
University of Southern Queensland

Faculty of Engineering and Surveying

A Conprehensive Study of Footing on

c--φ Soil Slopes -- Numerical and

Physical Modelling

A dissertation submitted by

Andrew James Shorten Cole

In fulfilment of the requirements of

Courses ENG4111 and ENG4112 Research Project

towards the degree of

Bachelor of Engineering (CIVIL)

Submitted: November, 2009



iiAbstract

Abstract

The problem of a footing being located on a slope is one which is encountered regularly

and must be understood so that catastrophic failure of structures causing death or injury

does not occur. This research project is split into two different but still related sections

aimed at providing a greater understanding of the footing on slope problem.

This project will initially undertake a numerical study to see what effect geometrical and

material properties have on the bearing capacity of a footing located on a slope, with

non--dimensional parameters used to highlight these effects. These parameters include

dimensionless strength ratio, footing distance ratio, slope height ratio and soil internal

friction angle which in this paper have been analysed more comprehensively then

previously done before. FLAC will be used as the analysing software with the results

obtained from these analyses are presented in design charts making the information easy

to understand and use.

A number of physical modelling cases will then be performed, in an attempt to validate the

results produced from FLAC for a purely cohesive soil against real--world testing. A

number of test samples will be set up for a range of slope specifications and tested. The

results will be analysed and compared with previously derived FLAC results to see if a

common result is produced between the two very different methods whilst allowing for an

acceptable amount of variation. Once the physical modelling is completed it will open the

door for a larger range of modelling scenarios to be attempted in both the footing on slope

problem area and in other geotechnical areas such as piles and anchors.
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xvNomenclature

Nomenclature

The principal symbols used are presented in the following list. Other symbols used within

this paper not mentioned in this list are less common and defined in their relevant sections.

B footing width

H slope height

D distance of footing from edge of slope

D∕B footing distance ratio

H∕B slope height ratio

Df depth of footing embedment

c soil cohesion

φ friction angle of soil

γ unit weight of soil

β slope angle

c∕γB dimensionless strength ratio, also referred to as SR

p∕γB normalised bearing capacity

p average pressure beneath footing

qu ultimate bearing capacity

qa allowable bearing capacity

FLAC Fast Lagrangian Analysis of Continua



Project Introduction

1.1 Footing on Slope Problem Statement

The footing on slope problem is encountered extremely often within the engineering field.

This can be in the form of a bridge abutment, construction of an underground carpark

alongside an existing building, a building placed on the side of a hill to take advantage of

the views, or anywhere where a footing is located near a slope due to area restraints.

The bearing capacity of a particular slope is the main focus in this study, and is effected

by many factors including the height of the slope, the distance the footing is from the edge

of the slope and the material the slope is made of. It is these factors that need to be looked

into in order to gain a better understanding of the problem and be able to provide reliable

information so that future footing on slope situations can be more easily and accurately

analysed.

1.2 Research Aims and Objectives

The research work involved in this project is comprised of two related, but yet still very

different areas.

The aim of the first part involves using FLAC analysis software (explained in section 1.4)

and is based on soils of a cohesive--granular nature, known as c−φ soils. These soils are
known as sandy soils and unlike clay, which has a high internal cohesion force but zero

internal friction, have lower internal cohesive force but positive internal friction. They are

not completely sand soils though as these have high internal friction but almost zero

cohesive force.

1
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FLACwill be used to study the effects of the slope height, the distance of the footing from

the edge of the slope, and the internal specifications of the slopematerial to determinewhat

the maximum bearing capacity of a slope is before failure will occur. There has been some

work done in this area however in the past most study has been performed on clay based

slopesdue to the easier analysis involvedwith one less parameter (internal friction) needing

to be incorporated in the script file used to obtain results. The work that has been done is

far from comprehensive though so this project will aim to develop a more comprehensive

set of results for cohesive--granular soils. These results will then be used to develop a set

of design charts that could be used to approximate the bearing capacity of a particular slope.

The aim of the second part of the project is to perform physical modelling using clay

material samples. These clay samples would be created to represent slopes of specific

dimensions and tested using a loading rig to determine the maximum capacity values

reached before slope failure occurred. These results will then be compared with results

from numerical analysis obtained from FLAC that have been derived previously to see

whether or not the computer modelling results can be replicated using physical modelling

and vice versa.

The main objectives of this project to fulfill the intended aims are:

S researching background information on the footing on slope problem.

S reviewing previous studies on the problem.

S performing the numerical analysis on cohesive--granular material.

S creating design charts using this data.

S performing to physical modelling and comparing these results with the relevant
numerical results.

1.3 Clay and Sand Numerical Model Differences

Asmentioned in the previous section there are a number of differences between using pure

clay and sandy material in a slope analysis due to the different parameters if eachmaterial.

As mentioned previously, clay has a very high cohesive force and zero internal friction

angle. This cohesive force is due to the cementation of the clay particles and the greater the

concentration of clay particles in a soil the larger the cohesive force will be. Themagnitude

of the cohesive force can also be attributed to the size of each individual particle as smaller

particleswill havemore surface area able to bondwith adjacent particles, with less air voids
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within the material to act as weak zones. The zero internal friction angle of clay is due to

the shape of each individual particle. Clay particles are considered to be perfectly round

and as such have great difficulty stacking on top of each other. This could be best

demonstrated by trying to stack a number of basketballs on top of each other, which we

knowwould be very unstable. This zero friction angle is why when clay is poured in a pile

it does not maintain a cone formation.

Asmentioned sand on the other hand has low cohesive force but very high internal friction.

Unlike clay, sand has a larger particle size as therefore has less surface area of each particle

able to bond with adjacent particles. This larger particle size also results in greater

concentration of air voids within the material creating weak zones around each particle.

The high internal friction of sand is again related to the shape of each particle but is high

for sand due to the angular surface of each particle. This does not allow particles to roll

freely past each other and is the reason why when poured in a pile sand will hold a cone

formation. This would be best demonstrated by stacking broken brick pieces on top of each

other, which while not rectangular and able to create a vertical surface, they aremuchmore

easily stacked then basketballs.

Within the FLAC program this creates boundary problems due to the different friction

angles of the two materials (the effect of different friction angles is discussed in a later

chapter) which means the same numerical model cannot be used for clay as for sand. The

extra friction within a sand soil model means a larger slope size needs to be analysed

creating longer run times to obtain the same type of results. It also means that a slightly

different script file needs to be created (purpose of script file explained in section 1.4).

1.4 Brief Introduction to FLAC

FLACstands for Fast LagrangianAnalysis of Continua and is a software programdesigned

to analyse the effect of a footing on a slope (or flat ground for that matter). To do this it

utilises a script file that tells the program the values of the parameters that are needed such

as the height of the slope, the distance of the footing from the edge of the slope, the strength

of the slope material, the coarseness (internal friction) of the material and the angle of the

slope from the horizontal.

Using these parameter values FLAC creates the appropriate model that satisfies all the

conditions set out in the script file. These conditions are created to ensure there are no
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boundary problems which can cause unreliable results and include such things as a footing

placed far away from a slope on a high friction angle material will have slope dimensions

larger then that of a footing placed at the same location on a slope of low friction angle

material.

The script file also includes the types of output from the program required by the user.

These include both text files and jpeg images, with each output demonstrating a different

result that is useful when analysing footings on slopes. The text files output include the

maximum normalised bearing capacity of the slope that was reached, the CPU time that

was taken to analyse the slope and the general information about the slope that was

analysed. The jpeg images also include the normalised bearing capacity and CPU time

expressed in a graphical form, as well as diagrams showing the deformed shape after the

load was applied as well as the strain recorded in the soil along the failure surface. An

example jpeg that is output is shown in Figure 1.1. This jpeg is of the strain in the soil along

the failure plane and will be used throughout the numerical analysis of this project.

Figure 1.1: Typical jpeg output from FLAC
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While there aremany options and possible variableswithin the FLACscript file, only a few

were required to be changed for each different slope case for this study. As this project is

not focussed a great deal on how the software works but rather the results it outputs, the

complex sections of the script which enable results to be obtained were not learnt, rather

only the important sections were focussed on to ensure reliable results.

Figure 1.2 shows a screenshot of the FLACprogramwhen running as it is analysing a slope

case.

Figure 1.2: Screenshot of FLAC software program



Literature Review

2.1 Introduction

The footing on slope problem has been around for many years and as such there have been

a number of theories developed to try and determine what the bearing capacity of a

particular slope is. These theories have eventuated due to the complex nature of the footing

on slope problem so each researcher has developed a method that they find the best for

approximating bearing capacity.

This chapter will take a look at the various theories that have been developedover theyears,

as well as important terms to understand such as failure modes and the types of capacity

terms that are regularly used. Finally it will take a look at work that has been completed

by previous USQ students.

2.2 Shallow Foundations

The foundations of a building is what transfers the load of the building to thematerial lying

underneath. This underlying material is what the building relies on to ensure that is does

not collapse or topple over. When the material is weak very large foundations need to be

used to make certain that enough resistance will be able to be provided by the material so

that the building load will be supported and a failure will not occur.

These shallow foundations are also known as footings, such as what is referred to

throughout this paper. The main requirement to classify a footing as a shallow foundation

is for the depth of embedded footing to be less then the width of the footing, or Df∕B≤ 1.

2
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As this study places the footing on the top of the underlying material this requirement is

obviously satisfied.

2.3 Bearing Capacities

There are 2 types of bearing capacities when referring to a footing on a slope-- ultimate

bearing capacity and allowable bearing capacity.

2.3.1 Ultimate Bearing Capacity

Ultimate bearing capacity refers to the force that is being applied when a failure occurs.

This failure usually occurs as a shear failure however excessive settlement cause also be

experienced. Evenwithout immediate shear failure the effects of settlement can be noticed

with doors that wont shut or open, cracks forming in brickwork or plaster, or if in a

workshop machinery may not function as it should such as a railway mounted hoist. The

shear failure that occurs can be of three forms-- general, local or punching shear failure. The

ultimate bearing capacity corresponding to each shear mechanism will be varied due to

differentmagnitudes of shear force required to generate each failure. The shear failureswill

be discussed in section 2.4. Throughout this paper all bearing capacities recorded, be they

dimensionless or not, will be ultimate bearing capacities unless stated otherwise to indicate

the load at which failure would occur.

2.3.2 Allowable Bearing Capacity

Allowable bearing capacities are obtained by using the ultimate bearing capacity for a

material underlying a foundation and applying a safety factor to it. This reduces the bearing

capacity value in an attempt to ensure that failure will not occur. The calculation to

determine allowable bearing capacity is as simple as qall= qult∕FS where FS equals the
safety factor. The purpose of applying a safety factor is to account for inconsistencies

within the foundation supporting material, such as variations in the strength of the natural

material, the effects of weathering that may have occurred, or even the simple case of

cracking within the soil due to dry weather creating zones of little resistance tomovement.



2.4 Failure Modes

2--3Chapter 2 Literature Review

2.4 Failure Modes

2.4.1 General Shear Failure

General shear failure occurs when rupturing of the material underneath the footing takes

place. This rupturing is due to the underlying soil having little compressibility, and as such

is usually found occurring in dense sand or hard clay soils. This rupturing causes heaving

to be observed on either side of the footing. The heaving is due to the triangle section of

soil beneath the footing moving with the footing as it settles and forcing soil either side of

this triangle section to move horizontally and towards the surface. When failure occurs it

is usually only on one side of the footing causing the footing to tilt and leading to

catastrophic failures such as toppling. Figure 2.1 shows the prominent heaving associated

with general shear failure and the load--displacement curve that is produced.

Figure 2.1: General shear failure plane and load--displacement curve

2.4.2 Local Shear Failure

This type of failure is typically found in soils of a compressible nature. This leads to large

settlement of the footing with very little heaving of the surface being observed and is most

likely to occur in loose sandy soils, silty sands and weak clays. In the case of local shear

failure no tilting of the footing is expected rather only settlement should occur. This can

be attributed to an undefined shear path except for directly underneath the footing and

results in only partial plastic equilibrium. Figure 2.2 shows how slight heaving occurs for

local shear failure and the load--displacement curve associated with it.
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Figure 2.2: Local shear failure plane and load--displacement curve

2.4.3 Punching Shear Failure

Punching shear failure usually occurs in soils of high compressibility such as loose sands.

The soil beneath the footing compacts as settlement occurs with no heaving or horizontal

displacement of material happening. A vertical shear plane between the edge of the footing

and the soil is developed with insignificant plastic equilibrium being developed. A

catastrophic failure will not occur however the settlement that does eventuate is usually

unacceptable. Figure 2.3 shows the settlement of the footingwith noheaving occurring and

the load--displacement curve that occurs.

Figure 2.3: Punching shear failure plane and load--displacement curve
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2.5 Footing on Flat Ground Theories

2.5.1 Terzaghi’s Level Ground Bearing Capacity
Theory

Terzaghi (1943) was the first to suggest a theory for predicting the bearing capacity of

footings. These footings were considered shallow foundations with an embedment depth

of Df∕B≤ 1 and as a strip footing of infinite length. Terzaghi’s equation is shown in

equation 1.1.

qu= cNc+ qNq+ 1∕2 γBNγ (1.1)

where: S c = soil cohesion

S q = surcharge loading (γDf)

S γ = unit weight of soil

S B = footing width

S Nc, Nq, Nγ = non--dimensional bearing capacity factors related to the friction
angle of the soil.

Examples of Terzaghi’s bearing capacity factors (Nc, Nq, Nγ) are shown in Table 2.1.

Table 2.1: Example Terzaghi factor values

φ Nc Nq Nγ
0 5.7 1 0

5 7.3 1.6 0.5

10 9.6 2.7 1.2

15 12.9 4.4 2.5

20 17.7 7.4 5

25 25.1 12.7 9.7

30 37.2 22.5 19.7

35 57.8 41.4 42.4

40 95.7 81.3 100.4

Terzaghi’s theory utilises the idea that the structure load (P) being applied to the footing

is supported by 3 shear zones within the soil beneath the footing, shown in Figure 2.4.
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Figure 2.4: Shear zones based on Terzaghi’s theory

Terzaghi made a number of assumptions when creating his theory which included:

S the footing was continuous.

S the soil mass above the footing was replaced with an equivalent surcharge.

