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ABSTRACT
This thesis presents the findings of an investigation on internal erosion in embankment 

dams and their foundations by piping and suffusion. The development of internal 

erosion in a dam can be divided into the Initiation Phase, the Continuation Phase, the 

Progression Phase, and the Failure Phase. The current study focuses on the Initiation 

Phase, and involves laboratory investigations of erosion in a concentrated leak, and 

suffusion processes, which are two main initiation mechanisms of internal erosion.

The slot erosion test and the hole erosion test have been developed for studying piping 

erosion in cracks in embankment dams. The two laboratory tests characterise the 

erosion properties of a soil by the erosion rate index, which measures the rate of erosion, 

and the critical shear stress, which represents the minimum shear stress when erosion 

starts. Values of the erosion rate index span from 0 to 6, indicating that soils can differ 

in their rates of erosion by up to 106 times. The erosion rate index is dependent on the 

soil fines and clay sized content, plasticity, and dispersivity; compaction water content, 

density and degree of saturation; clay mineralogy, and cementing materials. Coarse

grained, non-cohesive soils, in general, erode more rapidly and have lower critical shear 

stresses than fine-grained cohesive soils.

Suffusion is defined as an internal erosion process by which finer soil particles are 

moved through constrictions between larger soil particles by seepage forces. There is no 

general consensus on the use of the word ‘‘suffusion”. German and Canadian literature 

uses the word “suffosion” or “suffossion”. Suffusion leads to a coarser soil structure, 

increased seepage, progressive deterioration of a dam or its foundation, and potential 

instability of the downstream slope of the dam. Laboratory investigation of the 

suffusion process involved conducting two tests, namely the downward flow (DF) 

seepage test and the upward flow (UF) seepage test. The DF test identifies soils that are 

susceptible to suffusion, whereas the UF test identifies the hydraulic gradient at which 

suffusion is initiated. Based on the analysis of the results of the two series of seepage 

tests, and similar seepage tests conducted by previous investigators, new procedures are 

developed for assessing the suffusion characteristics of clay-silt-sand-gravel and silt- 

sand-gravel soils.
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Upper case

A

Cc

Ce

Q,
D

Dc

Dc

Dx

F

Fd max erod

Fc
*

Fl

GS

S2
K-rs_avg

H

Cross-section area of flow.

Coefficient of curvature of a soil defined as D302 /(D60 x Dl0)

Coefficient of soil erosion. A parameter defined by the Author. 

Coefficient of uniformity of a soil defined as D60/Dl0 .

Diameter, or size of a soil particle, in [mm].

Also used to denote depth of the artificial slot in a test sample of the Slot 

Erosion Test.

Constriction size approximately equal to 0.25 of the particle size, D.

Controlling constriction defined by Sun (1989) as the constriction size 

Dc when the ratio Dc/dF50 is maximised.

Particle size for which X% by weight is finer, in [mm].

The fraction by weight of a soil finer than a specified particle size D, 

usually shown as a percentage.

Also denotes a random variable which follows the F distribution in 

statistics.

Fraction by weight of a soil with particle sizes finer than the maximum 

size of the particles eroded in the process of suffusion.
*The fraction by weight of soil particles finer than size Dc .

Fraction by weight of a soil lost by the process of suffusion.

The predicted maximum fraction of materials eroded in the process of 

suffusion.

Soil grain density.

Average soil grain density of a mixture of more than one type of soils. 

Total head in hydraulics analysis.
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Also used to denote the fraction by weight of a soil with particle sizes 

between D and 4D in the analysis of the internal instability of a soil using 

Kenney and Lau (1985, 1986) method..

H f Head loss in pipe flow.

IHET Erosion rate index obtained by the Hole Erosion Test (HET)

Ip Plasticity index of a soil, in [%].

ISET Erosion rate index obtained by the Slot Erosion Test (SET).

IHET Representative erosion rate index for a soil sample at 95% compaction

and at OWC, estimated from non-linear regression using test data 

obtained from Hole Erosion Tests.

ISET Representative erosion rate index for a soil sample at 95% compaction

and at OWC, estimated from non-linear regression using test data 

obtained from Slot Erosion Tests.

IHET Representative erosion rate index for a soil sample at 95% compaction

and at OWC, predicted from multiple linear regression formula using the 

soil classification parameters as the independent variables, and using 

multiple linear regression formula based on test data obtained from Hole 

Erosion Tests.

ISET Representative erosion rate index for a soil sample at 95% compaction

and at OWC, predicted from multiple linear regression formula using the 

soil classification parameters as the independent variables, and using 

multiple linear regression formula based on test data obtained from Slot 

Erosion Tests.

K Coefficient of permeability in [m/s].

L Length of flow path. In many case is the length of the soil sample being

tested.

LL Liquid limit of a soil, in [%].

M Mass of a soil.

N Sample size.

Pf The estimated probability that a soil is internally unstable.
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Pinhole

Q

R

R2

K
s
SAR

V

V,

w
w,

Xi

Y

Z

The Pinhole Dispersion Test classification index expressed as an ordinal 

number, i.e. ‘1’ for Class Dl, ‘2’ for Class D2, ‘3’ for Class PD1, ‘4’ for 

Class PD2, '5’ for Class ND2, and ‘6’ for Class ND1.

Flow rate, in [m3/s]

Coefficient of correlation in a multiple linear regression.

Coefficient of determination in a multiple linear regression.

Reynold’s number.

Degree of saturation.

Sodium Adsorption Ratio.

Average flow velocity.

Volume of the loose fine particles of a soil mass that are washed out of 

the soil in the suffusion process.

Volume of the primary fabric of a soil mass.

Width of the artificial slot in a test sample of the Slot Erosion Test. 

Weight of the loose fine particles of a soil mass that are washed out of 

the soil in the suffusion process.

Weight of the primary fabric of a soil mass.

Independent variable, also called predictor variable, in a multiple linear 

regression.

Dependent variable in a multiple linear regression.

The dependent variable in a logistic regression equation.

Lower case

cl Coefficients for independent variable Xl in linear multiple regression.

dcx Particle size for which X% by weight is finer, when only the coarse (c)

fraction of a soil is considered. The soil is divided into a coarse fraction 

and a fine fraction at a point represented by size ddv, and that part of the 

grain-size distribution curve for the coarse fraction is adjusted to give a 

minimum size equal to ddv.
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ddv

dfa

dF50

max _e rod

max erod

e

f

f,

h

fr

g

h

h"

The size of the largest particles representing the limit between the

fraction building the soil skeleton and the loose soil grains in an 

internally unstable soil.

Particle size for which X% by weight is finer, when only the fine (/)

fraction of a soil is considered. The soil is divided into a coarse fraction 

and a fine fraction at a point represented by size ddv, and that part of the 

grain-size distribution curve for the fine fraction is adjusted to give a 

maximum size equal to ddv.

The size at which 50% by weight of the fine fraction of a soil is finer.

The soil is divided into a coarse fraction and a fine fraction for assessing 

internal instability of a soil using Sun (1989) method.

The maximum size of the soil particles eroded in a suffusion process.

The predicted maximum size of the soil particles eroded in a suffusion 

process.

Particle size for which X% by weight is finer, in [mm]. Same meaning as

d,.
Void ratio of a soil.

The friction loss factor in pipe flow.

Fraction by weight of the Ith soil type used in a mixture formed by 

blending two or more types of soils together.

The proportional constant between the hydraulic shear stress and the 

mean flow velocity during laminar flow condition.

The proportional constant between the hydraulic shear stress and the 

square of the mean flow velocity during turbulent flow condition. 

Acceleration due to gravity, equal to 9.81 m/s .

Equal to d90/d60 in the classification of internally unstable and stable 

soils using the method by Burenkova (1993).

Equal to d90ldI5 in the classification of internally unstable and stable 

soils using the method by Burenkova (1993).
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ic The critical hydraulic gradient causeing a zero effective stress condition

within a granular cohesionless material.

istart The minimum hydraulic gradient at which erosion of fine soil particles is

first observed in an upward flow seepage test. 

iboiJ The minimum hydraulic gradient at which ‘“boiling” at the surface of a

test specimen is observed in an upward flow seepage test.

p Hydraulic pressure.

r Coefficient of correlation between two variables in a linear regression.

r2 Coefficient of determination in a linear regression.

5 Hydraulic gradient.

t Time, in [s].

Creek Letter

s Rate of piping erosion in a soil, in [kg/s].

<j) The diameter of the pre-formed hole through the test sample in a Hole

Erosion Test.

r| Porosity of a soil.

p Coefficient of dynamic viscosity. For water, p is equal to 10'3 kg/ms at

20 °C.

The dry density of a soil, in [Mg/m3].

pdmax The maximum dry density of a soil obtained from the standard

compaction test, in [Mg/m3].

pw Density of water, equal to 1,000 kg/nT at 4 °C.

x Hydraulic shear stress, in [kN/m ].

xc Critical hydraulic shear stress, defined as the shear for initiation of

erosion in a soil.

xcHET The critical shear stress of a soil obtained from the Hole Erosion Test.

xcSET The critical shear stress of a soil obtained from the Slot Erosion Test.

Representative critical shear stress for a soil sample at 95% compaction 

and at OWC, predicted from multiple linear regression formula using the
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soil classification parameters as the independent variables, and using 

multiple linear regression formula based on test data obtained from Hole 

Erosion Tests.

tcSET Representative critical shear stress for a soil sample at 95% compaction

and at OWC, predicted from multiple linear regression formula using the 

soil classification parameters as the independent variables, and using 

multiple linear regression formula based on test data obtained from Hole 

Erosion Tests.

t0 The initial shear stress along the pre-formed hole at the start of a Hole

Erosion Test.

co The water content of a soil.

co0 The optimum water content of soil, also denoted as OWC, obtained from

the standard compaction test.

4* The wetted area, equal to the wetted perimeter x the length of the

sample, i.e. T = pxl, in [m2].

Other symbols

p The wetted perimeter, in [m].

Ah Difference in head across a flow path, in [m].

AP Difference in pressure across a given length of flow path, in [kN/m2].

Aco,. Water content ratio defined as (co - OWC)/OWC x 100% .

%Clay

%Clay(UK )

%Clay(US )

Concentration of ion, e.g. Na+ , in a solution, in [meq/1].

The clay content of a soil, defined as the fraction by weight of the clay

sized particles of the soil.

The clay content of a soil, as defined by UK engineers as the fraction by 

weight of the particles finer than 0.002 mm.

The clay content of a soil, as defined by US engineers as the fraction by 

weight of the particles finer than 0.005 mm.

Fines content of a soil, also denoted as Fines, is defined as the fraction by 

weight of the soil finer than 0.075 mm.

% Fines
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%Gravel

%Sand

The gravel content of a soil, defined as the fraction by weight of the soil 

particles of sizes between 4.75 mm and 75 mm.

The sand content of a soil, defined as the fraction by weight of the soil 

particles of sizes between 0.075 mm and 4.75 mm.
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CHAPTER 1 

INTRODUCTION

1.1 INTRODUCTION

This thesis presents the findings of an investigation on piping erosion and internal 

instability of soils in embankment dams and their foundation. The investigation formed 

part of the research project “Estimation of the Probability of Failure of Embankment 

Dams by Piping and Internal Erosion” funded by the Australian Research Council and 

eighteen industry sponsors. The investigation is an extension of the research carried out 

by Dr. Mark Foster in the earlier stage of the project, and is focused on the study of the 

factors that influence the initiation of internal erosion and the rate of piping erosion 

through extensive laboratory testing.

1.2 BACKGROUND

There is a growing trend in Australia and some overseas countries in the use of 

quantitative risk assessment (QRA) techniques in the management of dam safety. The 

process of a QRA for a dam involves the estimation of the probability of failure, and the 

consequences due to the failure of the dam, such as loss of lives and properties. One of 

the main causes of failures in embankment dams is internal erosion and piping. 

According to Fell et al. (2001, 2003), about 0.5% (1 in 200) of embankment dams failed 

by internal erosion and piping, and about 1.5% (1 in 60) experienced an internal erosion 

incident. Von Thun (1996) studied the relative risk of failure of dams in USA, and 

revealed that 60% of the failures among embankment dams higher than 15.2m in 

western USA were due to piping. The research project sets out to improve the state of 

the art of the methods for estimating the probability of failure of embankment dams by 

internal erosion and piping for application in the QRA process. It does this by 

investigating the physical processes of erosion in cracks in dams, and suffusion of soils 

in dams and their foundations.
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1.3 TERMINOLOGY

A number of terms such as piping, suffusion, internal instability, sand boils, heave, etc. 

have been used by dam engineers to describe different internal erosion phenomena. 

There have been no universally accepted definitions for these terms. Many internal 

erosion incidents were too generally described as piping. Some of these commonly used 

terms are defined in this section to avoid misunderstanding of their meaning in this 

thesis.

1.3.1 Internal erosion

In the present study, internal erosion is defined as the situation when soil particles 

within the body of an embankment dam or its foundation are carried downstream by 

flow from the reservoir or groundwater. There are two fundamental types of internal 

erosion, viz. piping and suffusion, which differ in the ways that eroded particles are 

transported out of an embankment or its foundation.

1.3.2 Piping

Piping describes those incidents involving the formation and the sustenance of a 

continuous tunnel, usually called a “pipe”, between the upstream and the downstream 

side of an embankment dam. Figure 1.1 shows a schematic diagram on piping through a 

dam and its foundation. Piping erosion describes the process in which erosion of soils 

takes place along the walls of a “pipe”.

Piping may be initiated by backward erosion at locations where the exit gradient is high 

enough to cause detachment of soil particles. Such locations may be found at the 

downstream side of a homogeneous embankment, at the interface between the dam core 

and a coarser downstream zone in central core earth and rockfill dams, at the interface 

between an upstream zone of finer materials and a downstream zone of coarser materials
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in the foundation, or at the interface between the embankment and the foundation. 

Erosion gradually works its way towards the upstream side of the dam until a 

continuous pipe is formed.

Piping through 
the embankment

Piping through the foundation

(a) Piping through the foundation of an embankment dam

Piping through 
the core of the 
embankment

(b) Piping through the core of an embankment dam

Figure 1.1: Piping through a concentrated leak within the embankment or in the

foundation.

Piping may also form along a concentrated leak through the embankment. The 

concentrated leak may be a crack through the dam core caused probably by differential 

settlement and/or hydraulic fracturing (Kjaemsli and Torblaa (1968), Sherard (1973 and 

1985)), or may be a continuous permeable zone containing coarse and/or poorly 

compacted materials. Many concentrated leaks initiate along poorly compacted zones or 

cracks or voids around a conduit through an embankment dam.

A study of dam incidents revealed that piping could develop within the embankment, 

within the dam foundation, or from the embankment into the foundation.
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1.3.3 Backward erosion

This involves the erosion of soils particles at the exit end of a seepage path due to a high 

exit velocity. The exit of the seepage path may situate at a free surface, such as the 

ground surface downstream of a soil foundation or the downstream face of a 

homogeneous embankment, or at the interface between the clay core and the 

downstream filter of a central core earthfill or rockfill embankment dam. A schematic 

diagram of piping initiated by backward erosion is shown in Figure 1.2. The detached 

particles are transported away by the seepage flow. The process gradually works its way 

towards the upstream side of the embankment or its foundation until a continuous pipe 

is formed.

Backward erosion 
initiated at the 
downstream slope

Backward erosion 
initiated at the 
downstream toe

(a) Backward erosion initiated at the downstream side of the embankment

Backward erosion

(b) Backward erosion initiated at the interface between the core and the downstream

filter

Figure 1.2: Backward erosion initiated at an open seepage exit or at the interface 

between the core and the downstream filter.
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1.3.4 Suffusion and internal instability

Suffusion is an internal erosion process involving the selective erosion of fine particles 

from a soil whose particle size distribution does not satisfy self-filtering conditions. The 

finer soil particles are fine enough to be removed through the constrictions between the 

larger particles by flow leaving behind an intact soil skeleton formed by the coarser soil 

particles. A schematic diagram showing the suffusion process in a dam is presented in 

Figure 1.3. Coarse widely graded or gap-graded soils (e.g. some sandy gravels, glacial 

tills) are more prone to internal erosion by suffusion. Soils that are susceptible to 

suffusion are often described as internally unstable.

Selective erosion of 
the finer soil particles vfc*

Figure 1.3: Internal erosion by the process of suffusion within the embankment.

It should be noted that there is no consensus on the use of the word “suffusion”. 

German and Canadian literature for example, uses the word “suffosion” or “suffossion”.

1.3.5 Heave, sand boils and blowout

Heave and sand boils are often considered as a special type of piping. Terzaghi and 

Peck (1948, 1967) classified piping failures into two types, namely failure by subsurface 

erosion and failure by heave.

Failure by heave usually occurs in a foundation of relatively permeable cohesionless 

soils. It refers to the situation when an excessive seepage gradient reduces the effective 

stress of the soils at the downstream toe of a dam to zero, hence causing instability. It is
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often characterised by the presence of “boils” of sand at the toe of a dam because the 

same condition initiates backward erosion. Heave is called blow-out by Cedergren 

(1973) and Von Thun (1996). Figure 1.4 shows an example of heave occurring at the 

downstream toe of an embankment dam, leading to the initiation of backward erosion.

High permeability soil

77\

Layer of low
permeability soil

x. Sand boil

f*.

/--------------------------
.Initiation of backward erosion

Zero effective 
stress at this point

Figure 1.4: Heave (blowout) at the downstream toe of the embankment.

Heave may however also initiate suffusion as well as backward erosion. In some cases, 

however, instability and backward erosion or suffusion does not occur because the 

formation of some localised sand boils partially relieves the excessive uplift pressure 

and the exit gradients reduce.

Failure by “subsurface erosion”, according to Terzaghi and Peck (1948, 1967), is similar 

in meaning to piping in the foundation initiated by backward erosion as described in the 

previous section.

1.4 ANALYSIS OF INTERNAL EROSION AND PIPING USING EVENT TREE 

METHODS

For internal erosion by heave and sand boils, a factor of safety against instability by 

heave can be estimated using some basic theories on seepage and effective stress. The 

method of finding the factor of safety can be found in books on classical soil mechanics. 

Rigorous theoretical approaches, however, are not available for the analysis of the 

majority of internal erosion problems. This is because most internal erosion incidents 

involve complex initiation and development processes which are not amenable to
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theoretical analysis. Each of these processes is influenced by a number of internal and 

external factors, whose effects are often difficult to quantify. Some of the more 

important factors are:

• the potential of cracking through the dam;

• the possibility of poor construction that may result in erosion susceptible zones in 

the embankment;

• the ability of the embankment soils to heal a crack, for example by swelling as the 

soil wets up;

• the resistance of the soils against erosion;

• the reservoir storage and the variability of the permeability of the embankment 

soils that influence the distribution of the hydraulic gradient across the dam and 

the exit gradient;

• the speed of filling up the reservoir (rapid filling will cause the formation of very 

high local hydraulic gradient which may cause hydraulic fracturing of the core of 

the dam);

• the presence or absence of a filter, and the effectiveness of the filter for protecting 

the embankment materials against erosion;

• the ability of the core soils to sustain the roof of an open pipe;

• the possibility of crack filling action due to upstream materials being washed into 

a crack, hence slowing down the speed of piping erosion;

• the ability of the embankment to discharge safely the flow through the pipe;

• the possibility of human intervention; etc.

The State of the Art approach for analysing internal erosion uses event tree techniques to 

represent the series of processes involved in internal erosion, such as those listed above. 

The various sub-branches of an event tree represent all possible pathways that internal 

erosion might lead to failure or not failure. The use of the event tree method in the 

analysis of the likelihood of internal erosion and piping has been investigated in the 

earlier stage of the research project and findings are presented in Foster (1999), Foster 

and Fell (1999b, 2000), and Foster et al. (2001). In their proposed event tree methods, 

Foster and Fell (1999b), developed further the idea initially proposed by Von Thun
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(1996), of sub-dividing the internal erosion process into four phases of development. 

The four phases are:

Initiation: Internal erosion may initiate in a concentrated leak, or by backward

erosion or suffusion.

Continuation: Internal erosion may or may not continue depending on whether or not 

there are filters capable of stopping the erosion process.

Progression: The progress of internal erosion into a pipe.

Breach: Further internal erosion leading to dam breach and uncontrolled release

of the storage.

Diagrammatic models are shown in Figure 1.5 to illustrate the four phases of 

development of internal erosion in the cases of piping initiated along a concentrated leak 

and piping initiated by backward erosion. Foster and Fell (1999b) identified the various 

factors that would affect the process mechanisms of each of the four phases of 

development, and set up a framework, based on event tree and fault tree techniques, for 

estimating the likelihood of internal erosion and piping in an embankment dam. Figure 1.6 

presents an example of a failure path diagram which shows the processes involved in the 

four phases of development of internal erosion in an embankment dam. An example of 

an event tree for piping through an embankment dam is shown in Figure 1.7.

1.5 INFLUENCE OF SOIL ERODIBILITY ON INTERNAL EROSION AND 

PIPING

According to the framework of Foster and Fell (1999), the erodibility of the soil in the 

core of an embankment dam and its foundation has a significant influence on the 

Initiation Phase and the Progression Phase of internal erosion. The significant influence 

is in the following aspects:
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INITIATION

Leakage exits on d/s side of 

core and backward erosion 

initiates

CONTINUATION 

Continuation of 

erosion

-> PROGRESSION -4 BREACH/FAILURE 

Backward erosion Breach mechanism forms

progresses back to 

the reservoir

(a) Piping in the Embankment Initiated by Backward Erosion

INITIATION -> CONTINUATION

Concentrated leak forms Continuation of
and erosion initiates along erosion

walls of crack

PROGRESSION ->

Enlargement of 
concentrated leak

BREACH/FAILURE

Breach mechanism 
forms

(b) Piping in the Embankment Initiated by Erosion in a Concentrated Leak

INITIATION -> CONTINUATION

Leakage exits from the Continuation of erosion
foundation and backward 

erosion initiations

PROGRESSION -> BREACH/FAILURE

Backward erosion in Breach mechanism forms
progresses to form a 

pipe

(c) Piping in the Foundation initiated by Backward Erosion

// V'n w / J v\

\ -------'
------ ----------\ --- \ sr _► *

INITIATION -> CONTINUATION PROGRESSION -> BREACH/FAILURE

Leakage exits the core into the Continuation of Backward erosion Breach mechanism
foundation and backward erosion erosion progresses to form a pipe. forms

initiates as core erodes into the Eroded soil is transported in
foundation the foundation

(d) Piping from the Embankment to Foundation Initiated by Backward Erosion

Figure 1.5: Models showing the four phases of development of failure by internal 

erosion and piping (Foster and Fell 1999b).
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Initiation phase

The erodibility of the soil in the core of an embankment dam or its foundation will 

decide whether or not internal erosion will initiate in a crack developed through the core 

or the foundation of an embankment dam under the imposed hydraulic conditions and 

physiochemical environment. For erosion in a crack, the erodibility is measured as the 

critical hydraulic shear stress at which erosion initiates. In internally unstable soils, it is 

measured by the seepage gradient at which the suffusion process begins.

INITIATION CONTINUATION PROGRESSION FORMATION OF A
I OF EROSION | OF EROSION , TO FORM A PIPE , BREACH MECHANISMt<-------------4*--------------------4<------- —----------- ---------------------------------

Crest settlement or Crest
> sinkhole on dam->overtoppjng 

or
Gross enlargement ^ Dam storage 

“ of pipe * empties

Concentrated
leak
or

Suffusion

Zoning without 
filter, or filter 

omitted 
or

Filter holds crack 
or

Filter allows 
excessive or 

continuing erosion

_^.Pipe remains 
open

or

Unravelling of toe 1

or

Piping hole, 
forms

^ Saturation/high
pore pressures in __
d/s slope

*
(for low per neability d/s zone)

U-Pjpe collapses—>-Crest settlement^, 
or sinkhole

Crest subsides 
leading to 
overtopping

Downstream
slide

-► Breach

Crest
overtopping

Figure 1.6: Failure path diagram for failure by piping through the embankment (Foster

and Fell 1999b).

Progression Phase

Knowledge of the rate of erosion of the soil under the hydraulic gradient presents in a 

crack or pipe in the core of an embankment dam or its foundation will help assessing the 

rate of progression of internal erosion given internal erosion has already initiated. If the 

erosion rate of the soil is so slow that cracks might be sealed due to swelling of the soil 

around cracks or permeable zones, or filling of the cracks by upstream materials, 

progression of internal erosion might be less likely.

A slow rate of erosion might also increase the chance of a successful intervention or 

repair. Furthermore, a slow rate of erosion might increase the chance of lowering the 

reservoir to a safe level before a breach mechanism develops.
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Warning Time for a Dam Breach

According to Fell et al. (2001), the rate of erosion also has a significant influence on the 

time for progression of piping and development of a breach. This affects the amount of 

warning time available to evacuate the population at risk downstream of the dam, and 

hence has important implications for the management of dam safety.

1.6 OBJECTIVE OF THIS THESIS

The objective of this thesis is to present the findings of the investigations on piping 

erosion, and the internally instability of soils in embankment dams and their 

foundations. The investigations included development of the slot erosion tests and the 

hole erosion tests to investigate the factors which affect the critical shear stress and the 

rate of erosion of cohesive soils. They also used downflow and upflow seepage tests on 

cohesionless soils to investigate the particle size distribution of soils which are 

internally unstable, and the hydraulic gradients at which suffusion begins. These results 

were combined with published data to provide aids to judgment in the assessment of the 

probabilities of initiation and progression of internal erosion and piping in an 

embankment dam and its foundation in the QRA process.

1.7 STRUCTURE OF THIS THESIS

This thesis comprises two volumes. Volume 1 of the thesis presents the main findings 

of the investigation, and comprises of six chapters:

Chapter 1 is the current chapter which states the objectives of the thesis, and introduces 

the background of the research project.

Chapter 2 describes the investigation of piping erosion. It describes the Slot Erosion 

Test and the Hole Erosion Test, developed at the University of New South Wales for 

studying the erosion characteristics of a soil. It presents the findings of the two tests, 

and discussed the factors which are likely to affect the erosion characteristics of a soil.



Chapter 1 Introduction Page 13

Methods are proposed for approximately estimating the erosion characteristics based on 

known parameters of the soil.

Chapter 3 describes the investigation of internal instability of soils. The investigation 

involved conducting two series of laboratory suffusion tests, namely the downward flow 

seepage test and the upward flow seepage test, for identifying the properties of those 

soils that are susceptible to suffusion, and the hydraulic gradient at which suffusion is 

initiated. The chapter presents the analysis of the results of the two series of tests, and 

the review of the results of similar seepage tests conducted by previous investigators. 

The chapter also presents new procedures for assessing the likelihood of internal 

instability of clay-silt-sand-gravel or silt-sand-gravel mixtures.

Chapter 4 describes, using examples, on how the findings presented in Chapter 2 and 

Chapter 3 can be applied in the assessment of the likelihood of internal erosion and 

piping in a QRA process.

Chapter 5 presents the main conclusions of the thesis, and recommends areas where 

further research related to internal erosion in embankment dams and their foundations 

should be carried out.

Chapter 6 presents a list of references.

Volume 2 of the thesis consists of Appendices where test records, graphical presentation 

of test results, detailed test procedures, and drawings of test apparatus are presented.

An electronic version of this thesis in portable file format (PDF) can be found in the 

compact disc at the back cover of the thesis.
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CHAPTER 2

LABORATORY TESTS ON PIPING EROSION

2.1 INTRODUCTION

2.1.1 Overview

This Chapter presents the findings of the experimental investigation on the erosion 

resistance of soils in the core or the foundations of embankment dams. The main 

objectives of the investigation were to experiment the use of two laboratory tests, 

namely the Slot Erosion Test (SET) and the Hole Erosion Test (HET) to find out the 

erosion characteristics of a soil, and to study the influence of the various basic 

engineering properties of a soil on its erosion characteristics.

This Chapter provides an overview of the research on soil erosion by others, explains 

the needs of further research, introduces the theoretical basis of the SET and the HET, 

and presents the results of analysis and the findings of the laboratory testing.

2.1.2 Needs for research on erodibility of soils

Over the years, a lot of research on the erodibility of soils has been carried out by 

engineers, geomorphologists and hydrologists. Nevertheless, there has been no unified 

method for predicting the erodibility of soils. This may reflect the fact that no one test 

simulates all erosion conditions, but is also because most research was confined to 

investigate only a few aspects of the erosion problem. For instances, some focused on 

the influence of pore fluid chemistry on the erodibility of saturated remoulded clay, 

while others aimed at studying the influence of the soil's mechanical properties. Some 

research involved testing blended artificial soils, while others studied natural soils in 

particular size ranges. Some carried out external erosion tests such as the Jet Erosion 

Index Test, the Rotating Cylinder Test and the Flume Test, whereas some carried out
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internal erosion tests to investigate erosion within a soil mass with or without the 

formation of a pipe. As different test methods were used involving different erosion and 

particle transport mechanisms, and applied to different types of soils, their results are 

difficult to compare or combine. An overview of the research work on erodibility of 

soils by others is presented in Section 2.2 of this report.

In order to be able to quantify the relative erodibility of various types of soils commonly 

found in embankment dams, a sufficiently wide range of soils should be investigated by 

the same erosion test. The chosen test should be able to provide adequate control over 

the various physiochemical and mechanical properties believed to influence erodibility. 

External and internal erosion processes are different as they involve different particle 

transport mechanisms although they may both be influenced by the same properties of 

the soil. Therefore, for investigating erosion in cracks or pipes in dams, the chosen test 

should preferably be an internal erosion test that can simulate erosion along a crack or 

pipe within a dam core. In the present study, two tests, namely the Slot Erosion Test 

and the Hole Erosion Test have been specially designed based on the above 

considerations.

2.1.3 Definition of the erodibility of a soil

The erodibility of a soil can be described in terms of the soil’s behaviour in two aspects, 

namely

• the rate of erosion when a given hydraulic shear stress is applied to the soil;

• the ease of initiating erosion in the soil;

Rate of Erosion - the Slope of the graph of Erosion Rate versus Hydraulic Shear 

Stress

There are a number of different methods for quantifying the rate of erosion in a soil. For 

instance the rate can be expressed as the eroded depth in a soil sample in a specified 

period of time under a specified hydraulic shear stress; the volume of soil eroded per 

unit time and area under a given shear stress; the mass of soil eroded per unit time and 

area under a given shear stress, etc. The rate of mass removal per unit area is considered
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a better representation of the erosion rate as it takes into account the density and the 

porosity of the soil mass. Since the rate of erosion depends on the level of the hydraulic 

shear stress due to the traction of the eroding fluid, the rate of erosion is usually 

normalised against the hydraulic shear stress. Research by others shows that, for some 

soils, the rate of erosion per unit area is approximately linearly proportional to the level 

of shear stress. The slope of the best-fit straight line that approximates the linear 

relationship between the mass rate of erosion per unit area and the hydraulic shear 

stress, therefore, represents the normalised rate of erosion per unit area. For simplicity, 

the slope of the best-fit straight line is called the Coefficient of Soil Erosion (Ce) in this

report. The meaning of Ce is illustrated graphically in Figure 2.1.

Ce (Coefficient of 
Soil Erosion)

Critical Shear — 
Stress, Tc

Shear Stress due to Fluid Traction, t (N/m2)

Figure 2.1: Graphical illustration of the meaning of Critical Shear Stress and

Coefficient of Soil Erosion.

Ease of Initiating Erosion - the Critical Shear Stress

The ease of initiating erosion in a soil can be quantified by the Critical Hydraulic Shear 

Stress, rc, or simply called the Critical Shear Stress, which has the physical meaning of
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the value of the hydraulic shear stress for which erosion initiates. rc is often obtained 

by extrapolating a graph of observed erosion rate, s, versus hydraulic shear stress, r , as 

illustrated by Figure 2.1. This assumes a constant value Ce which, as discussed later, 

may not apply to all soils.

Section 2.2 of this Chapter describes some other methods of quantifying the ease of 

initiating erosion in a soil. Among the various methods, the Critical Shear Stress is, by 

far, the most commonly used parameter.

2.1.4 Layout of Chapter 2

After this introduction, Section 2.2 is a literature review providing a brief account of the 

research work by others on soil erosion. Section 2.3 explains the theories behind the 

SET and the HET, and the procedures for analysing the raw data obtained from the tests. 

The origins of the soil samples used in the laboratory erosion tests, their mineralogy 

compositions, and their basic engineering properties are summarised in Section 2.4. 

Section 2.5 presents the results of correlation and regression analysis for the purpose of 

finding relationships between the erosion parameters and the basic engineering 

properties of the soil samples. Section 2.6 comments on and discusses the results of the 

analysis. The findings of the experimental investigation on piping erosion are 

summarised and concluded in Section 2.7. Some recommendations are made in Section 

2.8 on the applications of the erosion tests and the use of the findings of the 

experimental investigation.
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2.2 RESEARCH ON SOIL EROSION BY OTHERS

2.2.1 Overview

This Section presents a detailed literature review on studies of the factors that affect the 

erodibility of soils in embankment dams and their foundations, and the tests which are 

available to measure erodibility. A summary of the literature review is presented in 

Section 2.2.8.

2.2.2 Type of erosion tests

Field or laboratory tests commonly used by researchers for studying the erosion 

resistance of soils are:

• laboratory hydraulic flume test, or large scale channel erosion test,

• rotating cylinder test,

• field or laboratory submerged jet erosion test, and

• tests for measuring the dispersivity of a soil.

These four types of tests are described in Sections 2.2.3, 2.2.4, 2.2.5 and 2.2.6 

respectively. Other types of erosion tests are described in Section 2.2.7.

2.2.3 Flume tests

Use of the flume test has been described in the following literature:

• Gibbs(1962)

• Lyle and Smerdon (1965)

• Kandiah and Arulanandan (1974)

• Arulanandan and Perry (1983)

• Shaikh, Ruff, and Abt (1988)
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• Shaikh, Ruff, Charlie, and Abt (1988)

• Ghebreiyessus, Gantzer, Alberts and Lentz (1994)

• Briaud, Ting, Chen, Gudavalli, Perugu and Wei (1999), Briaud, Ting, Chen, Cao, 

Han and Kwak (2001a), Briaud, Chen, Kwak, Han and Ting (2001b) and Briaud, 

Chen, Li, Nurtjahyo and Wang (2003)

Gibbs (1962)

Gibbs reviewed past studies in erosion and tractive forces on fine-grained cohesive 

soils, and attempted to generalise the soil mechanics properties with respect to the 

erosion test findings.

Gibbs acquired information on 45 case studies on canal banks. He collected 

undisturbed samples from canal banks for evaluation of in-place density and carried out 

hydraulic flume tests in the laboratory. The soil samples were mostly low plasticity silts 

(ML) or clays (CL). Results of his hydraulic flume tests were correlated with plasticity, 

density and gradation of tested soil samples.

Gibbs main findings were:

• erosion resistance as measured by the critical shear stress for the samples tested 

were in the range of 0.015 - 0.060 lb/ft2 (0.72 - 2.87 Pa). Gibbs called this the 

“Tractive Force”;

• clayey soils were more erosion-resistant than silty and clayey sands;

• plasticity of a soil was the principal characteristic that influenced erosion 

resistance;

• gradation had great influence on erosion resistance among sand and coarse

grained soils, whereas plasticity data have larger effects on the erosion resistance 

among fine-grained soils;

• the Liquid Limit had a greater influence than the density on the tractive force 

resistance. Soils with higher liquid limits had higher critical shear stress than soils 

with lower liquid limits as shown in Figure 2.2.
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Gibbs grouped his canal bank cases into zones according to their critical shear stresses 

on the A-line plasticity chart as shown in Figure 2.3. Criteria were given for evaluating 

the erosion potential of fine-grained soils on the basis of plasticity characteristics.
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Figure 2.3: Suggested Trend of Erosion Resistance (as measured by Critical Shear

Stress) for Fine-grained Cohesive Soils with respect to Plasticity (Gibbs 1962).

Lyle and Smerdon (1965)

Lyle and Smerdon carried out flume tests on seven Texan soils whose properties are 

summarised in Table 2.1.

Table 2.1: Physical properties of soils tested (Lyle and Smerdon (1965)).

Soil
Aiuasillo Lufkin Reagan

fine sandy fine sandy sandy clay 
loam loam loam

Lufkin
day

Houston
day

Lake
Charles

day

San..
Saba
day

Soil No. £853 £114 £810 £116 £117 £319 ___
Plasticity index, 1^ Non

plastic
Non
plastic

9.9 23.7 235 34.4 25.7

Percent clay, Pfi 13.5 11.5 29.8* 44.0 36.0 505 50.0

Mean particle size, M 
Dispersion ratio, D^,

0.096 0.075 0.0071 0.0084 0.0033 0.0019 0.0020

percent
Vane shear strength,

71 35 72 16 10 15 16

S^.t, lb/ft*
Percent organic

43 93 18 162 165 618 470

matter, Pora
Cation exchange capacity,

0.8 1.8 1.9 0.9 3.3 3-9 3.3

CEC me/100 gni
Calcium-sodium

8.7 11.5 18.2 29.0 585 41.6 53.6

ratio, Rcn 9.0 15.0 3.24 7.2 279.51 345 285.51

* Value supplied by Dr. George Kunze, soil and crop sciences department. Texas A&M University, 
t Values of shear strength for sandy soils C8S3 ana XI14 were taken at a 20 percent moisture 

content with a void ratio of 0.8. Shear strength for the other soils (clays) was taken at approximately 
38 per rent moisture and at a void ratio of 15.

X Estimated values.
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Lyle and Smerdon tested each soil samples at three different degrees of compaction in a 

hydraulic flume. They defined Critical Tractive Force, Tc as the hydraulic shear stress 

which caused noticeable channel erosion.

Their findings were:

• typical values of Tc were approximately 0.02 lb/ft2 (0.96 Pa);

• Tc decreased linearly with void ratio (e)\

• Tc increased with Plastic Index;

• at a given void ratio (e), Tc was best correlated to the soil properties in the 

following order:

i. Plastic Index,

ii. Dispersion ratio obtained from the SCS Laboratory double

hydrometer test,

iii. Percentage organic matter,

iv. Vane shear strength,

v. Cation exchange capacity,

vi. Mean particle size,

vii. Calcium-sodium ratio,

viii. Clay size percentage.

The Author notes that Lyle and Smerdon have neglected the important influence of the 

moulding water content and the dry density ratio (i.e. the ratio of the dry density to the 

standard maximum dry density (SMDD)) of a test sample on its erosion resistance.

Kandiah and Arulanandan (1974)

Kandiah and Arulanandan carried out erosion tests on saturated and unsaturated clay 

using the flume test and the rotating cylinder test.

They tested Yolo loam clay (11% clay, 49% silt, 40% sand, the clay minerals being 

montmorillonite, kaolinite, mica and vermiculite). Soil samples tested were mixed with 

solutions of known Sodium Adsorption Ratio (SAR) and salt concentration, and samples 

were mixed with water to obtain the desired water content. SAR is defined as:
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where Na Ca 2+ and [Mg2+ j represent the concentration in [meq/1] of the cations

Na+, Ca2+ , and Mgz+ , respectively.2+

Both saturated and compacted samples were tested in a flume apparatus, but only 

saturated samples were tested in a rotating cylinder apparatus.

Their aims were to:

• compare critical shear stresses obtained by the rotating cylinder test and the flume 

test;

• examine the effect of compaction water content on the critical shear stress, rc; 

and

• investigate the influence of structure and water content on the slaking (or flaking) 

of cohesive soil systems.

Their findings were:

• the rate of erosion, s, defined as the mass of materials eroded per unit surface 

area per unit time, increased as the shear stress, r , was increased;

• at different SARs, rc obtained by the flume test were the same as those obtained 

by the rotating cylinder test;

• i: obtained by the flume test were lower than those obtained by the rotating 

cylinder test;

• at a given salt concentration, rc decreased, but £ increased as SAR increased;

• in saturated samples prepared at low SAR, the water content had little effect on 

zc. When zc was exceeded, £ increased as water content increased;

• in compacted unsaturated soil samples, rc was highly dependent on water content. 

The higher the water content, the lower the swell, and the higher the rc;

• slaking (or flaking) was instantaneous for samples compacted drier than optimum. 

rc for these soil samples was zero;
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• for compacted samples, the slaking rate decreased as the water content increased, 

and became negligible when the water content reached 19.3% (about 4.5% above 

optimum water content);

• soils with more dispersed structure (e.g. montmorillonite) had longer slaking times 

(due possibly to lower permeability and longer time for water to enter pores);

• soils with higher SAR in the saturated state took longer time to slake, as they 

developed less flocculated structure.

Kandiah and Arulanandan proposed that:

• the mechanism causing erosion was thought to be swelling;

• in saturated samples, swelling was due to differences in concentration between 

pore fluid and eroding fluid;

• in compacted soils, rc was highly dependent on water content. The higher the 

water content, the lower the swell and hence the higher the rc;

• the rate of slaking was controlled by permeability. The lower the permeability, the 

longer the slaking time.

Arulanandan and Perry (1983)

Arulanandan and Perry reviewed filter design practice of that time and investigated the 

significance of the erodibility of core material to filter design. They also investigated 

the use of critical shear stress, rc, to quantify the erodibility of core material. They

proposed a procedure for evaluating successful performance of filter with respect to 

erodibility of core material.

Arulanandan and Perry commented that assessing the erosion resistance of a soil using 

Gibbs (1962) A-line plasticity chart was inadequate as some important factors which 

affected erodibility, such as the clay mineralogy of the soil and the chemical 

compositions of pore and eroding fluid, were not considered. Some dams failed by 

piping but their core materials would be classified as having highest resistance to 

erosion according to their Atterberg Limits using Gibbs’ A-line chart in Figure 2.4.
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Figure 2.4: Soil erodibility, as measured by Critical Shear Stress, versus Plasticity

(Arulanandan and Perry 1983).

Arulanandan and Perry commented that some commonly used tests for finding the 

dispersivity of a soil, such as the Crumb Test, SCS Dispersion Ratio Test and Pinhole 

Test did not take into account some soil characteristics which would affect erodibility. 

Some soils were not classified as dispersive but they were very erodible.

Arulanandan and Perry proposed to quantify erodibility based on the Critical Shear 

Stress, rc, defined as the value of the stress for zero sediment discharge. rc would be 

obtained by extrapolating a graph of observed erosion rate, £, versus shear stress, r, 

(Shields, 1936). Arulanandan and Perry measured rc of remoulded or undisturbed soil 

samples using a rotating cylinder apparatus, and a hydraulic flume. They suggested that 

rc could also be estimated indirectly by the composition index called Dielectric 

Dispersion, Ae0, in conjunction with pore fluid concentration, and SAR (i.e. Ae0 

depends on clay mineralogy and amount). As0 is the difference in dielectric constant 

measured at say, 106 and 108 Hz, and is a function of the Cation Exchange Capacity 

(CEC).
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Arulanandan and Perry presented graphs for remoulded saturated soils showing rc as a 

function of Ae0 and SAR, given soil pore fluid concentration, and assuming that distilled 

water was the eroding fluid. They found out that rc was influenced by the following 

factors:

• clay mineralogy and clay fraction percentage;

• chemical compositions of pore and eroding fluid (rc would be higher as 

concentration of the eroding fluid increased);

• pH;

• temperature;

• organic matter;

In addition, Arulanandan and Perry found that, under the same r , s would increase as 

the salt concentration of eroding fluid decreased (i.e. distilled water gives the highest 

erosion rate).

Arulanandan and Perry studied 29 dams with both dispersive and non-dispersive soils, 

and found that dams which had experienced piping, in general, had rc less than or equal

to 4 dynes/cm2 (0.4 Pa), whereas dams which had not experienced piping had rc higher 

than 4 dynes/cm2 (0.4 Pa). Their case studies showed that some non-dispersive soils 

could also show low erosion resistance. The rc values were estimated from As0 values 

which were predicted from CEC values given in the literature on the 29 dams.

Based on the results of the case studies, Arulanandan and Perry proposed a classification 

of the erosion resistance of soils:

Category 1: Erodible soils xc < 4 dynes/cm2 (0.4 Pa). Extensive filter tests would be

necessary to ensure that the proposed filter materials could stop the 

migration of fines out of the base soil.

Category 2: Moderately erodible soils 4 < rt. < 9 dynes/cm2 (0.4 <tc < 0.9 Pa). Filter

tests would be required for the proposed filter materials same as for 

Category 1.
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Category 3: Erosion resistant soils rc > 9 dynes/cm2 (0.9 Pa). Filter design

according to current grading criteria (i.e. Terzaghi’s design criteria for 

filters).

Acciardi (1984), in discussion on the paper, commented that the boundary shear stress 

in the Pinhole Test significantly exceeded the Critical Shear Stress values for erosion 

resistant soils reported by Arulanandan and Perry. Therefore, soils classified by them as 

“erosion-resistant” could classify as “dispersive” in the Pinhole Test. Arulanandan and 

Perry replied that although a soil sample would be exposed to very high boundary shear 

stress in the Pinhole Test, the rate of change of erosion and the rate of erosion would be 

small for erosion-resistant soils. These erosion-resistant soils would not show 

appreciable erosion in a Pinhole Test. On the other hand, erodible soils would have 

high rate of change of erosion rate. Arulananandan and Perry also commented that the 

Pinhole Test was not a reliable test to evaluate the erodibility characteristics of soils in 

terms of critical shear stress, because the surface of the pinhole was not clearly defined 

during the test (e.g. hole diameter reduced as the soil sample was wetted and swelled).

Kenney (1984) commented that at the start of erosion, “slaking” was responsible which 

required zero velocity of flow and only the presence of water. He believed that, in the 

early stages, the key process affecting dislodgement of particles was slaking rather than 

dislodgement by flow water. He said that filters should therefore be able to prevent the 

loss of particles due to slaking at the early stage. Arulanandan and Perry replied that rc

was zero when slaking occurred, and rc would be a better parameter to define particle 

detachment than flow velocity.

The Author has reservations regarding the way that Arulanandan and Perry related their 

test results to dam incidents. They drew an equivalence between the erodibility of the 

soil in a dam and the potential of piping. While their conclusion based on the studies of 

29 dams might be correct, they failed to acknowledge that just because a dam had not 

experienced piping did not mean the soils in the dam were not erodible. The Author is 

of the view that the occurrence of piping is not just influenced by the erodibility of the 

soil in the dam, but also by a lot of other factors that influence the various phases of
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development of internal erosion, viz. (1) initiation of erosion by concentrated leak, 

backward erosion, suffusion or blow-out, (2) continuation of erosion, (3) progression to 

form a pipe, and (4) formation of a breach mechanism. In addition, their estimation of 

critical shear stresses from Ae0, which were predicted from CEC values given in the 

literature on the 29 dams would bring some uncertainty to the estimated values.

Shaikh, Ruff, and Abt (1988)

Shaikh, Ruff and Abt used a hydraulic flume (L 2.5 m x W 15.5 cm x D 11 cm) to study 

the influence of clay content and compaction water content on erodibility of soil. The 

eroding fluid was tap water (Total Dissolved Solids (TDS) < 2.2 meq/1, pH = 7.7, at 

18 ± 1 °C). Flow rate was measured by a venturi meter and the flow depth was 

maintained uniform. Flow velocity profile was measured by a Pitot tube. The set up of 

the test is shown schematically at Figure 2.5.

They proposed an empirical relationship between erosion rate (mass per unit area per 

unit time), hydraulic shear stress and percentage clay.

They tested unsaturated compacted samples of Na-montmorillonite clays. Na- 

montmorillonite clay was mixed with silica to produce samples of varying Na- 

montmorillonite clay content (100, 70, 40 and 10% by dry weight). Samples of soils 

were compacted statically under 700 Pa at different degrees of moisture content 

(±5% of optimum moisture content). The Liquid Limit, Plastic Index, Optimum 

Moisture Content and Maximum Dry Density of the soil samples were measured prior 

to the flume tests. 9 tests were carried out for each soil sample.
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Figure 2.5: Schematic drawing of flume and sample containers

(Shaikh, Ruff and Abt 1988).

Their findings were:

• weight loss progressed linearly with time (i.e. erosion rate was constant). Weight 

loss was defined as difference in dry weights of the samples before and after test;

• the relationship between erosion rate, e, and tractive stress, r , was approximately 

linear, and the straight line passed through the origin {s = C • r). The critical 

shear stress was, therefore, zero for unsaturated compacted Na-Montmorillonite 

soil samples;

• the coefficient of erosion rate (C) decreased as the clay percentage increased, 

implying that s increased as clay content of the soil sample decreased;

• the coefficient of erosion rate (C) decreased as Vane Shear Strength increased, 

but this finding might not be generalised for all type of soils;

• the compaction water content had no obvious effect on £ .

The Author notices that the dry density (or the degree of compaction) of the test samples 

was not considered by Shaikh, Ruff and Abt to be an important factor that would
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influence the erosion rate and the critical tractive stress. Although the test samples were 

all compacted statically at 700 kPa, their dry densities would be different due to their 

having different water content. The compactness of the test samples was inadequately 

defined using only the water content.

Shaikh, Ruff, Charlie, and Abt (1988)

Shaikh, Ruff, Charlie, and Abt tested Ca-montmorillonite (non-dispersive) and Na- 

montmorillonite (dispersive) in a hydraulic flume (same as the one shown in Figure 2.5) 

to assess rate of surface erosion on unsaturated samples. Their aim was to investigate 

the relationship between surface erosion rate, s, and dispersibility (dispersivity).

They controlled the SAR of the soil samples by mixing the soils with salt solution. Soil 

samples of varying compaction moisture contents (±5% of optimum moisture content) 

were tested. Soil samples were compacted by static pressing at 700 kPa. The eroding 

fluid was tap water (TDS < 2.2 meq/1, pH = 7.7, at 18 ± 1 °C). The SAR and TDS of Ca- 

Montmorillonite was varied by adding CaCh (increase TDS) or Na2CC>3 (increase SAR).

Dispersibility (dispersivity) of the test specimens was measured by four tests, namely (1) 

soluble salts in pore water (dispersivity depends on TDS and percentage sodium (i.e. 

(Na/TDS)), (2) the SCS Laboratory Dispersion Test (double hydrometer test), (3) the 

Crumb test (Emerson Class Test), and (4) the Pinhole test. Na-Montmorillonite was 

classified as dispersive by Tests 1 and 3. Ca-Montmorillonite was classified as non- 

dispersive by all 4 tests.

Their findings from tests on Na-Montmorillonite were:

• weight loss per unit area increased linearly with time, and the slope of the straight 

line represented the rate of surface erosion;

• the erosion rate was found to vary linearly with tractive stress, and the straight line 

passed through the origin. Erosion rate coefficient, C, was defined as erosion rate 

(N/nT/min.) over tractive stress (N/nr);

• the rate of surface erosion was independent of compaction water content.

Their findings from tests on Ca-Montmorillonite were:
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• the results were similar to those for Na-montmorillonite, but more scattered at 

high erosion rates;

• The erosion rate coefficient, C, was high (11.8 per min.) for Ca-Montmorillonite 

(or treated with CaCf), but low (0.064 per min.) for Na-Montmorillonite. 

Treatment of Ca-Montmorillonite with CaCf had no appreciable influence on 

erosion rate of Ca-Montmorillonite.

Shaikh et al conclude that:

• pore-water chemistry was the controlling factor of erosion behaviour of 

montmorillonite clays;

• pore-water chemistry was characterised by TDS (meq/1), and SAR (meq/l)1/2, the 

proposed relationship between the erosion rate coefficient, C, and sodium 

adsorption ration (SAR) was

C = 4.41 (SAR)'134

• slaking had greater influence on surface erosion of an unsaturated soil than 

dispersivity (i.e. colloidal dispersion of saturated samples) did. Ca- 

Montmorillonite slaked, but Na-Montmorillonite did not slake;

• non-dispersive samples showed a much higher surface erosion rate than samples 

classified as dispersive. This suggested that dispersive clays were not always 

highly erodible soils, and non-dispersive clays could be highly erodible.

Gray (1989) commented that the rate of erosion would depend on the type of tests. 

Flume test would result in higher erosion rate than Pinhole test because in the former 

test, particles would be discharged into a relatively large volume of water, whereas 

particles in the Pinhole test would be discharge into a relatively small, constricted 

volume of fluid. He pointed out that the time allowed to equilibrate in the flume before 

starting the pump might affect the results. It was because Na-Montmorillonite, initially 

having much higher negative pore pressure and lower hydraulic conductivity, might take 

longer equilibration time in water. He also commented that, in general, highly 

dispersive soils were also highly erodible, but whether or not there was observable
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erosion would depend on pore water chemistry and the nature of the flow regime. He 

suggested to do further erosion test on other soils such as Na-illite.

Shrestha and Arulanandan (1989) commented that the four tests on dispersivity did not 

take into account some of the factors that influence erodibility. For instance, the soluble 

salts test did not consider soil structure, cementation and mineralogy. They suggested 

that the faster erosion rate in Ca-Montomorillonite than in Na- Montomorillonite was 

because the former, having a SAR of 0.4 (meq/1)1/2 (c.f. SAR = 19.8 (meq/1)12), was in a 

relatively flocculated state, and slake faster than the latter.

The Author is of the view that there was inadequate control over the density of the test 

specimens. Although all the test specimens were compacted statically under the same 

pressure of 700 kPa, differences in the moulding water content and the ion contents of 

the moulding water would result in test specimens having different densities.

Ghebreiyessus, Gantzer, Alberts and Lentz (1994)

Ghebreiyessus et al. investigated the differences in erodibility for Mexico silt loam soil 

(fine, montmorillonite, mesic Udolloc Ochraqualf) packed at 2 different bulk densities. 

Regression equations were proposed for predicting detachment rate, as mass per unit 

area per unit time, by hydraulic shear stress, bulk density and Vane Shear Strength.

