
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Excel, with various macros used for efficiency. During the tests the data were
automatically saved to the computer hard disk and was safe in the event of a power
failure. The digital camera, see chapter 7, is also controlled via the acquisition
computer which allows images to be captured for subsequent displacement and strain
analysis.

5.9.

Test Procedure

This section explains the preparation of the centrifuge ready for testing, the test
procedure and the examination of the model after testing.

5.9.1.

Centrifuge Preparation

Once the model was instrumented and prepared it was placed onboard the centrifuge
gondola.

The instrumentation was connected and checked to confirm it was

functioning correctly. The water systems were connected and checked to ensure
there were no blockages or leaks. A video camera was used throughout the testing
giving a real time picture of what was happening to the model and the events were
recorded on a video cassette. The video camera and digital camera were connected
and adjusted to ensure high quality images were obtained throughout the flight.
Further details on the adjustment of the lighting and digital camera are given in
Chapter 7.

5.9.2.

In-flight procedure

The centrifuge tests were all conducted at 20g. Prior to being held at 20g the model
was cycled from 1g to 20g, a total of six times, similar to Gammage (1997). Figure
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5-26 shows the effect of cycling acceleration on the top surface displacement of the
model. It is seen that the first cycle of acceleration produces a large irrecoverable
displacement and the effect of subsequent cycles reduces the magnitude of this
irrecoverable displacement. Cycling 'beds in' the instrumentation and results in
higher quality and more consistent readings. A distinct improvement in quality and
consistency of readings was observed where cycling took place during the proof
testing stage of the experimental programme.

When the test acceleration level was reached for the final time the instrumentation
was observed until the readings were steady. This indicates that the model was stable
and minimal changes were occurring. Changes which can occur during the test are
the migration of water through the model as it reaches equilibrium, creep or
temperature changes of the laboratory. The centrifuge chamber was temperature
controlled to prevent any build up of heat due to the machinery running. For sand
tests this period of observation is usually around one hour.

Following the

observation period the drainage boundary conditions may be changes and the effects
on the model recorded. water groundwater recharge may be carried out at the end of
the slope to allow a water table to build up. Further explanation on the various
experimental stages applied is given in section 8.1. After each change to the model
the instrumentation was observed as detailed above. This ensures that changes in
instrumentation are due to test procedures and nothing else. At suitable points during
the test, digital photographs can be taken, with a six hour test often yielding fifteen
photographs for possible image analysis.
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Post test investigation

After completion of the test flight the model was removed from the centrifuge where
it could be examined and dismantled, see Figure 5-27. During dismantling the
positions of all the instrumentation and nails were recorded to ensure that no
unintended disturbance has taken place, either in flight or during model preparation.
This movement could be in the form of settlement of the tensiometers which could
change the readings obtained. The nails are also examined for signs of bending,
shown in Figure 5-28.

5.10.

Summary of the experimentation chapter

This chapter has presented the development, preparation and testing of the
experimental models. The use of a centrifuge to conduct scale tests holds a number
of advantages over small scale models tested in a laboratory and full scale tests:

•

The correct stress regime for the model

•

Comprehensive instrumentation and monitoring can be applied

•

A number of tests can be performed permitting parametric studies

•

Repeatability may be investigated between subsequent tests
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Experimental changes may be performed and the effects monitored during
each test

The design and implementation of the centrifuge modelling is influenced by:

•

Correct scaling of the prototype to maintain a representative model

•

The selection of miniature instrumentation to give information of strains,
displacements and pore water pressures

•

The available apparatus for the test

•

Model preparation techniques

•

Possible test procedures

The test programme undertaken is outlined in chapter 8, along with the results which
demonstrate the use of instrumentation to gain a comprehensive picture of the model
behaviour.
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Property

Bulk Unit Weight kN/m3

17.25

Permeability, k(m/s)

1.2*10-5 (Gammage,1997)

Coefficient of earth pressure at rest, K0

0.35 (Gammage, 1997)

Angle of Internal friction

41º (Gammage, 1997)

Interface friction for nails – Peak

32.3º (Jones, 1999)

Constant Volume

27.3º (Jones, 1999)

Table 5-1 Properties of the sand used

Property

Material Density, g/cm3

1.19

Tensile Strength, N/mm2

80

Elongation at Yield(%)

5.5

Modulus of Elasticity, N/mm2

3300

Coefficient of Thermal Expansion

70 x 10-6

Table 5-2 Properties of the PMMA Cast Acrylic model soil nail material, supplied by
Amari Plastics.com
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Property

Tensile Strength, kN/m

warp 25 / weft 16

Extension at maximum load, %

warp 25 / weft 15

CBR Puncture Resistance, N

2000

Cone drop penetration, mm

15

Pore Size 90% finer than, microns

540

Water flow normal to plane, 1/m2/sec

145

Weight g/m2

120

Table 5-3 Properties of the HF550 geotextile manufactured by Don & Low

Chapter 5: Materials, Apparatus, Method

144

Slip Rings

Centrifuge Chamber
Instrumentation
Cabinet

Beam
Hinge

Counter
Weight
Gondola
containing
slope model
Drive Shaft

Figure 5-1: Schematic layout of the University of Dundee beam centrifuge
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Figure 5-2:Results of experiments to determine scaling law for capillary rise, after
Burkhart et al (2000)
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Figure 5-3: The 7m diameter centrifuge at the University of Dundee

Figure 5-4: The assembled model, post test
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Figure 5-5: The model onboard the centrifuge

Nail mechanism
interrupted by
strong box end

Slip surface obstructed
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Figure 5-6: Effects boundary conditions on model size
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Strong Box
Containing Model
Horizontal Spacing 1.5 to 2.0m

Vertical Spacing
1.5 to 2.0m
Middle instrumented
column

Figure 5-7: Nail pattern and location of instrumented nails (red)

Figure 5-8: Stress-Strain curve for the acrylic, after Aminfar(1998)
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Figure 5-9: A cross section of the gauged nails
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Figure 5-10: Configuration of the strain gauged nail
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+ive input

120 Ohm

120 Ohm Strain Gauge
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Output

120 Ohm

-ve input

Figure 5-11: The three wire strain gauge completion circuit

20N Applied

50N Applied

Figure 5-12: Example output of the model soil nails, showing applied loads
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Figure 5-13: Instrumented nail (top), un-instrumented nail (bottom)

Overlap at top of slope

Front Face
Overlap at side

Subsurface Extension at foot of slope

Figure 5-14: Side view of geotextile use in the model to show extensions of
geotextile facing
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down
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Overflow
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Figure 5-15: A schematic plan of the water flows and tensiometers

Figure 5-16: Example predicted flow net, 60 degree slope, 15cm high to the right
of the model.
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Water Distribution Channel

Clay Bunds

Overflow

End Mesh

Scale exaggerated for clarity

Figure 5-17: Schematic cross section of the surface inundation system

Figure 5-18: The surface inundation system, showing bunds and the water
raining. The face of the slope is in the foreground
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Figure 5-19: The inundation apparatus, showing the bunds and the distribution
channel
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Figure 5-20: Schematic diagram of the displacement methods used.
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Frame to hold
geotextile in place

Layer 2

Layer 1
Layers of sand
built up with nails

Nails inserted in
successive layers

Figure 5-21: The strong box on its side, and successive layers of sand pouring

Figure 5-22: The tensiometers used to mount the transducers at the same height as
the tip in the model
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Figure 5-23: A captured screen view of Agilent VEE in operation
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Figure 5-24: Schematic diagram of the data acquisition and camera control
system
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Figure 5-25: Correct and incorrect orientation of computer cards, with respect to
acceleration
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Figure 5-26: Settlement during cycling g at start of test
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Figure 5-27: Post test examination of the model, showing the nails

Figure 5-28: With black cotton stretched between the nail ends, bending is
evident in a partially excavated nail
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6. DESIGN & IMPLEMENTATION OF A MINIATURE
TENSIOMETER

The importance of soil suction in maintaining long term stability is outlined in
Chapter 2. This research programme is concerned with the loss of soil suction and
the subsequent effect on slope stability, therefore it was considered important to be
able to measure the suction within the soil throughout the test. This chapter outlines
the general principles of measuring soil suction, the function of tensiometers, a
review of currently available tensiometers and in the absence of a suitable
commercially available tensiometer the function, design, components, manufacture
and calibration of the miniature tensiometers developed and used in this research
programme.

This chapter concludes with an evaluation of the tensiometers

developed and recommendations to continue development and improve the design
for future use.

6.1.

The measurement of suction

The theory of matric suction and the development of negative pore water pressures
was outlined in section 2.2.

Depending upon the suction range of interest

measurement of matric suction can be carried out in a direct or indirect manner,
Fredlund (1993). The latter method of indirect measurement determines suction on
the basis of electrical or thermal properties of the soil, both related to the water
content which is in turn related to the matric suction. This reliance on properties of
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the soil dictates that the indirect method requires calibration for each soil before use.
A direct method of measurement determines the soil suction directly from the pore
water via a pressure transducer. The selection of direct or indirect methods depends
upon the suction range of interest and recently developed ceramic has enabled
indirect thermal measurement of suction up to -1500 kPa, Fredlund (2000). The
suction range of interest for this research programme is between 0 kPa and -60 kPa.

6.2.

Basic components of a tensiometer

A schematic layout of a tensiometer is shown in Figure 6-1, showing the porous
ceramic tip, which acts as the interface between the soil/ transducer, connected via
tubing to an electrical pressure transducer. The electrical pressure transducer enables
connection to a data logging system and hence a record of readings can be made over
time. This section explains the function of the basic components and how they
interact.

The high air entry ceramic tip is the interface between the soil pore water and the
water inside the pressure transducer. The matric suction in the soil pore water is
passed through the water in the pores of the ceramic along to the pressure transducer,
which records a negative pressure equivalent to matric suction. A high air entry tip is
generally made from a sintered kaolin ceramic. Once the tip is fully saturated air
cannot pass through the tip, due to the resisting ability of the water surface tension
within the pores. The principle of high air entry ceramic is shown in Figure 6-2
where the water is trapped by the small radius pores, and pressure is passed through
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the stone via the pores through to the pressure transducer. Once the matric suction
becomes too great the contractile skin is not strong enough to resist air passing
through and its air entry value is exceeded. If the soil pore water pressure becomes
positive the tensiometers act as conventional pore pressure transducer. The air entry
value depends on the size of the pores which is controlled by the preparation and the
sintering process during manufacture. Ideally the volume of water between the
ceramic tip and the measurement transducer should be as small as possible. This
prevents disturbance to the intra-tensiometer water, which may be affected by any
pressure changes of the environment through which it passes.

Tensiometers become ineffective at suctions greater than the air entry value of the
ceramic. The physical limit of high air entry tips can vary, in the case of this project
it is –60 kPa, however improvements in manufacture technology mean that ceramic
of higher air entries up to –2000 kPa are constantly being developed, e.g. Fredlund
(2000). Cavitation of the water within the tensiometers system may occur if soil
suctions become too high, e.g. Tarantino et al (2000), which will lead to poor
reaction times and inaccurate readings. In the case of the ceramic used for this
experimental programme the high air entry value is limited to –60kPa or –6m head of
water. Another consideration during centrifuge modelling are discrepancies in the
relative change of water head between the transducer and the point of measurement.
An error of 2mm would result in a 40mm change in measured water head at an
acceleration of 20g, further detail on this is given in section 6.7.1. The pressure
transducer should be capable of measuring positive and negative pressure range
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required and be able to withstand the effect of being subjected to high accelerations.
It is also highly advantageous that the transducer can be connected to a data logging
system which allows continuous readings to be made.

6.3.

Currently available tensiometers

The most essential features of tensiometers which are to be used in centrifuge
modelling are that they are small in size, capable of measuring the expected range of
suctions and able to withstand high acceleration levels. The purchase of tensiometers
was investigated. However, the tensiometers on the market are large in size and
would present a significant obstruction when placed inside a centrifuge model, as the
size of instrumentation is discussed in section 5.3.

There are no available

tensiometers which are specifically made for inclusion within centrifuge models.
Calculation reveals that an 8mm diameter probe scales to a 160mm diameter probe
when accelerated to 20g. This would be a large intrusion into a model slope. Figure
6-3 shows the difference in size of a commercially available tensiometer, which is
only suitable for the tip to be within the soil model, and the tensiometer developed,
as part of this research programme.

6.4.

Development

A schematic layout of the tensiometer developed is shown in Figure 6-1. The
pressure transducer is shown, connected to the high air entry porous tip via a long
length of tubing. Each of the components of the tensiometers developed will be
outlined in detail and Table 6-1 summarises the components, cost and manufacturers
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used. Where possible widely available materials are used to enable ease of wide
application and the inherently reduced costs of widely available components.

6.4.1.

Pressure transducer

The pressure transducer is of a piezo electrical type manufactured by Honeywell,
(now renamed Pepperl).

The transducers are manufactured to high precision

standards and give consistent results, with a 1cm change in pressure head
perceptible. The diaphragm in the transducer is 0.1 inches square and is caused to
flex as the pressure varies. This flexing causes a change in resistance which causes
a change in the output voltage, proportional to the magnitude of the flex of the
diaphragm. It should be noted that the orientation of the transducer when mounted
should account for the flexing of the diaphragm due to changes in acceleration, in a
similar manner to the computer cards in section 5.8.3. The relevant specifications of
the transducers used are shown in Table 6-2. The pressure transducers operate in the
range of -100kPa to +100kPa. They require a 10V supply and the output is -100 to
+100mV and for use onboard the centrifuge are amplified at x100 or x1000, as
appropriate for data logging. The manufacturer specified reaction time is effectively
instant at 10ms.

The transducers are manufactured in two forms, gauge and differential. The gauge
type transducers are left open to atmosphere on one side and subject to the fluid
pressure monitored on the other. The other transducer type is differential, which is
similar to the gauge type however a pressure can applied to both sides of the
diaphragm. The differential transducers offer the advantage that a wet/wet interface
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can be used rather than a dry/wet as in the gauge transducer. The wet/wet interface is
not as prone to corrosion, which components are often subject to in the damp
laboratory and ground environment.

6.4.2.

Ceramic Tip

The high air entry ceramic tip is manufactured by Coors Ceramics of the USA and
supplied by Soilwater of Australia, see Table 6-1. It has an internal bore of 1.6mm
with 0.8mm thick walls, giving an overall external diameter of 3.2mm. The air entry
value of the ceramic is around -60kPa, which equates to -6m of water head. This is
sufficient for the expected values of suction encountered during this research. The
flow rate specification is 1ml/min with a differential pressure gradient of 10kPa
through a 30mm length of tube, Soilwater.com.au (2001). The changes expected
throughout the tests in this research programme are of a slow nature hence the tips
can be made as small as possible. An exposed tip length of approximately 10mm has
been used during the manufacture. This is minimised in order to make sure that
localised measurements are collected and the intrusion into the soil is at a minimum,
whilst that the tip size is large enough the ensure the required speed of reaction time.

6.4.3.

PTFE Tubing

It is important that the tubing will withstand changes in pressure in the surrounding
environment without expanding or contracting itself which would affect the readings
measured by the transducer. The changes could include an under or over-estimate of
measured pressure or it could adversely affect reaction time. This is important
because in the centrifuge model the measurements are made at depth within the soil
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and pass back through the model, during which the pressure conditions outside the
tubing are unlikely to be the same as at the point of measurement at the tip. Different
tube materials were investigated, however silicon was found to be too soft, allowing
radial expansion or contraction and therefore susceptible to pressure variations in the
environment.

Commercially available PVC tubing is of too large a diameter,

therefore PTFE tubing was selected. The tubing selected has an internal diameter of
0.4mm and a wall thickness of 0.4 mm, it fits neatly inside the ceramic tubing to
allow adhesion and was supplied by Adtech, as shown in Table 6-1.

6.4.4.

Glue and Heatshrink

Standard Araldite (epoxy resin) is used for all gluing. This is mixed and only takes
24 hours to set solid. However it does not appear to age well when constantly damp
and is susceptible to cracking. The heatshrink was often used to 'stiffen' components
to make them more suitable for gluing. It was of a self adhesive type which when
heated formed a bond with whatever it was shrunk around, two different shrink ratios
were used: 4:1 and 8:1, depending upon the size of the component. This stiffening
would not be necessary if better bonds were achieved between components. Thus the
tip size can be reduced further. However the PTFE tubing is extremely difficult to
glue, this problem presented itself repeatedly during the manufacture process, more
of which is covered in section 6.5.
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The tensiometer construction process

The final construction method of the tensiometers was developed after many
unsuccessful attempts. It is felt that the final design, presented here, is of a rigorous
standard and produces high quality results, with recommendations for improvements
given in section 6.8. Figure 6-1 shows the constructed tensiometer with all the
relevant components and their locations relative to one another. The following steps
are carried out in the manufacture:

1. The ceramic tube is cut to a 10mm length and the ends are smoothed off.
One end of the tube is sealed, using a small amount of a mixture of araldite
glue and sand, as in Figure 6-4.

2. A 2m length, (in the case of these experiments, or more generally the length
required for the intended purpose) of PTFE tube is cut and at either end a
knot is tied and held in place by adhesive heat shrink as shown in Figure 6-4.
The knot serves to present extra 'pullout resistance' of the tubing from the
heat shrink, due to the poor bond of glue.

3. One end of the tube with the heatshrink attached is positioned next to the
porous ceramic and attached using another short length of adhesive heat
shrink, as shown in Figure 6-4. At this stage the joints at the tip end are
reinforced and sealed with a further layer of glue. Great care must be taken
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to ensure the ceramic is not contaminated with glue which would affect
operation of the tensiometers.

4. After the tip is attached the transducer is then attached to the other end of the
PTFE tubing via a small length of standard laboratory 8mm PVC tubing. The
knotted end is glued and sealed inside the 8mm tube.

5. This 8mm tube is then heated, push fitted to the transducer and then sealed
with glue.

6. The electrical connection is made by obtaining special plugs to fit the
transducers which are wired to fit the data acquisition system.

The constructed tensiometers are shown in Figure 6-5 and Figure 6-6. The author
believes this to be the best possible method to manufacture the transducers, however
it is open to improvement. Variations unsuccessfully tried included the use of
standard tube push fittings, in order to aid the de-airing process. However it was
found that once the tip and transducer had been de-aired the act of pushing the two
together was enough to produce a water overpressure which irreparably damaged the
transducer diaphragm.

6.6.

Preparation for use

To gain accurate and useful results from the tensiometers it is essential that they are
thoroughly prepared for use. It must be checked that the system is fully de-aired and
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that the ceramic end tip gives a quick response. The response time may be affected
by repeated handling of the ceramic tip which may become clogged with grease or
other substances. Therefore it is important to recognise when this occurs and the
remedial steps which can be taken.

6.6.1.

The deairing process

If a tensiometer is not de-aired properly the water inside the system may cavitate at
higher suctions.

Therefore it is necessary to estimate the suctions which the

instruments will be subject to during usage and de-air them to well below this level.
It is found that the following method gave consistent and satisfactory results:

1. De-air the intended pore water inside a desiccator jar.

2. Place the tensiometer tip into the water as shown in Figure 6-7 and the rest of
the unit lies outside the water, inside the desiccator jar.

3. Apply the vacuum as close to –100kPa as possible and monitor it using a
vacuum gauge.

4. The operator should see air bubbles being drawn out, the vacuum is applied
as long as bubbles keep appearing.

5. When the bubbles rising from the tip become infrequent, this indicates the
system is de-aired and the vacuum is removed. Before the saturation process
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is complete it is important that the tips are not removed from the water as the
void within the volume of the tensiometer system will draw in air. Which
consequently may result in difficulties, such as slow reaction time and
inaccurate readings, during operation of the tensiometers.

6. The ceramic tip and the PTFE tube absorb the water until eventually the
whole system is saturated. The degree of saturation is observed as the optical
properties of the tube are different depending on whether it contains air or
water.

This stage could take several hours/ days depending upon the

permeability of the porous ceramic, the tip size and length of PTFE tube.
From experience it is recommended that the tips are left for up to 48 hours in
order to gain full saturation.

It is necessary that the vacuum is applied for a sufficient time so that all the air
within the system is removed. If the tensiometer develops air bubbles inside then it
can be dried out and de-aired, again.

Drying out is achieved by placing the

tensiometers near or in gentle heat. An oven set at 50ºC is effective, whilst not be too
hot so as to harm the transducer or glued joints.

6.6.2.

Cyclical application of de-airing

Cyclical application of a vacuum was found not to be successful possibly due to the
long length of the tube involved. In some other tensiometers cyclical application of a
vacuum, pressurisation and heating and cooling have been found to result in an
increase in the tension which water will take and hence a reduction in the possibility
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of cavitation, e.g. Ridley & Burland (1996) and Tarantino et al (2000). Cyclical
application generally proves effective for tensiometers which are subjected to higher
suctions, such as 1500 kPa, rather than the tensiometers developed through this
research which will be subjected to a suction of up to 60 kPa, limited by the air entry
value of the ceramic high air entry tip.

6.6.3.