S the shear resistance of the soil above the footing is neglected.

S the soil wedge beneath the footing moves with the footing and is in an elastic state.

S the base of the footing is rough to stop the soil directly beneath the footing frommoving
horizontally.

2.5.2 Meyerhof’s Level Ground Bearing Capacity
Theory

The theory developed by Meyerhof (1963) came about as he (Meyerhof) believed

Terzaghi’s theory was over--conservative and could be improved. Meyerhof also believed

that the friction and resistance of the soil above the footing, which was previously replaced

by Terzaghi with a simple surcharge, did have an effect on the bearing capacity. As well

as this, Meyerhof felt there was a need to allow for the effects of the shape and depth of

the footing, as well as an allowance for an inclined load being applied. With these new

factors being included Meyerhof came up with a revised equation shown in equation 1.2.

qu= cNcFcsFcdFci+ qNqFqsFqdFqi+ 1∕2 γBNγFγsFγdFγi (1.2)

where: S c = soil cohesion

S q = surcharge loading (γDf)
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S γ = unit weight of soil

S B = footing width

S Nc, Nq, Nγ = non--dimensional bearing capacity factors related to the friction
angle of the soil.

S Fcs,Fqs,Fγs = footing shape factors

S Fcd,Fqd,Fγd = footing depth factors

S Fci,Fqi,Fγi = load inclination factors

Meyerhof also determined new bearing capacity factor values for Nc, Nq, Nγ which are

shown compared to Terzaghi’s values for the friction angles used in this project in

Table 2.2.

Table 2.2: Example Meyerhof factor values compared with Terzaghi values

Terzaghi Meyerhof

φ Nc Nq Nγ Nc Nq Nγ
0 5.7 1.00 0.00 5.14 1.00 0.00

10 9.6 2.69 1.2 8.34 2.47 0.37

20 17.69 7.44 5.00 14.83 6.4 2.87

30 37.16 22.46 19.7 30.14 18.4 15.67

40 95.66 81.27 100.4 75.31 64.2 93.69

2.5.3 Additional Researchers

The footing on level ground bearing capacity equation has also been modified by other

researchers such as Skempton (1951), Hansen (1961), Vesic (1973). Skempton’s research

revised the shape and depth factors for footings located on the surface of clay soils.

Hansen’s theory introduced a factor for a footing that was tilted or not parallel to the soil

surface andwas built onMeyerhof’s theory for footingson slopes.Vesic’smodel accounted

for footings that experience large settlement by recommending factors for rigidity. Each

of these theories aimed to improve the bearing capacity prediction to produce a less

conservative and more accurate solution.
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2.6 Footing on Slope Theories

2.6.1 Meyerhof’s Footing Near Slope Bearing Capacity
Theory

Meyerhof proposed his theory for the bearing capacity of a footing located on a slope in

1953. The equation that eventuated as a result of this theory was again a modified version

of Terzaghi’s initial bearing capacity equation and is shown in equation 1.3.

qu= cNcq+ 1∕2 γBNγq (1.3)

This theory was developed to only consider purely cohesive soils (φ= 0˚) which in the

above equation is cNcq, and for purely granular soils (c= 0 kPa) which in equation 1.3

is 1∕2 γBNγq.

To find the value of Nγq and Ncq Meyerhof created a range of design charts that included

the effects of slope angle and the internal friction angleof thematerial for footings thatwere

located either on the surface or at a depth equal to the footing width. To account for the

effect of the height of the slope a stability number, taken as Ns= γH∕c, was used.

2.6.2 Graham et. al. Footing Near Slope Bearing
Capacity Theory

In 1988 Graham et. al. proposed new values for Meyerhof’s Nγq bearing capacity factor

for soils of purely granular material. These new values were the result of analyses using

the stress characteristicsmethod on a cohesionless soil slope. The ultimate bearing capacity

values produced using the Graham et.al theory are larger then those obtained using other

methods, as unlike the other methods which use factors to obtain a bearing capacity,

Graham et. al. uses slip line analysis to determine capacities.

2.6.3 Shiau et. al. Footing Near Slope Bearing Capacity
Theory

The study performed by Shiau et. al. in 2007 used non--linear programming to examine the

effects of many parameters associated with footings on slopes. These parameters were

converted into dimensionless values to allow easier analysis and included the strength ratio

of the soil, footing distance ratio, slope height ratio, slope angle relative to the horizontal,

surcharge applied to the slope top surface and the effect of the footing roughness.
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This study encapsulated many parameters making it very comprehensive in this aspect,

however the depth that it looked in to parameter was not sufficient to create a range of

design charts that may be used in the geotechnical field.

2.6.4 Additional Researchers

There have been a number of other researcherswhohave contributed to the footing on slope

problem in a number of ways using various analysis techniques. Kusakabe, Kimura and

Yamaguchi were the first to use dimensionless strength ratio in 1981 using upper and lower

bound analysis. Narita and Yamaguchi used log--spiral analysis in 1990 that had been

originally developed for footing on flat ground cases and were able to closely replicate

results produced previously for purely cohesive (clay) material.

2.7 Previous Research Work Done

2.7.1 Biopuso Samuel (2005)

In 2005 Samuel conducted a project to study consolidation settlement and the bearing

capacity of shallow foundations near a slope. Small scaled physical models were

constructed for both areas of the project. For the consolidation settlement study oedometer

testswere conductedwith a spreadsheet thendeveloped to assist in the calculations required

for foundation settlement design.

For the bearing capacity section of the project twomodelswere constructed at two different

slope angles. The bearing capacity values that were gained from these two models were

then compared against the results using other methods.

2.7.2 Catherine Smith (2006)

In 2006 Catherine Smith undertook a project to determine if the geotechnical modelling

program FLAC was suitable for analysing bearing capacities of footings and producing

results comparable with methods such as Terzaghi, Meyerhof and Shiau et. al. While this

study was mainly to validate the FLAC software program, footing on slope problems did

make up a component of this validation.

A purely granular material was selected within the FLAC program to compare with results

based on Meyerhof’s theory as well as the upper bound--lower bound methods of Davis &
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Booker and Shiau et. al. Smith also used a purely cohesive material, with zero internal

friction, to study the effect of the footing distance from the edge of the slope (footing

distance ratio), theheight of the slope (slopeheight ratio) and the strength of the soilmaking

up the slope (dimensionless strength ratio) on the bearing capacity the slope was capable

of.

This project was important to the footing on slope problem as it verified that FLAC is a

reliable tool to use for obtaining results. While this initial validation was for clay soils, it

did provide a direction for sandy soils asdiscussed in this paper for parameters such asmesh

size, applied velocity and stepping number.

2.7.3 Joshua Watson (2008)

This project was undertaken as a continuation of the work of Catherine Smith and was a

more in depth study specifically of the footing on slope problem. This involved analysing

the effects of a greater range of soil strength ratios, as well as slope height and footing

distance ratios.Watson also studied the effect slope angle had on the bearing capacity. This

studywas an attempt to provide a better understanding of the bearing capacities of different

slopes of a two dimensional nature, that is, slopes with footings of infinite length located

on top.

Watson also made a number of improvements to the FLAC script file, the major

improvement being to the mesh grid used in each analysis. The mesh was redesigned so

only the mesh beneath the angle was inclined, compared to Catherine Smith who inclined

the entire mesh that was located between the bottom and the top of the slope for all slope

angles less than 90˚. This improvement resulted in more accurate results being produced.

2.7.4 Matthew Arnold (2008)

The study conducted byMatthew Arnold in 2008 involved similar work to that performed

by JoshuaWatson however Arnold’s concentration was on cohesive--granular (sandy) soil

materials whereas Watson focussed on pure clay materials. Arnold studied the usual slope

dimension parameters of slope height ratio and footing distance ratio as well as thematerial

parameters of dimensionless strength ratio and internal friction angle. This internal friction

angle is the key difference between pure clay and cohesive--granular materials and has a

significant effect of the bearing capacity associated with a slope. Each parameter was only

looked into lightly with a small number of cases used to base the analysis on however the

results produced still appeared to be reliable.
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Ashas been done in this paper, Arnold created a number of design charts using the software

program Surfer. This program creates contour plots to display the information required but

only example charts were created to demonstrate what was possible. Arnold also briefly

looked into the effect of surcharge loading, combination shear failure and two--way shear

mechanism for footing on slope situation and presented the trends that were noticed. This

last sectionof studywas introduced as apossible areaof interest for further study byanother

student.

2.7.5 Nathan Lyle (2009)

In 2009NathanLyle set out to create a complete set of design charts for the footing on slope

problem based on pure clay material. In his study he looked at each of the common slope

problem parameters of slope height ratio, footing distance ratio and dimensionless strength

ratio in depth for various slope angles to create a very comprehensive set of geotechnical

charts.

Lyle also performed a validation of the FLACsoftware specifically for the footing on slope

problem which had not been completed with considerable detail before. As well as this,

Lyle discussed the program interface to identify its strengths and weaknesses.



Validation of FLAC Software for
c--φ Soil Analysis

3.1 Introduction

The purpose of this chapter is to validate the FLAC model used for c∕φ soil analysis, to
ensure that any results obtained form this software program are reliable and credible.

In validating the software it is necessary to determine the values of key factors relating to

the deformation of the slope by applying a load. These key factors are element size, applied

velocity and stepping number, and are related to each other in that they affect the accuracy

of the model. Element size and stepping number are very closely related because they

determine how much and how quickly penetration is applied to the slope. Element size

refers to the size of the mesh grid used on the model. All of these factors are discussed in

greater detail following this introduction.

The final section of validation involves fixing H∕B, D∕B, β and φ changing only c∕γB.
These results are then compared with results from other methods with the same parameters

to determine if the FLAC results are within an acceptable range. If the difference in results

is acceptable then any FLAC values obtained during research will be considered as

satisfactory for the purpose of this project.

3
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3.2 Effect of Applied Velocity

Applied velocity (or y--velocity as the velocity is applied in the y--axis direction) is an

important factor in verifying the FLAC model. It is closely linked to the the stepping

number input in the FLAC script file as together they determine the depth of penetration

performed in the analysis of a slope.

Applied velocity relates to the speed at which the slope is deformed in numerical analysis.

Whereas in real world testing we apply a load to a surface to obtain deformation, FLAC

applies a set velocity which combines with a stepping number to create a deformation to

gain results.

Previous studies have used a total penetration of 1.3 metres (y--velocity = 1e−5, stepping
number = 130000) when analysing a sandy soil however no proof that this velocity was

acceptable had been researched. As this section is dealing with changing the applied

velocity, it was decided that after changing each applied velocity, the stepping number

would also be changed to keep the 1.3 metre penetration otherwise penetration depths up

to 1300 metres may have eventuated. (Changing only the stepping number to give greater

and lesser penetration then 1.3 metres is examined in the next section)

It was determined that applied velocities of 1e−2, 1e−3, 1e−4, 1e−5 and1e−6would be used
in conjunction with stepping numbers 130, 1300, 13000, 130000 and 1300000

respectively. Each of these combinations of applied velocity and stepping number would

give the 1.3 metres penetration required to properly analyse the soil slope. In all of these

models the key parameters were kept the same, them namely being

β= 90˚, H∕B= 5, D∕B= 2, c∕γB= 20 and φ= 20˚.
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Figure 3.1: Validation for increasing y--velocity

Figure 3.1 shows the results of the validation files for applied velocity. It canbe clearly seen

that a velocity of 1e−2 results in a highly inaccurate bearing capacity value, while all other
values of applied velocity appear to give similar values. Due to the extreme variance in

bearing capacity values, the applied velocity, stepping number used, bearing capacity at

failure and computational time are included in Table 3.1.

Table 3.1: Applied velocity, stepping number, bearing capacity, CPU time

Applied
Velocity 1e--2 1e--3 1e--4 1e--5 1e--6

Stepping
Number 130 1300 13000 130000 1300000

Bearing
capacity 6439.28 159.34 156.29 149.18 143.00

CPU time
(min) 0.041 8.63 2.21 21.90 300+
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It can be seen after looking at this table the inaccuracy of using an applied velocity greater

then 1e−4. Using anything larger then this yields results all within 10% of each other which

is not quitewithin an acceptable range, so before choosing a final value for applied velocity

the computational time taken to analyse the slope must be considered. We can see that a

velocity of 1e−4 requires 2.21 minutes, while 1e−5 requires 21.9 minutes which is still an
acceptable amount of time taken to improve the accuracy of the final answer by 5%. 300+

minutes though, as used by 1e−6, is undesirable as obtaining a set of values would take
considerable time.

Nowwith the chosen applied velocity set as 1e−5we can determine the optimum desirable

stepping number.

3.3 Effect of Stepping Number

Now with the applied velocity decided, taking into account result accuracy and

computational time, we need to find the stepping number value to use. As mentioned

earlier, changing the stepping numberwhile keeping applied velocity fixed simply changes

the depth of penetration in the numerical model. This section is aimed at determining if the

depth of penetration is critical and the optimumvalue to use that will ensure reliable results,

while also again taking into account CPU time.

Stepping number refers to howmany iterations of the applied velocity are applied onto the

slope surface. This results in a set penetration length which needs to be sufficient to make

the slope structure deform sufficiently and ensure themaximum bearing capacity be found.

Without a sufficient penetration depth the maximum capacity of a slope may not be found

resulting in unreliable results.

Asmentioned in the previous section a depth of 1.3metres penetration hasbeen usedbefore

however this has never been validated as being acceptable or not. In this verification we

will use stepping numbers of 25000, 50000, 100000, 130000 and 150000 which when

combined with the chosen value for applied velocity (1e−5) gives penetration depths of
0.25 m, 0.5 m, 1 m, 1.3 m and 1.5 m respectively.

The key parameters were set the same as previously used to eliminate and variation and

make the results more valid, these being β= 90˚, H∕B= 5, D∕B= 2, c∕γB= 20 and

φ= 20˚.
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Figure 3.2: Validation for increasing stepping number

Figure 3.2 shows the results obtained when only stepping number was varied. By

inspection of the chart it appears that there is minimal difference between the values

suggesting that stepping number, and therefore penetration depth, is not critical. To decide

upon the stepping number to use the stepping numbers versus bearing capacities and CPU

times are shown in Table 3.2.