The Author is of the view that the degree of compactness and the moisture condition of 

a test sample are not adequately defined by the bulk density alone. In addition, the 

relationship between detachment rate, shear stress and bulk density obtained by multiple 

regression might not be generalised to describe the erosion characteristics of other types 

of soils. The Author also notices that the proposed linear relationship between the 

amount of soil detachment and the duration of erosion for each test specimen was only 

based on limited information provided by the results of 3 tests.
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Briaud, Ting, Chen, Gudavalli, Perugu and Wei (1999), Briaud, Ting, Chen, Cao, 

Han and Kwak (2001a), Briaud, Chen, Kwak, Han and Ting (2001b), and Briaud, 

Chen, Li, Nurtjahyo and Wang (2003)

Briaud and his coworkers developed a method called SRICOS to predict the scour depth 

in cohesive soils around cylindrical bridge piers in rivers. SRICOS stands for scour rate 

in cohesive soils. The method uses the Erosion Function Apparatus (EFA) invented by 

Briaud et al. (1999) to study the relationship between scour rate and the hydraulic shear 

stress for soil samples taken from around bridge piers.

Application of the SRICOS method consists of the following steps:

• use the EFA to obtain the relationship between scour rate, z and shear stress, x, 

for a soil sample taken from the bottom of a bridge pier;

• predict the maximum shear stress, xmax at the bottom of the bridge piers;

• based on the laboratory EFA results, predict the initial scour rate, z, based on the 

estimated xmax;

• estimate the maximum scour, zmax;

• predict the scour z versus time, t;

• estimate the scour z from the z versus t curve for a flood of a given duration and 

magnitude.

Figure 2.6 illustrates the problem of scour around bridge pier investigated by Briaud et 

al. (1999, 2001a, 2001b and 2003), and Figure 2.7 shows a schematic diagram of the 

Erosion Function Apparatus (EFA) (Briaud et al. 1999).



Chapter 2 Laboratory tests on piping erosion Page 34

Figure 2.6: Scour hole next to a cylindrical pier in clay during a flume test 

(http://tti.tamu.edu/geotech/scour/).
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Figure 2.7: EFA Conceptual Diagram (Briaud et al. 2001a).

The EFA is basically a flume test apparatus. A 76 mm-diameter soil sample in a Shelby 

tube is fitted through a tight opening at the bottom of a flume which has a rectangular 

cross-section (width 101.6 mm, depth 50.8 mm, and length 1.22 m). Water is pumped 

through the flume and erodes the soil sample which protrudes 1 mm above the channel 

flow. Erosion of the soil sample is observed through the observation chamber of the 

flume. The rate at which the sample erodes is measured as scour depth per unit time 

(mm/hr.). The velocity of the flow is measured, and the hydraulic shear stress is 

assessed from the Moody Diagram based on the measured flow velocity. Figure 2.8 

shows photographs of the EFA.

http://tti.tamu.edu/geotech/scour/
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(a) (b)

Figure 2.8: Photographs of the Erosion Function Apparatus (Briaud et al. 2003).

(a) General view; (b) Close up of the test section

Plot of erosion rate versus shear stress obtained from the test indicates the critical shear 

stress at which erosion starts, and the rate of erosion beyond the critical shear stress. 

Some of the major assumptions made by Briaud et al. (1999) in the tests using the EFA 

are as follows:

• the shear stress, x, applied by the water to the soil at the soil/water interface is the 

major parameter causing erosion in a scour test using the EFA;

• the concept of the critical shear stress which represents the stress below which soil 

particles are not eroded is theoretically incorrect, but practically useful. The 

critical shear stress, xc, is defined as one corresponding to a standardised small

erosion rate of 1 mm/hr. in a scour test using the EFA;

• The hydraulic shear stress is estimated from the flow velocity, V, based on the 

Moody Diagram:

X = l8fP»V2

where / is the friction coefficient based on the roughness, e/D, and the 

Reynolds No., Re, and is estimated from the Moody Diagram;

8 is the depth of soil surface asperities, assumed to be 0.5 D50 (mm)

D is the equivalent hydraulic diameter of the rectangular flume
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'y

p^, is the density of water (1000 kg/m )

Briaud et al. (2001a, 2003) attempted to correlate the critical shear stress and the rate of 

scour obtained from the EFA with other soil parameters. They found that, for granular 

cohesionless soils, the critical shear stress is approximately equal to the mean particle 

size of the soil:

*c 3 °50

where xc: is the critical shear stress [N/m ]

D50: is the mean particle size (50% finer) of the soil [mm]

Figure 2.9 presents curves of critical shear stress, xt., versus mean soil grain diameter, 

Dj0 (Briaud et al. 2003). The curves show a good linearly relationship between xc. and 

D50 for coarse-grained soils, but the test data show considerable scattering for fine

grained soils.
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Figure 2.9: Critical Shear Stress versus Mean Grain Diameter (Briaud et al. 2003).
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For fine-grained soils, the correlation analysis between xc and the rate of erosion, 

indicated by the initial slope, St, of the scour rate, z (mm/hr.) versus xc. plot is
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summarised in Table 2.2. Briaud et al. (2001a, 2003) also studied the correlations 

between xc. and S,, and other parameters, such as the mean grain size (D50), the water

content of the soil (co), the Cation Exchange Capacity (CEC), the Sodium Adsorption 

Ratio (SAR), the pH value of the water, and the chemical composition of the water. The 

correlations between xc. and St, and the individual predictor variables were poor, as

indicated by the low coefficient of determination, r2. The best r2 was only 0.348 (11 

data points) obtained between xc and the undrained shear strength.

Table 2.2: Correlation between critical shear stress, rate of erosion with soil and

water properties (based on Briaud et al. 2001a).

Scour
parameters

Predictor variables (soil, water parameters) Apparent
relationshipSymbol Meaning

Critical shear 
stress, xc.

y Soil unit weight xc increases as the
value of the predictor 
variable increases.t. Plasticity Index

% Fines Fines content (% finer than 0.075mm)

Su Undrained strength

e Void ratio xt. decreases as the
value of the predictor 
variable increases.

DR Dispersion ratio

Swell Soil swell

L Temperature of soil

T. Temperature of water

Initial slope 
of scour rate 
versus shear 
stress, St

X Applied hydraulic shear stress S' increases as the
value of the predictor 
variable increases.

T, Temperature of soil

Tw Temperature of water

%Clay Clay content (% finer than 0.005mm) S' decreases as the
value of the predictor 
variable increases.

2.2.4 Rotating cylinder tests

The use of the Rotating Cylinder Tests has been described in the following literature:
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• Moore and Masch (1962)

• Arulanandan, Sargunam, Loganathan and Krone (1973)

• Kandiah and Arulanandan (1974)

• Arulanandan, Loganathan and Krone (1975)

• Sargunan (1977)

• Arulanandan and Perry (1983)

• Chapuis and Gatien (1986)

• Chapuis (1986a)

• Chapuis (1986b)

Moore and Masch (1962), Masch, Espey and Moore (1965)

Moore and Masch explored the use of the rotating cylinder test and the submerged jet 

test for measuring erosion resistance of cohesive soils. The original rotating cylinder 

test apparatus was developed by Masch, Espey and Moore (1965). Their work on the 

submerged jet test will be described in Section 2.2.5.

Moore and Masch tried the rotating cylinder test as they were of the view that other 

tests, such as the submerged jet test and the flume test, could not allow accurate 

determination of the shear stress because:

• the variation of the temporal shear stress over the erosion surface of the soil 

sample would be difficult to determine under turbulent flow conditions. Usually 

shear stresses would be averaged over time and space, but it was the peak values 

of the instantaneous shear stresses that were responsible for removal of soil 

particles from the sample;

• the surface roughness of the sample would change as soon as erosion of the 

sample began.

The rotating cylinder test, based on the principal of certain type of viscosimeters, was 

used to measure shear stress induced by an eroding fluid on the surface of a cylindrical 

soil sample. In a rotating cylinder test, the shear stress would be uniform at all points 

around the surface of the cylindrical soil sample. The rotating speed of the cylinder was 

gradually increased until erosion was observed. The torque on the soil sample was
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recorded and used to compute the shear stress on the cylindrical surface of the soil 

sample.

Trial tests were carried out on soil samples with 60% clay (montmorillonite) and 40% 

sand, compacted in layers in a 3” (76 mm) diameter mould. Typical values of critical 

shear stress were between 0.2 - 0.3 lb/ft2 (9.6 - 14.4 Pa).

Moore and Masch proposed future investigations on the use of the rotating cylinder tests 

for measuring the rate of erosion as well as the critical shear stress, and for investigating 

the influence of some soil parameters, such as moisture content, density and cohesive 

properties.

Arulanandan, Sargunam, Loganathan and Krone (1973), and Arulanandan, 

Loganathan and Krone (1975)

Arulanandan et al. used a modified rotating cylinder test apparatus, as shown in Figure 

2.10, to investigate the influence of clay mineralogy and amount, and the composition of 

pore and eroding fluid on the erodibility of remoulded saturated soils. The original 

rotating cylinder test apparatus was developed by Masch, Espey and Moore (1965).

Arulanandan et al. summarised laboratory data on the influence of pore and eroding 

fluid composition on erodibility, and provided new data showing the influence of the 

type and amount of clay minerals on erodibility.

In their modified rotating cylinder apparatus, the outer cylinder containing the eroding 

fluid (distilled water) was rotated at constant speed, and the shear stress on the surface 

of the soil sample was calculated from the torsional displacement (measured torque) of 

the inner cylinder containing the soil sample. Erosion was determined from the 

difference in weight in the soil sample before and after the test, for various periods of 

erosion. Critical shear stress, rc, was defined as the shear stress required for zero

erosion rate.
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Figure 2.10: Cross-sectional View of Rotating Cylinder Test Apparatus.

(Arulanandan, Loganathan and Krone 1975)

They tested Yolo loam which had the following properties:

• cohesive soil composed of 46% sand, 35% silt and 19% clay

• the clay were montmorillonite, kaolinite, mica and vermiculite

• Cation Exchange Capacity, CEC = 19.8 meq/lOOg

• pH = 8.2

• LL = 46% and PL = 23%.

The controlled parameters in the tests were (1) the type and amount of clay minerals; (2) 

the pore fluid composition; and (3) the eroding fluid composition. The type and amount 

of clay minerals were quantified by the parameter called Dielectric Dispersion (Ae0).

According to Arulanandan et al., Ae0 depended on frequency, soil type and amount, 

and the moisture content. As(t varied across different clay mineralogy and amount, but 

did not vary much with moisture content at constant clay composition. As0 was a

measure of the average compositional and environmental property of clay-water- 

electrolyte system. Arulanandan et al. indicated that the Plasticity Index or the Activity 

or both could not provide similar evaluation of the soil composition as As(). Salt 

concentration in the fluid composition was measured by electrical conductivity. Types
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of ions were indicated by Sodium Adsorption Ratio, SAR, based on analysis by an 

Atomic Absorption Spectrometer. The salt (NaCl) concentration in the eroding fluid 

was measured by electrical conductivity.

The findings of Arulanandan et al. were:

• erosion increased linearly with time. The slope of the straight-line plot gave the 

erosion rate, s;

• e increased linearly with shear stress, r , and the straight-line plot was defined by 

s = m (x - xc);

• m, representing slope of the straight line, increased with SAR (i.e. £ increased 

with increase in SAR);

• rc, the x-intercept called the critical shear stress, decreased non-linearly with 

increase in SAR;

• rc decreased as salt concentration (electrical conductivity) of pore fluid increased, 

at given SAR;

• rc decreased non-linearly with increase in SAR at a given salt concentration.

Arulanandan et al. suggested that as SAR increased, or salt concentration in pore 

fluid decreased, degree of flocculation decreased, and the interparticle bonds 

become weakened, and hence the soil became more erodible;

• zc increased, and m decreased as salt concentration in the eroding fluid increased,

given that SAR, salt concentration in pore fluid and moisture content remained 

constant. Arulanandan et al. suggested that it was because erosion was dependent 

on the osmotic pressure gradient between the pore fluid and the eroding fluid;

• rc decreased non-linearly as A£Q decreased, (i.e. rc decreased in the order of

montmorillonitic (A£a = 40), illitic (A£a = 32) and kaolinitic (A£n = 24) clays), 

given that SAR, clay content, salt content in pore fluid and moisture content 

remained constant. Highly swelling montmorillonitic clay had a higher rc;

• rc decreased non-linearly with increase in SAR for the same clay mineralogy.

Arulanandan, Loganathan and Krone (1975) used the same rotating cylinder apparatus 

to investigate the influence of pore fluid composition and salt concentration of the
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eroding fluid on the erodibility of remoulded saturated soils. They altered the degree of 

flocculation of a clayey soil by the following methods:

• adding salt to increase the electrolyte concentration so as to decrease permeability 

by causing swelling and dispersion.

• changing cations to one of a higher valence (e.g. replace Na" by Ca2+. Na-clay has 

a large hydrated radius than Ca or Mg-clay, and Na-clay is more dispersive).

Tests were carried out on Yolo loam which was conditioned to have varying pore fluid 

compositions by mixing with solutions of varying SAR and salt concentrations. 

Effluents collected from the consolidating soil samples were taken for analysis of cation 

contents (by Perkin-Elmer Atomic Absorption Spectrometer), and salt concentration (by 

measuring electrical conductivity). Consolidated soil samples were also analysed for 

moisture content.

The findings by Arulanandan. Loganathan and Krone (1975) were:

• at a given salt concentration and moisture content, the s increased linearly with 

t , and the straight-line plot could be represented by e - m (r - rc). m, the slope

of the straight line, increased with SAR. rc, the x-intercept called the critical 

shear stress, decreased non-linearly with increase in SAR. At low SAR, rc 

decreased more rapidly for a small increase in SAR;

• at a given SAR, zc increased with salt concentration (as high salt concentration

implied flocculation). Effects of salt concentration were more pronounced at low 

values of SAR. Uptake of water (swell) with time by a soil sample was higher if 

SAR was higher (i.e. higher SAR implies higher dispersion, higher swell, and 

smaller interparticle bonding force). rc increased, and m decreased as salt

concentration in eroding fluid increased (given same SAR, same salt concentration 

in pore fluid and same moisture content). The explanation by Arulanandan, 

Loganathan and Krone was that water would move into the surface of clay 

particles by osmosis causing swelling, and weakening of interparticle bonds if the 

salt concentration in the eroding fluid was lower than that in the pore fluid.
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The Author notices that the rotating cylinder apparatus used by Arulanandan et al. was 

used to test remoulded saturated soil samples. The dry densities of the various soil 

samples prepared by the static consolidation procedure might be different. The Author 

considers that the dry density of a soil might be an important controlling parameter, but 

Arulanandan et al. did not consider dry density as a controlling parameter.

Kandiah and Arulanandan (1974)

Kandiah and Arulanandan carried out erosion tests on Yolo loam clay (saturated or 

unsaturated) using both the flume test and the rotating cylinder test. Only saturated 

samples could be tested by their rotating cylinder apparatus. A brief summary of their 

works and findings has already been presented in Section 2.2.3 on flume tests.

Sargunan (1977)

Sargunan used the rotating cylinder test to examine the erosion behaviour of 

consolidated cohesive soils. He attempted to define a boundary between the flocculated 

and deflocculated states. The controlling parameters in the erosion tests were clay 

mineralogy, cation ratio, and total salt concentration for the soil samples studied.

Soil samples tested were formed by blending 80% silt (taken from Yolo loam) and 20% 

clay (kaolinite or illite). The samples were conditioned by solutions of NaCl, CaCh and 

MgCh to produce specimens of a range of salt concentrations and SARs. The soil 

specimens were consolidated from slurries and the saturation extracts were analysed for 

electrical conductivity and cation ratio.

Sargunan's findings were:

• the erosion rate varied linearly with shear stress;

• tc decreased non-linearly with increase in SAR (i.e. achieved by replacement of 

Ca or Mg or both by Na),

• at a given SAR, rc increased with salt concentration;

• unconfined compression tests on specimens showed that, at low SAR, Ca or Mg- 

saturated specimens showed higher shear strengths at relatively lower shear 

strains, suggesting an initially flocculated structure, whereas at high SAR, Na-
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saturated specimens showed lower shear strengths mobilised at relatively higher 

shear strains, suggesting an initially dispersed structure.

From the test results, Sargunan suggested that the high rc, lower erosion rate, lower

strain required to develop peak shear strength associated with Ca-saturated specimens 

indicated stronger particle bonds, and less hydration in these specimens, whereas the 

low rc, higher erosion rate, higher shear strain mobilised to produce peak shear strength

shown by Na-saturated specimen indicated a system that was readily or spontaneously 

dispersible.

Sargunan extrapolated the rc versus SAR curves to obtain SAR values corresponding to 

zc = 0, and called these SAR values the Threshold SARs. He suggested that zero rc

represented a state of soil condition at which the system would be sufficiently 

deflocculated, or dispersed (i.e. a condition of metastable equilibrium) where failure 

conditions would be imminent at the surface. He noticed that the Threshold SARs were 

apparently dependent on total cation concentration (in meg/1). He proposed that, for 

each type of soil, a curve could be produced by plotting Threshold SAR against total 

cation concentration. Region below the curve represented a zone of flocculated 

condition, whereas region above the curve represented a zone of complete dispersion. 

Sargunan’s plot of SAR against total cation concentration is shown in Figure 2.11.
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Figure 2.11: Sodium Adsorption Ratio versus Total Cation Concentration - Boundary

between flocculated and deflocculated states (Sargunan 1977).

Arulanandan and Perry (1983)

Arulanandan and Perry used the flume test and the rotating cylinder test to find out the 

critical shear stress, rc, and the erosion rate of a soil. Their findings and conclusions

have been discussed in Section 2.2.3. They tested both remoulded saturated and 

unsaturated soil samples by the flume test, but only saturated remoulded samples could 

be tested by their rotating cylinder apparatus.

Chapuis and Gatien (1986), Chapuis (1986a and 1986b)

Chapuis and Gatien (1986) described the study of the erosion resistance of solid clays 

using improved rotating cylinder techniques. They tested intact or remoulded samples 

taken from three Quebec clays. The improved apparatus, unlike old designs, was 

capable of testing intact soil samples. Chapuis (1986a) described the modified rotating 

device. Results of their tests were presented by Chapuis (1986b). The improved 

rotating cylinder test apparatus used by Chapuis and Gatien is shown in Figure 2.12.
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Fig 2. The erodibility apparatus: il) rotating outer cylinder; (2) 
soil sample; i3> eroding fluid in annular space; (4i guiding shaft for 
installation; (5i torque measurement system; (6) head: <7) base: (8i 
access for cleaning: (9) gravity drainage.

Figure 2.12: Improved Rotating Cylinder Test Apparatus

(Chapuis and Gatien 1986).

According to Chapuis and Gatien (1986), the improved rotating cylinder device could 

simulate various physical and mechanical environmental conditions, such as:

• both intact or remoulded samples could be tested;

• the water quality of eroding fluid could be controlled;

• the boundary shear stress applied to the clay surface could be directly and 

accurately measured;

• the dry weight of the eroded soil per unit time and surface could be directly 

measured;

• the influence of water quality (pH, pollutants, etc.) could be quantitatively 

determined.

Chapuis (1986a) and Chapuis and Gatien (1986) summarised some of the most 

popularly used external erosion test methods, and comment on the drawbacks of the
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submerged water jets, the open flume tests and the channel tests. They commented that 

tests carried out by others using older rotating cylinder apparatus were inadequate in the 

following aspects:

• the old rotating cylinder devices could only test remoulded and reconsolidated 

samples. Undisturbed natural soils could not been tested;

• previous rotating cylinder tests did not measure shear stress accurately as friction 

in the device was not accounted for;

• previous rotating cylinder tests did not measure erosion rate accurately, as erosion 

was determined by measuring the change in weight of the wet soil sample. 

Measurement was inaccurate and the sample was disturbed after repetitive 

manipulations. Negative erosion rates were often measured at low shear stress.

According to Chapuis (1986a), his modified rotating cylinder device had the following 

advantages over rotating devices used by others:

• the device did not have a central shaft through the soil sample. The soil sample 

was mounted between two metallic short cylinders (base and head plates) so that 

intact samples could be tested;

• torque was accurately measured directly by a pulley-weight system;

• erosion was measured accurately by draining away the eroding fluid from the 

outer cylinder, evaporating the fluid inside an oven, and measuring the weight of 

the oven-dried residue (i.e. the eroded material). The soil sample did not have to 

be taken out of the device.

Chapuis and Gatien (1986) tested 3 natural clays from northern Quebec on the improved 

rotating cylinder device. The 3 clays had the following properties:
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Table 2.3: Properties of tested natural samples : mean values (w) and standard

deviations (cr) (Chapuis 1986b).

Property 1

Natural clay No.

2 3

Water content W (9fc) m 25.4 53.0 18.0
a 1.0 3.0 1.3

Liquid limit WL (%) m 26.6 44.4 28.0
a 1.2 0.7 1.7

Plastic limit WF {%) m 15.4 22.2 17.6
CT 0.5 0.7 1.0

Plasticity index /P (%) m 11.2 22.2 10 4
a 1.4 0.7 1.0

Clay content (2 p.m) m 36.7 65.6 24.3
s 1.1 1.3 3.7

Silt content (74 pirn) m 48.7 27.6 56.4
CT 1.5 2.1 4.0

Sand content m 12.0 6.8 13.6
cr 0.7 1.2 2.5

Gravel content m 2.6 0.0 5.7
a 0.9 0.0 2.9

Preconsolidation (kPa) 165-210 140 180-195

Chapuis (1986a, b) presented complete curves of r versus s including, s values for 

shear stresses smaller or greater than the critical shear stress. He compared his results 

with rc and s obtained by others. He noticed the wide variations in the results by 

others. He attributed the wide variations to widely varying types of equipment; arbitrary 

criteria for failure conditions (i.e. rc), inadequate control over the geotechnical

properties of soil samples, and failure to consider the influence of some important 

physiochemical parameters.

The findings of Chapuis (1986a, b) were:

• the method of sample preparation influenced the results probably due to surface 

disturbance. Samples prepared by consolidation in a triaxial cell had a smoother 

and less erodible surface than samples cut from the same clay. rc was higher for

the triaxially prepared samples, and s at given r (where r < rc) was higher for 

cut samples. r on surface depended on surface roughness which varied 

throughout the test;
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• for remoulded samples, rc increased as consolidation pressure increased; and s 

at r lower than rc decreased when consolidation pressure increased;

• complete graphs of s versus r were obtained for shear stresses smaller or greater 

than tc . The graphs were bi-linear. rc for the 3 clays were in the range of 4.2 -

8.0 Pa. In the bilinear graph, rc was indicated by the point at which there was a

marked increase in the rate of erosion. The bilinear plot is shown in Figure 

2.13(b);

(a) former test apparatus (for testing 

remoulded sample only)

(b) improved apparatus (for testing 

intact or remoulded samples).

Figure 2.13: Erosion rate versus hydraulic shear stress (Chapuis 1986a).

• the erosion resistance of cohesive soils was found to be influenced by the 

electrochemical bonds between the fine particles, and these depended on soil and 

pore water properties and also strongly influenced by the physiochemical nature of 

the eroding fluid;

Chapuis (1986b) further commented that previous research works focused mainly on 

initiation of erosion. Laboratory tests usually lasted less than 30 minutes, but field 

observations showed that erosion resistance might increase with time. He also noticed
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that while laboratory tests prevented secondary flows and blotted out waves, both of 

them were significant field factors.

The Author notices that the Critical shear stresses obtained by Chapuis’ modified 

rotating cylinder device had a slightly different meaning to the critical shear stresses 

obtained by the older rotating cylinder device, or other test methods. The former 

corresponded to the point of a marked increase in erosion rate, whereas the latter 

corresponded to the intercept on the shear stress axis by extrapolating the straight-line 

plot of erosion rate versus shear stress.

2.2.5 Jet erosion tests

Use of the Jet Erosion Tests has been described in the following literature:

• Dunn (1959)

• Moore and Masch (1962)

• Hanson (1991)

• Hanson (1992)

• Hanson and Robinson (1993)

• ASTM D5852-95

Dunn (1959)

Dunn (1959) proposed the use of the Jet Erosion Test to measure the “tractive 

resistance” of cohesive channel beds. Dunn’s jet test apparatus directed a submerged 

vertical jet of water perpendicular at the soil surface. The head of the water jet was 

gradually raised until continuous erosion was noticed in the soil sample. The maximum 

shear stress and the beginning point of erosion were found to occur at a small distance 

from the centre of the soil sample at where the perpendicular jet of water was directed. 

In addition, the position of the maximum shear stress and the beginning point of erosion 

were found to remain unchanged when the head or the elevation of the nozzle above the 

soil was altered. The shear stress was measured by replacing the soil surface with a 

steel plate which was coated with soil grains and which contained a one inch square 

shear plate in the position of the maximum shear stress for measuring the shear stress.
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Dunn plotted the measured maximum shear stresses at the initiation of erosion against 

the measured vane shear strengths of the soil samples. His findings were:

• the shear stress at the initiation of erosion was linearly proportional to the vane 

shear strength (i.e. the undrained strength);

• the slope of straight line plots between the maximum shear stress and the vane 

shear strength was apparently related to the silt and clay fraction (< 0.06 mm) of 

the soil;

• the slope of straight line plots between the maximum shear stress and the vane 

shear strength was apparently also related to the plastic index of the soil, or the 

Dos Santos’ statistics 7’ which related a soil’s Liquid Limit and Plastic Index to 

its particle size distribution;

• the slope of straight line plots between the maximum shear stress and the vane 

shear strength was apparently also related to the statistics which described the 

mean size (M ^), standard deviation (cr^) and the skew (k^) of the particle size

distribution of the soil.

Moore and Masch (1962)

Moore and Masch explored the use of submerged jet tests and the rotating cylinder tests 

to measure the erosion resistance of cohesive soils. Their tests using a rotating cylinder 

device have been described in Section 2.2.4.

The main procedures of the submerged jet test carried out by Moore and Masch at the 

University of Texas were as follows:

• impinging a submerged vertical jet on the horizontal surface of a sediment sample 

(5” (127 mm) diameter and 4” (102 mm) deep),

• scour at constant jet velocity for at least 60 minutes,

• measure weight loss every 10 minutes,

• calculate mean depth of scour (s),

• increase jet velocity and repeat the procedure.
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Moore and Masch found that the depth of scour, 5 was a function of a number of 

variables, viz.

• elevation of the jet above the sample, h,

• diameter of the jet, d,

• jet velocity, V,

• time, t,

• mass density of the eroding fluid, p,

• dynamic viscosity of the eroding fluid, p ,

• scour resistance property of the soil lumped into a single parameter, crs (assumed 

to be constant throughout the test).

Moore and Masch found that:

• sjh increased linearly with (tp)/pd2 for different jet velocities. Slope of the 

straight-line plot was called the Scour Rate Index, Ks;

• for each sediment, Ks varies approximately linearly with the Reynolds no., NR, 

and Nr = Vdp/p. Slope of the straight-line plot was w, and the Reynolds no. at 

the point of incipient scour was N R (x-intercept);

• tests by varying the nozzle height showed that, for any NR, maximum Ks (i.e. 

max. amount of scour) occurred at h/d « 8.0;

• more scour resistant sediments would normally have lower m and higher NR , but 

some samples with high NR eroded rapidly once initial scour took place.

Moore and Masch commented that the test was only a scour test to measure relative 

scour resistance, and was not a test to measure shear stress (tractive stress) at the soil 

surface.

Martin (1962) commented that the accuracy in the estimation of dynamic viscosity and 

the Reynolds no. was doubtful as the kinematic viscosity of water would change by an 

order of magnitude when a small amount of clay was present, or if the pH was slightly 

altered. He suggested that the nature of the clay and pore fluid would have significant
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influence on the critical shear stress. He also proposed to measure scour depth, 5 

directly rather than estimating the mean scour depth, 5, indirectly from volume of soil 

removed.

Hanson (1991,1992), ASTM D5852-95

Hanson described the use of the site-specific submerged jet testing device to carry out 

scour studies of non-cohesive and cohesive soils. His tests resulted in the use of a Jet 

Index to express erosion resistance. The test apparatus used by Hanson is shown in 

Figure 2.14.

Water supply

Plexiglass tube
Manometer taps

Cylindrical baffle

Discharge weir

___ Discharge trough

'-----Test sample

-Drain

Figure 2.14: Schematic of Jet Index Test Apparatus (Hanson 1992).

In the submerged jet device:

nozzle diameter, d= 13 mm

jet height, h = 0.22 m

jet velocity, U0 = 166-731 cm/s

Hanson found that the peak stress, zom [Pa] along the soil boundary in his submerged jet 

device was solely a function of the jet velocity U0 [cm/s] at the nozzle:

Tom = 0.00141/(
1.5
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In the jet erosion tests, Hanson measured the maximum depth of scour, Ds at

predetermined time intervals during the test duration of 4 hours. The test was repeated 

for various jet velocities.

Hanson tested four soils whose following properties are shown in Table 2.4.

Table 2.4: Summary of physical properties of soil samples (Hanson 1991).

Physical properties Soil A Soil B SoilC Soil D

Liquid limit 21 37 26 -

Plastic limit 17 19 20 NP
Plasticity index 4 18 6 0

% Sand > 0.05 mm 57 37 48 67

% Silt > 0.002 mm 27 36 33 26
% Clay < 0.002 mm 16 27 19 7

U.S.C. CL-ML CL CL-ML SM

A.S.C. sandy loam clay loam loam sandy loam

The findings of Hanson (1991, 1992) were:

• Ds increased with time, t. At a given time /, higher jet velocity U„ would result

in higher Ds;

• log-log plot of Djt (average scour over time) against / for a particular soil gave 

parallel sets of straight lines with negative slopes. Each straight-line plot 

corresponded to a particular Ua. The higher the Ua, the higher the intercept at the

time axis;

• combining the variables Ds, t and U0 into one equation gave:

~ = J,u„

, \ -0.931
' t '

v'l J

where J, : a dimensionless coefficient called the Jet Index,

/, : time equal 1 s.
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• plotting Djt against Uo(t/t])~09'1 for all scour durations and jet velocities, and 

performing linear regression gave a straight line with slope equal to J,. Data 

scatter was noticed at low jet velocities. It was speculated that those scattered data 

points corresponded to regions in which critical stress was significant. Jt were 

found for each of the 4 soils tested;

• erodibility coefficient, k (cm /Ns) had been determined in open channel tests by 

Hanson for the 4 soils. In open channel erosion tests, rate of erosion was usually 

related to shear stress by

£ = k{Te-Tc)

where s : 

k :

*e -

rate of erosion (volume/unit area/unit time) 

erodibility coefficient 

effective shear stress 

critical tractive stress

The plotting of log(£) versus log( Jl) produced a straight line represented by the 

equation:

k = 0.003e3!5",'

• the above equation implied that a higher J, means higher k, and less resistant to 

erosion;

• the Jet Index (J,) might be used for expressing erosion resistance.

Hanson and Robinson (1993)

Hanson and Robinson carried out laboratory submerged jet tests to derive the Jet Index, 

for comparing changes in the erosion resistance of a soil at different compaction dry 

densities and compaction moisture contents. Results were compared with large-scale 

open channel tests on the same soils.

The soil tested had the following properties:
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• LL = 23%, PL = 12 - 16%, PI = 7 - 12%

• USCS classification : CL, CL-ML

• 34% sand, 39% silt, 27% clay

• 44% Dispersion (dispersivity confirmed by Pinhole test and Crumb test)

• maximum dry density = 1.92 g/cm3

• optimum moisture content = 12.5%

Compaction of soil was carried out by either dynamic method (79.4 kg hammer fell over 

0.3 m, and controlling number of blows) or static method (by 300 Pa applied pressure). 

The soil was compacted in 0.44 m diameter by 0.18 m high moulds at various moisture 

contents and dry density. Samples were wetted for 20 hours prior to jet testing. 29 soil 

samples were tested. 9 out of the 29 samples were prepared by dynamic compaction 

method.

Results of the tests by Hanson and Robinson showed that:

• at a given compaction moisture content, an increase of dry density (pj) would 

result in an increase in erosion resistance (i.e. J, decreased;.

• at the same dry density, higher compaction moisture content would result in an 

increase in erosion resistance (i.e. J, decreased), but for saturated samples, higher 

compaction moisture content would cause a decrease in erosion resistance (i.e. 

higher J,). This was consistent with the phenomenon that there would usually be 

an optimum moisture content slightly less than saturation;

• soils compacted at similar densities and moisture contents showed little difference 

in performance whether they were dynamically or statically compacted;

• results of Jet Index tests were consistent with the results of open channel tests 

carried out on the same soils in 1988 and 1989 (i.e. soils compacted to lower dry 

densities experienced more severe gully head cut than soils compacted to higher 

dry densities under the same constant flow rate.

It is important to recognise that this “head cut” mechanism, where after initial surface 

erosion on an open channel, a vertical face forms, which gradually deepens and
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progresses upstream. The flow of water over the vertical cut is what is being simulated 

in the Jet Erosion Test.

2.2.6 Tests measuring the dispersivity of a soil

The three most popular tests for estimating the dispersivity of a soil are the Emerson 

Class Test (Emerson 1967, AS 1289.3.8.1 1997) which is also known as the Crumb Test, 

the Pinhole Erosion Test (Sherard et al. 1976, AS 1289.3.8.3 1997), and the Soil 

Conservation Service Laboratory Dispersion Test (Sherard et al. 1972, 1976, Decker and 

Dunnigan 1977, AS1289.3.8.2 1997). Atkinson, Charles and Mhach (1990) proposed a 

modified form of Crumb Test called the Cylinder Dispersion Test. Details of these tests 

are described in the following sections.

Emerson Class Test (Emerson 1967, Sherard, Dunnigan and Decker 1976, 

AS1289.3.8.1 - 1997)

Emerson classified soil aggregates of soil particles into 8 classes. 7 out of the 8 classes 

could be distinguished by observing the coherence of the clay fraction after reacting 

aggregates with water. Three types of reactions were observed, namely

• reaction by immersion of dry aggregates in water;

• reaction by immersion of wet remoulded aggregates in water; and

• suspension of aggregates in water.

The remaining class was used to describe the presence of carbonates or gypsums.

Emerson presented the scheme for determining class numbers in the form of a decision 

tree as shown in Figure 2.15.

Emerson indicated that the detection of Class 1 aggregates in the field is important in 

the prevention of the failure of earth dams by piping.
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Staking

Swelling 
Class 7

No slaking

No swelling 
Class 8

No dispersion

No dispersion

Dispersion 
Class 5

Dispersion 
Class 3

Some dispersion 
Class 2

No caicite or 
gypsum present

Complete dispersion 
CIbss 1

Calcits or gypsum 
present 
Class 4

Make up 1:5 soil/water 
suspension In a last tube and snake

immerse moistened remoulded 3 mm dia 
soil Palls in distilled water in a beaker

immerse air-dried 2 mm to 4 mm dia. crumbs 
ol soil in distilled water in a beaker

NOTES:
1 Slaking—most dry soil crumbs slake (break up and run out along the bottom of the beakc: in a flat pile) when immersed in waier
2 Dispersion — describes the tendency for the clay fraction of a soil to go into colloidal suspension in water
3 Caicite is chemically calcium carbonate.
4 Gypsum is chemically calcium sulfate.

Figure 2.15: Determination of the Emerson Class Number (AS1289.3.8.1 - 1997).

Sherard, Dunnigan and Decker (1976) compared four methods of identification of the 

dispersivity of a soil, viz. Pinhole Test, soluble salts in pore water, SCS Laboratory 

Dispersion Test, and the Crumb Test. When correlating the test results to field 

behaviour, they found that the Crumb Test using distilled water was a very good 

indicator of dispersivity of a soil. If the Crumb Test indicated dispersion, it would be 

very probable that the soil would be dispersive in the Pinhole test, but the reverse might 

not be true. They indicated that 40% of the dispersive soils had non-dispersive reactions 

in the Crumb Test.

Pinhole Erosion Test (Sherard, Dunnigan, Decker and Steele 1976, Sherard, 

Dunnigan and Decker 1976, Statton and Mitchell 1977, AS1289.3.8.3 - 1997)

Sherard, Dunnigan, Decker and Steele (1976) introduced a new laboratory test, the 

Pinhole test, for direct measurement of the dispersivity (colloidal erodibility) of 

compacted fine-grained soils. The test involved passing distilled water through a small 

hole punched through a soil sample and observing the erosion of the hole. The purpose
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of the test was for identification and improved understanding of dispersive high sodium 

highly erodible fine-grained soils.

The principal differences between dispersive clays and non-dispersive clays are the clay 

mineralogy and the nature of the cations in the pore water. Dispersive clays are 

montmorillonites and illites. Dispersion is more likely if there is a preponderance of 

sodium ions in the pore water, whereas non-dispersive clays have a preponderance of 

calcium and magnesium cations in the pore water.

The test was devised in the laboratory simulating the action of a leak in a clay dam. The 

test was intended to gain experience, without the necessity of having actual records of 

the behaviour of dams with leaks in them.

The Pinhole test involved the following procedures:

• distilled water was caused to flow through a nominal 1.0 mm diameter hole in a 1" 

(25 mm) long specimen of clay. The diameter of the hole in the Pinhole test might 

vary. It might be bigger than 1mm in case there was lateral movement of the pin 

when the hole was punched. The hole diameter could be smaller than 1 mm 

because of swelling of the specimen after the hole was formed;

• initially the hydraulic head was 2" (51 mm). For a dispersive clay, the flow 

emerging from the specimen was visibly coloured with a colloidal cloud, and did 

not clear with time. For a non-dispersive clay, the flow emerging from the 

specimen was completely clear or became completely clear in a few seconds;

• the hydraulic head was raised in steps for 5 minutes each to 7" (178 mm), 15" 

(381 mm) and 40" (1016 mm). At each progressively higher gradient, the rate of 

flow was measured and the colour of water was observed;

• the test result was evaluated from the appearance of the water, the rate of flow, 

and final size of the hole in the specimen;

• the test was normally used for recompacted specimens, but could be applied to 

undisturbed samples.

Figure 2.16 (a) shows the setup of the Pinhole test, and Figure 2.16 (b) shows the 

criteria for evaluating results.
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(a) Pinhole Test Apparatus.
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14)
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of flow 
at end 
of tost 

(cloudy 
or

color)
(5)
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size
after
tost

(needle
diameter)

(6)
Dl 7 5 >15 Very distinct 2x
D2 2 10 >1 0 Distinct to slight 2x
ND4 2 JO <0S Slight but easily visible 1.5x
ND3 7-15 5 >2.5 Slight but easily visible 2x
ND2 40 5 >3.5 Clear or barely visible • 2x
Nt)l 40 5 <5.0 Crystal clear No

.erosion

Note I in. = 25.4 nun.

(b) Summary of criteria for evaluating results.

Figure 2.16: Pinhole Test - Setup and Evaluation of Results (Sherard, Dunnigan,

Decker and Steele 1976).

Sherard et al. (1976) assumed that flow through the hole was laminar. The computed 

Reynolds numbers exceeded 2000 for the higher heads, but they commented that flow 

appeared to remain laminar even at Reynolds numbers up to 4000.
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Sherard et al. (1976) commented on the effects of compaction water content and density 

on the results of the Pinhole test as follows:

• most tests were carried out at with compaction moisture content near the plastic 

limit;

• for highly dispersive clays, erosion would be rapid regardless of water content or 

density;

• for most erosion-resistant soils (ND1, ND2), Pinhole test results were not changed 

by moderate differences in the compaction moisture content;

• results of the several hundred tests indicated that most soils belonged to the non- 

dispersive (ND1, ND2) or dispersive (Dl, D2) categories, and only a small group 

of soils were in the intermediate categories ND3 or ND4. It would be possible 

that moderate differences in the compaction moisture content would have 

important influence on the results in this small group of ND3, ND4 soils.

Sherard, Dunnigan and Decker (1976) found a strong correlation between pinhole test 

results and pore-water sodium content. They advised that for evaluation of a given soil, 

both pinhole tests and tests of pore water salts should be made.

Statton and Mitchell (1977) used the Pinhole test to determine the boundaries between 

dispersive and non-dispersive behaviour for a clay shale with respect to acidity and salt 

concentration in the erosion solution. They found that soils changed from dispersive to 

non-dispersive when the pH was lowered to below 4 or raised to above 11. They also 

found that increasing the salt concentration of the erosion solution caused erosion to 

stop (i.e. change the soil from dispersive to non-dispersive).

The Author considers that the Pinhole test is basically an internal erosion test, but it is 

often used for identification of dispersive clays in surface erosion problems. The 

Pinhole test will rate some non-plastic silty soils as highly dispersive (Class Dl) 

reflecting that the soil is very erodible rather than chemically dispersive. Sherard et al. 

(1976) did not attempt to quantify the dispersivity of a soil based on quantitative 

measurement of erosion although pressure readings and flow rates were recorded during
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a Pinhole test. The pressure and flow measurements were used only to aid judgment. 

The test can be considered a semi-quantitative test on dispersivity.

Soil Conservation Service Laboratory Dispersion Test (Sherard, Decker and Ryker 

1972, Sherard, Dunnigan and Decker 1976, Decker and Dunnigan 1977, 

AS1289.3.8.2-199 7)

Decker and Dunnigan (1977) introduced the Soil Conservation Service (SCS) 

Dispersion Test which had been extensively used to identify dispersive clay soils since 

the test was reported in 1937. The test evolved from the correlation of earth-structure 

failures and physiochemical soil characteristics. The degree of dispersion (Percentage 

Dispersion) is defined as:

_ . . % finer than 0.005 mm without chemical dispersantDegree oj Dispersion =--------------------------------------------------------------------------------------------------------------------------------------------------------------

% finer than 0.005 mm with chemical dispersant

where the fractions of the soil finer than 0.005mm were found out from hydrometer tests 

on the suspensions of the fine fraction of the soil with and without the treatment of a 

dispersing chemical.

Decker and Dunnigan compared the results of the SCS Dispersion test with field 

performance, and with the results of the Pinhole test. Their findings were:

• about 85% of the soil which showed 30% or more dispersion were subject to 

dispersive erosion in the field. 95% of the soils which showed 60% or more 

dispersion were subject to dispersive erosion in the field;

• the Pinhole test was the best test for identifying soils that were subject to 

dispersive erosion, but there were some physiographic areas where field 

performance characteristics correlate very closely with the results of the dispersion 

test.

Sherard, Dunnigan and Decker (1976) noticed that:

• for soils showing more than 50% dispersion in the SCS dispersion test, the greater 

majority were also dispersive in the pinhole test;
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• the SCS dispersion test apparently failed to identify dispersive clay in a small 

percentage of cases;

• the SCS dispersion test was generally a reliable test for testing the dispersivity of a 

soil.

Cylinder Dispersion Test (Atkinson, Charles and Mhach (1990))

Atkinson et al. introduced a qualitative test called the Cylinder Dispersion Test, for the 

identification of dispersive soils.

The Cylinder Dispersion Test was intended to examine the dispersive behaviour of soils 

at near zero effective stress. Achievement of zero effective stress was by means of 

triaxially consolidating the soil sample in a consolidating cylinder with all-round 

drainage as shown in Figure 2.17. The sample was then saturated and pore pressure was 

equal to external water pressure before being lowered into a beaker of water with the 

required chemical composition.

Figure 2.17: Consolidation Cylinder (Atkinson et al. 1990).
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According to Atkinson et al., the Cylinder Dispersion Test was able to demonstrate the 

major influence of the pore water chemistry on the true cohesion and dispersion 

properties of the soils tested. Tests on puddle clay samples taken from South Wales, 

West Yorkshire (1) and West Yorkshire (2) indicated that samples classified as 

dispersive when tested with distilled water were classified as non-dispersive when tested 

with reservoir water or brine. This behaviour is consistent with what would be shown in 

Pinhole or Crumb Tests using distilled and salt water.

2.2.7 Other types of erosion tests

Christensen and Das (1973) - Hole erosion test on cohesive day 

Christensen and Das investigated the erosion of cohesive clays formed with a smooth 

surface as a 1/8 in. (3 mm) thick lining on the inside of an outer brass tube. The tube 

had an inside diameter of 3/4 in. (19 mm) and a length of 4 in. (102 mm). They 

attempted to determine the relationship between rate of erosion and critical hydraulic 

shear stress.

They carried out three series of tests on soils containing kaolinite and grundite with 

Ottawa sand added to some soil samples. The soil properties were summarised in Table 

2.5.

Table 2.5: Description of soils tested (Christensen and Das 1973).

Soil

<No. 40
Sieve
(percent)

<No. 200
Sieve
(percent)

<2
Microns 
(percent)

Liquid
Limit

Plastic
Limit

Plasticity
Index

Kaolinite 100 100 53 43 29 14
Grundite 100 96 62 51 30 21
Ottawa sand 2 — — — —

The soil lining was moulded inside the brass cylinder by static compression.

According to Christensen and Das, the hydraulic shear stress on the inside surface of the 

soil lining was given by:
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where r : 

P : 

V:

hydraulic shear stress 

density of eroding fluid (water) 

velocity of flow 

friction factor

Friction factor,/ was dependent on Reynolds number, Re, and relative roughness, s/D, 

of the soil lining surface with D being the diameter of the soil lining. It was assumed 

that the soil lining surface was so smooth that s would be within the range of values 

corresponding to wrought iron and drawn tube. Re was controlled to within 4000 - 8000 

by adjusting the rate of flow. Christensen and Das stated that test data were disregarded 

when erosion became excessive, and surface of soil lining became too rough.

The controlled variables in the tests were:

• hydraulic shear stress, r

• moulding moisture content, co

• temperature of flowing water, T

The findings of Christensen and Das were:

• erosion proceeded in 3 stages. The first stage showed decreasing erosion rate with 

time. The second stage showed steady erosion rate, and the third stage showed 

rapid increase in erosion rate. Christensen and Das commented that the initial 

stage of low and decreasing erosion rate was probably due to the removal of loose 

particles on the surface. The initial stage was followed by a fairly short duration 

of steady-state condition during which the soil surface was gradually roughened by 

erosion. During the third stage, after the soil surface had been significantly 

roughened, the rate of erosion was relatively faster than the first two stages;

• when plotting steady-state erosion rate against hydraulic shear stress, a bi-linear 

graph was obtained. The steady-state erosion rate increased rapidly beyond a 

certain hydraulic shear stress level, which was called the critical hydraulic shear 

stress, rc;
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• at constant duration, t, temperature, T, and shear stress, r, increasing the 

moulding moisture content would reduce erosion;

• at constant duration, t, molding moisture content, co, and shear stress, r, 

increasing the temperature, T, of the eroding fluid would increase the rate of 

erosion. Christensen and Das varied the temperature of the eroding fluid from 

13 °C to 40 °C, and found that the rate of erosion would be increased by 10 times. 

They, however, stated that there might be errors in the results of the tests as the 

temperature in the soil lining might not have reached complete equilibrium with 

the temperature of the eroding water;

• Christensen and Das attempted to treat the erosion process of saturated cohesive 

soils as a shearing process and explained the phenomena by Rate Process Theory. 

They found that the values of the rate process parameters were consistent with 

those obtained for steady-state creep.

Christensen and Das concluded that:

• the erosion rate was dependent on soil composition, and both clay-size percentage 

and clay mineralogy were important variables;

• other controlling variables were surface roughness, flow rate, hydraulic shear 

stress and duration of flow;

• in saturated clays, increasing density might not increase resistance to erosion. 

Surface roughness, which would be related to placement conditions, might 

overshadow the effects of increased density.

Hjeldnes and Lavania (1980) - Cracky Leakage and Erosion Test

Hjeldnes and Lavania (1980) constructed a test device for observing simultaneously the 

cracking, leakage and erosion behaviour of a soil. A sketch of the test device is shown 

in Figure 2.18.

Soil was compacted at a known water content using standard Proctor compaction effort. 

The test apparatus was then given a pull at a predetermined rate of tensile deformation 

to develop cracking in a horizontal plane through the soil specimen at the mid-height. 

The desired hydraulic gradient was applied across the fracture plane. Leak discharge 

and the eroded soil were collected and measured.
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Pull

leanag* collection

Figure 2.18: Crack,

Leakage and Erosion 

Apparatus (Hjeldnes and 

Lavania 1980)

Hjeldnes and Lavania (1980) tested two soils, namely a well graded silty-gravelly sand 

(glacial moraine) and a silty-clayey sand. The test findings were:

• the glacial moraine exhibited a self-healing characteristic. Erosion, measured as 

the volume of the soil content of the flow discharge (Fs ), diminished and

eventually stopped. The soil sample compacted 3% dry of optimum water content 

cracked at a smaller tensile deformation, and showed more leakage and erosion 

when compared to the sample compacted at optimum water content. The sample 

compacted at 3% wet of optimum did not cracked at the same rate of tensile 

deformation;

• the silty-clayey sand did not exhibit self-healing characteristics. Erosion started at 

certain tensile deformation and increased with time. The sample compacted 3% 

wetter than optimum showed sudden large increase in erosion (blow off) at 

smaller tensile deformation when compared to the samples compacted at optimum 

water content or 3% drier than optimum. The sample compacted 3% dry of
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optimum required larger tensile deformation to initiate leakage, and took longer 

time to reach the final blow off when compared to the sample compacted at 

optimum water content. The rate of erosion in the sample compacted 3% dry of 

optimum was about the same as that in the sample compacted at optimum water 

content.

The Author notes that Hjeldnes and Lavania (1980) did not attempt to assess or monitor 

the dimension of the crack induced by tensile deformation. The observed self-healing 

characteristics of the glacial moraine suggested that the actual width of the induced 

crack might be smaller than the tensile deformation of the mould, and might not be 

uniform across the thickness of the soil sample. Hjeldnes and Lavania did not assess the 

hydraulic shear stress along the crack. Assessment of the hydraulic shear stress would 

be difficult due to uncertainty in the crack width.

Sanchez, Strutynsky, and Silver (1983) - Triaxial Erosion Test

Sanchez et al. tested 5 typical embankment dam core materials ranging from silty to 

clayey soils using a triaxial erosion test apparatus. The apparatus, modified from an 

ordinary triaxial test apparatus, was used to reproduce the stress condition in the field. 

Figure 2.19 shows the set up of the triaxial erosion test, and Figure 2.20 illustrates the 

field stress condition that the apparatus was used to simulate.

The test specimen was compacted in a cylindrical split compaction mould (diameter 

7.1 cm and height 5.5 cm). A thin blade (2.3 cm by 0.2 cm) was used to form a slot 

along the axis of the test specimen. Forming nozzles were attached at both ends of the 

test specimen to facilitate the formation of the slot, and for directing eroding fluid 

through the slot.

Raw data from the erosion tests were analysed to obtain the values of the erosion rate, 

measured as the weight lost per unit cross-sectional area of the slot per unit time, as a 

function of the eroding fluid shear stress.

To compute erosion rate and fluid shear stress requires the knowledge of the surface 

area and the cross-sectional area of the slot. As there was no direct measurement of
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these areas during the test, Sanchez et al. assumed that the cross-section of the slot 

remained rectangular and related the cross-sectional area to the initial dimensions of the 

slot and the cumulated loss of weight of the test specimen during the course of the test. 

They, however, noted that the cross-section of the slot at the end of the test was 

elliptical among most of the soil specimens tested.
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Figure 2.19: Schematic representation of triaxial erosion test apparatus (Sanchez,

Strutynsky, and Silver 1983).
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Figure 2.20: Physical conditions modeled in cracked earth dam core material erosion

studies (Sanchez, Strutynsky, and Silver 1983).
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The findings of Sanchez et al. were:

• varying the compacted density had little effect on erosion for silt materials 

compacted at the optimum water content. For clay materials, the erosion rate 

increased as the density decreased from 95% to 90% of standard Proctor 

maximum dry density;

• varying the moulding water content had a significant effect on the erodibility of 

silt materials, but this effect was less important for clay materials;

• minimum erosion occurred when the soil was compacted at or slightly above the 

optimum water content. Erosion was more severe in specimens compacted dry of 

optimum;

• erosion rate increased slightly with a decrease in eroding fluid ionic concentration. 

This increase was more significant for silt materials than for clay materials.

The Author notes that the actual initial dimensions of the pre-formed slot in the soil 

specimen might be different from the assumed initial dimensions because application of 

vertical and horizontal stresses to the test specimen might have deformed the pre-formed 

slot before the erosion test started.

Maranha das Neves (1987,1989) - Crack erosion test

Maranha das Neves described the Crack Erosion Test for demonstrating the mechanism 

of crack erosion, transportation of eroded materials to the filter face, and filtering action 

at the filter layer. Figure 2.21 shows the preparation of soil sample, and the setup of the 

Crack Erosion Test.

The test procedure is as follows:

• soil was compacted in a Proctor mould at optimum moisture content. The 

compacted sample was taken out of the mould and split along a diameter into half

cylinders;

• one half-cylinder was placed into a half-cylinder Perspex permeameter, leaving a 

5 mm (or 2.5 mm) gap between the flat split surface of the half-cylinder soil 

sample and the flat perspex cover plate of the permeameter;
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(b): Setup of the Crack Erosion Test.

Figure 2.21: Crack erosion test setup (Maranha das Neves 1989).

• at the upstream end of the half-cylinder soil sample, gravel enwrapped by a 

geotextile was used to make the flow more uniform. At the downstream end, filter 

materials were placed to filter the flow emerging from the gap and the soil sample;
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• water was passed through the permeameter. Flow velocity and hydraulic gradient 

were measured. Observation of the erosion of the half-cylinder soil sample and the 

filter action of the downstream filter materials were also made;

• the slope of the permeameter (i.e. slope of the aperture) was varied across various 

tests.

Two soils commonly used as core materials in Portuguese dams were tested. The 

properties of the two soils are summarised in Table 2.6.

Table 2.6: Properties of soil samples tested by Maranha das Neves (1989).