Integrity of the system

Whilst the deairing process takes place the locations from where the bubbles are
extracted should be observed. If no bubbles appear from the tip and the transducer
remains unsaturated when the vacuum is removed this suggests that the tensiometer
is not sealed around the transducer/PTFE tube interface. This is cured by resealing
the joint. If bubbles appear at the joint between the ceramic and the PTFE tube this
suggests the seal is not adequate and needs resealing. In a functional tensiometer the
air bubbles should only appear from within the ceramic.

6.6.4.

Response to deairing

Figure 6-8 shows readings from a tensiometer which is subjected to the de-airing
regime and the pressure response during saturation. The figure shows that when the
vacuum is removed from the tensiometer and the transducer is immediately plugged
into the data acquisition system. The graph shows that the suction gradually reduces
as water is taken up; until the point where the whole system is saturated and the
pressure reverts to atmospheric pressure. The initial reading of –70 kPa is increased
from the vacuum applied of almost –100 kPa, this is due to the slight time difference
between removal of the vacuum and connection to the data logging system.
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Time Response

The time response of a tensiometer is dependant upon several factors: the saturation
level and the length of exposed tip. From the deairing regime and the steps taken to
prove its efficiency it is safe to assume that the system is saturated and this will have
no inertial effect on time response.

Information from Soilwater Solutions, see

section 6.4.2, specifies that a 30mm tip will allow 1ml/min of water to flow through
at a pressure difference of 10kPa. Though the actual movement of water is very
small logic implies that the larger the tip the faster the time response. It is necessary
to make a compromise between tip size and time response. In the case of this
research programme it was decided that a small tip size, of 10mm, would be used, in
the expectation that events would be relatively slow. A typical tensiometers time
response curve is shown in Figure 6-9. It was also important that the tip be as small
as possible in order to minimise and effects of instrumentation installation within a
centrifuge model, see section 5.3.2.

6.7.

Guidelines for use of tensiometers

Due to the construction of the transducers there are several complications in their use
which must be considered. The primary consideration is mounting the tensiometer
tip and the transducer. In a typical miniature pore water pressure transducer, such as
a standard Druck, the exposed tip and the measurement of pressure on the exposed
tip take place in the same position, with the measurement being related back to
atmospheric air pressure through a coaxial type electrical connection cable. In the
tensiometers developed the tip and the measurement point are remote from each
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other. The relevant pressure is 'felt' at the tip, this pressure is transmitted back to the
measurement point through a considerable length of water.

For this pressure

measurement to be sensitive it is important for the system to be de-aired and for the
exact relative elevations of tip and transducer to be known. For example: If the tip is
above the transducer then an increased pressure head will be measured by the
transducer. If the tip is at exactly the same height as the transducer then only
pressure 'felt' on the tip will be measured, the effect of differences in height is shown
in Figure 6-10. The effects of these differences are magnified in centrifuge models.
One method is to mount the transducer at the most convenient level and then apply a
correction to the results. If this method is used it is complicated to apply the
corrections to the results obtained, particularly in order to analyse the results
immediately and easily as they are recorded. The preferred method is to mount the
transducers at the same height as the tensiometer tip in the model, this enables real
time decisions to be made upon the results obtained without further complex and
often confusing calculations being required.

6.7.1.

Relative tip movement during use

Errors, in pressure measurement, can occur if the tip moves in relation to the
transducer, these are exaggerated at high levels of acceleration. Examination of the
locations of the tensiometers tips was made after each test, as explained in section
5.9.3. Generally it was found that any movement which occurred was not easily
discernable due to its small magnitude. If relative tip/ transducer movement does
become a problem then it would be necessary to make a correction for it. The
method of correction may not be easy to apply as it may not be possible to ascertain
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when the tensiometers moved and thence from when to apply the correction. It may
be necessary to correlate corrections applied, due to movement, with displacement
measurements made throughout the test. This could easily become complex as
movement is likely to be different depending upon the height of the transducer in the
model. The application of corrections to the tensiometers readings is a balance
between precision of placement and location measurement and the precision of the
transducer itself.

6.8.

Future Development

This section sets out recommendations for the future development and improvement
of the tensiometers outlined in this chapter. Durability of the tensiometers developed
proved troublesome, the components themselves are of sufficient durability if
subjected to normal use. However the glued joints proved too flexible and as a result
it is recommended that a stronger adhesive and pre-treatment of the surfaces is used.
The epoxy resin type glue (Araldite) used is too brittle and degrades when exposed to
moisture over a long period, it is therefore recommended that a glue which is more
flexible and resistant to moisture damage is employed. A better bond could be
achieved by treatment of the PTFE tubing, with Tetra Etch (supplied by
Measurements Group) prior to gluing. The existence of the Tetra Etch compound
was discovered after the experimental programme had been completed.

It is

probable that the use of PVC tubing with similar material stiffness properties would
require less aggressive gluing and hence make the process of gluing easier with more
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reliable results. Fine grained grit blasting of tubing where surfaces are to be glued
may also enhance the bond strength.

6.9.

Summary

This chapter has outlined the use of tensiometers in soil suction measurement and the
constraints which apply in their use onboard a geotechnical centrifuge.

A

tensiometer has been developed which measures the range of suctions expected
during the experimental program. The method of construction and preparation for
use along with future developments and recommendations for improvements have
been covered. The following points summarise the discussions of this chapter:

•

There are currently no commercially available tensiometers suitable for use
within a centrifuge model.

•

The basic components of a tensiometer are: the ceramic tip, tubing and the
pressure transducer.

•

The construction process is tried and tested and results in a usable product,
with improvements suggested where necessary.

•

De-airing and thorough preparation of the tensiometers is important in order
to gain useful results.
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Response times obtained are of an appropriate magnitude, in terms the
expected experimental changes, with the ability to alter tip size to shorten
response time.
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Figure 6-1: Schematic drawing of the tensiometer
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Figure 6-2: Principle of high air entry ceramic, after Fredlund & Rahardjo (1993)
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Figure 6-3: Difference in size for commercially available tensiometers(top) and the
in house tensiometers(bottom)
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Figure 6-4: Detail of the tensiometer tip
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Figure 6-5: An assembled tensiometers – the length of tube between the transducer
and tip is variable according to use

Figure 6-6: The tensiometer tip, showing tubing, heatshrink and ceramic. 1cm
divisions shown above.
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Figure 6-7: The de-airing process
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Figure 6-8: Pressure increase as tensiometer saturates after removal of vacuum
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Figure 6-9: Tensiometer response time, from 0 to –10kPa and back again.
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Figure 6-10: Effect of head difference on tensiometers readings
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Component

Supplier

Manufacturer

Specification

Ceramic
Tip

Soilwater
Solutions Australia
Adtech
Polymer Eng
Ltd - UK
RS
Components UK
Adeptscientific
- UK
RS Components
RS
Components

Coors
Ceramics USA
Adtech
Polymer Eng
Ltd - UK
Honeywell –
now Pepperl
Engineering
Omega
Electronics

Air Entry
Value
~=-60kPa
0.8mm ID
1.6mm OD

Tubing
Pressure
Transducer
Plug
Adhesive
Heatshrink
Araldite
glue
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Est. Cost /
Tensiometer
Euro
3.2
3.2

+/- 15psi, can
be varied

36.81

To fit
transducer
Various sizes

5.6
0.62

Araldite

0.40
Total Cost

49.83 Euros

Table 6-1: Detailing the components and cost of the tensiometer

Pressure Range

0-15psi

Maximum overpressure

45psi

Excitation voltage

10V

Response Time

1msec

Weight

2g

Shock

tested to 150g

Repeatability & hysteresis

+/- 0.15% span

Table 6-2: Manufacturers data on the pressure transducers used
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7. DEVELOPMENT OF AN IMAGE ANALYSIS DEFORMATION
MEASUREMENT SYSTEM

To gain a greater amount of information from a centrifuge test image analysis can be
used to measure displacements and strains that occur within the model. LVDT's used
to measure surface displacements are only suitable for measurement at the surface of
the model and not for measurements deep within the soil matrix. In plane strain
centrifuge models, which simulate a cross section of the prototype situation,
displacements occur which are assumed to be uniform across the cross section of the
model. These displacements can be measured by monitoring the positions of small
markers embedded in the side of a model, e.g. Jones (1999), Taylor et al (1998)
amongst many others. It is assumed that as the soil deforms the markers deform with
it. The model, position of the markers and the relative position of the camera used to
monitor them is shown schematically in Figure 1-1.

This enables patterns of

displacements and strains to be determined by the analysis of the position of all the
markers at various stages during the test. This analysis is termed image analysis.
This chapter outlines in further detail the uses of image analysis, what images are
composed of, how the images are acquired during centrifuge flight, the hardware
used, the analytical techniques and limitations and possible improvements to the
system.
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7.1.

Application in Engineering

Automated image analysis originated from the discipline of photogrammetry.
Photogrammetrists recognised the potential for the process to become highly
automated and it is used extensively in the development of maps and other situations
where there is a large amount of information to be processed, e.g. Tait & Uren
(1996a & 1996b), Fraser (1993). Image analysis has been applied in geotechnics and
centrifuge modelling for several decades, e.g. Ethrog (1994), Taylor et al (1998),
Davies (1981) and it can be used to monitor triaxial tests and field scale models,
Allersma (1997).

Image analysis has a wide range of application and holds several advantages over
conventional methods of measurement: It is suitable where the measurement site is
remote; there are many frequent measurements or where direct contact measurement
could interfere with the process being monitored. It has also been used to measure
processes in which it would be hazardous for humans or equipment to be exposed to,
Chapman et al (1992). Indeed image analysis provides scope for analysis completely
beyond reasonable human effort. Zatelli (1998) used image analysis to track up to
60000 targets when examining the behaviour of granular fill. Computers hold the
advantage that they are not subject to deterioration of performance over long periods
of concentrated effort, as humans are. A human, whom may be subject to fatigue,
could cause an error by accidentally entering a figure 8 instead of a figure 9 and this
sort of error can be almost impossible to track without a complete re-examination of
the data.
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7.2.

Image Composition

Images are present everywhere in daily life. The Romans realised the concept of
image composition with mosaics, which are in effect pictures made up of many small
tiles of different colour, as demonstrated in Figure 7-2. Conversely digital and
computer monitor images are made up of thousands of small pixels each of which is
a different colour and contributes to the overall view of the image, with pixels in
effect analogous to the tiles in a mosaic. Figure 7-3 shows a small area of a digital
image which is split up into pixels. The light grey dot in the centre is made up of
four grey pixels and is clearly differentiable from the area around the outside which
consists of darker black pixels. Each pixel occupies a small area and has a colour
value attached to this area, both of which contribute to the overall appearance of an
image.

7.2.1.

Colour intensity

Colour is expressed as a number according to how intense it is: ranging from 0
(black) through the spectrum to 255 (white), for a 256 colour image. In Figure 7-3
the grey dot in the centre is made up of pixels which have a colour intensity value of
192, whereas the surrounding black pixels have a colour intensity value of 0. Figure
7-4 shows a colour bar with its associated intensities which shows that the colour
black has an intensity value of 0 and each of the red, green and blue components to
make up a white colour intensity are 255. This correlates with the pixellated image
shown in Figure 7-3 where the grey dot in the centre appears to be closer to white
than to black.
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7.2.2.

Image matrix

The data which an image contains can be stored in the form of a matrix of i rows by j
columns: This is called the intensity matrix. The number at each (i,j) location within
the matrix corresponds to a colour intensity of an image. Because a pixel occupies a
finite amount of area the coordinate of a pixel within the image corresponds directly
to an integer coordinate within the images intensity matrix. The concept of colour
intensity, pixel matrix location and corresponding image location is demonstrated in
Figure 7-5, where the grey dots with a colour intensity of 192 are easily discernable
from the background of colour intensity 0. If the top left pixel of the image in Figure
7-5 has the coordinate (1,1), the colour intensity at the coordinate (1,1) would
correspond to the first column of the first row of the corresponding image, at which a
colour value of 0 would be stored. Whereas considering the marker 3 down and 3
pixels right from the top left marker, this would correspond to (i,j) coordinate of (3,3)
in the intensity matrix and at this location the Figure 792 would be stored to
represent the colour.

7.2.3.

Application of image pixel theory

When an image is acquired the light intensities reflect into the camera. In the case of
a digital camera these intensities, or photons, are converted to an electrical signal and
can subsequently be transformed into a colour value. Soil in a centrifuge model can
be considered to have a nearly uniform colour, thus markers which were of a
sufficiently different colour would be discernable to a computer as they are to the
human eye. Then the positions of the markers and the sand can be determined by
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computational examination of the image for areas appropriate colour intensity. This
concept is demonstrated in Figure 7-6, where the colour of the soil is lighter than the
black analysis markers.

7.3.

The process of image analysis

The process of image analysis is demonstrated schematically in Figure 7-7. The
initial image is acquired and then subsequent images are acquired as necessary to
carry out the analyses. The total number of images for analysis is dependant upon
the type of test carried out and can vary from the minimum of just two, to many
more. After acquisition of images they are pre-processed then the markers are
extracted automatically by the analysis program. Comparison is then made between
images by tracking and matching the positions of the markers relative to control
points and further strain and displacement analysis is applied to these marker
positions to result in the required output. The next sections explain stage by stage the
process of image analysis and how the method is applied.

7.4.

Image acquisition

The process of image acquisition is the first stage of analysis, as referred to in Figure
7-7. The primary aim in image acquisition is to acquire high quality images which
will be suitable for analysis where the markers are viewable with sufficient contrast
to the surrounding soil model. The process of acquisition was derived through
experience and was not perfected until after the test programme had been completed
and a new method was developed, see section 1.14. The marker grid, camera,
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lighting, computer hardware and software, its optimum set-up and the method are all
considered part of the acquisition process and will be covered in this section.

7.4.1.

The marker grid

The marker grid should cover the section of the model which is to be photographed
and the markers should be large enough to be easily visible to a camera. The grid
should be regular with markers near the boundaries kept within the pattern of the
main grid, as far as possible as seen in Figure 7-6.

During this experimental

programme a 20mm square grid was used, which allowed some redundancy should
sight of individual markers be lost during the test. Because the movement of the
markers is not of a disrupted nature it is an approximate assumption that the
movement of a marker is similar in nature to the markers which are immediately
adjacent to it in the grid. Therefore if an individual marker is lost during a test a
good estimate of the movement which that marker will have undergone can be made
by considering the movements of the markers which surround it and this avoids gaps
in the strain and vector analysis plots obtained. The dimensions of the marker grid
are a compromise between the aspects of insertion, interference with the model and
generally the higher the grid density of the markers within the model information
about model behaviour can be gained.

An essential requirement of the analysis techniques applied is that the triangles are of
approximately equal dimensions and angles, James (1973). If triangles of widely
different sizes and angles are analysed then this could result in mathematical errors
in the strain data derived. Figure 7-8 shows the triangles which are and are not ideal
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for analysis, the ideal dimension allows the outline of a short right-angled triangle.
For clay models it is possible to print a grid on the side of the model, Allersma
(1991), though there is some doubt about the adequate interaction between the
movement of any grid and the soil model.

7.4.2.

The markers

The markers used in this test programme were 15mm long 8mm head diameter black
painted screws. Ethrog (1994) recommends that the markers have the same density
and frictional properties as the soil. The colour black, as used by others e.g. Stuit
(1995), was used because it offers a reasonable numerical colour intensity contrast
with the surrounding soil model, provided adequate and high quality light is used, see
section 1.6. The most durable black finish proves to be liquid enamel which is
hardened by heating in an oven. It was found that in using cross head screws sand
may collect in the cross head which creates a distorted impression of the markers
thence as a result of experience from these tests the screws should be finished so they
present a flat surface, where no particles of soil can gather. This effect was most
noticeable when a flooding event took place and is difficult to account for. Some
analyses as to the effect of this phenomena on the image analysis could be made by
considering the areas of the markers extracted before and after events which may
disrupt them. Though uniform collection of the soil in the screw head may not
greatly affect the centroid of the marker defined
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7.5.

The Camera

This section describes the camera used, its specification, how it was mounted, the use
of computers to control it and what areal coverage of the model it gives. Guidance is
also given to its function under acceleration, as experienced onboard the University
of Dundee centrifuge. The camera used is a Kodak DC260 digital camera and its
position relative to the centrifuge model is shown in Figure 7-1. The DC260 can
acquire colour images of up to 1200 by 1600 pixels which results in high quality
images well suited to analysis. The camera is mounted on a frame inside the shroud
at a stand off distance, from the model, of approximately 80cm which is designed to
deflect or twist minimally during flight. The camera at this stand off distance allows
an area of the model 50cm by 70cm to be captured and subjected to analysis.

Full control of the camera is achieved by connecting it to the onboard PC via a
Universal Serial Bus (USB) port, as explained in section 5.8.3. The 'live' connection
allows full remote control of the cameras focus, zoom, lighting and allows the
acquisition of pictures. This ensures that the images obtained can be monitored
during centrifuge flight and any necessary adjustments to the camera can be made.
For example if the camera becomes defocused, which can occur in conventional film
cameras, images can be examined and the camera refocused as necessary, without the
requirement to stop the centrifuge or physically touch the camera. This method of
control allows users to view images, generally, within 20 seconds of acquisition.
During the derivation of the current system, which does allows full control, various
attempts were made to control the camera through the electrical slip rings. However
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the USB type signal proved incompatible to this. The time taken via the serial link
proves impractical with the acquisition of images taking in excess of 5 minutes, for
an image of low resolution.

Images were successfully acquired up to an acceleration of 20g, there is no current
information which suggests a limit to the acceleration which the camera can be
subjected to therefore this is open to further investigation. However it was found that
the focus should be set to a distance of 10m, despite the actual stand off distance of
80cm, as the camera appears to defocus at increased acceleration. The defocus may
occur due to deflection of the camera lens, though this was supported to prevent such
deflections. Sharp focus is not essential but results in a sharper image for more
accurate analysis, provided the level of focus does not change between photographs.
However for aesthetic value it is helpful to have the images properly focussed. The
images acquired were examined to check for distortion effects under varied
accelerations. In order to do this distinctive points, e.g. model control points, were
selected from an image acquired when stationary, at an acceleration of 1g and the
positions of these same points were examined on a photograph taken at an
acceleration of 20g. It was found that any distortion which may have occurred was
so insignificant so as not to be discernable from the photographic resolution.

7.6.

Lighting

In order to gain high quality images for analysis it is essential to have well balanced
and appropriate lighting for the model. The light needs to be strong enough to ensure
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that the markers have sufficient contrast with the rest of the model to enable them to
be identified by computer in the subsequent analysis. The difficulty with images of
insufficient quality is that they may require the input of human adjustment to render
them suitable for computer analysis. The problem with strong lighting is that it
causes equally strong reflections on the Perspex side of the strong box, which serve
to obstruct the view of the markers and impede analysis. This section describes
further the unsuccessful methods of lighting tested and the final method used in the
experiments. The aim in lighting the model is to achieve photographs with the
greatest contrast, balanced light, minimal reflection and repeatability.

Unsuccessful trials were conducted where only the ambient light in the chamber was
used with the camera exposure increased to several seconds. Though light balance
was achieved and no reflections were caused the lack of strong light lead to a lack of
contrast between the markers and the sand. This lead to the conclusion that it is
necessary to have light of a sufficient strength and stand off to gain contrast in the
images without causing shadows. The use of lights or the camera flash resulted in an
unacceptable amount of reflection from the Perspex side of the strong box, hence
further trials were conducted using a polarising lens which was fitted to the camera
and tuned to its optimum position.

The polarising lens allows the camera to

penetrate most of the shine caused by the lighting. However the images which
resulted were not perfect, but much improved in comparison to low level light or full
intensity light alone. The shine is difficult to completely eliminate so the lights
should be positioned where the shine does not interrupt the view of the essential parts
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of the model. The strategic position of lighting is demonstrated in Figure 7-6 where
the light reflection is least obstructive and is achieved by repeated adjustment. After
this experimental programme was completed a new technique which alleviates all of
the problems with lighting was developed and enables analysis with no human input
to the process, this is detailed further in section 1.14.

7.7.

The software and acquisition process

The software used to control the DC260 camera is called "Picture Easy" and is
published by Kodak to support their digital cameras. This is used to control the
camera via the computer network as detailed in section 5.8.3. Once acquired the
image is immediately saved to the hard disk and if the images are suitable would be
available for immediate analysis.

Other image analysis laboratories have used

conventional film cameras, where a major disadvantage that these hold is that the
pictures are not available for immediate analysis because the film requires
development, e.g. Jones (1999), Chambon et al (1991).

Images are acquired

throughout tests generally before and after specific events which may cause changes
to the centrifuge model, e.g. see section.

Within this experimental programme

images were strategically acquired before and after water inundation or recharge
events, which provided images for analysis to determine the effect of the event on
displacements and strains within the model.
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7.8.

Image Enhancement

In order for the images acquired to be suitable for analysis some human input was
required to extract the markers from the images.

Currently this is not a fully

automated procedure, though recent developments now obviate the need for human
intervention, see section 1.14. This section outlines the techniques, of contrast
enhancement and thresholding, which were used in order to extract only the relevant
image analysis markers from the pictures.