Table 3.2: Stepping number, penetration depth, bearing capacity, CPU time

Stepping
Number 25000 50000 100000 130000 150000

Penetration
Depth (m) 0.25 0.5 1.0 1.3 1.5

Bearing
Capacity 149.37 149.34 149.30 149.18 149.09

CPU Time
(min) 4.27 8.57 17.16 22.29 25.70
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We can see that between the stepping numbers, there is less then 1% difference in result

values.Whenwe examine the computational time taken, we can see that the analysis varies

between almost 4.5minutes and just over 25.5minutes, all of which are acceptable. On first

inspection of these results it would seem logical to use a stepping number of 25000 as it

takes the least amount of time, however the dimensions of the slope need to be considered

in this case.

Since the footing from edge of slope ratio has been specified at D/B=2, which is very close

to the edge, it will not require much penetration depth to create slope failure. Should the

D/B ratio be equal to 10 however, then it is highly likely that a greater penetration depth

would be needed to initiate failure in the slope in order to be able to obtain the bearing

capacity of the soil. It is for this reason that we will use a stepping number of 130000 and

stick with the 1.3 metres penetration, as CPU time is still very reasonable, the results are

slightly more accurate and the fact that is has been used before and appears to give reliable

results no matter what the key slope parameters are.

3.4 Effect of Element Size

With applied velocity and stepping number values validated and chosen, the next step is

determining the element size for the slope model.

Element size (ormesh size) refers to the sizeof themesh grid used in the numerical analysis,

and determines how many square elements there will be in the slope model. The value of

the element size used must be able to be evenly divided into the footing width. With a

footing width equal to 1 (one), element sizes of 0.05, 0.1, 0.2 and 0.5 were tested as they

all satisfied this requirement. Figure 3.3 and Figure 3.4 below show the difference inmesh

size between 0.1 and 0.5.

These figures show the deformed shape of the slopes after being subjected to analysis, but

show very well the difference in mesh sizes. The most noticeable difference is at the edges

of the footingwherewe can see a difference in the angles of themesh between the two sizes.
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Figure 3.3: 0.1 mesh size

Figure 3.4: 0.5 mesh size

For the validation the key parameters were again set as β= 90˚, H∕B= 5, D∕B= 2,

c∕γB= 20, and φ= 20˚, as well as including the applied velocity and stepping number
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values determined in the previous sections. FLAC was then used to obtain results for the

varying element sizes with these results shown in Figure 3.5.
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Figure 3.5: Validation for increasing element size

In Figure 3.5 we can see the difference in final values between the different element sizes.

An element size of 0.5 appears to overestimate the bearing capacity of the slope, which we

would expect after observing Figure 3.4. By inspection of this figure we can conclude even

before bearing capacity results are known that this mesh size is unlikely to yield accurate

results due to it being so large. The difference in results between an element size of 0.2,

0.1 and 0.05 is considerably less, with 0.1 and 0.05 mesh sizes returning values almost

identical. A mesh size of 0.2 yields results only 4% different to those obtained for 0.1 and

0.05 which is within an acceptable range. Nowwe know the result values using the various

element sizes wemust now examine the CPU times to find the optimal value. These values

are most easily compared in a tabular form (Table 3.3).
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Table 3.3: Applied velocity, stepping number, bearing capacity, CPU time

Element Size 0.05 0.1 0.2 0.5

Bearing
Capacity 143.00 143.37 149.18 169.48

CPU Time 337.38 81.5 18.15 2.51

Since we know a mesh size of 0.2 gives a result only 4% different to 0.1 and 0.05, but can

be obtained in a quarter of the time of 0.1 size mesh, it is the mesh size we will use. This

enables us to obtain data in acceptable time with the data accuracy also within a tolerable

range.

3.5 Comparison with Other Existing Solutions

The last check we need to perform is to see whether the results output by FLAC are

comparable to that derived using other methods. This will allow us to see the difference

in values from various methods and determine whether the FLAC results are acceptable.

A research paper that was compiled by members of the Civil Engineering Department at

the Tokyo Institute of Technology was used to obtain some results to compare with, as the

parameters that were used in the papermirrored that which can be varied in the FLACscript

file. Once these parameters were known FLAC cases were set up and run which produced

results shown in Figure 3.6.
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Figure 3.6: Comparison against other results

From this diagram we can see that the trend displayed for each analysis method is the same

with a linear increase in normalised bearing capacity with an increase is dimensionless

strength ratio. What is interesting to note is the difference is bearing capacity values

between each of the methods. The Lysmer (lower bound) method is less then half of that

obtained from FLAC, however we expect this method to return low capacity values due

to it being the lower bound method which finds the lowest possible bearing capacity for

a given case.

We can see the difference between the FLAC derived results and those obtained using

Bishopsmethod is very small, and if results had been available for a dimensionless strength

ratio of 25 usingKotter’smethod then it is believed that therewould also be little difference

between FLAC and Kotter based results.

If the results for Lysmer method are ignored as it is known that this method will always

produce low values, then the results produced from FLAC are within an acceptable range

of two out of three othermethods. Thuswe can classify FLACas producing reliable results.

Of course as the normalised bearing capacity values from FLAC are the highest out of all
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the methods compared, it would be wise to apply a safety factor if using FLAC which is

common practice in industry anyway.

The values used in Figure 3.6 are shown below in Table 3.4.

Table 3.4: Results from comparison of methods (after Kusakabe, Kimura and Yamaguchi, 1981)

Soil
Strength
Ratio

Bishop
Method

Fellenius
Method

Kotter
Method

Lysmer
(lower
bound)
Method

FLAC
Method

25 439.0 276.0 N/A 159.2 459.62

5 88.0 58.3 81.2 32.11 94.46

1 17.1 12.9 18.2 6.86 21.14

0.5 10.3 7.45 10.2 3.84 11.7

From this table we can see that the FLACmethod compares well against the slice method
of Bishop (Fellenius is also a slice method), and Kotter’s stress characteristic equations.



Numerical Analysis -- 90˚Slope

4.1 Introduction

This chapter will investigate the effect of slope material properties, as well as the effect the

slope dimensions have on the bearing capacity of a footing near slope.

The slope material properties that will be varied are dimensionless strength ratio and

internal friction angle. The dimensionless strength ratio (c∕γB) will be varied with values
of 1, 10, 20 and 30. The internal friction angle (φ) will have the values of 10˚, 20˚, 30˚

and 40˚.

As this chapter is focussed with cohesive--granular slope materials it is necessary to vary

the values of strength ratio and friction angle as shown above. This is in contrast to sand

where cohesion (c∕γB) equals zero, or clay where friction angle (φ) equals zero.

The slope dimension parameters that will be examined are footing distance ratio (D∕B)
and slope height ratio (H∕B). It is possible to also study the effect that slope angle has on
bearing capacity however this chapter will focus solely on 90˚ slope rather then take a brief

look at a number of slope angles. The footing distance ratio values to be used will be 0, 1,

2, 3, 4, 5, 6, 8, 10, 15, 20 and 25 while the slope height ratio values will be 0, 1, 2, 3, 4,

5, 6, 8, 10, 13 and 16.

Different trends will be experienced when using various combinations of these parameters

which will each give a different bearing capacity value. This is due to the stability of the

slope changing and making failure less or more easily occurring.

4
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The analysis software FLAC will be used to obtain results relevant to this chapter, which

was validated as an acceptable program in chapter 3 of this dissertation.

4.2 Effect of Dimensionless Strength Ratio, c∕γB

The strength of a soil will determine the magnitude of the loads it is able to sustain before

it becomes susceptible to deformation or failure. The factors that affect this strength of a

soil are the internal cohesive force and the density of the material. In FLAC based analysis

the strength of a soil is taken to be dimensionless, thus creating the dimensionless strength

ratio for a soil. This is done as the cohesive force and density are unknown parameters, but

by using a dimensionless strength value, analysis is still able to take place.

Dimensionless strength ratio is known as c∕γB where c = cohesion, γ= material density

and B = width of the footing. Within the FLAC script files it is simply given a numerical

value which can be used later on to find the value of one of the parameters if the other is

known.

As the strength of a soil increases, it is expected that the bearing capacitywill also increase.

This is due to the larger cohesive force holding the soil particles together and resisting

deformation as higher cohesion = higher force needed to break each particle bond. In the

case of FLAC analysis a higher dimensionless strength ratio equals a stronger soil. This is

better explained with an example: Assume a material has a density (γ) of 20kN∕m2, and

a footing width (B) of 1.With a strength ratio of c∕γB= 10, the cohesive strength (c) of that
soil: 10= c∕(20× 1) therefore c = 200 kPa. With a strength ratio of 20 the cohesive

strength is: 20= c∕(20× 1) therefore c = 400 kPa.
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Figure 4.1: Increasing bearing capacity with increased strength ratio

Figure 4.1 shows the bearing capacity of an example slope with the dimensions of

H/B = 4, φ= 20˚(effects of friction angle φ will be discussed later) and varying D/B
values. It can be seen that as the strength ratio of the soil increases so does the bearing

capacity which is as expected. It is also noted that for small strength ratios converging of

the results occurs, meaning that with weaker materials the distance of the footing from the

edge of the slope is not such a major factor as the bearing capacity is very similar even for

large footing distances.
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4.2.1 Comparison With Footing Distance Ratio
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Figure 4.2: Effect of dimensionless strength ratio with footing distance ratio

Observing Figure 4.2 we can see the relationship between footing distance ratio and

dimensionless strength ratio. From section 4.1 we know that increasing dimensionless

strength ratio will give an increased bearing capacity, but we can also see in this figure that

an increase in footing distancewill also an increase on normalised bearing capacity.We can

also note the large difference between a footing distance ratio of D/B = 0 and D/B = 1

showing that even a little increase in this ratio can greatly increase the bearing capacity

when the footing is located so close to the slope edge. As the footing distance ratio increase

though this difference becomes lessened as flat ground behaviour is approached. Flat

ground behaviour is reached with large footing distance ratios as indicated by the single

result line for D/B =6--25.
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Figure 4.3: Contour plots for dimensionless strength ratio with varied footing distance ratio

Note in the contour plots Figure 4.3 and the trends which they display. It can be seen that

even with a varied dimensionless strength ratio, the failure planes will be very similar for

a slope of the same dimensions andwhen the footing is in the same location. This is because

the strength of a soil only affects the bearing capacity it is capable of and not the failure

plane that will occur. The break in failure plane that can be seen in the top right image

(c∕γB= 1, D/B = 8) is due to the resolution of the jpeg produced not showing up the very
small shear stresses.
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4.2.2 Comparison With Slope Height Ratio
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Figure 4.4: Effect of dimensionless strength ratio with slope height ratio

In Figure 4.4 we can see the correct assumption that as the slope height ratio increases the

bearing capacity decreases, and bearing capacity increases as dimensionless strength ratio

increases. We can see that a significantly higher bearing capacity is achieved with a small

slope height ratio then with a large slope height ratio. H/B = 0 is included to show the

capacity of this particular material for a flat ground situation so it can be seen how much

change even a small increase in slope height has. Note how the normalised bearing

capacities change very little once a slope height of H/B= 3 is reached suggesting that above

toe failure has occurred for this particular case.
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Figure 4.5: Contour plots for dimensionless strength ratio with varied slope height ratio

In Figure 4.5 we can see the below and above toe failures occurring for the low and high

slope height ratios respectively. The below toe failure plane demonstrated by the H/B = 1

contours is the reason for the larger difference in bearing capacities compared to the

H/B = 8 contours and above toe failure planes as the below toe failures have more slope

material to provide resistance so a larger force can be supported. Once the failure plane is

above toe it does not matter how much higher a slope becomes (until it becomes so high

it is unstable with no load) the bearing capacity will be the same due to the common failure

plane (indicated by flat lining of capacity in Figure 4.20). Again note the very similar
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failure planes that have occurred for a slope of the same dimensions even with different

strength soils.

4.2.3 Comparison With Friction Angle
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Figure 4.6: Effect of dimensionless strength ratio with friction angle

The results in Figure 4.6 highlight the effect of dimensionless strength ratio when

combined with friction angle. Just as it is seen when the dimensionless strength ratio is

decreased, when the friction angle is decreased the normalisedbearing capacities converge.

Also note the difference in bearing capacity values occurring between the different friction

angles. The trend in the results suggests that as friction angle is increased the bearing

capacity increases exponentially. The effect of friction angle is very well highlighted if we

examine the results relating to a dimensionless strength ratio of 1: a soil with friction angle

of 10˚ has a normalised bearing capacity of roughly 7, while a soil with friction angle of

40˚ has a capacity of approximately 100.
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Figure 4.7: Contour plots for dimensionless strength ratio with varied internal friction

In Figure 4.7 we can once again see the similarities in failure planes between the different

dimensionless strength ratios for the same friction angle. The differences in the failure

planes is not significant once again proving that the strength of the slope material does not

determine the failure plane that occurs. Note the larger contour plot surface for friction

angle 40˚ which suggests more material is involved in supporting the load applied to the
slope. The effect of friction angle on bearing capacity will be explained in the next section

(4.3).
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4.2.4 Conclusion

The purpose of this sub--section was to make clear the effect dimensionless strength ratio

has on normalised bearing capacity. The assumed knowledge that a higher dimensionless

strength ratio will produce a higher bearing capacity has been proven by comparing it

against all the main parameters that have an effect of the ultimate bearing capacity of a

slope. From the results shown we know that there will be larger differences in bearing

capacities between each strength ratio when the slope is stable-- that is either below toe

failure or flat ground behaviour-- and that once the slope becomes unstable this difference

becomes lessened. From the contour plots we have also gathered that dimensionless

strength ratio does not have a noteworthy effect on the failure surface that occurs.

4.3 Effect of Internal Friction Angle, φ

The friction angle of a soil relates to the shape of each particle that makes up the foundation

material. The magnitude of the friction angle of a soil is also a key parameter when

determining the bearing capacity of a slope, along with its strength ratio.

The internal friction angle of soil is what determines the amount of material that will be

involved in supporting a footing as it affects the interference of one particle on another. A

material with zero or extremely low internal friction, such as clay, means each particle is

perfectly round or close to it so the particles are unable to stack up on each other, similar

to how it is hard to stack a group of basketballs on top of each other due to their round shape.