Soil Origin % clay % silt % sand % gravel

A Residual soils (schist) 10 40 48 2

B Residual soils (granite) 10 15 50 25

The following quantities were recorded from the test:

• initial flow velocity was calculated from the measured flow rate and the known 

dimension of the gap/aperture between the half-cylinder soil sample and the cover 

plate of the perspex permeameter;

• final flow velocity was calculated from the measured flow rate and the measured 

aperture at the end of the test;

• the velocity of flow during the test was not measured, as the aperture as well as 

the roughness of sample, both of which would affect the flow, changed. Low flow 

velocities and low hydraulic gradients were used because the authors claimed that 

in real cracks, gradient could not be so high as 1000 to 2000 as predicted by 

Sherard et al. (1984). It was because the flow would become turbulent at high 

velocity so that flow would be influenced by surface roughness. The resulting 

hydraulic gradient would be more than 10 times less than predicted by Sherard et 

al.

The findings of Maranha das Neves’ crack erosion tests were:



Chapter 2 Laboratory tests on piping erosion Page 73

• at low flow velocity, erosion was influenced by slope of the aperture (i.e. gravity 

action);

• initiation of the erosion process was decided by the initial flow velocity;

• at the start of the test, even conservative filters would be unable to retain fine 

particles before self-filtering action had developed;

• in the study, time effect would be important for comparison between test results.

The Author notices that the crack erosion test tried to model erosion and filter actions in 

one set-up. The test might simulate internal erosion in a dam core with downstream 

filter, but would not be suitable for investigating the erosion mechanism due to the 

influence of the filtering materials. An advantage of the test was that it allowed for 

observation of the erosion process. The arguments that hydraulic gradient along a crack 

in the core of a dam would not be too high contradicted the predictions by Sherard et al. 

(1984), and would not be true near the exit of a crack.

Cedeno (1998) - UNSWSlot Erosion Test

Cedeno, under the direction of Professor Robin Fell, set up an apparatus in the 

laboratory of the School of Civil and Environmental Engineering at the University of 

New South Wales, Australia, attempting to simulate piping erosion through core 

materials in embankment dams. The apparatus was used to assess the rate of 

progression of piping through a pre-formed slot in a compacted unsaturated soil sample. 

A schematic diagram of the test apparatus is shown at Figure 2.22, and was called the 

UNSW Slot Erosion Test. It was the prototype of the current Slot Erosion Test used in 

this research work.

Cedeno investigated the effects of moisture content at compaction, and the degree of 

compaction on the rate of piping erosion. He carried out 11 tests on a sandy gravel clay 

of medium plasticity obtained from residual soil and weathered rock overlying shale 

from Glenmore Park, Sydney. The properties of the sandy gravel clay from Glenmore 

Park are as follows:

• geological origin : shale residual

• Liquid Limit 42%, Plastic Limit 21%, and Plastic Index : 21%

• Pinhole dispersion : PD1 - PD2,
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• Emerson Class : 2,

• optimum moisture content 18%

• maximum dry density 1.802 Mg/mJ

l*rexsure

Timber
casing Initial slot

Variable
angle InllowSection X-XOutflow

100 mm

Compacted 
carthlill material

150 mm

Figure 2.22: Schematic diagram showing the UNSW Slot Erosion Test Apparatus

(Cedeno 1998).

Cedeno's major findings were:

• soil samples compacted at a higher moisture content relative to the optimum 

moisture content, and samples with a relatively higher degree of compaction were 

more resistant to piping erosion;

• soil samples compacted at a lower moisture content relative to the optimum 

moisture content, and samples with a relatively lower degree of compaction were 

less resistant to piping erosion;

• the effect of stopping and then restarting the flow was a sudden increase in the 

erosion rate;

• testing while placing the soil sample at an angle to the horizontal appeared to 

influence the rate of erosion.
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Reddi, Lee and Bonala (2000) - Internal and surface erosion using flow pump tests

Reddi et al. attempted to assess the difference between surface erosion and internal 

erosion processes using results from flow pump tests. The main objective was to 

understand how well the surface erosion parameters (i.e. critical shear stress, rc, and 

rate of erosion) represented the internal erosion process.

Reddi et al. commented that currently available methods for investigating erodibility 

were either qualitative in nature (e.g. SCS Dispersion Test, Crumb Test and Pinhole 

Test), or directed towards the study of external erosion (e.g. flume test, flow-through- 

slot test, rotating cylinder test). Internal erosion, however, would be significantly 

affected by the processes subsequent to particle detachment in the interior of the soil, 

viz., re-deposition of the particles on pore walls and clogging of pores.

The flow pump tests were carried out on mixture of 70% Ottawa sand (size 2 mm) and 

30% kaolinite (mean particle size 0.77 pm). Moisture content of specimens was 12% 

(which was wetter than optimum moisture content) and the compacted dry density was 

18.9 kN/m . The specimens were saturated with the eroding fluid before the flow pump 

tests.

Details of the flow pump test described by Reddi et al. are as follows:

• the surface erosion test was basically a flow-through-hole test, the eroding fluid 

was pumped through a cylindrical hole of 7mm diameter;

• in the internal erosion test, the eroding fluid was pumped through intact 

compacted specimens in compaction permeameters in such a way that the flow 

rate was increased linearly from 0 to 200 ml/min. in 15 minutes;

• the eroding fluid (permeant) used was distilled water or salt solution having a 

concentration of 0.0IN or 0.00IN. The experiments were flow rate-controlled, 

and a flow rate of 0 - 200 ml/min. was used;

• the effluent from the cells was diverted to a continuous flow turbidimeter. The 

measured nephelometric turbidity units (NTU) were converted to kaolinite particle 

concentrations.
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For the external erosion test, which was a flow-through-hole test. The initial diameter 

of the pre-formed hole through the soil sample was chosen to be 7 mm. Flow was 

described by the Poiseuille's equation for laminar flow, and viscous flow equations. 

Shear stress, r would be given by:

p\R
T =

where Ap .
L

R :

pressure gradient (kN/m /m)

radius of the hole through the specimen (m).

For the internal erosion test, the soil was idealised as an ensemble of pore tubes. The 

shear stress in a pore tube was estimated by:

r = 1.414 (Ap) fk'

l L ) UJ

where n: porosity of the soil specimen

k: intrinsic permeability of the specimen.

C
r-II

Pg

where K: hydraulic conductivity

*1 ■ viscosity of the eroding fluid

P : mass density of the eroding fluid

g: acceleration due to gravity.

The findings of the flow pump tests were:

• in the surface erosion tests (flow-through-hole tests), the critical shear stresses for 

the tested samples were in the range of 0.037 - 0.060 Pa for various 

concentrations of eroding fluid;

• for internal erosion tests (flow through intact sample tests), the critical shear 

stresses were in the range of 1.23 - 3.35 Pa, which were several orders of 

magnitude greater than those in the surface erosion experiments.
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The Author notes that the critical shear stresses presented by Reddi et al. were derived 

from the results of the tests. The validity of the results would depend on the validity of 

the models and theories used for predicting the critical shear stresses. The Author also 

notices that Reddi et al. used the term internal erosion to describe erosion within an 

intact soil mass, whereas the normal use of the term is where erosion initiates on cracks 

or in poorly compacted zones in the earthfill.

2.2.8 Summary

Erosion Tests on Soils

The various site and laboratory tests described in this report can be broadly summarised 

into three main categories, viz.

Category 1: Surface erosion tests

• laboratory hydraulic flume tests, or large scale channel erosion tests

(e.g. Gibbs 1962, Kandiah & Arulanandan 1974, Arulanandan & Perry 

1983, Shaikh et al. 1988a, 1988b, Ghebreiyessus et al. 1994, Briaud et al. 

1999, 2001a, 2001b and 2003)

• rotating cylinder tests

(e.g. Moore & Masch 1962, Kandiah & Arulanandan 1974, Arulanandan et 

al. 1975, Sargunan 1977, Arulanandan & Perry 1983, Chapuis 1986a, 

1986b, Chapuis & Gatien 1986.)

• site or laboratory submerged jet erosion tests

(e.g. Moore & Masch 1962, Hanson 1991, 1992, Hanson & Robinson 1993, 

ASTM D5852-95 1995.)

Category 2 : Internal erosion tests:

• hole/aperture erosion tests
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(e.g. Christensen & Das 1973, Hjeldnes and Lavania 1980, Sanchez, 

Strutynsky and Silver 1983, Maranha das Neves 1987, 1989, Cedeno 1998, 

Reddi et al. 2000,)

• flow through intact sample tests 

(e.g. Reddi et al. 2000.)

Category 3 : Dispersivity tests:

• Emerson Class Test (also called Crumb test) (Emerson 1967, AS 1289.3.8.1- 

1997)

• Pinhole test (Sherard et al. 1976, AS 1289.3.8.3-1997)

• SCS Laboratory Dispersion test (also called the double-hydrometer test) 

(Decker & Dunnigan 1976, AS 1289.3.8.2-1997)

• Cylinder dispersion test (Atkinson et al. 1990)

Hydraulic flume tests have been widely used for investigating surface erosion in unlined 

canals and river channels which they physically model. The main disadvantages of the 

test are: (1) erosion is visually assessed without quantitative measurements, and (2) 

hydraulic shear (tractive) stresses are not measured but derived indirectly from measured 

flow velocity. Reproduceability of results is apparently difficult probably because 

geotechnical properties and surface roughness of samples were not adequately 

controlled. Briaud et al. (1999, 2001a, 2001b and 2003) carried out extensive flume 

testing using the Erosion Function Apparatus. Their study, however, was focused on 

surface scour around bridge piers.

The rotating cylinder test provides a relatively accurate means of measuring the critical 

shear stress and the coefficient of soil erosion. The equipment is complicated, 

expensive to construct, and has only been used in a few research laboratories over the 

world. Considerable skill is required in sample preparation, and in the operation of the 

test apparatus and the supporting equipment. Chapuis (1986a, 1986b) reported that the 

test was sensitive to surface roughness of the specimen. The way that the specimen is 

prepared (i.e. in the form of a cut sample or triaxially consolidated sample) will, 

therefore, influence the results.
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The submerged jet erosion test uses a parameter called the Jet Index to measure the 

relative erodibility of soils. The test is not popular, despite the fact that it has become 

an ASTM standard, and has a relatively simple set up. This is probably because the test 

has not been adequately calibrated with accurate field measurements of shear stress in 

different types of soils. It is stated in the ASTM D5852-95 that the precision and bias of 

the test has not yet been determined. It probably best simulates the head-cutting erosion 

action which occurs in inclined spillway channels in small dams.

Dispersivity tests measure the tendency of dispersion of soil particles in water. They do 

not provide a measure of erodibility directly, but it is generally agreed that a dispersive 

soil is more erodible than a non-dispersive soil in terms of the ease that erosion can be 

initiated in the soil. The Pinhole test is actually a kind of internal erosion test, which 

was designed to simulate erosion along a crack through an embankment dam core.

It must be recognised that there are several mechanisms of erosion which the various 

tests are simulating, i.e. Flume Tests for erosion in open channels, and Jet Erosion Tests 

for erosion in unlined spillway channels subject to headward erosion. Dispersivity tests 

are not meant to measure erosion (i.e. the critical shear stress, or the coefficient of soil 

erosion), but are used to identify soils which display dispersion in the field. The 

Rotating Cylinder Tests, and internal erosion tests do set out to measure critical shear 

stress and erosion rate for surface erosion, and can be regarded as simulating conditions 

along a crack, or a erosion pipe in a dam. However, the Authors believe that the 

Rotating Cylinder Tests are too complex for routine testing, and set out to develop the 

Slot and Hole Erosion Tests which are relatively simple to do, and simulate erosion in a 

crack or pipe in a dam.

It is noticeable that most of the more fundamental research has been directed towards 

the critical shear stress. It is the Author’s view that while this is important, it is likely 

that the critical shear stress will be exceeded in many cracked dams, and hence it is the 

rate of erosion which is at least equally important for the reason outlined in Section 1.5.

Factors affecting the erodibility of a soil

The important findings of the various tests are:
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• a critical shear stress exists for a given soil-eroding water system below which 

surface erosion was absent or very slow;

• for compacted soils, erosion resistance, represented by critical shear stress, 

increases with the compaction moisture content and the compaction effort, and 

rate of erosion decreases with increase in compaction moisture content and 

compaction effort;

• the critical shear stress decreased with an increase in the SAR of the pore fluid;

• the critical shear stress increases as salt concentration in the eroding fluid 

increased;

• the erosion resistance is affected by the salt concentration gradient between pore 

fluid and the eroding fluid;

• the rate of erosion increased linearly with applied hydraulic shear (tractive) stress;

• the rate of erosion is influenced by clay mineralogy and clay size percentage;

• erosion resistance is also influenced by other factors, such as test methods, 

temperature of the eroding fluid, and surface roughness, which would depend on 

the method of sample preparation.
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2.3 EXPERIMENTAL INVESTIGATION OF PIPING EROSION OF SOILS 

AT THE UIVERSITY OF NEW SOUTH WALES

2.3.1 Objectives of experimental investigation

The objectives of experimental investigation are two-fold, namely

• to investigate the use of relatively simple laboratory tests, namely the Slot 

Erosion Test (SET) and the Hole Erosion Test (HET) for finding the erosion 

characteristics of a soil;

• to study the relationships between the basic engineering properties and the 

erosion characteristics of a soil.

Most of the work is directed towards the assessment of the rate of erosion, as measured 

by the mass of soil eroded per unit area per unit time, with a lesser emphasis on the 

critical shear stress.

2.3.2 Slot Erosion Test

Introduction

The Slot Erosion Test (SET) has been designed to simulate piping erosion along a 

concentrated leak within an earth embankment. In a SET, a 2.2 mm wide x 10 mm deep 

x 1 m long slot is artificially formed along one surface of an unsaturated soil sample 

compacted inside a 0.15 m wide x 0.1 m deep by 1 m long rigid sample box made of 

aluminium. The pre-formed slot is in contact with a transparent perspex cover plate of 

the sample box through which erosion of the slot can be observed during the test. An 

eroding fluid is passed through the soil sample to initiate erosion of the soil along the 

pre-formed slot. The width of the pre-formed slot, as it is widened by erosion, is 

measured at chosen time intervals.

More than 95% of the SETs were carried out using Sydney tap water as the eroding 

fluid. The remaining SETs used dilute sodium chloride solutions as the eroding fluid so
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as to investigate the effects of water chemistry on the erosion characteristics of a soil. It 

should however be noted that Sydney tap water contains a small amount of dissolved 

salts in the order of 35 to 100 mg/1 which is high enough to inhibit dispersion.

A schematic diagram of the SET apparatus is shown at Figure 2.23. Figure 2.24 shows 

the actual test setup, and Figure 2.25 shows an example of an eroded soil sample during 

the course of a SET. Appendix I presents the detailed geometry and procedure of the

Theory

Some fundamental theories in hydraulics can be used to model the flow of the eroding 

fluid along the pre-formed slot.

Considering force equilibrium on the body of eroding fluid along the pre-formed slot at 

a particular time t:

SET.

r, • p, ■ L = AP, • A, Eqn 2.1

AP, = pwgSh, = pwgs,L Eqn 2.2

where the meaning of the various symbols are given in Figure 2.26.

r, is the shear stress due to the eroding fluid on the surface of the pre

formed slot at time /,

AP, is the pressure difference across the lm long soil sample at time /,

pw is the density of the eroding fluid,

g is the acceleration due to gravity (9.806 m/s ),

p, is the wetted perimeter of the pre-formed slot at time t,

Ah, is the head difference across the soil sample at time t measured by

A,

pressure gauges,

is the hydraulic gradient across the lm long soil sample at time t. 

is the cross-sectional area of the pre-formed slot at time t.
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Combining equations 2.1 and 2.2 gives

= Pwgst
fPt

Eqn 2.3

Figure 2.23: Schematic diagram of the Slot Erosion Test Assembly.

The rate of erosion per unit surface area of the slot at time /, denoted by s,, is given by

1 dM,
£. =

% dt
Eqn 2.4

& ii Eqn 2.5

dMt = pjLdA, Eqn 2.6

where

'T, is the surface area of the pre-formed slot at time t,
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Figure 2.24: Slot Erosion Test Apparatus. Water re-circulation system not shown.

Figure 2.25: Slot Erosion Test on soil sample taken from Jindabyne Dam.
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Compacted soil sample 
(0.15m x 0.1m x 1m)

Pre-formed Slot 
(Initial width W, = 2.2mm 
Initial depth D, = 10mm)

Annular section 
Area = dAt

Final depth Df

Figure 2.26: Cross-section of a SET test specimen showing enlargement of pre

formed slot due to erosion.

dM, /dt is the rate of soil mass removal due to erosion at time t.

L is the length of the soil sample (lm),

pd is the dry density of the soil.

Combining equations 2.4, 2.5 and 2.6 gives

& _ Pd dA,
P, dt

Eqn 2.7

The underlying assumptions behind equations 2.3 and 2.7 are that:

i. the pre-formed slot has a uniform cross-section along the length of the soil 

sample,

ii. only the soil surface along the pre-formed slot offers shear resistance to flow, 

the shear resistance due to the perspex cover plate is negligible.
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Parameters pw, sn pd and L in equations 2.1 and 2.2 are measured during a SET.

There are, however, no simple methods to measure the cross-sectional area At, and the 

wetted perimeter p, of the pre-formed slot. In order to estimate r, and st, both of 

which depends on At and p,, two further assumptions are made regarding the shape of 

the pre-formed slot, viz:

iii. the pre-formed slot has an elliptical cross-section soon after erosion starts, 

and the elliptical cross-section is uniform along the length of the soil sample,

iv. the depth Dt of the pre-formed slot at time t is proportional to t2.

Measurement of the pre-formed slot after each SET indicated that the slot had an 

approximately semi-elliptical shape, as shown in Figure 2.26. Sanchez et al. (1983), 

when introducing their triaxial erosion test, also described that the final eroded shape of 

an initially rectangular slot was approximately elliptical. Based on the fourth 

assumption, the depth of the pre-formed slot D, at time t can be interpolated between

the initial value D0 = 2.2 mm and the final depth D f directly measured after the test.

Widening of the pre-formed slot can be observed through the transparent perspex cover 

during the test, and the width of the pre-formed slot Wf can be measured at regular time

intervals.

Based on assumptions iii. and iv., the cross-sectional area, A,, and the wetted perimeter, 

pt, of the pre-formed slot can be estimated using the formulae for a half-ellipse:

A, = —WD 
' 4 ' 1

Eqn 2.8

Eqn 2.9
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The shear stress, rt, and the rate of erosion per unit area, sl, along the pre-formed slot 

can then be estimated using equations 2.3, 2.7, 2.8 and 2.9. When s, is plotted against 

r,, the rising portion of the plotted curve can be approximated by a straight line which 

can be represented by the following linear equation:

e,=Ce{r,-Tc) Eqn 2.10

where Ce is a proportionality constant named by the Author as the Coefficient of 

Soil Erosion,

tc is the intercept of the straight line at the horizontal axis representing 

s, = 0. In the literature, rc is often called the Critical Shear Stress.

Ce obtained for the various SETs are small numbers in the order of 10'1 to 10'6 having
2 2the unit [s/m] which is simplified from [kg/s/nT per N/m~]. Since log(Ct,) is more often 

used in correlation analysis and plotting of results, another parameter named by the 

Authors the Erosion Rate Index (Iset), is used in lieu of Ce. Iset is defined as

I set = -log(Ce) Eqn 2.11

Iset has an order of magnitude in the range of 0.1 to 6. A smaller value of Iset implies 

a more rapidly erodible soil. The following section shows an example on how Ce, rc

and Iset are estimated from SET test data.

Analysis of raw data obtained from the SET

Analysis of the raw data of test BDSET4 on soil sample Bradys is presented in this 

section to demonstrate the application of the theory on SET described in preceding 

Section. The analysis involves the following steps:

• plot width of pre-formed slot measured during the SET against time as shown in 

Figure 2.27,

• estimate the average cross-sectional area and the wetted-perimeter of the pre

formed slot using equations 2.8 and 2.9 respectively and plot the two parameters 

against time as shown in Figure 2.28,
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• plot the rate of mass removal per unit area, s,, and the shear stress, r, against 

time as shown in Figure 2.29. r, and st are estimated using equations 2.3 and 

2.7 respectively. The derivative dAjdt in equation 2.7 can be approximated by 

AAjAt using numerical differentiation techniques, where AA, represents the 

change in A, over a short time interval At,

• plot £, against r, as shown in Figure 2.30. The Coefficient of Soil Erosion, Ce,

is the slope of straight line approximating the rising part of the curve. The 

intercept of the straight line on the horizontal axis represents the Critical Shear 

Stress, tc . The initial section of the curve in Figure 2.30 shows a decrease in

erosion rate per unit area with an increase in the shear stress. This is due to the 

removal of the loose, disturbed soils around the pre-formed slot at the early stage 

of the test. After this early stage, the erosion rate increases steadily with shear 

stress. The initial section of the curve in Figure 2.30 shows a negative slope. 

This section of the curve corresponds to the initial section of the curve in Figure 

2.29 which shows a decreasing rate of erosion. The slowing down of the rate of 

erosion after the early stage is due to the disturbed and relatively loose materials 

around the pre-formed slot being less erosion-resistant than the relatively intact 

materials further away from the slot. The erosion rate, therefore, reduces as the 

materials become harder and harder to erode. The erosion rate gradually 

increases with the shear stress when the loose materials have been removed. 

Christensen and Das (1973) also recorded a decreasing erosion rate with time in 

the early stage of their hole erosion test on cohesive clay.

• the Erosion Rate Index, I set, is equal to -log(Ce).

The above procedure has been followed for analysing test data of the SET. A summary 

of the interpreted results of all SETs is shown in Appendix A.
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Standard max dry density = 1.318 Mg/m3.
Standard optimum water content = 35.2%.
Compaction of test specimen = 93.0% compaction. 
Compaction moisture content of test specimen = 38.0%. 
Test head = 2.5m.
Eroding fluid : Tap water.
X Measured width of pre-formed slot.

£ 15

0 120 240 360 480 600 720 840 960 1080 1200
Time, t (sec.)

Figure 2.27: Width of pre-formed slot versus time in a Slot Erosion Test using Test

BDSET4 on soil sample Bradys as an example.
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Figure 2.28: Average cross-sectional area and average wetted-perimeter of pre-formed

slot versus time in Slot Erosion Test BDSET4 on soil sample Bradys.
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Figure 2.29: Estimated rate of mass removal per unit area and estimated shear stress

versus time in Slot Erosion Test BDSET4 on soil sample Bradys.
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Figure 2.30: Estimated rate of mass removal per unit area versus estimated shear

stress in Slot Erosion Test BDSET4 on soil sample Bradys.
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2.3.3 Measurement and control of test variables in a SET

The test variables, which were measured or controlled before or during a SET, are as 

follows:

Basic information of the soil samples

Standard soil classification tests were carried out on the soil samples according to 

relevant Australian Standards to obtain basic classification information, namely soil 

particle density, particle size distribution, and Atterberg’s limits.

Standard compaction tests were carried out on each of the soil samples to obtain 

information on standard maximum dry density and optimum water content. This 

information was essential for controlling the dry density and moulding water content of 

the test specimens.

Three different tests were used to measure the dispersivity of the soil samples, namely 

the Pinhole Dispersion Test (Sherard et al. 1976), Emerson Class Test (Emerson 1967), 

and the US Soil Conservation Services Percentage Dispersion Test.

The electro-chemical properties of the soil samples were also assessed by measuring the 

cation content, the electrical conductivity, and the pH of the saturation extracts of the 

soil samples. The saturation extracts were pore fluids extracted from the soil samples 

wetted up to their liquid limits. Extraction of pore fluid was carried out by means of a 

vacuum flask and a Buechner funnel (Sherard et al. 1972).

Moulding water content and dry density of test specimens

Test specimens were usually prepared at one of five different levels of moulding water 

content. The five levels were -2%, -1%, +0%, +1% and +2% of the standard optimum 

water content (OWC). To achieve the desired moulding water content, the appropriate 

amount of water was added to the soil sample, which was then cured for at least two 

days before a test specimen of the soil was prepared. Water content tests were carried 

out on soils trimmed from the compaction mould so as to find out the actual moulding 

water content of the test specimen.
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Test specimens were usually prepared at one of three different levels of dry density. The 

three levels were represented by 92%, 95% and 98% of the standard maximum dry 

density (SMDD) of the soil sample. The dry density of a test specimen was controlled 

by controlling the total mass of soil of known water content to be used for forming the 

compacted test specimen. Known amount of soil was compacted to a pre-calculated 

thickness corresponding to the desired dry density. Finally, the mass of the completed 

test specimen was measured so as to calculate the actual dry density of the specimen.

Salt content and temperature of the eroding fluid

About 95% of the SETs were carried out using Sydney tap water as the eroding fluid. 

This contains approximately 35 to 100 mg/1 of dissolved solids. This is insufficiently 

pure to inhibit dispersion some what in Emerson Crumb Tests. The remaining 5% of the 

tests were carried out using salt water in place of tap water. The salt water was prepared 

by adding sodium chloride into tap water. Two salt solutions of different concentration 

were used. One was a 0.005M salt solution (0.292 g of NaCl per litre of distilled water), 

and the other was a 0.02M salt solution (1.169 g of NaCl per litre of distilled water). 

Samples of tap water and the salt solutions were taken from the constant head tank for 

confirmation of the salt concentration of the eroding fluid.

The temperature of the eroding fluid was measured immediately before and after the 

SET so that the effect of temperature on the viscosity of the eroding fluid could be 

considered if necessary.

Monitoring of hydraulic gradient and flow rate during a SET

Nearly all the SETs were carried out with an upstream water head of 2.5 m. This head 

corresponded to a hydraulic gradient of about 2.2 across the lm long pre-formed slot, 

taking into account the 0.3 m tail water at the outlet end of the apparatus. As the pre

formed slot widened, the flow rate increased causing increased head loss across the test 

specimen. The hydraulic gradient across the slot, therefore, did not remain constant 

throughout the test. The pressure difference across the pre-formed slot was however, 

monitored by pressure gauges installed immediately upstream and downstream of the 

pre-formed slot.
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Flow rate was measured as a check against the possibility of undetected alternative 

erosion path through the test specimen.

2.3.4 Hole Erosion Test

Introduction

The Hole Erosion Test (HET) has been developed to be a faster and more economical 

alternative to the SET. The setup of the HET is similar to that of the SET except a 

much smaller soil specimen is tested at a relatively lower water head. In the HET, the 

soil specimen is compacted inside a standard mould used for the Standard Compaction 

Test. A 6mm-diameter hole is drilled along the longitudinal axis of the soil sample to 

simulate a concentrated leak. The HET uses flow rate as an indirect measurement of the 

diameter of the pre-formed pipe.

A schematic diagram of the HET assembly is shown at

Figure 2.31. Figure 2.32 shows the actual test apparatus, and Figure 2.33 shows an 

eroded test specimen after a HET. Appendix J presents the detailed geometry and 

procedure of the HET.

Theory

The diameter of the pre-formed pipe can be indirectly estimated from the measured flow 

rates based on some fundamental theories in hydraulics.

Similar to flow through a pre-formed slot, the shear stress, r, along the surface of a 

circular pipe at time t can be predicted by equation 2.3.

A,
Tt = Pwgs, —

P,
Eqn 2.3
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PLASTIC STAND PIPES 
SHOWING UPSTREAM 
AND DOWNSTREAM 
HEADS AT THE LEVEL 
ALONG THE AXIS OF 
THE SPECIMEN

LH>4

AIR RELEASE 
VALVES

20mm GRAVELS

L~-®—
ERODING FLUID 
SUPPLY TANK

COMPACTED SOIL 
SPECIMEN WITHIN 
STANDAND COMPACTION 
MOULD 6mm DIA HOLE 
ALONG AXIS FORMED 
BY DRILLING

PERSPEX CHAMBER 
(REFER TO SKETCH SK01 
ON DETAILS OF HOLE 
EROSION APPARATUS)

FLOW RATE 
MEASUREMENT

Figure 2.31: Schematic diagram of the Hole Erosion Test Assembly.

Figure 2.32: Hole Erosion Test apparatus.

Water recirculation system not shown.



Chapter 2 Laboratory tests on piping erosion Page 95

For flow through a circular pipe, A, / pt is simply (j>t / L , where (f), is the diameter of the

pipe at time /, and L is the length of the circular pipe. Equation 2.3 is, therefore, 

simplified to

^,=Pwgs,^ Eqn 2.12

JPHF.T 007

98% a 0.0% - 50 mm head

Figure 2.33: Hole Erosion Test on

soil sample from Jindabyne Dam. 

Photograph of test specimen after test.

Similarly, equation 2.7 can also be used to predict the rate of erosion per unit surface 

area of the pipe at time /.

For a circular pipe, dA, = )/2 is the area of the annular section shown in Figure

2.34, and pt = n(f),. Equation 2.7 is, therefore, simplified to

& = A/_
2 dt

Eqn 2.13
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Diameter of hole 
at time t = <t>,, 
Radius = Rt, 
Area = A,.

Pre-formed Hole 
(Initial diameter 
<t)0 = 6mm)

Final diameter of hole 
measured after test.

Compacted soil sample inside 
standard compaction mould 
(Length 115mm, Diameter 105mm).

Figure 2.34: Cross-section of

a HET test specimen showing 

enlargement of the pre-formed 

pipe due to erosion.

Equations 2.12 and 2.13 show that the shear stress along the pre-formed pipe and the 

rate of erosion per unit area of the hole depend on the diameter of the pipe and the rate 

of change of the diameter respectively. The diameter of the pipe was not measured 

directly during the HET, but can be estimated indirectly from the measured flow rate 

and the hydraulic gradient.

If the flow condition is laminar, shear stress, r is proportional to the mean velocity of 

flow, V , so that

r = fLV Eqn 2.14

where f L : is a friction factor for laminar flow condition.

If the flow condition is turbulent, r is proportional to the square of V so that 

r = fTV2 Eqn 2.15

where fT : is a friction factor for turbulent flow condition.

The mean velocity of flow, V , can be estimated from the measured flow rate, Q by
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V = 4Q
71(f)2

Eqn 2.16

Combining equations 2.13, 2.14, 2.15 and 2.16 gives

_ p„gns f Eqn 2.17
16 Q

and f _ P„g*2s f
Jt 64 Q2

Eqn 2.18

At a particularly time /, the diameter ^ of the pipe can therefore be estimated from s,,

Q„ fLt and fTt.

If laminar flow conditions apply, rearranging equation 2.18 gives

<t>< =
16Q,fu
xp.gs,

Eqn 2.19

If turbulent flow conditions apply, rearranging equation 2.19 gives

<t>, = Eqn 2.20

During a HET, 5 and Q were measured at regular time intervals. The diameter of the 

pipe (f) was known to be 6mm at the start of the test (/ = 0), and was measured directly 

immediately after the test (t = tj). The friction factors^ and fj both at the start and at the 

end of the test can, therefore, be estimated from equations 2.17 and 2.18.

In order that the diameter of the pipe at any time t during a HET can be estimated, the 

following three assumptions have been made:

i. the pre-formed pipe has a uniform cross-section along the length of the soil 

sample,
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ii. the friction factor^ or fy vary linearly with time between its initial value at 

time t = 0, and its final value at t = // ,

iii. the flow through the soil matrix is so small compared to the flow through the 

pre-formed hole that the former can be neglected.

The flow condition (i.e. laminar or turbulent) during the HET will determine the use of 

either equation 2.19 or 2.20 for estimating the pipe diameter. It has been assumed that 

flow is turbulent if Reynolds number Rc is larger than 5000. In most of the HETs so far

carried out at a test head greater than 100mm, the flow condition was turbulent. Re is 

defined by

Re
PZI Eqn 2.21

where /a is the coefficient of dynamic viscosity (10'3 kg/ms at 20 °C).

After calculating the diameter of the pre-formed pipe, the shear stress, r,, and the rate 

of erosion per unit area, £,, along the pipe can then be estimated using equations 2.12 

and 2.13. When st is plotted against r,, the rising portion of the plotted curve can be 

approximated by a straight line, whose gradient and horizontal-intercept represent the 

Coefficient of Soil Erosion, Ce, and the Critical Shear Stress, rc, respectively as 

described by equation 2.10.

For HET, the Erosion Rate Index is designated as Ihet, and is defined by equation 2.11.

The following Section shows an example on how Ce and rc are estimated from HET 

test data.

Analysis of raw data obtained from a Hole Erosion Test

Analysis of the raw data of test HDHET9 on soil sample Hume is presented in this 

section to demonstrate the application of the theory on HET described in the preceding 

Section. The analysis involves the following steps:
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• estimate the initial and final friction factors fL and fT based on the initial 

diameter, D0, of the pre-formed hole (i.e. 6mm) and the measured final diameter 

of the widened hole, /)/, using equations 2.17 and 2.18,

• estimate the diameter of hole, fa , at any time, t, based on the measured flow rate,

Qt, the measured hydraulic gradient, s,, and the estimated friction factor, fL or 

/r, at time t using equations 2.19 or 2.20,

• plot a curve of the estimated diameter of the hole against time, and estimate the 

slope of the curve at time t as shown in Figure 2.35,

• plot the rate of mass removal per unit area, £,, and the shear stress, r,, against 

time as shown in Figure 2.36. r, and are estimated using equations 2.12 and 

2.13 respectively. The derivative dfa/dt in equation 2.13 can be approximated 

by Afa/At using numerical differentiation techniques, where A fa represents the 

change in fa over a short time interval At,

• plot st against r, as shown in Figure 2.37. The Coefficient of Soil Erosion, Ce,

is the slope of straight line approximating the rising part of the curve. The 

intercept of the straight line on the horizontal axis represents the Critical Shear 

Stress, tc . Similar to the SETs, the initial section of the curve in Figure 2.37

shows a decrease in the erosion rate per unit area with an increase in shear stress. 

This early section of the curve corresponds to the removal of the loose, disturbed 

soils along the per-formed hole.

• the Erosion Rate Index, Ihet, is equal to -log(Ce).

Similar to Figure 2.30 for the Slot Erosion Test, the initial section of the curve in Figure 

2.37 shows a negative slope. This section of the curve corresponds to the erosion of the 

disturbed and relatively loose materials around the pre-formed hole at the early stage of 

the test.

The above procedure has been followed for analysing test data of the HET. A summary 

of the interpreted results of all HETs is shown in Appendix B.
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Time, t (sec.)

Figure 2.35: Estimation of diameter of pre-formed hole in a Hole Erosion Test using

Test HDHET9 on soil sample Hume as an example.
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Figure 2.36: Estimated rate of mass removal per unit area and shear stress versus time

in Hole Erosion Test HDHET9 on soil sample Hume.

res
s, 

t (I



Chapter 2 Laboratory tests on piping erosion Page 101

0.007

it whenj? 0.006

id hole areaiuuiiu me fjie-iumit
removed by erosion. Period during which both sand x are increasing^

< 0.005

a- 0.004

Coeff. of soil erosion, Ce 
defined as slope of best-fit 
straight line.
Slope = 3.74E-5 s/m 
for time 2410 - 5700s. 
Coeff. of determination 
= 0.996.
Erosion rate index,
IHEt = -LOG(Ce) = 4.43.

0.002

Critical Shear Stress 
Tc= 150 N/m2

is 0.001

0.000

Estimated Shear Stress, t (N/m2)

Figure 2.37: Estimated rate of mass removal per unit area versus estimated shear

stress in Hole Erosion Test HDHET9 on soil sample Hume.

2.3.5 Measurement and control of test variables in a HET

The test variables controlled and measured in HETs are similar to those in SETs 

discussed under Section 2.3.3.

In HETs, however, the test head varied between soil samples rather than remained 

constant at 2.5 m as in SETs. The test head for HETs ranged from 50 mm for very 

erodible soils to 1200 mm for very erosion resistant soils. The test head can also vary 

between different specimens of the same soil sample.

Unlike the SET during which the erosion process can be monitored by measuring 

directly the average width of the pre-formed slot, the enlargement of the pre-formed 

hole in a HET test specimen cannot be observed during a HET. Therefore, the flow rate 

in HET is used as an indirect measurement of the erosion rate.
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2.3.6 Special Slot Erosion Test and Hole Erosion Test

Apart from the normal SETs and HETs, three types of special tests were carried out, 

namely soaked tests, salt water tests and paused tests.

Soaked tests

The soaked tests were designed for studying the effects of prior wetting up on the 

erosion characteristics of a soil.

In a soaked SET, the test specimen with the slot formed was soaked in water for at least 

18 hours prior to the erosion test. The erosion test was then carried out in the same 

manner as in a normal test. In a soaked HET, the test specimen together with the mould 

were soaked in water under a normal pressure of 6.9 kN/m2 (1 psi). Any swelling of the 

specimens in the semi-confined longitudinal direction was measured by a dial-gauge. 

When the dial-gauge indicated no further swelling, the specimen was taken out of water. 

A 6mm diameter hole was then drilled along the axis, and the erosion test was then 

carried out.

Salt water tests

The salt water tests were designed for studying the effects of salt concentration of the 

eroding fluid on the erosion characteristics of a soil.

Sodium chloride (NaCl) solution was used as the eroding fluid. For SETs, 0.02M 

(1.169 g of NaCl per litre of water) solution was used. For HETs, both 0.02M and 

0.005M (0.292 g/1) solutions were used.

Tap water was used for preparing the NaCl solutions. Tap water in the domestic water 

supply system contained approximately 60 mg/1 of dissolved solids. This quantity does 

not significantly affect the concentration of the salt solutions. The concentration of the 

salt solutions were confirmed by testing the Na~ concentration in solution samples 

collected from the source tank during the salt tests.
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Paused tests

The paused tests were designed to study the effects of intermittent water supply on the 

erosion characteristics of a soil.

In a paused test, water was supplied intermittently so that there was a 15-minute pause 

period after each 15-minute period of erosion.
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2.4 PROPERTIES OF SOIL SAMPLES USED IN SLOT EROSION TESTS 

AND HOLE EROSION TESTS

2.4.1 Origins of soil samples

SETs and HETs were carried out on thirteen soil samples. The source and origin of 

these soil samples are summarised in Table 2.7.

Table 2.7: Source and origin of soil samples used in Slot Erosion Tests

and Hole Erosion Tests.

Geological origin Soil sample Location
Unified Soil 

Classification System 
(USCS)

Supplied by

Alluvial Hume
Borrow area at Lake 
Hume, Albury

CL DPWS, NSW

Waranga Basin
Waranga Basin dam site 
near Shepparton, Vic.

CL
Goulburn-Murray
Water

Colluvial Fattorini
Borrow area at Fattorini 
Dam, Kempsey, NSW

CL DPWS, NSW

Residual Bradys
Derived from dolerite 
and basalt

Near Bradys Dam, 
Tasmania

CH
Hydro-electric
Corporation

Buffalo
From metamorphosed 
sediments and 
granite.

Core of Lake Buffalo
Dam, near Myrtleford,
Vic.

CL
Goulburn-Murray
Water

Jindabyne From granite
Jindabyne Dam site on 
Snowy River near
Cooma, NSW

SC
Snowy Mountain
Hydro-electric
Authority

Lyell From granite
Lyell Dam site near 
Lithgow, NSW

SM

Matahina
From greywacke 
sandstones

Matahina Dam, North 
Island, NZ

CL-ML
Damwatch Services 
Ltd.

Shellharbour
From sandstones of
andesitic/basaltic
origin

Construction site, 
Shellharbour, NSW

CH

Waroona From gneiss
Waroona Dam site on 
Drakes Brook near 
Waroona, WA

CL Water Corporation

Glacial Pukaki
Pukaki Dam site, South 
Island, NZ

SM
Damwatch Services 
Ltd.

Rowallan
Rowallan Dam site, 
Tasmania

SM
Hydro-electric
Corporation

Aeolian Teton
Borrow area at Teton 
Dam, Idaho, USA

CL, ML
US Bureau of 
Reclamation

Soil sample 'Bradys’, abbreviated *BD’, is a high plasticity sandy clay (CH). It is a 

yellow brown residual soil derived from dolerite and basalt, and was taken from a clay 

pit between Woodwards Marsh and Brady’s Marsh north of Brady’s Creek, Tasmania.
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Soil sample ‘Buffalo’, abbreviated ‘BuD', is a low plasticity clay (CL). It was taken 

from the upper part of the core of Lake Buffalo Dam located 20km south of Myrtleford, 

Victoria. It is a red brown residual soil from weathering of fluvial deposits which were 

breakdown products of metamorphosed sediments and the granites of the catchment.

Soil sample ‘Fattorini’, abbreviated ‘FT’, is a medium plasticity sandy clay (CL). It is a 

grey brown colluvium taken from a borrow area for the construction works at Fattorini 

Dam, Kempsey, NSW. The sample is also designated as Fattorini (b) in the test records 

so as to distinguish it from another soil sample taken from the same area a few years ago 

for doing No Erosion Filter Tests and Continuous Erosion Filter Tests.

Soil sample ‘Hume’, abbreviated ‘HD’, is a low plasticity sandy clay (CL). It is a grey 

brown Tertiary alluvium, and was obtained from a borrow area at Lake Hume, Albury in 

early 2000. The sample is also designated Lake Hume (b) in the test records so as to 

distinguish it from another soil sample taken from Lake Hume a few years ago for doing 

No Erosion Filter Tests and Continuous Erosion Filter Tests.

Soil sample ‘Jindabyne’, abbreviated ‘JD’, is a clayey sand (SC). It is a grey yellow 

residual soil derived from weathering of granite, and was obtained from Jindabyne Dam 

site located along Snowy River about 50km west of Cooma, NSW.

Soil sample ‘Lyell’, abbreviated ‘LD’, is a silty sand (SM). It is a grey residual soil 

derived from granites. It was taken from the abutment of Lyell Dam located 

approximately 7km south-west of Lithgow, NSW.

Soil sample ‘Matahina’, abbreviated ‘MD’, is a low plasticity clay (CL). It is a brown 

yellow residual soil derived from deep in-situ weathering of greywacke sandstones. It 

was taken from the core of Matahina Dam located on the Rangitaiki River in the Bay of 

Plenty Region in the North Island of New Zealand.

Soil sample ‘Pukaki’, abbreviated ‘PD’, is a silty sand (SM). It is a grey glacial till 

taken from the right abutment of Pukaki Dam located near Twizel in the middle of the 

South Island of New Zealand.
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Soil sample ‘Rowallan’, abbreviated ‘RD’, is a silty sand (SM). It is a grey brown fine

grained glacial deposit obtained from a place approximately 100m downstream of 

Rowallan Dam, Tasmania.

Soil sample ‘Shellharbour’, abbreviated ‘SH’, is a high plasticity clay (CH) with some 

sand. It is a brown residual soil derived from sandstones, and was obtained from 

Shellharbour near Wollongong. The sandstones are of andesitic and basaltic origin.

Soil sample ‘Teton’, abbreviated ‘TD’, is a low plasticity clay (CL). It is a brown grey 

aeolian deposit taken from a borrow area north of the right abutment of Teton Dam, 

Idaho, USA.

Soil sample ‘Waranga Basin’, abbreviated ‘WB’, is a low plasticity clay (CL). It is a 

brown red alluvial deposit of the Shepparton Formation. The soil was taken from a test 

pit at the downstream slope of Waranga Basin Dam located 38km south west of 

Shepparton, Victoria.

Soil sample ‘Waroona’, abbreviated ‘WD’, is a low plasticity clay (CL). It is a yellow 

brown residual soil derived from gneiss. The soil was taken from test pits immediately 

downstream of Waroona Dam located on Drakes Brook, some 5.5km east of the town of 

Waroona, WA.

2.4.2 Basic information on engineering classification of soil samples

Detailed results of classification tests on the 13 soil samples are presented in the Factual 

Data Report. A summary of the results of engineering classification is shown in Table 

2.8. The various soil samples, except Lyell, Pukaki and Rowallan, are plotted on the 

plasticity chart in Figure 2.38, and their particle size distribution curves are shown in 

Figure 2.39. Liquid Limit and Plastic Limit tests showed that Lyell, Pukaki and 

Rowallan are non-plastic soils designated NP.
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Figure 2.38: Plasticity Chart showing plasticity of soil samples. Lyell, Pukaki and

Rowallan are non-plastic (NP) and not shown on the chart.

SAND GRAVEL
FINES

COARSECOARSEMEDIUM

LEGEND: MD:Matahina
BD : Bradys PD : Pukaki
BuD: Buffalo RD : Rowallan
FD : Fattorini SH : Shellharbour 
HD : Hume TD : Teton
JD : Jindabyne WB: Waranga Basin

WD: WaroonaLD : Lyell
. I. ,

0.4250.005 0.0750.001 0.002
Grain Size, D (mm)

Figure 2.39: Particle Size Distribution Curves for the 13 Soil Samples.
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2.4.3 Soil dispersivity

A summary of the results on dispersivity tests is shown in Table 2.9. Also presented in 

the table are the Sodium Adsorption Ratios, SARs, the major cation contents, pH and 

electrical conductivity of the saturation extracts of the soil samples. The SARs are 

calculated from the major cation contents of the saturation extracts of the soil samples.

2.4.4 Mineralogy

X-ray Powder Diffraction Analysis on the 13 soil samples has been carried out by the 

School of Geology, UNSW. Reports on the analysis are included in Appendix K of this 

report. Table 2.10 summarises the results of the X-ray Powder Diffraction Analysis. 

Also shown in the table are the mass fractions of the clay size (i.e. < 0.002 mm) 

particles in each soil samples obtained from hydrometer analysis.

It should be noted that crystals of clay minerals are not necessarily finer than 0.002 mm, 

and soils particles finer than 0.002 mm are not necessarily crystals of clay minerals. A 

detailed study on the clay mineralogy of soil sample “Buffalo’' has been undertaken by 

Hensel, H.D. (2001), and a copy of his report is presented at Appendix L.
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Table 2.9: Dispersivity and physiochemical properties o f saturation extracts o f the soil sampli
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Table 2.10: Summary of soil sample mineralogy.
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2.5 ANALYSIS OF TEST RESULTS

2.5.1 Summary of interpreted test data

All raw data from the SETs and HETs have been analysed according to the procedures 

described in Sections 2.3.2 and 2.3.4. Appendix A summarises the test parameters and 

the major outcomes of the analysis of the SET data, namely the Coefficient of Soil 

Erosion, Ce, and the Critical Shear Stress, rc. Appendix B shows a similar summary,

but for the HET data. The summaries include interpreted results of both successful and 

unsuccessful tests, and the normal and special tests. Special tests are soaked tests, salt 

water tests and paused tests described in Section 2.3.6.

2.5.2 Graphical presentation of test results 

Erosion Rate Indices versus soil samples

Figure 2.40 and Figure 2.41 show the Erosion Rate Indices based on the SETs and HETs 

respectively. In order to allow for observation of trends, results of the special tests are 

not included in these Figures. Results of the special tests are discussed in later sections.

The 13 soil samples are divided into two groups, namely fine-grained soils and coarse

grained soils. Fine-grained soils have a fines content exceeding 50% by mass. Fines 

means soil particles finer than 0.075 mm. The nine fine-grained soil samples are 

Bradys, Buffalo, Fattorini, Hume, Matahina, Shellharbour, Teton, Waranga Basin and 

Waroona. Coarse-grained soils are soils with a fines content of less than 50% by mass. 

The five coarse-grained soil samples are Jindabyne, Lyell, Pukaki, Rowallan and 

Matahina. For the purpose of this experimental investigation, Matahina is considered 

both a fine-grained soil and a coarse-grained soil, as its fines content (50.5%) is only 

marginally above 50%.

Figure 2.40 and Figure 2.41 show considerable range of the Erosion Rate Indices for 

each of the soil samples. The Erosion Rate Indices of two different tests on the same
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soil sample can differ in value by 2 to 3, representing a difference of approximately 100 

to 1000 times in the Coefficient of Soil Erosion, Ce. The range is due mainly to the

fact that test specimens were compacted to different degree of compaction at different 

water contents. Some specimens were compacted to 92% or lower of the standard 

maximum dry density, and a few percent dry of optimum water content, whereas some 

were compacted to as high as 99% of standard maximum dry density and wet of 

optimum.
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Figure 2.40: Summary of Iset for all successful Slot Erosion Tests.

Figure 2.40 and Figure 2.41 reveal that the coarse-grained soil samples, in general, have 

lower Erosion Rate Indices than the fine-grained soil samples, that is they erode more 

rapidly. Most of the tests on coarse-grained soil samples resulted in Erosion Rate 

Indices less than 4, and most of the tests on fine-grained samples resulted in Erosion 

Rate Indices higher than 2.
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Figure 2.41: Summary of Ihet for all successful Hole Erosion Tests.

Figure 2.40 and Figure 2.41 also reveal the trend that the Erosion Rate Indices of the 

coarse-grained soil samples increase with the fines content. In other words, coarse

grained soils are more erosion-resistant as their fines content increases. The same trend 

is, however, not observed among the fine-grained soil samples.

Also shown in Figure 2.40 and Figure 2.41 are the predicted Erosion Rate Indices at 

95% compaction and optimum water content (OWC) for each soil sample. The

predicted indices (Iset for SET and Ihet for HET) at 95% compaction and OWC are 

used to represent the erosion characteristics of a particular soil sample. Detailed

discussions on how I set and Ihet are estimated are given in following Section.
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Representative Erosion Rate Index

The wide variation in the values of the Erosion Rate Index of a soil makes it difficult to 

compare the erodibility of various soil samples. Instead of comparing two ranges of 

Index values, it is more convenient comparing two Erosion Rate Indices which are 

representative of the soil samples. As earth embankments are generally specified to be 

compacted to at least 95% of the standard maximum dry density at around OWC, a 

reasonable choice of the representative Erosion Rate Index is the one corresponding to

95% compaction at OWC. This representative index is designated I set for SET, and

1 met for HET.

Preferably a SET or HET should be carried out at 95% compaction and OWC for

finding I set or I het . It is, however, not uncommon that the density and moisture 

conditions of the test specimen will deviate slightly from the desired 95% compaction 

and OWC due to slight errors in compaction and moisture control. Regression models

were, therefore, developed to predict I set or I het from all available values of Iset or 

Ihet for test specimens at and around 95% compaction and OWC. Even if an index 

were successfully obtained from a test on a specimen prepared to exactly 95% 

compaction and OWC, it would still be desirable to estimate the representative index 

from all available indices by the regression method to avoid the risk of adopting directly 

the index value from a single test.

Proposed regression models for predicting Iset or Ihet from the degree of compaction 

and water content are presented in Table 2.11.

For each soil sample, the model coefficients of each of the 9 proposed regression 

models were evaluated by substituting relevant data points (XY, I) into the models, and 

applying the method of least squares to minimise the sum of squared errors in I. 

Relevant data points include the results of all successful tests on specimens prepared at 

or around 95% compaction and OWC. This usually covers a dry density range of 92% 

to 99% of the standard maximum dry density, and a water content range of OWC ± 3%. 

A non-linear regression analysis program called NONLIN (Dennis et al 1981) was used 

to evaluate the model coefficients. Each model was then used to prepare a contour
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diagram of predicted I values, with X and Y as the independent variable. The regression 

model that produced the most reasonable contour pattern and the best correlation 

coefficient was chosen to represent the soil sample. The chosen model was then used to

predict I set and 1 met by putting X = 95% and Y = 0. The chosen regression models 

and the corresponding model coefficients for the 13 soil samples are summarised in

Tables Cl and C2 at Appendix C. Also found in the tables are the predicted I set and

Ihet for each soil sample.

Table 2.11: Regression Models for predicting I set and Ihet from percentage

compaction and water content.

Regression

Model No.

Model coefficients

I = a + b-X + c-Y + d-X-Y + e-X2 + /-r2 for models 1 - 8

a b c d e f

1 V V V
2 V V V V
3 V V V V V
4 V V V V
5 V V V V
6 V V V V V
7 V V V V s
8 V V V V <

7 = q b • log(yOcy ) + c • log(fti /1 00) for model 9

9 V V
Notes :

1. / represents the Erosion Rate Index ISET or IHET, depending on whether the non-linear regression is 

carried out on Slot Erosion Test data or Hole Erosion Test data.

2. A tick below the model coefficient means that the coefficient is assumed non-zero, and whose 

value is obtained during the non-linear multivariate regression analysis.

3. For models 1 - 8, X = (pd /pd ) * 100%, where pd [Mg/m’] is the dry density of the test

specimen, and pd [Mg/m’] is the standard maximum dry density. Y represents the deviation of 

the water content, CO from the optimum water content, COQ (i.e. Y — CO — COQ). Both COQ and 

pd are obtained from a standard compaction test. X, Y, CO and COQ are in %.
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Figure 2.42 and Figure 2.43 show the Erosion Rate Indices obtained from SETs and 

HETs on soil sample “Fattorini” as well as the dry densities and water contents at which 

the test specimens were prepared. In these figures, contour lines are plotted to show 

how the Erosion Rate Indices vary with dry density and water content. These contour 

lines are based on Erosion Rate Indices predicted by regression models described 

earlier. Figure 2.44 and Figure 2.45 show similar plots, but for soil sample “Jindabyne”. 

Similarly plots for all 13 soil samples are presented in Appendix D.

Figures D1 to D13 in Appendix D reveal in most of the soil samples, the trend that the 

lower the degree of saturation of a test specimen, the lower will be the Erosion Rate 

Index, i.e. the rate of erosion is higher. This trend, however, is not observed in the non

plastic coarse-grained soil samples Lyell, Pukaki and Rowallan. For Lyell, Pukaki and 

Rowallan, it appears that test specimens compacted at low density but high water 

content will also produce lower Erosion Rate Indices, with the highest index for 

specimens compacted at optimum water content.

Max. Density 
= 1.696 Mg/m3.

Standard Conn paction Cun/e

LEGEND
Contour lines for degree 
of saturation, S.
Estimated contour lines 
for erosion rate index, lSET. 
Test data points and lSET 
from Slot Erosion Tests.

Optimum Water 
Content = 18.6%.