Throughout the image enhancement

process Version 7 of the Paint Shop Pro software is used to enhance the images. The
first step is to lighten the sand matrix so it has a greater contrast with the black
markers. This is carried out by identifying the colour intensities of the markers and
surrounding sand and using routines built into the program to lighten the sand matrix
of the model, leaving the dark markers. An image with lightened 'sand' is shown in
Figure 7-9, the markers are clearly discernable from the surrounding sand.

The next step is to apply a threshold criterion to the entire image matrix. In this case
the objective is to create an image where all the markers remain black and the
surrounding sand is turned white. Figure 7-10 shows a image containing black dots
on the surrounding sand coloured background and the subsequent image after threshholding. A threshold criteria for this situation is that all of the black marker dots will
be converted to the highest possible black intensity value of 0 and the lighter sand
pixels are converted to the most intense white value of 1. This results in an image
with only two colours: Black and white. The image is then inverted so black
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becomes white and vice versa. An example of an image with thresholding applied
and inverted is shown in Figure 7-11.

The resulting image, from thresholding contains a lot of unwanted objects, i.e.:noise, visible in the form of small dots in Figure 7-11. This noise may be blemishes
on the Perspex side wall, dust or electronic noise within the camera capture system.
The noise on the image is generally discernable from the image analysis markers
because of the difference in size. The noise is removed by setting a lower limit of
area for objects within the image. If an image analysis marker has an average area of
100 pixels, any object with an area of less than 50 pixels may be designated as noise
and removed by the relevant routines within the Paint Shop Pro software. The
resultant noise free image suitable for analysis, is shown in Figure 7-12.

7.9.

Analysis techniques

This section explains the basic routines used and the principles of them. The process
is not necessarily a 'computer program' but a series of calculations which are most
easily handled by a program. Thus this is not an explanation of the program but the
methods and principles used. The MATLAB programming language published by
The Mathworks is used for all the image analysis.

It supplies a programming

language with many basic routines, this allows more complex routines and solutions
to be constructed and for them to be collated into an easily applied process.
Particular use was made of the Image Analysis toolbox and the facility to use
MATLAB through Microsoft Word. Marker extraction, the method of finding their
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centroid, application of control; triangulation and tracking & matching between a
series of images is explained in this section, which relate to the extraction and
location of markers in Figure 7-7.

7.9.1.

Extraction & Calculation

The processed image, from section 1.8, is read into MATLAB where it is stored as a
large m by n matrix, which in the case of this analysis is 1200 X 1068 pixels. At
each (m,n) location within the matrix a pixel intensity value is stored. In this case 1
or 0 depending whether the pixel is white or black, respectively. Within the region of
each marker there will be a cluster of white (1) pixels surrounded by black (0) pixels,
as demonstrated in Figure 7-10. There is a routine in MATLAB which will give each
pixel in these separate clusters of pixels the same number, so in turn each marker will
be assigned a number, as used by Sonka et al (1999) and is shown in Figure 7-13.
From this numbered image the location of the centroid of each marker can be
determined. The centroid of each marker is defined by the average x and y values of
all its constituent pixels. Referring to Figure 7-13 with the top left hand pixel
designated as the position (1,1). Considering the average x coordinate of object one
it is an average 3.5 pixels along, therefore the x centroid is at 3.5. The y coordinate
is determined in a similar fashion as being four pixels down from the top. Therefore
the centroid of object one is defined as being at ( 3.5, 4 ).

7.9.2.

Scale and control

Part of every image acquired is a set of control markers which are distinguishable
from the image analysis markers and can be identified as part of the analysis process.
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The positions of these markers relative to each other is pre-measured and this enables
a scale and control to be applied to the image captured. Scale is applied by counting
the number of pixels between the control markers and relating these to the known
distances apart. Thus a scale of number of pixels per mm can be applied. It is
assumed that the number of pixels per mm across the image is uniform in both
directions. With four control points there are 6 possible ways of connecting them, as
shown in Figure 7-14. A simple comparison was made between the number of pixels
between each marker on the image and the known distances which are pre-measured.
This was checked by making comparisons between the various control points all
relative to one another and no discernable difference was found. The control points
can also account for the movement of the camera relative to the model, which can
occur if accelerations change as the camera support frame is unlikely to be perfectly
stiff, and as a result false displacements which could arise.

7.9.3.

Triangulation

Strain is defined by changes in volume and area therefore it is necessary to form
triangles from the individual marker locations. As the markers move relative to one
another between images then strain takes place.

Each marker forms part of a

triangle, however where the marker falls outside the regular grid it is rendered less
useful as part of the strain analysis. This results in incomplete plots. For the marker
grid to be fully utilised each marker should be approximately the same distance
horizontally and vertically from the markers around it. As a result of that a tolerance
value is used within the calculation to define how irregular a grid can become before
being unacceptable. Triangulation algorithms, of varying complexity, have been
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presented e.g. Allersma (1999). The principle is basic. Figure 7-15 shows a set of
markers at an x and y spacing of 20mm. The first principal marker, A, for the
triangle concerned is coloured solid black, the two associated triangle markers, B &
C, are coloured grey. The location of the principal marker is compared with all the
others in the image. The two required markers satisfy two sets of simple criteria:

for the marker B in the same y plane

δy < T.d and δx > 0

for the marker, C, in the same x plane

δx < T.d and δy > 0

where δx is the difference in x coordinate, δy is the difference in the y coordinate, T
is the tolerance, which may be 0.5, and d is the average distance between all the
markers. For each set of criteria there will only be one other satisfactory marker in
the image. If there are no other markers then the program moves onto the next
possible triangle principal point. The triangulation routine results in a matrix of
coordinates which make up all the triangles within the image. The initial centroid
matrix is flipped and the triangulation repeated to ensure triangulation covers the
entire image.

Figure 7-16 shows a triangulated image constructed from the

markers in arch bridge analysis.
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7.9.4.

Tracking & Matching

To define changes in strain and displacement throughout the test a series of images
are captured. All of the images are reduced using the methods described in 1.8 and
1.9.1. Each point in the triangulation matrix, from the first image, is compared with
the subsequent centroid matrix for the number of images necessary. Figure 7-17
shows an individual marker at different time steps in different images, for each time
step that marker will be located and the position of the marker centroid is recorded
for analysis. Point by point is selected in the initial matrix and the closest location
matching point in the next image is found. This method assumes that there are no
large discontinuities between the images. A discontinuity could be where lines of
markers cross, between images making tracking difficult. The displacements of the
markers, between photographs, must be smaller than the grid spacing.

7.10.

Calculation of strain

Strain can be categorised as direct or shear strain.

Direct strain is given the

conventional symbol of ε and engineering shear strain is given the symbol γ. The
principle of engineering shear strain is demonstrated in Figure 7-18 which shows
direct strain and shear strain. States of strain in a plane containing two principal
strains may be represented by a Mohr-circle of strain, as shown in Figure 7-19, this is
analogous to a Mohr circle of stress. To obtain the circle on a Mohr circle of strain
the vertical ordinate is γ/2, where γ is the overall decrease in the angle between the
positive directions of the x and y axis, in Figure 7-18. In conventional soil analysis
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the direct strain is taken as positive if the material is compressed and the shear strain
is positive if the material rotates anticlockwise relative to the plane.

A triangle, of known coordinates, contains enough information from which to define
strain within the area bounded by it. If the positions of the three points which define
the triangle move relative to one another then strain has occurred.

The strain

calculation method used is that pioneered at Cambridge University in the 1970's –
James(1973). The relevant part of this paper has been included as Appendix D,
rather than repeat the theory here.

The principle is based on the triangulated

elements of soil and how they change position and volume as changes within the soil
take place.

It is possible to calculate and display displacement vectors, volumetric strain, strains
in the x and y directions and the maximum shear strain. These are all calculated for
the centre of each triangle and plotted as contours using MATLAB, further examples
of the strain diagrams plotted are given in section 1.12.

7.11.

Precision & Calibration

The precision of image analysis is dependent upon the quality of the hardware used.
In this case a Kodak DC260 camera with 1200 by 1600 pixels is used to capture an
area of 50 by 70cm. This implies that each pixel displays 0.4mm on the model. If
each marker is 20 pixels diameter then the location of the markers can be identified
to the nearest 0.02mm. Inaccuracy can result if the markers occupy only a small
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number of pixels in the image. If a marker was 2.51 pixels wide in the image then
because the camera can only operate in integers of pixels it will allocate 3 pixels to
show that marker in the image. This would introduce an error of 0.49/3, or 16.7%.
Whereas if a marker was 20.51 pixels wide the camera would use 22 pixels to show
that marker in the image, introducing a lower percentage error of 0.49/22, or 2.2%.
Thus it is demonstrable that the more pixels a marker occupies the greater the
accuracy that its location can be determined digitally.

With the new system of analysis it is essential that it is calibrated and the output is
assured to be accurate. The example in Appendix C is designed to show the strains
derived from a series of markers which have known positions and are easily
calculated by hand.

A simple calibration example is given in Appendix C,

demonstrating the use of the program to verify that no strain had taken place,
volumetric strain and shear strains all in the x and y directions. The calibration
exercise carried out confirms that the program has been executed properly with the
hand calculations matching the program output, which enables further use to be made
with a high degree confidence in the output.

7.12.

Application of image analysis

Two examples of the application of the image analysis method are detailed here.
Application of image analysis to slope stability models is given in Chapter 9, where
the results of the experiments from this programme are analysed.

In addition

photographs acquired by the masonry arch bridge testing unit at the University of
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Wales (Cardiff), are included and analysed, to show the method applied where
movements were induced throughout the model due to a loading event.

Centrifuge modelling is an ideal technique for testing masonry arch bridges. Each
test yields a large amount of displacement data at depth which is useful to quantify
strains for improving design. The example here shows two consecutive pictures
taken at the University of Wales, Cardiff during their experimental program, see
Figure 7-21 and Figure 7-22 During the test the bridges are loaded by a ram just to
the left of centre at the surface. It is clear that the bridge and markers deformed
under this load.

Both images are reduced and analysed in a similar manner to the slope stability
pictures in paragraph 1.12. The resulting Figure 7-25 shows the reduced marker
positions before and after loading. The deformation pattern is clear, this pattern of
movement is thought to be typical of deformed masonry arch bridges. From these
positions the relevant strains are calculated. Figure 7-26 shows the strain in the X
direction with a maximum strain of 4% compression and 10% dilation. Figure 7-23
shows strain in the Y direction with a maximum of 3% compression and 7% dilation.
Figure 7-28 shows the volumetric strain showing a maximum of 3% compression
and 9% dilation. Each of the strain contoured images shows a concentration of strain
around the point of loading. The original pre-load un-deformed markers are shown
for easy reference.
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7.13.

Limitations & Improvements

The image analysis system is open to a number of improvements, these are detailed
in this section. It is estimated that currently an analysis can be made in under 20
minutes with the software and hardware easily accessible and set-up. This is of
limited use during a test period: However the acquisition of higher quality images
with automated control, could reduce analysis time to less than 5 minutes between
the initial and successive acquisition. It is for the reader to contemplate how long the
analysis would take if completed by a human. There is scope for a system which
constantly acquires images but only retains and analyses those images which display
significant displacements. LVDT's could be used to control the acquisition via HP
VEE, something which the Kodak software will allow. If a displacement of a set
limit, say 0.1mm in a time period, is recorded by an LVDT the camera could be
triggered to acquire an image and analyse it.

If events are expected occur too quickly for the DC260 digital camera to acquire
images then the image analysis method could equally be applied to frames grabbed
from a video camera. Post test analysis of video allows more time for a computer to
analyse the images. A possible down-side is that most miniature video cameras
distort the images significantly due to their small lenses. Techniques have been
developed to use several video cameras to view a model, Taylor et al (1998) and
collate the images after the test. The advantage of a video signal is that it can be
viewed immediately and suffers minimal interference when passed down cables up to
50m Allersma (1995). It is known that video cameras will survive and operate under
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very high accelerations, Allersma (1991).

Conventional still film cameras are

capable of operating up to 80g, Charrier et al (1995). Video analysis has a definite
scope for use where the capabilities of conventional cameras are exceeded.

7.14.

Luminous markers

Lighting on centrifuge models has been a persistent problem for many years since the
use of image analysis within centrifuge modelling. As outlined in section 1.6 the
ideal lighting will allow the greatest possible contrast between the image analysis
markers and the surrounding soil, with the minimum of reflections which cause
interruption in the image viewed by the camera. It can be concluded from this
experimental program and the image analysis techniques applied that this is an ideal
which is difficult to reach, with the images requiring human input before they can be
analysed. This section outlines a new technique developed after completion of the
experimental programme within this thesis and the preliminary experiments
undertaken to verify the technique.

The difficulty with the black coloured markers used within these experiments and
extensively elsewhere, e.g. Stuit (1995), Taylor et al (1998), Davies & Jones (1998),
is that the markers do not hold sufficient contrast with the soil background and other
interruptions for them to be extracted by computer automatically. Figure 7-6 shows a
model where the lower part of the soil is saturated and the higher part, which is
lighter in colour is partially saturated. If water inundation was carried out on this
model the sand matrix which surrounds the higher markers will change in colour and
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this may affect results. This combined with a lack of contrast already between the
marker and the sand presents difficulty to the computer. The conventional black
coloured marker has a colour intensity difference of 83 (out of a possible 255)
between the marker and the sand background. This also reduces when the sand
background is darkened during water inundation. Figure 7-12 shows an image with
thresholding applied it can be seen there are still many objects in the image which are
not relevant to the analysis and must be removed.

It would be advantageous to increase the difference in colour intensity between the
markers and the soil background and also to eliminate anything else which is not
required for the analysis and may indeed impede it. The technique developed to do
this has been the development of luminous markers, i.e.

markers which glow

brightly in the dark. An example of a marker grid in soil developed with the
luminous markers is shown in Figure 7-30, this is the photograph as acquired by the
camera without any human intervention. It is seen that all the markers are clearly
visible and nothing else, e.g. reflection, instrumentation or soil is visible. Also of
note with the luminous markers is the colour of the background soil matrix remains
completely constant throughout the test, regardless of whether water inundation takes
place. The luminous markers give a colour intensity difference of 160 between the
markers and the background soil, where the background soil has a colour intensity of
approximately zero. The difference is only 160 because the luminous compound
used glows green in the dark, there are other compounds which would glow white
and could bring the intensity difference up to a maximum of 255.
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The markers are the same size screws as used in 1.4.2 with a Strontium pigment
(supplied by Luminoustech.com, Glasgow, UK), which glows green under darkness.
The pigment is supplied as a powder which is then mixed with standard wood
varnish and applied to the screw heads and results in a water resistant durable finish.
The aim when photographing the markers is that they glow as brightly as possible
this requires that they are subjected to strong light for as long as possible. It was
advised from the suppliers that if subjected to a flood light with a power of 500W
then the pigment would take approximately 4 seconds to become fully charged. The
light decay curve for the pigment is shown in Figure 7-32 and it is seen that the light
intensity drop off is approximately exponential with the strongest light output
obtained immediately after exposure to the flood lights is cut off. This dictates that
the optimum time for acquisition of images is immediately after the lights are
switched off. The technique used was to leave the lighting permanently switched on
unless an image was being acquired, this allows visual monitoring of the model to
take place as is normal and necessary.

The validity of the method is proved by Figure 7-33 which shows the markers
extracted by MATLAB with no human input. It clearly shows the markers with no
other noise or background variance which is the primary aim in image analysis,
which is not achieved using the conventional markers as shown in Figure 7-10. This
method has large scope for future use in achieving higher standards of image
analysis.
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7.15.

Summary

Outlined in the preceding chapter was the method of image analysis when applied to
monitor displacements in centrifuge modelling. The process from basic image theory
through the calculation of strains was developed. Outlined below are the main
points.

•

Image analysis uses the contrast between markers which move with the
model and the soil to be monitored by computer.

•

A precision of 0.42mm per pixel was achieved, which scales with the factor
N.

•

The development of the lighting method through to the new development of
luminous markers used to gain the best possible images.

•

The camera performs well up to accelerations of 20g.

•

Developments were outlined, including: full automation, self-activation,
video analysis and luminous markers.

•

Application of the method to problems in arch bridge analysis and slope
stability analysis was outlined.
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Strong Box
Containing Model

Support Frame

Camera View

Figure 7-1 Schematic view of the side of a strong box and camera support frame

Figure 7-2 Roman mosaic, as found in Sussex, England
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Figure 7-3: Example of different coloured pixels demonstrating the composition of
shapes

Figure 7-4: Colour cube showing the composition of colour(reproduced from
MATLAB documentation)
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Figure 7-5: Unprocessed image showing intensity values

Figure 7-6: Model pre water inundation
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Acquire Image

Pre-process Image

Extract and locate
markers

Track and match between
subsequent images

Develop triangulation grid

Apply strain and
displacement analyses

Plot required output

Figure 7-7: The image analysis routine from start to finish

Triangulated
Region

Ideally aligned markers

Relative marker positions
which may result in errors

Figure 7-8: Ideal marker positions and marker positions which may result in error
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Figure 7-9: Image with sand background lightened

Figure 7-10: Image with thresholding applied showing white dots on a black
background
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Figure 7-11: Inverse image with thresholding applied. Noise is clearly visible

Figure 7-12: Figure 7-6 processed with thresholding applied
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Figure 7-13: Image with thresholding applied and the objects labelled
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Figure 7-14: The six possible connections of four control markers
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Figure 7-15: Triangle reduction, 1st marker – solid black, other two markers -grey

Figure 7-16: The triangulated marker grid. Some markers are too irregular to triangulate
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time step t+3

time step t+2

time step t+1

time step t
Figure 7-17: The position of markers at time intervals
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Figure 7-18: The principle of direct strain and engineering shear strain
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Figure 7-19: Mohr Circle of strain
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Figure 7-20: Error when number of pixels is small
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Figure 7-21: A masonry arch bridge pre failure

Figure 7-22: A failed masonry arch bridge
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Figure 7-23: Model at experimental stage 5.

Figure 7-24: Figure 7-23 processed with thresholding applied

Figure 7-25 The marker positions before and after loading
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Figure 7-26 DeX strain in a masonry arch bridge failure
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Figure 7-27 Shear strain in a masonry arch bridge failure
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Figure 7-28 Volumetric strain in a masonry arch bridge at maximum load applied
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Figure 7-29 Close up of luminous marker, background colour constant

Figure 7-30 Luminous marker grid
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Figure 7-31 Showing the problem of light imbalance and markers lost with
thresholding directly applied to Figure 7-6
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Figure 7-32 Light decay curve of Strontium pigment, manufacturer supplied data
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Figure 7-33 is Figure 7-30 with thresholding applied and specifically no human
intervention
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8. CENTRIFUGE EXPERIMENTS AND RESULTS

This chapter presents the results obtained from the centrifuge test programme carried
out to investigate the long term serviceability of soil nailed slopes and cuttings. The
raw data is processed and summarised, where appropriate. Outlined is the system of
test referencing, the test development and the various programme stages.

The

experimental programme consisted of 2 phase: initial proof testing including unreinforced slope tests and reinforced slopes. The reinforced slopes investigated the
effect of slope angle, reinforcement spacing and effective stress changes.

The

effective stress changes within the models were carried out by the recharge of
groundwater and inundation of water from the top of the model, as outlined in
Chapter 5.

The changes in nail loads, displacements and pore pressures were

monitored throughout.

8.1.

Test referencing

Table 8-1 shows the system which is used to reference the various experiments
throughout this and subsequent chapters. An example test could be: NT–60–FI .
This denotes a nailed test with a 60 degree slope where water is introduced from the
end and inundated from the top. All tests were conducted at an acceleration of 20g
with a nail inclination of 15 degrees. The long term serviceability experiments were
conducted by changing the drainage boundary conditions of the centrifuge models, as
outlined in section 5.6. The experimental stages are depicted graphically in Figure
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8-1 which shows various drainage boundary conditions. Figure 8-1(a) shows the
initial model state when the test acceleration, of 20g, had been reached where water
drains out to the level of the lowest drain, thus most of the slope is partially
saturated, throughout this is denoted as 'stage 1' of an experiment. Figure 8-1(b)
shows groundwater recharge from the end of the slope, which is allowed to flow
through the model out of the opposite end, this situation is referred to as both 'stages
2 and 4.' Figure 8-1(c) shows combined ground water recharge and inundation from
the top surface, which is referred to as stage 5 of an experiment. Table 8-1 also
includes the designated test stages carried out within each experiment together with
the nail configuration within each test. The nail elevation is normalised to the slope
height. If, as in these experiments, the slope height is 6m and the nail head is at an
elevation of 3m above the foot of the slope the relevant nail elevation ratio would be
3/6, or 0.5. All the nail elevations, forthwith, are referred to in the context of
elevation ratio and is demonstrated in the figure at the bottom of Table 8-1.

8.2.

Acquisition of raw data

Each transducer was calibrated and the relationship between its voltage output and
engineering units was determined. An appropriate level of amplification gain was
applied so that optimal resolution of the data could be obtained. Throughout the tests
the data was downloaded to an on-board PC and stored in a series of text files, as
explained in section 5.8.3. The data logger enabled almost continuous monitoring,
however an interval of 10 seconds was used between each sample to keep the data
files down to manageable sizes. This data can be processed and viewed 'real time', as
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well as analysed after testing. Post test analysis was carried out using an excel
spreadsheet combined with MATLAB for the image analysis.