A material with a large friction angle however, such as sand, will stack on top of itself due

to the irregularity of each particle binding on adjacent particles.

Given that the friction angle of a material affects how the particles interact within a soil

mass, it is expected that a larger friction anglewould result in a larger bearing capacity. This

theory will be now be discussed by comparing the effects of friction angle with

dimensionless strength ratio, footing distance ratio and slope height ratio.
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4.3.1 Comparison With Dimensionless Strength Ratio
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Figure 4.8: Effect of friction angle with dimensionless strength ratio

When we observe friction angle with dimensionless strength ratio, such as in Figure 4.8,

we again see the expected trend of increased bearing capacity with a larger strength ratio

material. We can also see that the difference in bearing capacity becomes larger between

each dimensionless strength ratio as the internal friction angle of the soil increases. It is also

interesting to note that as friction angle decreases the normalised bearing capacities

converge indicating that friction angle greatly affects the strength of a slope just like

strength ratio does.
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Figure 4.9: Contour plots for friction angle with varied dimensionless strength ratio

Examining Figure 4.9 we can see the area of affected material increasing with each larger

friction angle which helps prove why a larger bearing capacity is obtained on slopes that

consist of a material with high internal friction, as more material provides resistance to the

footing force. Note how each slip plane shown consists of basically the same lower

extremity, with more soil becoming affected above this line as the friction angle increases.

It should also be noted how the failure surface is the same for each value of φ again proving

that dimensionless strength ratio does not change the failure plane as stated in the previous

section. The abnormality in failure surface in the tope two images is again due to the

resolution not showing the very small shear stresses.
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4.3.2 Comparison With Footing Distance Ratio
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Figure 4.10: Effect of friction angle with footing distance ratio

Figure 4.10 again confirms that increasing friction angle ratio increases the bearing

capacity of a slope by. We can see the differences in bearing capacity become more

noticeable with a higher friction angle asmore slopematerial becomes available to provide

resistance to the footing force.We can also again see that the results convergewith a smaller

friction angle as there will not be as much interaction between the soil particles no matter

what the footing distance ratio is. A footing situated at D/B= 2 for amaterial with φ= 40˚
friction anglewill have a higher bearing capacity then a footing situatedmuch further away

from the slope face at D/B = 25 for a material with φ= 20˚ friction angle.
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Figure 4.11: Contour plots for friction angle with varied footing distance ratio

Figure 4.11 demonstrates the effect friction angle has on the failure plane for a particular

slope. We can observe that for friction angles of φ= 10˚ and φ= 20˚ footing on slope
situation occurs for the smaller footing distance ratio and footing on flat ground situation

occurs for the large footing distance ratio as expected. However for friction angles of

φ= 30˚ and φ= 40˚ for the larger footing distance ratio, we can see that the failure plane
has once again become a footing on slope problem. It can be gathered from these contour

plots that while bearing capacity of a slope increases with increased friction angle, the

footing on slope problem can re--emerge even for large footing distance ratios.
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4.3.3 Comparison With Slope Height Ratio
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Figure 4.12: Effect of friction angle with slope height ratio

Examining Figure 4.12 we can the expected trend of increaseing bearing capacity with

increasing friction angle. What we can also again see though, is the normalising of results

above approximately H/B = 6. We have come to expect that as friction angle of a material

increases so too will the bearing capacity, however for H/B > 6we can see that there is very

little increase in bearing capacity between φ= 10˚ and φ= 40˚. This tends to suggest
that above this slope height ratio, there is not enough extra material available for high

friction angle soils to be at an advantage. It could be assumed from this that the failure plane

for slope height ratios greater then H/B = 6 would be the same.
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Figure 4.13: Contour plots for friction angle with varied slope height ratio

For the small slope height ratio for the case shown in Figure 4.13, we can see the

insignificant changes in the failure plane between each of the friction angles with only the

size of the failure surface changing as it is now expected. For the larger slope height ratio,

the slopeswith smaller values of friction angledo not appear to have failed as normally seen

for a footing on flat ground behaviour however the failure planeshave not reached the slope

face. If we compare this with the failure surfaces for the larger friction angles we can see

that their failure planes have reached the slope face due to the greater interaction between

the material particles.
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4.3.4 Conclusion

From the results analysed it has been determined that friction angle does have a large effect

on the normalised bearing capacity of a slope. In each of the comparisons that were made

the higher friction angles always produced the higher bearing capacities. In the contour

plots shown we can see that this higher bearing capacity is due to the increased mass of

material that is involved for a higher friction angledmaterial in supporting the footing load.

It could be concluded then that for a material with very low friction angle a change in any

of the other main parameters would only result in a marginal increase in bearing capacity,

and the best material for construction purposes is one with a high friction angle as it will

always produce a higher bearing capacity.

4.4 Effect of Footing Distance Ratio, D∕B

Footing distance ratio refers to the distance from the edge of the slope to the face of the

footing and is relative to the footing width. This ratio is important to slope analysis as it

is a key factor that affects whether a footing is judged as a footing on slope problem or a

footing on flat ground problem. This is because as the footing moves away from the slope

edge, the instability that may be associated with a particular slope plays a lesser role in the

bearing capacity of the slope.

With this knowledge in mind, it can be expected that as a footing moves further away from

a slope edge the bearing capacity of the slopematerial will be increased.What is not known

however is the combined effect footing distance ratio with dimensionless strength ratio,

slope height ratio and friction angle or the material. This section will look into this and

attempt to note any trends encountered.
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4.4.1 Comparison With Dimensionless Strength Ratio
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Figure 4.14: Effect of footing distance ratio with dimensionless strength ratio

In Figure 4.14we can observe the effects of footing distance ratio onbearing capacitywhen

combined with dimensionless strength ratio. When can see the trend that for varying

strengthsof soil flat ground behaviourwill be experienced at the same footing distance ratio

value, where anything further from the slope edge then this is a footing on flat ground

situation. We can also see the trend that the bearing capacities converge as the footing

distance decreases for all the strength ratios. It is these footing distance ratios where the

failure plane is above toe and still a slope problem so each soil strength ratio will have a

similar failure plane for a particular footing distance.
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Figure 4.15: Contour plots for footing distance ratio with varied dimensionless strength ratio

If we examine Figure 4.15 we can see as the footing distance ratio increases the failure

surface changes from a slope failure to a flat ground failure. We can also see the extent to

which a failure plane can reach for the particular case shown, with the vertical plane

becoming horizontal as it approaches the slope face the for footing distance ratio of

D/B = 5. Even though this section is concerned with the effect of footing distance ratio also

note the very similar failure surfaces for each footing distance ratio, again proving that

dimensionless strength ratio relates to the strength of the material and has little to no effect

on the failure plane that occurs.
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4.4.2 Comparison With Slope Height Ratio
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Figure 4.16: Effect of footing distance ratio with slope height ratio

H/B = 0 has been included in Figure 4.16 to show the flat ground bearing capacity for the

material in this particular case. We can again see the higher bearing capacities associated

with the higher footing distance ratios, with a common line for H/B = 3--16 showing that

the failure plane occurs above toe immediately.Wecan also again see flat groundbehaviour

occurring at approximately D/B = 9 for this case, which due to the single results line for

any footing distance ratio higher then this indicates that the footing is no longer a footing

on slope problem even for the largest slope height ratio.
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Figure 4.17: Contour plots for footing distance ratio with varied slope height ratio

Figure 4.17 shows the contour plots that occur with increasing values of footing distance

ratio. Interesting to note is the failure planes that have occurred between to two different

slope height ratios used. We can see on the H/B = 2 images that the failure plane extends

from the footing location to the toe of the slope for each footing distance ratio until it

becomes flat ground behaviour at D/B = 8, while for the H/B = 8 images only the lowest
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footing distance ratio has failed through to the slope face. For all the other cases for

H/B = 8 the failure surfaces are on the verge of failing through the slope face but it didn’t

eventuate which could be attributed to the larger soil mass of the slope.We can also see that

for the higher slope height ratio flat ground behaviour is not experienced until D/B = 15

while for the lower slope height it occurs at D/B = 8.

4.4.3 Comparison With Friction Angle
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Figure 4.18: Effect of footing distance ratio with friction angle

In Figure 4.18 it can be seen what effects footing distance ratio has with friction angle on

the normalised bearing capacity of a slope. If we observe bearing capacity values for small

footing distance ratios, we can see that the results converge, meaning that when the footing

is located close to the slope edge the internal friction angle of the slopematerial plays a less

critical role in overall bearing capacity of a slope. Another interesting point to note is when

flat behaviour is experienced for each of the friction angles. If we consider φ= 10˚ we

can see that flat ground behaviour occurs at D/B = 6, while for φ= 40˚ it occurs at
D/B = 24 approximately. This supports the idea that a larger friction angle creates a larger

interaction mass of soil producing higher bearing capacities as suggested earlier.
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Figure 4.19: Contour plots for footing distance ratio with varied friction angle

In Figure 4.19 it is clearly seen the effect of footing distance ratio and friction angle

combined. We can see that for a friction angle of φ= 10˚ flat ground behaviour is on the

verge of occurring at D/B=5, while for a friction angle of φ= 40˚ the failure plane is still

occurring below toe for the same situation. For the material with φ= 40˚ flat ground
behaviour isn’t experiences until D/B = 20 which is significantly further from the slope

face. Thus we can gather from these images that footing distance ratio combined with



4.4 Effect of Footing Distance Ratio, , continued

4--24Chapter 4 Numerical Analysis

friction angle will have a very considerable effect on the where flat ground behaviour is

reached which in turn will affect the bearing capacity.

4.4.4 Conclusion

Footing distance ratio plays a significant role in where footing on flat ground behaviour

will occur, however it is also affected by many of the other parameters that were combined

with it in this section. We found that dimensionless strength ratio did not affect where flat

ground behaviour occurred, rather it simply changes the bearing capacity that was reached.

However the parameters of slope height ratio and friction angle did have an effect on this

transition from footingon slope to footing on flat groundproblem. Itwas noted that a higher

slope height required a greater footing distance for flat ground behaviour which could be

attributed to the greater natural instability of a higher slope. We also determined that an

increased friction angle effected the occurrence of flat ground behaviour, due to the greater

interaction between the soil particles transferring the effects of a footing load further.

4.5 Effect of Slope Height Ratio, H∕B

Slope height ratio refers to the distance between the top of the slope and the bottom of the

slope and is again relative to the footing width just as is the case for footing distance ratio.

The slope height ratio plays in important part in a slopes bearing capacity due to a number

of reasons. Firstly, the slope height ratio can affect whether footing on flat ground

behaviour occurs or not, as with a small slope height ratio for a particular footing distance

ratio a footing on flat ground situation may occur. If we however increase the slope height

ratio while keeping the footing distance ratio constant, the footing may again become

classified as a footing on slope problem. This is related to the slope’s stability which is

another reason why slope height ratio has in important role in bearing capacity.

The stability of a slope will affect the bearing capacity that is possible for that particular

slope. If a slope is unstable then it will be unable to support as much load as a stable slope,

due to the fact that some of the slope’s strength will be involved in simply keeping the slope

from failing due to its own weight and dimensions.

Knowing this information, we could expect that as the height of a slope is increased its

bearing capacity will be decreased. What we don’t know is what effect dimensionless

strength ratio, footing distance ratio and the friction angle of the soil combined with slope
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height ratio have on the bearing capacity of a slope. It is these parameter relationships that

will be looked into in this section.

4.5.1 Comparison With Dimensionless Strength Ratio
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Figure 4.20: Effect of slope height ratio with dimensionless strength ratio

In Figure 4.20 we can again see a trend that as the slope height ratio increases the bearing

capacity decreases. We can also again see that with a larger dimensionless strength ratio

a higher bearing capacity is obtained. As with the results for dimensionless strength ratio

and footing distance, flat ground behaviour is again experienced at the same position on

a particular slope for all strength ratios. We can also see that for small slope height ratios,

the strength ratio of the material does have a significant effect while the failure plane is

below toe. However, as the slope height increases the effect of soil strength is less severe

as failure becomes above toe and similar failure planes begin to occur.
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Figure 4.21: Contour plots for slope height ratio with varied dimensionless strength ratio

Figure 4.21 shows the effect of slope height ratio and dimensionless strength ratio on the

failure surfaces that occur.We can see that the failure planes are the same for corresponding

values of slope height ratio except for the case of H/B = 8. It is unclear why this has

happened as different strength ratios should still give the same failure planes as discussed

in previous sections. Note that for all cases above H/B = 2 the failure has occurred above

the toe indicating that the maximum bearing capacity has been reached.
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4.5.2 Comparison With Footing Distance Ratio
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Figure 4.22: Effect of slope height ratio with footing distance ratio

Figure 4.22 shows the effect of slope height ratio combined with footing distance ratio.

While the effects of slope height ratio on bearing capacity have already been established

in previous sections, the remarkable effect of footing distance ratio combined with slope

height ratio can be clearly seen in the above figure. It is particularly noticeable for the

lowest values of footing distance ratio where even a slight increase in this distance can

produce a far better bearing capacity for a given slope height. We should also note the

convergence of capacities related to a slope height of H/B = 0 which is due to footing

distance ratio having no effect on the bearing capacity due to flat ground behaviour being

experienced.
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Figure 4.23: Contour plots for slope height ratio with varied footing distance ratio

Figure 4.23 clearly demonstrates the effect of increasing slope height ratio.We can see that

for a small footing distance ratio where the footing is located close to the slope edge, that

above toe failure occurs each time. However for a larger footing distance ratio where flat

ground behaviour has initially occurred, we can see that as the slope height increases the

results have reverted back and the footing has become a footing on slope problem once

again.
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4.5.3 Comparison With Friction Angle
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Figure 4.24: Effect of slope height ratio with friction angle

Figure 4.24 again shows the effect friction angle has on the bearing capacity of a slope. For

small slope height ratios we can see the large difference in bearing capacities between the

friction angles due to the initial below toe failure surfaces and the different areas ofmaterial

that are involved. While for large slope height ratios we can see that once the failure plane

is above toe there is not enough extra soilmass able to be involved in supporting the footing

force so the results converge and become relatively close. It should also be noted how the

bearing capacity for each friction angle decreases to a limit, and that this limit is different

for each friction angle.
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Figure 4.25: Contour plots for slope height ratio with varied friction angle

When we observe Figure 4.25 we can now see why the results in Figure 4.12 display the

trend that they do. While it was initally believed that results above a slope height ratio of

H/B = 6 were the same due to insufficient extra material to utilise the soil’s friction angle

and create a larger bearing capacity, we can now see that is not the case. We can see that

for a low friction angle there is less interaction between the soil particles and footing on

flat ground behaviour is experienced while for a soil with a large friction angle the

interaction is greater which actually creates a footing on slope problem. This was an

unexpected result but very interesting to note as it means that a slope with high friction
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angle would suffer slope failure while a slope with low friction angle would suffer from

localised footing failure.