17 18 19 20
Compaction Water Content (%)

Figure 2.42: Erosion Rate Indices, ISET based on SETs on soil sample Fattorini.
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Figure 2.43: Erosion Rate Indices, IHET based on HETs on soil sample Fattorini.
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Figure 2.44: Erosion Rate Indices, ISET based on SETs on soil sample Jindabyne.
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Figure 2.45: Erosion Rate Indices, IHET based on HETs on soil sample Jindabyne.

The accuracy of the non-linear regression models and the contour diagrams for the 

Erosion Rate Indices depends on the number of available data points used for 

developing the regression models, and the distribution of the data points throughout the 

dry density - water content domain. In many cases the contours are based on limited 

data and are a statistical fit to the data, not necessarily the true picture of the relationship 

between Erosion Rate Index, Percentage Compaction and Water Content. The more 

data points available for developing the regression model, and the more uniform these 

data points are distributed throughout the dry density - water content domain, the more 

accurate will be the regression model. The regression model should not be used to 

predict Erosion Rate Indices at regions of very high or very low dry density, or at 

regions of very high or very low water content, as there are usually insufficient data 

points at these regions to define accurately the pattern of variations of the Erosion Rate 

Indices.

It will be noted that the Erosion Rate Index (reflecting the rate of erosion) covers nearly 

6 orders of magnitude on the soil samples tested, with some soil samples eroding very
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rapidly (e.g. Rowallan, Lyell), and others with very slow rates (virtually non-erodible) 

(e.g. Buffalo, Shellharbour, and Waroona). Four of the dams represented have 

experienced internal erosion and piping:

• Rowallan - piping incident soon after first filling;

• Matahina - two piping incidents involving the discovery of large sinkholes;

• Waranga Basin - several piping incidents on first filling;

• Teton - piping failure on first filling.

Erosion Rate Indices versus soil properties

Some basic soil parameters are believed to influence the erosion characteristics of a soil. 

These parameters are classified into four main groups. The first group, which includes 

parameters that define the density and moisture conditions of a soil, consists of dry 

density (p^), compaction water content (co), ratio of dry density to standard maximum

dry density (p^ ) (i.e. p^ /pd ) (or simply called percentage compaction), deviation

of co from optimum water content (OWC) expressed as a percentage of the OWC (i.e. 

(co - OWC)/OWC) (or simply called water content ratio, Acor), and the degree of 

saturation (S). The second group consists of parameters that define the particle size 

distribution of a soil, viz. gravel content, sand content, fines content and clay content. 

The third group consists of the Atterberg’s limits (i.e. Liquid Limit and Plasticity Index) 

and Activity. Parameters that define the dispersivity of a soil, namely the Pinhole Test 

Classification, Emerson Class, SCS Percentage Dispersion, Sodium Adsorption Ratio, 

SAR and the Major Cation Content, are included in the fourth group. Those soil 

parameters in the first group vary between test specimens, whereas those parameters in 

the other three groups vary only between soil samples.

Group 1 parameters : Density and moisture conditions

The Erosion Rate Indices are plotted against the dry density (pd), the percentage 

compaction (pd / pd ), the water content (co), the water content ratio (Acor), and the

degree of saturation, S in Figures El to E10 at Appendix E. In addition, the 

Representative Erosion Rate Indices of the 13 soil samples are plotted against their 

respective standard maximum dry density and optimum water content in Figures Ella 

and El lb in Appendix E.
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The plots show considerable scattering of the data points. Observations from the plots 

are summarised as follows:

• ISET, IHFT versus dry density (pd) in Figures El and E2 in Appendix E

No relationship between the Erosion Rate Indices and the dry density is 

observed. The plots only show that, in general, coarse-grained soil samples 

usually have higher dry densities than the fine-grained soil samples. There is

also no obvious relationship between the Representative Erosion Indices (Iset

and Ihet ) and the dry density as shown in Figures Elc and E2c.

• I set ’ I het versus percentage compaction (pd / pd ) in Figures E3 and E4

No relationship between the Erosion Rate Indices and the dry density is observed 

as shown in Figure 2.46, Figure 2.47 and Figure 2.48, and Figure 2.49.

-0—©—<*>—e-
©

-»<;> + Q 9—©—©-

m 5 _co

00a>

55o
LU

CO

a;
-d

0
CD
tr

55o
iii

©

©

o D

* 1
©

♦

♦

X

* A

LEGEND ♦ Matahina
• Bradys X Pukaki
ffl Buffalo > Rowallan
O Fattorini © Shellharbour
□ Hume * Teton
A Jindabyne ♦ Waranga Basin
☆ Lyell 0 Waroona

------- if-
> ☆

86 88 90 92 94 96
Ratio of Dry Density to Standard Max. Dry Density, Pd/pdmax (%)

98 100
[SE%COMP1 GRF]

Figure 2.46: Erosion Rate Index (Iset) from Slot Erosion Test versus Percentage

Compaction (pd / pd ). (Same as Figure E3a in Appendix E)
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Figure 2.47: Erosion Rate Index (Jset) from Slot Erosion Test versus Percentage

Compaction (pj /pd ). Soil samples classified into fine-grained soils and coarse

grained soils. (Same as Figure E3b in Appendix E)
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Chapter 2 Laboratory tests on piping erosion Page 123

m

/J-V

0

55o
LU
0O
E
0

■D

0
COce

*----------------------

♦

----------------------- 1---------------------- ---------V---------v---------v--------

♦

♦

---------v---------v---------v---------

♦

---------*---------v---------------------

♦

---------------------- '----------------------

♦

♦

♦

♦ < 

♦

♦

♦

<

► ♦ <
♦

* *

► t ♦
♦ ♦

D

♦ ♦ #

♦

♦ «

. 3

<

* ♦

1 « «
' * * c

0 c

n_______________ C

)

)

>_______
♦

♦

o

LEGEND

" ♦ Soil samples with more than 

50% fines, including
Bradys, Buffalo, Fattorini,
Hume, Shellharbour, Teton, 

Waranga Basin, Waroona.

O Soil samples with less than

50% fines, including Jindabyne, 
lyell, Pukaki, Rowallan.

® Matahina (50.5% fines).

Fines means particles finer than

0.075mm.
. 1

<<
8

►

° O S c 
° ♦ 8 ^

% §

> t ♦
o

►

D_____ Or -

o c

_ _ e

......0

0

1

* ° 0 

o

O 0 c

o

8 o

_

0 c

0

0

,

)

_______________ 1_______________

o
_______________ 1_______________

88 90 92 94 96 98 100
Ratio of Dry Density to Standard Max. Dry Density, Pd/Pdmax (%) [he%comp2grfi

Figure 2.49: Erosion Rate Index {Ihet) from Hole Erosion Test versus

Percentage Compaction (pd / pd ). Soil samples classified into fine-grained

soils and coarse-grained soils. (Same as Figure E4b in Appendix E)

• /set » Ihet versus water content (co) in Figures E5 and E6

No relationship between the Erosion Rate Indices and the water content is 

observed. The plots only show that, in general, coarse-grained soil samples 

usually have lower compaction water content than the fine-grained soil samples. 

There is also no obvious relationship between the Representative Erosion Indices

(I set and I het ) and the compaction water content as shown in Figures E5c and 

E6c.

• I set » I het versus water content ratio (A cor) in Figures E7 and E8

No relationship between the Erosion Rate Indices and the dry density is observed 

as shown in Figure 2.50, Figure 2.51 and Figure 2.52, Figure 2.53.

• ISET and IHET versus degree of saturation (S) in Figures E9 and E10

Tests on specimens having a lower degree of saturation apparently gave 

relatively lower Erosion Rate Indices as shown in Figure 2.54, Figure 2.55 and 

Figure 2.56, Figure 2.57. The plots of the Representative Erosion Indices versus
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the degree of saturation corresponding to the optimum water content in Figure 

2.58, Figure 2.59 show that the Erosion Rate Index increases with the degree of 

saturation (i.e. slower erosion rate at a higher degree of saturation). A good 

linear relationship between the Representative Erosion Indices and the degree of 

saturation is observed among the coarse-grained soil samples.

• Representative Erosion Rate Indices (I set and I het ) versus standard maximum 

dry density (pd ) and optimum water content (OWC) in Figures Ella and El lb

The predicted Representative Erosion Rate Indices are marked against the OWC 

and pd of the respective soil samples in Figure 2.60 and Figure 2.61. No

obvious relationship is observed between I set , I het , OWC and pdm .
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Figure 2.50: Erosion Rate Index (Iset) from Slot Erosion Test versus
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Figure 2.51: Erosion Rate Index (Iset) from Slot Erosion Test versus Water

Content Ratio (Acor). Soil samples classified into fine-grained soils and coarse-grained 

soils. (Same as Figure E7b in Appendix E)
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Figure 2.53:Erosion Rate Index (Ihet) from Hole Erosion Test versus Water 

Content Ratio (Acor). Soil samples classified into fine-grained soils and coarse-grained 

soils. (Same as Figure E8b in Appendix E)
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Figure 2.55: Erosion Rate Index (Iset) from Slot Erosion Test versus Degree of

Saturation. Soil samples classified into fine-grained soils and coarse-grained soils.

(Same as Figure E9b in Appendix E)
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Figure 2.57: Erosion Rate Index (I met) from Hole Erosion Test versus Degree of

Saturation. Soil samples classified into fine-grained soils and coarse-grained soils. 

(Same as Figure El0b in Appendix E)
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Figure 2.59: Predicted Erosion Rate Index (Ihet ) from Hole Erosion Test versus

Degree of Saturation. (Same as Figure ElOc in Appendix E)
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Figure 2.60: Representative Erosion Rate Index (I set ) from Slot Erosion Test versus
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Figure El la in Appendix E)
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Figure 2.61: Representative Erosion Rate Index (I met ) from Hole Erosion Test versus

Standard Maximum Dry Density (pd ) and Optimum Water Content (OWC). (Same as

Figure El lb in Appendix E)

Group 2 parameters : Grading properties which vary between soil samples only

The parameters commonly used to represent grading properties are gravel content 

(%gravel), sand content (%sand) and fines content (%fines). For a given soil, these 

three quantities add up to 100%. The amount of gravel in the 13 soil samples is 

insignificant, and plots of Erosion Rate Indices against gravel content reveal no 

relationship between the two parameters. As the erosion resistance of fine-grained soils 

is believed to be influenced by electro-chemical forces among clay particles, the 

relationship between erodibility and the clay content (%clay) of a soil should also be 

investigated. There are two slightly different definitions of clay-size particles. US 

engineers define clay-size particles as those finer than 0.005mm, whereas UK engineers 

define clay-size particles as those finer than 0.002mm. The clay contents based on the 

two slightly different definitions on clay-size particles are denoted by %clay(US) and 

%clay(UK). It should, however, be noted that clay-size particles may include non-clay 

minerals, and crystals of clay minerals are not necessarily finer than the clay-size 

minerals of 0.002 or 0.005 mm.
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Plots of the Erosion Rate Indices against the grading properties are shown in Figures FI 

to F8 at Appendix F. Comments on the plots are as follows:

• ISET and IHET versus Sand Content (%sand) in Figures FI and F2

Figures F3a, b and F4a, b show considerable scattering of the data points. The 

plots, however, show an obvious trend that the higher the Sand Content, the 

lower would be the Erosion Rate Indices (i.e. higher erosion rates). The coarse

grained soil samples have relatively higher Sand Content than the fine-grained 

soil samples. Figures F3c, and F4c, show an apparent linear relationship 

between the indices and the Sand Content of the coarse-grained soil samples.

• ISET and IHET versus Fines Content (%fines) in Figures F3 and F4

Plots of ISET, IHET against Fines Content show considerable scattering of the 

data points. However the plots, as shown in

Figure 2.62, Figure 2.63 and Figure 2.64, Figure 2.65, do reveal the trend that 

the higher the Fines Content, the higher would be the Erosion Rate Indices (i.e. 

lower erosion rates). The coarse-grained soil samples have relatively lower 

Fines Content than the fine-grained soil samples. Figure 2.66 and Figure 2.67 

also show an apparent linear relationship between the Representative Erosion 

Indices and the Fines Content of the coarse-grained soil samples, but no 

correlation for the fine-grained soil samples. As all the soil samples tested have 

low gravel content, and are mainly composed of sands and fines, the existence of 

a relationship between the indices and the sand content implies that the indices 

and the fines content are also related.

• ISET and IHET versus Clay Content (%clay(US)) in Figures F5 and F6

Figures F7a, b and F8a, b show considerable scattering of the data points. The 

figures, however, show the trend that the higher the clay content, the higher 

would be the Erosion Rate Indices. Figures F5c, and F6c also show that the 

Erosion Rate Indices are approximately linearly related to the Clay Content of 

the coarse-grained soils.

• ISET and IHET versus Clay Content (%clay(UK)) in Figures F7 and F8

The plots of Erosion Rate Indices against Clay Content (UK definition) in 

Figures F7 and F8 are very similar to the plots of the indices against Clay
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Content (US definition) in Figures F5 and F6. The Erosion Rate Indices are 

approximately linearly related to the Clay Content of the coarse-grained soils, 

but as for fines content, there is no correlation for fine-grained soils.
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Figure 2.62: Erosion Rate Index (Iset) from Slot Erosion Test versus Fines Content.

(Same as Figure F3a in Appendix F)
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Figure 2.63: Erosion Rate Index (Iset) from Slot Erosion Test versus Fines Content.

Soil samples classified into fine-grained soils and coarse-grained soils. (Same as Figure

F3b in Appendix F)
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Figure 2.64: Erosion Rate Index (Ihet) from Hole Erosion Test versus Fines Content.

(Same as Figure F4a in Appendix F)
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Figure 2.65: Erosion Rate Index {Ihet) from Hole Erosion Test versus Fines Content.

Soil samples classified into fine-grained soils and coarse-grained soils. (Same as Figure

F4b in Appendix F)
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Figure 2.66: Predicted Representative Erosion Rate Index (I set ) from Slot Erosion

Test versus Fines Content. (Same as Figure F3c in Appendix F)
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Figure 2.67: Predicted Representative Erosion Rate Index (Ihet ) from Hole Erosion

Test versus Fines Content. (Same as Figure F4c in Appendix F)

Group 3 parameters : Atterberg limits which vary between soil samples only 

Plots of the Erosion Rate Indices against Liquid Limits, Plasticity Indices and Activity 

are shown in Figures G1 to G6 at Appendix G. Activity is defined as the ratio between 

the Plastic Index and the Clay Content (fraction finer than 0.002 mm) (Skempton 1953).

• ISET and IHET versus Liquid Limit in Figures G1 and G2

Figures G1 and G2 show that the non-plastic soil samples have relatively lower 

Erosion Rate Indices. Other soil samples which have Liquid Limits at 30% or 

higher do not show any obvious relationship between their Erosion Rate Indices 

and their Liquid Limits.

• ISET and IHET versus Plasticity Index in Figures G3 and G4

Figures G3 and G4 show that the non-plastic soil samples have relatively lower 

Erosion Rate Indices. The plastic soil samples do not show any obvious 

relationship between their Erosion Rate Indices and their Plasticity Indices.

• ISET and IHET versus Activity in Figures G5 and G6
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Figures G5 and G6 show that the non-plastic soil samples have relatively lower 

Erosion Rate Indices. The plastic soil samples do not show any obvious 

relationship between the Erosion Rate Indices and their Activity.

Group 4 parameters : Dispersivity which varies between soil samples only 

The three commonly used laboratory tests for determining the dispersivity of a soil are 

the Pinhole Erosion Test (AS1289.3.8.3 1997, Sherard et al 1976), Emerson Class Test 

(AS 1289.3.8.1 1997, Emerson 1967), and the SCS Laboratory Dispersion Test 

(AS 1289.3.8.2 1997, Decker and Dunnigan 1977, Sherard et al 1972) which is also 

known as the Double-hydrometer Test. The Sodium Adsorption Ratio, SAR and the 

major cation content of the saturation extract of a soil are also believed to be good 

indicators of the degree of dispersivity. SAR is defined as

SAR = M
Ca 2+ + Mg 2+

Eqn 2.22

and the major cation content is the total amount of metallic ions (Na+, Ca2+, Mg2+ and 

K+) in the saturation extract of a soil. The amount of individual cations is expressed in 

milliequivalents per litre (meq/1). The saturation extract is a small quantity of pore fluid 

extracted from a saturated soil paste with water content approximately equal to its 

Liquid Limit. Plots of the Erosion Rate Indices against Pinhole Class, Emerson Class, 

percentage dispersion, SAR and cation contents are shown in Figures HI to H10 at 

Appendix H.

• ISET and IHET versus Pinhole Test Classification in Figures HI and H2

All coarse-grained soil samples and two fine-grained soil samples (Hume and 

Waranga Basin) were classified as D1 by the Pinhole Test. The remaining fine

grained soil samples were classified from PD1/PD2 to ND1. The plots do not 

show any obvious relationship between the Erosion Rate Indices and the Pinhole 

Test Classifications when considered as a whole, but if the fine-grained soils are 

considered separately, there is an apparent trend of higher ISET and IHET with 

decreasing dispersivity, which is what would be expected. The plots of the
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predicted Representative Erosion Rate Indices versus Pinhole Test 

Classifications are shown in Figure 2.68 and Figure 2.69.

• ISET and IHET versus Emerson Class in Figures H3 and H4

Hume and Waranga Basin, the only two fine-grained soil samples classified as 

highly dispersive (Dl) by the Pinhole Test, were also classified as dispersive 

(Class 1) by the Emerson Class Test. Nevertheless, unlike the Pinhole Test, the 

Emerson Class Test did not classify the coarse-grained soil samples as highly 

dispersive. Some of the coarse-grained soil samples have the same Emerson 

Class rating as some relatively erosion-resistant fine-grained soil samples. The 

plots in Figures H3 and H4 do not show any obvious relationship between the 

Erosion Rate Indices and the Emerson Classes. The plots of the predicted 

Representative Erosion Rate Indices versus Emerson Classes are shown in 

Figure 2.70 and Figure 2.71.

• ISET and IHET versus Percentage Dispersion in Figures H5 and H6

With very high Percentage Dispersion values, Waranga Basin and Hume are also 

shown by the SCS Laboratory Dispersion Test to be highly dispersive soils. The 

relatively erodible coarse-grained soil samples have Percentage Dispersion 

values within the range of 25 - 60%, whereas those relatively non-erodible fine

grained soil samples having high Erosion Rate Indices have relatively lower 

Percentage Dispersion values. Overall, the plots in Figures H5 and H6 do not 

show any obvious relationship between the Erosion Rate Indices and the 

Percentage Dispersion values. The plots of the predicted Representative Erosion 

Rate Indices versus Pinhole Percentage Dispersion values are shown in Figure 

2.72 and Figure 2.73.

• ISET and IHET versus SAR in Figures H7 and H8

Waranga Basin and Hume, classified as highly dispersive by other tests, have the 

highest SAR values among other soil samples. The coarse-grained soil samples 

have relatively low SAR values compared with the fine-grained soil samples. 

Overall, the plots in Figures H7 and H8 do not show any obvious relationship 

between the Erosion Rate Indices and the SAR values.

• ISET and IHET versus Major Cation Content in Figures H9 and H10
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The Major Cation Contents of Waranga Basin and Hume, being 145 and 28 

meq/1 respectively, are the highest among all soil samples. Other soil samples 

have values below 15 meq/1. The plots in Figures H9 and H10 do not show any 

obvious relationship between the Erosion Rate Indices and the Major Cation 

Contents.

6»

fci 5
iJP
/ps

U)o
LU

CO

©
"D

0)
TO

Od

<no
LU

<E

LEGEND ♦ Matahina
• Bradys X Pukaki(NP)
ES Buffalo > Rowallan (NP)
O Fattorini © Shellharbour
□ Hume * Teton
▲ Jindabyne ♦ Waranga Basin
☆ Lyell(NP) Waroona
O Symbols for coarse-grained

soil samples are circled.
NP means non-plastic.

D1 D2 PD1 PD1/PD2 PD2 ND2 ND1
Pinhole Test Classification iset&pinsgrf]

Note : Erosion Rate Indices presented are predicted indices for specimens at 95% compaction and Optimum Water Content.
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Pinhole Test Classification. (Same as Figure Hlc in Appendix H)
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Pinhole Test Classification. (Same as Figure H2c in Appendix H)
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Figure 2.71: Predicted Erosion Rate Index (I met ) from Hole Erosion Test versus

Emerson Class. (Same as Figure H4c in Appendix H)
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Figure 2.72: Predicted Erosion Rate Index (I set ) from Slot Erosion Test versus

Percentage Dispersion. (Same as Figure H5c in Appendix H)
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Critical shear stresses versus soil properties

The Critical Shear Stress is not directly measured from an erosion test. It is the 

horizontal-intercept of the best-fit straight line approximating the relationship between 

the rate of erosion per unit area and the shear stress due to the eroding fluid. This 

horizontal-intercept is assigned the physical meaning of “the threshold shear stress to 

cause erosion”. Procedures for finding the Critical Shear Stress have been described in 

Sections 2.3.2 and 2.3.4 of this report.

In Figure 2.74 and Figure 2.75, Critical Shear Stresses are plotted against the soil 

samples arranged in the order of increasing fines content, whereas in Figure 2.76 and 

Figure 2.77, they are plotted against the Erosion Rate Indices.

Figure 2.77 shows that the Critical Shear Stresses, tcSET obtained from Slot Erosion

Tests on a soil sample can assume a wide range of values, positive and negative, but 

spread relatively evenly about zero. Except for Hume and Shellharbour which have
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higher Critical Shear Stresses up to 400 N/m , other soil samples do not show large 

differences in their Critical Shear Stresses.

Figure 2.78 shows that the Critical Shear Stresses, icHET, based on the HET test data. 

These are considered to be more reliable than for the Slot Erosion Tests. It shows that 

tchet obtained from different tests on the same soil samples can vary considerably, but

some soils clearly have very low (zero) Critical Shear Stresses (Rowallan, Lyell, 

Jindabyne, Pukaki, Teton, Bradys), while others clearly have high Critical Shear 

Stresses. One obvious reason for the scatter is that the different test specimens of the 

same soil samples were having different conditions of compaction and water content, 

but the measurement of the rcHET is in itself uncertain. The plot shows that the zcHET of

the coarse-grained soil samples are, in general, lower than the tcHET of the fine-grained 

soil samples. rcHET, however, does not appear to be dependent on fines content.

Figure 2.74: Summary of Critical Shear Stresses obtained from Slot Erosion Tests on

all soil samples.
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Figure 2.76 and Figure 2.77 do not show any obvious relationship between the Iset and 

the tcSET , or between Ihet and zcHET. Figure 2.77 does show that coarse-grained soils, in 

general, have lower rcHET values than fine-grained soils.

tcSET and rcHET have also been plotted against the basic soil parameters as for the

Erosion Rate Indices. As none of these plots shows any obvious trend or relationship, 

they are not presented in this thesis.

In Figure 2.78, the test heads and the corresponding initial shear stresses, zQ, in Hole

Erosion Tests on soil specimens prepared at 95% compaction and optimum water 

content are presented for the 13 soil samples. The test heads presented were the 

minimum head under which erosion was detected in the Hole Erosion Tests. za is a 

simple function of the test head and the initial diameter of the pre-formed hole in the 

test specimen as described by equation 2.12 in Section 2.3.4. z0, therefore, similar to

tcHET , can serve as an indicator of the relative resistance of a soil for against initiation of

piping erosion. There is quite good agreement in trend terms between Figure 2.75 and 

Figure 2.78, but it is considered that this method is a more reliable way to determine the 

Critical Shear Stress than the extrapolation method used for Figure 2.75.

The initial shear stresses, zn, are also plotted against the Representative Erosion Rate

Index, Ihet , in Figure 2.79. The plot shows the broad trend that coarse-grained soils 

have lower z0 values than the fine-grained soils, and that zQ value of a fine-grained soil 

increases as its Erosion Rate Index increases.
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Figure 2.79: Initial Shear Stresses (r0) versus Representative Erosion Rate Index

(Ihet ) from Hole Erosion Tests.

2.5.3 Statistical correlation between test results and soil properties

Correlation of Erosion Rate Indices and Critical Shear Stresses with individual soil 

parameters

In order to reveal any possible links between the Erosion Rate Indices, the Critical Shear 

Stresses and the basic soil parameters, Erosion Rate Indices and Critical Shear Stresses 

have been correlated with individual soil parameters. The correlation analysis was 

carried out using the statistics package SPSS Ver.10, and the results are summarised in 

Table 2.12, Table 2.13 and Table 2.14.

In Table 2.12, Table 2.13 and Table 2.14, the strength of correlation is indicated by the 

Pearson’s Coefficient of Correlation Coefficient (r), the Coefficient of Determination 

(r2), and the Level of Significance, r = 0 means that two parameters are totally
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unrelated, whereas r — 1 or -1 represents a perfect correlation. The square of the 

Pearson’s Coefficient (r2), sometimes called the Coefficient of Determination, indicates 

the percentage of variations in one parameter that can be explained by the other 

parameter. For example, r2 = 0.6 means that 60% of the variations in one parameter can 

be explained by the other parameter. The Level of Significance of a correlation 

indicates the probability that an error is made by assuming that there is a relationship 

between two parameters while in actual fact they are unrelated. In the language of 

statistics, the Level of Significance represents the probability that a Type I Error is 

committed by rejecting a Null Hypothesis which states that two variables are not related.

Table 2.12: Correlations between Erosion Rate Indices from Slot Erosion Tests and

Individual Soil Parameters.
Erosion Rate Index from test Predicted representative index for each soil sample

Parameters
1 SET 'SET Uet 1 SET IsET 1 SET

Unit
of all soil samples of all coarse-grained of all fine-grained soil of all soil samples of all coarse-grained of all fine-grained soil

soil samples samples soil samples samples

Sample size (N) 94 22 74 13 5 9
Correlation coefficient, r -0.42

Dry Density Mg/m3 Coeff. of determination, r2 0.17
Level of significance 2.9E-05

Percentage
Compaction

Correlation coefficient, r -0.05 -0.08 0.03 _ _ _
% Coeff. of determination, r2 

Level of significance
0.00

6.4E-01 *
0.01

7.1E-01 *
0.00

7.9E-01 *
(Note 1) (Note 1) (Note 1)

Correlation coefficient, r 0 44 0.44
Water Content % Coeff. of determination, r2 0 19 0.19

Level of significance 1.1E-05 4.2E-02

Water Content 
Ratio

Correlation coefficient, r 0.28 0.30 0.29 — _ _
% Coeff. of determination, r2 

Level of significance
0.08

7.2E-03
0.09

1 7E-01 *
0.08

1 2E-02
(Note 2) (Note 2) (Note 2)

Degree of 
Saturation

Correlation coefficient, r 0 49 0.44 043 0.88 1.00 0.69
% Coeff. of determination, r2 0.24 0.19 0.19 0.77 1.00 0.47

Level of significance 6.4E-07 4.3E-02 1 2E-04 8.7E-05 4.2E-05 4.2E-02
Correlation coefficient, r -0.49 -0 52 -0 66 -0.91

Sand Content % Coeff of determination, r2 0.24 0.27 043 0.82
Level of significance 5.9E-07 1.3E-02 1.5E-02 3.3E-02
Correlation coefficient, r 0.44 0.64 0.59 0.97

Fines Content % Coeff. of determination, r2 0.19 0.41 0.34 0 94
Level of significance 8.8E-06 1.4E-03 3.5E-02 6.8E-03

Clay Content 
(US definition)

Correlation coefficient, r 042 0 74 0.60 0.96
% Coeff. of determination, r2 0.17 0.54 0.35 0 93

Level of significance 2.8E-05 9.2E-05 3.2E-02 8.9E-03

Clay Content 
(UK definition)

Correlation coefficient, r 041 0.71 0.59 0.94
% Coeff. of determination, r2 0.17 0.51 0.34 0.88

Level of significance 3.8E-05 2.0E-04 3.5E-02 1 8E-02
Correlation coefficient, r 0.49 0.57 0.61

Liquid Limit % Coeff. of determination, r2 0 24 0.32 0.37
Level of significance 5.9E-07 5.7E-03 2.7E-02
Correlation coefficient, r 0 46 0.54 024 0.55

Plasticity Index % Coeff. of determination, r2 0.21 0.29 0.06 0.31
Level of significance 2.5E-06 9.3E-03 4.0E-02 5 0E-02
Correlation coefficient, r 0.32 0.47

Activity Coeff. of determination, r2 0.10 0.22
Level of significance 1 5E-03 2.9E-02

Pinhole Test 
Classification

As Correlation coefficient, r 0.56 041 0.60
ordinal Coeff. of determination, r2 0.32 0.16 0.36
no. Level of significance 3.8E-09 3.4E-04 3.1E-02
As Correlation coefficient, r 0.34

Emerson Class ordinal Coeff. of determination, r2 0.12
no. Level of significance 2.9E-03

Percentage
Dispersion

Correlation coefficient, r -0.21 -033
% Coeff. of determination, r2 0.04 0.11

Level of significance 4.3E-02 3.6E-03
Correlation coefficient, r -0.26

SAR Coeff. of determination, r2 0.07
Level of significance 2.4E-02
Correlation coefficient, r -0 29

Cation Content meq/L Coeff, of determination, r2 0.08
Level of significance 1.3E-02

Notes
When Representative Erosion Indices are being studied, Percentage Compaction becomes a constant = 95%, but not a variable 
When Representative Erosion Indices are being studied, Water Content Ratio becomes a constant = 0, but not a variable. 
Asterisk' *' means that the Level of Significance is greater than 0.05.
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Table 2.13: Correlations between Erosion Rate Indices from Hole Erosion Tests and

Individual Soil Parameters.
Erosion Rate Index from test Predicted representative index for each soil sample

Parameters Unit
Let 1HET l HET / HET / HET 1 HET

of all soil samples of all coarse- of all fine-grained of all soil samples of all coarse- of all fine-grained
grained soil soil samples grained soil soil samples
samples samples

Sample size (N) 148 59 98 13 5 9
Correlation coefficient, r -049

Dry Density Mg/m3 Coeff of determination, r2 0 24
Level of significance 1.7E-10

Percentage
Compaction

Correlation coefficient, r -0.05 020 0.11 _ _ _
% Coeff of determination, r2 

Level of significance
0.00

5.4E-01 *
0.04

1.2E-01 *
0.01

3 0E-01 •
(Note 1) (Note 1) (Note 1)

Correlation coefficient, r 0 50 0 44 0 55
Water Content % Coeff. of determination, r2 0.25 0.20 0 30

Level of significance 1.1E-10 4.3E-04 5.1E-02*

Water Content 
Ratio %

Correlation coefficient, r 
Coeff of determination, r2 
Level of significance

0.09
0.01

2.9E-01 *

0 15
0 02

2 4E-01 *

0.14
0.02

1 8E-01 *
(Note 2) (Note 2) (Note 2)

Degree of 
Saturation

Correlation coefficient, r 0.47 0.53 0.36 0 85 0.97 0.65
% Coeff of determination, r2 0.22 0.28 0.13 0.73 0 94 0.42

Level of significance 1 8E-09 1 9E-05 3 1E-04 2.1E-04 6 1E-03 5.8E-02 *
Correlation coefficient, r -0.68 -0.71 -0.73

Sand Content % Coeff of determination, r2 0 47 0.51 0.54
Level of significance 1.7E-19 6.8E-11 4.5E-03
Correlation coefficient, r 0 64 0.80 069 0 93

Fines Content % Coeff of determination, r2 0.41 0.64 0.48 087
Level of significance 1.7E-19 1.5E-17 8.9E-03 2.1E-02

Clay Content 
(US definition)

Correlation coefficient, r 067 0.84 0.31 0.74 0.93
% Coeff. of determination, r2 045 0.71 0.10 0 54 0 87

Level of significance 1.7E-19 1.5E-17 1 6E-03 4.0E-03 2 2E-02

Clay Content 
(UK definition)

Correlation coefficient, r 0 66 0.82 0 34 0 73 0.90
% Coeff of determination, r2 0 44 0.68 0 12 0.53 0.82

Level of significance 1 7E-19 1.5E-17 5.2E-04 4.5E-03 3.5E-02
Correlation coefficient, r 0.62 0 64 0.72

Liquid Limit % Coeff of determination, r2 0.39 0 41 0.53
Level of significance 4.2E-18 5.3E-08 5.1E-03
Correlation coefficient, r 0.59 0 60 0.25 0.70

Plasticity Index % Coeff. of determination, r2 0 34 0 36 0 06 0.49
Level of significance 1.9E-15 4.8E-07 1 2E-02 7.6E-03
Correlation coefficient, r 0.37 0.49

Activity Coeff of determination, r2 0.14 0.24
Level of significance 30E-06 7 7E-05

Pinhole Test 
Classification

As Correlation coefficient, r 065 045 0.76 0 66
Ordinal Coeff. of determination, r2 042 020 0.57 0 43

No. Level of significance 1.7E-19 3.9E-06 2 7E-03 5.5E-02 *
As Correlation coefficient, r 0.27

Emerson Class Ordinal Coeff of determination, r2 0.07
No. Level of significance 8.1E-03

Percentage
Dispersion

Correlation coefficient, r -0.16 -0 32
% Coeff of determination, r2 0 03 0.10

Level of significance 4.9E-02 1.5E-03
Correlation coefficient, r

SAR Coeff. of determination, r2 
Level of significance
Correlation coefficient, r

Cation Content meq/L Coeff of determination, r2 
Level of significance

1 When Representative Erosion Indices are being studied, Percentage Compaction becomes a constant = 95%, but not a variable.
2 When Representative Erosion Indices are being studied, Water Content Ratio becomes a constant = 0, but not a variable
3 Asterisk ' * ' means that the Level of Significance is greater than 0.05.

The Level of Significance is usually set at 5% or lower. That means we allow for a 5% 

probability of making an error by assuming that two parameters are related while in fact 

they are not. In Table 2.12, Table 2.13 and Table 2.14, only the results of the correlation 

analysis which resulted in a Level of Significance of 5% or lower are presented.

The Level of Significance depends on the value of the Pearson’s Correlation Coefficient 

(r) and the Sample Size (N). Table 2.15 indicates the critical value of r for satisfying
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the requirement of a 5% or 1% Level of Significance. In the table, the Sample Size (TV) 

is the number of data points obtained from the erosion tests as shown in Table 2.12, 

Table 2.13 and Table 2.14.

Table 2.14: Correlations between Critical Shear Stresses from Hole Erosion Tests

and Individual Soil Parameters.
Critical Shear Stress from Slot Erosion Tests Critical Shear Stress from Hole Erosion Tests

of all soil samples of all coarse-grained of all fine-grained of all soil samples of all coarse-grained of all fine-grained
Parameters Unit soil samples soil samples soil samples soil samples

Sample size (N) 75 21 55 125 59 75
Correlation coefficient, r -0.37 -0.33

Dry Density Mg/m3 Coeff of determination, r2 0.14 0.11
Level of significance 2.4E-05 1 2E-02

Percentage
Compaction

Correlation coefficient, r 022 -0.10 0.28 -0 32 -0.03 -0.25
% Coeff of determination, r2 0.05 0.01 0.08 0.10 0.00 0.06

Level of significance 5 4E-02 * 6.6E-01 * 4 0E-02 2.9E-04 8.3E-01 * 3.2E-02
Correlation coefficient, r 0.28 0.46

Water Content % Coeff. of determination, r2 0.08 0.21
Level of significance 1 4E-03 2.5E-04

Water Content 
Ratio

Correlation coefficient, r -0.09 -0 04 -0.15 -0.11 -0.02 -0.18
% Coeff. of determination, r2 0.01 0.00 0.02 0.01 0.00 0 03

Level of significance 4.4E-01 * 8.7E-01 * 2.6E-01 * 2.3E-01 ‘ 8 6E-01 • 1 2E-01 *

Degree of 
Saturation

Correlation coefficient, r
% Coeff. of determination, r2 

Level of significance
Correlation coefficient, r -0 44 -0 53 0 34

Sand Content % Coeff of determination, r2 0 19 0.28 0.11
Level of significance 2.8E-07 1 6E-05 3.2E-03
Conelation coefficient, r 0.40 0.62 -0 40

Fines Content % Coeff of determination, r2 0.16 0.38 0.16
Level of significance 3.0E-06 2.1E-07 3.5E-04

Clay Content (US 
definition)

Correlation coefficient, r 0.29 0.35 0.74
% Coeff of determination, r2 0.08 0.12 0.54

Level of significance 3.5E-02 7.0E-05 3.9E-12

Clay Content (UK 
definition)

Correlation coefficient, r 0.24 0 33 0 36 0.75
% Coeff of determination, r2 0.06 0.11 0 13 0 56

Level of significance 3.7E-02 1 5E-02 4 2E-05 5.9E-13
Conelation coefficient, r 045 0 46

Liquid Limit % Coeff of determination, r2 0.20 0.22
Level of significance 1 9E-07 2.1E-04
Conelation coefficient, r 0 44 0.40

Plasticity Index % Coeff of determination, r2 0.19 0 16
Level of significance 3.9E-07 1 8E-03
Conelation coefficient, r 0.40 0.29

Activity Coeff of determination, r2 0.16 0.08
Level of significance 3.2E-06 1 2E-02

Pinhole Test 
Classification

As Conelation coefficient, r 045
Ordinal Coeff of determination, r2 0.20

No. Level of significance 1 3E-07
As Conelation coefficient, r

Emerson Class Ordinal Coeff of determination, r2
No. Level of significance

Percentage
Conelation coefficient, r

% Coeff of determination, r2
Level of significance
Conelation coefficient, r

SAR Coeff of determination, r2 
Level of significance
Conelation coefficient, r

Cation Content meq/L Coeff. of determination, r2 
Level of significance

Note
Asterisk ' * ' means that the Level of Significance is greater than 0.05.
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Table 2.15: Critical values of the Pearson’s Correlation Coefficient at a Level of

Significance of 5% and 1%.

Sample

Sample

Size

Degree of 
freedom

Critical value of Pearson's 
Correlation Coefficient, r

Critical value of the Coefficient of 

Determination, r2

Level of Significance Level of Significance

N N - 2 5% 1% 5% 1%

Successful SETs on all soil samples 94 92 0.20 0.27 0.04 0.07

Successful SETs on coarse-grained soil 

samples
22 20 0.42 0.54 0.18 0 29

Successful SETs on fine-grained soil 

samples
74 72 0.23 0.30 0.05 0.09

Successful HETs on all soil samples 148 146 0.20 0.25 0.04 0.06

All successful HETs on coarse-grained 
soil samples

59 57 0.26 0.33 0.07 0.11

Successful HETs on fine-grained soil 

samples
98 96 0.20 0.26 0.04 0.07

All soil samples 13 11 0.55 0.68 0.30 0.46

Coarse-grained soil samples 5 3 0.88 0.96 0.77 0.92

Fine-grained soil samples 9 7 0.67 0.80 0.45 0.64

Findings of the correlation analysis are summarised as follows:

• Correlation using data from Slot Erosion Tests

Table 2.12 shows that many soil parameters are correlated with ISET at the 5%

significance level, but none of them shows a particularly strong correlation if all 

soils are considered together.

If only the test data on the coarse-grained soils are analysed, Table 2.12 shows 

that fines content and clay content have moderately good correlations with ISET,

with Pearson’s correlation coefficients (r) higher than 0.63. The degree of 

saturation and the Atterberg’s limits also show some degree of correlation with 

ISET. In the correlation analysis, Matahina is considered both a coarse-grained

soil and a fine-grained soil.

If only the test data on the fine-grained soils are analysed, Table 2.12 shows that 

the degree of saturation, the Pinhole Test classification, the Emerson Class and 

the Percentage Dispersion exhibit some degree of correlation with ISET, but the

correlations are weak.
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Correlation of the Erosion Rate Indices with either the Percentage Compaction, 

or the Water Content Ratio is insignificant.

• Correlation using all data from Hole Erosion Tests

Table 2.13 shows that many soil parameters are correlated with IHET at the 5% 

significance level, but none of them shows a particularly strong correlation if all 

soils are considered together.

If only the test data on the coarse-grained soils are considered, correlation 

analysis shows that sand content, fines content and clay content have good 

correlations with 1HET with r values greater than 0.71. The water content, the 

degree of saturation and the Atterberg’s Limits show some, but weak correlation 

with IHET.

If only the test data on the fine-grained soils are considered, correlation shows 

that the degree of saturation, the clay content, the Pinhole Test classification, the 

Emerson Class, the Percentage Dispersion show some degree of correlation with 

IHET , but the correlations are not strong.

Correlation of the Erosion Rate Indices with either the Percentage Compaction, 

or the Water Content Ratio is insignificant.

• Correlations between soil parameters and representative erosion rate indices

(I set and I het ) predicted from non-linear regression models

Table 2.12 shows that , based on SET data for coarse-grained soils, I set have a 

very strong correlation with the degree of saturation, the fines content and the

clay content with r values greater than 0.96. Similarly, I het also shows a very 

strong correlation with the degree of saturation, the fines content and the clay 

content with r values greater than 0.93 when the HET data are considered.



Chapter 2 Laboratory tests on piping erosion Page 152

For fine-grained soils, I set shows moderately good correlation with the degree 

of saturation with r value = 0.69 as shown in the Table 2.12. When the HET

data were analysed, Ihet shows moderately good correlation with the degree of 

saturation and the Pinhole Test Classification, with r values at about 0.65 as 

shown in Table 2.13.

• Correlations between Critical Shear Stresses and soil parameters

Table 2.14 shows weak correlations between the Critical Shear Stresses, rcSFT, 

obtained from Slot Erosion Tests on fine-grained soil samples and the clay 

content, and between rcSET and the Percentage Compaction. Apart from that,

rcset do not show any significant correlation with any of the other soil 

parameters. Table 2.14 also shows that the Critical Shear Stresses, tcHFT , 

obtained from Hole Erosion Tests on coarse-grained soil samples have 

moderately good correlation with the fines content and the clay content. tcHFT

for fine-grained soils do not show particularly good correlation with any of the 

soil parameters.

The correlation analysis shows that the Erosion Rate Indices and the Critical Shear 

Stresses cannot be satisfactorily explained by a single soil parameter in that none of the 

correlations is particularly strong. This observation is consistent with the plots of 

Erosion Rate Indices against individual soil properties in Appendices E, F, G and H 

which show considerable scattering of the data points. Plots of Critical Shear Stresses 

in Figure 2.74 to Figure 2.77 also show considerable scattering of the data points. A 

multivariate analysis is required for studying the relationship between the Erosion Rate 

Indices or the Critical Shear Stresses and a group of soil parameters. The following 

Section describes the multivariate analysis.
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Multiple linear regression analysis between erosion rate indices, critical shear 

stresses and soil parameters

The main purpose of multiple linear regression analysis is to find out any possible link 

between the Erosion Rate Indices or the Critical Shear Stresses with one or more of the 

basic soil parameters. A multiple linear regression equation relates a dependent variable 

Y with a number of independent variables Xand takes the form:

Y = Cq + C|Xj + c7X2 +—\-clXl Eqn 2.23

where Y is the dependent variable, which may be the Erosion Rate Index, 

or the Critical Shear Stress,

X] '"Xt are the independent variables (also called the predictor

variables) which, for example, may be water content, or 

dry density, etc.

Cj • • • c, are the model coefficients which are to be found out from 

the regression analysis.

The independent variables used for defining a regression equation can be selected 

manually based on their degree of correlation with the dependent variable as revealed by 

the results of correlation analysis in the preceding Section. In addition, there are three 

systematic methods for selecting or rejecting independent variables in a regression 

analysis. The three methods are forward selection, backward elimination and stepwise 

regression.

In brief, the forward selection procedure starts with no independent variable in the 

regression equation. The first independent variable considered for insertion into the 

equation is one which will cause the biggest increase in the coefficient of determination. 

Independent variables are then added one by one until the addition of a new independent 

variable has caused no significant improvement in the correlation. The backward 

elimination is the opposite of the forward selection procedure. All the independent 

variables start in the equation are eliminated one at a time. At each stage the 

independent variable least important to the correlation will be removed from the
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equation. The stepwise regression procedure is an improved version of forward 

selection. In this procedure, the variables already in the equation are re-evaluated at 

each stage. Due to inter-correlation, a variable that is important at an earlier stage may 

become not important at a later stage. Therefore, before a variable is added in the 

stepwise regression process, the least important variable identified during the re- 

evaluation process will be removed.

Using the above methods for selecting independent variables, and with the use of the 

statistics package SPSS Ver. 10, regression equations were obtained for the Erosion 

Rate Indices and the Critical Shear Stresses.

As the plots in Appendices E - H and the correlation analysis in the preceding Section 

show that the Erosion Rate Indices and the Critical Shear Stresses of the coarse-grained 

soils and the fine-grained soils are influenced by different sets of soil parameters, there 

is a need to analyse separately the data for the coarse-grained soil samples and the data 

for the fine-grained soil samples. The various linear models obtained from the multiple 

regression analysis are summarised in Table 2.16 and Table 2.17.

The strength of the correlations between the dependent and the independent variables in 

the regression equations in Table 2.16 and Table 2.17 are described by the parameters R, 

R2, Adjusted R2, F and the level of significance. R is the correlation coefficient similar 

to the Pearson’s Correlation Coefficient, r, in a correlation analysis between 2 variables. 

R2 is the Coefficient of Determination when the predicted values of the dependent 

variable are correlated with their actual values. To obtain an unbiased estimate of R2 for 

the population, the Adjusted R is used instead of R. The Adjusted R~ takes account of 

the number of independent variables in the regression equation. The Adjusted R2 is 

always less than R2, and the difference between the Adjusted R2 and R2 increases as 

more independent variables are added to the regression equation. A large value of 

Adjusted R2 means a better correlation. The level of significance is the probability that 

an error is made by assuming that the variables are correlated while in actual fact they 

are not. The level of significance is dependent upon the F statistics, the sample size and 

the number of independent variables in the regression equation. Usually a large F
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indicates a better correlation between the independent variables and the dependent 

variable.

The regression equations in Table 2.16 and Table 2.17 have been used to predict values 

of Erosion Rate Indices and Critical Shear Stresses. In Figure 2.80 and Figure 2.81 the 

predicted Erosion Rate Indices for the coarse-grained soil samples are plotted against 

the actual values obtained from tests. The plots show moderately good correlation 

between the predicted and the actual values. The same regression equations were also 

used to predicted values of the Representative Erosion Rate Index corresponding to 95% 

compaction and optimum water content. These predicted values of the Erosion Rate

Index (Iset and Ihet) are compared with the Representative Erosion Rate Indices

(I set and I het ) predicted from non-linear regression models described in Section 2.5.2. 

The non-linear models were developed for each soil samples using only the dry density 

and the water content as the independent variables. The plots in Figure 2.82 and Figure

2.83 show very good match between I set and I set , and between I het and I het .
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Figure 2.80: Erosion Rate Indices (I set ) predicted by Multiple Linear Regression

Model versus Erosion Rate Indices (ISET) from Slot Erosion Tests on Coarse-grained

Soil Samples.
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Figure 2.81: Erosion Rate Indices (Ihet) predicted by Multiple Linear Regression

Model versus Erosion Rate Indices (IHET) from Hole Erosion Tests on Coarse-grained

Soil Samples.
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Figure 2.82: Erosion Rate Indices (I set ) predicted by Multiple Linear Regression

Model versus Representative Erosion Rate Indices (I set ) predicted by Non-linear 

Regression Models for each Coarse-grained Soil Samples.
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Figure 2.83: Erosion Rate Indices (Ihet ) predicted by Multiple Linear Regression

Model versus Representative Erosion Rate Indices (I het ) predicted by Non-linear 

Regression Models for each Coarse-grained Soil Samples.
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In Figure 2.84 and Figure 2.85 the predicted Erosion Rate Indices for the fine-grained 

soil samples are plotted against the actual values obtained from tests. Figure 2.84 

reveals that the predicted Erosion Rate Indices do not show a particularly strong 

correlation with the actual values obtained from Slot Erosion Tests on the fine-grained 

soil samples. The plot in Figure 2.85 however, shows moderately good correlation 

between the predicted Indices and the actual values obtained from Hole Erosion Tests 

on the fine-grained soil samples. The predicted values of Erosion Rate Indices at 95% 

compaction and optimum water content are plotted against the Representative Erosion 

Rate Indices for the fine-grained soil samples in Figure 2.86 and. Figure 2.87. Figure

2.86 does not show a particularly good correlation between I set and I set based on the 

Slot Erosion Test data. Figure 2.87 on the other hand, shows very good correlation

between I met and I het .

Figure 2.88 shows a plot of the predicted Critical Shear Stresses, tc het , against the 

Critical Shear Stresses, tcHET , obtained from Hole Erosion Test data on the coarse

grained soil samples using the extrapolation method. The independent variables of the 

model, namely the Degree of Saturation, Activity, Percentage Dispersion and the 

Sodium Adsorption Ratio, appear to be reasonable predictors of the Critical Shear 

Stress. The plot in Figure 2.88 however, does not indicate a good match between the 

predicted values and the actual values of the Critical Shear Stress. Regression analysis 

of the Slot Erosion Test data indicated poor correlation between rcSET and other soil

parameters (values of Adjusted R2 of all tested models are less than 0.6). Regression 

analysis of the Hole Erosion Test data for the fine-grained soil samples was also unable 

to produce satisfactory regression model for predicting Critical Shear Stresses.
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Figure 2.84: Erosion Rate Indices (I set ) predicted by Multiple Linear Regression

Model versus Erosion Rate Indices (ISET) from Slot Erosion Tests on Fine-grained Soil

Samples.
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Figure 2.85: Erosion Rate Indices (I met ) predicted by Multiple Linear Regression

Model versus Erosion Rate Indices (IHET) from Hole Erosion Tests on Fine-grained Soil

Samples.
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Figure 2.86: Erosion Rate Indices (I set ) predicted by Multiple Linear Regression

Model versus Representative Erosion Rate Indices (I set ) predicted by Non-linear 

Regression Models for each Fine -grained Soil Samples.
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Figure 2.87: Erosion Rate Indices (Ihet ) predicted by Multiple Linear Regression

Model versus Representative Erosion Rate Indices (I het ) predicted by Non-linear 

Regression Models for each Fine-grained Soil Samples.
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Figure 2.88: Critical Shear Stresses (rc HFT) predicted by Multiple Linear Regression

Model versus Critical Shear Stresses ( tcHET ) from Hole Erosion Tests on Coarse-

Grained Soil Samples.

Correlation between the SET and the HET

Erosion Rate Indices obtained from Slot Erosion Tests cannot be directly compared with 

Erosion Rate Indices obtained from Hole Erosion Tests simply because the test 

parameters, namely the dry density and the water content, vary from test to test. It is,

however, quite reasonable to compare the Representative Erosion Indices, I set , based

on Slot Erosion Tests with the Representative Erosion Indices, Ihet , based on Hole 

Erosion Tests for each soil samples, because both predicted indices correspond to the
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standard conditions of 95% compaction and optimum water content. Values of I set

and Ihet for the 13 soil samples are shown in Table Cl at in Appendix C.

Figure 2.89 shows a plot of I het against I set for the 13 soil samples. The plot shows 

very good correlation between the two Indices. The correlation, however, does not 

include the data points for Buffalo and Matahina because regression models for

predicting I set are not available for these two soils due to insufficient Slot Erosion Test

data. The I set representing Buffalo and Matahina in the plots are values estimated 

from limited test data and may not be representative of the index values at 95% 

compaction and optimum water content.
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Figure 2.89: Representative Erosion Rate Index based on Hole Erosion Tests versus

Representative Erosion Rate Index based on Slot Erosion Tests.
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Figure 2.89 also shows that the I set and I het of the same soil are in the same order of 

magnitudes. The maximum differences between the two predicted indices of the same 

soil are 0.8 for Pukaki and 0.7 for Teton. In other words, the Slot Erosion Test and the 

Hole Erosion Test will provide a very similar rating on erosion rate when applied to the 

same soil prepared at the standard conditions of 95% compaction and optimum water 

content.

2.5.4 Effects of soil mineralogy on the Erosion Rate Index

As shown in earlier analysis, the Erosion Rate Indices of the coarse-grained soil samples 

are more satisfactorily predicted from the basic soil parameters than the Erosion Rate 

Indices of the fine-grained soil samples. The Erosion Rate Indices of the fine-grained 

soil samples do not show any strong relationship with the fines content, nor with any 

other soil parameters. It is believed that in fine-grained soils, the complex electro

chemical forces acting among clay particles and the cations in water have an important 

effect on their erosion characteristics. An attempt has been made to account for the 

differences in erosion rates among the fine-grained soil samples from the point of view 

of clay mineralogy.

Effects of composition of soil minerals of fine-grained soil samples on the erosion 

rate index

A comparison of the Erosion Rate Indices of the fine-grained soil samples shows that 

Waroona, Shellharbour and Buffalo are more erosion-resistant than the other fine

grained soil samples. A close examination of the compositions of soil minerals of the 

various soil samples in Table 2.10. reveals that soil samples Waroona and Shellharbour 

have kaolinites as the predominant clay minerals, and do not contain any smectites or 

vermiculites, whereas Buffalo has no smectites and only a trace of vermiculites. In 

Shellharbour, the kaolinites are halloysites which explain the high Atterberg’s limits of 

the soil. All of the remaining 7 fine-grained soil samples contain smectites and some
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vermiculites too. Hence one possible explanation for the difference in erodibility 

between the soil samples is that the presence of smectites and possibly vermiculites in a 

soil makes it more erodible. Following this Section is a discussion of the structure and 

the bonding of the commonly found clay minerals, namely kaolinites, illites, smectites, 

vermiculite and chlorite. This shows that kaolinites, illites and chlorite have strong 

interlayer bonds, and have low tendency to expand in water. Smectites and 

vermiculites, on the other hand, tend to expand in water leading to weakening of 

bonding between clay mineral crystals. The proposition that soils containing smectites 

and possibly vermiculites are more erodible, therefore, sounds reasonable.