When the data was analysed the LVDT's and soil nail loads were zeroed so that the
displacement or load measured was relative to the initial reading. Typical output for
the soil nails is shown in Figure 8-2 which shows axial force output against time for
the 6 opposite pairs of strain gauges along the nail with the layout as shown in Figure
5-10. AxF1 denotes the axial force derived from the opposite pair of strain gauges
labelled 1, i.e. closest to the head of the nail, increasing through to AxF6 at the end
of the model nail. After the cycling at the start of the test when the centrifuge had
reached the test acceleration the model was held at this level until the instrumentation
indicated that the model was in a steady state, i.e. there were no displacements
occurring, the tensiometers and pore pressure transducers were steady and the nail
loads were constant. The ensured that changes due to groundwater changes were
easily discernable in Figure 8-2, where groundwater recharge was switched on at
approximately 2 hours twenty minutes into the test. It is seen that the axial loads,
along the nail, exhibit a sharp change at this time, indicated by the vertical line
labelled stage 2. Similar changes are observed in Figure 8-3 which shows the
bending moment induced in the nail throughout the experiment. The time which the
introduction of water takes to have an effect on the slopes is dependant upon the soil
properties, in the case of these experiments a sandy soil was used so the effects were
relatively quick, when compared to the time which it might take in a clayey soil,
which could be much longer due to differences in permeability. Typical LVDT output
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is shown, in Figure 8-4, which demonstrates the effect of cycling, acceleration g at
the start of the test, where the recovery becomes smaller until it becomes an
acceptable minimum, as discussed in section 5.9.2.

8.3.

Calculation of nail forces

The data collected from the strain gauged nails was used to calculate the axial loads
and bending moments induced in these nails throughout the tests. The forces and
moments at each point along the nails are then be plotted to give a profile of loads
developed through the nails.

The calculation of the axial forces and bending

moments induced in the nails is based upon the assumption that the material of the
soil nails themselves does not yield. The material was selected specifically so that it
would not yield within the expected forces during the tests, as explained in 5.4. The
axial strain developed either through purely axial tensile, or compressive loading, is
constant through the section of the nail. Axial strain, by definition, is the average
strain in the axis of the rod. If readings are taken from an opposite pair of strain
gauges, the average of the top and bottom gauge readings will give the axial strain,
εa:

εa =

ε1 + ε 2

Equation 8-1

2

where ε1 is the strain developed on the top surface of the nail and ε2 is the axial strain
developed on the bottom surface of the nail. The bending strain εb is derived by
taking the difference between the top and bottom strains, using the bending moment

Chapter 8: Centrifuge Experiments and Results

230

convention where: hogging is a positive bending strain and sagging is a negative
bending strain:

εb =

ε1 − ε 2

Equation 8-2

2

As the centrifuge scaling laws, see section 5.1.1, state that stress and strain are scaled
at 1:1 the axial force T induced within the nail can be derived from:

T = Eε a A

Equation 8-3

where E is the elastic modulus for the model nail material and A is the cross sectional
areas of the prototype. The bending moment can be derived from bending theory,
which assumes the radius of curvature is small:

M=

ε b EI

Equation 8-4

y

where I is the second moment of area of the prototype and y is the prototype distance
from the neutral axis to the outermost strained distance of the rod. The second
moment of area is calculated from:

I=

πD 4

Equation 8-5

64

where D is the prototype diameter. This gives the following equation for calculation
of bending moments.
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Equation 8-6

32

These conversion calculations were applied in the analysis spreadsheets to allow
calculation and subsequent analysis of the nail loads and nail load profile.

8.3.1.

Presentation of Results

The results presented in this chapter are summarised, for relevant points throughout
the test.

These points are generally before and after specific events including

changes in drainage boundary conditions and changes in centrifuge acceleration. In
the nails the peak loads generated after the test are summarised, these are plotted
against the distance along the nail from the facing. The tensiometer results are
presented in the Chapter 9 in the form of groundwater pressure contour diagrams
along with the displacements and strains derived from the image analysis of model
pictures obtained throughout the experiments.

8.4.

Proof testing

The centrifuge was supplied calibrated and ready to run, therefore it required no
proof testing. In order to verify the data acquisition system it was proof tested and
ensured that the correct channels were logging the correct instrumentation plugged
into the system. Each piece of equipment was calibrated to ensure that it was in
correct working order before the test programme began and checked throughout the
testing. Prior to using the instrumented nails in a model the un-instrumented nails
were used. This was to ensure predictions of slope stability were correct therefore
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slope failure resulting in damage to nails and other instrumentation would not occur.
In this test, PT-01-70N the model was accelerated to 20g and the displacements were
monitored. Since failure did not take place, as a further check the model was then
accelerated further to 30g. Once again failure was not observed indicating that the
model slope had a sufficient factor of safety and therefore it was safe to use the
instrumented nails. The nail spacing was 1.5m and it was found that no significant
displacements occurred and stability was maintained. There was evidence of bulging
in the facing around the nails and a small amount of leakage of sand at the nail/head
interface, which was corrected by re-cutting the geotextile with the smallest possible
hole for the nail to pass through. Test PT-02-70N was conducted with partially
saturated sand, with no control over the drainage boundary conditions, i.e. the end
drains were left open. The box was found to be watertight, provided the seals are
well maintained.

8.4.1.

Model drainage boundary conditions

In order to change the effective stresses within the soil water was both introduced at
the end of the slope to simulate groundwater recharge and inundated from the top to
simulate rainfall, as shown in Figure 8-1. The prediction of the flow nets in Chapter
5 proved to be accurate, without excessive build up of water in the model which
would indicate that the upstream water level was set too high. The system proved
easy to control and the effect of changing the flow of water was discernable, almost
immediately, using the pore pressure transducers and tensiometers. The reservoir
head settings, shown in Figure 5-15, at either end of the slope proved effective in
maintaining the water levels, where tubes were fitted at the overflow points in order
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to maximise any 'siphon,' effect should the required water head level be exceeded,
drawing away excess water more quickly.

8.4.2.

Un-reinforced tests

Un-reinforced tests were conducted to investigate the stability of slopes, constructed
from initially partially saturated sand, in a long term serviceability scenario. Slope
tests at various angles were conducted and subjected to effective stress decreases, via
groundwater recharge at experimental stage 2. They were monitored using LVDT's,
pore pressure transducers and tensiometers. Image analysis was used to monitor the
displacements at depth within the slopes. Following in this section is an explanation
of the various tests carried out. Test U-04-50F was conducted as an un-reinforced
slope of angle 50 degrees to demonstrate failure due to the application of long term
conditions. The natural angle of friction of the sand used in these experiments was
41 degrees. Stability in the 50 degree slope was maintained upon reaching the test
acceleration level of 20g. When water was introduced, to raise the phreatic surface
and simulate long term conditions ultimate failure of the slope occurred. With the
soil reverting close to its natural angle of friction. It was demonstrated that the
introduction of water and hence long term serviceability conditions resulted in
collapse of the slope. The displacements achieved were off the scale of the LVDT's,
exceeding 0.5m prototype or 8% of the slope height.

Test U–05-60F was conducted as an un-reinforced 60 degree slope angle and brought
to failure by groundwater recharge. The results were similar to the 50 degree slope
angle test above, where upon raising of the groundwater table the slope suffered an
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ultimate failure reverting to an angle close to the angle of friction. Again the
displacements were in excess of the LVDT scales and the image analysis allowed
little more than a cursory plot of slope profiles, see Figure 9-1 in the analysis chapter.
Test U-03-70F was conducted as an un-reinforced 70 degree slope angle and was
intended to be failure by groundwater recharge. Collapse occurred during spin up, at
around 6g. At 6g this equates to a slope height of 1.8m prototype. To summarise
from the un-reinforced tests it was proved conclusively that un-reinforced slopes
collapse in the long term.

During the un-reinforced tests it was of concern that the sand dries out which can
itself lead to long term serviceability problems, leading to cracking. Cracking of the
slopes was observed with a video camera throughout the experiments and limited the
amount of time which was available to allow the instrumentation to reach a steady
state. The evaporation of water from the soil follows a scaling law based on N2, i.e.
the time taken to evaporate the same volume of water between prototype to model is
1/T2. Some form of moisture retention could be applied to the surfaces of the slopes,
without reinforcing the soil itself. It possible that if the ground moisture events
experienced in the prototype situation where subtle water replacement/ evaporation
takes place, causing matric suction, that the slopes could stand up indefinitely. This
subtle moisture influx would be difficult to simulate onboard a centrifuge and the
objective of the tests was to prove the destabilising effect of the introduction of
water.
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Nailed slope tests

The nailed tests were conducted using the instrumented nails at slope angles of 50,
60 and 70 degrees. A further test was conducted at 70 degrees with a reduced
reinforcement density. Reinforcement density is calculated as the ratio of number of
nails per square metre of slope face. The instrumented nails were able to measure
axial strain and bending strains induced, which gave an indication of how much of
the soil nailed capacity was being utilised.

8.5.1.

50 degree nailed slope

Test NT-10-50FI was conducted as a first test involving water inundation. The loads
developed, in the nails, were generally small with an increase of 100% from 6.9kN to
a maximum of 13.8kN after inundation at experimental stage 5. The change in
bending after stage 5 was similar at around 100% of the initial acceleration at
experimental stage 1. Only one test was conducted at 50 degrees because the loads
were generally insignificant, in relation to the capacity of the nails therefore only
results for 3 out of the 4 rows of nails are shown in Figures 8-12 to 8-14. The 50
degree slope tests gave a peak axial load of approximately 13.28kN at experimental
stage 5, with the peak loads being recorded at 3m from the facing.

8.5.2.

60 degree nailed slopes

Tests NT-12-60FI and NT-13-60FI were 60 degree slope nail reinforced tests. They
involved ground water recharge and water inundation. The axial loads induced
during the 60 degree tests are more significant than those in the 50 degree tests and
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are summarised in Figures 8-16 to 8-18. A peak load of 24.2kN, at stage 5 was
reached at a distance of 2.5m from the nail facing, in the lowest nail elevation of
0.125. This is an increase of 40% on the nail loads with the contribution of the
stabilising effect of unsaturated matric suction. The nail force decreases to around
10.4kN at stage 1 and 17.3kN at stage 5, again at a distance of 2.5m from the face in
the top nails. The nail axial forces developed were small in relation to the pullout
capacity and axial strength of the nails. A peak bending moment of 0.1kNm was
developed in the bottom nail, dropping to around 0.05kNm, well within the nail
capacity of 12.1kNm, for the middle and top nails shown in Figures 8-19 to 8-21.
The peak bending developed near to the face, which is the expected behaviour. An
increase of around 20-25% was experienced from stage1 to stage 5.

8.5.3.

70 degree nailed slope

Tests NT-09-70F and NT-14-70FI were conducted to give a complete set of results
for a 70 degree slope angle, with the same reinforcement density as the 50 and 60
degree slopes explained above. A maximum axial force of 20.7kN was measured in
the lowest nail after water inundation, as shown in Figure 8-29. The nail load
dropped to around 17.3kN in the top nails. There was also a significant drop off of
axial load as the nails took up bending moments, demonstrated by correlation
between Figures 8-28 to 8-31. At a nail elevation 0.375 in NT-14-70FI, Figure 8-28
demonstrates a drop off from 12.1kN to –3.4kN and a redistribution of forces along
the nail during water inundation. Bending moments induced are typically 1kNm post
stage 5 in the bottom nails. This represents a 100% increase from pre water moments
of 0.5kNm. Moments measured in the nails at the top of the slope varied from 0.2 to

Chapter 8: Centrifuge Experiments and Results

237

0.6kNm, showing a 300% increase. The increases in bending moments for the 70
degree slope were a lot more marked than for the shallower slope angles. The drop
off in axial load is possibly due to the dilation of the soil around the nail and the
subsequent drop off in shear strength. The tests were conducted using densely
packed sand, which will exhibit a peak shear strength where dilation occurs. The
distance of axial load drop off is recorded up to 2.5m from the head of the nail,
comparison between this distance and the plot of volumetric strain in Figure 9-21
shows that dilation of the sand occurs up to a distance of 2.5m from the slope facing.
This correlates with the theory, Bridle & Davies (1997), that as the nail approaches
pullout the nail begins to provide more stability in bending.

8.5.4.

70 degree slope, reduced reinforcement density

Test NT-15-70FI was conducted in order to investigate the effect on nail forces and
slope displacements by changing the nail spacing from 1.5m to 2m both horizontally
and vertically. This results in 40% less reinforcement in the slope, than in the other
tests. Therefore with the same height and slope angle the loads induced in the nails
should be significantly greater. Figure 8-34 shows that a peak axial load of 38.0kN
developed at the lowest nail elevation, dropping to around 22.5kN in the top nail,
shown in Figure 8-36. The effect of water inundation at stage 5 increased the peak
load to 38.0kN from 25.9kN, see Figure 8-34, which represents an increase of 35%,
from experimental stage 1. As expected these axial loads are greater than the slope
with a higher reinforcement density. The peak bending moment increased from
1kNm at stage 1 through to 2.3kNm at stage 5, giving an increase of 230%, see in
Figure 8-37.

The bending dropped to around 0.83kNm in the top nail, in Figure
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8-39. The peak bending load is more significant at 20% of the bending capacity, at
12.1kNm.

8.6.

Summary

The tests conducted have been outlined above, further analysis is applied to the
results in chapter 9 where comparisons are made between the slope angles and
reinforcement densities. The following points summarise the initial findings of the
experiments:

•

Un-reinforced slopes collapsed with very large displacements when subjected
to ground water recharge and a subsequent reduction in effective stress.

•

The presence of soil nails in the slopes provided sufficient stability to prevent
ultimate failure when the same slope angles, as the un-reinforced tests, were
subjected to the same water inundation conditions.

•

The greater the slope angle the higher the axial loads and bending moments
were induced in the nails.

•

A reduced reinforcement density lead to proportionally higher displacements
and nail loads being induced than a slope with the same angle, were subjected
to water inundation.
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The nail loads and slope displacements generally reacted immediately to
water inundation, with a sandy soil.
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Model Property
Test Type
Test Number
Slope Angle
Water

Reference Code
PT
U
NT
50-70
N
F
I
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Notes
Proof Test
Unsupported Slope
Nailed Test
Number in series
Number in degrees
No water
Flow Net
Inundation

Table 8-1 Centrifuge test referencing system
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Test No

Slope
Nail
Angle Spacing
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Normalised
instrumented nail
elevation level

Experimental Stages
conducted

Image
Analysis

degrees metres
70

2.0

0.16

0.5

NT-14-70FI

70

1.5

0.125 0.375 0.625

NT-13-60FI

60

1.5

NT-12-60FI

60

1.5

NT-10-50FI

50

NT-11-50FI

0.83

1

2

3

4

5

X

1

2

3

4

5

X

0.375 0.625 0.875 1

2

3

4

5

X

1

2

3

4

5

1.5

0.375 0.625 0.875 1

2

3

2

3

50

1.5

0.375 0.625 0.875 1

3

4

5

NT-09-70F

70

1.5

0.125 0.375 0.625

1

3

4

NT-08-70F

70

1.5

0.125 0.375 0.625

1

3

4

NT-07-70F

70

1.5

1

2

3

4

NT-06-70F

70

1.5

1

2

3

4

U-05-60F

60

-

-

-

-

-

1

2

U-04-50F

50

-

-

-

-

-

1

2

U-03-70F

70

-

-

-

-

1

2

PT-02-70N

70

1.5

-

-

-

-

-

-

-

PT-01-70N

70

1.5

-

-

-

-

-

-

-

0.125 0.375 0.625

Nail elevation h

-

2

Normalised nail elevation = h/H

Slope height H = 6.0m for all experiments.
Table 8-2 Centrifuge test programme

Slope height H

NT-15-70FI

2

3

X
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a).Stage 1 and Stage 3 Free
draining at lowest reservoir level

b).Stage 2 and Stage 4
Groundwater recharge

c).Stage 5 Groundwater recharge
and surface inundation

Figure 8-1: Centrifuge model water drainage boundary conditions
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Figure 8-2: Typical axial force output. Note the cycling of g at start
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Figure 8-3: Typical bending moment output
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Figure 8-4: Typical LVDT output
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Figure 8-6: NT-09-70F Summary of Axial Forces at nail elevation ratio 0.375
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Figure 8-7 : NT-09-70F Summary of axial forces at nail elevation ratio 0.625
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Figure 8-8: NT-09-70F Summary of axial forces at nail elevation ratio 0.875
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Figure 8-9: NT-09-70F Summary of bending moments at nail elevation ratio 0.375
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Figure 8-10: NT-09-70F Summary of bending moments at nail elevation ratio 0.625
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Figure 8-11: NT-09-70F Summary of bending moments at nail elevation ratio 0.875
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Figure 8-12: NT-10-50F Summary of Axial forces at nail elevation ratio 0.375
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Figure 8-13: NT-10-50F Summary of axial forces at nail elevation ratio 0.625
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Figure 8-14: NT-10-50F Summary of bending moments at nail elevation ratio 0.375
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Figure 8-15: NT-10-50F summary of bending moments at nail elevation ratio 0.625

Chapter 8: Centrifuge Experiments and Results

250

Stage1

25

Stage2
Stage3
Stage4

Axial Force, kN

20

Stage5

15

10

5

0
0

1

2
3
4
Distance from Facing,m

5

6

Axial Force, kN

Figure 8-16: NT-12-60FI Summary of axial forces at nail elevation ratio 0.375
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Figure 8-17: NT-12-60FI Summary of Axial forces at nail elevation ratio 0.625
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Figure 8-18: NT-12-60FI Summary of axial forces at nail elevation ratio 0.875
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Figure 8-19: NT-12-60FI Summary of bending moments at nail elevation ratio 0.375
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Figure 8-20: NT-12-60FI Summary of bending moments at nail elevation ratio 0.625
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Figure 8-21 : NT-12-60FI Summary of bending moments at nail elevation ratio 0.875
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Figure 8-22: NT-13-60FI Summary of axial forces at nail elevation ratio 0.125
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Figure 8-23: NT-13-60FI Summary of axial forces at nail elevation ratio 0.375
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Figure 8-24: NT-13-60FI Summary of axial forces at nail elevation ratio 0.625
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Figure 8-25: NT-13-60FI Summary of bending moments at nail elevation ratio 0.125
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Figure 8-26: NT-13-60FI Summary of bending moments at nail elevation ratio 0.375
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Figure 8-27: NT-13-60FI Summary of bending moments at nail elevation ratio 0.625
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Figure 8-28: NT-14-70FI Summary of axial forces at nail elevation ratio 0.375
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Figure 8-29: NT-14-70FI Summary of axial forces at nail elevation ratio 0.625
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Figure 8-30: NT-14-70FI Summary of axial forces at nail elevation ratio 0.875
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Figure 8-31: NT-14-70FI Summary of bending moments at nail elevation ratio 0.375
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Figure 8-32: NT-14-70FI Summary of bending moments 0.625
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Figure 8-33: NT-14-70FI Summary of bending moments at nail elevation ratio 0.875
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Figure 8-34: NT-15-70FI Summary of axial forces at nail elevation ratio 0.167
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Figure 8-35: NT-15-70FI Summary of axial forces at nail elevation ratio 0.5
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Figure 8-36: NT-15-70FI Summary of axial forces at nail elevation ratio 0.833
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Figure 8-37: NT-15-70FI Summary of bending moments at nail elevation ratio 0.167
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Figure 8-38: NT-15-70FI Summary of bending moments at nail elevation ratio 0.5
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Figure 8-39: NT-15-70FI Summary of bending moments at nail elevation ratio 0.833
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9. ANALYSIS AND DISCUSSION OF CENTRIFUGE
EXPERIMENTS

This chapter appraises the results of the centrifuge experiments presented in chapter
8.

Analyses and discussion are carried out to investigate the collapse of un-

reinforced slopes, the stabilising capacity of soil nails, the effect of slope angle and
the spacing of the soil nails, all of which are considered in relation to the application
of long term serviceability conditions and related changes in effective stress. These
analyses are linked to the design methods used in practice and highlights where
current methods may not fully account for changes which can occur in the long term.

9.1.

Presentation of data

The analyses presented in this chapter have been grouped to enable easy reference to
the various figures and comparison between changes made to the models. Where
there is more than one set of data for a particular nail location and slope angle the
average of these data is used in the nail load plots. However a study of experimental
repeatability between tests is made in section 9.6. Throughout this chapter reference
is made to the concept of reinforcement density. Within this thesis reinforcement
density is defined as number of similar nails per square metre of slope face,
consequently an increase in nail spacing will result in a reduction of reinforcement
density. Table 9-1 summarises the presentation of figures within this chapter. The
figures are ordered with the diagrams summarising generic concepts to various
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experiments, then the following figures show the results grouped together by
category, e.g. the axial load profiles throughout the slope angles and reinforcement
densities are grouped together for easy comparison. The diagrams appear grouped
together by category: Figures 9-17 to 9-19 show vector displacements; Figures 9-20
to 9-22 show volumetric strains at experimental stage 5; Figures 9-23 to 9-25 show
maximum shear strain; Figures 9-26 to 9-29 show a comparison of nail axial forces
to ultimate axial capacity; Figures 9-30 to 9-33 compare nail axial load to effective
stress pullout capacity; Figures 9-34 to 9-36 compare nail axial load to total stress
pullout capacity; Figures 9-37 to 9-38 show a comparison of nail bending moment to
moment capacity and Figures 9-41 to 9-51 show pressure contour diagrams, all for
various slope angles, reinforcement densities and experimental stages.