4.5.4 Conclusion

In analysing the effect of slope height ratio we found that increasing the slope height ratio

reduced the normalised bearing capacity that wasobtained. Itwas alsoobserved that having

a higher friction angle combined with a large slope height ratio can cause a change from

a localised footing failure to a footing on slope failure. The higher slopes also resulted in

similar failure lines once failure had become above toe which produced a bearing capacity

limit. Slopes of weaker material such as low friction angles or of small dimensionless

strength ratio were affected less by increasing slope height ratio.

4.6 Effect of Stability Number, N= c∕γHF

Stability number is a measure of how stable a slope is. The stability of a slope can mainly

be attributed to two parameters-- dimensionless strength ratio and slope height ratio. The

combination of these factors determine how well a slope is able to support itself and

therefore also the load that it can sustain and is infact how stability number is derived.

The purpose of including stability number in this analysis is due to its common use within

the geotechnical field. This means if the stability number of a slope is obtained from

another method or source, then it is able to be compared with these analytical results so a

bearing capacity can be found.

Due to the involvement of both slope height ratio and dimensionless strength ratio this

section will only look at how footing distance ratio and friction angle effect a slope’s

bearing capacity combined with stability number.

Stability number also considers safety factor when obtaining a bearing capacity value. In

the comparisons that will value a safety factor (F) of onewas used. For a larger safety factor

it is simply necessary to divide the stability number found by the safety factor and use this

new value with the chart.
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4.6.1 Comparison With Footing Distance Ratio
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Figure 4.26: Effect of stability number with footing distance ratio

In Figure 4.26we can see the similarity in the resultswith dimensionless strength ratio, due

to the relationshipbetween stability number anddimensionless strength ratio. However this

does re--affirm that a higher stability number will equal a larger bearing capacity. We can

also observe that as the footing distance ratio increases higher bearing capacities and flat

ground behaviour is reached as expected. This is due to the slope becoming less likely to

failure due to a footing load being placed close to its edge and results in amaximumbearing

capacity limit.
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Figure 4.27: Contour plots for stability number with varied footing distance ratio

Againwecan see in Figure 4.27 the similarity in results like that obtained for dimensionless

strength ratio combinedwith footingdistance ratio.Note the similar failure planes that have

occurred indicating that stability number does not affect the failure planes rather it simply

influences the strength of the foundation material.
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4.6.2 Comparison With Friction Angle
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Figure 4.28: Effect of stability number with friction angle

In Figure 4.28 we can once again see the same trend displayed for the effect of stability

number with friction ratio as was seen for dimensionless strength ratio and friction angle.

Friction anglewe know increases the bearing capacity of a slope, with the best combination

being a soil of friction angle φ= 40˚ and stability number N = 30. Note the smaller

difference in bearing capacities between the stability numbers for a low friction angle

material.
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Figure 4.29: Contour plots for stability number with varied friction angle

In Figure 4.29 we see the same result as that obtained for dimensionless strength ratio with

stability number not affecting the failure plane that occurs. In this figure we can see the

difference between friction angles that has been stated before, with the higher stability

number plots simply allowing a higher bearing capacity to take place.

4.6.3 Conclusion

The effects of stability number of bearing capacity were found to mirror that of the effects

of dimensionless strength ratio. Due to the relationship of dimensionless strength ratio and

slope height ratio on stability number only footing distance ratio and friction angle were
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able to be compared. As with strength ratio, the higher the stability number the greater the

bearing capacity possible. The main idea behind including stability number was to allow

interaction between people using different methods.

4.7 Conclusion

By examining each of themainparameters affectingbearing capacity of a slope-- theybeing

dimensionless strength ratio, friction angle, footing distance ratio, slope height ratio and

stability number-- it is hoped that a better understanding of footing on cohesive--granular

material slopes could be obtained, enabling a better prediction of what could be expected

of a slope given the dimensions and slope material properties.

Using the results that were gathered a set of design charts have been designed to show

bearing capacities of different slopes with the main parameters varied. These charts were

designed in a way that represented the best and easiest way to convey the information, so

that the charts could be used in the geotechnical field by engineers wishing to gain an

approximate value on what a particular slope in capable of supporting.

The design charts created include:

-- Footing on Flat Ground or Slope Condition Charts

-- Increased Bearing Capacity due to Increasing Strength Ratio Charts

-- Increased Bearing Capacity due to Increasing Footing Distance Charts

-- Decreased Bearing Capacity due to Increasing Slope Height Ratio Charts

-- Increased Bearing Capacity due to Increasing Stability Number Charts

Example charts of each type are shown in the following sections with the complete set of
each found in Appendix 8.2 -- 8.6.
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4.7.1 Footing on Flat Ground or Slope Condition Charts
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Figure 4.30: Footing on Flat Ground or Slope Condition Chart

Figure 4.30 demonstrates the first chart that would be used if using design charts to obtain

an estimation on bearing capacity for a particular case. Using this chart at the first step will

advise you if the footing you are designing is infact considered to bo a footing on slope or

footing on flat ground problem.

Only 4 of these charts were created as it was found that flat ground behaviour was

experienced at the same location for each strength ratio, which supports the findings in this

chapter that dimensionless strength ratio effects only the bearing capacity of a slope and

not the failure plane.
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4.7.2 Increased Bearing Capacity with Increasing Strength Ratio
Charts
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Figure 4.31: Increased Bearing Capacity with Increasing Strength Ratio Charts

Figure 4.31 shows a chart that would be used if the slope height ratio, soil strength ratio

and friction angle are known along with the allowable bearing capacity of the slope. Using

this information is can be determined at what footing distance a footing needs to be to

ensure a slope failure will not occur.
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4.7.3 Increased Bearing Capacity with Increasing Footing
Distance Ratio Charts
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Figure 4.32: Increased Bearing Capacity with Increasing Footing Distance Ratio Charts

Figure 4.32 shows the type of chart that would be used if wanting to find an estimate on

the capacity of a slope using footing distance, slope height, friction angle and strength ratio,

or if creating an artificial slope then what strength ratio material should be used for a

particular footing placement if the allowable bearing capacity is known.
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4.7.4 Decreased Bearing Capacity with Increasing Slope Height
Ratio Charts
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Figure 4.33: Decreased Bearing Capacity with Increasing Slope Height Ratio Charts

Figure 4.33 shows a chart that could be used if an excavation is occurring to see what

decrease in bearing capacity there will be, or again if an artificial slope is to be created how

high it canbebuilt before itwont have sufficient strength to support the footing it is required

to support.
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4.7.5 Increased Bearing Capacity with Increasing Stability
Number Charts
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Figure 4.34: Increased Bearing Capacity with Increasing Stability Number Charts

The main purpose of the chart shown in Figure 4.34 is to allow correlation between

different methods used within the geotechnical industry so that bearing capacity values can

be compared or found if the stability number is found using another method. For the charts

designed a safety factor (F) of onewas used. For a larger safety factor it is simply necessary

to divide the stability number found by the safety factor and use this new value with the

chart.
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4.8 Example of Chart Use

The following examples demonstrate how to use a design chart to find the bearing capacity
of a particular slope.

4.8.1 Example 1

3 m

2 m

footing width = 2 m
c = 400 kPa
γ= 18.6kN∕m3

φ= 20˚

Figure 4.35: Example 1 slope scenario

We know that to find the bearing capacity of a slope using design charts we need the slope

height ratio, footing distance ratio, dimensionless strength ratio and internal friction angle.

From Figure 4.35 we know the friction angle is 20˚ and for the other parameters we obtain
values for each of:

S H/B = 3/2 = 1.5

S D/B = 2/2 = 1

S c∕γB = 400/(18.6 x 2) = 10.75

Using these parameters we can now choose an appropriate design chart to find the bearing

capacity. As the slope height ratio was not a whole number interpolation will need to be

used. The dimesnionless strength ratio of the slope material is close enough to ten for the

purpose of this demonstartion so the design chart chosen for this case was a Decreased

Bearing Capacity due to Increased Slope Height Ratio Chart and is shown in Figure 4.36.

This chart relates to a soil with strength ratio equal to 10.
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Figure E.6: Change in Normalised Bearing Capacity with Slope Height
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Figure 4.36: Design chart chosen for Example 1

From the chart we see that we get a normalised bearing capacity of roughly 83. To get the

bearing capacity in a force value we simply multiply this by the density of the soil and the

footing width; P= 83× 18.6 kN∕m3× 2 m= 3087.6 kN∕m2. This is the ultimate

bearing capacity of the slope at which failure will occur, so to get an allowable bearing

capacity simply divide this value by the safety factor required.
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4.8.2 Example 2

The 2nd example will demonstrate how to use the stability number of a slope to obtain a
bearing capacity.

3.6 m

2.4 m

footing width = 1.2 m
c = 450 kPa
γ= 18.6kN∕m3

φ= 30˚
S.F.= 2

Figure 4.37: Example 2 slope scenario

We know that to find the bearing capacity of a slope using design charts we need the slope

height ratio, footing distance ratio, internal friction angle and in this case the stability

number of the slope which is derived using dimensionless strength ratio and slope height

ratio. From Figure 4.37 we know the friction angle is 30˚ and for the other parameters we
obtain values for each of:

S H/B = 3.6/2.4 = 3

S D/B = 2.4/1.2 = 2

S N = c∕γHF = 450/(18.6 x 3.6 x 2) = 3.36

Using these parameters we can now choose an appropriate design chart to find the bearing

capacity. Both the slope height ratio and footing distance ratio were whole numbers, so it

is simply necessary to find an appropriate chart where an accurate reading for φ= 30˚ and
N = 3.36 can be taken. Of course since stability number is mentioned in this example we

will use an Increased Bearing Capacity with Increasing Stability Number Chart shown in

Figure 4.38.
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Figure 4.38: Design chart chosen for Example 2

From the chart in Figure 4.38 we see that we get a normalised bearing capacity of roughly

112. To get the bearing capacity in a force value we simply multiply this by the density of

the soil and the footing width as in Example 1;

P= 112× 18.6 kN∕m3× 1.2 m= 2499.84 kN∕m2. This is the allowable bearing

capacity of the slope using the required safety factor that was given in the beginning of the

problem. As the safety factor has already been considered in calculating the stability

number there is no need to factor the bearing capacity any further. It would also be possible

to use this chart if the required safety factor was unknown, such as during preliminary

design work. In this case the safety factor would simply be assumed as 1 when calculating

stability number and once an ultimate bearing capacity had been found this would then be

divided by the safety factor as in Example 1.



Physical Modelling

5.1 Introduction

This chapter will explain the physical modelling aspect of my thesis project. In this chapter

we will look at why and how the experiment was conducted, as well as the results and

outcomes that eventuated after testing took place.

Only one set of parameters were used for the physical modelling due to both time and

resource restraints. The parameters were chosen based on what numerical results were

already available for clay and what was able to fit in with the size of the testing equipment

used.

5.2 Modelling Objectives

While a number of studies have looked into the footing on slope problem based on

numerical analysis, there has been very little work done on reproducing these results

physically to determine how reliable the analytical results are. If we are able to reproduce

these results using physical models and obtain bearing capacity values similar to that

acquired from the numerical testing, then we can more confidently use the numerical

analysis values for designing footings. Previously, Shiau et. al. (2006) and Boipuso Samuel

(2005) have demonstrated a footing on slope situation using a physical model, however in

these studies the capacity of the sample was not compared with numeric analytical results

from FLAC of the same dimensioned slope.

As such, the objective of this chapter is to complete a physical modelling analysis of a clay

soil based slope for a given set of parameters, then compare these results with numerical

5
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modelling results that have been previously derived using the FLAC software analysis

program. It is hoped that by gaining bearing capacity values using the physical models and

comparing these with the numerical results, we can verify that computer modelling can

accurately depict what would happen with real world modelling. If the results appear to be

accurate, then we will be able to conclude that FLAC software results are an acceptable

output.

5.3 Methodology

Before any physical modelling could be completed the equipment needed had to be

gathered and assembled. This included the testing load frame and associated equipment for

simulating a footing force on a soil sample, the software to operate the equipment, and

finally the test material with which the physical modelling will be based on.

The plans for the load framewere originally drawn upmany years ago. Unfortunately, once

these plans had been drawn up and the steel needed cut to size, the frame construction was

postponed due to unknown events. Thismeant that when thisproject began at thebeginning

of 2009, the final touchesneeded tobemade to the load frameelements and thewhole frame

needed to be assembled together. Once together, the equipment that would apply the load

on the sample material, as well as the data acquisition units that would enable the footing

force and displacement to be recorded, needed to be attached to the load frame. Figure 5.1

shows an overall picture of the load frame and associated equipment assembled together.



5.3 Methodology, continued

5--3Chapter 5 Physical Modelling

Figure 5.1: Overall view of Test Load Frame

A linear actuator was the device chosen to apply the load to the soil sample, which would

replicate the force a footing would impose on a slope in a real world situation. The linear

actuator consisted of an electric motor, able to be operated in both directions, which was

connected through a series of gears to move a steel ram up and down. The actuator chosen

was capable of applying a maximum force of 27kN as this is more then adequate when

attempting to fail a soil slope sample, where themaximumenvisioned forces aremuch less.