Basic structures of clay minerals

Individual clay mineral crystals usually look like tiny plates. These plates consist of 

many crystal sheets which have a repeated atomic structure. The fundamental building 

blocks of the repeated atomic structure are the silica (or tetrahedral) sheet and the 

alumina (or octahedral) sheet. Figure 2.90 and Figure 2.91 show the structure of the 

silica sheet and the alumina sheet respectively. Different ways of stacking together of 

these fundamental sheets, different bonding types, and different metallic ions in the 

crystal lattice result in different types of clay minerals.

(a) (b)

Oxygens Q and 0 = Silicons

Figure 2.90: (a) Single silica tetrahedron; (b) Sheet structure of silica tetrahedrons

arranged in a hexagonal network. (Grim 1953).
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Figure 2.91: (a) Single octahedral unit; (b) Sheet structure of the octahedral units.

(Grim 1953).

The five commonly found clay minerals in soils are kaolinite, illite, vermiculite, 

smectite, and chlorite. Some of the important properties of these minerals are 

summarised from Mitchell (1976) as follows:

Kaolinite

Kaolinite is composed of alternating silica (tetrahedral) and alumina (octahedral) sheets. 

A sketch showing the structure of a basic kaolinite layer is shown in Figure 2.92a, and a 

schematic diagram of the structure of kaolinite is shown in Figure 2.92b. The bonding 

between successive layers is by both van der Waals forces and hydrogen bonds. The 

bonding is so strong that there is no interlayer swelling in the presence of water.

Smectite

The basic structural unit for smectite (montmorillonite) is a three-layer sandwich. The 

middle layer can be either a gibbsite sheet (as in montmorillonites) or a brucite sheet (as 

in saponites). A sketch of the structure of smectite is shown in Figure 2.93a , and a 

schematic diagram of the structure is shown in Figure 2.93b. Bonding between 

successive layers is by van der Waals forces and by readily exchangeable cations which 

balance charge deficiencies in the structure. The charge deficiencies occur due to 

isomorphous substitution of the cations within the crystal structure leading to net 

negative charge on the clay crystal surface. The bonding by van der Waals forces is 

weak and easily separated by cleavage or adsorption of water. A water molecule has a
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dipolar positive and negative charge which allows the molecule to be attracted to the 

negatively charged clay surface, and with the cations. Montorillonite is the most 

expansive and potentially dispersive of all clay minerals.

G

/ _x
G

/ \
G

/ \
-

Octahedral
sheet

Tetrahedral
sheet

7.2 A

(b)

Figure 2.92: (a) Structure of kaolinite layer (Grim 1953); (b) Schematic diagram of

the structure of kaolinite (Mitchell 1976).
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Figure 2.93: (a) Structure of smectite (Grim 1953); (b) Schematic diagram of the

structure of smectite (Mitchell 1976).
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Illite

The basic structural unit for illite is the three-layer silica-gibbsite-silica sandwich 

similar to that of smectite. A gibbsite sheet is an octahedral sheet in which the cations 

are mainly aluminium. One-quarter of the silicon positions in the silica sheet are filled 

by aluminium. The resulting charge deficiency is balanced by potassium ions between 

the layers. The potassium ion fits itself nicely into the hexagonal hole formed by the 

bases of the silica tetrahedrals. A sketch of the structure of illite is shown in Figure 

2.94a, and a schematic diagram of the structure is shown in Figure 2.94b The bonding 

between successive layers is by both van der Waals forces, and the potassium ion. 

Some isomorphous substitution may occur (as for montorillonite) giving a negatively 

charged surface, and a tendency to attract cations and water. The bonding by potassium 

is, however, sufficiently strong that illite does not swell much in the presence of water.

(b)

Figure 2.94: (a) Structure of muscovite/illite (Grim 1953); (b) Schematic diagram of

the structure of illite (Mitchell 1976).
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Vermiculite

The basic structural unit for vermiculite is the three-layer silica-brucite-silica sandwich. 

A brucite sheet is an octahedral sheet in which the cations are mainly magnesium. In 

between the three-layer units, there are double molecular layers of water. The thickness 

of the water layer depends on the cation presents in this region for balancing charge 

deficiencies. With magnesium and calcium as the balancing cations, there are two water 

layers. A schematic diagram of the structure of vermiculite is shown in Figure 2.95 The 

bonding between successive layers is by both van der Waals forces, and the magnesium 

and calcium ions. The interlayer cations are exchangeable, and vermiculite can 

dehydrate or re-hydrate easily. The interlayer bonding is weak and depends on the type 

of interlayer cations. The minerals can expand easily upon re-hydration when exposed 

to moist air.

Exchangeable

10 to 14 A 
(14 A as 
shown)

Figure 2.95: Schematic diagram of the structure of vermiculite (Mitchell 1976).

Chlorite

The basic structural unit for chlorite is a three-layer sandwich similar to that of illite, but 

the middle layer usually has magnesium as the predominant cation. The magnesium 

ions can be partially substituted by ferrous, ferric or aluminium ions. The three-layer 

units are connected together by a brucite sheet. A schematic diagram of the structure of 

chlorite is shown in
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Figure 2.96. Bonding between successive layers by van der Waals forces and the 

brucite sheet is strong so that the structure does not expand significantly when exposed 

to water.

Brucite 
or Gibbsite 
sheet

Brucite
sheet

14 A

Figure 2.96: Schematic diagram of the structure of chlorite (Mitchell 1976).

2.5.5 Effects of cementing materials on erosion rate

If the presence of smectites and vermiculites makes a soil more erodible, soil sample 

Buffalo should have a lower Erosion Rate Index than Waroona and Shellharbour, as it 

contains vermiculites. Results from both SETs and HETs, however, show that Buffalo 

has the highest Erosion Rate Indices among all the soil samples tested. This finding 

suggests that either the proposition that the presence of vermiculites makes a soil more 

erodible is wrong, or there are some other factors that cause the high erosion-resistance 

of Buffalo.

A detailed report by Hensel (2001) on the soil mineralogy of Buffalo indicated that the 

soil contained iron oxides as a cementing material. The iron oxides formed a hard crust 

around the clay minerals, and might have improved the erosion resistance of the soil.
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For the same reason, other type of cementing agents which may be found in a soil, such 

as gypsum, might also improve the erosion resistance of the soil.

A copy of the report on the soil mineralogy of Buffalo by Hensel (2001) can be found in 

Appendix L of this report.

It is notable that Waroona, Buffalo and Shellharbour, as well as having the above 

characteristics, are characterised by a red colour from iron oxides. Waroona is a lateritic 

soil. Buffalo is fluvial soils which are weathered and oxidised and in parts cemented 

from fluctuating water table.

2.5.6 Special tests

Effects of soil saturation on erosion rate - soaked tests

13 Slot Erosion Tests have been carried out in such a way that the soil specimens were 

soaked in water for at least 18 hours prior to testing. The aim of these tests is to 

investigate the effects of soaking/saturating the soil specimen on erosion rate. The tests 

were carried out on 7 soil samples, and the results are summarised in Table 2.18. Only 

Five out of the thirteen 13 tests were successful in producing results as the other tests 

showed no erosion due to blockage of the pre-formed slot before or during the erosion 

test.

Out of the 5 successful tests, 2 tests, on Fattorini and Waranga Basin, produced a higher 

Erosion Rate Index, meaning that the soaked specimen eroded at a slower rate than one 

without soaking. 1 test on Rowallan, however, gave a lower Erosion Index than that 

from an un-soaked specimen. The remaining 2 successful tests on Fattorini resulted in 

Erosion Rate Indices which did not differ by more than 0.5 from the index of an un

soaked specimen. As shown in Table 2.18, a '‘neutral” rating is given for these two tests 

in that the small difference in the index values might be due to measurement errors or 

errors in the predicting the index of the un-soaked specimen.
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It should be noted that controlled tests on un-soaked specimens prepared at the same 

conditions of compaction and water content as the soaked specimens have not been 

carried out due to limited amount of soils available for testing. The Erosion Rate 

Indices for the un-soaked specimens used for comparing with the Indices obtained from 

the soaked tests are actually predicted values using the non-linear regression model 

described in Section 2.5.2.

24 Hole Erosion Tests have been carried out on specimens which had been soaked in 

water under a surcharge of 6.89 kPa (1 psi) until no further swelling of the specimen 

was recorded by dial gauges. Moisture content tests on some of these soaked specimens 

indicated that a degree of saturation close to or above 90% could be achieve by of this 

method of soaking. The 24 tests were carried out on all the 13 soil samples. Results of 

the tests are summarised in Table 2.19.

7 out of the 24 tests were unsuccessful as the pre-formed hole of the test specimen was 

blocked before or during the test. Three tests on Fattorini, Hume and Waranga Basin 

indicated that the Erosion Rate Index of the soaked specimen was higher than that of the 

un-soaked specimen, meaning that prior soaking might have reduced the erosion rate. 4 

tests on Lyell, Shellharbour, Teton and Waroona respectively, showed a lower Erosion 

Rate Index than expected from an un-soaked specimen. The remaining ten tests showed 

no significant difference between the Erosion Rate Index of the soaked specimen and 

that of the un-soaked specimen.

The number of cases with an increased in the value of the Erosion Rate Index due to 

prior soaking of the test specimen is almost equal to the number of cases for a decreased 

value of the Erosion Rate Index. In view of this, a conclusion cannot be drawn at this 

stage regarding the effects of prior soaking/saturation on the erosion rate of a soil. 

Testing of soaked specimens of the non-plastic/low plasticity soil samples were difficult 

in that the pre-formed hole easily collapsed as soon as water was applied to the 

specimen. Two of the soil samples which experienced a reduction in Erosion Rate 

Index were non-plastic or of low plasticity, suggesting that prior soaking made 

specimens of non-plastic coarse-grained soils more erodible.
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Effects of salt concentration of eroding fluid on erosion rate - salt tests

Research by others showed that pure water or water with a very low concentration of 

dissolved solids would cause faster erosion in some soils than water which had a higher 

concentration of dissolved solids. The effects of salt concentration in the eroding fluid 

on erosion rate would also depend on the electrochemical properties of the soil being 

eroded. Some Slot Erosion Tests and Hole Erosion Tests have been carried out using 

dilute sodium chloride solution as the eroding fluid. The purpose was to investigate the 

effects of salt concentration on the erosion rate of various soil samples.

6 SETs have been carried out on specimens of 6 soil samples using 0.02M NaCl 

solution as the eroding fluid. Results of the test are summarised in Table 2.20. 1 out of 

the 6 tests was unsuccessful in that the slot was blocked during the test. 4 out of the 5 

successful tests did not show significance differences between the values of the Erosion 

Rate Index obtained from the tests and the predicted values of the Erosion Rate Index 

for normal tests with tap water as the eroding fluid. A test on Rowallan showed a higher 

Erosion Rate Index than that expected from a normal test.

12 HETs have been carried out on specimens of 12 soil samples using 0.02M NaCl 

solution as the eroding fluid. The test results are summarised in Table 2.21. 3 out of the 

12 tests were unsuccessful in that the pre-formed hole of the test specimen was blocked 

or collapse during the test. The test on Lyell showed that the Erosion Rate Index was 

higher than the normal test, meaning that the erosion rate was relatively lower using 

0.02M NaCl solution as the eroding fluid. Three tests on specimens of Hume, Pukaki 

and Shellharbour resulted in Erosion Rate Indices higher than that from normal tests on 

these specimens. There were 5 tests which produced Erosion Rate Indices not 

significantly different from normal tests on the same test specimens.



Table 2.18: Effects on Erosion Rate Index (Iset) of prior soaking of test specimens in Slot Erosion Test;

Comparison of lSET for soaked specimen with predicted ISe t  o f  imaginary, unsoaked specimen having 
same conditions of compaction and water content as the soaked specimen

Comments

|Cannot compare.

The Is e t  based on test on a soaked specimen is higher than the 
predicted ISe t  for a similar specimen without prior soaking.

The Is e t  based on test on a soaked specimen is higher than the 
predicted lSET for a similar specimen without prior soaking The 
difference in the ISe t  values is insignificant

The Is e t  based on test on a soaked specimen is higher than the 
predicted ISe t  for a similar specimen without prior soaking. The 
difference in the ISet values is insignificant.

Cannot compare.

Cannot compare.

|cannot compare.
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Cannot compare.
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predicted lSET for a similar specimen without prior soaking.
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Table 2.19: Effects on Erosion Rate Index (Ihet) of prior soaking of test specimens in

Hole Erosion Tests.
Soil Sample Erosion Rate Indices for soil specimens soaked in water 

until no further swelling before testing.
Predicted Erosion Rate Indices for 
imaginary soil specimens with the 
same conditions of compaction and 
water content.

Comparison of IHet for soaked specimen with predicted IHET of 
imaginary, unsoaked specimen having same conditions of compaction 
and water content as the soaked specimen

Test
No.

Percentage
Compaction

Water
Content

lHET from 
Test

Sample swell 
(mm) during 

soaking

Regression 
Model (Note 

1)

Predicted IHet based 
on regression model I set for soaked specimen 

higher than Predicted lSET 
for specimen without prior 

soaking?

Comments

Bradys

16 94.5% 35.7% 3.55 2.118 6 3.72 Neutral The two lHET values do not differ 
significantly.

20 94.0% 35.6% 341 2.972 6 343 Neutral The two lHET values do not differ 
significantly.

4 95.0% 18.7% 6.00 0.436 9 6.02 Neutral The two Ihet values do not differ 
significantly.

8 89.0% 15.3% 6.00 1.670 9 5.55 Neutral The two IHEt values do not differ 
significantly.

Fattorini 14 95.5% 17.7% 6.00 1.040 4 4.67 Yes
The Ihet based on test on a soaked 
specimen is higher than the predicted IHet 
for a similar specimen without poor soaking.

Hume 11 95.5% 20.3% 4.44 3 096 5 3.93 Yes
The Ihet based on test on a soaked 
specimen is higher than the predicted IHEt 
for a similar specimen without prior soaking.

Jindabyne

17 94.5% 15.9% Hole
blocked 1.526 1 2 84 - Cannot compare.

20 96.0% 15.9% Hole
blocked 1.332 1 3.01 - Cannot compare.

21 94.5% 16.4% 303 1.026 1 287 Neutral The two Ihet values do not differ 
significantly

Lyell

15 95.0% 9.8% 1.71 0 000 9 1.73 Neutral The two Ihet values do not differ 
significantly.

18 95.0% 7.5% 1.72 -0.016 9 2.33 No
The Ihet based on test on a soaked 
specimen Is lower than the predicted IHEt for 
a similar specimen without prior soaking

Matahma
12 95.0% 16.2% 4.07 0.568 4 3 73 Neutral The two Ihet values do not differ 

significantly.

17 97.5% 17.3% Hole
blocked 0.230 4 4.84 - Cannot compare

Pukaki
15 96.0% 8.8% 2.53 -0.020 5 2.85 Neutral The two l„ET values do not differ 

significantly.

18 96 5% 84% 3 05 0 000 5 2 78 Neutral The two Ihet values do not differ 
significantly

Rowallan 16 98.5% 10.0% Hole
blocked 0 000 6 0.21 - Cannot compare.

Shellharbour
14 95.5% 40.0% 4 34 1 446 5 5.75 No

The Ihet based on test on a soaked 
specimen is lower than the predicted Ihet for 
a similar specimen without prior soaking

17 94.5% 40.2% 6.00 1 440 5 5.54 Neutral The two Ihet values do not differ 
significantly

Teton

19 96.5% 17.8% Hole
blocked 0.028 5 2.60 - Cannot compare.

22 95.0% 18.2% 225 0.002 5 243 No
The IHEt based on test on a soaked 
specimen is lower than the predicted IHEt for 
a similar specimen without prior soaking

Waranga
Basin

12 92.0% 18.3% Hole
blocked 3.074 5 3.07 - Cannot compare.

13 95.0% 18.5% Hole
blocked 1.660 5 3.57 - Cannot compare.

19 95.4% 18.6% 5.01 0734 5 3.66 Yes
The IHet based on test on a soaked 
specimen is higher than the predicted IHet 
for a similar specimen without pnor soaking.

Waroona 17 94.0% 23.2% 4.69 0.186 9 5 59 No
The Ihet based on test on a soaked 
specimen is lower than the predicted IHet for 
a similar specimen without prior soaking.

1 Details of the regression models can be found in Section2.5.2.
2 A "neutral'' rating is given when the Erosion Rate Index of the specimen in the salt test and the predicted index of a normal test do not differ by more than 0.5.
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Table 2.20: Effects on Erosion Rate Index (Iset) due to the use of 0.02M Sodium

Chloride Solution as the Eroding Fluid in Slot Erosion Tests.

Soil Sample

Erosion Rate Indices for specimens tested 
with Salt Solution (0 02M NaCl) as the eroding 
fluid.

Predicted Erosion Rate Indices for 
imaginary soil specimens with the 
same conditions of compaction and 
water content.

Comparison of ISet from salt water test with predicted 
lSET of imaginary specimen having same conditions of 
compaction and water content.

Test
No

Percentage
Compaction

Water
Content

Iset from 
Test

Regression 
Model 

(Note 1)
Predicted ISet 

based on 
regression model

ISEt for salt water 
test higher than 

Predicted ISet for tap 
water test?

Comments

Bradys 11 94 5% 35.2% 3.54 2 3 34 Neutral The two lSET values do not differ 
significantly.

Jindabyne 9 93.5% 16.5% Slot
blocked 2 3.13 - Cannot compare

Lyell 8 95.5% 98% 2 02 1 1.64 Neutral The two Iset values do not differ 
significantly.

Rowallan 12 96.0% 13.2% 1.80 1 1 27 Yes

The Iset based on the salt water 
test is slightly higher than the 
predicted lSETfora similar 
specimen.

Shellharbour 17 94 0% 41.4% 6.00 4 582 Neutral The two Iset values do not differ 
significantly.

Waranga Basin 10 96.0% 18 8% 3.69 4 3.32 Neutral The two Iset values do not differ 
significantly.

Notes :
1 Details of the regression models can be found in Section 2.5.2
2 A "neutral" rating is given when the Erosion Rate Index of the specimen in the salt test and the predicted index of a normal test 

do not differ by more than 0.5.

6 HETs have been carried out on specimens of 6 soil samples using 0.005M NaCl 

solution as the eroding fluid. Results of the tests are summarised in Table 2.22. All the 

6 tests were successful, but 4 out of which did not show significant differences between 

the Erosion Rate Indices obtained from the tests and the Indices expected from normal 

tests on similar specimens. The test on Bradys gave a lower Erosion Rate Index than 

expected from a normal test, whereas the test on Matahina showed a higher Erosion 

Rate Index than expected from a normal test.

The SETs and HETs using salt water as the eroding fluid do not provide sufficient 

evidence to prove the effects of salt concentration of the eroding fluid on the erosion 

rate. Most of the tests did not show a significant difference in the Erosion Rate Index 

obtained from the test and the Index expected from a normal test on a similar test 

specimen. There were a few tests that showed positive results (i.e. salt water caused 

slower erosion than tap water), but there were also as many tests that showed negative 

results (i.e. salt water caused faster erosion than tap water). It is notable however that 

on the available evidence the effect on erosion rate is small. This contrasts to the 

marked effect saline solution has in suppressing dispersion as measured in Emerson
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Crumb and Pinhole Tests. It should however be noted that Sydney tap water has a small 

concentration of dissolved solids, and this has been noted to be sufficient to some what 

inhibit dispersion in Emerson Crumb Tests, e.g. an Emerson Class 1 may become Class 

2. Hence for a more definitive assessment, tests would be carried out using distilled 

water. This could not be done as part of this study.

Table 2.21: Effects on Erosion Rate Index (Ihet) of the use of 0.02M Sodium

Chloride Solution as the Eroding Fluid in Hole Erosion Tests.

Soil Sample

Erosion Rate Indices for specimens tested with 
Salt Solution (0.02M NaCI) as the eroding fluid.'

Predicted Erosion Rate Indices 
for imaginary soil specimens 
with the same conditions of 
compaction and water content.

Comparison of IHet from salt water test with 
predicted IHet of imaginary specimen having 
same conditions of compaction and water 
content.

Test
No.

Percentage
Compaction

Water
Content

IHEt from 
Test

Regression 
Model No. 
(Note 1)

Predicted lHET 
based on 

regression model

Ihet for salt water 
test higher than 

Predicted lHET for 
tap water test?

Comments

Bradys 17 95.0% 33.1% Hole
blocked

6 2.14 - Cannot compare.

Buffalo 5 94.5% 20.0% 6.00 9 >6 Neutral
The two lHET values do not 
differ significantly.

Hume 12 94.0% 20.3% 2.89 5 3.71 No

The lHET based on the salt 
water test is lower than the 
predicted lHET for a similar 
specimen.

Jindabyne 18 94.0% 16.8% 2 43 1 2.84 Neutral The two Ihet values do not 
differ significantly

Lyell 16 97.0% 9.8% 1.76 9 0.77 Yes

The Ihet based on the salt 
water test is higher than 
the predicted IHet for a 
similar specimen.

Matahina 13 95.5% 15.6%

Hole
blocked

and
collapsed

later

4 3.85 - Cannot compare.

Pukaki 16 95.0% 8.8% 2.06 5 2.75 No

The Ihet based on the salt 
water test is lower than the 
predicted IHet for a similar 
specimen.

Rowallan 14 95.5% 12.1% 1.43 6 0.94 Neutral
The two Ihet values do not 
differ significantly.

Shellharbour 15 95.0% 40.1% 5.07 5 5.65 No

The Ihet based on the salt 
water test is lower than the 
predicted IHet for a similar 
specimen.

Teton 20 95.0% 17.3%
Hole

blocked
5 2.54 - Cannot compare.

Waranga Basin 17 96.0% 18.0% 3.82 5 3.61 Neutral
The two Ihet values do not 
differ significantly.

Waroona 18 95.0% 22.5% 5.43 9 5.25 Neutral
The two lHET values do not 
differ significantly.

Notes :
1 Details of the regression models can be found in Section 5.2.2.
2 A "neutral" rating is given when the Erosion Rate Index of the specimen in the salt test and the predicted index of 

a normal test do not differ by more than 0.5.
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Table 2.22: Effects on Erosion Rate Index (Ihet) of to the use of 0.005M Sodium

Chloride Solution as the Eroding Fluid in Hole Erosion Tests.

Soil Sample

Erosion Rate Indices for specimens tested with 
Salt Solution (0.005M NaCI) as the eroding 
fluid.

Predicted Erosion Rate Indices 
for imaginary soil specimens 
with the same conditions of 
compaction and water content.

Comparison of IHEt from salt water test with 
predicted IHEt of imaginary specimen having 
same conditions of compaction and water 
content.

Test
No.

Percentage
Compaction

Water
Content

IHEt from 
Test

Regression 
Model No. 
(Note 1)

Predicted lHET 
based on 

regression model

IHEt for salt water 
test higher than 

Predicted lHET for 
tap water test?

Comments

Bradys 18 95.5% 34.3% 1.68 6 2.50 No

The Ihet based on the salt 
water test is lower than the 
predicted IHet for a similar 
specimen.

Buffalo 6 95.0% 19.7% 6.00 9 >6 Neutral
The two Ihet values do not 
differ significantly.

Matahina 14 94.5% 16.1% 4.18 4 3.59 Yes

The Ihet based on the salt 
water test is slightly higher 
than the predicted IHet for a 
similar specimen.

Pukaki 17 95.0% 8.9% 3.03 5 2.78 Neutral
The two IHEt values do not 
differ significantly.

Rowallan 15 94.5% 13.0% 1.14 6 0.98 Neutral
The two Ihet values do not 
differ significantly.

Waranga Basin 18 95.5% 18.7% 4.04 5 3.70 Neutral The two Ihet values do not 
differ significantly.

Notes :
1 Details of the regression models can be found in Section 5.2.2.
2 A "neutral" rating is given when the Erosion Rate Index of the specimen in the salt test and the predicted index of 

a normal test do not differ by more than 0.5.

Effects of pausing flow during an erosion test on erosion rate - paused tests

3 Slot Erosion Tests were carried out to investigate the effects of pausing flow on 

erosion rate. The results are summarised tabulated in Table 2.23. Two out of the three 

tests indicates that pausing might have reduced the erosion rate of the soil. For these 

paused tests, the erosion rate was calculated on the basis of effective time of erosion, 

which means the actual duration of the test minus the time periods during which the test 

was paused. As only three tests were carried out, a firm conclusion regarding the effects 

of pausing on erosion rate cannot be drawn.

What is observed in paused tests is that slaking/separation of soil from the surface of the 

pipe occurs during the pause, resulting in an apparent fluent period of erosion on re

starting the flow.
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Table 2.23: Effects on Erosion Rate Index (Iset) of Pausing Flow during a Slot

Erosion Test.

Soil Sample

Erosion Rate Indices for specimens tested 
with 15-minute pauses after each 15-minute 
period of erosion.

Predicted Erosion Rate Indices for 
imaginary soil specimens with the 
same conditions of compaction 
and water content.

Comparison of ISEt for paused test with predicted ISEt 

for normal test on an imaginary specimen having same 
conditions of compaction and water content.

Test
No.

Percentage
Compaction

Water
Content

Iset from 
Test

Regression 
Model 

(Note 1)

Predicted ISEt based 
on regression model

Iset from paused test 
higher than Predicted ISEt 

for a normal test on a 
similar specimen?

Comments

Fattorini 16 98.5% 17.5% 6.00 4 3.56 Yes

The ISEt based on paused 
test is higher than the 
predicted ISEt for a similar 
specimen.

Hume 12 94.0% 21.3% 3.31 3 4.18 No

The lSET based on paused 
test is lower than the 
predicted ISEt for a similar 
specimen.

Shellharbour 12 97.0% 39.5% 6.00 4 4.63 Yes

The Iset based on paused 
test is higher than the 
predicted lSET for a similar 
specimen.

Note :
1 Details of the regression models can be found in Section 2.5.2.
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2.6 COMMENTS AND DISCUSSIONS

2.6.1 General comparison between the SET and the HET

Both the SET and the HET use simple apparatus which are easy to fabricate, and can be 

easily set up in a soil laboratory. The results of the two tests are reproducible.

A SET requires two or more persons to operate due to the weight of the soil specimen 

and the mould. A soil specimen of the SET weighs about 30 kg. Compared to the SET, 

the HET is a more economical and productive test. The test specimen of a HET weights 

only about 2 kg and is relatively easy to prepare. The HET requires only one person to 

operate.

HET is a more economical and feasible test for investigating the effects of salt 

concentration in the eroding fluid on erosion characteristics as the test consumes a lot 

less eroding fluid than the SET.

HET is also a better test for investigating the effects of prior soaking/saturation of a 

specimen on erosion characteristics because the soaking process in the HET is better 

controlled than in the SET. In addition, the pre-formed hole can be drilled after 

completion of the soaking process, hence reducing the chance of blocking of the hole 

during the soaking process. In the case of the SET, the pre-formed slot often closed up 

due to slaking or soil swell during the soaking process, and the subsequent test failed to 

show any erosion.

It is viable to perform replicate tests in HET to validate test results. Performing 

replicate tests in SET is relatively not so viable economically.

The SET, on the other hand, has two advantages over the HET. First, the SET allows 

witnessing the erosion process, as the widening of the pre-formed slot by erosion can be 

observed through the transparent perspex cover plate. Second, the SET is less affected
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by undesirable end effects due to loss of soil by detachment of soils at the upstream and 

downstream faces of the test specimen as in the case of the HET.

2.6.2 Estimating erosion characteristics using SET and HET

Both the SET and the HET are reliable tests for assessing the rate of erosion in a soil 

sample. The rate of erosion is normalised against the level of shear stress, and is 

defined in terms of an Erosion Rate Index. Correlation analysis shows that, for a given 

soil, the Erosion Rate Index, ISET, obtained from a SET is in the same order of

magnitude as the Erosion Rate Index, IHET, obtained from a HET. There is a strong 

correlation between the two indices obtained for test specimens at the standard 

conditions of 95% compaction and optimum water content.

The SET and the HET, however, provide scattered results of the Critical Shear Stress, 

rc, which represents the minimum shear stress to initial erosion. Some possible causes 

of the scattered results are:

• Extrapolating too far back to the horizontal axis

zc is the horizontal intercept of the best-fit straight line through the data points

in a plot of erosion rate per unit area versus shear stress. If the data points are 

mostly within the high stress - high erosion rate region, finding the horizontal 

intercept by extrapolating the best-fit straight line from the high stress - high 

erosion rate region too far back to the horizontal axis will give rise to large error 

in the estimated horizontal intercept. SET and HET, however, are usually 

operated at a high stress level in order to achieve the conditions of increasing 

erosion rate and shear stress.

• Large error bounds in the horizontal intercept due to extrapolating a best-fit 

straight line with a very flat slope

For soil samples which show very small change in erosion rate with increase in 

shear stress, the best-fit straight line has a very flat slope. For these soils, there
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are large error bounds in the horizontal intercepts obtained by extrapolating the 

best-fit straight lines.

• Deviation from linearity

The definition of the Coefficient of Soil Erosion, Ce, and the Critical Shear 

Stress, tc , in Figure 2.1 has based upon the assumption that the erosion rate per 

unit area, s, is a linear increasing function of the shear stress, r . The actual 

relationship between s and r may not be perfectly linear. Ce and rc may vary 

with the shear stress level, and may also depend on some other unknown factor.

• Errors due to simplifying assumptions

The methods of analysing SET and HET data were based on a number of 

simplifying assumptions regarding the size and shape of the man-made defect 

(pre-formed slot or hole) during the erosion process. Large errors may be found 

in the estimated rc if the actual behaviour of the test specimen deviates 

considerably from the assumptions.

2.6.3 Estimating resistance against initiation of erosion using the HET

As discussed in Section 2.6.2, both the SET and the HET provided scattered results on 

the Critical Shear Stresses, rc. There might also be large inherent errors in the

estimated values for rc. The HET, however, can be used to measure the relative

resistance of a soil against initiation of erosion. By testing different test heads on 

specimens of a soil, it is possible to find a minimum test head below which there is no 

measurable erosion of the specimen. The Initial Shear Stress, z(), at the start of the HET 

with the minimum test head is an approximate measure of the resistance against 

initiation of erosion of the soil. Although the definition of r0 is different from that of

rc, the physical meanings of the two parameters are similar. A plot of the minimum

test heads and the corresponding Initial Shear Stresses of the 13 soil samples tested by 

HETs is shown in Figure 2.78. These results are considered a more reliable assessment 

of the hydraulic shear stress at which measurable erosion will initiate.
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2.6.4 Accuracy of the SET and the HET

The accuracy of an erosion test depends on the accuracy in the measurement of the 

erosion rate and the shear stress during the erosion process. In the case of the SET and 

the HET, the erosion rate per unit area, s, and the shear stress, r, are not directly 

measured, but are estimated indirectly from recorded pressures, flow rates and sizes of 

the man-made defect (slot or hole). The estimation involves simplifying assumptions 

which describe the shape of the man-made defect during the erosion process, and 

approximations in the measurement of the final size and shape of the defect at the end of 

the test. The simplifying assumptions and the approximate measurements unavoidably 

incur errors in the Erosion Rate Index and the Critical Shear Stress estimated from the 

tests. The SET and the HET, therefore, are not intended to provide accurate 

measurements of Erosion Rate Indices and the Critical Shear Stresses. They are 

intended to be fast and simple tests for comparing erosion resistance, as measured by the 

rate of erosion, and the hydraulic shear stress at which erosion will initiate, among 

different types of soils, and the effects of compaction density and water content.
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2.7 SUMMARY OF FINDINGS AND CONCLUSIONS

2.7.1 General

Experimental investigations show that the Slot Erosion Test (SET) and the Hole Erosion 

Test (HET) can successfully measure the rate of piping erosion of a soil. The tests 

express erosion rate in the form of an Erosion Rate Index, / defined by:

/ = - log(Ce)

£ = C„(t-Tc)

where s is the erosion rate per unit area [kg/s/m ],
r is the hydraulic shear stress causing the erosion [N/m2 or Pa],

Ce is the Coefficient of Soil Erosion [s/m or kg/s/m /Pa], 

zc is the Critical Hydraulic Shear Stress for initiation of erosion.

Tests on 13 soil samples show that Ce is in the order of 10' to 10' kg/s/nr/Pa. The

corresponding range of values for the Erosion Rate Index, /, is > 0 to 6. Soils that erode 

rapidly have lower / values than soils that erode slowly.

2.7.2 Apparent relationship between Erosion Rate Index, soil dry density and 

water content

The Erosion Rate Index of a soil is influenced strongly by the degree of compaction and 

the water content of the soil. In most of the soil samples tested, a specimen compacted 

to a higher dry density, and to the wet side of the optimum water content has a higher 

Erosion Rate Index (higher erosion resistance) than another specimen of the same soil 

compacted to a lower dry density, and to the dry side of the optimum water content.
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Some coarse-grained, non-plastic soil samples, for examples Rowallan, Lyell and 

Pukaki, appeared to behave differently. These soils have a highest Erosion Rate Index 

when compacted to a high dry density and to the dry side of optimum.

The erosion resistance of a soil can conveniently be represented by I, the Erosion Rate

Index corresponding to 95% compaction and optimum water content. I is called the

Representative Erosion Rate Index of the soil. I can be obtained directly from a test on 

a specimen at 95% compaction and optimum water content, or estimated from results of 

tests on specimens of different dry densities and water contents using a second order 

non-linear regression with the dry density and the water content as the independent 

variables.

2.7.3 Correlation between Erosion Rate Index and other soil properties

For coarse-grained soils, the Erosion Rate Indices show good correlation with water 

content, the degree of saturation, fines content, and the fraction of the soil finer than 

0.005 mm.

For fine-grained soils, the Erosion Rate Indices show moderately good correlations with 

the degree of saturation, and dispersivity ratings based on the Pinhole Dispersion Test, 

Emerson Class Test, SCS Laboratory Dispersion Test and the Sodium Adsorption Ratio.

Correlation analysis indicates that the Representative Erosion Rate Indices of the coarse

grained soil samples show very good correlation with the degree of saturation, the fines 

content, and the fraction of the soil finer than 0.005 mm. For fine-grained soil samples, 

only a moderately good correlation exists between the Representative Erosion Rate 

Indices and the degree of saturation.
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2.7.4 Multiple linear regression analysis on test data

Multiple linear regression analysis has been carried out to investigate any possible 

relationship between the Erosion Rate Index and a group of two or more soil 

parameters. The analysis provided separate linear regression equations for predicting 

the Erosion Rate Index for coarse-grained soils and for fine-grained soils. Details of 

these regression equations are shown in Table 2.16 and Table 2.17 in Section 2.5.3.

The erosion tests on fine-grained soils show more scattering results. The regression 

models for the coarse-grained soils provide more satisfactory predictions than the 

regression models for the fine-grained soils.

2.7.5 Effects of soil mineralogy on the erosion rate index

Examination of the soil mineral compositions of the soil samples revealed that soils 

containing smectites and vermiculites appeared to have lower Erosion Rate Indices 

(lower erosion resistance). This does not explain the behavior of soil sample “Buffalo” 

which contains vermiculites, but is the most erosion-resistant soil among all soil 

samples tested. It is possible the high Erosion Rate Index of “Buffalo” is due to the 

presence of iron oxides, a cementing material, in the soil.

2.7.6 Estimation of Critical Shear Stress from the Slot Erosion Test and the Hole 

Erosion Test

The Critical Shear Stresses, rc, obtained from the SETs and the HETs by extrapolating 

the graphical plot of erosion rate against shear stress do not show any form of strong 

relationship with other soil properties. The values of rc obtained for different 

specimens of the same soil also vary considerably. It appears that there is a large degree 

of inaccuracy in the estimation of rc from the SET or the HET data.
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The HET, however, can be used to estimate the minimum test head required to initiate 

erosion in a soil. The initial shear stress, r0 corresponding to the minimum test head 

can be used as an indicator of the soil’s resistance against initiation of erosion.

Results of HETs on specimens of the 13 soil samples compacted to 95% standard 

maximum dry density at optimum water content show the broad trend that coarse

grained soils have lower r0 values than the fine-grained soils, and that r0 value of a 

fine-grained soil increases as its Erosion Rate Index increases.

2.7.7 Comparison between the Representative Erosion Rate Indices of the Slot 

Erosion Test and the Hole Erosion Test

The Representative Erosion Rate Indices, I set , based on the test data of the Slot 

Erosion Tests show very strong correlation with the Representative Erosion Rate

Indices, I het , based on the data of the Hole Erosion Test. In addition, I set and I het 

of the same soil have the same order of magnitude. It implies that the two erosion tests 

will give a similar rating on the erosion rate to the same soil at the standard condition of 

95% compaction and optimum water content. In addition, one test can provide a check 

on the results of the other test.

2.7.8 Special tests

Special tests have been carried out to investigate the effects of prior soaking/saturation 

(soaked test), salt concentration in the eroding fluid (salt test), and pausing (paused test) 

on the erosion rate of a soil.

For the soaked tests, the number of cases showing an increase in the value of the 

Erosion Rate Index due to prior soaking of the test specimen is almost equal to the 

number of cases showing a decrease in the value of the Erosion Rate Index.
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Similarly, for the salt tests, although there were a few tests that showed positive results 

(i.e. salt water caused slower erosion than tap water), there were as many tests that 

showed negative results (i.e. salt water caused faster erosion than tap water).

For the paused tests, two out of a total of three tests gave positive results (i.e. pausing 

caused slower erosion).

Due to the limited number of successful tests, conclusions regarding the special tests 

cannot be made at this stage.
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2.8 RECOMMENDATIONS

2.8.1 Use of the Hole Erosion Test

The Hole Erosion Test (HET) is recommended as a fast and simple test for assessing the 

rate of erosion of a soil. The HET assigns an Erosion Rate Index, IHET, to a soil. IHET 

has values in the range of 0 - 6. The smaller the index, the faster is the rate of erosion 

for a given shear stress caused by the eroding fluid.

When an Erosion Rate Index, IHET, is quoted for a soil, the percentage compaction and 

the water content of the test specimen of the soil should also be stated, as IHET is 

strongly influenced by the degree of compaction and the water content. The Index 

corresponding to 95% compaction and optimum water content is called the

Representative Erosion Rate Index, I het , of the soil.

Soils can be classified into 6 groups according to their Representative Erosion Rate 

Index, I het . The 6 groups are :

Group No. Erosion Rate Index Description

1 <2 Extremely rapid

2 2-3 Very rapid

3 3-4 Moderately rapid

4 4-5 Moderately slow

5 5-6 Very slow

6 >6 Extremely slow

Table 2.24 shows the above classification scheme using the 13 soil samples tested as 

examples.
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The HET can be used as an approximate test to estimate the erosion resistance of a soil 

against initiation of erosion. By trying different test heads on different test specimens of 

a soil, the HET can identify a minimum test head below which the specimen shows no 

measurable erosion. The Initial Shear Stress, r0, can serve as an indicator of the soil’s

resistance against initiation of erosion. Discussions on the use of r0 can be found in 

Section 2.6.3.

2.8.2 Use of the Slot Erosion Test

The Slot Erosion Test (SET) can also be used to assess the rate of erosion of a soil as a 

check against the results of the HET. The Erosion Rate Index, ISET, obtained from the 

SET on the same soil at the standard conditions of 95% compaction and optimum water 

content is expected to be in the same order of magnitude as, IHET, obtained from the 

HET.

2.8.3 Prediction of the Erosion Rate Index

If erosion tests have not been carried out to assess the erosion resistance of a soil, 

predictive equations as described in Section 2.5.3 can be used to provide a preliminary 

estimate of the Erosion Rate Index. The predictive equations are:

For coarse-grained soils:

Ihet = 6.623 - 0.016pd - 0.104 - 0.044&> - 0.074A&>r Eqn 2 24
+ 0.1135 + 0.06\Clay(US)

I set = -8.836 + 6.904pd - 0.120 pd!pd^ + 0.386ru - 0.075A&>,. 1

+ 0.0565 + 0.088ClayiUS)

where
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1 MET is the predicted Erosion Rate Index for the Hole Erosion Test,

I SET is the predicted Erosion Rate Index for the Slot Erosion Test,

Pd is the dry density of the soil in Mg/m3,

is the percentage compaction in %,

CO is the water content in %,

A cor is the water content ratio in %, and

>-oO*10o%
owe

S is the degree of saturation in %,

Clay(US) is the mass fraction finer than 0.005mm in %.

For fine-grained soils:

I met =-10.201 + 9.572/^ -0.042 pd / pd^ + 0.103*;

+ 0.0097A*;,. - 0.0056Fines + 0.042Clay(US)
- 0.090LL + 0.11 \IP + 0.443 Pinhole

Eqn 2.26

I set = -9.153 + 16.528pd - 0.194 pd / pd^ + 0.240*;

+ 0.021A*;r - 0.0293Fines + 0.048Clay(US)

- 0.011ZZ, + 0.0082IP + 0.558Pinhole

Eqn 2.27

where

Fines is the fines content (< 0.075 mm) of the soil in %,

LL is the Liquid Limit in %,

Ip is the Plasticity Index in %,

Pinhole is the Pinhole Test Classification expressed as an ordinal

number, i.e. ‘1’ for Class Dl; ‘2’ for Class D2, ‘3’ for Class

PD1, ..., ’6’ for Class ND1).
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Equations 2.24 to 2.27 represent multiple linear regression models obtained from 

statistical analysis of the test data of the SET and the HET. They do not necessarily 

imply any causal link between the predictor variables and the Erosion Rate Indices. The 

Author strongly recommends carrying out HET rather than using these equations, as the 

equations are, so far, based on a limited number of soils. The results are sensitive to the 

input data, and in any case, it will be more economical to do the HET than the other 

tests to find out the unknown parameters in the equations.

A qualitative approach is also proposed for predicting the Representative Erosion Rate 

Index of a soil. A number of soil parameters, namely the degree of saturation, the fines 

content (< 0.075 mm), the clay content (< 0.005 mm) and the Atterberg’s limits, which 

individually show good correlation with the Representative Erosion Rate Index are used 

as predictor variables. These predictor variables are used independently to estimate the 

Representative Erosion Rate Index according to the guidelines in Table 2.25. A 

judgment is made on the final estimated value of the Representative Erosion Rate Index 

after considering all the values predicted by the individual predictor variables. This 

table may be used as an aid to judgment in conjunction with the multiple regression 

equations. The Author considers that this approach is not as good as doing a HET or 

SET, but is more reliable than using the predictive equations above.
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CHAPTER 3

INTERNAL INSTABILITY OF SOILS

3.1 INTRODUCTION

3.1.1 Objectives

This Chapter presents the findings of an experimental investigation and analysis of 

published data on the internal stability of soils in embankment dams and their 

foundations. The main objectives of the experimental investigation are:

i. to investigate the factors which affect the internal stability of soils;

ii. to investigate the validity of applying currently available methods in 

assessing the internal stability of silt-sand-gravel or clay-silt-sand-gravel 

mixtures, and to propose appropriate methods for assessing the internal 

stability of these soils; and

iii. to study the hydraulic conditions at which erosion of fine particles from 

within the coarse soil matrix occurs in an internally unstable soil.

The study mainly considers cohesionless soils consisting of mixtures of silt, sand and 

gravel. There is also a short discussion on the potential for internal instability of low 

plasticity clay-silt-sand-gravel mixtures.

3.1.2 Definitions

Suffusion and internal instability

Suffusion is defined as an internal erosion process which involves selective erosion of 

fine particles from the matrix of a soil made up of coarse particles. The fine particles 

are removed through the voids between the larger particles by seepage flow, leaving
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behind an intact soil skeleton formed by the coarser particles. Soils which are 

susceptible to suffusion are internally unstable. Coarse widely graded or gap-graded 

soils such as those shown schematically in Figure 3.1 are susceptible to suffusion.

0.075mm 4.75mm 75mm

0.001 0.01 0.1 1 10 100
Particle Size (mm)

CLAY TO SILT SAND GRAVEL

Figure 3.1: Soil gradation types which are internally unstable and are susceptible to

suffusion (Foster and Fell 1999).

There is no consensus on the use of the word “suffusion”. German and Canadian 

literature, for example, uses the word “suffosion” or “suffossion” instead of “suffusion”. 

The word “colmatation” is also used in some literature, but “colmatation” is 

synonymous to clogging which is contradictory to the meaning of suffusion defined in 

the current study.

Selffiltering

In soils which self filter, the coarse particles prevent the internal erosion of the medium 

particles, which in turn prevent erosion of the fine particles. Soils which potentially will 

not self filter include those which are susceptible to suffusion/intemal instability, and 

very broadly graded soils such as the glacial tills shown in Figure 3.2.

Sherard (1979) indicated that the soils shown in Figure 3.2 were subject to internal 

erosion and piping initiated in concentrated leaks. He described the soils as being
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subject to a ‘‘type of internal instability” in that they did not self filter. These soils that 

do not self filter are not internally unstable within the definition used in this thesis.

Range of Particle Size 
Distribution of Coarse, Broadly 
Graded Soils in Damage Dams

Particle Size,millimeters

Figure 3.2: Soil types which have experienced a lack of self filtering (based on

Sherard 1979).

3.1.3 Problems associated with Suffusion in Embankment Dams and Their 

Foundations

A number of embankment dams in France were reported to have suffered from internal 

erosion due to suffusion (CFGB 1997).

Figure 3.3 illustrates some of the likely problems associated with internal erosion by the 

process of suffusion within an embankment dam or its foundation.

(a) Instability due to b) Settlement leading to
increased pore pressure overtopping

(c) Development of a 
sinkhole into the 

embankment

Figure 3.3: Some failure modes due to suffusion (adapted from CFGB 1997).
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In the case of suffusion occurring within the foundation of a dam, the selective removal 

of fine soil particles will result in a coarser soil structure, leading to increased seepage 

and progressive deterioration of the foundation. The process may result in settlement, or 

development of pipes or cracks in an embankment dam or its foundation. Increased 

permeability also implies a higher risk of toe instability.

A filter layer constructed of internally unstable materials may have a tendency for 

migration of the finer particles, rendering the filter coarser and less effective in 

protecting the core materials from erosion.

3.1.4 Layout of this Chapter

Following this introduction, Section 3.2 provides a brief account of the research work by 

others on internal stability of soils. Section 3.3 describes the two types of seepage tests 

carried out as part of this research project, namely downward flow seepage tests and 

upward flow seepage tests, designed for studying the internal stability of soils, and the 

type of materials tested. Section 3.4 presents the test data of the downward flow 

seepage tests and the results of analysis of the data. Section 3.5 presents the test data and 

the results of analysis of the upward flow seepage test. It is followed by discussions of 

the analysis and proposed methods of assessing internal stability in Section 3.6. The 

findings of the investigation are concluded in Section 3.7.
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3.2 LITERATURE REVIEW

3.2.1 Overview

This Section provides a brief review of the findings of previous investigations of 

internal instability of soils, and of self filtering.

The phenomenon of suffusion of cohesionless sand-gravel soils has been studied by a 

number of investigators, including the US Army Corps of Engineers (1953), Istomina 

(1957), Lubochkov (1962, 1965), Kenney and Lau (1985, 86), Lafleur et al. (1989), 

Burenkova (1993), Skempton and Brogan (1994), Schuler (1995) and Chapuis et al. 

(1996). Sun (1989) carried out tests on cohesive clay-silt-sand soils.

Kezdi (1969), de Mello (1975), and Sherard (1979) discussed soils which were not self 

filtering.

3.2.2 Frequently used symbols

Some mathematical symbols which are used in this Chapter are explained in Table 3.1.

Table 3.1: Meaning of mathematical symbols.

Symbol Meaning

cc Coefficient of curvature equal to Z)302 /(A>0 x Z)10) .

Cu Coefficient of uniformity equal to Z)60/Z)]0.

dx or Dx Particle size for which X% by weight is finer (in mm).

d0 or D0 Minimum particle size (in mm).

<7ioo or Dm Maximum particle size (in mm).
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Symbol Meaning

dbx or Dbx Particle size for which X% by weight is finer, for a base material (B)

which is protected against internal erosion by a filter (in mm).

dix or Dfx Particle size for which X% by weight is finer, for a filter material (F)

which is protecting a base material against internal erosion (in mm).

dcx or DcX Particle size for which X% by weight is finer, when only the coarse (c)

fraction of a soil is considered. The soil is divided into a coarse

fraction and a fine fraction at a point represented by size ddv, and that

part of the grain-size distribution curve for the coarse fraction is

adjusted to give a minimum size of ddv (in mm).

djx or Dp Particle size for which X% by weight is finer, when only the fine (/)

fraction of a soil is considered. The soil is divided into a coarse fraction

and a fine fraction at a point represented by size ddv, and that part of

the grain-size distribution curve for the fine fraction is adjusted to give

a maximum size of ddv (in mm).

Fd°r fd The fraction by weight (in %) of a soil which is finer than size d (or D).

%Fines Fines content of a soil (i.e. percentage by weight finer than 0.075mm).

3.2.3 Investigations on internal instability of cohesionless soils by others

Fuller and Thompson (1907) and Schuler (1995)

Schuler (1995) suggested that soils would be safe from suffusion if their grading 

resulted in a soil with minimum porosity. The grading of such a soil can be represented 

by equation 3.1 from Fuller and Thompson (1907) who presented the results of a series 

of tests on the density of different mixtures of aggregates and cement for the purpose of 

studying the rules of proportioning for maximum density with different materials. Their 

test results showed that the densest mixtures of cement and aggregate had a mechanical
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analysis curve (i.e. grain-size distribution curve) resembling a parabola. The grain-size 

distribution curve of the densest mixtures can be represented by:

Fd =
' d
V^ioo J

Xl00% Eqn 3.1

with n approximately equal to 0.5.

Figure 3.4 shows theoretically stable grain-size distribution curves for soils having 

maximum particle sizes of 19 mm and 75 mm, respectively according to equation 3.1. 

Figure 3.5 presents a theoretically stable grain-size distribution normalised against the 

maximum particle size.

SAND GRAVEL
FINES COARSE

Soil with d,00 = 19mm 

- Soil with dl00 - 75mm

Criterion for maximum density 
(Fuller & Thompson 1907):

Fj = d/d, go

0.0050.001 0.002 0 075 0.425

Grain Size, rf(mm)

Figure 3.4: Examples of grain-size distribution curves according to Fuller &

Thompson (1907) criterion for maximum density.

Kenney and Lau (1986) compared their recommended criterion for internal instability 

with Fuller & Thompson (1907) ideal curve for maximum density, and remarked that 

their criterion, represented by HIF <1.0, was similar to Fuller and Thompson’s ideal 

curve for F < 0.3. Neither Kenney and Lau (1986) nor Schuler (1995) commented on
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the internal stability of those soils which did not satisfy Fuller and Thompson (1907) 

criterion for maximum density.

Criterion for maximum density 
(Fuller & Thompson 1907):

1E-005 0.0001 0.001
Grain-size ratio, d/dn

Figure 3.5: Grain-size distribution curve normalised against maximum particle size

based on Fuller & Thompson (1907) criterion of maximum density.

U.S. Army Corps of Engineers (1953)

The U.S. Army Corps of Engineers (1953) carried out downward flow seepage tests on 

granular filter materials, and proposed that suffusion would occur in cohesionless filter 

materials if (1) the flow condition is turbulent; (2) the hydraulic gradient is higher than 

5; and (3) the coefficient of uniformity of the soil, Cv > 20. Their experimental data are 

not available for analysis in the current study.

Istomina (1957)

Istomina (1957) defined the likelihood of suffusion in terms of the uniformity 

coefficient, Ci; of the soil. Istomina classification scheme, according to Kovacs (1981),

is as follows.

No suffusion if Cv <10;

10< Cv <20;Transition condition
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Suffusion is liable if C(J>20.

Lubochkov (1962,1965)

Lubochkov (1962) proposed that not all materials having CLJ> 20 were liable to

suffusion, as the possibility of movement of the fine grains depended on the shape of the 

grain-size distribution curve.

Lubochkov (1965) proposed that a soil would not be susceptible to suffusion when the 

slope of the grain-size distribution curve was equal to, or smaller than a given limit in 

each grain-size interval. This condition is presented in mathematical form by Kovacs 

(1981) as:

if

if

if

AW<j
4.0

AVAS
2.6

1.7

Eqn 3.2a

Eqn 3.2b 

Eqn 3.2c

where Dn

A»-i»Ai+i

AS, = S„_,-S„

AS, = S„-Sn+1

is an arbitrary grain-size on the distribution curve; 

are determined from Dn by multiplying or dividing it by 

10, 5 or 2.5;

is the difference between the percentage in weight for 

grain sizes Dn_x and Dn;

is the difference between the percentage in weight for 

grain sizes Dn and Dn+l;

An example on the application of Equations (3.2a, b, c), and the use of the method to 

estimate the range of grains which would likely be eroded by the process of suffusion is 

shown in Figure 3.6.

The upper part of Figure 3.6 shows the grain-size distribution curve of a soil which is
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deficient in materials between 0.1 and 1 mm. The grain-size distribution curve is 

divided at an arbitrary point denoted by size Dn. For a chosen grain-size interval

represented by X- 10, sizes Dn_x and Dn+l, and the ratio (ASj AS2)/F are calculated 

according to equation 3.2a. F is equal to 4.0 for X = 10. The calculations are repeated 

for all valid dividing points Dn along the grain-size distribution curve. (ASjAS2)/F is

then plotted against Dn as shown in the lower part of Figure 3.6. The lower part of

Figure 3.6 shows two other curves for smaller size fraction ratios represented by X= 5.0 

and F = 2.6 (equation 3.2b), and X = 2.5 and F = 1.7 (equation 3.2c). According to 

Lubochkov (1965), the soil is internally unstable as all three curves are plotted above the 

horizontal line represented by (AS,/AS2)/F = 1 . The curves cross the horizontal line at 

1.7, 1.9 and 2.1 mm, indicating that grain-sizes finer than 1.7 to 2.1 mm are susceptible 

to erosion by suffusion.