9.2.

Stability of unreinforced slopes

The unreinforced slope experiments including; U-03-70F, U-04-50F and U-05-60F,
demonstrated that whilst stability can be maintained in the short term, where the
presence of matric suction may enhance slope stability, if subjected to long term
serviceability conditions slopes which are cut beyond the angle of friction of the soil
will collapse: Either by a drying out process or a wetting process. A wetting process
could reduce matric suction, or pore pressures may become positive, which would
also reduce the shear strength, (as defined in section 2.2.2) to the point where it
becomes too low to provide sufficient stability to the slope. Conversely, a drying
process could initially increase suction but eventually eliminate the water table so as
it becomes discontinuous, hence suction would be reduced in some areas and would
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become an unreliable means of strength to maintain slope stability. This would
reduce mobilisation of the soils shear capacity due to the reduction of effective stress,
given the Mohr-Coulomb failure criterion. Experiment U-03-70F involved a 70
degree slope which collapsed at approximately 6g at the initial stage of the test when
acceleration was being increased. This equates to an unsupported slope height of
1.8m. Observation with the video camera prior to groundwater recharge showed
evidence of drying cracks just back from the crest of the slope, on the 50 and 60
degree slopes which appeared stable at the intended test acceleration of 20g. Upon
groundwater recharge all the un-reinforced slopes collapsed catastrophically, with
displacements which would certainly be defined as appropriate to ultimate failure.
The image analysis enabled only a qualitative view of the displacements due to the
deep seated highly disturbed nature of the soil. It is evident from the outline of the
soil, in Figure 9-1, before and after water inundation that complete collapse occurred.
Each profile in Figure 9-1 is drawn to the same scale and it is seen that major
displacement occurred with the soil settling to an angle close to its natural angle of
repose at 41º. The area of the slope which remained above the zone affected by
groundwater recharge remained comparatively stable possibly due to the shear
strength increasing effect of matric suction. To summarise, the presence of suction
affords some stability, however upon groundwater recharge or application of long
term effective stress conditions the slopes collapsed catastrophically.
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Stability of reinforced slopes

The stability of earth structures is assessed in terms of ultimate failure and
serviceability failure as discussed in section 1.2.2. An ultimate failure would involve
large displacements, such as those found in the unreinforced slope experiments,
whereas a serviceability failure would involve displacements which are too large for
the structure to fulfil its purpose or visible deformations become too great. Therefore
it is necessary to differentiate between serviceability limit state and ultimate limit
state. Also of importance to soil nailed slopes is local stability which involves only
very localised failure: such as bulging between nail heads, or small localised slips of
soil. Failure in local stability would not necessarily mean that a structure has failed
in terms of ultimate or serviceability criteria, only that excessive local movement had
occurred, which would not necessarily affect the serviceability of the structure.
Though local slips of soil may have implications for any areas below the structure.
The reinforced experiments demonstrated that global ultimate limit state stability can
be maintained by the presence of soil nails, designed according to current methods.
The maximum overall displacements were achieved as surface water inundation took
place at experimental stage 5. Figure 9-2 shows the maximum displacements 0.7m
from the slope crest plotted against slope angle, derived from LVDT measurements
on the slopes with a constant reinforcement density, i.e. nail spacing of 1.5m. It
shows that as the slope angle decreases, thus theoretically becoming more stable, the
crest displacement decreases. The highest crest displacement of 6mm (at prototype
scale) remains acceptable in terms of overall ultimate stability. Figure 9-3 shows the
LVDT displacements measured immediately adjacent to the 3rd level of nails. Where
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the 3rd level of nails is 3rd from the bottom of the slope. A peak displacement of
23mm remains acceptable in terms of overall stability, with a ratio of displacement/
slope height of 0.4%. The results of these experiments show that the reinforced
slopes did not suffer ultimate failure. The subject of displacements and nail loads, in
relation to serviceability is analysed throughout this chapter.

The displacement vector plots derived from image analysis are shown in Figures
9-17 to 9-19, respectively plotted for the 60 and 70 degree angles with the same
reinforcement density, see section 9.1, and the 70 degree slope with a reduced
reinforcement density. The plots show that global stability is maintained, but with a
zone of 'disturbance' close to the facing in a zone which is affected by the tendency
of the geotextile to 'bulge out' between the nail heads. Comparison between the 70
degree slopes, with different reinforcement densities, shows that displacements from
image analysis were increased from 30mm to 400mm with a reduction in
reinforcement density. The 400mm displacement in experiment NT-15-70FI was
within the depth of soil and is of a constrained failure type, see section 9.4.1.

9.3.1.

Effect of slope angle

Experiments were conducted with 50, 60 and 70 degree slope angles. It is evident
from the results that the steeper the slope the greater the nail loads and slope
displacements which occur throughout the experiments, as discussed in paragraph
9.4.1. Figures 9-26 to 9-29 show the nail force T relative to ultimate axial tensile
capacity Tult against nail elevation, normalised to slope height. The ultimate tensile
capacity is considered as the capacity of the 20mm diameter steel bar in the
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prototype nail. The peak measured nail force relative to nail capacity for each slope
angle with constant reinforcement densities are summarised in Figure 9-5, and are
considered after complete water inundation of the slope has taken place at stage 5.
The 50 degree slope shows the lowest maximum load with T/Tult = 0.17, the 60
degree slope giving a maximum T/Tult = 0.27 and T/Tult in the 70 degree slope of
0.29. This indicates that the maximum nail load in the 70 degree slope is 70% more
than a 50 degree slope. The general trend of the plot in Figure 9-5 shows that the
peak nail load induced in a 40 degree slope would be very low, though some force
could be induced due to a reduction of effective stress and its subsequent effect on
slope stability. This corresponds well to the angle of friction of the soil which is 41º.
It is a logical result that the steeper the slope that more of the reinforcement capacity
is utilised.

9.4.

Changes in effective stress

This section reviews the impact of changes in effective stress on the nail loads and
slope displacements. It summarises the implications of considering pullout capacity
in design, likely long term displacements and the effect of cyclic changes in effective
stress. Effective stress based factor of safety calculations, in terms of soil nailed
system stability, are described in section 9.9. The inundation of water generally had
the effect of decreasing effective stress and hence shear strength which leads to a
reduction of slope stability. The reduction in effective stress will also have had the
effect of reducing the nailed slope systems factor of safety, the pullout capacity of
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the nails and effective bearing stress of the soil for bending, coupled into this is the
effect of collapse compression of unsaturated soil, as discussed in section 2.3.4.

9.4.1.

Displacements and strains

The stability of a soil nailed system depends upon: slope angle, surcharge loading,
soil strength and the nail capacity. The theory outlined in Chapters 2, 3 and 4 shows
that both slope stability and soil nail capacity are dependant upon effective stress.
Displacements occurred in the models in response to water inundation for a variety
of reasons including the impact of effective stress on the soil nailed system. Before
water inundation, at experimental stage 5, all of the reinforced slopes were stable in
terms of ultimate and serviceability criteria, the 70 degree slope with 0.25 nails/m2
presented the greatest actual change due to the effects of water inundation. Figures
9-17 to 9-19 show the displacement vector plots for the 60 and 70 degree slopes with
the same amount of reinforcement and the 70 degree slope with reduced
reinforcement.

The displacements in Figure 9-17 for a 60 degree slope appear to be

random and there is no coherent pattern, this is because the displacements in the
experiment are so small so as to approach the resolution of the image analysis
method. Indeed, measurements of 1mm, or so, would be considered difficult to
achieve in the field, therefore it could be considered that the precision of the image
analysis method and hardware used are comparable to measurements attainable in the
field. The figures show that the displacements in the slopes with a higher degree of
reinforcement density were generally small, less than 30mm with a reinforcement
density of 0.46nails/m2, whereas with reinforcement density reduced to 0.25nails/m2
the displacements experienced with less reinforcement but subjected to the same
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drainage boundary condition changes were much larger. Figure 9-19 shows the
vector displacements for the slope with 0.25nails/m2 were up to 600mm (prototype)
in a relatively localised zone close to the slope facing, with displacements deeper
into the slope being small in comparison. A displacement of 600mm, or 10% of the
slope height, might be considered to be large enough to constitute a failure, however
the crest displacements remained relatively low.

The mechanism of soil nails

requires that, unless they were pre-tensioned, small displacements must occur before
the nails capacity is utilised. Upon ground water recharge, at experimental stages 2
and 4, which reduced the stability of the slope and stabilising capacity of the soil
nails the greatest displacement measured was 56mm in the slope with 0.25nails/m2,
using LVDT's adjacent to the 3rd level of nails demonstrated in Figure 9-4, see Tables
9-26 to 9-31. The displacements which occurred were irrecoverable with little
recovery of strain when the water table was reduced and a further increase of 8mm at
Stage 4, further discussion of the effect of repeated water cycles is made in section
9.4.4. Upon water inundation at experimental stage 5 the slope displaced sharply and
the LVDT's recorded a maximum reading of 56mm on the face, i.e. from stage 1
through to stage 5 the displacement was 56mm. The image analysis showed regions
of large strain in Figure 9-22 which shows volumetric strain at depth with an area of
large disturbance just behind the slope facing and dilative strains of up to 40%. The
results imply that the slope failed, however overall stability was maintained with the
top surface LVDT's recording changes of up to 15.3mm (prototype) at Stage 5.
Figure 9-25 shows shear strain at depth in the slope, again with localised values of
strain up to 60%. The slope was prevented from overall ultimate failure by the
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presence of the geotextile facing which constrained the magnitude of the
displacements. Further discussion in relation to the soil nailed system performance
in terms of serviceability is made in section 9.8.

The maintenance of overall stability and the large strains recorded may be
attributable to bulging of the geo-textile facing.

Prior to water inundation, at

experimental stage 5, the slope was stable and as water was introduced, the matric
suction was reduced with the subsequent effect of reducing overall stability and
localised stability between the nails. Whilst the slope maintained overall stability the
localised stability was lost and the sand became dependant upon the geo-textile
facing. As the geotextile facing is flexible this resulted in bulging, between the nail
heads and the subsequent zone of high strain and movement, shown by the
displacement vectors in Figure 9-19. It is probable that if a stiff facing were used
this bulging, and related surface movement which propagates down through the
model, could be reduced dependant upon the facing properties. A stiffer facing, such
as shotcrete, would possess greater bending strength between the constraints of the
nail heads and restrict displacements. The use of a stiffer facing could change the
load profile within the nails, where the load due to the nail would be similar to the
load applied during a soil nail pullout test. The effect of dilation around the soil nail
is also likely to reduce its pullout capacity as discussed in section 8.5.3. The effect of
different types of slope facing on the loads in soil nails could be subjected to further
investigation.

The displacements measured by the LVDT's are generally much

smaller than displacements measured by image analysis for comparable experimental
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Most of this difference is attributable to the equivalent positions of

measurements, as seen in Figure 9-16. The LVDT measurements were made at a
point almost adjacent to, and thus soil movement constrained by, the nail head. The
image analysis measurements were conducted at a position equivalent to halfway
between the nail heads. As the displacement between nail heads is a curved profile it
is logical that image analysis measurements result in higher displacements being
measured. The image analysis measurements were also subjected to strong box side
wall friction, though precautions were taken to minimise this, as described in section
5.8.

The surface displacements in the model are likely to occur as a combination of
reduced slope stability due to a reduction in effective stress, bulging of the geotextile
between the nail heads, changes in the stabilising capacity of the soil nails and
collapse compression as a result from the rise of the water table. It is probable that
the effect of collapse compression was small, as the sand was densely packed, this is
confirmed by minimal displacements within the model distant from the face as
demonstrated by Figure 9-19.

If collapse compression had been a significant

phenomenon then the displacements distant from the unstable zones of the slope
would have been greater. The effect of bulging in between nail heads will also affect
displacements. The volume of soil to fill these bulges comes from two principal
source. Those being from the soil mass above the nails elevation and dilation of soil
in the area of the bulge, or a combination of both. It is therefore likely that where
more levels of soil nails exist and the higher the slope that the volume of soil moving
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downwards along the face will be greater, this might manifest itself as greater
movements along the top surface of the slope. The displacement vectors in Figure
9-19 show that the direction of movement of the markers was generally down the
face of the slope and the zones of movement correspond closely to the theoretical
zones presented by Chang & Milligan (1996), as discussed in section 3.4.1. It is seen
that close to the face, in Figure 9-19, in the 'unstable zone' displacements are greatest
and as distance increases from the face the displacements decrease through a
'transition zone,' until they become very small in the 'stable' zone of the slope.

9.4.2.

Axial load change

Displacement is a measurable indicator of reinforcement system performance, it is
also relevant to consider how the nails were loaded and how these loads and load
patterns changed as successive experimental stages, i.e. effective stress changes, took
place. When the effective stress is reduced, by water inundation, this has an impact
on the slope stability and the stabilising effect of the reinforcement. Of greatest
concern during design should be how future water regime events may affect the nail
axial load. In the design situation this is likely to consider the stability of the slope in
the long term, using effective stress based strength parameters. The percentage
increase in axial load at the various nail elevations, slope angles at various
experimental stages with the same reinforcement density are shown in figures 9-13 to
9-15. The percentage increase in axial load is considered at the current experimental
stage relative to the axial load at experimental stage 1, all taken as the maximum load
induced in the nail at the relevant nail elevation ratio. The greatest percentage
increase in axial load of 80%, from experimental stage 1 through to stage 5, was
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measured in the 50 degree slope at stage 5 and is demonstrated in Figure 9-13.
Though it should be noted this was not the greatest incremental magnitude of axial
load. In all slope angles an increase of at least 60% was recorded, between stages 1
and 5, this implies that the cutting and soil nail design should consider long term
serviceability criteria. If, as in the Clouterre design method, the nails are designed on
pullout capacity recorded in-situ at the time of construction, then the design of the
soil nailed system should allow for long term increases of nail loads such as this.
Consideration of the failure of earthworks under long term effective stress conditions
was demonstrated in Chapter 1, from this it shows that although an earth structure
may be stable for 10 years this does not necessarily imply that the structure will be
stable for another 10 years, where events may have an effect on the soils strength.
Conversely when applied to soil nailing, if a system is observed to be stable at first,
as in these experiments, future events may lead to nail loads increasing. The effect of
these nail load increases is likely to be exaggerated if the experiments were carried
out in a clayey soil, where short term strengths can be much greater than long term
strengths. Hence design is both an analysis of the system and future events which
may affect it.

9.4.3.

Bending Moment change

The bending moments in the nails were derived using the readings from the opposite
pairs of strain gauges, as explained in section 8.3. The bending moments induced are
compared to the bending capacity of the nails which is shown in figures 9-37 to 9-40,
where the bending capacity is based upon the prototype nail with a 20mm diameter
steel bar and 160mm grout annulus. The peak bending moments induced are plotted

Chapter 9: Analysis and Discussion of Centrifuge Experiments

274

against slope angle in Figure 9-6. The smallest bending moment induced was in the
50 degree slope, at a utilisation ratio of 0.015, where the utilisation ratio is moment
measured divided by the moment capacity of the nail. This increased through to
0.075, or 7.5%, for the 70 degree slope with a constant reinforcement density. The
greatest utilisation of bending capacity measured was in the 70 degree slope with
reduced reinforcement at a nail elevation ratio of 0.2, this confirms that a significant
bending moment was induced in the nail and that should be considered when
designing the nail, in relation to interaction between bending and axial capacity.

9.4.4.

Cyclic change in effective stress

Another aspect of long term serviceability is the application of cyclic changes in
effective stress. Cyclic changes mimic seasonal effects, tidal regions, pavement
loading or general loading and unloading cycles, O'Reilly & Brown (1991). The
seasonal variation of groundwater, low in the summer and possibly higher in the
winter, changes the effective stress of the soil and subsequently the shear strength of
the soil, see section 2.3. Various experiments were conducted to investigate the
effect of cyclic changes of effective stress on soil nailed system behaviour. All of the
reinforced slope tests were subjected to two identical cycles of groundwater recharge
and drawdown; in one of the tests the model was subjected to three identical cycles
of groundwater recharge and drawdown. In general the tests revealed that the largest
percentage change, or increase, in nail load was induced by the first decrease in
effective stress. Subsequent effective stress cycles increased the load to a lesser
extent. Figures 9-26 to 9-29 show the ratio of nail axial load compared to ultimate
axial capacity throughout the various experimental stages and nail elevations for the
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various slope angles and reinforcement density experiments which were conducted.
Experimental stages 1 & 2 and 3 & 4 represent identical cycles of water table
recharge and drawdown, and these experimental stages were conducted in all
experiments, see Table 8-2 and Figure 8-1 for further explanation. The general trend
shown for figures 9-26 to 9-29 is that there is an increase in nail axial load for all
slope angles and nail elevations if two identical cycles of water table recharge and
drawdown are conducted. It is seen from Figure 9-29 that the greatest increase in
nail load occurred at the lowest elevation with increases reducing as nail elevation
increased. At experimental stage 2, after the first decrease in effective stress, the nail
load increased of the order of 50% and at stage 4 the nail load increased a further
10%, therefore the first cyclic decrease in effective stress had the greatest effect.

A single experiment was conducted where the water table recharge and drawdown
was repeated three times, i.e. conducting experimental stages 2 and 3 a total of three
times. To investigate the possible effect of cycling of the water table. Figure 9-7
shows axial load plotted against number of cycles of groundwater recharge and
drawdown for different nail elevations in the same experiment. It shows a large
increase after the first cycle and decreasing increments after that. It is shown that
repeated cycling of the water table does have the effect of gradually increasing the
nail axial load. Figure 9-8 shows the maximum displacement plotted against number
of cycles, again for repeated cycles of the water table 0.7m back from the slope crest,
where displacements increased more for the first cycle and changes were slightly less
for the subsequent cycles. Though this experimental investigation of cyclic changes
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in effective stress is not exhaustive it shows that there is scope for future study in the
application of repeated cycles of the same effective stress changes. The results
demonstrate that cyclic changes do have an effect but do not conclusively facilitate
long term prediction. It is important to consider whether the displacements and loads
may reach a threshold value, or keep increasing as the number of cycles increases, or
how the cyclic behaviour may change between different soil types, or what effect
cyclic stress changes may have on the facing. The effect of cyclic changes in
effective stress should be considered when designing an earth structure, where the
design life may be 50 years the number and magnitude of cyclic changes in effective
stress would need to be estimated and the effect of them considered on future
structure performance. Another type of long term consideration may be the number
of loading and unloading cycles from other effects such as traffic, which might also
need to be taken into account, this cyclic loading may be investigated using
experiments similar to Gammage (1997), see section 3.4.4 and, where a surcharge
load is applied to the top surface of a slope or wall.

9.4.5.

Pullout Capacity

Pullout capacity is used in certain design methods, see section 4.3.6, where it is
shown that pullout capacity can be considered to be affected by changes in effective
stress. The load in the soil nails is compared to the predicted pullout capacity in both
total stress terms and effective stress terms. The effective stress based pullout
capacities were calculated using the theory of pullout capacity explained in section
4.3.6, with effective stress calculations based upon values of pore water pressures
determined from the tensiometers during the experiments, demonstrated in Appendix
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E. The tensiometer measurements were used to plot the pressure contour diagrams,
such as those shown for a 70 degree slope in Figure 9-51. The pressure contour
diagrams were plotted for each slope angle and experimental stage to give a profile
of pore pressures throughout the experimental models. They were then used to
obtain a value for the average pore pressure; whether suction or positive pressure,
which would contribute to effective stress and thence the soil nail pullout capacity.
The pressure contour diagrams do not give a comprehensive picture of the negative
pore water pressures. This is because the sand used in the model has a capillary rise
zone of approximately 70cm (prototype) which reduces to 3.5cm at model scale. As
such it was difficult to position the tensiometers so they would coincide with the
zone of capillary rise and hence negative pressure for different stages of the
experiments. Reference to the various tensiometer locations in Figure 9-51 show
they were distributed throughout the model.

In plotting the pressure contour

diagrams it was assumed that the equi-potential lines were vertical in the model,
which is an approximation when applied to the flow net analysis Figure 5-16. In the
calculations it is assumed that beyond the tensiometers suction range (about -60kPa)
that the suction has reduced to zero. At the top of the capillary fringe the suction
will be about –7kPa, above that in the discontinuously saturated zone the suctions
may be much higher however the variation of suction will be sporadic and not a
dependable, or indeed easily measurable, means by which to calculate effective
stress.