Connected to the end of the steel ram was a load cell, which is used to detect the force that

is being applied to the sample at any one time. To the other end of the load cell a piece of

steel plate was attached which will simulate the footing of a building. Also attached to the

actuator is a LVDT transducer. The purpose of the transducer is to measure the vertical

movement of the ram. By knowing the vertical movement of the actuator we are able to

work out an appropriate penetration speed when conducting the tests, and also know the

penetration that has occurred to the slope before it has failed. Figure 5.2 shows how the

linear actuator, LVDT transducer, load cell and the steel plate (footing) are assembled

together.
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Load Cell

Steel Plate ’Footing’

Transducer Actuator

Figure 5.2: Linear actuator, transducer, load cell and steel plate configuration

In order to be able to record any data produced from conducting the physical modelling,

a program needed to be created which would receive data signals from data acquisition

units which received their signal from the actuator and the load cell. As this project is

focussed on the footing on slope problem, which does not include being able to create

software programs for performing any analysis, USQ computer technician Dean Beliveau

was contacted and took on the responsibility of creating the software. What he created was

a software program that was easy to use as it made setting up the actuator ready for testing

and recording any output data very easy, and also had the conveniences of plotting the data

and displaying it on--screen as it was recorded and being able to save the data in amultitude

of formats. During the software creation stage, the actuator and load cell needed to be

calibrated together to ensure force values were accurate. A loading ring was used to

determine a factor, with this factor then used within the program to change the data signals

received from the load cell into usable force values.

Now the testing equipmentwas ready, amaterial to test needed to be chosen. It was decided

to use kaolin clay which is commercially available, and being a pure clay it has a high
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cohesion force but no internal friction which is perfect for comparing with numerical

analysis resultswhichwere basedon amaterial of these propertiesof high cohesion but zero

friction.

Once the load frame and associated equipment had been created and assembled and the

sample material chosen, it was necessary to manufacture some testing tanks which would

be used to hold the sample material during testing. With the physical testing results being

compared to 2D numerical results, the tanks were constructed so that the slope was only

able to fail along one plane-- resembling a 2D failure.With this in mind the tank dimensions

chosen were 300mm high x 450mmwide x 70mmdeep. As the kaolin clay was to bemixed

with a high quantity of water it was decided to use marine ply and perspex in the tank

construction. The marine ply was used for three of the four vertical sides and also the base,

with perspex being used for one of the larger sides. The purpose of using the perspex was

to allow visual assessment of the sample slope while testing was undertaken. This meant

the slope could be observed to see how andwhen it failed, whichmeant it could beobserved

if the slope was failing as it theoretically should and also so it was known when the slope

had failed so the testing could be stopped. The base piece of marine ply had holes drilled

into in to allow excess water to drain out during consolidation (explained below). On top

of this ply a piece of screen mesh lined the bottom of the tank, with a 30mm layer of sand

applied on top of this mesh. The purpose of the mesh is to contain the sandwithin the tank,

with the sand supporting and restricting the clay so only water is able to drain out through

the mesh. Figure 5.3 shows what each constructed test tank looks like, including the sand

and mesh screen.
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Sand

Marine ply

Perspex front

Mesh Screen

Figure 5.3: Test tank construction

With the test tanks created, the kaolin clay powder needed to be prepared. To do this a

rubbish bin was used so that a reasonable amount of clay could be prepared which would

save a lot of time as a large amount of mixing needed to be done. In this bin one 25kg bag

of kaolin powder was mixed with water, with the amount of water being added equalling

two 12L buckets. This gave the material a water content in the region of 90% and meant

it was able to be mixed reasonably easy and allowed very good moisture consistency

throughout each batch ofmaterial. Once it wasdeemed that thematerialwasmixed enough,

it was put into the testing tanks. Each tank was filled to the very top to allow for

consolidation (explained in the next section) with 3 tanks able to be filled from each batch

(a batch being one 25kg bag of clay and two 12L buckets of water). The clay andwater was

mixed together using an electric drill which had an attachment (shown in Figure 5.4) to

enable mixing to be much quicker and easier then using simply only hands.

When mixing the clay and water, it was important to consider the safety precautions that

werementioned on the bag the clay came in. The information on the bagwarned of possible
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cancer in the lungs due to the very fine crystalised silica and as such dust masks and eye

protection were always worn when dealing with the dry clay.

Figure 5.4: Drill and attachment and bin used to mix material

With the tanks filled with the prepared material, a consolidation process was started. The

purpose of this is to compact the clay material and squeeze excess water out increasing the

strength of the material. When initially mixed, an excess of water is used to ensure the

mixture is consistent throughout, as well as making sure there are minimal air voids within

the material when placed in the tanks. This excess water needs to be removed to harden the

material and provide it with some degree of strength. To do this, weight is applied to the

top of the material which forces the water out the holes in the bottom of the test tanks as

explained above. Immediately after the material was mixed only a light initial weight was

applied. This weight was in the form of a concrete block of roughly 15kg that had

dimensions the same as the inside of the testing tanks, which effectively meant a seal was

formed between the block and the clay so the very soft material wasn’t able to squeeze back

past the concrete block. This weight was left for a period of oneweek before extra loadwas
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applied. The extra loadwas in the form a solid concrete building blocksweighing in at 30kg

each with one block applied on top of two test tanks. Again this load was left for a week

before the final application of weight wasmade. Twoweeks had now passed since the clay

was initially mixed, with the last load applied being 2 more solid concrete building blocks

for each pair of tanks. This took the total load on each tank to 60kg. This weight remained

in place for a period of 90 days, which from readings obtained was a time that allowed the

material to reach acceptable moisture content and strength values (timeframe obtained

from dissertation by Samuel, 2005). Figure 5.5, Figure 5.6 and Figure 5.7 show each

weight that was applied.

Figure 5.5: Initial load applied to the clay



5.3 Methodology, continued

5--9Chapter 5 Physical Modelling

Figure 5.6: Load applied after 1 week

Figure 5.7: Load applied 2 weeks after mixing
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Once the settlement (consolidation) period had elapsed the concrete block weights were

removed, leaving a firm clay material. It was then necessary to select the slope parameters

which would be used, ensuring numerical analysis results were available for a slope of the

same parameters. The heights of each slope sampleweremeasured and found to be roughly

the same with a height equal to H/B = 4. Knowing this it was decided that a 90˚ slope with
slope height ratio of H/B = 4 would be used with footing distance ratios of D/B = 0, 0.5,

1, 2, 3 and 4. Each clay sample was cut using a steel knife to the same size in an attempt

to eliminate as many variables as possible. Once cut to size grid lines were drawn onto the

side facing the perspex so the deformation that occurs during the testing can be easier seen

during both the testing and when taking photos for documentation. When the clay was cut

to the required size the perspex was also cleaned as it had become considerably dirty during

the clay material preparation stage. Figure 5.8 shows the material cut to a 90˚ slope ready
for testing.

Figure 5.8: Consolidated material cut ready for testing
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5.4 Testing Procedures

Before any testing could take place, it was necessary to determine the strength of the

consolidated clay material. To do this a number of 100mm long, 50mm wide cylindrical

samples were taken from the excess consolidated material that was cut out of each tank.

On each of these samples unconfined triaxial tests were performed with an average then

taken which was adopted as the soil strength. Figure 5.9 shows how the samples were

obtained from the clay off--cuts, with Figure 5.10 showing a sample being subjected to the

testing. It is important to note in this figure the failure plane within the example which is

roughly close to 45˚ from the horizontal. This is the result expected from a clay material.
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Figure 5.9: Clockwise from top left: obtaining triaxial test sample; trimming sample to required
length; final sample ready for testing
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Figure 5.10: Sample being subjected to triaxial test

From the triaxial tests, a soil cohesion of c = 100kPawas adopted. Using this value and the

density of the clay (calculated by finding the weight of a known volume of soil,

γ= 18.6kN∕m2), a dimensionless soil strength ratio of c∕γB= 5.78 was found. This
ratio will be used for finding numerical analytical results to compare to the physical test

results.

As each slope sample was cut to the same dimensions, altering the footing distance ratio

simply involved placing the test tank so the steel plate was acting on an area of clay further

away from the slope edge then the test previous. With footing distance ratios of D/B = 0,

0.5, 1, 2, 3 and 4, and a footing width of 2 inches, the first test situated the plate flush with

the edge of the slope, the second test (D/B = 0.5) was 0.5× 2 = 1 inch from the slope edge,

the third test was (D/B = 1) 1× 2 = 2 inches from the slope edge and so on. Figure 5.11

shows an example of the test setup before testing had begun.
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Wooden block

Steel plate

Clay sample

Figure 5.11: Sample ready for testing to begin

If we observe Figure 5.11 we can notice a wooden block situated underneath the steel plate

which is designed to simulate a building footing which is normally situated directly on top

of the underlying material. This wooden block is designed to allow some horizontal

displacement which could otherwise not occur due to the rigid mounting system used to

secure the actuator to the load frame. This horizontal movement is cause by the tendency

of the slope to slide horizontally towards the area where there is no soil and therefore no

resistance. The use of the wooden block also simulates a ’smooth’ interface between the

footing and slope material as used by FLAC when obtaining numerical analysis data.

With everything now in place the speed in which the footing force will be applied to the

slope needs to be decided before testing can commence. In a real world situation a slope

failuremay take years or even ten’s of years to eventuate, which is an unfeasible time frame

for any sort of replication testing that takes place. For this reason the force of the footing

will be applied in a manner similar to that used in FLAC analysis. In FLAC analysis,

y--velocity and stepping number parameters are used to determine the speed at which the

footing force bears onto the slope and how many increments of this force occur, which
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combine to give a depth a penetration for the footing. In this physical test, the software that

was used allowed the total depth of penetration that was allowed to occur to be set, as well

as the time over which this penetration could occur. The combination of these two

parameters determined the speed (or velocity) at which penetration occurred. With no

previous physical testing procedures to work from, it was decided to use a maximum

penetration depth of 50mm, which could occur over a 15 minute period. If during testing

it was deemed that a slope had failed before the time had elapsed, the test would be stopped,

as the force would still have been applied at a constant rate the same as that applied to all

the other slope examples tested ensuring consistent testing conditions.

Even though the speed at which the tests were conducted is much faster then what would

occur in a real life situation, and even faster then that used in FLAC analysis, it was judged

that the testing procedure was adequate for obtaining indicative results.

5.5 Results

Results obtained from the physical testing were not quite what was expected. While the

lower footingdistance ratio value test slopes showeda failure plane thatwas consistentwith

that which was expected, the slopes with higher footing distance ratios did not behave as

it was initially believed they would. As well as this, the bearing capacity values obtained

did not replicate the numerical analysis results with maximum bearing capacities attained

being much lower then expected. The test slope for each footing distance ratio used is

discussed below. In the discussion of each test sample some problems that were noted

during testing will be highlighted and the impact they may have possibly had on the final

bearing capacity will be explained. Possible solutions to any problems identified will not

be discussed in this section, rather, they will be commented on in section 5.6.

To find the bearing load of each footing, the maximum force value (in kN) was found for

each test which was then divided by the area of the steel plate (footing) to give a value in

MPa which was then changed to a value in kPa to allow better comparison with numerical

results. This load (pressure, P) was then divided by γB (γ= 18.6kN∕m2, B=1) to give a

dimensionless bearing capacity in the form of P∕γB.
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5.5.1 D/B = 0

The first test conducted was for footing distance ratio of D/B = 0. With the footing being

placed on the edge of the slope the bearing capacity of the slopewasnot expected to be large

with a fairly quick failure predicted.

Figure 5.12: D/B = 0 test sample

The failure plane shown in Figure 5.12 for this test is a very good representation of what

was expected. The failure (slip) plane is clearly visible, which has occurred from the inside

edge of the footing as expected to approximately halfway down the slope face. There was

no disturbance to the rest of the samplemeaning themass of material below the footing has

simply sheared off as anticipated.

From the testing a maximum force of 0.63 kN was reached, which gave a pressure value

of 180 kPa. When divided by γB this gave a dimensionless bearing capacity of 9.68.
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5.5.2 D/B = 0.5

A footing distance ratio of D/B = 0.5 was selected for the second test to see how much

difference in bearing capacity therewaswhen the footingwas onlymoved half of itswidth.

While numerical results are not usually obtained for this particular footing distance ratio,

interpolation will be used to gain an approximate value for comparison.

Figure 5.13: D/B = 0.5 test sample

In Figure 5.13 we can again see the expected failure plane which extends from the right

hand side of the footing across to the slope face. It is also possible to see another failure

plain (possible punching shear) extending vertically downwards from the left hand side of

the footing to the expected failure plain. This may have been due to the sample possibly

being too dry during testing which may have resulted in a crack in the material during the

consolidation process. There is also another crack visible to the right of the footing,

however this would have had minimal effect on the bearing capacity as there are no shear

planes extending to or from this crack.
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From the testing a maximum force of 0.697 kN was reached, which gave a pressure value

of 199 kPa. When divided by γB this gave a dimensionless bearing capacity of 10.71.

5.5.3 D/B = 1

Figure 5.14: D/B = 1 test sample

In Figure 5.14 we can see that there has not been a failure plane formed, rather the slope

has failed directly below the footing.With a footing distance ratio ofD/B=1we still expect

a failure plane similar to D/B = 0 or 0.5 in shape however we can see this has not occurred

in this case. It would appear that during the consolidation stage a crack has formed in the

clay material, which just happened to be below the footing. It is very likely that this will

have had an effect on the bearing capacity of the slope, as rather then support the ’footing’

the soil has simply moved as a mass in the direction of least resistance.

From the testing a maximum force of 0.442 kN was reached, which gave a pressure value

of 126.29 kPa. When divided by γB this gave a dimensionless bearing capacity of 6.79.
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5.5.4 D/B = 2

Figure 5.15: D/B = 2 test sample

With larger failures of footing distance, the slope will no longer fail and flat ground

behaviour will be experienced.While flat ground behaviour was not expected for a footing

distance of D/B = 2, at first glance Figure 5.15 tends to suggest the flat ground behaviour

has occurred. If we look closer though, we can see a number of failure lines throughout the

material. Of particular interest is the failure that has occurred on the left hand side of

Figure 5.15. It can be seen that the soil on the immediate left of the footing has deformed

with the load applied, while the mass of soil on the far left has remained at the same level

as the original soil line. This tends to suggest that there may have again been a crack in the

material which if this is the case, the bearing capacity is likely to be decreased as the footing

acts as a wedge, pushing down and forcing the soil mass on the left to move.