0.05 0.1 02 05 t.0 2.0 50 100

0.05 It 02

17 m 1.0
*1.9 mm if B* 1.5 

21 mm 2.3

■—KD©-■—

0.05 0.1 0.2 05 LO 20 50 10.0 20.0 Dn [mm]

Figure 3.6: Lubochkov (1965) analytical method for determining the range of grains

susceptible to suffusion.
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Kenney, Lau and Clute (1983), and Kenney, Chahal, Chiu, Ofoegbu, Omange and 

Ume (1985)

Kenney et al. (1983, 1985) carried out downward flow filter tests on granular materials 

to investigate the controlling constriction size of different granular cohesionless 

materials, and the internal stability of granular materials.

Kenney et al. (1983, 1985) defined the constriction size, Dc, as the diameter of the 

largest spherical particle that could pass through a void between particles in the soil. 

The controlling constriction size, D*, of a porous material, or soil was defined as the

diameter of the largest particle which could be transported through the material. A 

constriction is different from a pore in that the latter is the volumetric space between 

four or more soil grains, whereas the former is an opening connecting two pores.

Kenney et al. (1983, 1985) carried out filter tests on linearly-graded materials with 

coefficients of uniformity, Cu, of 1.2, 3, 6 and 12. They found that, for filter materials

with minimum particle size, DQ, > 0.2 mm, the ratio D* /Dn , which limits whether the 

filter will control erosion, is approximately a constant. For a filter with Cu = 1.2, 

D*. /D0 = 0.18, and for filters with Cu = 3, 6 and 12, D*c/D() = 0.26. Their filter 

tests on 8 non-linearly-graded filter materials having various C{, values showed that D*c 

was best correlated with D5, and that filters satisfying equations 3.3 and 3.4 would 

control erosion.

P-<0.25 Eqn 3.3
A

°c <0.20
A 5

Eqn 3.4

Kenney et al. (1983, 1985) concluded that that D*c was strongly dependent on the fine 

fraction (e.g. D5) of the filter material, but not on filter thickness or the shape of the 

grain-size distribution curve.
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Filters for soils with a minimum particle size, D0 < 0.2 mm, have smaller ratios of 

D* /D5 than those indicated by equations 3.3 and 3.4. Kenney et al. (1983, 85) 

explained that the hydrodynamic conditions within these filter materials during the tests 

were not severe enough to mobilise particles as large as size D*c . According to Kenney

et al. (1983, 85), for particles of sizes up to D*c to be mobilised, the hydrodynamic 

number, R , had to be greater than 10. Hydrodynamic number, R , is defined as:

Kenney et al. (1983) carried out downward flow seepage tests on the filter materials to 

find out whether or not fine particles in the filters might be moved by seepage water, 

rendering the filters coarser and less effective (i.e. whether the filters were internally 

unstable). The test samples, having a maximum grain size of 25 mm, were compacted to 

230 - 270 mm thick inside a seepage cell of 245 mm diameter. The tests were carried 

out under a hydraulic gradient of less than 5. The filter materials, with grain-size 

distribution curves shown in Figure 3.7 and Figure 3.8, were found to be internally 

stable. Kenney et al. (1983) also presented the grain-size distribution curve of a granular 

material, as in Figure 3.9, which was tested to be internally unstable.

Kenney et al. (1983) proposed that internal instability was associated with the following 

conditions:

• soil/filter consisted of a primary fabric of particles which carried the 

effective stresses imposed on the filter;

• loose particles within the void spaces of the primary fabric which were free 

to move;

Eqn 3.5

where q: is the discharge rate divided by the total cross-sectional area

[mm/s];

D5: in [mm];

77: is the porosity of the filter material;

v : is the kinematic viscosity of water (approximately 1 mm /s).



W
ei

gh
t, F

 (%
) 

Pe
rc

en
ta

ge
 P

as
sin

g b
y W

ei
gh

t, F
 (%

,

Chapter 3 Internal Instability of Soils Page 214

• constrictions leading from the void spaces were larger than some of the loose 

particles.

SAND GRAVEL
FINES COARSECOARSEMEDIUM

-hr 50

- 40

0.0050.001 0.002 0.075 0425
Grain Size, rf(mm)

Figure 3.7: Linearly-graded soil samples tested to be internally stable

by Kenney et al. (1983).

SAND GRAVEL
FINES COARSEMEDIUM COARSE

c 30

0.075 0,425
Grain Size, d (mm)

0.0050,001 0.002

Figure 3.8: Non-linearly graded soil samples tested to be internally stable

by Kenney et al. (1983).
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SAND GRAVEL
FINES

COARSEMEDIUM COARSE

0.001 0.002 0.005 0075 0.425
Grain Size, d (mm)

Figure 3.9: Soil sample, having irregular grain-size distribution curve, tested to be

internally unstable by Kenney et al. (1983).

Kenney, Lau and Clute (1984)

Kenney et al. (1984) considered the stability of gradings from the point of view of 

filtration. They treated the primary fabric of a compacted material as made up of the 

coarser soil particles which act as a filter to the finer loose particles. They hypothesized 

that a soil would behave as a stable system when the sizes of the loose particles were 

larger than the controlling constriction size, D*c, of the primary fabric. Kenney et al.

(1984) verified their hypothesis by applying downward flow seepage tests to gap-graded 

granular filters made by mixing uniform gravel (material A) and uniform sand (material 

B, C or D). Material A was the coarse material forming the primary fabric of the 

blended soil. Materials B, C or D were added to A to form 3 different mixtures. The 

grain-size distribution curves of the 3 mixtures are shown in Figure 3.10. Most of the 

particles of material B were larger than D*c of the coarse material A. Mixture A-B was

predicted to be stable. Most of the particles in material C were smaller than D*c, and 

material D was substantially finer than D*c. Mixtures A-C and A-D were predicted to 

be unstable. Results of the seepage tests showed that their predictions were correct.
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Figure 3.10: Gap-graded gravel-sand mixtures tested by Kenney et al. (1984).

Kenney and Lau (1984,1985,1986)

Kenney and Lau (1984, 85) postulated that materials finer than size d (having a weight 

fraction, F), will likely be washed out from a soil if there was not enough materials in 

the size range d to 4d (having a weight fraction, H). Both F and H can be obtained from 

the grain-size distribution curve of the material for any given particle size d, with 

H=F4J-Fd.

To verify their theory, Kenney and Lau (1984, 85) carried out downward flow seepage 

tests on 14 cohesionless sand-gavel soil samples with a maximum particle size of up to 

100 mm. The grain-size distribution curves of the test samples are shown in Figure 

3.1 la and Figure 3.1 lb. The soil samples were tested in seepage cells of either 245 mm 

or 580 mm diameters. The compacted thicknesses of the test samples were 580 mm for 

the smaller seepage cell, and 860 mm for the larger seepage cell. The tests were carried 

out under flow conditions corresponded to hydrodynamic numbers R (equation 3.5) of 

greater than 10. Six out of the 14 test samples showed signs of internal instability. 

Kenney and Lau (1984, 85) examined the shape curves (H-F plots) of the test samples 

and proposed that an internally unstable soil will have part or the whole of its shape
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curve plotted below the line represented by H = 1.3F, within the region 0 < F < X. For 

Narrowly-Graded (NG) soils (i.e. soils with CLJ < 3), X is equal to 0.3, whereas for

Widely-Graded (WG) soils (i.e. soils with Cv > 3), Xis equal to 0.2.

Shape curves for the unstable and stable samples tested by Kenney and Lau are shown in 

Figure 3.12a and Figure 3.12b, respectively.

SAND GRAVEL
1 Fine iMediuml Coarse 1 Fine 1 Medium 1 Coarse 1

Grain size D, mm
0.06 0.1 0.2 0.6 1 2

1.0H F rn~T 1 r
6 10 20 60100

UNSTABLE GRADINGS

E 0.6

(a) Gradings of unstable materials.

SAND GRAVEL
Fine IMediuml Coarse 1 Fine 1 Medium I Coarse

Grain size D, mm
0.1 0.2 0.6 1 2 6 10 20 60100

STABLE GRADINGS

(b) Gradings of stable materials.

Figure 3.11: Soil samples tested by Kenney and Lau (1985).

Kenney and Lau (1984, 85) stated that their proposed boundary represented by 

H = 1.3F coincided with Lubochkov (1965) “lower-limit” condition for stable soils in a 

medium-dense to dense condition having a porosity value of 0.23. According to Kenney 

and Lau (1984, 85), Lubochkov (1965) “lower-limit” could be approximated by the 

equation:

Fj =0.6(d/d60 )06 Eqn 3.6

Since F4d =0.6(4d/d60)0b = Fd(4)06 according to equation 2.6, H = F4d-Fd is equal to 

Fd (4)°6 - Fj, which can be simplified to FI = 1.3F.
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Kenney and Lau (1985) suggested an alternative graphical method to assess the potential 

of instability. As illustrated in Figure 3.13, //values are calculated from F values based 

on the boundary line H = 1.3F for F between 0 and 0.2. The upper grading curve shown 

in Figure 3.13 lies below the points marked //10, //15, //20, etc., and the material is 

assessed as potentially unstable.

Kenney and Lau (1985) also stipulated that as long as the materials were composed of 

particles coarser than silt size, and the transport conditions within the void network 

corresponded to a hydrodynamic number/? >10 (Kenney et al. 1983, 1985), coupled 

with light vibration, the absolute sizes of the particles were of little importance in 

comparison with the shape of the grading curve.

(a) UNSTABLE GRADINGS

2 0.4

E 0.2

F, mass fraction smaller than

(b) STABLE GRADINGS

Limit grading for 
stable dense soils 
from Loebotsjkov 1969

Suggested boundary between 
stable and unstable gradings, 
applicable in the indicated 
ranges of F

F, mass fraction smaller than

Figure 3.12: Shape curves of (a) unstable and (b) stable gradings of soil samples tested

by Kenney and Lau (1985).

Upon considering the comments by others and the results of further laboratory testing, 

the originally proposed boundary H = 1.3F was revised to H = 1.0F (Kenney and Lau 

1986) as shown in Figure 3.14. The revised boundary is slightly less conservative than 

the original, and is consistent with Fuller and Thompson (1907) grading for minimum
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porosity represented by Fd = -fd/dwo (equation 3.1). Substituting F4d =yl4d/dl00 in 

H = F4d -Fd gives H = 1.0F. The zone between the boundaries represented by FI = 

1.3F and H = 1.0F is a transition zone between stable and unstable gradings.

The Kenney and Lau (1986) method is widely used for predicting the internal stability 

of cohesionless sand-gravel soils. In the Author’s experience, the method has been 

applied to silt-sand-gravel soils which are outside the range of soils tested by Kenney 

and Lau (1984, 85 and 86).

SAND GRAVEL
Fine |Medium[ Coarse Fine 1 Medium 1 Coarse

Grain size D. mm
0.02 0.06 0.1 0.2 0.6 1.0 2

1 .0 ' 1 1 I 1 T"1 r
6 10 20 60 100 200

Envelope of filter gradings

Values of H obtained 
from boundary curve 
in Fig 2.10 —^

Figure 3.13: Alternative method to evaluate the potential for grading instability

(Kenney & Lau 1985).
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(a) UNSTABLE GRADINGS (b) STABLE GRADINGS

^Suggested boundary between__
stable and unstable gradings

*9._____

rr_.n:~TTj_*g.J

F, mass fraction smaller than F, mass fraction smaller than

Figure 3.14: Shape curves of selected unstable and stable gradings and the revised 

boundary between stable and unstable gradings (Kenney and Lau 1986).

Lafleur, Mlynarek and Rollin (1989,1993)

Lafleur et al. (1989) reviewed the filter design criteria for broadly-graded core materials 

taking into account suffusion of the finer particles within the core materials. Lafleur et 

al. (1989) conducted two series of tests. The first series of tests, the screen tests, served 

to identify those base materials in which migration of particles would occur. Three 

gradings, as shown in Figure 3.15, of base materials formed by blending artificial glass 

beads were tested for internal stability by downward flow seepage tests. In these seepage 

tests, the test samples were compacted to a thickness of approximately 230 mm inside a 

seepage cell of 197 mm diameter, and then subjected to hydraulic gradients ranging 

from 2.5 to 6.5. Sample M42 was tested to be internally stable, whereas samples M6 and 

M8 were tested to be internally unstable. The second series of tests, the compatibility 

tests, were a series of filter tests for determining the indicative size of the filters which 

caused insignificant losses of particles in the base materials.
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Figure 3.15: Grain-size distribution curves of materials tested for internal instability by

Lafleur et al. (1989).

Lafleur et al. (1989) commented on the internal stability of soils that could be 

represented by 3 general shapes of grading curves as shown in Figure 3.16:

• Linearly graded (curves 1 and 2): Included soils with all the particles 

uniformly distributed (curve 1), soils with the fine particles uniformly 

distributed (curve 2), and soils with appreciable amount (< 40%) of coarse 

particles floating within a finer linearly graded matrix. Soils in this group are 

internally stable.

• Gap-graded (curve 3): Particles within an intermediate range of size were 

missing. There is a horizontal or sub-horizontal portion in the 30% or less 

finer particles. Gap-graded soils can be either internally stable or unstable.

• Concave upward (curve 4): Soils in this group are internally unstable.

The grading curves in Figure 3.16 are conceptual, and do not represent actual 

boundaries between internally stable and unstable soils.
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log d

Figure 3.16: Classification of Gradation Curves of Broadly Graded Soils

(Lafleuretal. 1989, 1993).

Burenkova (1993)

Burenkova (1993) proposed a predictive method based on the results of laboratory tests 

on 22 cohesionless sand-gravel soils of maximum particle sizes up to 100 mm, and 

coefficients of uniformity, C\j, up to 200.

Burenkova's test involves dry mixing various size fractions of a soil. The basic 

assumption was that a smaller size fraction did not form part of the basic soil skeleton if 

it did not cause volume increase when mixed with a coarser size fraction. During the 

test, the coarsest size fraction was put into a container and the volume of the specimen 

was measured. The next finer size fraction was then added to the container, and the 

volume of the mixture was measured again. The tests followed this procedure until all 

prepared fractions were included in the specimen. If the volume of the specimen 

increased after addition of a finer fraction, this finer fraction was estimated as belonging 

to the soil skeleton. If the additional fraction did not increase the volume of the 

specimen, the fraction was considered as belonging to the loose particles which could be 

subject to suffusion.

According to Burenkova (1993), the internal stability of a soil depends on the 

conditional factors of uniformity, hi and h defined as:

h — dw/d\5 Eqn 3.7a
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h — d90 /d60 Eqn 3.7b

On a plot of h against log(/? ) as shown in Figure 3.17, Burenkova (1993) defined

boundaries separating “Suffusive Soils” from “Non-suffusive Soils”. According to 

Burenkova (1993), Zones I and III represent zones of suffusive compositions; Zone II 

represents a zone of non-suffusive compositions; and Zone IV represents a zone of 

artificial soils. The domain for non-suffusive soils (i.e. Zone II) is approximately 

described by the following inequality:

Burenkova (1993) also proposed a method, as shown in equation (3.9), for predicting 

the size of the largest particles, dJv, representing the limit between the fraction building 

the soil skeleton, and the loose grains.

0.761og(/7 )+!</? <1.861og(/i )+l Eqn 3.8

Eqn 3.9

3 5 30 50 100

(Zones I and III - Suffusive; Zone II - Non-suffusive; Zone IV - Artificial Soils.) 

Figure 3.17: Classification of suffusive and non-suffusive soil compositions

(Burenkova 1993).
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Burenkova (1993) also carried out a series of seepage tests to study the effects of 

suffusion. The sizes of the eroded particles in the seepage tests were similar to those 

predicted by equation 3.9. Among the series of seepage tests carried out by Burenkova 

(1993), eight tests were clearly documented. The eight tests confirmed 4 suffusive and 

4 non-suffusive soil samples whose grain-size distribution curves are shown in Figure 

3.18. The seepage tests were carried out at hydraulic gradients up to 2.5.

Skempton and Brogan (1994)

Skempton and Brogan (1994) carried out laboratory seepage tests to study the internal 

instability in sandy gravels. They attempted to find out the critical hydraulic gradient at 

which migration of fines would start. They used an upward flow seepage cell of 139 mm 

diameter to investigate internal instability in sandy gravels. A 155 mm length soil 

sample in the seepage cell was saturated by a small initial flow before the test began. 

Each test lasted for about 1.5 hr., during which fines were collected, dried and weighed 

at the end of the test. The test set up is shown in Figure 3.19. Four samples formed by 

mixing gravels with uniform sand and in the size range of 0.06 - 10 mm were tested in 

the seepage cell. The grain-size distribution curves of the 4 samples are shown in 

Figure 3.20.

SAND GRAVEL
FINES COARSECOARSEMEDIUM

Non-suffusive soil samples in 
Burenkova (1993) seepage tests.

Suffusive soil samples in 
Burenkova (1993) seepage tests.

04250.001 0.002 0.005 0.075
Grain Size, d (mm)

Figure 3.18: Eight soil samples tested by seepage tests (Burenkova 1993).
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Figure 3.19: Upward flow seepage cell (Skempton and Brogan 1994).
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Figure 3.20: Soil samples tested by Skempton and Brogan (1994).
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Skempton and Brogan plotted critical hydraulic gradient (ic) against stability index 

(H/F) (Kenney and Lau 1985, 1986), and noticed that ic increased rapidly from a low

value to a high value across the line represented by H/F= 1, which represented the 

boundary between stable and unstable gradings. They, however, commented that the 

relationship required further investigations, and the influence of density of packing and 

proportions of sand to gravels had to be investigated.

They also noticed that, in unstable sandy gravels (samples A and B), erosion of the sand 

grains could occur at hydraulic gradients 1/3 to 1/5 of the theoretical critical gradient for 

a homogeneous granular material of the same porosity. The critical hydraulic gradient, 

corresponding to zero effective stress, is defined as:

'c=(l-7XG,-l)=— Eqn 3.10

where ic : critical hydraulic gradient,

r/ : porosity of the material,

Gs : specific gravity of the soil grains,

y : submerged unit weight of the soil,

yw : unit weight of water.

The observed critical hydraulic gradients were far less than the theoretical critical 

gradient for a sample composed entirely of the sand component. Skempton and Brogan 

suggested that, in an internally unstable soil, overburden load was probably carried on a 

primary fabric so that sand was under relatively small pressure. Table 3.2 summarises 

the properties of the soil samples and the results of the 4 seepage tests carried out by 

Skempton and Brogan (1994).

Chapuis, Constant and Baass (1996)

Chapuis et al. (1996) investigated the effects of compaction methods on the migration of 

fines in 0 - 20mm crushed aggregates used as base course materials of flexible road 

pavements. They pointed out that design criteria for gravel base course should consider 

permeability, filter performance and suffusion requirem'enits.
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Table 3.2: Results of seepage tests (from Skempton and Brogan 1994).

Test samples A B C D

Porosity, 77 (%) 34 37 37.5 36.5

D]5 (mm) 0.60 0.90 0.98 1.6

Cu 24 10 7 4.5

Permeability, k (cm/s) 0.45 0.84 0.86 1.8

Filter ratio of components,

AW^/85
11 3.9 3.2 3.2

Stability index, (H/F)mn 0.14 0.98 1.6 2.8

Critical gradient, ic, in test 0.20 0.34 1.0 1.0

Note: Samples A and B, with (H/F)mm < 1, were assessed as Internally Unstable, whereas Samples

C and D were assessed as Internally Stable.

Chapuis et al. (1996) carried out downward flow seepage tests on 2 aggregates, namely 

crushed limestones and crushed gravels (0.075 - 20 mm), having grain-size distribution 

curves as shown in Figure 3.21. The tests showed that gravels represented by Curve 1 

and 3 were internally stable, whereas gravels represented by Curve 2 was internally 

unstable.

Foster and Fell (1999a, 2001)

Foster and Fell (1999a, 2001) investigated the factors which influenced the no erosion 

and continuing erosion filter boundaries. Their investigation involved analysing 

experimental data on hundreds of filter tests carried out by others, reviewing the 

performance of filters in existing dams, and carrying out continuing erosion filter (CEF) 

tests. Based on the results of their investigation, they proposed that the boundaries of 

filter test behaviour are related to DFX5 of the filter, some characteristic sizes of the base

materials, namely DBS5, DB90 and DB95, and also the fines content of the base materials.
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(Curves 1 and 3 - Stable; Curve 2 - Unstable)

Figure 3.21: Samples selected for seepage tests (Chapuis et al. 1996).

Foster and Fell (1999a, 2001) investigations are not directly related to the study of the 

internal instability of a soil. Their investigations, however, provide useful information 

to help assessing the likelihood of moving of fine soil particles through the voids of a 

coarser soil skeleton, as happens in the suffusion process.

3.2.4 Investigations on internal instability of cohesive soils by others

Sun (1989)

Unlike the investigations by others, Sun (1989) investigations were focused on cohesive 

clay-silt-sand mixtures rather than cohesionless sand-gravel mixtures. Sun (1989) 

carried out laboratory tests on 16 clayey/silty sands. The grain-size distribution curves of 

the 16 test samples are shown in Figure 3.22 and Figure 3.23. The test samples were 1” 

(25.4 mm) thick and 2.8” (71.1 mm) in diameter, and were tested in a pressurised 

flexible wall permeameter under an upward hydraulic gradient of 20. Figure 3.24 shows 

a schematic diagram of the test apparatus.

Sun’s proposed method of assessing the internal stability of a soil involves splitting a 

soil into a coarse fraction (c) and a fine fraction (/) at any arbitrary point along its grain-
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size distribution curve. At any arbitrary dividing point, i, represented by particle size, 

Z)„ along the grain-size distribution curve, there corresponds a constriction size 

DCi = 0.25D,, and a characteristic size d50iFine representing the d50 size of the fine

fraction. The controlling constriction size, Dc*, is defined as the DCl value at a 

particular dividing point, D„ which maximises the ratio Da/d50iFine. According to Sun,

the internal stability of a clayey/silty sand depends on the parameters Dc* /d50Fine*, and

Fc*, where Fc* represents the fraction by weight finer than size Dc*. A boundary 

separating the unstable soils and the stable soils was proposed as shown in Figure 3.25. 

The boundary corresponds to a hydraulic gradient of 20. According to Sun, the inclined 

section of the boundary would vary according to the hydraulic gradient, and would 

become less steep if the hydraulic gradient is less than 20.

The seepage tests by Sun (1989) were carried out under a very high hydraulic gradient of 

20 to 1, which would not be experienced in embankment dam cores or their foundations. 

The very high gradients across the 25.4 mm thick test sample may well have cracked the 

sample, and the process involved may not be suffusion, but erosion along a crack.

GRAVELSAND
FINES COARSECOARSEMEDIUM

§ 60

0 0050001 0.002 0.075 0.425

Grain Size, rf(mm)

Figure 3.22: Soil samples tested to be internally stable by Sun (1989).
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Figure 3.23: Soil samples tested to be internally unstable by Sun (1989).
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Figure 3.24: Schematic drawing showing setup of test equipment (Sun 1989).
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Figure 3.25: Assessment of internal stability (Sun 1989).

3.2.5 Investigations of soils which do not self filter

A few previous investigators considered an internally unstable soil as one which did not 

self filter. They divided a soil into a coarse fraction and a fine fraction, and applied 

empirical filter design rules to test the ability of the coarse fraction to filter the fine 

fraction of the soil.

Kezdi (1969)

Kezdi (1969) divided a soil into a coarse fraction (c) and a fine fraction if) at one point 

along its grain-size distribution curve. He applied the rule for designing protective filter 

to the two fractions treating the fine fraction as the base, and the coarse fraction as the 

filter. That is:

< 4 < Ali.
Df\5

Eqn 3.11
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The above rule for designing protective filter is generally credited to Terzaghi (1939), 

and was verified experimentally by Bertram (1940). Kezdi (1969) hypothesized that a 

soil which satisfied DcX5/DfS5 < 4 at any arbitrary dividing point along its grain-size

distribution curve would be self-filtering, and would therefore be internally stable.

The second part of equation 3.11, represented by 4 < Dcls/Dns, is a requirement to

ensure adequate drainage capacity of a filter, and is irrelevant to the study of internal 

stability.

de Mello (1975)

de Mello (1975) briefly described a quantitative evaluation of skip-graded (gap-graded) 

materials. The proposed method is similar to Kezdi (1969) method, but the proposed 

filter criterion is Dcl5/Dfg5 < 5, and is applied to gap-graded materials only. Figure

3.26 illustrates the splitting of the grain-size distribution curve of a gap-graded soil into 

a coarse fraction and a fine fraction.

GRA INSIZE' OF, SOIL AS IS 
TAK^N | FORI DECOMPOSINGPOINT INTO

OF TWOHYPOTHETICAL (MIXTURE 
MATERIALS , B AND C I

CRITERIA
FOR C‘ TO FILTER

Figure 3.26: Simple test on grain size curve to check unacceptable skip-grading with 

respect to internal erosion (de Mello 1975).
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Sherard (1979)

Sherard (1979) reported that, in his experiences, sinkholes occurred in dams comprised 

of remarkably similar cohesionless, coarse, broadly graded soils. He attributed this to 

the soils being internally unstable. For identifying potentially internally unstable soils, 

he proposed to split a soil into a coarse fraction and a fine fraction at any arbitrary point 

along its particle size distribution curve, and required that the filter criterion be satisfied 

at any arbitrary splitting point for a soil to be internally stable. Sherard’s method is 

similar to the methods proposed by Kezdi (1969), and de Mello (1975). Application of 

the method was not limited to gap-graded soils. The proposed filter criterion is defined

by dm /DfK<4 <° 5-

3.2.6 Summary

The laboratory test methods used by previous investigators, and a brief description of 

the soils they tested for investigating the internal instability of a soil are summarised in 

Table 3.3.

These studies indicate that, for suffusion to occur, the following three criteria have to be 

satisfied:

Criterion 1: the size of the fine soil particles must be smaller than the size of the

constrictions between the coarser particles, which form the primary 

fabric (i.e. the basic skeleton) of the soil, i.e. the soil is internally 

unstable;

Criterion 2: the amount of fine soil particles must be less than enough to fill the

voids of the primary fabric (If there are more than enough fine soil 

particles for void filling, the coarser particles will be “floating” in 

the matrix of fine soil particles, so that a primary fabric comprises 

mainly of the coarser particles will not exist.);
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Criterion 3: the velocity of flow through the soil matrix must be high enough to

move the loose fine soil particles through the constrictions between 

the larger soil particles.

The first two criteria (so called geometrical criteria) are related to the grain-size 

distribution of a soil, whereas the third criterion (so called hydraulic criteria) is related 

to the hydraulic force causing movement of the fine soil particles.

Embankment dams having broadly-graded clay-silt-sand-gravel mixtures with cohesive 

or non-cohesive fines are not uncommon. For example, glacial and alluvial materials 

and many alluvial soils in dam foundations found in some USA, Swedish, Norwegian 

and New Zealand embankment dams are broadly-graded, and have significant fines 

content. The literature review, however, finds no previous attempt to test the internal 

stability of soils with silt or clay content. Most of the proposed criteria, as introduced in 

Section 3.2.3 above, for assessing the internal stability of a soil were based on 

laboratory tests on cohesionless sand-gravel mixtures (e.g. U.S. Army Corps of 

Engineers (1953), Kenney & Lau (1984, 1985, 1986), Burenkova (1993), Chapuis et al. 

(1996)). These criteria may not be applicable to broadly-graded silt-sand-gravel 

mixtures or materials with significant fines content.

Other proposed criteria (e.g. de Mello (1975), Sherard (1979)) are related to self 

filtering, are purely empirical, and have not been verified as being able to determine if a 

soil is subject to suffusion by soil tests. These empirical methods are easy to apply, and 

may successfully identify some potentially internally unstable coarse broadly-graded 

soils and more particularly gap-graded soils. The validity of these criteria when applied 

to materials with silty fines is, however, questionable. In addition, soils that are 

assessed to be not self filter using empirical filter design rules are not necessarily 

internally unstable within the definition of internal instability used in this thesis. This is 

due to two main reasons:

i. Most filter rules are conservatives, and a set of filter rules may not apply to all 

types of soils.



Table 3.3: Summary of investigations on internal instability of soils by others.
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ii. One of the essential conditions for internal instability to occur in a soil is that 

the amount of fine soil particles must be less than enough to fill the voids of the 

primary fabric formed by the coarse particles of the soil (i.e. geometrical 

criterion 2 described at the start of this Section). This requirement is not 

considered in the splitting of a soil into a fine fraction and a coarse fraction 

when a self filtering rule is applied.

Unlike many other investigators who studied the geometrical criteria governing internal 

instability, Skempton and Brogan (1994) investigated the hydraulic criteria for the 

erosion of fine particles in an internally unstable soil. Their findings, however, were 

based on testing only a few sand-gravel mixtures.

Most previous investigators had ignored the effect of compaction and density on the 

internal stability of a soil.

The Sun (1989) method is the only method found in the literature for predicting the 

internally stability of cohesive clay-silt-sand mixtures. The seepage tests by Sun (1989) 

were carried out under a very high hydraulic gradient of 20 to 1, which would not be 

experienced in embankment dam cores or their foundations. The very high gradients 

across the 25.4 mm thick test sample may well have cracked the sample, and the process 

involved may not be suffusion, but erosion along a crack.

The study of filter behaviour and the study of the internal instability of a soil are closely 

related as both involve understanding the mechanism by which finer soil particles are 

moved through the constrictions within a matrix of coarser soil particles. The study of 

filter behaviour by Kenney et al. (1983, 1985), Lafleur et al. (1993), and Foster and Fell 

(1999a, 2001) helps understanding the movement of finer soil particles through the 

constrictions within a soil matrix.
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3.3 EXPERIMENTAL INVESTIGATION OF INTERNAL INSTABILITY OF 

SOILS AT UNSW

3.3.1 Objective of experimental investigation

As described in Section 3.1, the objectives of the experimental investigations are three

fold, namely

i. to investigate the factors which affect the internal stability of soils;

ii. to investigate the validity of applying currently available methods in assessing 

the internal stability of silt-sand-gravel or clay-silt-sand-gravel mixtures, and 

to propose appropriate methods for assessing the internal stability of these 

soils; and

iii. to study the hydraulic conditions at which erosion of fine particles from 

within the coarse soil matrix occurs in an internally unstable soil.

Two series of laboratory tests, namely the downward flow (DF) seepage test and the 

upward flow (UF) seepage test, have been carried out. The DF test was used to find out 

whether or not a soil sample is internally unstable, whereas the UF was carried out to 

identify the vertical hydraulic gradient across a soil sample at which internal erosion of 

finer soil particles was observed. Two different levels of vertical hydraulic gradients 

were observed. The first level corresponds to the onset of erosion of fine particles 

indicated by the cloudiness of the flow and movement of finer particles within the soil 

as detected by changes in the particle size distribution. The second level corresponds to 

more severe erosion indicated by the rapid increase in flow rate and the “boiling’* 

phenomenon. At this stage the process is no longer one of suffusion alone.

3.3.2 Downward flow (DF) seepage test

Overview
In the DF test, a test sample is exposed to a high constant seepage gradient inside a 

seepage cell. If the test sample is internally unstable, selective erosion of the finer
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particles of the test sample is expected to happen, resulting in a change in the grain-size 

distribution of the test sample after the test. If the test sample is stable, selective erosion 

of the finer particles of the test sample will not take place, and the grain-size distribution 

of the test sample will remain unchanged after the test.

The DF test is carried out on a soil sample until the measured flow rate, and the 

pressures inside the soil sample become steady, and the colour of the effluent becomes 

clear, indicating that erosion, if any, has completed.

Apparatus

The main apparatus of the DF test comprises a cylindrical aluminium seepage cell of 

300-mm internal diameter containing the soil sample to be tested. Water is supplied 

from a constant head tank located approximately 2.5 m above the seepage cell. The 

seepage cell is placed inside a transparent overflow tank which serves to maintain a 

constant water head at the downstream side of the apparatus. With this arrangement, an 

average seepage gradient, /'« 8 is maintained across the 300 mm thick soil sample. The 

seepage gradient within the test sample, however, varies throughout the depth of the 

sample during the test. Higher seepage gradient can be achieved by raising the constant 

head water supply tank to a higher level. Water pressures within the soil sample are 

measured by four piezometers embedded at different depths of the soil sample. The 

pressures measured by the piezometers are recorded automatically in a digital computer 

at regular time intervals through the use of pressure transducers connected to the 

piezometers, and an electronic data logger. The tips of the piezometers are set at 

100 mm, 150 mm, 200 mm and 250 mm from the top face of the test sample. The 

overflow chute at the lower tank facilitates measurement of the rate of flow through the 

system. The 25 mm single-sized aggregates on top of the 300 mm thick soil samples 

serve to break up the incoming flow so as to ensure more uniform water pressure on the 

upper surface of the soil sample. The drainage layer at the bottom of the seepage cell is 

made up of 20 mm single-sized aggregates. The equivalent opening size of the drainage 

layer is between 2 mm to 5 mm (i.e. Dl5 / 9 to DI5 /' 4, where Z)15 is 20 mm). These

equivalent opening sizes are considered large enough to allow passage of fine soil 

particles washed out of an internally unstable test sample during the downflow seepage 

test. Previous investigators showed that the erodible fine fraction of an internally
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unstable soil would not comprise more than 30% by weight of the soil. The D30 of

most of the test samples were finer than 2 mm, which is smaller than the equivalent 

opening size of the bottom drainage layer. A few gap-graded test samples, for examples 

samples 9, 10, 13, 14A, and 15, whose grain-size distribution curves are shown in 

Figure 3.32 and Figure 3.33, have D30 as large as 6 mm, but the majority of the fine

soil particles in these gap-graded samples were finer than 2 mm. Some coarse soil 

samples, e.g. A2, A3, Bl, B2 and Cl, whose grain-size distribution curves are shown in 

Figure 3.34, have D30 between 8 to 15 mm. Test results indicated that selective erosion

of fine particles from these samples did not appear to have been significantly affected by 

clogging of the bottom drainage layer. The bottom drainage layer has to support the 

weight of the soil sample and the water load. Aggregates coarser than 20 mm have not 

been used in the bottom drainage layer to avoid excessive collapse of the lower part of a 

test sample into the voids of the drainage layer under the water load. The bottom 

drainage layer is, however, sufficiently fine to act as a filter to the soils tested based on 

Sherard and Dunnigan (1989) filter criteria provided the soils are internally stable.

A schematic diagram and a photograph of the DF test apparatus are shown in Figure 

3.27 and Figure 3.28, respectively.

Soil particle density, Atterberg limits and compaction properties of soils tested 

Soil particle density and Atterberg limit tests were carried out on the soil samples 

according to relevant Australian Standards.

Standard compaction tests were carried out on each of the soil samples to obtain 

information on standard maximum dry density and optimum water content. This 

information was essential for controlling the dry density and the moulding water content 

of the test specimens.

Moulding water content and dry density of test specimens

Test samples were prepared at the standard optimum water content (OWC). To achieve 

the desired moulding water content, the appropriate amount of water was added to the 

soil sample, which was then cured for at least two days before a test sample was
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prepared. Water content tests were carried out on surplus soil trimmed from the 

compaction mould so as to find out the actual moulding water content of the test 

sample.

Test samples were prepared at either 90% or 95% of the standard maximum dry density 

of the soil sample. The dry density of a test sample was controlled by adjusting the total 

mass of soil of the specified moulding water content to be used for forming the 

compacted test sample. The 300 mm thick test sample was compacted in 5 layers using 

a tamping rod. For each layer, a known amount of soil was compacted to a pre

calculated thickness corresponding to the desired dry density. Finally, the mass and the 

water content of the completed test sample were measured so as to calculate the actual 

dry density of the sample.
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Compacted soil- 
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Figure 3.27: Schematic diagram of the downward flow seepage test assembly.
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Figure 3.28: Downward flow seepage test apparatus.

Monitoring of hydraulic gradient and flow rate

All of the DF tests were carried out with an upstream water head of 2.5 m. This head 

corresponded to a hydraulic gradient of about 8 across the 300 mm thick compacted soil 

sample. As the test proceeded, water pressure at 4 different depths of the test samples 

was automatically recorded by piezometers connected to pressure transducers and 

electronic data-loggers. The tips of the piezometers were positioned at 100 mm, 

150 mm, 200 mm and 250 mm below the top face of the test sample. The piezometers 

were intended to provide information on the pressure distribution across the depth of the 

test sample and to serve as an indicator of whether or not erosion had completed and a 

steady condition had been reached. Plots of total head versus time are presented in 

Appendix N. Total head is the pressure head plus the datum head. The pressure head, 

in metre, is computed from the pressure recorded by the piezometers, and the datum 

head is taken as the height, also in metre, of the piezometer tip above the bottom face of
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the test sample, assuming the zero datum is at the bottom face of the test sample. A 

review of the piezometer data for some downflow seepage tests, for example tests DF1, 

DF5, DF9, indicated that the piezometers readings were sometimes erratic. For 

example, the recorded pressure for DF1 was approximately 48 kN/m , which was too 

high and inconsistent with a water head of 2.5 m. In some other tests, the total head at a 

higher piezometer was lower than the total head at a lower piezometer. This might be 

due to the formation of a preferential flow path along the piezometer tube of the higher 

piezometer which caused a significant reduction in the pressure head at the higher 

piezometer. In view of the inconsistencies in the piezometer readings in some DF tests, 

the piezometer readings have not been used for analysing the pressure distribution 

across the depth of a test sample.

The rate of water flow through the test sample was estimated at regular time intervals 

by measuring the volume of effluent collected from the overflow chute of the lower tank 

within a specified period of time (e.g. 20 seconds).

Colour of the flow

The colour of the effluent provided an indication of whether or not erosion was taking 

place, and was recorded during the test. No attempt was made to measure the sizes and 

amount of soil particles in the effluent, as erosion of the soil sample can be detected by 

post-test grain-size distribution analysis of the soil sample, and it is very time 

consuming to collect, dry and carry out particle size distribution analysis of the eroded 

soil given the large quantities of water flowing through the sample.

Grain-size distribution analysis

All soil samples, except sample “RD” which was a naturally occurring soil, were formed 

by blending silt, sand and gravel. Some tests were carried out on samples of clay-silt- 

sand-gravel mixtures. Grain-size distribution analysis was carried out on each of the 

blended samples to ensure that the desired grain-size distribution was achieved before 

the samples were tested.

After a DF test, the soil sample was carefully taken out from the seepage cell, and grain- 

size distribution analyses were carried out on sub-samples taken from 4, 5 or 6 different
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depths of the soil sample to study the effect of internal erosion on the grain-size 

distribution of the soil sample. The depths below the top surface for obtaining sub

samples for post test grain-size distribution analysis are as follows:

Number of sub-samples Sampling depths (mm)

4 0-75,75- 150, 150-225,225 -300.

0 - 60, 60 - 120, 120- 180,180- 240.
5

240 - 300.

0-50, 50- 100, 100- 150, 150-200,
6

200-250, 250-300.

3.3.3 Upward flow (UF) seepage test

Overview

During an UF test, the hydraulic gradient across a test sample is gradually increased by 

raising slowly in steps the level of the upstream water supply tank. Signs of erosion of 

the test sample are observed as the hydraulic gradient across the test sample increases. 

For some test samples, a point may be reached when the hydraulic gradient is high 

enough to cause instability of the soil, as indicated by the “boiling” phenomenon. 

Internally unstable soils are expected to show signs of erosion and instability at 

relatively lower hydraulic gradients than stable soils.

Apparatus

The apparatus of the UF test is similar in design to that of the DF test. The main 

difference is that the direction of water flow in the UF test is from the bottom upward. 

The upper end of the seepage cell is left open to allow for the observation of the erosion 

process. The water tank supplying water to the system can be raised or lowered so as to 

control the seepage gradient across the 250 mm thick soil sample. The thickness of the 

soil sample in the UF test is 50 mm thinner than that in the DF test so as to reduce the 

likely arching effect due to restraints by the sides of the seepage cell. A thinner soil 

sample also implies that the apparatus can apply a higheir hydraulic gradient across the
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thickness of the sample. An overflow pipe fitted at the top part of the seepage cell 

allows for measurement of the rate of flow through the system.

The UF test on a test sample is continued until instability is observed in the test sample, 

or until the highest achievable hydraulic gradient is applied if instability does not occur.

A schematic diagram and a photograph of the UF test apparatus are shown in Figure 

3.29 and Figure 3.30, respectively.

Water tank

From water 
recycle system

Standpipes \ ^
Aluminium 
seepage cell 
(300mm 
internal dia.)-n

Flow rat
measur
ment ...................•’ «'’ILCompacted

soil specimen , 
(250mm thk.) i

25mm wide Y
a uminium ring *
- X • T o water

recycle
system

4 % ' , »

Figure 3.29: Schematic diagram of the upward flow seepage test assembly.

Sample preparation and measurement and control of test variables in the UF Test

The method for the control of the moulding water content and density of the test sample 

for the UF test is similar to that for the DF test.
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In the UF test, water pressures within the test specimen were recorded manually by 

reading the heights of the water columns in the plastic standpipes. The pressure head 

within the test sample is measured by 4 standpipes whose tips are located at 50 mm, 

100 mm, 150 mm, and 200 mm below the upper surface of the test specimen. The rate 

of water flow through the test sample was estimated at regular time intervals by 

measuring the volume of effluent collected from the overflow pipe near the top of the 

seepage cell within a specified period of time (e.g. 20 seconds). Colour of the effluent 

and signs of erosion are also recorded during an UF test.

Figure 3.30: Upward flow seepage test apparatus.

3.3.4 Properties of soil samples

Origin of soil samples

Table 3.4 shows a test schedule consisting of 24 DF tests and 18 UF tests intended to 

test the effects of the fines content, the plasticity of the fines, gap-grading and soil 

density on internal stability. A total of 20 soil samples were included in the test
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schedule. 19 out of the 20 soil samples were formed by blending clay (kaolin), silt 

(silica), fine to medium sand (Nepean Sand), coarse sand (5 mm Blue Metal), fine 

gravel (10 mm Basalt and 20 mm Blue Metal), and coarse gravel (25 to 75 mm Pukaki) 

to achieve the desired fines content, grading, and plasticity of the fines. Nepean Sand is 

a river sand obtained from the western part of Sydney. The Blue Metal aggregates are 

crushed basaltic rock. The 25 to 75 mm Pukaki is the over-sized rounded particles of a 

glacial till obtained near Pukaki Dam in New Zealand.

Table 3.4: Schedule of DF tests and UF tests.

Test
sample

Approximate 
fines content of 

sample

(%)

Sample with 
plastic fines 

(Kaolin)

"Y" or "N"

Sample gap- 
graded

"Y" or "N"

Compaction 
(as % of 

standard max. 
dry density)

Seepage Tests

Downward flow Upward flow

1, 1A 10 N N 95% DF1 UF1
90% DF5 UF2

2R 20 N N 95% DF2R UF3
3R 40 N N 95% DF3R UF4
4R 5 N N 95% DF4 UF5

5 10 Y N 95% DF13 UF13
90% DF14 DF14

6 20 Y N 95% DF10 UF10
7 40 Y N 95% DF16 UF16
9 10 N Y 95% DF6 UF6

10 20 N Y 95% DF7 UF7
90% DF8 UF8

11 40 N Y 95% DF9 UF9
13 10 Y Y 95% DF11 UF11

14A 20 Y Y 95% DF12 UF12
90% DF15 UF15

15 40 Y Y 95% DF17 UF17
RD Natural soil 95% DF18 UF18
A2

Well-graded 
gravels with 

fines content <
15%

N N

95% DF24
A3 95% DF23
B1 95% DF22
B2 95% DF21
Cl 95% DF20
D1 95% DF25

Note : All test samples were prepared at optimum water content.

The remaining soil sample (abbreviated “RD”) is a glacial till taken from Tasmania, and 

with particles larger than 9.5mm removed.

The grain-size distribution curves of the materials used for blending for the test samples 

are shown in Figure 3.31. Table 3.5 shows the mix proportions for the various blended
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test samples, and Table 3.6 summarises the grading characteristics of the test samples. 

Figure 3.32, Figure 3.33 and Figure 3.34 show the grain-size distribution curves of the 

twenty test samples.

5mm Blue 
Metal

0.075 0.425

Grain Size, d(mm)

100

SAND GRAVEL
FINES

FINE MEDIUM COARSE COARSEFINE
100

Kaolin

10mm
Basalt

Silica

Nepean Sand

20mm Blue 
Metal

0 0005 0.001 0 005

Figure 3.31: Grain-size distribution curves of the materials used for blending for the

test samples.

Soil plasticity

Blended soil samples, namely samples 5, 6, 7, 13, 14A and 15, which contain kaolin, 

were tested to be slightly plastic. The Liquid Limits and Plasticity Indices of these 

samples are in the range of 23 to 30% and 9 to 13%, respectively. Soil sample kiRD”, 

and other blended soil samples without kaolin were tested to be non-plastic.
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.

Dr-‘
u

.
D

UF9
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UF12, UF15 |

UF17
UF18

Downflow
DF1
DF5
DF2R
DF3R
DF4
DF13, DF14
DF10
DF16
DF6
DF7, DF8
DF9
DF11

DF12, DF15

DF17
DF18
DF24
DF23
DF22
DF21
DF20
DF25

Grain-size
distribution

curve
Fig. 3.32

<Nmcnob
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Fig. 3.32
Fig. 3.32
Fig. 3.32

C<~)ob
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Fig. 3.33
Fig. 3.33
Fig. 3.33
Fig. 3.33
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Fig. 3.33
Fig. 3.32

'3-ob
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Fig. 3.34
Fig. 3.34
Fig. 3.34
Fig. 3.34
Fig. 3.34
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Vi3■
5&

b
3

Rounded gravel from "Pukaki"
51-76mm

N/A
17.01
17.63
17.05
20.98
16.01
17.05

38-51mm

N/A
m©©

10.39
11.06
20.98
15.18
11.36

25-38mm

N/A
23.88
24.74
12.73
14.55
12.80
14.77

20mm Blue
Metal
23.80
23.80
15.96
5.66
12.90
5.24
6.83
4.75
17.87
19.74
20.70
18.26
20.72©©©

N/A
12.15
12.60
11.53
6.99

31.82
11.36

V
-OV)3OtEoa
.

0CLX1

10mm
Basalt
23.80
23.80ooo

9.05
24.19
11.77
12.30
8.55

60.67
54.59
26.43
61.95
57.30©©©

N/A
6.08
6.30
11.53
3.50
3.84
11.36

5mm Blue
Metal
16.18
16.181081

6.11
32.26
34.73
27.33
18.99
9.54oo©

000

9.74

©©©

23.90
N/A
6.08
9.45
11.53
6.99
3.84
11.36

Nepean
Sand
25.70
25.70
24.01
28.28ZYLZ

41.20
34.16
24.12000

o©©

000

©©©

000

30.50
N/A
6.08
9.45
11.53
12.59096

11.36

Silica

10.52
10.52
24.01
50.90
3.23

oc

8.20
21.84
11.92
25.67
52.87
4.54
11.09
24.11
N/A
18.70
9.45
13.07
13.42
6.91
11.36

Kaolin

oo°o

11.18
21.75

5.51
10.89
21.49
N/A

Mix
Sample

—
<

OZ
aZm

cc
VO

©
—

14A

aaZ

A2
A3

0Q
<NCD

U
Q

>>’35ei)T
3bT
3E3£*as

*0c5C3c«

Note: 1. RD is a glacial till sample taken from Tasmania, and with particles larger than 9.5mm removed.
2. Samples for tests DF5, DF8, DF14, DF15, UF2, UF8, UF14, and UF15 were compacted to 90°A 

Samples for all other tests were compacted at 95% standard maximum dry density.
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Figure 3.32: Grain-size distribution curves of sample ~RD” and well-graded samples 

of silt-sand-fine gravel mixtures or clay-silt-sand-fine gravel mixtures.
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Figure 3.33: Grain-size distribution curves of gap-graded test samples made of silt- 

sand-fine gravel or clay-silt-sand-fine gravel mixtures.
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Figure 3.34: Grain-size distribution curves of test samples made of silt-sand-coarse

gravel mixtures.

Soil particle density

The soil particle densities of the various materials are summarised in Table 3.7.

Table 3.7: Summary of soil particle densities.

Components Soil particle density (g/cm3)

Kaolin 2.58

Silica 2.63

Nepean Sand 2.53

5mm Blue Metal 2.55

10mm Basalt 2.71

20mm Blue Metal 2.70

Rounded gravel from “Pukaki” 2.69

RD 2.82
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The above particle densities were used for calculating the average particle densities of 

the test samples using equation 3.1.

Gs _avg
1 Eqn 3.12

where Gs avg : is the average particle density of a test sample;

/ : is the proportion by weight of a particular component (e.g.

Silica) of the test sample. ^ / = 1;

Gs ': is the particle density of a particular component as given

in Table 3.7.

Standard compaction test

Results of standard compaction tests on the 20 soil samples are summarised in Table 

3.8. This information was required for controlling the densities and water contents of 

the test samples.

3.3.5 Interpretation of test data

DF test

The main purpose of the DF test is to find out if the finer particles of the soil sample are 

washed out from the sample by the process of suffusion. Any loss of materials will be 

indicated by a change in the grain-size distribution of the soil. This can be detected by 

carrying out post-test grain-size distribution analysis on samples taken from different 

depths of the sample. Figure 3.35 shows the results of post-test grain-size distribution 

analysis on Sample 10. The obvious shifts in the post-test grain-size distribution curves 

from the initial curve indicate that the soil sample is internally unstable. Tests which 

showed only minor changes in post-test grain-size distribution within the accuracy of 

testing (e.g. curves 2 - 6 in Test 1, Appendix N) or only in the upper layer (e.g. curve 7 

in Test 1) were considered non-suffusive.
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Results of post-test grain-size distribution analysis on all DF test samples can be found 

at Appendix N.

Table 3.8: Results of standard compaction tests.

Soil sample
Standard maximum dry

density, pdtm (t/m3)
Standard optimum water

content, OWC (%)

1 2.32 7.5
2R 2.18 9.0
3R 1.97 11.5
4R 2.23 9.5

5 2.12 8.5
6 2.23 7.0
7 2.05 10.0
9 1.94 6.5
10 2.22 8.5
11 1.91 12.0
13 1.92 7.0

14A 2.04 11.0
15 2.09 8.0

RD 1.87 13.5
A2 2.43 6.0
A3 2.41 5.0
B1 2.35 5.5
B2 2.36 5.5
Cl 2.34 4.5
D1 2.36 7.0

A graphical technique proposed by Kenney & Lau (1985, 86) can be used to assess the 

approximate size of the largest particles eroded by the suffusion process, and the 

approximate fraction of materials eroded by the process. The technique involves 

extending the initial grain-size distribution curve of the test sample to match the grain- 

size distribution curve of the same sample after the DF test. Figure 3.36 shows the 

application of the curve matching technique to DF test no. 8 on Sample 10. By 

extending the vertical scale of the initial grain-size distribution curve, the initial curve is 

shifted downward until the coarse part of the curve matches the coarse part of the post-
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test grain-size distribution curve. The point at which the matching ends represents the 

size of the largest particles erodible by suffusion. The fraction of materials loss can be 

calculated from the amount of shifting of the initial grain-size distribution curve. Figure 

3.36 shows that the size of the largest particles erodible by suffusion is in the range of 

0.15 to 0.26 mm, whereas the fraction of materials loss is in the range of 5.4 to 17.1%.
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Figure 3.35: DF test No. 8 on Sample 10 - Post-test grain-size distribution analysis on 

sub-samples taken from various depths of the test sample.

Matching of grain-size distribution curves for the internally unstable soil samples are 

shown in Appendix O.

UF test

The main purpose of the UF test is to record the change in the flow rate and hydraulic 

gradient across the test sample, and to record the onset of erosion indicated by the 

washout of fine particles from the sample. Typical plots of the results of the UF test are 

shown in Figure 3.37 and Figure 3.38. Figure 3.37 shows the temporal variation of the 

hydraulic gradients within the test sample, and the seepage rate through the test sample,
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whereas Figure 3.38 shows the variation of the average seepage velocity V with respect 

to the average hydraulic gradient I. In Figure 3.38, the gradual increase in the slope of 

the curve implies that the permeability of the test sample is increasing until a point at 

/ « 1.13 when the sample starts to “boil” and reaches the zero effective stress condition.

Results of analysis and graphical plots on all UF test samples can be found at Appendix 

P.

100

20.7%

0.425 2.0 4.75
Grain Size,d (mm) Size of largest 

eroded particles 
= 0.15 to 0.26 mm 
= 0.2 mm average.

Figure 3.36: DF test No. 8 on Sample 10 - Curve matching for finding the fraction of 

materials loss by suffusion and the size of the largest erodible particles.
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Figure 3.37: UF test No. 8 on Sample No. 10 - Temporal variation of hydraulic

gradient and flow rate.

Hydraulic Gradient, /

Figure 3.38: UF test No. 8 on Sample No. 10 - Average flow velocity versus hydraulic

gradient.
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3.4 ANALYSIS OF THE RESULTS OF DOWNWARD FLOW TESTS

3.4.1 Interpretation of test data

A total of 24 DF tests have been carried out on 20 soil samples. 9 out of the 20 soil 

samples are assessed as internally unstable based on the observations during the DF tests 

on those samples, and the obvious shift of their grain-size distribution curves from their 

initial positions after the test. Results of the 24 DF tests are summarised in Table 3.9. 

Sample 11 showed significant loss of materials in DF test no. 9. Sample 11 is, however, 

not classified as internally unstable as observations during the test showed the erosion 

loss was caused by piping along a piping channel through the sample.