Thence above the continuously saturated zone it is assumed that the

magnitude of pore pressures has reduced to zero and pullout calculations are then
based upon total stress.
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If pore water pressure, which may change over time, is considered to have an impact
on pullout capacity it is important to consider this in design analyses. Pore water
suction is considered to increase the pullout capacity of soil nails.

Thus, if

installation of nails was made into unsaturated soil and the design was continued on
the basis of a measured in-situ pullout capacity without consideration of future
changes, the factor of safety of the design could be reduced in the long term
serviceability scenario. The effective stress adjustments were made on the basis of
pore pressures derived the tensiometers, both in suction and in positive pore water
pressure. Table 9-25 shows example output for the calculation of pullout capacities
for a 70 degree slope at various stages of a test. Most notable is the 25% reduction in
pullout capacity at lower elevations and the 16% reduction in pullout capacity at the
highest nail elevation. These reductions are significant in terms of the original
pullout capacity.

If an in-situ pullout capacity test is conducted in an area of

increased pullout capacity due to high levels of soil suction the eventual pullout
capacity could be drastically reduced from original values.

This could be of

particular concern if pullout capacity tests took place during a dry season again
demonstrates the need to consider the possible water regimes in future.

Figures 9-30 to 9-32 show normalised nail elevation plotted against the ratio of (axial
force)/(effective stress pullout capacity) for each of the key slope angles and
reinforcement configurations, where the effective stress pullout capacity, T'p, was
updated for groundwater conditions at that stage in the experiment. Figures 9-34 to
9-36 show normalised nail elevation plotted against the ratio of (axial force)/(total
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stress pullout capacity), for each of the 50, 60 and 70 degree slopes with the same
reinforcement density. At the higher nail elevations in the slopes with the same
reinforcement density there is a swing towards the nail approaching pullout capacity
this indicates that although the actual magnitude of axial load in the nail may be
smaller at higher elevations careful consideration should be given to nail load
compared to nail pullout capacity. Figure 9-33 shows the comparison of nail load to
effective stress pullout capacity for the 70 degree slope with reduced reinforcement,
the distribution of utilisation of pullout capacity appears to be more even throughout
the nail elevations as reinforcement spacing is increased, indicating that there may be
some redistribution of nail load. The comparison of utilisation of pullout capacity for
the slope with 0.25nails/m2 are summarised in Table 9-19, where the peak utilisations
for each nail elevation are given. This shows a distinct approach towards pullout in
the higher nail elevations. Also considered important for the pullout capacity of soil
nails is the effect of dilation or restrained dilatancy on pullout capacity, both of
which are inherently measured when conducting in-situ pullout capacity
measurements. Restrained dilatancy is difficult to calculate and is generally only
present in the stable zone, as defined by Chang & Milligan (1996).

These

experiments have shown that under long term effective stress conditions the soil may
dilate due to decreases in effective stress and the resultant movement of soil in the
unstable and transition zones around the slope facing. If restrained dilation occurs
this will increase the pullout capacity of the nail by increasing the apparent friction at
the soil/ nail interface. However if the soil around the nail dilates this will reduce the
pullout capacity of the soil nail, it is unlikely this dilation will take place during a
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pullout capacity test at the time of construction and this should be accounted for
during such tests. Figure 9-22 shows volumetric strain for 70 degree slope with
0.25nails/m2 where dilation occurs in the zone next to the face of the slope, this
corresponds to a drop off of nail axial load and an increase in bending moments
induced in the nail.

The underestimate of in-situ pullout capacity would be

exaggerated if carried out in a clayey soil, with cohesion contributing the greater part
of pullout capacity until eliminated as the transition from drained to undrained
behaviour occurs. This coupled with a lower angle of soil friction could lead to
greater demand being placed on the reinforcements capacity when a long term
reduction of effective stress occurs. A reduction of effective stress will reduce the
stability of the slope provided by the shear strength of the soil thus placing more
demand on the soil nail capacity. Combined with this will be a decrease in pullout
capacity of the soil nails and also the bearing capacity of the soil important to nails in
bending. This means that in the long term not only is more demand placed on the
soil nails but the capacity of the soil nails also reduces, both of which will contribute
to the displacements which the structure suffers.

9.5.

Reinforcement spacing

Experiments were conducted to investigate the effect of reducing reinforcement
density for a 70 degree slope. The results of the experiments indicate that if there is
less reinforcement in a slope more load will be carried in each individual element
and displacements will be increased under similar effective stress conditions. Figure
9-28 shows T/Tult plotted for the 70 degree slope with a reinforcement density of 0.46
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Figure 9-29 shows T/Tult for the 70 degree slope with a

reinforcement density of 0.25 Nails/ Sq Metre. Comparison of the two figures shows
that the slope with 44% less reinforcement lead to an increase in T/Tult from 0.29 in
the slope with reinforcement density of 0.44, to T/Tult of 0.44 in the slope with 0.25
Nails/ Sq Metre, both at the comparable experimental stage 5. This represents an
increase of 46% in nail utilisation with a 44% decrease in reinforcement. As
discussed in section 9.4.1 increased reinforcement spacing lead to greater increases
in bulging of the facing between nails.

The effect of bulging is exaggerated with a larger space between soil nails. In the 70
degree slope with 0.25nails/m2 the space between reinforcement was 2m, image
analysis showed displacements of up to 400mm, see Figure 9-19, which on a 6m
slope represents a displacement of 7% of the slope height. Displacements of a
reinforced slope, both crest and face, require limits to be set before the design is
carried out depending on the intended purpose. These limits are discussed further in
the serviceability criteria and application to soil nails later in section 9.8. The salient
point from nail spacing is that bulging can be almost eliminated by increasing
reinforcement density, as demonstrated by the two 70 degree slope experiments with
different reinforcement density.

Both slopes were over reinforced in terms of

ultimate limit state, but the experiment NT-15-70FI experienced movements which
may constitute a serviceability failure, as discussed further in section 9.8. It is
possible that a stiffer facing could have been limited the displacements much more,
whilst still remaining within the capacity of the soil nails, or if a stiff facing is
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impractical the spacing of the soil nails can be reduced in an attempt to limit
serviceability displacements. This therefore allows the designer some control with
alternative methods to limit serviceability displacements. It is likely that more levels
of soil nails would induce greater settlements, due to the greater volume of bulging
capacity between the nails, the effect of this would require assessment.

9.6.

Experimental repeatability

The number of data logger channels, which were available for logging strain gauge
readings, placed a limit of three instrumented nails that could be monitored during
each of the experiments. As a result of this, the 60 and 70 degree slope tests (which
had a reinforcement density of 0.46nails/m2, i.e. contained 4 rows of nails) were
repeated twice to provide coverage at all nail elevations. As a consequence of this
the nail strain gauge readings for two levels of nail elevation were recorded twice in
successive tests for each slope angle. This allows comparison between tests to
observe experimental repeatability, i.e. theoretically the loads measured in the nails
for the same elevation and slope angle should be the same in both tests. Figures 9-9
to 9-12 show comparisons between tests for the 60 and 70 degree slopes
successively. In each figure the load profile along the nail is plotted for the same
comparable experimental stage, either stages 4 or 5, where the largest loads were
measured and both stages were completed for each slope angle.
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Comparison to previous work

Aminfar (1998) conducted a comparable series of centrifuge experiments at 20g,
with the closest comparable experiment being a 7.5m high prototype slope. The nails
used were at 1.5 and 2.3m spacing and were based upon a 20mm diameter steel bar
with a 160mm grout annulus. It is appropriate to compare the results from the
experiments within this thesis to some of those obtained by Aminfar (1998) as a
benchmark. Table 9-33 shows the nail loads summarised by Aminfar (1998) and the
closest comparable experiment within this thesis of a 7m high slope. The sum of nail
axial forces measured by Aminfar is approximately 20% higher than the total load
per column of nails within this thesis.

The differences may be accounted for

principally by the greater slope height and the different effective stress regimes. The
models tested by Aminfar (1998) were in dry sand and therefore absent of pore
pressure.

9.8.

Serviceability Performance

In evaluating the performance of structures under serviceability conditions it is
necessary to define what would constitute an unsatisfactory performance. Within
structural engineering a structure could be considered to have failed in serviceability
when displacements become disturbing for those who use that structure, or as an
example when fascia material cracks on walls which may damage it to beyond the
point of safety. The criteria are similar for geotechnical structures and systems,
typical serviceability limits (after Bjerrum, 1963) for the differential settlement of
structures are demonstrated in Table 9-34. In the case of embankments the limits of
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serviceability displacements may be considered in two separate areas: (i) crest or top
surface vertical settlement and (ii) the displacement of the facing and its effect on the
appearance/ serviceability performance of the facing. Figure 9-19 shows the image
analysis vector displacements for a 70 degree slope with 0.25nails/m2. It shows a
maximum top surface displacement of 330mm close to the crest of the slope, with
displacements further back reduced but still very significant which is a large
differential displacement for almost any sort of land use and clearly exceeds the limit
of 1/150 where structural damage of buildings is expected, see Table 9-34.

Face displacement and bulging between nails will depend upon the type of facing
used.

If the facing is a flexible geotextile, as used in these experiments, then

displacements between the nails of up to 400mm have been experienced even if a
slope is over reinforced for the ultimate limit state. When these displacements
occurred the 70 degree slope with 0.25nails/m2 had reached a steady state and the
displacements were not gradually increasing, this implies that these maximum
displacements were close those to the slope would experience, neglecting any effects
of cyclic behaviour. It would be the designers judgement to decide whether this sort
of displacement would be acceptable in the serviceability limit state, where it occurs
and its effect all need consideration. With a rigid facing the bulging could be less,
due to more restraint by a stiffer facing. However, it could still be significant enough
to cause cracking and further damage to the infrastructure of the slope. This may be
unacceptable in long term serviceability, therefore it would be necessary to place a
limit on deformations acceptable. The image analysis for experiment NT-14-70FI,
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see Figure 9-18, shows that there is no highly disturbed region of soil behind the
facing, as found in the slope with less reinforcement, in Figure 9-19.

These

experiments have demonstrated that providing a higher density of nails per square
metre will reduce face displacements, therefore the designer would have the facility
to judge whether significant displacements would be unacceptable and provide
reinforcement as necessary to remain within limits.

9.9.

Evolution of Factor of Safety

The prototype slopes were assessed following the recommendations of the British
code of practice for reinforced soils and other fills, BS8006 (1995). The critical log
spiral slip surface was located using the excel spreadsheet as presented by Bertola
(1999) and the slope stability assessment was carried out using a limit equilibrium
method according to BS8006. The assessment of slope stability included the use of
partial factors (see Table 4-1), to account for long term serviceability according to a
working stress design. Pore pressures, measured at each stage of the experiments,
were applied at the base of the slices and the calculation was carried out to determine
the out of balance moment. The resisting moment due to tension in the nails was
determined, though the resisting moment of shear was ignored for these calculations.
The stabilising component of shear is generally considered to be small and it is
common international practice to ignore it. All of the prototype slopes assessed
satisfied the requirements of BS 8006, both in serviceability and ultimate limit state,
without the necessity to include shear in the calculations. The appropriate partial
factors were applied in the analyses for the ultimate and serviceability states. The
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analyses were applied in terms of effective stress, with the pore pressures extracted
from the relevant contour pressure diagrams for that experimental stage, such as
Figure 9-51. Measured effective stresses were used to calculate the nail pullout
capacities.

Figure 9-52 shows the global factors of safety for various slope angles with the same
reinforcement density throughout the various experimental stages and Table 9-35
shows the factors of safety for all slope angles and reinforcement densities.

The

term 'factor of safety' is used in this case to indicate that the slope satisfies the
recommendations of BS8006, any value of 1.0 or greater means that the slope is
stable. In general there is a reduction in soil nailed slope factor of safety of 40-50%
from experimental stage 1 through to stage 5. The 70 degree slope with 0.25nails/m2
still had a factor of safety of 1.25, which satisfies the requirements of BS 8006, and it
was this slope experiment which suffered large displacements and strains which are
unlikely to be satisfactory for long term serviceability of earth structures. Also the
utilisation of nail capacity in this experiment was 50 to 60%, see Figure 9-33, which
indicates that the facing did not have sufficient capacity to restrain movements.
Thus it could be concluded from this investigation that soil nailed system design
should take into account facing capacity and its influence on slope displacements and
nail loads.
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Recommendations for design

It is evident from the results that the long term behaviour of soil nailed structures is
different to the short term behaviour and they are subject to long term serviceability
failure. Therefore, it is necessary to account for how the effective stress regime may
change in the long term future. A design based purely upon in-situ pullout tests at the
time of construction is a design purely for the stress conditions existing at that
precise moment. It could not account for long term serviceability conditions without
the application of a partial factor which accounts for long term changes in nail
pullout capacity and slope stability. It should be noted that the factor of safety for a
soil nailed system could increase or decrease under long term conditions depending
on whether effective stress increases or decreases. This partial factor should also
take into account the probabilities of events which may affect the soil nailed system
stability, as explained in Chapter 2. Where the decrease in bending capacity is
assumed to occur due to a decrease in bearing capacity of the soil. A safely designed
slope in ultimate capacity, according to current methods, was subject to large amount
of bulging when the effective stress was reduced. Measured in-situ pullout capacity
is likely to be carried out when the soil is subject to some suction, this suction serves
to increase effective stress, however when eliminated the nail pullout capacity is
significantly reduced and the nail is required to carry more load. Those slopes which
were well over reinforced show little or no perceptible movement when subjected the
same conditions. It therefore seems sensible that long term serviceability needs to be
considered in design, whether it is derived using BS 8006 or another method such as
Clouterre. A design according to BS 8006 should explicitly include effective stress
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during the calculation of nail forces required and in calculation of the soil nail
pullout capacities in order to limit long term serviceability displacements. The effect
of bulging can be overcome by either increasing reinforcement density, as shown in
these experiments, or possibly by using a stiffer facing material. This indicates that
there will be an optimum nail spacing and facing stiffness combination which will
efficiently limit displacements.

9.11.

Summary

The results presented in Chapters 8 & 9 have been analysed to examine the effect of
slope angle, long term serviceability conditions and the level of reinforcement. The
following summarises the main points of the experimental analysis:

•

A steeper slope angle results in more load being carried by the nails.

•

Soil nailed systems are affected by long term changes in effective stress
conditions resulting movements which may be excessive for serviceability.

•

Upon being subject to long term effective stress conditions the facing
between the nail heads bulges out. The implications of this need to be
assessed during design.

•

The incremental change of nail axial load or slope displacement is likely to
become less as the number of cycles of effective stress change increases.
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All other conditions being the same less reinforcement results in an increases
load carried by individual reinforced elements.

•

A higher reinforcement density reduces displacements experienced under
long term serviceability conditions.

•

The larger the distance between the nails the greater the level of bulging of
the face.

•

Soil nailed system design should take into account the capacity of the facing
and its influence on slope movements.
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Table 9-1 Summary of figures within the analyses and discussion
Figure 9-1

Slope profile for an un-reinforced 60 degree slope before and
after water inundation.

Figure 9-2

Top surface displacement 0.7m from slope crest, constant
reinforcement density.

Figure 9-3

Prototype displacement, adjacent to 3rd level of nails, against
slope angle and for constant reinforcement density. From
LVDT readings.

Figure 9-4

Prototype displacement, adjacent to the 3rd level of nails, at the
various experimental stages 70 degree slope 0.25nails/m2

Figure 9-5

Measured peak normalised axial force against slope angle for
constant reinforcement density.

Figure 9-6

Peak bending moment against slope angle for constant
reinforcement density.

Figure 9-7

Axial load against number of similar cycles of water table

Figure 9-8

Slope profile for an un-reinforced 60 degree slope before and
after water inundation.

Figure 9-9 to Nail axial load plots for those nail locations/ slope angles where
Figure 9-12
experiments were repeated.
Figure 9-16

LVDT measured displacements relative to image analysis
measured displacements.

Figure 9-17 to Displacement vector plots for various slope
Figure 9-19
reinforcement densities at experimental stage 5.

angles/

Figure 9-20to Volumetric strain plots for various slope angles/ reinforcement
Figure 9-22
densities at experimental stage 5.
Figure 9-23 to Maximum shear strain plots for various slope angles/
Figure 9-25
reinforcement densities at experimental stage 5.
Figure 9-26 to Comparison of nail axial forces normalised to nail capacity for
Figure 9-29
various experiments.
Figure 9-30 to Comparison of nail axial forces normalised to effective stress
Figure 9-33
pullout capacity for various experiments.
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Figure 9-34 to Comparison of nail axial forces normalised to total stress pullout
Figure 9-36
capacity for various experiments
Figure 9-37 to Comparison of nail bending moments normalised to prototype
Figure 9-40
nail bending capacity for various experiments
Figure 9-41 to Pressure contour diagrams for various slope angles and
Figure 9-51
experimental stages, derived from tensiometers measurements.
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Nail Elevation/ H
Stage1
0.125 Axial(kN)
D(m)

Stage2

Stage3

Stage4
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Stage5

0.375

Axial(kN)
D(m)

7.89
1.50

11.26
2.50

11.26
2.50

13.12
2.50

11.84
2.50

0.625

Axial(kN)
D(m)

10.36
2.25

13.02
1.75

13.16
1.75

13.95
2.25

14.85
1.75

0.875

Axial(kN)
D(m)

8.04
1.50

11.71
2.50

13.05
2.50

13.12
2.50

14.42
2.50

Table 9-2 Peak axial force and distance from the face of the slope, 50 degree slope

Nail Elevation
0.13
0.38
0.63
0.88

T/Tp'
Stage1

Stage2

Stage3

Stage4

Stage5

0.21
0.30

0.27
0.44

0.27
0.49

0.29
0.49

0.31

Table 9-3 The relative utilisations of effective stress pullout axial load, 50 degree
slope

Nail Elevation
0.13
0.38
0.63
0.88

T/Tult
Stage1

Stage2

Stage3

Stage4

Stage5

0.12
0.09

0.15
0.14

0.15
0.15

0.16
0.15

0.17

Table 9-4 The relative utilisations of effective stress pullout and ultimate nail
capacity, 50 degree slope
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Elevation/Height Stage1 Stage2 Stage3 Stage4 Stage5
0.125
0.375
0.625
0.00992 0.01074 0.01116 0.01116 0.01107
0.875
0.01488 0.01339
0.0119
Table 9-5 The relative utilisation's of bending capacity, 50 degree slope

Nail Elevation/ H
0.75 Bending(kNm)
D(m)

Stage1

Stage2

Stage3

Stage4

Stage5

2.25

Bending(kNm)
D(m)

3.75

Bending(kNm)
D(m)

0.12
1.5

0.13
1.5

0.135
1.5

0.135
1.5

0.134
1.5

5.25

Bending(kNm)
D(m)

0.18
0.5

0.162
0.5

0.156
0.5

0.144
0.5

0.13
0.5

Table 9-6 Summary of bending moments and distance from the face of the slope,
50 degree slope

Nail Elevation/H
0.125
Axial(kN)
D(m)

Stage1
17.65
2.50

Stage2
21.11
2.50

Stage3
20.85
2.50

Stage4
22.37
2.50

Stage5
23.72
2.50

0.375

Axial(kN)
D(m)

15.32
3.00

18.13
2.50

18.73
3.00

18.91
2.50

19.23
2.50

0.625

Axial(kN)
D(m)

11.72
3.00

17.77
3.00

17.44
3.00

18.99
3.00

17.05
3.00

0.875

Axial(kN)
D(m)

11.43
2.50

14.51
4.50

15.37
2.50

17.20
2.50

15.22
2.50

Table 9-7 Peak measured axial force and distance from the face, 60 degree slope
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Nail Elevation
0.1250
0.3750
0.6250
0.8750

T/Tp'
Stage1
0.1876
0.2244
0.2546
0.4367

Stage2
0.2199
0.2588
0.4181
0.5647

Stage3
0.2216
0.2743
0.3787
0.5873

Stage4
0.2331
0.2699
0.4470
0.6697
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Stage5
0.2572
0.2745
0.4379
0.6866

Table 9-8 Comparison of measured to theoretical peak axial loads, 60 degree slope

Nail Elevation
0.1250
0.3750
0.6250
0.8750

T/Tult
Stage1
0.1635
0.1418
0.1085
0.1058

Stage2
0.1955
0.1679
0.1645
0.1343

Stage3
0.1931
0.1734
0.1615
0.1423

Stage4
0.2072
0.1751
0.1759
0.1593

Stage5
0.2196
0.1780
0.1579
0.1409

Table 9-9 Comparison of measured to theoretical peak axial loads, 60 degree slope
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Nail Elevation/H
0.125
Bending(kNm)
D(m)
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Stage1
0.89
2.5

Stage2
0.931
2.5

Stage3
0.93
2.5

Stage4
0.964
2.5

Stage5
1.05
2.5

0.375

Bending(kNm)
D(m)

0.4055
2.5

0.466
2.5

0.4645
2.5

0.49
2.5

0.514
2.5

0.625

Bending(kNm)
D(m)

0.33515
3.5

0.4455
3.5

0.35
1.75

0.436
3.5

0.506
3.5

0.875

Bending(kNm)
D(m)

0.547
2.5

0.59
2.5

0
0

0.596
2.5

0.619
2.5

Table 9-10 : Measured peak bending moments and distance from the face, 60
degree slope