From the testing a maximum force of 0.809 kN was reached, which gave a pressure value

of 231.14 kPa. When divided by γB this gave a dimensionless bearing capacity of 12.43.
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5.5.5 D/B = 3

Figure 5.16: D/B = 3 test sample

For this particular slopeheight ratio ofH/B=4, flat ground couldbe expectedwith a footing

distance ratio of D/B = 3. In Figure 5.16 we can see that the slope has not failed and that

flat ground behaviour appears to have been attained. The failure lines within this particular

sample suggest this as well with only narrow cracks forming which is simply due to the

deformation that is occurring within the material. From this observation, it would appear

as though this sample had consolidated correctlywhich should provide reasonably accurate

results.

From the testing a maximum force of 1.45 kN was reached, which gave a pressure value

of 414.29 kPa. When divided by γB this gave a dimensionless bearing capacity of 22.27.
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5.5.6 D/B = 4

Figure 5.17: D/B = 4 test sample

The final footing distance chosen was D/B = 4. It was decided to use this ratio as the

maximum as any larger footing distances may have had the bearing capacities affected by

howclose the footingwas to the edgeof the test tank.With amaximumofD/B=4 it decided

that there would be minimal effect of the tank edge on the soil if any at all. In Figure 5.17

we can see that flat ground behaviour has occurred as expected for a footing distance ratio

of this size for this particular slope height. What is interesting to note is the depth of

penetration that has occurred, and the fact that no failure planes have resulted from such

a large deformation. Upon inspection it was found that even though this tank was subjected

to exactly the same consolidation process, thematerial containedmuchmoremoisture then

any of the other tanks that were subjected to testing. This is very likely to have had a

significant effect on the bearing capacity of the slope due to the lower strength ratio of the

soil.

From the testing a maximum force of 0.618 kN was reached, which gave a pressure value

of 176.57 kPa. When divided by γB this gave a dimensionless bearing capacity of 9.49.
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It should be noted that the maximum value for this test occurred at the last data point

whereas for all the other tests the capacity peaked before decreasing once the slope had

failed. This supports the conclusion that the water content for this sample was too high and

that no failure planes occurred during testing.

5.5.7 Comparison with Numerical Results

To compare the physical resultswith numerical results, design charts basedon claymaterial

were used. The chart chosen for use was an increasing strength ratio chart, similar to that

discussed in chapter 4 of this thesis except this time focussed on clayey soil, with the

parameters of slope height ratio H/B = 4 and varying footing distance ratios. A chart was

chosen for use as it was a quick method of finding values with acceptable accuracy which

is the purpose for which the charts were created -- to find bearing capacities of slopes

quickly and easily. Figure 5.18 shows the chart that was used to find the numerical

equivalent values.
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To obtain more accurate results the chart in Figure 5.18 was zoomed in on, as the

dimensionless strength ratio of the clay in the physical test was 5.78, so we only needed

to know the bearing capacities relating to this soil strength. This produced a chart as seen

in Figure 5.19.
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Figure 5.19: Zoomed in design chart

Thevalues foundby using the chart are comparedwith eachphysical test value inTable 5.1.

Table 5.1: Comparison of physical and numerical results

D/B 0 0.5 1 2 3 4

Physical
Capacity

9.68 10.71 6.79 12.43 22.27 9.49

Numerical
Capacity

12.2 16.4 20.3 25.1 28.6 29.9

Difference --2.52 --5.69 --13.51 --12.67 --6.33 --20.41
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We can see that the results for D/B = 0, 0.5 and 3 are within the vicinity of the numerical

results, but perhaps still not close enough to be deemed accurate. The major positive of

these 3 values is that they are all under the numerical results meaning themaximumbearing

capacities are very conservative. The results for D/B = 1, 2 and 4 are 50% or less of the

numerical value. These results cannot be considered accurate and support the belief that

cracks within the test material affected the bearing capacity of the slopes.

5.6 Improvements for Future Physical Modelling

After conducting the physical tests and encountering some problems along the way, I

believe there are some improvements/changes that could bemade to the physicalmodelling

methods and techniques.

Themajor problem experienced was cracking in the test samples which could be attributed

to a number of things. The first is that the samples were left for too long after mixing and

became too dry. As there has been very little work done on the physical modelling aspect

of footing on slope analysis, there was not a lot of information available to aid in the timing

of critical events. For future physical tests it would be recommended that the samples not

be left for quite as long, thus creating a sample with a larger moisture content. The end

moisture content is also dependent on the moisture content during the mixing stage, so this

also needs to be taken into consideration. While the samples being too dry isn’t believed

to be the major cause of cracking, there is definitely the chance that it contributed to the

problem.

The second theory for the cracking of the samples was the amount of weight applied, and

cohesion occurring between the clay and the test tests. The clay used is naturally very

cohesive, and this combined with the amount of weight acting on the soil during the

consolidation phase is believed to have forced the clay against the test tanks sides

effectively sticking it the the plywood and perspex. As the clay dried out, rather then shrink

as a whole mass, it remained stuck the the tanks sides due to the weight of the concrete

blocks which meant the internal clay had to move to the outside clay, resulting in cracks

in themiddle of each clay block. To solve this problem there couldbe anumber of solutions.

One would be to reduce the amount of weight applied which would hopefully reduce the

force pushing the clay against the tank sides and creating less of a bond between the tank

and clay, allowing the clay to shrink as a whole mass and eliminate any cracking. The

second solution could be to coat the inside of the tanks with a thin layer of oil or grease.

This could act as a type of frictionless barrier which would not allow the clay to stick to
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the tank sides, and should not affect the strength of the clay when it comes time for testing

as only the outside surfaces of the clay would be contaminated with the grease.

The final consideration would be to reduce the consolidation time. This was a major factor

in the amount of testing that could be completed as it was unfeasible to have a 100 test tanks

available all filled with clay at the same time. It is because of this that only a small amount

of tanks and samples could be prepared.

5.7 Conclusion

The testing procedure appeared toworkwell for obtaining the results. The software created

for recording the data works well and is easy to use, and enables the speed at which the

testing will occur to be set. Combined with the actuator and transducer used, I believe this

testing system works well and does not need any changing.

As for the preparation of the test materials, it is recommended that a combination of less

weight and grease be used during the consolidation phase. Applying a thin film of grease

before the clay/water mixture is poured into the tanks will allow the clay to move

independently of the tank sides as it dries out, and a reduction in the amount of weight that

is applied will reduce the force pushing the clay against the tank walls. This should

hopefully reduce the amount of cracking occurring andmake the physical test resultsmuch

more accurate and reliable.

It is also recommended that the consolidation time be reduced as mentioned previously so

that more testing can take place. During the timeframe of this thesis, it was not possible to

repeat any of the physical tests as there was not enough time available to prepare new

samples due to the long consolidation time. During the physicalmodellingwork performed

for this thesis, a delay in the availability of materials was experienced which postponed the

preparation of the clay which meant the consolidation phase was not started as early as

originally planned. With materials ready and available, and a shorter consolidation time it

could be expected that a second round of testing could take place for a different set of

parameters, or as a repeat of the parameters already used to support and validate the results

initially obtained.



Conclusion

6.1 Results Summary

After completing the analytical sections of this project there are a number of conclusions

we can draw on and now accept as fact when studying the footing on slope problem.

From the numerical analysis we identified that the internal friction angle of the soil could

be considered to have the largest effect on bearing capacity of a slope. We observed that

for a small friction angle the results convergedwhen compared against all other parameters

indicating that there was little change in bearing capacity for a soil that could be considered

as being close to a clay nature. However with a large friction angle we could see that as

friction angle increased the bearing capacity of the slope increased exponentially as the

material approached a sandy nature. The increase in bearing capacity with an increase in

friction anglewe foundwas due to the larger interaction that occurred between the particles

which meant a larger mass of material became involved in supporting the footing load and

therefore a larger load could be supported before failure would occur. A larger friction

angle however also meant that it was possible at large slope height ratios for a footing to

change from being classified as footing on flat ground back to a footing on slope problem.

Obviously thedimensionless strength ratio plays an important role in themaximumbearing

capacity of a slope, with a higher strength ratio giving a larger bearing capacity. The

interesting observationmade during the study of the effects of dimensionless strength ratio

was that it had no effect of the failure surface that eventuated. We were able to see that for

each of the strength ratios used in this project that the differences in failure surfaces were

negligible.

Finally, footing distance ratio and slope height ratio could be taken as having the least effect

on the bearing capacity of a slope, with each ratio affecting equally as much as the other.

6
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While internal friction angle and strength ratio of the slope material controlled the stability

of the slope under its own weight whilst also providing support for the footing load, the

slope height ratio and footing distance ratio simply determined the height of the slope and

the location the footing was at which affected whether the failure plane was below toe or

above toe.Whilst it was noted that slope height did have an effect on the stability of a slope,

its effect was not as dramatic as that of friction angle or strength ratio.

From the physical analysis that was conducted, the results varied greatly between each test

and when compared with numerical results for a slope with the same parameters a large

difference in most results could be seen.

The smallest difference in results for some of the physical models tested was found to be

roughly 20% and while this may be on the limit of acceptability for a physical test it isn’t

the reliable results that were wanted or expected. For the worst physical models, a

difference in bearing capacity of around 100% was obtained meaning these results can

safely be considered unsatisfactory. From the results that were gathered it is not appropriate

to attempt to perform an analysis on them and say whether the numerical analysis results

can be replicated with scale models and therefore further validate the results output by

FLAC.

The problems experienced during the physical modelling occurred due to this section of

study having not been previously attempted by another person. These problems have been

recognised and possible solutions identified in an attempt to make the results of any further

testing in this areamore reliable. The physicalmodellingwould need tobe performedagain

to be able to make a proper comparison with numerical results. These problems and

solutions are recapped in the following sections.

6.2 Problems Encountered

This section will explain problems that were encountered in both the numerical and

physical modelling sections of this project.

6.2.1 Numerical Modelling

In the numerical analysis there were a few problems that were encountered along the way.

The first very simple problem was in setting up the folders of script files which keeps the

data in an understandable and organised fashion. The problemwas due to there beingmany

levels of folders within folders which created a very long pathname that FLAC needed to
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write the output results to. The problem was that with slope height and footing distance

ratios that were double figures (i.e. > 10) the pathnameswere becoming too long andFLAC

was unable towrite to the required area. This initially took awhile to figure out the problem

as it had not been encountered before but once discovered it was a simple fix by simply

reducing the amount of characters in the pathname.

The second problemmet was due to the length of time it took to run each slope case. If any

cases were accidently missed when setting up the script files, they had to be found and run

at a later time, which delayed the analysis of the data which in turn delayed the completion

of the design charts. These delays would accumulate and meant of lot of time was spent

waiting for run cases to finish.

Another problem encountered was the amount of script files that needed to be created. The

shear volumeof files sometimes created confusion evenusing the thoughtout andorganised

method of folders developed. This confusion is what led to the missing of casesmentioned

before.

The final problem thatwasmetwasvery rarebut alsovery strange and seemed to be internal

within the FLAC software. The problem was that for a couple of cases that were run (out

of the thousands thatwere done) the results outputwouldbe for a different slope case.When

the script file was examined everything appeared as it should and the source of the problem

could not be found so the case was simply run again which returned the proper data. It was

decided that this problem may have been due to the temper--mentality of computers and

computer software.

6.2.2 Physical Modelling

The physical modelling component of this project contained a few critical problemswhich

affected howwell the output data would be. The first problem was the amount of cracking

that occurred in the clay samples that were to be tested. These cracks created zones of zero

cohesion and meant that the separated masses of soil were able to move independently of

each other as they effectively had no ties between each section to resist movement. This

effected the results that were obtained severely in some cases and reduced the bearing

capacity considerably making comparison with numerical results very difficult.

The second problem was how long the consolidation process and overall initial setup

concerning the claymaterial that was to be used took.When the clay had been ordered there

was a slight delay in its delivery which delayed the rest of the work on the physical

modelling as it was needed so a start could be made. When finally received and prepared

a very long period of waiting followed before the samples were able to be tested. While
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this waiting period did allow work to be completed on the numerical modelling it meant

that only one set of samples could be made and tested in the time available.

6.3 Procedure Improvements

Whilst completing this project and having encountered some problems along the way some

possible improvements in the procedures used were thought of that would make life easier

if someone else continued on with the work on each area of this project.

6.3.1 Numerical Modelling

In the numerical modelling not a great deal can be done to improve the procedure as a lot

of it is simply waiting for FLAC to finish running each case. The problem of pathnames

being too long should not occur due to it now being known that there is a limit on the

number of characters being used. The number of script files that need to be run will always

be large due to the need to have an individual file for each individual slope case, when the

temper--mentality of computers is not something that can really be fixed as it is a very rare

and random occurrence in technology.

6.3.2 Physical Modelling

In the physical modelling there are a number of suggestions already beenmade to improve

this aspect of the project. The combination of high cohesion between the testing tanks and

the clay and the amount of weight that was applied during the consolidation process is

believed to have caused the cracks that were observed in a majority of samples. It would

be recommended that the amount of weight be reduced to lower the amount of force

pushing the clay against the test tanks edges and therefore reducing the bond between the

tanks and the clay so that it is able to consolidate and shrink as a total mass and not develop

cracks through its centre.

The second improvement that could be made would be to reduce the amount of time the

samples were left to consolidate, as the current time requirements means it is very hard to

get a second set of testing completed. Reducing the consolidation time would allow two

or even three sets of samples to be tested and provide more results to gain greater accuracy.



6.4 Future Work

6--5Chapter 6 Conclusion

6.4 Future Work

In completing this project a number of areas have been observed where future testing may

be possible. These recommended areas are described below.

6.4.1 Numerical Modelling

In the numerical area of this project there is much more research to be done on

cohesive--granular materials. The results produced here are only for a 90˚ slope, which
immediately raises concerns about the load it can support as it is basically a cliff face. It

would be recommended that results for slope angles of 30˚ and 60˚ be obtained first as
this will give a good spread between flat ground and a vertical soil wall. Once this has been

completed other angles such as 15˚, 45˚ and 75˚ could be obtained making the overall
results collection very comprehensive. This would give the results more reliability and

make them more appealing for use within the geotechnical industry.

The next research that could be included would be on the effect of dilation angle of a soil.