For those samples assessed to be internally unstable, namely samples 10, 14A, 15, A2, 

A3, Bl, B2, Cl and Dl, their post-test grain-size distribution curves were analysed for 

the fraction of erosion loss using the curve matching technique described in Section 

3.3.15. Results of the analysis are summarised in Table 3.10. For test samples 10 and 

14A, ranges of values are given for the results of the curve matching analysis due to the 

reason that the post-test grain-size distribution of these soil samples varies with depth as 

revealed by their respectively post-test grain-size distribution curves. The post-test 

grain-size distribution curve of the bottom layer of the test sample was ignored in the 

curve matching analysis because the bottom layer usually showed bigger loss of fine 

particles, due to its contact with the bottom filter layer, when compared to the layers in 

the middle region of the test sample. The actual fraction of materials loss by suffusion is 

plotted against the maximum fraction of materials finer than the size of the largest 

eroded particles in Figure 3.39.

3.4.2 Identification of the factors influencing internal instability

Effects of fines content and gravel content

Figure 3.40 shows a plot of the gravel content versus the fines content for both the 

internally stable and unstable samples. The plot shows considering scattering of the
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data. The internally unstable soils in the data set have fines content ranging from 7.4% 

to 33.1%, and the internally stable soils have fines content ranging from 4.9% to 44.4%.

The test data do not show any obvious relationship between the fines content and the 

internal stability of a soil.

Table 3.9: Summary of the results of downward flow tests.

Test
sample

Downward
flow test

no.

Standard 
Max. Dry 
Density

(t/m3)

Standard
Optimum

Water
Content

(%)

Density 
Ratio of

test
specimen

(%)

Water
Content of

test
specimen

(%)

Average 
Porosity of 

test
specimen

Material loss due to 
erosion revealed by 
post-test grain-size 

distribution 
analysis

1, 1A DF1 2.32 7.7 94.0 7.7 0.169 No Loss
DF5 89.4 7.8 0.210 No Loss

2R DF2R 2.13 9.9 95.8 9.5 0.222 No Loss
3R DF3R 1.89 11.2 94.0 11.7 0.318 No Loss
4R DF4R 2.23 9.3 93.4 10.0 0.200 No Loss

5 DF13 2.12 8.5 94.2 8.5 0.223 No Loss
DF14 89.1 8.6 0.265 No Loss

6 DF10 2.23 7.2 95.5 7.2 0.174 No Loss
7 DF16 2.05 9.8 94.2 10.2 0.255 No Loss
9 DF6 1.94 6.3 93.8 5.8 0.323 No Loss

10 DF7 2.22 8.4 94.1 8.4 0.223 Obvious Loss
DF8 90.0 8.2 0.257 Obvious Loss

11 DF9 1.91 12.1 97.3 12.8 0.303
Obvious Loss 

(Piping) 1
13 DF11 1.92 7.1 94.5 6.9 0.323 No Loss

14A DF12 2.04 11.1 94.6 10.6 0.281 Slight Loss
DF15 90.0 10.2 0.316 Slight Loss

15 DF17 2.09 8.2 92.3 8.1 0.249 Obvious Loss
RD DF18 1.87 13.3 94.8 12.9 0.371 No Loss
A2 DF24 2.43 6.1 90.7 5.6 0.173 Obvious Loss
A3 DF23 2.41 5.1 90.5 4.3 0.179 Obvious Loss
B1 DF22 2.35 5.5 91.3 6.5 0.191 Obvious Loss
B2 DF21 2.36 5.7 92.6 5.7 0.176 Obvious Loss
Cl DF20 2.34 4.3 93.9 2.5 0.176 Obvious Loss
D1 DF25 2.36 7.0 95.0 5.0 0.153 Obvious Loss

Note:
1 The observed loss of fines was due to the formation of a pipe through the soil sample, 

and erosion along the pipe.
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Table 3.10: Fraction of material loss by suffusion and size of largest erodible particles

assessed by grain-size distribution curve matching technique.

Test
sample

Downward
flow test

no.

Material loss due to 
erosion revealed by 
post-test grain-size 
distribution analysis

Assessment using curve matching technique

Size of largest 
particles eroded

(mm)

Fraction finer than the 
size of the largest 
particles eroded

(%)

Actual fraction of materials 
loss by suffusion

(%)

DF7 Obvious Loss 0.15 28.0 9.7- 17.1 (Avg. 13.4)

DF8 Obvious Loss 0.15-0.26 (Avg. 0.2) 14.0-24.0 (Avg. 19.0) 5.4 - 17.1 (Avg. 11.2)

14A
DF12 Slight Loss 0.06 17.5 4.4

DF15 Slight Loss 0.20 21.0 2.4-5.8 (Avg. 4.1)

15 DF17 Obvious Loss 0.16 31.0 7.1

A2 DF24 Obvious Loss 0.60 19.5 15.2

A3 DF23 Obvious Loss 0.80 16.0 6.6

B1 DF22 Obvious Loss 5.00 37.0 20.0

B2 DF21 Obvious Loss 5.00 34.0 17.1

Cl DF20 Obvious Loss 9.50 32.0 15.9

D1 DF25 Obvious Loss 6.00 48.0 26.3
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Figure 3.39: Actual fraction of materials loss by suffusion is plotted against the 

fraction finer than the largest eroded particles.
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Figure 3.40: Plot of gravel content versus fines content for all test samples.

Figure 3.40 also reveals that all the unstable soil samples are among those having high 

gravel contents of 60% or above. These soil samples are, in general, widely-graded, and 

some are gap-graded and deficient in sand content. The observation suggests that 

widely-graded silty or clayey gravels having a gravel content higher than 60%, and gap- 

graded gravels deficient in sand content are more vulnerable to suffusion.

Samples 9 and 13, which have high gravel contents and deficient in sand content, 

however, did not show signs of instability in the DF tests.

Effects of the plasticity offines

Tests on Atterberg limits indicate that soil samples with kaolin, namely samples 5, 6, 7, 

13, 14A and 15, show some degree of plasticity, and the plasticity indices of these 

mixtures vary within a narrow range of 9 to 13%. It is believed that the presence of clay 

in a soil may increase its erosion resistance against suffusion in that higher gradients 

may be needed to initiate erosion. However, samples 14A and 15 (with considerable 

kaolin contents of 10.9% and 21.5%, respectively) were tested to be internally unstable. 

It appears that the presence of kaolin clay up to these percentages does not have a 

significant influence on the internal stability of the soil samples under the high gradient
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used in the test. It should, however, be noted that samples 13, 14A and 15 are gap- 

graded, whereas samples 5, 6, and 7 are well-graded. It is possible that the adverse 

effect of gap-grading on internal stability is more significant than the stabilising effect 

of clay.

The above argument does not explain why the gap-graded samples 9 and 13 did not 

show any signs of instability during the DF tests. One possible reason is that the amount 

of fine materials loss by suffusion in samples 9 and 13 was too small to effect any 

noticeable changes in the pressure and flow rate during the DF, and to be detected by the 

post-test grain-size distribution analysis. The fine materials in samples 9 and 13 are less 

than 12%, but the erodible fraction may be a lot less than 12%. For example, Table 3.10 

and Figure 3.39 show that the assessed erosion loss for Sample 14A is only 4.4%, 

although the fraction of materials finer than the largest particles eroded was up to 17.5 

to 21.0%. For the purposes of this report, it is assumed samples 9 and 13 are internally 

stable as the tests show.

Effects of gap-grading

Samples 9, 10, 11, 13, 14A and 15 are gap-graded and deficient in sand-sized particles. 

Samples 10, 14A and 15 showed signs of suffusion during the DF tests, and sample 11 

showed signs of piping. Samples 9 and 13 did not show signs of instability during the 

DF test.

It appears that soil samples which are gap-graded, and have a high gravel content 

(> 60%) are vulnerable to suffusion.

Effects of soil density

Four soil samples, namely 1 and 1A, 5, 10 and 14A, were each tested at two different 

compaction densities (i.e. 95% and 90% of the standard maximum dry density). The 

tests on samples 1 and 1 A, and 5 showed no signs of instability. The tests on samples 

10 and 14A indicated that the 2 samples were internally unstable. The difference in 

compacted soil density does not appear to have any significant effect on the results of 

the DF tests.
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It should be noted that all the DF tests were carried out at approximately the same 

hydraulic gradient of 8. If the tests were carried out at a range of hydraulic gradients, it 

is possible that tests on the same soil compacted to different densities might show 

different results under different hydraulic gradients.

3.4.3 Prediction of the internal instability of the UNSW test samples using 

currently available methods

Overview

Since one of the objectives of the study is to investigate the validity of applying 

currently available method to predict the internal stability of widely-graded materials, 

the internal stability of the 20 soil samples has been assessed by a number of currently 

available methods. This includes the Sherard (1979) method even though this was 

proposed for identifying soils which will not self filter, rather than those subject to 

suffusion. Results of the assessment using five of the currently available methods are 

compared with the actual suffusive behaviour of the soil samples in the DF tests as in 

Table 3.11. The use of Lubochkov (1965) method and Burenkova (1993) method in the 

prediction of the sizes of particles eroded by the suffusion process is also discussed in 

this Section.

Effects of the coefficient of uniformity and the coefficient of curvature on internal 

instability

Some prediction methods (e.g. the U.S. Army Corps of Engineers (1953) and Istomina 

(1957)) use the coefficient of uniformity, CLJ, as a predictor of internal stability. As

shown in Figure 3.41, the coefficient of curvature, Cc, is plotted against Cv for the 20 

test UNSW samples. The plot shows considerable scattering of the data. All unstable 

soil samples have Cu higher than 100. Both the Army Corps method and the Istomina

method predict that materials with Cv higher than 20 are internally unstable. Both 

methods appear to be too conservative in that many stable soil samples have Cv higher 

than 20. Sample 7, for example, is stable and has a high CL, of approximately 1800.
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Table 3.11: Assessment of internal stability of the 20 soil samples using currently

available methods.

Test
sample

Downward
flow' test no.

Internal stability 
based on results of

DF Test

Assessment of Internal Instability using methods by Others(2),<3)

U.S. Army 
Corps of 
Engineers 

(1953)

Istomina
(1957)

Sherard
(1979)

Kenney & 
Lau

(1985, 86)

Burenkova
(1993)

1, 1A DF1, DF5 Stable U U U U S
2R DF2R Stable U U u u M
3R DF3R Stable u U u M S
4R DF4R Stable u u u U S
5 DF13, DF14 Stable u u u U M
6 DF10 Stable u u u U M
7 DF16 Stable u u u U S
9 DF6 Stable u u u u S
10 DF7, DF8 Unstable u u u s U
11 DF9 Stable(1) u u u u S
13 DF11 Stable u u u u S

14A DF12, DF15 Slightly unstable u u u u U
15 DF17 Unstable u u u u U

RD DF18 Stable u u u u S
A2 DF24 Unstable u u u u U
A3 DF23 Unstable u u u u u
B1 DF22 Unstable u u u u s
B2 DF21 Unstable u u u u u
Cl DF20 Unstable u u u u u
D1 DF25 Unstable u u u u s

Notes : (1) Sample showed signs of piping, but classified as stable with respect to suffusion.
(2) Details of the various methods can be found in Section 2.
(3) "S" means Stable; "U" means Unstable; "M" means Marginal: "P" means piping.

Box shaded means incorrect prediction.

Data on suffusion seepage tests with information on post-test grain-size distribution 

analysis are available from the literature, and summarised in Table 3.3 in Section 3.2. 

Grain-size distribution curves of these data are also presented in Section 3.2. Figure 

3.42 shows a plot of Cc versus Cv for a set of 66 test data, including the data of the 20

tests carried out at the University of New South Wales (designated UNSW data), but 

excluding the test data by Sun (1989). Sun (1989) data were excluded because the 

samples tested by Sun are cohesive clayey/silty sands rather than the cohesionless silt- 

sand-gravels tested by others. Sun’s test method is also significantly different from the 

test methods of the other investigators. The plot in Figure 4.4 shows that Cv >20 is an
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inappropriate criterion for internal instability. Whilst soils with very high Cu appear 

more likely to be internally unstable, some stable soil samples have very high Cu . On 

the other hand, Figure 3.42 shows that not all soils with Cv less than 10 are stable.
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Figure 3.41: Coefficient of curvature versus coefficient of uniformity for 20 UNSW

soil samples.

Prediction methods based on splitting a soil into a coarse fraction and a fine fraction 

and treating the coarse fraction as a filter to the fine fraction

As described in Section 3.2, prediction methods based on splitting a soil into a coarse 

fraction (c) and a fine fraction (f) and treating the coarse fraction as a filter to the fine 

fraction have been proposed by Kezdi (1969), de Mello (1975), Sherard (1979). 

Sherard’s method, which relies on the filter rule dcX5/d fg5 < 4 to 5, is more commonly

used. These methods were developed to identify soils which will not self filter.
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Figure 3.42: Coefficient of curvature versus coefficient of uniformity for all available

internal instability test data.

Table 3.11 shows that Sherard (1979) method is too conservative for assessing whether 

soils are internally unstable and subject to suffusion. All 20 soil samples tested in the 

DF tests are assessed as not self filtering (“internally unstable”), despite only 9 out of 

the 20 samples were tested to be internally unstable. Applying the method to all 

available data (set of 66 data) reveals again that the method is too conservative. About 

92.3% of the “internally unstable” samples are correctly assessed as unstable, but only 

about 55.0% of the stable samples are correctly assessed as stable.

The Sherard (1979) method does not consider the geometrical criterion which requires 

that the maximum portion of fine erodible materials in a soil cannot be greater than a 

certain value for suffusion to occur. Sometimes, a grain-size distribution curve is split 

at a point which indicates that the erodible fraction of the soil is higher than 50%. This 

is theoretically impossible for suffusion to occur as it implies that the soil consists of 

coarse particles “floating” in a matrix of the fine particles, and a soil skeleton made up 

only of the coarser soil particles does not exist.
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The use of the filtering criterion defined by dC]5/d /85 <5 is probably too conservative 

(c.f. the no erosion boundary defined by dFl5/dBS5 < 9 (Foster & Fell 1999a, 2001)) for

soils with a fines content larger than 85%. The UNSW test data have been re-analysed 

using a modified curve splitting method based on a less conservative filter rule 

represented by dCX5/df95 <9 (i.e. the continuing erosion boundary (Foster & Fell

1999a, 2001)).

Figure 3.43 and Figure 3.44 show plots of dc^5/d f95 against the splitting point, d, for

the unstable and the stable soil samples, respectively. Figure 3.43 shows that all 9 

unstable samples are plotted above the Continuing Erosion Boundary represented by the 

horizontal line dcl5/df95 = 9, implying that the modified method has correctly

predicted the unstable samples, as the continuing erosion boundary have been exceeded 

in these samples. Figure 3.44 shows that 3 out of the 11 stable samples are plotted 

below the continuing erosion boundary when the dividing point, d, is greater than 

0.075 mm. Sample 11, which showed signs of piping during the DF test, is plotted 

above the continuing erosion boundary, but the splitting point, d, represents a fine 

fraction of about 45%, which is too high for a soil to be susceptible to suffusion. In 

general, the modified curve splitting method predicts the suffusive characteristics of the 

UNSW test data quite satisfactorily.

The modified method has also been applied to the Kenney & Lau (1984) test data. As 

shown in Figure 3.45, 5 out of 6 internally unstable samples tested by Kenney & Lau 

(1984) are plotted below the continuing erosion boundary, and are interpreted as stable. 

The method is, therefore, not conservative when applied to Kenney & Lau (1984) data. 

It appears that methods based on splitting the soil into a fine fraction and a coarse 

fraction appear to be unviable as a method for predicting internally unstable soils, as it is 

difficult to establish a filter criterion suitable for all types of soils.
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Continuing Erosion Boundary (Foster & Fell 1999a)

001 0.010 00750.100 1.000 10.000 
Point dividing the soil into a coarse (C) fraction and a fine {F) fraction, (/(mm)

Figure 3.43: dcl5/df95 versus dividing point, d for all internally unstable samples

tested by UNSW.

Continuing Erosion Boundary (Fosters Fell 1999a)

001 0.010 00750.100 1.000 10.000 
Point dividing the soil into a coarse (C) fraction and a fine (F) fraction, (/(mm)

Figure 3.44: dns/df95 versus dividing point, d for all internally stable samples tested

by UNSW.
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------ Internally stable samples tested by
Kenney & Lau (1984).

- - Internally unstable soil samples tested 
by Kenney & Lau (1984).

Continuing Erosion Boundary (Foster & Fell 1999a)
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Figure 3.45: dC{5/df95 versus dividing point, d for soil samples tested by Kenney &

Lau (1984).

Prediction of internal instability using Kenney and Lau (1985, 1986) method

Figure 3.46 and Figure 3.47 show shape curves {H-F plots) of the soil samples tested by 

UNSW. The curves have been prepared in accordance with Kenney & Lau’s method. 

According to Kenney & Lau (1985, 86), the lower boundary H= 1.0F coincides with 

Fuller & Thompson (1907) criterion for a soil with maximum density, and the upper 

boundary H=1.3F coincides with Lubochkov (1962, 1965) criteria for internal 

stability. The region between the two boundaries represents a transition between the 

unstable and the stable regions.

Figure 3.46 shows that all 9 unstable samples tested by UNSW are correctly classified 

as unstable, as they are all plotted below the boundary H = 1. OF for F < 0.2. Figure 

3.47 shows that 9 out of the 11 stable samples tested by UNSW are incorrectly classified 

as unstable by Kenney & Lau (1985, 86) method. Only samples 3R and 11 are correctly 

predicted as stable, as their shape curves are plotted above the boundary H= 1.3F for 

F< 0.2. Figure 3.48 shows a slightly different H-F plot in which each soil sample is 

represented by its (H, F) value at which the stability number (i.e. H/F ratio) is at its 

minimum value. Figure 3.48 shows clearly that there is a mixture of stable and unstable
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soil samples plotted below the boundary H = 1.0F. Kenney & Lau’s method, therefore, 

appears to be too conservative when used to predict the suffusive characteristics of the 

UNSW test samples.
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Figure 3.46: H-F plots for unstable samples tested by UNSW.

The H-F plot in Figure 3.49 summarises the results of prediction for all available test 

data using Kenney & Lau’s method. The plot with 66 data points shows that none of the 

unstable soil samples are plotted above the boundary H= 1.3F. There is, however, a 

mixture of stable and unstable samples plotted below the boundary H = 1.0F.

The above analysis shows that Kenney & Lau (1985, 1986) method is a conservative 

method for predicting internal instability. The boundary H = 1.3F appears to represent 

an upper bound for unstable soils. Soils plotted within the boundary (i.e. H < 1.3F), can 

be either internally stable or unstable soils.
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Note : Soil Sample No. 11 showed signs 
of piping during the Downflow Test.
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Figure 3.47: H-Fplots for stable samples tested by UNSW.
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Figure 3.48: Plot of minimum H/F ratios (UNSW test data).
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Figure 3.49: Plot of minimum H/F ratios for all available test data on silt-sand-gravel

and clay-silt-sand-gravel soils.

Prediction of internal instability by Burenkova (1993) method

Figure 3.50 shows the classification of the suffusion characteristics of the 20 UNSW 

soil samples using Burenkova (1993) method. The figure shows that the lower 

boundary, represented by h =0.761og(/7 )+l, approximately separates the unstable 

samples from the stable samples if samples B1 and D1 are excluding. 4 stable samples, 

namely samples 2R, 5, 6 and 11, are plotted only marginally below the lower boundary 

into the Zone I. Apart from these, Burenkova’s method predicts satisfactorily the 

suffusion characteristics of the UNSW soil samples. Samples B1 and D1 are plotted 

within Zone II due to high h' values resulted from their unusual shaped grain-size 

distribution (see Figure 3.34). These distributions may be attributed to the effects of the 

50 - 75 mm diameter particles in small samples. Samples Bl, and D1 are excluded from 

the test data set in subsequent analysis, but it should be kept in mind that soils showing 

these particle size distribution characteristics may be susceptible to internal instability.
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Figure 3.50: Classification of suffusion characteristics based on Burenkova (1993)

method (UNSW test data).

The Burenkova (1993) method is also used to classify other available test data, and the 

results of the classification are shown in Figure 3.51. A few unstable soil samples are 

plotted above the lower boundary into the non-suffusive zone. This implies that the 

lower boundary is not conservative in separating the stable soils from the unstable soils. 

Except for a few stable soil samples plotted marginally below the lower boundary into 

Zone I, most of the soil samples plotted in Zone I are unstable, as predicted by 

Burenkova (1993) method, so the lower boundary appears to represent an approximate 

lower bound for internally stable soils.

It should be noted that to do this analysis Burenkova’s method has been extrapolated to 

include soils having Ci; values as high as 5700 in preparing the plots in Figure 3.50 and

Figure 3.51. Burenkova’s method was based on the test results on samples of Cu 

values up to 200.
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Figure 3.51: Classification of suffusion characteristics for all available test data on silt- 

sand-gravel and clay-silt-sand-gravel using Burenkova (1993) method.

Prediction of internal instability by Sun (1989) method

The method for predicting internal stability of a soil by Sun (1989) was intended for 

clayey/silty sands. The Author has, however, applied the method to silt-sand-gravel, 

clay-silt-sand-gravel soils and sand-gravel soils tested by the authors and others. Figure 

3.52 shows the results of classification of the 20 UNSW soil samples using Sun (1989) 

method. All 9 unstable soil samples are correctly classified as unstable by Sun’s method, 

but 5 of the stable soil samples, namely samples 5, 6, 9, 13 and RD, are incorrectly 

classified as unstable. This includes 3 samples (5, 6 and 13) which have kaolin included 

in the fines, so should be applicable to the Sun (1989) method.

The boundary between stable and unstable soils proposed by Sun (1989) implies that the 

erodible fine fraction of a soil cannot be greater than 35%. Plots of the all test data 

show that none of the unstable soil samples has an erodible fine fraction (Fc ) greater

than 40%. Possible explanations are either Sun’s method is too conservative, or the 

hydraulic gradient (/ « 8) at which the DF tests were carried out, was not high enough 

to cause erosion within the soil samples. The boundary proposed by Sun corresponds to
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a hydraulic gradient, i equal 20. However, the gradient of 8 should have been sufficient 

when the results of the UF tests are considered, so it is likely that Sun (1989) method is 

conservative.

< Samples tested to be internally stable. 

A Samples tested to be internally unstable.

K is for soils with Kaolin in the fines.

STABLE REGION

Boundary between Stable and Unstable Regions 
for Hydraulic Gradient I = 20.

UNSTABLE REGION

Notes:
1. A soil is divided into a coarse fraction and a fine fraction at size D (mm).
2. Dc is the constriction size = 0.25*D.
3. dF50 (mm) is the 50% size of the fine fraction of the soil divided at size D.
4. Dc* is the controlling constriction size when the ratio Dc/d50 ratio is having a maximum value.

Dc* is obtained by trying a number of dividing points along the particle size distribution curve.
5. Fc* is the percentage by weight finer than size Dc*.

Figure 3.52: Fc versus Dc*/dF50 based on Sun (1989) method for all UNSW internal

instability test samples.

Figure 3.53 shows the results of classification of all available test data using Sun (1989) 

method. The figure shows that a lot of the cohesionless sand-gravel soils, namely those 

tested to be unstable by Kenney & Lau (1984), are classified as stable by Sun’s method. 

This implies that the method may not be conservative when applied to coarse granular 

materials.

It should be noted that in the above analysis, Sun’s method has been extrapolated to 

include materials of maximum particle sizes up to 100mm. Sun’s method is based on 

the test results on clayey/silty sand having a maximum particle size of 4.75 mm only.
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Clayey/silty sands are believed to have relatively lower tendency to be internally 

unstable compared to coarse granular materials. This may explain why some unstable 

coarse granular soils tested by Kenney & Lau (1984) are classified as stable by Sun’s 

method. Sun’s method should not be applied to coarse granular soils. As discussed 

above, it is also possible Sun (1989) tests at high gradients on thin (25 mm) samples 

may have caused cracking with erosion on the crack, rather than suffusion.

It is clear from the above discussion that the Sun (1989) method for assessing internal 

instability should not be applied to silt-sand-gravels and to clay-silt-sand-gavels, and 

may not even be applicable to clayey and silty sands.
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represented by hollow symbols 
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2. Dc is the constriction size = 0.25*D.
3. dF50 (mm) is the 50% size of the fine fraction of the soil divided at size D.
4. Dc* is the controlling constriction size when the ratio Dc/d50 ratio is having a maximum value. 

Dc‘ is obtained by trying a number of dividing points along the particle size distribution curve.
5. Fc* is the percentage by weight finer than size Dc*.

80

Figure 3.53: Fc* versus Dc*/dF50 based on Sun (1989) method for all available

internally instability test data.
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3.4.4 Prediction of the fraction of materials loss by suffusion and the size of the 

largest particles eroded

Fraction of materials loss by suffusion

In Section 3.4.2, Table 3.10 summarises the fraction of materials loss by suffusion 

during the DF tests on internally unstable soil samples. The fraction of materials loss 

has been estimated by comparing the post-test grain-size distribution curves with the 

initial grain-size distribution curve of the soil sample using the curve matching 

technique. Figure 3.39 shows a plot of the actual fraction of materials loss versus the 

fraction finer than the largest eroded particles. The latter represents the maximum 

fraction of fine materials that can possibly be eroded by the suffusion process. A similar 

plot has been prepared, as shown in Figure 3.54, including all the unstable soil samples 

in the available data. Figure 3.54 shows considerable scattering of the data, and reveals 

no obvious relationship between the actual fraction of material loss and the possible 

maximum fraction of erodible materials. This may be due to some physical limitation of 

erosion, or to test being of limited duration, so not all erodible soil has been eroded.

50

§
£
w 20

JC

(/)(/>

5
LL

10

0

'___________ I___________ [___________ I___________ '___________ I ' I

▲ Kenney et al. (1985) Unstable Samples 

■ Kenney & Lau (1985, 86) Unstable Samples
+ Lafleur et al. (1989) Unstable Samples '

/
* Chapuis et al. (1996) Unstable Sample ✓

4 UNSW Unstable Samples

0 10 20 30 40 50
Fraction finer than the largest eroded particles from test, Fd (%)

Figure 3.54: Actual fraction of materials loss by suffusion versus maximum fraction of 

erodible materials (all unstable soil samples in data set).
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Prediction of the size of the largest particles eroded by Lubochkov (1965) method

Lubochkov (1965) proposed that a soil would not be susceptible to suffusion when the 

slope of its grain-size distribution curve was equal to or smaller than a given limit in 

each grain size interval. His method would lead to the prediction of a maximum particle 

size than can be eroded in the suffusion process. Details of his method have been 

described in Section 3.2.3. Lubochkov (1965) method has been used to predict the size 

of the largest particles eroded for some internally unstable soils in the data set. The 

predict sizes are compared with the sizes of the largest particles eroded estimating from 

the curve-matching techniques as shown in Figure 3.55.

Figure 3.55 shows that Lubochkov (1965) method tends to overestimate the sizes of the 

largest particles eroded by the suffusion process. The overestimation was as high two 

orders of magnitude in some cases.

0.1

' A Kenney et al. (1985) Unstable Samples
✓ ■ Kenney & Lau (1985, 86) Unstable Samples

✓ ♦ Lafleur et al. (1989) Unstable Samples

, ' * Chapuis et al. (1996) Unstable Sample

y ' < UNSW Unstable Samples
t______________ i________ i______ i____ i___ i ... i_______________ i_________i______ i____ i___ i . . i i_____________

0.1 1 10
Size of Largest Eroded Particles from Test, dmax erod (mm)

Figure 3.55: Sizes of largest particles eroded predicted by Lubochkov (1965) method 

versus sizes of largest particles eroded estimated by the curve-matching technique for all

samples tested to be internally unstable.
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Prediction of the size of the largest particles eroded by Burenkova (1993) method

Burenkova (1993) proposed a method for estimating the particle size, dJv, which divide

a soil into a primary fabric, and a fraction of loose fine materials. The method is based 

on the equation

Figure 3.56 shows a plot of dJv, predicted by equation 3.13 versus the size of the largest 

erodible particles estimated from the grain-size distribution curve matching technique 

for all unstable sample in the data set. The plot shows that dJv, estimated for a soil

sample by Burenkova’s method, is, in most cases, significantly smaller, by as much as 3 

log cycles, than the size of the largest erodible particles of the same soil. By definition, 

ddv should not be smaller than the size of the largest erodible particles. The Burenkova

(1993) method, therefore, does not provide a good estimate of the maximum size of 

erodible particles, or the fraction of erodible materials. It should, however, be noted that 

Burenkova (1993) method was based on the results of testing granular soils of 

maximum particle sizes of up to 20mm only, and with Cu values of less than 200.

Some of the unstable samples in the data set have Cu values as high as 5700.

3.4.5 Summary

Factors influencing the internal instability of a soil

The fines content of a soil does not appear to have a significant influence on the 

suffusion characteristics of a soil. Broadly-graded silt-sand-gravel or clay-silt-sand- 

gravel mixtures having a gravel content of higher than 60% appear to be more 

susceptible to suffusion. Gap-graded silty/clayey gravels deficient in sand-sized 

particles also appear to be more susceptible to suffusion.

Soil density and the presence of clay up to the limit tested in the research program do 

not appear to have a significant influence on the suffusion characteristics of a soil.

100

Eqn 3.13
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A Kenney et al. (1985) Unstable Samples 
Ij □ ■ Kenney & Lau (1985, 86) Unstable Samples
♦ Lafleur et al. (1989) Unstable Samples
♦ Chapuis et al. (1996) Unstable Sample 

<] ◄ UNSW Unstable Samples

Formula for predicting the size of the 
largest eroded particles in the suffusion 
process (Burenkova 1993):

0.55(h "fu < ddv /dI00 < I.87(h "f1-5

co CD 0 01

1E-3 0.01 0.1 1
Size of largest erodible particles from test, dmax erorf(mm)

Figure 3.56: dJv estimated by Burenkova (1993) method versus size of largest erodible 

particles estimated by curve matching technique (all unstable soil samples in data set).

Review of the currently available methods for predicting the internal instability of a 

soil

Six methods for predicting the suffusion characteristics of a soil have been examined 

and none has been found to be particularly suitable for predicting the internal stability of 

broadly-graded silt-sand-gravel or clay-silt-sand-gravel mixtures. Among the 6 methods 

studied, Kenney & Lau (1985, 86) method and Burenkova (1993) method appear to 

produce relatively more accurate predictions. Kenney & Lau’s method apparently 

provides an upper bound, represented by H = 1.3F, for unstable materials. The method 

is conservative in that a lot of stable samples are classified as unstable. The lower 

boundary in Burenkova’s method, represented by h = 0.761og(/i )+l, is an 

approximately lower bound for stable materials. The method sometimes classifies 

unstable materials as stable, and is therefore not always conservative. Table 3.12



Chapter 3 Internal Instability of Soils Page 280

provides information on the accuracy of the various methods in the prediction of 

suffusion characteristics of all the soil samples in the data set.

Table 3.12: Accuracy of various methods used for the prediction of the internal

stability of a soil.

Data Source

Data set Correct predictions Incorrect predictions

Total no. 
of samples

No. of non- 
suffusive 
samples

No. of
suffusive
samples

Non-suffusive Suffusive All soils
Non-suffusive 
soil predicted 
as suffusive

Suffusive soil 
predicted as 

non-suffusive

Method by U.S. Army Corps of Engineers (1953)

UNSW (2004) data 
only

20 11 9 0 (0%) 9(100%) 9 (45.0%) 11 (100%) 0 (0%)

All available data (l) 66 40 26 25 (62.5%) 19(73.1%) 44 (66.7%) 15 (37.5%) 7 (26.9%)

Method by Istomina (1957)

UNSW (2004) data 
only 20 11 9 0 (0%) 9(100%) 9 (45.0%) 11 (100%) 0 (0%)

All available data (l> 66 40 26 25 (62.5%) 22 (84.6%) 47(71.2%) 15(37.5%) 4(15.4%)

Method by Sherard (1979)(2)

UNSW (2004) data 
only 20 11 9 0 (0%) 9(100%) 9 (45.0%) 11 (100%) 0 (0%)

All available data (l> 66 40 26 22 (55.0%) 24 (92.3%) 46(69.7%) 18(45.0%) 2 (7.7%)

Kenney & Lau (1985, 1986) Method

UNSW (2004) data 
only 20 11 9 2(18.2%) 9(100%) 11 (55.0%) 9(81.8%) 0 (0%)

All available data 66 40 26 26 (65.0%) 26(100%) 52 (78.8%) 14(35.0%) 0 (0%)

Burenkova (1993) Method

UNSW (2004) data 
only 20 11 9 7 (63.6%) 7 (77.8%) 14 (70.0%) 4 (36.4%) 2 (22.2%)

All available data 111 66 40 26 30(75.0%) 19(73.1%) 49 (74.2%) 10(25.0%) 7 (26.9%)

Sun (1989) Method
UNSW (2004) data 
only 20 11 9 6 (63.6%) 6 (77.8%) 12 (60.0%) 5 (36.4%) 3 (22.2%)

All available data 82 46 36 38 (82.6%) 21 (58 3%) 59 (72.0%) 8(17.4%) 15 (41.7%)

Note :<n Sun (1989) test data not included.
<2) Sherard (1979) method developed for identifying non-self filtering soils.

Review of the currently available methods for predicting the fraction and the size of 

the particles eroded by the suffusion process

A review of the methods for predicting the size of the largest erodible particles, namely 

the Lubochkov (1965) method and Burenkova (1993) method, indicates that these 

methods cannot provide accurate predictions.
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3.5 ANALYSIS OF THE RESULTS OF UPWARD FLOW TESTS

3.5.1 Overview

This section presents the analysis of the results of the UF tests. The analysis aims at 

identifying factors which might influence the hydraulic gradient at which selective 

erosion of fine particles by the process of suffusion would initiate, and the critical 

hydraulic gradient at which the zero effective stress condition, indicated by the 

phenomenon of “boiling”, would occur.

The factors being investigated are the coefficient of uniformity, Cu , the minimum

stability number, H/F (Kenney and Lau 1984, 85, 86), the fines content and the 

plasticity of the fines, the porosity, the dry density of the soil, and gap-grading.

The analysis in Sections 3.5.3 to 3.5.6 attempts to identify the relationships, if any, 

between the hydraulic gradient causing suffusion and the variables, C{,, H/F, fines

content, and porosity. The analysis in Sections 3.5.7 to 3.5.9 investigates the positive or 

negative effects of fines content, plasticity of fines, density and grading property on the 

hydraulic gradients causing suffusion. Rigorous quantitative/statistical analysis was not 

carried out due to limited test data (14 soil samples only), and the limited number of 

internally unstable soil samples (3 out of 14 samples) identified from the testing 

program.

Skempton and Brogan (1994) presented the test data on 4 soil samples (2 internally 

stable and 2 internally unstable). Apart from this, there was no relevant test data 

identified from the literature for similar upward flow tests. Grain-size distribution 

curves of the soil samples tested by Skempton and Brogan (1994) are shown in Figure 

3.20 and Table 3.2 in Section 3.2.3.

A summary of the results of the UF tests is presented in Table 3.13. Detailed test records 

and plots of the results of all 18 UF tests on 14 soil samples are shown in Appendix P.



Chapter 3 Internal Instability of Soils Page 282

3.5.2 Definitions

The analysis presented in the section refers to various hydraulic gradients whose 

meanings are defined as follows:

Critical hydraulic gradient, ic

It is the hydraulic gradient which causes a zero effective stress condition within a 

granular cohesionless material (Terzaghi 1948). It occurs when the seepage pore water 

pressure at a certain level equals the total overburden stress of the soil above that level. 

ic is related to the porosity and the specified gravity of soil particles as defined by

equation 3.10 in Section 3.2.7. For cohesionless materials, ic is approximately equal to

1.

Initiating hydraulic gradient, istart

It is defined by the Author as the minimum hydraulic gradient at which erosion of fine 

particles is first observed. In the UF test, istart corresponded to the hydraulic gradient at

which the first sign of erosion of fine particles, indicated by slight cloudiness in the 

flow, was observed.

Hydraulic gradient at boiling, ihoil

It is the minimum hydraulic gradient in the UF test, iboil at which “boiling” at the 

surface of the test specimen was observed.

In granular cohesionless materials where intergranular forces are controlled by gravity 

effects, iboil should theoretically be equal to ic. In silt-sand-gravel or clay-silt-sand-

gravel mixtures, ihoil observed may be higher than ic as inter-particle electrochemical

forces as well as gravity forces are acting among the soil particles. These 

electrochemical forces and the weight of the soil particles together act against the uplift 

force due to the hydraulic gradient. The limited diameter of the seepage cell may allow 

shear resistance to develop on the sides of the sample, giving artificially high resistance, 

and iboil > 1 in some tests.
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3.5.3 Relationship between the hydraulic gradient causing erosion and the 

coefficient of uniformity of the soil

Figure 3.57 and Figure 3.58 show plots of istart and iboil against the Cv based on the

results of UF tests on 14 soil samples. The 4 samples tested by Skempton and Brogan 

(1994) are also included in the Figures. The plots reveal the following:

• there are considerable scattering of the test data, and a definite relationship 

between iboil and Cv , and between istart and Cu cannot be identified;

• istart values are less than 1.0 for all soils identified in the DF tests to be

internally unstable, with values as low as 0.2. This is consistent with 

Skempton and Brogan data;

• most internally stable soils also began to erode at gradients less than 1.0. The 

process of erosion for the internally stable soils is probably “backward 

erosion”, and not suffusion;

• the iboil data are meaningless because they are influenced by the test set up as 

described above.
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Figure 3.57: Average hydraulic gradient across the test sample at which erosion of fine 

particles started against coefficient of uniformity.
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Figure 3.58: Average hydraulic gradient across the test sample at which “boiling’ 

started against coefficient of uniformity.

From Table 3.13, it can be seen that while loss of fine particles begins at low gradients 

islarl, extreme cloudiness only occurs at less than/near the theoretical critical gradient,

ic, for internally unstable soils, and did not occur in two of the internally unstable soils.

3.5.4 Relationship between the hydraulic gradient causing erosion and the 

minimum stability number H/F of the soil

Based on the results of 4 upward flow seepage tests, Skempton and Brogan (1994) 

proposed that internally unstable sand-gravel soils, which have minimum stability 

number, H/F, less than 1, would have critical hydraulic gradients, ic, significantly less

than 1, and that transition of ic from very low to normal values would take place across

the boundary represented by H/F = 1. Skempton and Brogan’s proposition is examined 

by plotting hydraulic gradient against H/F ratio as in Figure 3.59 using the results of the 

UF tests on 14 soil samples. The 4 samples tested by Skempton and Brogan (1994) are 

also included in the plot in Figure 3.59.



Chapter 3 Internal Instability of Soils Page 286

The plot in Figure 3.59 show considerable scattering of the test data, and a definite 

relationship between istarl and H/F cannot be identified. Skempton and Brogan (1994)

proposition that hydraulic gradients causing erosion are dependent on the H/F ratio does 

not seem to apply to silt-sand-gravel or clay-silt-sand-gravel mixtures.
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Figure 3.59: Average hydraulic gradient across the test sample at which erosion of fine 

particles started against Minimum H/F ratio.

3.5.5 Relationship between the hydraulic gradient causing erosion and the fines 

content of the soil

The fines in a soil are believed to influence the resistance of a soil against internal 

erosion, as the presence of fines, in particular clayey fines, would provide additional 

inter-particle electrochemical attraction among the fine soil particles. istarl is plotted

against fines content in Figure 3.60, and it can be seen that there is no relationship. The 

plots also do not show any trend that a higher fines content might increase the hydraulic 

gradients causing suffusion.
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Figure 3.60: Average hydraulic gradient across the test sample at which erosion of fine

particles started against fines content (% finer than 0.075mm).

3.5.6 Relationship between the hydraulic gradient causing erosion and the porosity 

of the soil

As explained in Section 3.5.2, the critical hydraulic gradient, ic, for cohesionless soils is 

a function of soil porosity, 77, and the specific gravity of the soil grains, Gs. It is, 

therefore, possible that 77 should also have an influence on the hydraulic gradients 

causing erosion in silt-sand-gravel and clay-silt-sand-gravel mixtures.

Figure 3.61 shows a plot of islart against porosity. The plot shows a general trend that 

islarl is lower the higher the porosity of the soil. Scattering of the data is, however, still

quite significant so that a definite mathematical relationship between the hydraulic 

gradients and the porosity cannot be identified.
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Figure 3.61: Average hydraulic gradient across the test sample at which erosion of fine

particles started against porosity.

3.5.7 Effects of plastic fines on the hydraulic gradient causing erosion

Figure 3.62 shows a plot of istart against fines content of the non gap-graded soil

samples. On the plot, the soil samples are classified into two groups, namely the silt- 

sand-gravel mixtures (i.e. soils without plastic fines), and the clay-silt-sand-gravel 

mixture (i.e. soils with plastic fines). The plot shows that the clay-silt-sand-gravel 

mixtures have generally higher islart than the silt-sand-gravel mixtures having similar 

fines content.

Figure 3.63 shows a plot similar to Figure 3.62 but for gap-graded soil samples. The 

gap-graded clay-silt-sand-gravel mixtures show higher islarl than the gap-graded silt- 

sand-gravel mixtures having similar fines content.
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gradient when erosion of fine particles started in gap-graded samples.
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The above observations suggest that the presence of clayey fines in a soil might improve 

its resistance against initiation of suffusion. The plots, however, show no obvious 

relationship between the fines content and the hydraulic gradients causing erosion.

3.5.8 Effects of dry density on the hydraulic gradient causing erosion

The effects of the soil’s dry density on the hydraulic gradient istart causing erosion are

revealed by the plot in Figure 3.64. Soil density is expressed as a percentage of the 

Standard Maximum Dry Density (SMDD). Figure 3.64 shows that soil samples 

compacted to 95% SMDD have significantly higher istart than the same soil samples 

compacted to a lower density of 90% SMDD. In some soil samples (e.g. Sample 5), 

increasing the soil density from 90% to 95% SMDD increases istart significantly from 

approximately 0.2 to 3.2.
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Figure 3.64: Effects of compaction density on average hydraulic gradient when erosion

of fine particles started.
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3.5.9 Effects of gap-grading on the hydraulic gradient causing erosion

The plot in Figure 3.65 shows the effects of gap-grading of a soil on the hydraulic 

gradient islart causing erosion. The plot shows that gap-graded soils, in general, have

relatively lower istart that non gap-graded soil samples having similar fines content.
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Figure 3.65: Effects of gap-grading on average hydraulic gradient when erosion of fine

particles started.

3.5.10 Summary

The results of 18 UF tests on 14 silt-sand-gravel and clay-silt-sand-gravel mixtures, 

including 3 internally unstable mixtures, have been analysed graphically. A summary of 

the findings is as follows:
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• The iboil data from the tests are not reliable because they are affected by the

test setup geometry, with significant shear resistance developing between the 

soil and the sides of the test cylinder.

• Selective erosion of fine soil particles begins at gradients, istart, less than the 

theoretical critical gradient, ic, for all internally unstable soils, and for many

internally stable soils. This erosion develops at relatively minor rates, and 

even in the internally unstable soils, did not lead to “extreme cloudiness” 

condition when erosion would be obvious.

• No definite mathematical relationship has been identified between the 

hydraulic gradient istart and the Coefficient of Uniformity, the minimum H/F 

ratio and the fines content.

• There appears to be a general trend that soils with higher porosity would start 

to erode at lower hydraulic gradients. There is, however, considerable 

scattering of data that a reliable mathematical relationship cannot be derived 

between the two variables.

• Soils with clayey fines appear to erode at relatively higher hydraulic gradients 

than soils having similar fines contents but without clayey fines.

• The density of a soil has a significant effect on the hydraulic gradient istarl.

The higher the soil density, the higher the istart, given that the fines content of 

the soils are the same.

• Gap-graded soils erode at relatively lower hydraulic gradient islart than non 

gap-graded soils with similar fines content.
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3.6 PROPOSED METHODS FOR PREDICTION OF INTERNAL INSTABILITY

3.6.1 Fine particles and the primary soil fabric in an internally unstable soil

Phase relationship between the erodible fine particles and the primary soil fabric in 

an internally unstable soil

As described in Section 3.2.6, one of the geometrical criteria (Criterion 2) for suffusion 

to occur requires that the amount of fine soil particles be less than enough to fill the 

voids of the primary fabric of the soil, or else the assumption of a primary soil fabric 

comprising of the coarse soil particles only will become invalid. This geometrical 

criterion implies that a certain phase relationship exists between the primary fabric and 

the fine erodible particles of the soil. This is illustrated by the phase diagram in Figure 

3.66.

Water l
Fine

particles

I
Primary
fabric

T

Vw

Vi

Vp

Figure 3.66: Phase diagram showing volume and weight relationships between the 

primary fabric, and the fine erodible particles in an internally unstable soil.

The meanings of the various symbols in Figure 3.66 are as follows:

Vp: Volume of the coarse particles forming the primary fabric of the soil; 

Vl: Volume of the fine erodible particles of the soil;

Wp : Weight of the coarse particles forming the primary fabric of the soil;
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W/: Weight of the fine erodible particles of the soil;

fp: Weight fraction of the primary fabric of the soil, and is equal to

wP/(wP+w,y,

j]: Weight fraction of the fine particles of the soil, and is equal to W, /{Wp + IV,);

ep : Void ratio of the primary fabric of the soil;

e,: Void ratio of the fine erodible particles of the soil.

Since the amount of the fine particles are insufficient to fill up all the voids of the 

primary fabric, the void ratio, ep, of the primary fabric, assuming that the fine particles 

are removed, is given by

ep= W + V' or V,=epVp-Vw Eqn3.14
Vp

The void ratio, e,, of the fine erodible particles packed within the voids of the primary 

fabric is given by

e, or K = e,V, Eqn 3.15

Substituting equation 3.15 into equation 3.14 gives

V^epVp-e.V, or V,(l + e/)=ePVp Eqn 3.16

Dividing both sides of equation 3.16 by (v, + V ) gives

V,
V/ + VF '(l+e/)- K+vf

Eqn 3.17

If the fine particles and the coarse particles have similar particle densities, the volume 

ratios can be replaced by weight ratios, and equation 3.17 can be replaced by

W,
W, + Wf (l+el)~ w,+wp
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or simply

fi(l+ei)=fpeP=(l-fi)ep Eqn 3.18

Rearranging terms in equation 3.18 gives

/,=rJ------ Eqn 3.19
\ + et + e p

Equation 3.19 relates the fraction of fine particles of an internally unstable soil to the 

void ratios of the fine particles and the primary fabric. A similar relationship was 

presented by Kenney & Lau (1985), as in equation 3.20.

i
Eqn 3.20

The symbol, rf, in equation 3.20 represents the porosity of the fine particles. Equation 

3.19 is essentially the same as equation 3.20, but presented in a slightly different form.

Kenney & Lau (1985) suggested that the narrowly-graded (NG) materials tested by them 

had a dense primary fabric (eP = 0.7), and loose fine particles (rj, = 0.4), giving

fP > 0.7 (i.e. F < 0.3). For the widely-graded (WG) materials tested by them, Kenney 

& Lau (1985) suggested eP = 0.4, and rf = 0.4, giving fp > 0.8 (i.e. F < 0.2). Based

on this assessment, Kenney & Lau (1985, 86) stated that their proposed boundary (i.e. 

H = 1.0F) between stable and unstable soils only applied within the region F < 0.3 for 

NG soils, and F < 0.2 for WG soils (refer Section 3.2.3). Kenney & Lau (1985) implied 

that the erodible fine fraction of the unstable soils tested by them did not exceed 0.3 (for 

NG soils), and 0.2 (for WG soils). For unstable soils whose void characteristics are 

different to those soils tested by Kenney & Lau, we would expect that the fraction of 

erodible particles would deviate from the values 0.3 or 0.2 predicted by Kenney & Lau 

(1985).

Maximum possible fraction of erodible fine particles in an internally unstable soil

Typical values of maximum and minimum void ratios for granular soils are given in 

Table 3.14. A maximum value of f is obtained when the coarse particles in an 

internally unstable material are loosely packed, whilst the fine particles are closely
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packed inside the voids formed by the coarse particles. Assume that an unstable material 

is made up of uniform spheres, and that the primary fabric formed by the larger spheres 

is loosely packed (eP = 0.92), whereas the smaller spheres partially filling the voids of 

the primary fabric is densely packed (e, = 0.35), the fraction of erodible fine particles 

predicted by equation 3.19 will be j] = 0.405 (say 40%). For an unstable widely-graded 

silt-sand-gravel mixture with maximum eP = 0.85 (assumed silty sand and gravel), and 

minimum e, = 0.3 (assume silty sand), f, predicted by equation 3.19 is 0.395 (say 

40%). In reality, the primary fabric of an internally unstable soil is expected to have 

lower eP values due to compaction by surcharge, and the fine particles are expected to 

be less densely packed with higher e, values, resulting in f, lower than 40%.

The above examples indicate that the maximum possible fraction of loose fine particles, 

//s erodible in the suffusion process would very unlikely be higher than 40% (i.e. 

F< 0.4) of the total weight of an internally unstable granular soil. UNSW test data and 

available test data from the literature indicate a maximum F value of not greater than 

30% (refer to Figure 3.39 in Section 3.4.2). The proposed limiting value for suffusive 

soils is expected to remain valid for unstable soils with small clay contents.

Methods for predicting the size of the largest particles erodible by the suffusion process 

should consider the above proposed limitation that the maximum possible fraction of 

loose fine particle erodible in the process should not be greater than 40%.

Soils with higher proportions of fine particles will not be susceptible to internal 

instability and suffusion, but may be subject to backward erosion, and may not self 

filter.
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Table 3.14: Maximum and minimum densities for granular soils (from Lambe &

Whitman 1979).

Dry Unit
Void Ratio Porosity (%) Weight

7 (kN/m3)
Description emax emin nmax nmin ^rfmin ^efmax

Uniform spheres 
Standard Ottawa

0.92 0.35 47.6 26.0 — —

sand
Clean uniform

0.80 0.50 44 33 14.5 17.3

sand 1.0 0.40 50 29 13.0 18.5
Uniform inorganic 

silt 1.1 0.40 52 29 12.6 18.5
Silty sand
Fine to coarse

0.90 0.30 47 23 13.7 20.0

sand 0.95 0.20 49 17 13.4 21.7
Micaceous sand 1.2 0.40 55 29 11.9 18.9
Silty sand and 

gravel 0.85 0.14 46 12 14.0 22.9

3.6.2 Proposed methods for predicting internal instability

Combined Kenney and Lau (1985,1986) and Burenkova (1993)

As discussed in Section 3.4.5, most of the currently available methods are unsatisfactory 

in predicting the internal stability of widely-graded silt-sand-gravel and clay-silt-sand- 

gravel mixtures. Among the various predictive methods introduced, the methods by 

Kenney and Lau (1985, 86), and Burenkova (1993) are comparatively more accurate. 

The two methods have both merits and demerits. Kenney and Lau’s method is accurate 

in identifying stable soils, but tends to be conservative in that soils identified as 

internally unstable have a good chance of being internally stable. Burenkova’s method 

is more accurate than Kenney and Lau’s method in predicting the suffusive 

characteristics of the UNSW soil samples, and is less conservative than Kenney and 

Lau’s method. Nevertheless, Burenkova’s method is not always conservative in that 

some unstable soils are predicted as stable. The two methods supplement each other 

when used together, so if a soil is unstable by both methods, it is most likely unstable, 

and if it is stable by both methods, it is likely stable. Table 3.15 classifies 64 soil
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samples in the data set according to the results of the assessments by both the Kenney & 

Lau (1985, 86) method and the Burenkova (1993) method. The 64 soil samples exclude 

samples Bl, and D1 in UNSW data set and Sun (1989) test samples. As shown in Table 

3.15, 16 internally unstable soil samples and 3 stable soil samples are classified in the 

group represented by H<F, and h <0.76log(/2 ) +1, implying that 84.2% (i.e. 16 out 

of a total of 19 samples) of the soil samples in this group are internally unstable. Table 

3.15 also shows that no internally unstable soil sample, but 15 stable soil samples are 

classified in the group represented by H>\.3F and h >0.761og(/? ) +1, implying that 

0% (0 out of a total of 15 soil samples) of the soil samples in this group is internally 

unstable.

Table 3.15: Classification of all test samples using Kenney & Lau (1985, 1986)

method and Burenkova (1993) method.

Classification of test results for 64 soil samples

Kenney & Lau (1985, 86) method

Row

total

H <F F<H<\.3F H>\.3F

(Unstable

predicted)
(Marginal)

(Stable

predicted)

Burenkova

(1993)

method

//<0.761og(/i') + l 
(Unstable

predicted)

Un-stable
j ^ (Note 1)

(84.2%)

3

(60.0%)

0

(0%)

19

Stable ^ (Note 1) 2 5 10

h >0.761og(/7 ) + l 
(Stable predicted)

Un-stable
4

(26.7%)

1

(20.0%)

0

(0%)

5

Stable 11 4 15 30

Column Total: 34 10 20 64

Notes

(1) : 16 unstable soil samples and 3 stable soil samples were assessed to be in the group represented by

H <F and h <0.761og(/i ) +1. The percentage in bracket is the probability of finding an unstable 

soil in this group is 84.2% (i.e. 16 out of 19 samples).

(2) : F is the fraction by weight of those soil particles finer than particle size d, and H is the fraction

between size d and 4d (Kenney & Lau 1985, 86).

(3) : h ’ is equal to d90/d60, and h ” is equal to d90/d,5 (Burenkova 1993).

The Author believes that at this stage there is insufficient test data to set up 

deterministic rules to classify a soil as either internally unstable or stable. It is more
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practical to assess the likelihood of internally instability of a soil by considering the 

results of classification of the soil using both Kenney and Lau (1985, 86) method and 

Burenkova (1993) method (or the probabilistic method outlined later in this Section). 

The proposed scheme for assessing the likelihood of internal instability, as shown in 

Table 3.16, is based on the results of classification of 64 soil samples in Table 3.15. 