Elevation/H
0.1250
0.3750
0.6250
0.8750

Stage1
0.0736
0.0335
0.0277
0.0452

Stage2
0.0769
0.0385
0.0368
0.0488

Stage3
0.0769
0.0384
0.0289

Stage4
0.0797
0.0405
0.0360
0.0493

Stage5
0.0868
0.0425
0.0418
0.0512

Table 9-11 : Comparison of peak bending moments and theoretical bending
capacity, 60 degree slope

Nail Elevation
0.125
Axial(N)
D(m)

Stage1
10.62
2.50

Stage2
15.20
2.50

Stage3
15.65
2.50

Stage4
15.70
2.50

Stage5
16.82
2.50

0.375

Axial(N)
D(m)

17.28
2.00

22.59
2.50

16.94
1.50

25.11
2.50

37.00
1.50

0.625

Axial(N)
D(m)

16.60
1.50

20.06
1.50

21.53
2.50

24.28
2.50

18.47
0.75

0.875

Axial(N)
D(m)

9.67
2.50

13.50
2.50

13.69
2.50

14.21
2.50

Table 9-12: Peak measured axial force and distance from the face, 70 degree slope
0.46nails/m2
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Nail Elevation
0.1250
0.3750
0.6250
0.8750

T/Tp'
Stage1
0.1175
0.2485
0.3456
0.3693

Stage2
0.1682
0.3249
0.4176
0.5160

Stage3
0.1731
0.2437
0.4484
0.5233

Stage4
0.1737
0.3611
0.5054
0.5431
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Stage5
0.1861
0.2661
0.3845

Table 9-13: Peak measured axial force compared to theoretical pullout and capacity,
70 degree slope 0.46nails/m2

Nail Elevation
0.125
0.375
0.625
0.875

T/Tult
Stage1
0.0983
0.1600
0.1537
0.0895

Stage2
0.1407
0.2092
0.1857
0.1250

Stage3
0.1449
0.1569
0.1994
0.1268

Stage4
0.1454
0.2325
0.2248
0.1316

Stage5
0.1558
0.1713
0.1710

Table 9-14: Peak measured axial force compared to nail axial capacity, 70 degree
slope 0.46nails/m2

Bending Summary
Nail Elevation
0.1250
0.3750
0.6250
0.8750

Stage1
0.0313
0.0649
0.0413
0.0126

Stage2
0.0362
0.0591
0.0550
0.0193

Stage3
0.0537
0.0649
0.0438

Stage4
0.0460
0.0743
0.0500
0.0192

Stage5
0.0744
0.0776
0.0455

Table 9-15: Peak measured bending moment compared to nail bending capacity, 70
degree slope 0.46nails/m2
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Bending Moment Summary
Nail Elevation
0.125
Bending(kNm)
D(m)
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Stage1
0.0379
1.5

Stage2
0.0438
1.5

Stage3
0.065
2.5

Stage4
0.556
1.5

Stage5
0.9
1.5

0.375

Bending(kNm)
D(m)

0.7852
2

0.7155
2.5

0.78488
2

0.8985
2.5

0.939
0.75

0.625

Bending(kNm)
D(m)

0.5
1.5

0.665
1.5

0.53
1.5

0.6045
1.5

0.55
0.75

0.875

Bending(kNm)
D(m)

0.1526
2.5

0.233
1.5

0.233
1.5

0.232
1.5

0
0

Table 9-16: Peak bending moment and distance from the face, 70 degree slope
0.46nails/m2

Nail Elevation
Axial(kN)
0.1667
D(m)

Stage1
28.978
3.5

Stage2
34.995
2.5

Stage3
34.1823
2.5

Stage4
36.6202
2.5

Stage5
38.2109
2.5

0.5000

Axial(kN)
D(m)

22.8228
1.75

27.3355
1.75

27.2663
1.75

27.3009
1.75

33.2314
0.25

0.8333

Axial(kN)
D(m)

12.9848
4.5

15.8031
4.5

14.2988
4.5

17.2381
1.5

22.356
1.5

Table 9-17: Peak measured axial force and distance from the face, 70 degree slope
0.25nails/m2

Elevation/Height
0.1667
0.5000
0.8333

T/Tult
Stage1
0.2683
0.2113
0.1202

Stage2
0.3240
0.2531
0.1463

Stage3
0.3165
0.2525
0.1324

Stage4
0.3391
0.2528
0.1596

Stage5
0.3538
0.3077
0.2070

Table 9-18: Comparison of peak axial to nail axial capacity (based on 20mm steel
diameter), 70 degree slope 0.25nails/m2
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Elevation/Height
0.1667
0.5000
0.8333

T/Tp'
Stage1
0.3600
0.3578
0.2231

Stage2
0.5662
0.4811
0.3553

Stage3
0.4247
0.4275
0.2457

Stage4
0.5925
0.4805
0.3875
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Stage5
0.6182
0.5849
0.5026

Table 9-19: Comparison of peak axial load to effective stress based pullout
capacity, 70 degree slope 0.25nails/m2

T/Tp
Elevation/Height
0.1667
0.5000
0.8333

Stage1
0.3600
0.3578
0.2231

Stage2
0.4348
0.4286
0.2716

Stage3
0.4247
0.4275
0.2457

Stage4
0.4550
0.4280
0.2962

Stage5
0.4747
0.5210
0.3842

Table 9-20: Comparison of peak axial load to total stress based pullout capacity, 70
degree slope 0.25nails/m2

Bending Summary
Elevation/Height
0.1667
0.5000
0.8333

Stage1
0.0917
0.0506
0.0640

Stage2
0.1545
0.0476
0.0653

Stage3
0.1826
0.0471
0.0430

Stage4
0.1719
0.0471
0.0620

Stage5
0.1901
0.0550
0.0678

Table 9-21: Comparison of peak axial load to nail axial capacity, 70 degree slope
0.25nails/m2
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Nail Elevation
0.1667 Bending(kNm)
D(m)
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Stage1
1.11
0.5

Stage2
1.87
0.5

Stage3
2.21
0.5

Stage4
2.08
0.5

Stage5
2.3
0.5

0.5000

Bending(kNm)
D(m)

0.35
2.5

0.32
2.5

0.3
2.5

0.3
2.5

0.35
2.5

0.8333

Bending(kNm)
D(m)

0.775
2.5

0.79
0.5

0.52
1.5

0.75
0.5

0.82
0.5

Table 9-22: Peak bending moments measured and distance from face, 70 degree
slope 0.25nails/m2

Nail Elevation
0.1667
0.5000
0.8333

Stage1
0.3500
0.0289
2.5000

Stage2
0.3200
0.0264
2.5000

Stage3
0.3000
0.0248
2.5000

Stage4
0.3000
0.0248
2.5000

Stage5
0.3500
0.0289
2.5000

Table 9-23: Comparison of peak bending to theoretical bending capacity, 70 degree
slope 0.25nails/m2

Normalised
elevation
0.125
0.375
0.625
0.875

Stage 1 & 3
94.11
68.27
46.04
26.17

Stage 2 & 4
kN
95.99
70.05
42.49
25.69

Stage 5
92.23
61.6
38.93
22.16

St.5/St1
%
98.00
90.23
84.56
84.68

Total Stress Pullout
kN
94.11
68.27
46.93
26.17

Table 9-24: Variation of calculated pullout capacities at various stages of a 60
degree slope test.
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Elevation/H

Stage1

0.125
0.375
0.625
0.875

90.38
69.53
48.03
26.17

Stage 2 and 4
kN
74.34
62.51
46.03
25.69

Stage 5

St.5/St.1 %

67.32
56.5
44.52
22.16

74.49
81.26
92.69
84.68
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Total Pullout
kN
90.38
69.53
48.03
26.17

Table 9-25: Variation of calculated pullout capacities at various stages of a 70
degree slope test.

NT-09-70F
Change relative to stage 1 mm
LVDT
Number

Stage 2

Stage 4

1

-2.09

-2.48

2

-1.93

-2.24

3

1.08

1.46

4

0.73

1.04

Stage 5
-

Table 9-26: LVDT displacement measurements relative to experimental stage 1 for
various LVDT locations, see Figure 5-20 for LVDT numbers, NT-09-70F.

NT-11-50FI
Change relative to stage 1 mm
LVDT
Number
1
2
3
4

Stage 2
-1.3

Stage 4

Stage 5

-2.1

-3.1

1.1
1.8

2.7
3.3

4.2
4

Table 9-27: LVDT displacement measurements relative to experimental stage 1 for
various LVDT locations, see Figure 5-20 for LVDT numbers, NT-11-50FI.
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NT-12-60FI
Change relative to stage 1 mm
LVDT
Number
1
2
3
4

Stage 2
-1.21
-0.57
0.8
0.77

Stage 4

Stage 5

-1.86
-0.74
1.41
1.47

-2.6
-0.82
2.97
1.47

Table 9-28: LVDT displacement measurements relative to experimental stage 1 for
various LVDT locations, see Figure 5-20 for LVDT numbers, NT-12-60FI.

NT-13-60FI
Change relative to stage 1 mm
LVDT
Number
1
2
3
4

Stage 2
-0.8
-0.11
0.39
0.52

Stage 4

Stage 5

-1.14
-0.33
0.78
0.83

-2.13
-0.8
1.3
1.52

Table 9-29: LVDT displacement measurements relative to experimental stage 1 for
various LVDT locations, see Figure 5-20 for LVDT numbers, NT-13-60FI.

NT-14-70FI
Change relative to stage 1 mm
LVDT
Number
1
2
3
4

Stage 2
-4.12
-1.98
2.29
1.19

Stage 4

Stage 5

-4.77
-2.17
3.06
1.53

-22.12
-11.3
8.41
3.68

Table 9-30: LVDT displacement measurements relative to experimental stage 1 for
various LVDT locations, see Figure 5-20 for LVDT numbers, NT-14-70FI.
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NT-15-70FI
Change relative to stage 1 in mm
LVDT
Number
1
2
3
4

Stage 2
-16

Stage 4

Stage 5

-23

-56

4
1.9

7.9
3.6

15.3
6.3

Table 9-31: LVDT displacement measurements relative to experimental stage 1 for
various LVDT locations, see Figure 5-20 for LVDT numbers, NT-15-70FI.

Slope Angle
50
60
70

Stage 1
15.33
9.554
6.71

Stage 2 & 4
7.8
4.65
3.37

Stage 5
3.77
2.71
2.01

Table 9-32: Effective stress based factor of safety for each slope angle and stage of
test.

Slope
Height
m
Measured*
Aminfar
(1998)

Nail
Nail
Spacing Orientation
m
degrees

Nail Height Above Foot (metres)
0.75
2.25
3.75
5.25
6.75

Total
kN
79.29

kN

6

1.5

15

15.70

25.11

24.28

14.21

kN

7.5

1.5

15

14.66

19.95

22.44

23.05

19.35

99.45

Table 9-33: Comparison of measured nail loads to loads summarised by Aminfar
(1998) for comparable slopes. *In this study.
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1/150

Structural Damage of general buildings expected

1/250

Tilting of high rigid buildings may be visible

1/300

Cracking in panel walls expected, difficulties with overhead
cranes

1/500

Limit for buildings in which cracking not permissible

1/600

Over-stressing of structural frames with diagonals

1/750

Difficulties with machinery sensitive to settlement

Table 9-34: Serviceability displacement constraints, after Bjerrum (1963).

Stage 5
/Stage 1

Slope Angle

Nail Spacing

degrees

m

70

2

2.4

2.4

1.6

1.25

0.52

70

1.5

3.16

3.16

2.59

2.03

0.64

60

1.5

3.45

3.45

2.77

1.96

0.57

50

1.5

7.65

7.65

5.11

5

0.65

Factor of safety Ultimate limit state
Total Stress Stage 1 & Stages 2
Analysis
3
&4
Stage 5

Table 9-35: Calculated out of balance moments (O.B.M) and restoring moments for
soil nailed slopes, according to BS8006 (Ultimate Limit State), for the experimental
prototype models and an example with minimal reinforcement.
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Line of slope
after collapse
Slope profile
before water
recharge

0

Angle of repose 41

Approximate location
of water table

Figure 9-1:Slope profile for an un-reinforced 60 degree slope before and after
water inundation.
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Figure 9-2 Top surface displacement 0.7m from slope crest, constant reinforcement
density.
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Foot Displacement(mm)
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Slope Angle (degrees)

Slope Displacement (LVDT) mm

Figure 9-3 Prototype displacement, adjacent to 3rd level of nails, against slope
angle and for constant reinforcement density. From LVDT readings.
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20
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6

Experimental Stage

Figure 9-4: Prototype displacement, adjacent to the 3rd level of nails, at the various
experimental stages 70 degree slope 0.25nails/m2
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Figure 9-5 Measured peak normalised axial force against slope angle for constant
reinforcement density.
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Figure 9-6 Peak bending moment against slope angle for constant reinforcement
density.
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Figure 9-7 Axial load against number of similar cycles of water table
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Figure 9-8 Displacement against number of similar cycles of water table.
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Normalised Nail Elevation 0.625, at stage 4

Figure 9-9: Comparable nail loads from two different tests, as labelled at
experimental stage 4, for normalised nail elevation 0.625
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Figure 9-10: Comparable nail loads from two different tests, as labelled at
experimental stage 4, for normalised nail elevation of 0.375
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Norm alised Nail Elevation 0.375, stage 5

Figure 9-11: Comparable nail loads from two different tests, as labelled at
experimental stage 5, for normalised nail elevation of 0.375
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Figure 9-12: Comparable nail loads from two different tests, as labelled at
experimental stage 5, for normalised nail elevation of 0.675
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Figure 9-13: Percentage increase of nail axial load, compared for each
experimental stage to stage 1, for a 50 degree slope.
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Figure 9-14: Percentage increase of nail axial load, compared for each
experimental stage to stage 1, for a 60 degree slope.
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Figure 9-15: Percentage increase of nail axial load, compared for each
experimental stage to stage 1, for a 70 degree slope.
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front of the slope
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Figure 9-16: LVDT measured displacements relative to image analysis measured
displacements.

Figure 9-17: Displacement profile derived from image analysis, post stage 5, NT-12-60FI
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Figure 9-18: Displacement profile derived from image analysis, post stage 5, 70 degree slope
0.46nails/m2 / Annotated to show unstable, stable and transition zones, as in Chang & Milligan (1996)
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Transition
Zone

Stable Zone

Figure 9-19: Displacement profile derived from image analysis, post stage 5, 70 degree
0.25nails/m2. Annotated to show unstable, stable and transition zones, as in Chang & Milligan
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Figure 9-20: Volumetric Strain, after experimental stage 5, NT-12-60FI
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Figure 9-21: Volumetric Strain, after experimental stage 5, 70 degree slope 0.46nails/m2
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Figure 9-22: Volumetric strain August, after experimental stage 5, 70 degree slope 0.25nails/m2
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Figure 9-23: Maximum Shear Strain, after experimental stage 5, 60 degree slope
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Figure 9-24: Max Shear Strain, after stage 5, 70 degree slope 0.46nails/m2
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Figure 9-25: Max Shear Strain, after stage 5, 70 degree slope 0.25nails/m2
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Figure 9-26: Comparison of axial forces against ultimate axial capacity, test 50
degree slope
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Figure 9-27: Comparison of axial load against ultimate capacity, 60 degree slope
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Figure 9-28: Comparison of axial load against ultimate capacity, 70 degree slope,
1.5m nail spacing
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Figure 9-29: Comparison of nail load to ultimate capacity, 70 degree slope, 2m nail
spacing
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Figure 9-30: Comparison of axial forces against effective stress pullout, test 50
degree slope
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Figure 9-31: Comparison of axial load to effective stress based pullout, 60 degree
slope
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Figure 9-32: Comparison of nail load to effective stress based pullout, 70 degree
slope 0.46nails/m2
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Figure 9-33: Comparison of nail load to effective stress based pullout capacity, 70
degree slope 0.25nails/m2
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Figure 9-34: Comparison of axial load to total stress pullout capacity, 60 degree
slope
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Figure 9-35: Comparison of nail load to total stress pullout capacity, 70 degree
slope 0.46nails/m2
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Figure 9-36: Comparison of nail load to total stress pullout capacity, 70 degree
slope 0.25nails/m2
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Figure 9-37: Comparison of bending against bending capacity, 50 degree slope
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Figure 9-38: Comparison of bending moment to ultimate nail bending capacity, 60
degree slope
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Figure 9-39: Comparison of nail bending moment to ultimate nail bending capacity,
70 degree slope 0.46nails/m2
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Figure 9-40: Comparison of nail bending to bending capacity, 70 degree slope
0.25nails/m2

Figure 9-41: Pressure contours (m head of water), test NT-10-50F, at stages 1 and 3
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Figure 9-42: Pressure contours (in m head of water) NT-12-60FI, at stages 1 & 3

Figure 9-43: Pressure contours (in m water head) NT-14-70FI at stage 1
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Figure 9-44: Pressure contours (in m water head) NT-15-70FI at stage 1

Figure 9-45: Pressure contours (m head of water), test NT-10-50F, at stage 4
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Figure 9-46: Pressure contours ( in m head of water) NT-12-60FI, at stages 2 & 4

Figure 9-47: Pressure contours (in m water head) NT-14-70FI at stages 2 & 4
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Figure 9-48: Pressure contours(in m water head) NT-15-70FI at stages 2 & 4

Figure 9-49: Pressure contours (m head of water), NT-12-60FI, at stage 5
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Figure 9-50: Pressure contours (in m water head) NT-14-70FI at stage 5

Figure 9-51: Pressure contours (in m water head) NT-15-70FI at stage 5
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Figure 9-52: Evolution of soil nailed slope factor of safety throughout the various
experimental stages, assessed according to BS 8006
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10. CONCLUSIONS AND RECOMMENDATIONS

The method of soil nailing used to provide stability to cuttings has been investigated.
The investigation has been based on centrifuge model tests to simulate full scale soil
nailed systems and their long term behaviour when serviceability conditions might be
changed due to variations in effective stresses in the ground.

This chapter

summarises the work, assesses its validity and suggests improvements and
recommendations for future research.

10.1.

Conclusions from the investigation

The following summarises the analyses presented in Chapter 9, which resulted from
the centrifuge experiments:

•

Un-reinforced slopes suffered ultimate collapse when effective stress was
reduced, as a result of groundwater recharge, to simulate long term variations of
effective stress conditions. It was also possible for progressive failure to develop
through the soil drying out and the consequent loss of matric suction to reduce
strength.

•

Soil nailing designed according to current ultimate design methods, such as BS
8006, can prevent slopes suffering ultimate collapse, when subjected to long term
effective stress conditions, such as groundwater recharge and surface inundation.
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Following inundation the displacements in some slopes designed as satisfactory
against ultimate collapse suffered displacements that would constitute a
serviceability failure. The designer can limit displacements by reducing nail
spacing, or an additional partial factor may be introduced into BS 8006 to
account for the possibility of long term effective stress conditions. Since nails
were not loaded to their capacity, lengthening nails would not decrease
displacements under the applied conditions.

•

Steeper slope angles and reduced reinforcement density both placed more
demand on the reinforcement capacity

•

Under the long term reduction in effective stress observed in the experiments nail
axial loads experience an increase of 100% or more and at the same time a
reduction in nail pullout capacity of 25%. This highlights the danger of utilising
'in situ' pullout values, which account only for the pullout capacity at the time of
construction.

•

Bulging occurred between the nails due to the flexible facing. This bulging also
allowed large dilations, which lead to an unaccountable loss of pullout and
bearing capacity, particularly in the active zone. This loss of pullout capacity
would be difficult to account for unless the effects of dilation are accounted for
during design. This indicates that there is a danger in making assumptions about
the presence of the phenomena of restrained dilatancy.
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Cycles of effective stress, due to fluctuations of groundwater, lead to an increase
in nail loads and slope displacements with increments of load and displacement
reducing as the number of cycles increases.

•

An analysis which does not take into account the deformation/ stiffness of the
facing may not be appropriate for long term changes in effective stress.

•

It is recommended that in order to remain safe, soil nailing design should take a
complete view of the long term changes which may occur during a structures life.
This should include: the effect of reduction of effective stress on the soil nails
stabilising capacity; cycles of effective stress; and the probabilities of effective
stress changes, of varying severity, occurring.

10.2.

Appraisal of the centrifuge experiments

As expected the un-reinforced slopes collapsed, when the effective stress was
reduced by groundwater recharge and surface inundation. Soil pore water pressures
were monitored using tensiometers and the subsequent displacements were
measured. Collapses occurred in this experiment as a result of a reduction in matric
suction which reduces soil strength and thus slope stability. In terms of ultimate
failure the factor of safety, even upon application of positive pore water pressure,
was still satisfactory though in serviceability the slope with reduced reinforcement
density was not satisfactory. Significant axial loads were recorded in the nails, with a
utilisation of nail load to estimated pullout capacity up to 55% and up to 20% of the
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nail bending capacity was utilised, indicating that it should be considered when
calculating nail capacity. A reduction of effective stress resulted in an increase of
nail load of 100% or more. The slope surface displacements measured using LVDT's
were small limited to less than 2.5% of the slope height, though the image analysis
indicated there was a zone of high dilative strains behind the geotextile facing, a
consequence of bulging. The effect of using a stiffer facing, thus reducing bulging,
and the effect of change in nail spacing on displacements could be subject to further
investigation. The model size was suitable for changes in water flow to be achieved
in a reasonable amount of time for sand, thus allowing experiments with cyclic
changes in effective stress to be conducted. The behaviour of capillary rise at
increased g-acceleration was as indicated by other research, e.g. Depountis et al,
(2001).