Dilation angle refers to the shearing of a soil when a load is a applied, such as a footing,

and is concerned with the plastic energy that this causes. In this study a dilation angle equal

to the friction angle was used which means there would be no physical energy dissipation

in the material which in unrealistic, however if a dilation angle of 0˚ was used it means
plastic deformation occurs at a constant rate which means there would be no change in soil

volume when subjected to loading which is also unrealistic. A study of dilation angles

between zero and the friction angle would provide a further research area.

Another area that could be looked into would be the bearing capacities of slopes that are

subjected to surcharge loading. Some work in the area has been performed on slopes based

on pure clay but as yet nothing has been done in the cohesive--granular soil area. This study

could prove interesting to see whether similar trends are displayed by c−φ soils as seen
by clay soils.

The final area that could be researchedwouldbe computer analysis of 3 dimensional slopes.

Somework in this area has been completed for clay based slopes but as yet nothing hasbeen

done for c−φ materials.

6.4.2 Physical Modelling

As the physical modelling aspect of footing on slope analysis is a new area there is a great

deal of work that can be done.
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Performing tests on a larger range of samples and gathering more reliable results would be

the first step to ensure the procedure being used was correct and produced acceptable

results. This could be done by varying slope dimensions such as slope height or slope angle,

or moving the location of the footing. The material properties could also be varied which

would allow comparisonwith results for c−φ soils such aswhatwas used in thenumerical
section of this project.

Another possible area of research could be to develop a procedure specifically for physical

modelling such aswhatwas done here. By using a range of masses during the consolidation

process, as well as varying the time over which consolidation took place, the optimum

weight and time periods could be determined which will produce the best results most

closely resembling those obtained fromnumerical analysis. The optimummoisture content

for testing could also be found to allow future testers some guidelines to aim for.

Utilising the design of the load frame that was created research into the effect of an angled

load force could be studied. It would be expected that bearing capacity of a slope would

decrease when the footing force is angled toward the slope face however it could be

interesting to see the effects of the force angled away from the slope face.

Further research work is also possible in the geotechnical area that does not relate to the

shallow footing on slope problem. It may be possible to create scaled versions of piles to

determine the bearing capacity of a slope with these acting on the soil and see what effect

they have. It is also possible to run the linear actuator in reverse to create a tensile force

which could be used to model anchorage either at the top of a slope or through the slope

face.

The final area that could be investigated would be to perform modelling of 3 dimensional

slopes and use pad and/or strip footings. These results could also be compared with

numerical analysis results that have been obtained by Joshua Watson or if the sample

material that was used was changed to a cohesive granular material, could be compared

with results obtained from any 3D research into cohesive granular materials as

recommended above.
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7. Investigate two--way failure mechanism.

8. Investigate combination shear failure.

AGREED: _________________(student) _________________(supervisor)

Date____/____/2009 Date____/____/2009

Examiner/Co--examiner:______________________________
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8.2 Appendix B

Footing on Flat Ground or Slope Condition Charts

The purpose of this first type of chart is to allow the decision to be made on whether the

footing should be considered as a footing on slope problem or footing on flat ground

problem. By obtaining the values for the height of the slope, the width of the footing, the

distance of the footing from the edge of the slope and the internal friction angle of the slope

material we can determine the required relationship ratios of slope height ratio and footing

distance ratio and therefore determine the classification of the footing. If the footing lies

in the flat ground area of the chart then simple flat ground calculations can be performed

however, if the footing is found to be classed as on slope then the charts displayed later can

be used to gain an approximate ultimate bearing capacity for a slope. For each value of soil

friction angle there is a different chart, with interpolation used for values in between.
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Figure B.1: Footing on Flat Ground or Slope Condition

0

5

10

15

20

25

0 2 4 6 8 10 12 14 16

D∕B

β= 90˚, φ= 20˚

Footing on Flat Ground

Footing on Slope

SlopeHeight,H∕B
Figure B.2: Footing on Flat Ground or Slope Condition
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8.3 Appendix C

Increased Bearing Capacity due to Increased Strength Ratio
Charts

The charts shown in this section (8.3) enable it to be seen what difference soil strength has

on the bearing capacity then can be achieved for a particular slope. This may be handy

particularly when constructing a man--made slope for a height advantage. If the size of the

building and the load it will apply to the soil are known, then the ratios of slope height and

footing distance can be determined for a given strength of soil, or if these ratios are set then

the appropriate soil strength to use can be determined.

This type of chart consists of a number of groups which is set by the slope height ratio.

Within each slope height group there are 4 charts for the varying friction angles that were

studied.
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Figure C. 1: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 2: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20

Strength Ratio, c∕γB
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Figure C. 3: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 4: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40

Strength Ratio, c∕γB
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Figure C. 5: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 6: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20
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Figure C. 7: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 8: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 9: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 10: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20
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Figure C. 11: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 12: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 13: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 14: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20

Strength Ratio, c∕γB
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Figure C. 15: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30

Strength Ratio, c∕γB
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Figure C. 16: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 17: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 18: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20
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Figure C. 19: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 20: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 21: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10

Strength Ratio, c∕γB
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Figure C. 22: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20
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Figure C. 23: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 24: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40

Strength Ratio, c∕γB
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Figure C. 25: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 26: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20
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Figure C. 27: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 28: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 29: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 30: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20
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Figure C. 31: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 32: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 33: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 34: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20

Strength Ratio, c∕γB
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Figure C. 35: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 36: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 37: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10

Strength Ratio, c∕γB
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Figure C. 38: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20

Strength Ratio, c∕γB
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Figure C. 39: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 40: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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Figure C. 41: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 10
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Figure C. 42: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 20
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Figure C. 43: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 30
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Figure C. 44: Change in Normalised Bearing Capacity with Strength Ratio

β= 90˚, φ= 40
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8.4 Appendix D

Increased Bearing Capacity due to Increasing Footing Distance
Ratio Charts

Thecharts in this sectionbest demonstrate the effect changing thedistance of a footing from

the edge of a slope has on the bearing capacity of a slope. This is particularly useful if a

set slope is available to build on, and how close to the slope edge the structure is able to

be placed needs to be determined. If the load of the footing is known, it is a simple matter

of selecting the chart corresponding to the correct slope height ratio then choosing the

footing distance that can provide adequate bearing capacity.

Again this chart type is divided into groups according to the slope height ratio with a chart

for each friction angle for each slope height.
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Figure D.1.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30
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Figure D.2.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.3.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10
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Figure D.4.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.5.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.6.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.7.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.8.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.9.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B

0

60

120

180

240

300

360

420

480

540

0 5 10 15 20 25

p
γB

Figure D.10.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.11.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.12.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.13.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.14.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.15.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20
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Figure D.16.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.17.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.18.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.19.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B

0

300

600

900

1200

1500

1800

2100

2400

2700

0 5 10 15 20 25

p
γB

Figure D.20.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.21.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.22.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.23.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.24.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.25.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.26.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.27.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.28.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.29.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.30.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.31.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.32.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.33.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.34.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.35.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 30

c∕γB= 30
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Figure D.36.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.37.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.38.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.39.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30
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Figure D.40.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.41.: Change in Normalised Bearing Capacity with Footing
Distance

β= 90˚, φ= 10

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.42.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 20

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1

FootingDistance, D∕B
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Figure D.43.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 30

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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Figure D.44.: Change in Normalised Bearing Capacity with Footing Distance

β= 90˚, φ= 40

FootingDistance, D∕B

c∕γB= 30

c∕γB= 20

c∕γB= 10

c∕γB= 1
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8.5 Appendix E

Decreased Bearing Capacity due to Increasing Slope Height Ratio
Charts

These charts demonstrate the lowering of bearing capacity as the height of a slope

increases. This is most applicable for the scenario where excavation occurs lowering the

height of the area to be built upon rather then raising it. Situations such as this occur when

soil is excavated for the construction of an underground carpark which is surrounded by

existing structures. Using these charts will allow the depth to which excavation can occur

be determined before the slope will be unable to support to the footing load of the existing

structures.

This chart type is organised once again in groups, which are this time based on the strength

ratio of the soil.
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Figure E.1.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B
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Figure E.2.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 20
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Figure E.3.: Change in Normalised Bearing Capacity with Slope Height

β= 90˚, φ= 30

SlopeHeight,H∕B
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Figure E.4.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 40

D∕B= 0
D∕B= 6
D∕B= 10
D∕B= 15
D∕B= 20

D∕B= 25
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Figure E.5.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 10

D∕B= 0
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Figure E.6.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 20

D∕B= 0
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D∕B= 4

D∕B= 6

D∕B= 10
D∕B= 15
D∕B= 20, 25

D∕B= 1

D∕B= 3

D∕B= 5



8.5 Appendix E, continued

8--56Chapter 8 Appendix

0

40

80

120

160

200

240

280

320

360

400

0 2 4 6 8 10 12 14 16 18 20

p
γB

Figure E.7.: Change in Normalised Bearing Capacity with Slope Height

β= 90˚, φ= 30
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Figure E.8.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 40

D∕B= 0
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Figure E.9.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 10
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Figure E.10.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 20

D∕B= 0

D∕B= 2

D∕B= 4

D∕B= 6
D∕B= 10
D∕B= 15
D∕B= 20, 25

D∕B= 1

D∕B= 3

D∕B= 5



8.5 Appendix E, continued

8--58Chapter 8 Appendix

0

80

160

240

320

400

480

560

640

720

0 2 4 6 8 10 12 14 16 18 20

p
γB

Figure E.11.: Change in Normalised Bearing Capacity with Slope Height

β= 90˚, φ= 30
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Figure E.12.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B

β= 90˚, φ= 40
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Figure E.13.: Change in Normalised Bearing Capacity with Slope Height
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Figure E.14.: Change in Normalised Bearing Capacity with Slope Height

SlopeHeight,H∕B
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Figure E.15.: Change in Normalised Bearing Capacity with Slope Height

β= 90˚, φ= 30
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Figure E.16.: Change in Normalised Bearing Capacity with Slope Height
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8.6 Appendix F

Increased Bearing Capacity due to Increased Stability Number
Charts

The final chart type is concernedwith the stability of the slopewhena load is applied. These

charts are most effective when the safety factor of a slope has been determined by another

method (these charts are based on stability safety factor of 1 giving the ultimate capacity)

which can then be used in conjunction with the soil cohesion and density to determine a

stability number. These charts provide a good correlation with existing solutions to the

footing on slope problem and are another option when wishing to determine the bearing

capacity of a slope.

As the stability of a slope is a relationship between the strength ratio and slope height ratio,

the chart is divided into groups based on slope height with a separate chart for each friction

angle at each slope height.
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Figure F.1: Change in Normalised Bearing Capacity with Stability Number

β= 90˚, φ= 10
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Figure F.2: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20
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Figure F.3: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30
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Figure F.4: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40
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Figure F.5: Change in Normalised Bearing Capacity with Stability Number

β= 90˚, φ= 10
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Figure F.6: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH
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Figure F.7: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30
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Figure F.8: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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Figure F.9: Change in Normalised Bearing Capacity with Stability Number

β= 90˚, φ= 10

Stability Number, c∕γH
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Figure F.10: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH

D∕B= 8− 25
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Figure F.11: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30
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Figure F.12: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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Figure F.13: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 10
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Figure F.14: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH

D∕B= 10− 25

D∕B= 0

D∕B= 1
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Figure F.15: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30
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Figure F.16: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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Figure F.17: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 10

Stability Number, c∕γH
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Figure F.18: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH

D∕B= 10− 25

D∕B= 0

D∕B= 1
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D∕B= 6

D∕B= 8
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Figure F.19: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30

Stability Number, c∕γH
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Figure F.20: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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Figure F.21: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 10

Stability Number, c∕γH
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Figure F.22: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH

D∕B= 10− 25

D∕B= 0

D∕B= 1
D∕B= 2
D∕B= 3
D∕B= 4
D∕B= 5
D∕B= 6

D∕B= 8
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Figure F.23: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30

Stability Number, c∕γH

D∕B= 15− 25
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Figure F.24: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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Figure F.25: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 10

Stability Number, c∕γH
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Figure F.26: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH

D∕B= 15− 25

D∕B= 0

D∕B= 1

D∕B= 2
D∕B= 3
D∕B= 4
D∕B= 5
D∕B= 6

D∕B= 8

D∕B= 10
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Figure F.27: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30

Stability Number, c∕γH
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Figure F.28: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH

D∕B= 25

D∕B= 0
D∕B= 2

D∕B= 20

D∕B= 4
D∕B= 6
D∕B= 8
D∕B= 10

D∕B= 15



8.6 Appendix F, continued

8--76Chapter 8 Appendix

H/B = 10

0

30

60

90

120

150

180

210

240

270

300

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

p
γB

Figure F.29: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 10

Stability Number, c∕γH
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Figure F.30: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH
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Figure F.31: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30

Stability Number, c∕γH
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Figure F.32: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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Figure F.33: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 10

Stability Number, c∕γH
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Figure F.34: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH

D∕B= 15− 25
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Figure F.35: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30

Stability Number, c∕γH
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Figure F.36: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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Figure F.37: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 10

Stability Number, c∕γH
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Figure F.38: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 20

Stability Number, c∕γH

D∕B= 15− 25
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Figure F.39: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 30

Stability Number, c∕γH
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Figure F.40: Change in Normalised Bearing Capacity with Stability
Number

β= 90˚, φ= 40

Stability Number, c∕γH
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8.7 Appendix G --

Data Used in Design Charts

The following tables contain the data that was used to during the numerical analysis and

to create the design charts shown in this appendix.

Each table contains the data relating to one slope height, with all the other parameters that

were varied (footing distance ratio, dimensionless strength ratio, internal friction angle)

contained within each table.

Table G.1: Data for H/B = 0



8.7 Appendix G -- , continued

8--83Chapter 8 Appendix

Table G.2: Data for H/B = 1
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Table G.3: Data for H/B = 2
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Table G.4: Data for H/B = 3
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Table G.5: Data for H/B = 4
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Table G.6: Data for H/B = 5



8.7 Appendix G -- , continued

8--88Chapter 8 Appendix

Table G.7: Data for H/B = 6
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Table G.8: Data for H/B = 8
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Table G.9: Data for H/B = 10
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Table G.10: Data for H/B = 13
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Table G.11: Data for H/B = 16