The strain gauging of the nails proved satisfactory and provided sufficient resolution
to be able to determine the effects of experimental changes on the nail loads. It was
found that the method of using nails 'wished in place' where they are placed as the
model is poured gave the most reliable results.

The cycling of centrifuge

acceleration at the start of the test proved a reliable method of bedding in the
instrumentation and model. This is evident in the reduced displacement and load
increases upon application of each cycle.

The combination of LVDT's and image analysis based displacement measurements
gave a good picture of displacements and strains in the centrifuge models throughout
the experimental programme. Some small movements detected using image analysis
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were attributable to an apparent change in shape of the markers as soil was displaced
and obstructed their view to the camera and the movements being observed were so
small so as to approach the resolution of the method. Difficulty was found when
applying light to the model to capture images with high levels of reflection being
experienced. A technique developed after completion of the experiments has been
recommended to completely eliminate reflection (viz. the luminous markers) and
allow instantaneous analysis of pictures without human intervention.

The tensiometers proved to be accurate and behaved as expected. During inundation
those tensiometers which had been dormant became active when the suction in the
soil region around them came back within range. This was indicated by a recovery in
readings seen in the tensiometer output. The resolution which measured changes to
less than 1cm (prototype scale, i.e. 0.1kPa) was sufficient to monitor changes
throughout the tests. Recommendations are made in Chapter 6 to develop more
durable tensiometers which will be better suited for repeated use in centrifuge
models. It was proved that the concept of simple and less expensive tensiometers
was viable and resulted in accurate results.

10.3.

Recommendations for future research

This research has developed upon the centrifuge modelling of soil nailed systems
carried out by: Jones, (1999), Gammage, (1997) and Aminfar, (1998). The areas for
future research and progression can be separated into two main areas: First those

Chapter 10: Conclusions and Recommendations

340

which enhance the understanding of soil nailed systems and second the further
development of the experimental techniques used.

10.3.1.

•

Development of soil nailing

Find and make recommendations for an optimum slope facing type and nail
spacing combination.

•

Apply cyclic effective stresses to soil nailed models to make future
recommendations for the serviceability of soil nailed structures in terms of
displacements, nail loads and facing serviceability.

•

The concept of effective stress and its application to pullout capacity have been
discussed through this thesis. The danger of relying on 'in situ' capacity has been
outlined and that allowances should be made for the increase on nail load, before
judging whether pullout capacity will be sufficient. Centrifuge modelling of
pullout tests would further develop understanding of the impact of effective stress
on pullout capacity.

•

Apply the previous points to fine grained soils (e.g. silts or clays) where the
impact of experimental changes is likely to be much larger.
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•
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Development of experimental techniques

Develop the image analysis system and use the method developed to minimise
human intervention, make the process more efficient and eliminate the necessity
for human intervention.

•

The improvements of the tensiometers designs should be incorporated.
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Appendix A. SLOPE STABILITY ASSESSMENT

Appendix 1 outlines the method of slope stability assessment that is used both in the
soil nailed slope design and assessment of factors of safety. It shows where and how
the effect of matric suction is taken into account in the method and is based on the
log spiral method of slices used by Bertola (1999).

The assessment of slope stability requires iteration to find the worst possible case.
The iteration compares many of the possible slip surfaces in order to find the most
likely collapse mechanism. During the analysis for this project an amended version
of an Excel spreadsheet designed by Bertola (1999). A slip surface type is defined
and the assumed active zone is split up into a series of slices, as seen in Figure A.1.
In this case the slip surface is of the log spiral type. From this an assessment is made
of the forces acting on each slice, shown in Figure A.2, it is assumed that the interslice forces are equal and opposite. By this simplification two equations are needed
to solve the system: the sum of the horizontal and vertical forces. With the limit
equilibrium method the designer calculates the factor of safety Fs, this is defined as
the ratio of resisting forces, FR over the driving forces FD.

Fs =

FR
FD

Equation A.1

The soil weight W and the surcharge Q represent the driving forces FD

FD = (W + Q ). sin( β )

Equation A.2
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the resisting forces FR contain components due to the soil and the nail, both of which
must be based upon effective stress.

 b 
+ T . cos(α + δ )
FR = N . tan(ϕ ' ) + c'.
 cos(α ) 

Equation A.3

The sum of the forces perpendicular to the slice base is:
(W + Q ). cos α − N + T . sin( α + δ ) = 0

Equation A.4

and rearranging from equation A.4

N = (W + Q ). cos α + T . sin(α + δ )

Equation A.5

The factor of safety for each slice is:

 b 
[(W + Q). cos α + T . sin(δ + α ). tan ϕ '+c' 
 + T . cos(δ + α )
 cos α 
FS =
(W + Q). sin α

Equation A.6

The required nail force can be found by solving for T

 b 
[(W + Q).( Fs . sin α − cosα . tan ϕ ' ) − c'.
 cos α 
T=
sin(δ + α ). tan ϕ '+ cos(δ + α )

Equation A.7

If the factor of safety FS is taken equal to one, this gives the nail force to just
maintain stability. A negative value of T would imply that an extra load T could be
supported by the slope. A positive value for T indicates that the slice is not stable
and requires further resistance, provided either by a nail force or another slice.

The sum TREQ of the all the forces T, for the slices corresponds to the overall force
which must be supplied by the nails.
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Equation A.8

slope stability calculation was used in the form of a spreadsheet which included
effective stress based calculations. The effective stress was calculated using readings
taken from the tensiometers, made at each of the key experimental stages. Hence
prior to ground water recharge or water inundation the calculations included a
suction component which served to increase the effective stress and thus the soils'
shear stress and the nail pullout capacity. Tensiometer readings after ground water
recharge were again used and either introduced as reduced suction readings, or
positive pore water pressures which reduced the soils shear capacity along the slip
surface and also reduce the available pullout capacity as explained in Appendix E.

Table A.1 shows the calculation of the required stabilising force of the soil nails,
using the method explained above. The force required for stability for the whole
slope is found by summating the forces for the individual slices, this can then be
compared to the appropriate effective stress based soil nail capacities to give an
overall factor of safety for the soil nailed system.
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Figure A.1: Log spiral and slope split up into slices.
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Slice No.

1

2

3

4

5

6

7

8

9

10

A [m2]

0.01

0.55

0.85

1.11

1.34

1.51

1.45

1.16

0.79

0.29

γ [kN/m3]

18.00

18.00

18.00

18.00

18.00

18.00

18.00

18.00

18.00

18.00

W [kN/m']

0.14

9.91

15.28

20.00

24.08

27.15

26.04

20.85

14.25

5.26

q [kN/m2]

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Q [kN/m']

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

α [o]

-6.48

23.17

35.25

43.82

50.68

56.57

61.85

66.83

71.70

76.82

α [rad]

-0.11

0.40

0.62

0.76

0.88

0.99

1.08

1.17

1.25

1.34
10.00

o

δ[ ]

10.00

10.00

10.00

10.00

10.00

10.00

10.00

10.00

10.00

δ [rad]

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

φ' [o]

41.00

41.00

41.00

41.00

41.00

41.00

41.00

41.00

41.00

41.00

φ' [rad]

0.72

0.72

0.72

0.72

0.72

0.72

0.72

0.72

0.72

0.72

F [-]

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Treq [kN/m]

-0.13

-28.97

-14.51

11.14

9.77

13.08

19.84

3.59

7.23

18.36

Table A.1: The calculation of stabilising force required using the method of slices

Appendix B: Model Nail Design

347

Appendix B. MODEL SOIL NAIL DESIGN

The Excel worksheet output(Bertola 1999) is given in figures 1 and 2.

The

worksheet has been implemented for slopes made of Kaolin Clay, at 50 and 70
degree slope angles. The length of the nails at prototype scale is 8m with 160mm
diameter holes, this ensured that high enough factors of safety were achieved.

The calculation is based on:

Bore Hole diameter: 160mm

Steel Core diameter: 20mm

Young's Modulus of Steel 205000N/mm2

Young's Modulus of Concrete 1728N/mm2

To consider Axial Stiffness – Assumed cracked section which gives a profile of
steel/concrete shown in figure 3. The cracked section theory assumes that only half
of the concrete resists bending, as due to bending theory, the other half will be in
tension. Note that whilst considering bending stiffness it is assumed that the concrete
will have no tensile strength and thus will not contribute.
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Considering the scaling laws for axial rigidity.

M

Axial Rigidity =

L
T2
2

L

1
N3

L2 =

1
N
1
N2

1
N2

Equation B.1
.

1
1
= 2
2
N
N

Given the above axial rigidity scaling law, then axial stiffness translates as:

( EA) m =

Equation B.2

( EA) p

N2

where m & p denote model and prototype, respectively. E & A are the Young's
modulus and cross-sectional area of the nail, respectively.

Thus, inserting the

figures:

205000 x 204
E m x8 =
20 2

2

2

Equation B.3

thus Em = 3203N/mm2 this is the required Young's modulus for the model.

To attempt to satisfy bending stiffness, the centrifuge scaling law for bending
stiffness is:

M

L
T2
2

L

1
N3

L4 =

1
N
1
N2

1
N2

Equation B.4
.

1
1
= 4
2
N
N

assuming cracked profile, then:

EI Total = Esteel I steel +

E concrete I concrete
2

Equation B.5
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if the steel is 20mm diameter I the second moment of area is 7853.9mm4 and I for the
concrete is 32162054mm4, therefore:

x 20
EI Total = 205000 x7853.9 + 32162054
2

EITotal = 1931670049mm4

Equation B.6
Equation B.7

Therefore comparing model to prototype:

( EI ) m =

( EI ) p
N

Equation B.8

4

thus the ideal Young's modulus to satisfy bending would be:

Em =

1931670049
= 60.0
20 4 x 201

Equation B.9

There is a considerable difference between satisfying the bending stiffness and the
axial component. As bending contributes a relatively small part of the loading of the
nail it has been decided that axial stiffness will be fully satisfied. The choice of
material is Cast Acrylic(Polymethymethacrylate), 8mm diameter bar, supplied by
Amari Plastics.
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Figure B.1 Results of soil nailed slope analysis, spreadsheet from Bertola (1999)
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Appendix C. IMAGE ANALYSIS CALIBRATION

To ascertain that the image analysis program developed (outlined in Chapter 7) is
operating properly and giving correct output a series of simple images were analysed.
An analysis was performed on two identical images where correctly no strain or
displacement was calculated between images. This simple check assures that the
program does not create false output.

A further series of two images with different known strains in different zones was
developed. Each image consists of 4 markers A-D as shown in Figures C.1 and C.2.
Table C.1 gives the marker coordinates before and after deformation. Square ABCD
is a 40 by 40 pixel square before deformation and a 30 by 30 pixel square post
deformation. The extracted markers and movements are demonstrated in Figure C.3
where the square is seen to shrink in size. The shrink is 5 pixels in each direction at
each side. The strains derived from analysing these images are shown in Table C.2.
Hand calculation reveals that the output from the X and Y strains is correct at 25%,
volumetric strain is the sum of the X and Y strains at 50% is also correct. Figure C.2
and Table C.2 shows that there is no shear strain within the zone of the markers.
Again this is confirmed by a shear strain output of 0. In the third calibration example
Figure C.2 was replaced by Figure C.5 where the deformed marker grid includes a
shear strain of 5 pixels in the X direction. This 5 pixels results in a shear strain of
12.5% which is confirmed by output from the analysis in Table C.4. These simple
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calibration examples prove the strain calculation process. This assures there was no
human error in programming the strain calculations.
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Figure C.1: The initial pre deformed image

Figure C.2: The post deformed image
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Figure C.3: A calibration image showing markers before and after deformation

Figure C.4: The triangulated markers
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Figure C.5: The triangulated markers with shear deformation

355

Annex C: Image Analysis Calibration

356

Marker

Im1 X centr

Im1 Y centr

Im2 X centr

Im2 Y centr

A

11

11

16

16

B

51

11

16

46

C

11

51

46

16

D

51

51

46

46

Table C.1 Marker centroids before and after deformation

X Centroid Y Centroid X Strain Y Strain XY Strain De1 De3 Volumetric St Max Shear Strain
24.3333

24.3333

0.25

0.25

0

0.25 0.25

0.5

0

37.6667

37.6667

0.25

0.25

0

0.25 0.25

0.5

0

Table C.2 Resulting strains from the deformation
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Im1 X cent

Im1 Y cent

Im2 X cent

Im2 Y cent

11

11

16

16

51

11

21

46

11

51

46

16

51

51

51

46

Table C.3: Centroids before and after for shear calibration example

X Centroid Y Centroid

X Strain

Y Strain

XY Strain De1 De3 Volumetric S

Max Shear Strain

24.3333

24.3333

0.25

0.25

0.0625

0.313 0.188

0.5

0.125

37.6667

37.6667

0.25

0.25

0.0625

0.313 0.188

0.5

0.125

Table C.4: Strain output for shear strain example
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Appendix D. STRAINS IN SOILS, AFTER JAMES (1973)

This appendix reproduces the relevant extracts from James (1973) which relate
to the image analysis presented in Chapter 7.
The extracts
The method of determining strains in soils by radiography was first developed at
Cambridge in 1960 and a detailed account of the methods then employed is give by
Roscoe, Arthur and James 1963. Essentially the method consisted of recording on a
radiograph the images of a plane regular grid of lead shot markers (see Fig.1)
embedded in the soil. From successive radiographs it is then possible to establish the
displacement of the markers and hence the strains within the soil. Roscoe, Arthur
and James computed the strains by considering the displacements at the four corners
of a diamond shaped element as shown in Fig.2. This method is simple and direct
but depends upon the initial array of shot being quite regular and upon geometry
changes during the distortion of an element remaining small. In order to overcome
these restrictions strains are now computed on the basis of 'triangular elements' thus
obviating the necessity of a regular lead shot grid and also reducing errors due to
significant geometry changes. The following assumptions must be made (see James
(1965)), before strains in the sand mass may be calculated:
1. Displacements of the shot represent displacements of the corner of the soil
element defined by them.
2. The element of sand defined by a single mesh of the lead shot network strains
uniformly.
3. The shot do not interfere with the behaviour of the soil element they define.
4. The shot lie in and remain in a single vertical plane to which the calculated
strains apply.
5. Geometry changes of the system during the test have negligible effect on the
calculated results.
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A typical triangular element is shown in Fig.3 where, for convenience, the origin of
co-ordinates is taken at corner i. The assumed uniform strain is taken to be caused
by a linear displacement field, thus the displacements u and v are given by:

A, B,C, D for the triangle may be determined if the measured dimensions of the
triangle and the measured displacement of the corners i, j, k are substituted in
Equations 1, i.e.

The above 4 equations may be solved for A, B, C, D and hence the strain increments
determined, i.e.

where compressive strains are taken positive.

The equations 2 and 3 may be

manipulated into a general form suitable for use in a computer program, which
calculates strains in triangles away from the origin from the initial and final coordinates of the corners. The three corners of the element are denoted by subscripts
i, j, k and the initial and final states co-ordinates by subscripts 1 and 2, respectively
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1

2

3

where

Strictly, these equations apply only for an infinitesimally small strain increment.
However strain increments are normally calculated using both the initial and final
configuration of the triangles with the measured displacements and then the mean of
these two values is taken. Calculations by Cole (1967) for a 10 per cent increment of
shear strain in the simple shear apparatus showed that the agreement between strains
calculated by this procedure and the true strains was good.
Once the basic strain increments have been determined it is now possible by
constructing a Mohr's circle of strain increment (Fig.

4(b)) to establish the

magnitude of the principal strain increments and their directions in the physical
plane. i.e.

(

)

1
1
δε1 = δεx + δεy +_ ⋅
2
2
δε3

(δεx − δεy) + 4δεxy
2

2

4
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where ξ is the inclination of the principal compressive strain increment direction to
the axis, where ξ is taken positive in the anticlockwise direction, as shown in Fig.4a.
In addition to the above parameters it is also of interest to calculate the directions of
zero extension, i.e. those directions in which the linear strains are zero (shown as
directions A and B in Fig.4). These directions are of interest since they are directions
along with discontinuities in displacement and hence strain may occur.

These

directions can be calculated from the angle of dilation ν (as shown in the Mohr's
circle of strain increment) and are inclined at 45º-ν/2 to the direction of principal
strain increment in the physical plane. From the Mohr's circle of strain increment it
may be seen that
where

i.e. the volumetric strain increment, and
5

i.e. the maximum shear strain increment (i.e. the diameter of the strain increment
circle).
If the inclination of the two zero extension directions to the x axis in the physical
plane are referred to as α and β then

and
Cumulative strains are calculated as
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And of course the principal strains, angle of dilation and relevant directions may be
calculated on a cumulative strain basis if so desired.
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Appendix E. CALCULATION OF PULLOUT CAPACITY

This appendix relates back to sections 4.3.6 and 9.4.5 to calculate the effective stress
based pullout capacities of the model soil nails.

The effective stress pullout

capacities are used in the calculation of soil nailed system factors of safety and are
based upon the theory of soil nail pullout capacity in section 4.3.6. As explained in
Chapter 4 the pullout capacity is dependent upon the overburden pressure of the soil,
the vertical and lateral pressure, the soil/nail interaction and the changes in the water
table. Consider the following example, at mid depth of a 70 degree slope, where the
water table changes throughout the test. The method of calculation of effective stress
based pullout capacity for the bottom nail, in Figure E.1, at stages 1 and 5 of the
experiments is presented in Tables E.1 and E.2, respectively.

The steps of calculating pullout capacity:

1. Calculate the length of the soil nail which lies in the active and resistant zones of
the structure, shown in Figure E.1. Only the length of the nail in the resistant
zone is considered to contribute to soil nail pullout capacity. In this case with a
nail of length 6m the distance in the resistant zone is 4.79m.

2. Split the length of the nail in the resistant zone into sections, in this case an
arbitrary six sections. For each section find the average depth, i.e. the overburden of
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soil on top, demonstrated in Figure E.2, and the average pore water pressure acting
on that section of the nail at each of the relevant groundwater states. The pore water
pressures are derived using the pressure contour plots of water head throughout the
model presented in Chapter 9. An example of the relevant pore water pressure
extraction from these contour plots is shown in Figure E.3 (this appendices).

3. Calculate the vertical total and effective stresses acting on each section, using the
formulas, where u is the average pore pressure acting on a section of nail:

Vertical total stress

σ v = γ .z ave

Vertical effective stress

σ v '= σ v − u

4. Using the vertical effective stress calculate the average radial stress acting on
each section of nail in the resistant zone, using:

Average radial stress

σ n = (1 + K l )σ v '

where

KL =

(1+ K a )
2

5. The pullout capacity for each section of the nail in the resistant zone is found by
where Ap is the surface area of section of the nail:

T pullout = A pα (σ n ' tan φ '+ c' )
6. The pullout for the whole section of the nail in the resistant zone is found by the
sum of the pullout capacities for all the individual sections.
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This pullout calculation is repeated for each relevant groundwater condition.
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Figure E.1: Calculation of pullout capacities for nails at experimental stage 5
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Figure E.2: Calculation of pullout capacities for nails at experimental stage 5
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Figure E.3: Pressure contours(in m water head) NT-14-70FI at stage 1

Figure E.4: Pressure contours(in m water head) NT-14-70FI at stage 5
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Section
No.

Average
Height

Pore
Water
Head

1
2
3
4
5
6

m
2.11
5.88
6.7
7
7.4
7.7

m
-0.5
-0.25
0
0.25
0.5
0.75

Vertical total
stress
kPa
37.98
105.84
120.6
126
133.2
138.6
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Stage 1
Vertical
Effective
Average radial
Stress
effective stress

Pullout
resistance

kPa
kPa
42.98
34.47
108.34
86.88
120.6
96.71
123.5
99.04
128.2
102.81
131.1
105.13
Total Pullout Capacity (kN)

kN
4.47
11.26
12.53
12.83
13.32
13.62
68.04

Table E.1: Calculation of pullout capacities for nails at experimental stage 1

Section
No.

Average
Height

Pore Water
Head

Vertical total
stress

1
2
3
4
5
6

m
2.11
5.88
6.7
7
7.4
7.7

m
0.4
1.5
2.25
3.2
4
5

kPa
37.98
105.84
120.6
126
133.2
138.6

Stage 5
Vertical
Effective
Stress
kPa
33.98
90.84
98.1
94
93.2
88.6

Average radial
effective stress

Pullout
resistance

kPa
27.25
72.85
78.67
75.38
74.74
71.05
Pullout Capacity (kN)

kN
3.53
9.44
10.19
9.77
9.69
9.21
51.83

Table E.2: Calculation of pullout capacities for nails at experimental stage 5
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