Based on Table 3.16, a soil is unlikely to be internally unstable if assessment by Kenney 

& Lau (1985, 86) method indicates H<F, and assessment by Burenkova’s method

indicates h >0.76 \og{h )+l. The soil is very unlikely to be internally unstable if 

H > 13F for whatever values of h'.

Table 3.16: Method for assessing the likelihood of internal instability of silt-sand-

gravel and clay-silt-sand-gravel mixtures using Burenkova (1993) and Kenney and Lau

(1985, 1986) methods.

Likelihood of Internal Instability Kenney & Lau (1985, 1986) method

H<F F <H < 1.3F H>\3F

Burenkova

(1993)

method

h <0.761og(/7 ) +1
Likely -

Very likely
Neutral - Likely

Very

unlikely

h >0.761og(/; ) +1 Unlikely
Very unlikely -

Unlikely

Very

unlikely

Prediction of internal instability by the probabilistic approach

The distribution of test data representing internally unstable and stable soils as in a h 

versus log(h) plot of Burenkova (1993) method reveals the pattern that soils having a 

high value of h , but a low value of h are more likely to be internally unstable, whereas 

soils having high values of h are less likely to be internally unstable. The pattern 

suggests that contours for predicting the probability of internal instability can be 

calculated using a statistical approach. Figure 3.67 and Figure 3.68 show probability 

contours obtained by logistic regression, using h and \og(h ) as predicting variables. 

The contours in Figure 3.67 are based on all available test data excluding the outliers 

Bl, and D1 in the UNSW data set, and the test data by Sun (1989). Figure 3.67 is 

proposed to be applied to silt-sand-gravel and clay-silt-sand-gravel mixtures with a
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plasticity index less than 12% and less than 10% clay size fraction (% passing 

0.002mm). The contours are represented by the following equations:

Pf = Eqn 3-21

Z = 2.3781og(/!")-3.648/7 + 3.701 Eqn 3.22

Where p f : is the predicted probability of internal instability;

Z : is the dependent variable of the logistic regression equation;

h : is defined as d9Q/d60 by Burenkova (1993); and

h : is defined as d90/dx5 by Burenkova (1993).

ii
>5:

f bata point (447, 17.2) 
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O ♦ Chapuis et al. (1996)
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Figure 3.67: Contours of the probability of internal instability for silt-sand-gravel soils 

and clay-silt-sand-gravel soils of limited clay content and plasticity.

The contours in Figure 3.68 are based on all available test data excluding the test data 

with kaolin fines by UNSW and the data by Sun (1989). Figure 3.68 is proposed to be
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applied to sand-gravel mixtures. The contours in Figure 3.68 are represented by the 

logistic regression equation 3.23.

Z = 3.875 log(/f )- 3.591 h + 2.436 Eqn 3.23

The contours in Figure 3.68 predict higher probabilities of internal instability than those 

in Figure 3.68 due to the reason that the more erosion resistant clayey/silty soil samples 

in the UNSW data set have been excluded.

Burenkova (1993) had a second zone (Zone III) of suffusive soils (see Figure 3.17). The 

Author did not test soils in this range, but given they would represent soils with a 

concave downwards shape. Such soils are not common but the Author would expect 

these to be internally stable.

Data source:
O • Kenney et al . (1983)
A ▲ Kenney et al. (1984)
□ ■ Kenney & Lau (1984, 85)
O ♦ Lafleur et al. (1989)
☆ ★ Burenkova (1993)
> ► Skempton & Brogan (1994) 
O ♦ Chapuisetal (1996)
< ◄ UNSW (only data points 4R, 

A3 and C1)
Internally stable soil samples are 
represented by hollow symbols 
(e.g.O , ☆ , etc.), and 
internally unstable soil samples are 
represented by solid symbols 
(eg.#, ★ , etc).

IT on -
ae'

P is the probability, predicted by logistic 
regression, that a soil is internally unstable 
if it is plotted along the respective
dotted line ------- P -------
Sun (1989) data are not included in 
the logistic regression.

P = exp(Z)//l + exp(Z)!
Z = 3.875 LOGfh") - 3.591 h' + 2.436

O Of
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Figure 3.68: Contours of the probability of internal instability for sand-gravel soils 

with less than 10% non-plastic fines passing 0.075 mm.
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3.6.3 Proposed methods for estimating the maximum fraction of erodible particles 

and the size of the largest erodible soil particles

Overview

It is useful to estimate the size of the largest erodible soil particles, and the fraction that 

is lost by suffusion in order to assess the changes in the permeability and the filtering 

ability of the soil. In Section 3.4.4 Figure 3.56, the Burenkova (1993) method for 

estimating the particle size, dJv, that divides a soil into a primary fabric and a loose

fraction, has been shown to underestimate the size of the largest particles eroded by 

suffusion. The Lubochkov (1965) method (refer to Figure 3.55) was shown to 

overestimate the size of the largest particles eroded by the suffusion process. This 

section explores other feasible methods for estimating the size of the largest particles 

eroded by suffusion.

Method based on the stability number, H/F

An alternative for estimating the maximum fraction of erodible particles is based on 

Kenney & Lau (1984, 85, 86) method with slight modifications. The procedure is as 

follows:

Step 1: Prepare a H-F plot based on the grain-size distribution curve of a soil. 

Step 2: Identify a maximum F value, denoted by Fmax, smaller than 0.4 at which 

the stability number, H/F, is smaller than 1.3.

Step 3: Fmax is an estimate of the maximum fraction of erodible particles, and
A A

the particle size, dmax erod, corresponding to Fmax is an estimate of the 

size of the largest erodible particles.

The above method has employed Kenney & Lau (1984, 1985, 1986) concept that the 

particles of size d or below will not be adequately protected against erosion if there is 

insufficient materials within the size range d to 4d. Whilst Kenney and Lau imposed the 

criterion that F should be less than 0.3 (for materials with Cv <3), and 0.2 (for materials

with Cjj >3), the proposed method relaxes the criterion to F < 0.4 due to reasons 

explained in Section 3.6.1.
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The predicted maximum erodible fraction, Fmax for 20 soil samples are plotted against 

the maximum erodible fraction, Fmax erod, assessed by comparing the post-test grain-size

distribution curves to the initial grain-size distribution curves of the soil samples in 

Figure 3.69. The plot reveals a reasonably good correlation between the predicted 

values, Fmax, and the Fmax erod values assessed from test data.

◄ <-

A Kenney et al. (1985) Unstable Samples 
■ Kenney & Lau (1985, 86) Unstable Samples
♦ Lafleur et al. (1989) Unstable Samples
♦ Chapuis et al. (1996) Unstable Sample 
◄ UNSW Unstable Samples

I . I . I

0 10 20 30 40 50
Fraction of soil erodible by suffusion from test,Fmax erod (%)

Method for predicting the maximum fraction of soil erodible by suffusion:
Step 1: Plot shape curve H - F based on the grain-size distribution curve of the soil.

A

Step 2: Identify a maximum F (denoted by Fmax) smaller than 0.4 at which the stability 
ratio H/F is smaller than 1.3.
A

Step 3: Fmax represents the predicted maximum fraction erodibile by suffusion, and the 
particle size coresponding to Fmax is the predicted size of the largest erodible 
particles, denoted by dmax_erod.

Figure 3.69: Predicted maximum fraction of erodible particles based on H/F < 1.3 

versus maximum fraction of erodible particles assessed from test data.
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The predicted size of the largest erodible particles, dmax erod, are plotted against the size

of the largest erodible particles, dmax erod, assessed by comparing the post-test grain-size

distribution curves to the initial grain-size distribution curves of the soil samples in 

Figure 3.70. The plot reveals that the predicted sizes are, in general, within 1.5 log 

cycle of the respective particle sizes assessed from test data.

The plots in Figure 3.69 and Figure 3.70 indicate that the proposed method based on 

Kenney and Lau (1984, 1985, 1986) H-F approach provides satisfactory estimates of the 

maximum fraction of erodible particles, and the size of the largest erodible particles in 

an internally unstable soil.

<^3
o</)3
3
C/3
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0
C/3
0o

'■c
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00
0
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o

I
§ 10s

*

♦ ■

A Kenney et al. (1985) Unstable Samples 
■ Kenney & Lau (1985, 86) Unstable Samples
♦ Lafleur et al. (1989) Unstable Samples
♦ Chapuis et al. (1996) Unstable Sample 
-4 UNSW Unstable Samples

1 10 
Size of Largest Eroded Particles from Test, dmax erod (mm)

Figure 3.70: Predicted size of largest erodible particles based on H/F < 1.3 versus size 

of largest erodible particles assessed from test data.
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Proposed method for gap-graded soils

While the method above should apply to all soils, for gap-graded soils it would be 

sufficient to assume that the fine part of the soil may be eroded by suffusion. So for 

example, in Section 3.3.4, Figure 3.33, soil 10, about 25 - 30% could be eroded, 

corresponding to a maximum size of about 0.1 mm to 0.2 mm.

3.6.4 Estimating the actual fraction of materials eroded by suffusion

It should be noted that the actual fraction of materials eroded by suffusion is always less 

than the maximum possible erodible fraction discussed in Section 3.6.3 above. If 

seepage tests have been carried out, and post-test grain-size distribution curves are 

available, the actual fraction of materials eroded can be estimated from the test data 

using the grain-size distribution curve matching technique.

Figure 3.39 in Section 3.4.2 shows a plot of the actual fraction of materials eroded 

versus the maximum possible erodible fraction for 20 soil samples. Both parameters 

were obtained from the curve matching technique. The plot shows considerable 

scattering of data. The plot, however, shows that the actual fraction of materials eroded 

is unlikely to be greater than 30%. The actual fraction of materials erodible might be 

very close to the maximum possible fraction of erodible materials if the latter is less 

than 20% of the total weight of the soil.
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3.7 CONCLUSIONS

3.7.1 Factors influencing whether a soil is internally unstable

Effects of fines content and gravel content

The experimental investigation reveals no obvious relationship between the fines 

content and the internal stability of silt-sand-gravel and clay-silt-sand-gravel mixtures.

Effects of plasticity of fines

The experimental investigation shows no significance influence of the plasticity of the 

fines on the internal stability of clay-silt-sand-gravel mixtures up to the limits of the 

soils tested - less than 10% clay-sized fraction, and plasticity index less than 12%.

Effects of gap-grading

Gap-graded mixtures with more than 60% gravel-size particles (> 4.75 mm), but lacking 

sand-sized particles are vulnerable to suffusion. Nevertheless, similar gap-graded 

mixtures which have a very low fines content (< 10%) did not show significant loss of 

materials by the process of suffusion. It is possible that the amount of erosion loss was 

too small to be detected in these mixtures.

Effects of dry density of soil

The results of DF tests do not suggest any significant influence of the dry density of a 

soil on its internal stability classification, within the range of dry densities investigated 

(i.e. 90 - 95% of standard maximum dry density).

Nevertheless, results of UF tests do indicate that erosion of fine particles started at 

comparatively lower hydraulic gradient in samples compacted at lower dry 

densities/higher porosities.
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3.7.2 Currently available methods for assessing internal instability

Using the coefficient of uniformity, Ci:, as an indicator (US Army Corps of 

Engineers (1953), Istomina (1957))

Cu is not an accurate predictor of internal stability. In general, internally unstable soils 

are more likely to have Cv values higher than 10. Nevertheless, the investigation 

shows that some internally unstable soils have Ca values lower than 10, and a lot of 

soils with very high Cu values (> 100) are not internally unstable.

Methods involve splitting a soil into a coarse fraction and a fine fraction (Kezdi 1969, 

de Mello 1975, Sherard 1979)

Methods involving splitting a soil into a fine fraction and a coarse fraction, and treating 

the coarse fraction as a filter to the fine fraction are easy to apply. These methods, 

however, are too conservative for assessing whether a soil is internally unstable and 

subject to suffusion if the commonly used filter rule represented by dCI5/d j85 <5 is

used to assess the filter compatibility between the coarse and the fine fraction, in that the 

method tends to classify stable soils as unstable.

The use of a less conservative filter rule, such as the Continuing Erosion Boundary 

(Foster & Fell 1999a, 2001) represented by dcl5 /dj-95= 9, is shown to be

unconservative when applied to some coarse granular soils.

It appears that a filter rule suitable for assessing internal instability for most types of 

soils does not exist without being conservative.

The methods may be able to determine if a soil will self filter, but there is no 

experimental evidence to support this.

Kenney & Lau (1985,1986) method

The method using the stability number, H/F, as a predictor of internal stability is 

conservative in that a lot of stable soils are classified as internally unstable soils. The
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upper boundary of Kenney & Lau (1985) method, represented by H = 1.3F, appears to 

be an upper bound for unstable soils, in that no internally unstable soils are plotted 

above the boundary.

Burenkova (1993) method

The method presents a boundary, represented by h =0.76\og(h'') +1, which appears to 

be an approximate lower bound for stable soils. Soils plotted below the boundary are 

more likely to be unstable than stable. The method is less conservative than Kenney & 

Lau (1985, 1986) method in that some unstable soils are plotted in the non-suffusive 

zone (Zone II) above the boundary.

Sun (1989) method for clayey/silty sands

Sun’s method was developed for clayey/silty sands. The method predicts some 

internally unstable coarse granular soils as stable, and is hence unconservative, and 

should not be applied to clay-silt-sand-gravel and silt-sand-gravel mixtures. Its validity 

for silty sands and clayey sands is questionable, and these soils may not be susceptible 

to suffusion.

3.7.3 Proposed methods for assessing internal instability

Combining the Burenkova (1993) method and the Kenney and Lau (1985, 1986) 

method

By combining the Burenkova (1993) and Kenney and Lau (1985, 1986) methods, a more 

reliable estimate of whether a soil is internally unstable can be obtained. Table 3.16 can 

be used to estimate the likelihood of internal instability of a soil.

Proposed probabilistic method based on Burenkova (1993) method for assessing 

internal instability

The distribution of the internally unstable and stable soil samples in an h’ versus log h” 

plot based on Burenkova (1993) method suggests that a probabilistic approach can be 

used to predict internal instability. Contours for the probability of internal instability,
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calculated by logistic regression, are presented in Section 3.6.2. It is recommended that 

Figure 3.67 be used for predicting the probability of internal instability for silt-sand- 

gravel and clay-silt-sand-gravel mixtures with clay-sized fraction less than 10% and 

plasticity index less than 12%, and Figure 3.68 be used for predicting the probability of 

internal instability for coarse granular soils with less than 10% non-plastic fines passing 

0.075mm sieve.

3.7.4 Currently available method for predicting the fraction of fine materials and 

the size of the largest particles eroded by the suffusion process

Lubochkov (1965) method and Burenkova (1993)

The Burenkova (1993) method has been found to severely underestimate the size of the 

largest particles eroded by suffusion, whereas the Lubochkov (1965) method was shown 

to overestimate the sizes of the largest particles eroded

3.7.5 Proposed method for predicting the fraction of fine materials and the size of 

the largest particles eroded by the suffusion process

Theoretical maximum possible fraction of fine materials eroded by the suffusion 

process

The maximum possible fraction of fine particles erodible in the suffusion process would 

very unlikely be higher than 40% (i.e. F< 0.4) of the total weight of an internally 

unstable granular soil based on geometrical criterion 2 (refer Section 3.2.6). UNSW test 

data and available test data from the literature indicate a maximum F value of not 

greater than 30%. The proposed limiting value of F< 0.4 for suffusive soils is 

expected to remain valid for unstable soils with small clay contents.
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Proposed methods for predicting the fraction of fine materials and the size of the 

largest particles eroded by the suffusion process

The Author proposes a method for predicting the size of the largest particles eroded by 

the process of suffusion based on dividing a soil into a coarse fraction and a fine 

fraction. The dividing point, D, is chosen at where the ratio H/F (Kenney & Lau 1985, 

86) is minimised for F < 0.4, and not greater than 1.3. D is the predicted size of the 

largest particles eroded by the process of suffusion, and F is the predicted maximum 

fraction of fine particles that can be eroded.

For gap-graded soils, it can be assumed the fine part of the soil may erode.

3.7.6 Hydraulic gradients causing internal instability in silt-sand-gravel and clay- 

silt-sand-gravel mixtures

Hydraulic gradient, islarl ,for initiation of suffusion

Selective erosion of fine soil particles begins at gradients, islart, less than the theoretical 

critical gradient, ic, for all internally unstable soils, and for many internally stable soils.

For the internally unstable soils tested, all began to erode with gradients of 0.8 or less, 

with several less than 0.5. This erosion is relatively minor rate, and even in the 

internally unstable soils, did not lead to “extreme cloudiness” condition when erosion 

would be obvious.

Relationship between istart and the H/F ratio

No definite mathematical relationship has been identified between the hydraulic 

gradient islart and the coefficient of uniformity, the minimum H/F ratio and the fines 

content.

Relationship between istart and the porosity of the soil

There appears to be a general trend that soils with higher porosity would start to erode at 

lower hydraulic gradients. Loose, higher porosity soils tested began to erode at
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gradients less than 0.3. There is, however, considerable scattering of data that a reliable 

mathematical relationship cannot be derived between the two variables.

Relationship between istan and the plasticity of fines

Soils with clayey (kaolin) fines appear to erode at relatively higher hydraulic gradients 

than soils having similar fines contents but without clayey fines.

Effects of soil dry density on istart

The dry density of a soil has a significant effect on the hydraulic gradient istart. The 

higher the soil density, the higher the istart, given that the fines content of the soils are 

the same.

Effects of gap-grading on istar,

Gap-graded soils erode at relatively lower hydraulic gradient istar, than non gap-graded 

soils with similar fines content.
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CHAPTER 4 

APPLICATIONS

4.1 OVERVIEW

This Chapter presents some examples on the applications of the findings presented in 

Chapter 2 and Chapter 3 of this thesis. Three examples are presented. The first example 

explain the use of the initial hydraulic shear stress obtained from the Hole Erosion Test 

(HET) to aid judgment of the probability of initiation of erosion along a concentrated 

leak. The second example shows how the Erosion Rate Index obtained from either the 

HET or the Slot Erosion Test (SET) can be used to estimate the rate of progression of 

piping erosion. The last example illustrates the use of the methods proposed by the 

Author in the assessment of the internal instability of some filter materials which do not 

satisfy the requirements of the technical specification, and the assessment of the fraction 

of fine materials that might be eroded by the process of suffusion.

The analysis procedures as illustrated by the three examples presented in this Chapter 

have been applied in a number of dam failure risk assessment projects in Australia.

4.2 PREDICTION OF INITIATION OF EROSION ALONG A CRACK OR 

CONCENTRATED LEAK

4.2.1 Background

As explained in Chapter 1, development of internal erosion and piping comprises of 

four phases, viz. the initiation phase, the continuation phase, the progression phase, and 

the breach formation phase. During the assessment of the probability of internal erosion 

and piping, there are two main questions to be answered by the risk analyst when 

studying the initiation phase of internal erosion. The two questions are
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(i) what is the probability that a crack/concentrated leak will form in the 

embankment, or in the foundation?

(ii) in case a crack/concentrated leak presents, what is the probability that piping 

erosion will initiate along the crack/concentrated leak under certain 

hydraulic conditions?

Some research has been carried out by Bui et al. (2004, 2005) to predict the formation of 

cracks in embankment dams using two-dimensional and three-dimensional numerical 

modeling techniques taking into account the differences in the stiffness of the materials 

in the various zones of an embankment, the zoning arrangement, the foundation profile 

of the embankment, the irregularity of the foundation/abutment profile, the stiffness of 

the foundation materials, the construction sequence, desiccation of materials near the 

ground surface, etc. The research provides some useful guidelines for estimating the 

potential of cracking in an embankment dam, the likely locations for cracks to be found, 

and the extent of cracking. In a number of dam investigation projects in Australia and 

overseas, trial pits were formed along or near the crest of the embankment to confirm 

zoning details, and to identify the extent of cracking if any. Numerical modeling and 

site investigations would provide useful answers to question (i) above.

To answer question (ii) requires the knowledge of the geometry of the cracks, the 

hydraulic shear stress along the walls of the cracks, and the critical hydraulic shear 

stress, tc, of the soils in the embankment. The Hole Erosion Test can be used to 

estimate the rc.

4.2.2 Hydraulic Shear Stress along the Walls of a Crack

The hydraulics of flow in a crack or pipe is complex because the geometry of the 

crack/pipe may vary. Nevertheless the cross-section of a crack/pipe and the hydraulic 

shear stress along the walls of the crack/pipe can be assumed uniform so as to allow an 

approximate assessment of the hydraulic shear stress, r, along the walls of the 

crack/pipe.
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For a cylindrical crack/pipe, the average hydraulic shear stress, r , acting on the walls of 

the crack is

7T((>LT = (p] -p2)
n (p2 
~4~

Eqn 4.1

Figure 4.1: Diagram showing the forces acting on a segment of eroding fluid within

a cylindrical leak.

Rearranging terms gives

t=(p^pA* s£
L 4 4

where p : is the density of water (eroding fluid) in kg/m3;

Eqn 4.2

2g : is the acceleration due to gravity and equal to 9.8 m/s ;

pi,P2 : are the pressures on the upstream and downstream face of the

leak, respectively.

s : is the hydraulic gradient across the leak;

L : is the length of the flow path (i.e. length of the leak) in m;

(j) : is the diameter of the cylindrical leak in m;

For example, the hydraulic shear stress along the walls of a cylindrical crack/pipe, given 

head loss H t = 10 m, length L = 4 m, and diameter ^ = 0.01 m, is
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1000x9.8x10x0.01 
4x4

61 N/m2 [or Pa]

A more general formula for the hydraulic shear stress, r, along a crack/pipe with a 

uniform cross-sectional area, A, and a wetted perimeter, p, is given by

r =pgs Eqn 4.3

For an open crack with an uniform width as shown in Figure 4.2, the average hydraulic 

shear stress, r , acting on the walls of the crack can be approximated by

F,-F2stL(W + H,+H2) Eqn 4.4

r r pgW{H?-H22) Eqn 4.5

Flow along crack

Figure 4.2: Diagram showing the forces acting on a segment of eroding fluid within

an open crack or gap.

Combining equations 4.4 and 4.5

2 L(W + H,+H2)
Eqn 4.6
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where W : is the width of the open crack/gap in m;

L : is the length of the crack/gap in m;

Hy,H2 : are the water heads at the upstream and downstream ends of the

crack/gap, respectively.

In case H2 is very small compared to //,, equation 4.6 can be further simplified to

pgWH2r =
2L(W + H,)

Eqn 4.7

and if W is also very small compared to //,,

r ^.PgWH,
2 L

Eqn 4.8

For example, using equation 4.8, the approximate hydraulic shear stress along the wall 

of an open crack of width 10 mm, with head loss of 3 m over a length of 5 m is

r 1000x9.8 x32 s0.01 
2(3 + 0.01)5

= 29 N/m2 [or Pa]

Table 4.1 shows approximate values of hydraulic shear stress along the walls of an open 

crack based on equation 4.8.
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Table 4.1: Estimated hydraulic shear stress (N/m2) from water flowing in an open

crack, versus crack width and flow gradient.

Crack Width
Hydraulic shear stress (N/m2)

Hydraulic Gradient in Crack (Hj/L)

(mm) 0.1 0.25 0.5 1.0 2.0 5.0

1 0.5 1.25 2.5 5 10 25

2 1 2.5 5 10 20 50

5 2.5 6 12 25 50 125

10 5 12 25 50 100 250

20 10 25 50 100 200 500

50 25 60 125 250 500 1250

100 50 125 250 500 1000 2500

4.2.3 Hole Erosion Test and Initial Shear Stress

As explained in Chapter 2, HET can be carried out on a soil sample at different test 

heads in order to find out the minimum test head at which piping erosion will initiate 

along the pre-formed hole in the soil sample. The hydraulic shear stress due to the 

minimum test head, named as the initiate shear stress, rG, by the Author, is an estimate 

of the value of the critical hydraulic shear stress, rc, of the soil sample.

As a guide to whether erosion will initiate along a crack, an assessment can be made of 

the hydraulic shear stress, r, from the estimated crack width and embankment core 

geometry, and reservoir level. The estimated hydraulic shear stress along the crack can 

then be compared with the likely initial shear stress, r0, for the soil in which the crack is
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formed from the HET or approximately from the Erosion Rate Index, I met, and Figure 

4.3 . Ihet can be determined from laboratory HETs, or approximately from Table 4.2.

Care should be taken in using this approach because of the uncertainty in rc, and the 

hydraulic shear stress in the crack or pipe.
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Figure 4.3: Initial Shear Stresses, r0 versus Representative Erosion Rate Index, Ihet

(Reproduced from Figure 2.79. of Chapter 2)
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4.3 PREDICTION OF THE RATE OF EROSION ALONG A CONCENTRATED 

LEAK

4.3.1 Background

The rate of soil erosion is an important factor that affects the rate of progression of 

piping erosion. The Erosion Rate Index obtained from the HET or the SET provides an 

indicator of the rate of piping erosion. The lower the value of the index, the faster the 

rate of increase of the rate of erosion in response to an increase in the hydraulic shear 

stress, and hence the faster the rate of progression of piping erosion.

In case a reliable value of the Erosion Rate Index is obtained from a series of laboratory 

HETs, the index can be used in a numerical modeling procedure for estimating the 

enlargement of a pipe with time due to erosion. A hypothetical embankment dam with a 

clay core suffering from piping is used as an example in this Section to illustrate the 

numerical modeling procedure.

The rate of progression of piping erosion has important bearings on dam safety 

management in that it affects the chance of a successful intervention to prevent the 

further development of piping into a dam failure. The rate of progression of piping also 

determines the available warning time for evacuation of the downstream population who 

are at risk of a dam failure. DeKay and McClelland (1993) and Graham (1999) have 

indicated that the number of loss of lives due to a dambreak flood depends on the 

available warning time.

4.3.2 Details of a hypothetical dam suffering from piping

A hypothetical embankment dam suffering from piping through its clay core is shown in 

Figure 4.4. The following details have been assumed:

• an embankment dam with an impervious puddle clay core not protected by filter 

zones at its upstream and downstream faces

• the maximum storage depth at Full Supply Level (FSL) is 30 m
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• a concentrated leak has developed through the clay core at 10 m below FSL, 

which is at 130mAHD. The estimated length of the concentrated leak in the 

core is 4 m.

• the fill materials at both the upstream and the downstream shoulders are highly 

permeable.

• the estimated diameter of the concentrated leak is 10 mm when leakage is 

detected and emergency drawdown of the reservoir is initiated.

• emergency discharge is via a 160m long cast iron pipe with centre line at 

100 mAHD (i.e. 30m below FSL).

• storage capacity - level relationship is provided and as shown in Figure 4.4.
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600000

g, 400000

200000

110 120 
Storage Level (mAHD)

Cylindrical leak at 
+120 mAHD, 
length = 4 m. 
diameter = 10 mm.

+ 130m AHD

Impervious 
clay core

Emergency discharge 
pipe, centreline at 
+100 mAHD.

Highly permeable fill 
(gravel, boulder)

Highly permeable fill 
(gravel, boulder)

+100 mAHD -

Figure 4.4: Details of a hypothetical embankment dam suffering from piping.

4.3.3 Numerical modeling of piping erosion

The objective of the numerical modeling is to estimate the rate of progression of piping 

erosion along the pipe in the dam core. The rate of progression of piping is indicated by
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the enlargement of the pipe with time. The following assumptions have been made in 

the numerical modeling:

i. the shape of the concentrated leak/pipe remains circular throughout the course of 

erosion process

ii. the Critical Shear Stress (rc) (i.e. the minimum hydraulic shear stress to initiate 

soil erosion) is negligible

iii. the pipe can sustain a roof without collapsing despite the pipe is being enlarged by 

the process of erosion

iv. erosion stops when the reservoir level is lowered to the level of the concentrated 

leak (i.e. 120 mAHD)

Assumption ii above is a valid assumption in that tc of most unsaturated soils is close 

to zero. This is also a conservative assumption when the erosion rate (s) is estimated 

from the shear stress (r ) based on the equation

£ = C,(r-rJ

£ = Ce • r as tc is assumed to be zero.

In the above equation, the Coefficient of Soil Erosion, Ce is equal to 10 "/raT , where 

IHET is the Erosion Rate Index obtained from the Hole Erosion Test.

Theory and Numerical Modeling Procedure

While the size of the concentrated leak is being enlarged by erosion, the reservoir level 

is gradually lowered due to discharge via the outlet pipe at 100 mAHD as well as the 

concentrated leak at 120 mAHD.

The relevant equations for estimating the enlargement of the concentrated leak are:

r Pwg L 4 Pwgs
i
4

Eqn 4.9
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£ = CeT Eqn 4.10

where Hf 

L

*

s

PH-

g

is the head loss along the pipe due to friction, 

is the length of the pipe.

is the diameter of the pipe (varies with time, the initial value is 10mm). 

is the hydraulic gradient across the pipe, 

is the density of water, 

is the acceleration due to gravity.

The lowering of the storage level can be modeled by a water balance equation (i.e. 

decrease in reservoir storage = total outflow from the reservoir) using the given storage- 

level relationship, and equations for estimation friction loss due to flow along a circular 

pipe. The relevant equations are:

(i.e. Darcy-Weisbach equation) Eqn 4.11

Eqn 4.12

Eqn 4.13

4/li
2g

vnPq = V ——

pwv<t>

where / 

*

V

q

M

is the friction loss factor for pipe flow.

is the diameter of the pipe. For the emergency discharge pipe, </> = 1.2 m. 

For the concentrated leak, (j) increases with time as erosion progresses.

is the mean velocity of flow along the pipe, 

is the rate of discharge, 

is the Reynolds number.

is the coefficient of dynamic viscosity of water (10'3 kg/ms at 20 °C).

For the emergency discharge pipe, discharge q can be estimated using equations 4.11 

and 4.12, in which ^ and L are constant, and an appropriate/coefficient for a cast iron 

pipe is 0.0035.
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For the pipe through the clay core, combining equations 4.9 and 4.11 gives

T=P^f-V2 
2

Eqn 4.14

Knowing r , and by assuming an initial value for /, V and Re can be estimated using 

equations 4.13 and 4.14. Based on Moody’s diagram for flow through a circular pipe, 

the following relationships between/and Re can be assumed for a rough pipe:

For Re < 2500, / = 16/Re {f= 0.0064 at Re =2500) )

2500 < Re < 20000 /varies linearly with log( Re) from ) Eqn 4.15

0.0064 at Re = 2500 to 0.02 at Re =20000. )

Re > 20000 /= 0.02. )

Using an iterative procedure, the final values of /, V and Rc can be found from 

ejuations 4.13, 4.14 and 4.15. The flow rate q through the leak can then be estimated 

u;ing equation 4.12. The iterative procedure is often not required as Re is usually larger 

tlan 20000, in which case/is equal to 0.02.

43.4 Results of Numerical Analysis

F^ur different scenarios have been studied and the results are summarised in Table 4.3. 

Figure 4.5 shows reservoir level and the diameter of the pipe plotted against time for 

Scenario 1 (i.e. core soil has an Ihet of 4 (Ce = 10"4 kg/s/m2 per Pa) and the diameter of

tie emergency discharge pipe is 1.2 m). The plots show that the diameter of the 

oncentrated leak will be enlarged from 10 mm to about 2.3 m in approximately 3.1 hr. 

vhen the storage level is lowered to the level of the pipe.
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Table 4.3: Results of numerical modeling of the rate of piping erosion.

Scenarios Ihet Diameter of Findings

of Soil Emergency Time taken Final Graphical

Discharge Pipe to drawdown diameter of plots of water

to level of the pipe level and pipe

leak (Note 2) diameter
(Note 1) (m) (hr) (m)

1 4 1.2 3.1 2.3 Figure 4.5

2 4 0.6 2.6 3.4 Figure 4.6

3 5 1.2 5.4 0.02 Figure 4.7

4 5 0.6 27 0.5 Figure 4.8
Notes :

1. Soils having a lower lHET show a larger increase in the erosion rate in response to an increase in

the hydraulic shear stress.

2. The initial diameter of the pipe through the dam core is 0.01 m.

Concentrated Leak 
enlarged from 0.01m 
to 2.27m in 3.08 hr.

Initial Storage Level

< 126 Initial Reservoir Level = 130 mAHD.
Level of Concentrated Leak = 120 mAHD.
Initial Diameter of Concentrated Leak = 0.01m.
Coefficient of Soil Erosion = 1E-4 kg/s/m2/Pa. (i.e. IHET = 4.) 
Diameter of discharge pipe at 100 mAHD = 1,2m.
----------  Reservoir Level.
----------- Diameter of Concentrated Leak.

1.2 >3

Level of the Concentrated Leak

------T-------

Time (min)

Figure 4.5: Storage level and diameter of concentrated leak versus time for Scenario 1 -

IHet = 4, and diameter of emergency discharge pipe = 1.2 m.
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For Scenario 2, the emergency discharge pipe has a much smaller discharge rate due to 

its smaller diameter of 0.6 m. The result, as shown in Figure 4.6, is more severe piping 

erosion, and the leak is enlarged to 3.4 m in diameter in about 2.6 hr. when the storage 

level is lowered to the level of the leak. For both Scenarios 1 and 2, the pipe might have 

already collapsed, and a breach might have developed well before the reservoir level is 

lowered to the level of the leak.

oCD
6
<5
o
ECD
Q

2 - Ihet = 4, and diameter of emergency discharge pipe = 0.6 m.

For Scenario 3, the dam core is constructed of a more erosion resistant soil {Ihet = 5), 

and the emergency discharge pipe (1.2m diameter) has a relatively larger discharge 

capacity. The result, as shown in Figure 4.7, is that the pipe is only slightly enlarged to 

0.02 m diameter when the storage level is lowered to the level of the pipe in 5.4 hr.

:k
 (m

)
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0.024
Concentrated Leak 
enlarged from 0.01m 
to 0.021m in 5.42 hr.

Initial Storage Level

0.021

0.018

< 126 0.015 "T

0.012 'S

0.009

Level of the Concentrated Leak

0.006Initial Reservoir Level = 130 mAHD.
Level of Concentrated Leak = 120 mAHD.
Initial Diameter of Concentrated Leak = 0.01 m.
Coefficient of Soil Erosion = 1E-5 kg/s/m2/Pa. (i.e. IHET = 5.) 
Diameter of discharge pipe at 100 mAHD = 1.2m.
----------  Reservoir Level.
----------- Diameter of Concentrated Leak.

0.003

0.000
150 180
Time (min)

Figure 4.7: Storage level and diameter of concentrated leak versus time for Scenario

3 - Ihet = 5, and diameter of emergency discharge pipe = 1.2 m.

Scenario 4 is similar to Scenario 3 except that the emergency discharge pipe has a 

smaller diameter of 0.6 m and hence a much smaller discharge capacity. The result, as 

shown in Figure 4.8, is that the pipe is enlarged to 0.5 m diameter when the storage level 

is lowered to the level of the pipe in 27 hr. For both Scenarios 3 and 4, the chance of a 

successful intervention to prevent a dam breach appears to be rather high in view of the 

slow rate of enlargement of the pipe by erosion.

It should be noted that the rate of progression of piping are highly dependent on the Ihet, 

so the above numerical modeling should only be carried out when a reliable values of 

the Ihet have been obtained from a series of HETs.
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0.56

0.49

0.42

0.35
o 

6
0.28

<D

0.21 | 
b

0.14

0.07

0.00

Time (hr)

Figure 4.8: Storage level and diameter of concentrated leak versus time for Scenario

4 - Ihet ~ 5, and diameter of emergency discharge pipe = 0.6 m.

4.4 PREDICTION OF INTERNAL INSTABILITY AND EROSION OF FINE 

MATERIALS BY SUFFUSION

4.4.1 Background

An example is presented in this Section on the use of the methods proposed by the 

Author to predict the probability of internal instability in some granular filters that do 

not satisfy the technical specification. The filters have fine contents (% by weight finer 

than 0.075 mm) higher than specified. The fine soil particles in the filters are believed to 

be susceptible to erosion by the process of suffusion. The example also illustrates the 

method proposed by the Author for estimating the maximum fraction of the fine soil 

particles eroded by suffusion.

:k
 (m

)
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4.4.2 Assessing the Probability of Internally Instability

The particle size distribution curves of five different proposed filter materials, 

designated Filters A, B, C, D and E, are shown in Figure 4.9. Also shown in the figure 

are the fine and coarse boundaries of acceptable filter materials. All five filters do not 

satisfy the technical specification in that they contain too much fine materials. The flat 

portions of their particle size distribution curves suggest that the filters might be 

internally unstable.

The internal instability of the proposed filter materials has been assessed using Kenney 

and Lau (1985, 1986) method and Burenkova (1993) method. Kenney and Lau (1985, 

1986) method indicates that all five filter materials are internally unstable, as the shape 

curves of the filters pass below the line represented by H = 1.0F as shown in Figure 

4.10. Burenkova (1993) method shows that only Filter C is internally unstable, but all 

five filters are marginal between internally stable and unstable conditions (refer Figure 

4.11).
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Figure 4.10: Assessment of the internal instability of the proposed filter materials

using Kenney and Lau (1985, 1986) method.

2 10 100 200
h" = d90/d15

Figure 4.11: Assessment of the internal instability of the proposed filter materials

using Burenkova (1993) method.
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Figure 4.12 illustrate the use of the probabilistic method proposed by the Author to 

estimate the probability of internal instability for the five filters. Details of the 

probabilistic method are explained in Chapter 3, Section 3.6.2. The estimated

probability of internal instability for Filters A, B, C, D and E are 0.34, 0.22, 0.48, 0.33, 

and 0.27, respectively.

Filter r-dHfdj,
A • 4.44 1.57

B ▲ 3.42 1.61

C $ 4.74 1.43.

D ♦ 5.09 1.64

E 2.74 1.42

P is the probability, predicted by logistic 
regression, that a soil is internally unstable 
if it is plotted along the respective 
dotted line ------- p ------- .

P = exp(Z)/[l + exp(Z)]
Z = 3.875 LOG(h") -3.591 h' + 2.436

-0.05 ‘
- o.to

. 0.30 " 

- 0.50 ' 
-0.70

- 0.90' 
0.95'

100 200
h" ~ d90/dIS

Figure 4.12: Assessment of the probability of internal instability of the proposed filter

materials using the method proposed by the Author.

4.4.3 Assessment of the Fraction of Materials Eroded

Due to the high probability of being internally unstable, the five filters have been 

assessed for loss of fine materials by the process of suffusion. Based on the method 

proposed by the Author (refer Chapter 3, Section 3.6.3), the unstable fractions 

susceptible to erosion by suffusion of Filters A, B, C, D and E are assessed to be 8%, 

5%, 7%, 9% and 7%, respectively. The unstable fraction is represented by that part of 

the shape curve passing under H = 1.3F of Kenney and Lau (1985, 1986) shape curves 

as shown in Figure 4.10.
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The particle size distribution curves of the proposed filters will need to be adjusted 

assuming that the fine fractions assessed above will be lost, and the regraded filters will 

be re-assessed for their ability to protect the core materials against erosion based on the 

adopted filter design rules (e.g. Sherard and Dunnigan 1989, Vaughan and Soares 1982, 

Vaughan and Bridle 2004, Foster and Fell 1999a, 2001).
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 LABORATORY INVESTIGATION OF PIPING EROSION

5.1.1 Relationship between erosion rate and hydraulic shear stress

Experimental investigations show that the Slot Erosion Tests (SET) and the Hole 

Erosion Tests (HET) can successfully measure the piping erosion rate of a soil. The 

tests express erosion rate in the form of an Erosion Rate Index, / defined by:

where e is the erosion rate per unit area [kg/s/nr],

Ce is the Coefficient of Soil Erosion [kg/s/m /Pa or s/m], 

t is the shear stress [N/nT or Pa],

tc is the Critical Shear Stress for initiation of erosion [N/m2 or Pa].

Tests on 13 soil samples show that Ce is in the order of 10'1 to 10'6 kg/s/m2/Pa. The

corresponding range of values for the Erosion Rate Index, I is > 0 to 6. Soils that erode 

rapidly have lower / values than soils that erode slowly. The Erosion Rate Index 

obtained from the SET is denoted by Iset, whereas the Erosion Rate Index obtained 

from the HET is denoted by Ihet-

5.1.2 Effects of dry density and water content on Erosion Rate Index

I = - log(Ce) Eqn 5.1

f = C,(r-rc) Eqn 5.2

The Erosion Rate Index of a soil is influenced strongly by the degree of compaction and 

the water content of the soil. In most of the soil samples tested, a specimen compacted 

to a higher dry density, and to the wet side of the optimum water content has a higher
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Erosion Rate Index (higher erosion resistance) than another specimen of the same soil 

compacted to a lower dry density, and to the dry side of the optimum water content.

Some coarse-grained, non-plastic soil samples behave differently. These soils have a 

highest Erosion Rate Index when compacted to a high dry density and to the dry side of 

optimum.

The erosion resistance of a soil can conveniently be represented by /, the Erosion Rate 

Index of the soil at 95% of standard maximum dry density (SMDD) and at optimum

water content (OWC). / is called the Representative Erosion Rate Index of the soil. / 

can be obtained directly from a test on a specimen at 95% SMDD and OWC, or 

estimated from results of tests on specimens of different dry densities and water 

contents using a second order non-linear regression with the dry density and the water 

content as the independent variables.

5.1.3 Correlation between Erosion Rate Index and other soil properties

For coarse-grained soils, the Erosion Rate Indices show good correlation with water 

content, degree of saturation, fines content, and the fraction of the soil finer than 

0.005 mm.

For fine-grained soils, the Erosion Rate Indices show moderately good correlations with 

the Degree of Saturation, and dispersivity ratings based on the Pinhole Dispersion Test, 

Emerson Class Test, SCS Laboratory Dispersion Test and the Sodium Adsorption Ratio.

Correlation analysis indicates that the Representative Erosion Rate Indices of the coarse

grained soil samples show very good correlation with the degree of saturation, the fines 

content, and the fraction of the soil finer than 0.005 mm. For fine-grained soil samples, 

only a moderately good correlation exists between the Representative Erosion Rate 

Indices and the degree of saturation.
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5.1.4 Multiple linear regression analysis on test data

Multiple linear regression analysis has been carried out to investigate any possible 

relationship between the Erosion Rate Index and a group of two or more soil 

parameters. The analysis provided separate linear regression equations for predicting 

the Erosion Rate Index for coarse-grained soils and for fine-grained soils. The predictive 

equations are presented in Section 2.8.3 in Chapter 2. These equations represent 

multiple linear regression models obtained from statistical analysis of the test data of the 

SET and the HET. They do not necessarily imply any causal link between the predictor 

variables and the Erosion Rate Indices, but Table 2.25 in Chapter 2 gives approximately 

relationship between Ihet and soil parameters and is a reasonable guide.

The erosion tests on fine-grained soils show more scattering results. The regression 

models for the coarse-grained soils provide more satisfactory predictions than the 

regression models for the fine-grained soils.

5.1.5 Effects of soil mineralogy on erosion properties

Examination of the soil mineral compositions of the soil samples revealed that soils 

containing smectites and vermiculites appeared to have lower Erosion Rate Indices 

(lower erosion resistance). There is some evidence that the presence of iron oxide may 

also act as cementing material reducing the rate of erosion.

5.1.6 Estimation of Critical Shear Stress from the SET and the HET

There is a large degree of inaccuracy in the estimation of the Critical Hydraulic Shear 

Stress, rc, by extrapolating the straight-line plot of erosion rate, £, versus hydraulic

shear stress, r , to the horizontal axis (where £ =0). The rc values represented by the 

intercept of the extrapolated plot at the horizontal axis, do not show any form of strong 

relationship with other soil properties. The values of rc obtained for different 

specimens of the same soil also vary considerably.
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Instead of predicting rc by extrapolating the s versus x plot, the HET can be used to 

estimate the minimum test head required to initiate erosion in a soil. The initial shear 

stress, r0 corresponding to the minimum test head can be used as an indicator of the

soil’s resistance against initiation of erosion. In other words, r0 is an estimate of rc.

Results of HETs on specimens of the 13 soil samples compacted to 95% SMDD at 

OWC show the broad trend that coarse-grained soils have lower r0 values than the fine

grained soils, and that r0 value of a fine-grained soil increases as its Erosion Rate Index 

increases as shown in Figure 2.79, Section 2.5.2, Chapter 2.

5.1.7 Comparison between the Representative Erosion Rate Indices of the Slot 

Erosion Test and the Hole Erosion Test

The Representative Erosion Rate Indices, I set , based on the test data of the SET show

very strong correlation with the Representative Erosion Rate Indices, I met , based on the

data of the HET. In addition, I set and l met of the same soil have the same order of 

magnitude. It implies that the two erosion tests will give a similar rating on the erosion 

rate to the same soil at the standard condition of 95% SMDD and OWC. In addition, 

one test can provide a check on the results of the other test. Both tests physically model 

the conditions which would be expected to occur in a crack in a dam.

5.1.8 Special tests

Special tests have been carried out to investigate the effects of prior soaking/saturation 

(soaked test), salt concentration in the eroding fluid (salt test), and pausing (paused test) 

on the erosion rate of a soil.
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For the soaked tests, the number of cases showing an increase in the value of the 

Erosion Rate Index due to prior soaking of the test specimen is almost equal to the 

number of cases showing a decrease in the value of the Erosion Rate Index.

Similarly, for the salt tests, although there were a few tests that showed positive results 

(i.e. salt water caused slower erosion than tap water), there were as many tests that 

showed negative results (i.e. salt water caused faster erosion than tap water).

For the paused tests, two out of a total of three tests gave positive results (i.e. pausing 

caused slower erosion).

Due to the limited number of successful tests, conclusions regarding the special tests 

cannot be made at this stage.
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5.2 INVESTIGATION OF INTERNAL INSTABILITY OF SOILS

5.2.1 Factors influencing whether a soil is internally unstable

Effects of fines content and gravel content

The experimental investigation reveals no obvious relationship between the fines 

content and the internal stability of silt-sand-gravel and clay-silt-sand-gravel mixtures.

Effects of plasticity of fines

The experimental investigation shows no significance influence of the plasticity of the 

fines on the internal stability of clay-silt-sand-gravel mixtures up to the limits of the 

soils tested - less than 10% clay-sized fraction, and plasticity index less than 12%.

Effects of gap-grading

Gap-graded mixtures with more than 60% gravel-size particles (>4.75 mm), but lacking 

sand-sized particles are vulnerable to suffusion. Nevertheless, similar gap-graded 

mixtures which have a very low fines content (< 10%) did not show significant loss of 

materials by the process of suffusion. It is possible that the amount of erosion loss was 

too small to be detected in these mixtures.

Effects of soil density

The results of DF tests do not suggest any significant influence of the density of a soil 

on its internal stability classification, within the range of dry densities investigated (i.e. 

90 - 95% of standard maximum dry density).

Nevertheless, results of UF tests do indicate that erosion of fine particles started at 

comparatively lower hydraulic gradient in samples compacted at lower dry 

densities/higher porosities.
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5.2.2 Methods for assessing internal instability

Using the coefficient of uniformity, CLJ, as an indicator (US Army Corps of 

Engineers (1953), Istomina (1957))

Cjj is not an accurate predictor of internal stability. In general, internally unstable soils 

are more likely to have Cv values higher than 10. Nevertheless, the investigation 

shows that some internally unstable soils have Cv values lower than 10, and a lot of 

soils with very high Cv values (> 100) are not internally unstable.

Methods involve splitting a soil into a coarse fraction and a fine fraction (Kezdi 1969, 

de Mello 1975, Sherard 1979)

These methods are easy to apply. They are, in general, too conservative for assessing 

whether a soil is internally unstable and subject to suffusion if the commonly used filter 

rule represented by dCX5/df85 <5 is used to assess the filter compatibility between the

coarse and the fine fraction. The method tends to classify stable soils as unstable.

The use of a less conservative filter rule, such as the Continuing Erosion Boundary 

(Foster & Fell 1999, 2001) represented by dC]S/df95= 9, is shown to be unconservative

when applied to some coarse granular soils.

It appears that a filter rule suitable for assessing internal instability for most types of 

soils does not exist without being conservative.

The methods may be able to determine if a soil will self filter, but there is no 

experimental evidence to support this.

Kenney & Lau (1985, 1986) method using the stability number, H/F, as a predictor of 

internal stability

The method is conservative in that a lot of internally stable soils are classified as 

unstable. The upper boundary of Kenney & Lau (1985) method, represented by
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H = 1.3F, appears to be an upper bound for unstable soils, in that no internally unstable 

soils are plotted above the boundary.

Burenkova (1993) method

The method presents a boundary, represented by h =0.761og(/2M) +1, which appears to 

be an approximate lower bound for stable soils. Soils plotted below the boundary are 

more likely to be unstable than stable. The method is less conservative than Kenney & 

Lau (1985, 1986) method in that some unstable soils are plotted in the non-suffusive 

zone (Zone II) above the boundary.

Sun (1989) method for clayey/silty sands

Sun’s method was developed for clayey/silty sands. The method predicts some 

internally unstable coarse granular soils as stable, and is hence unconservative, and 

should not be applied to clay-silt-sand-gravel and silt-sand-gravel mixtures. Its validity 

for silty sands and clayey sands is questionable, and these soils may not be susceptible 

to suffusion.

Probabilistic method proposed by the Author

The distribution of the internally unstable and stable soil samples in an h ’ versus log h ” 

plot based on Burenkova (1993) method suggests that a probabilistic approach can be 

used to predict internal instability. Logistic regression models based on experimental 

data obtained in the current research and experimental data from similar seepage tests 

carried out by previous investigators are formulated for predicting the probabilities of 

internal instability, as shown in Figures 3.67 and 3.68, Section 3.6.2, Chapter 3.

5.2.3 Fraction of fine particles eroded by the suffusion process

Theoretical maximum fraction offine particles eroded in the suffusion process

The fraction of fine particles, f, in an internally unstable soil is related to the porosity

of the fine particles as well as the porosity of the coarse particles which form the 

primary soil fabric as expressed in equation 3.20, Section 3.6.1, Chapter 3.
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In case that the fine particles are very densely packed (void ratio of fine particles, e, = 

0.35) within the voids of the soil skeleton formed by very loosely packed coarse 

particles (void ratio of the primary soil fabric, eP = 0.92), a theoretical maximum 

possible value of f is attained, and is approximately equal to 40%. UNSW test data, 

and test data from the literature, however, indicate a maximum value of f only up to 

approximately 30%.

The Burenkova (1993) method and Lubochkov (1965) method

The Burenkova (1993) method has been found to severely underestimate the size of the 

largest particles eroded by suffusion, whereas the Lubochkov (1965) method was shown 

to overestimate the sizes of the largest particles eroded.

Proposed method for predicting the fraction offine particles eroded

The method proposed by the Author for predicting the size of the largest particles 

eroded by the process of suffusion is based on dividing a soil into a coarse fraction and a 

fine fraction, and treating the coarse fraction as a filter to the fine fraction. The point, D, 

that divides the soil into a coarse fraction and a fine fraction, is chosen at where the ratio 

H/F (Kenney & Lau 1985, 86) is less than 1.3 and is minimised for F < 0.4. D is the 

predicted size of the largest particles eroded by the process of suffusion, and F is the 

predicted maximum fraction of fine particles that can be eroded. The reason for limiting 

F < 0.4 is because the theoretical maximum fraction of fine particles in an internally 

unstable soil has been assessed to be 40% (refer to Chapter 3, Section 3.6.1). UNSW 

test data and available test data from the literature, however, indicate a maximum F 

value of not greater than 30% (refer to Figure 3.39 in Section 3.4.2).

5.2.4 Hydraulic gradients causing internal instability in silt-sand-gravel and clay- 

silt-sand-gravel mixtures

Hydraulic gradient, istart }for initiation of erosion by suffusion

Selective erosion of fine soil particles begins at gradients, istart, less than the theoretical 

critical gradient, ic, for all internally unstable soils, and for many internally stable soils.
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For the internally unstable soils tested, all began to erode with gradients of 0.8 or less, 

with several less than 0.5. This erosion is relatively minor rate, and even in the 

internally unstable soils, did not lead to “extreme cloudiness” condition when erosion 

would be obvious.

Relationship between istart, the H/F Ratio, and the fines content 

No definite mathematical relationship has been identified between the hydraulic 

gradient islarl and the coefficient of uniformity, the minimum H/F ratio and the fines 

content.

Relationship between islart and porosity

There appears to be a general trend that soils with higher porosity would start to erode at 

lower hydraulic gradients. Loose, higher porosity soils tested began to erode at 

gradients less than 0.3. There is, however, considerable scattering of data that a reliable 

mathematical relationship cannot be derived between the two variables.

Effects of plastic fines on the value of istart

Soils with clayey (kaolin) fines appear to erode at relatively higher hydraulic gradients 

than soils having similar fines contents but without clayey fines.

Effects of dry density on the value of istan

The dry density of the soil has a significant effect on the hydraulic gradient istart. The 

higher the density, the higher the istart, given that the fines content of the soils are the 

same.

Effects of gap-grading on the value of islart

Gap-graded soils erode at relatively lower hydraulic gradient istart than non gap-graded 

soils with similar fines content.
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5.3 RECOMMENDATIONS

5.3.1 Applications of the Hole Erosion Test and the Slot Erosion Test

Use of the Hole Erosion Test (HET) and the Slot Erosion Test (SET) to find out the 

erosion properties of a Soil

The HET is recommended as a fast and simple test for assessing the rate of erosion of a 

soil. The HET assigns an Erosion Rate Index, IHET, to a soil. IHET has values in the 

range of 0 - 6. The smaller the index, the faster is the rate of erosion for a given shear 

stress caused by the eroding fluid. When an Erosion Rate Index IHET is quoted for a 

soil, the percentage compaction and the water content of the test specimen of the soil 

should also be stated, as IHET is strongly influenced by the degree of compaction and 

the water content. The Index corresponding to 95% compaction and optimum water

content is called the Representative Erosion Rate Index, I met , of the soil.

The SET can also be used to assess the rate of erosion of a soil as a check against the 

results of the HET. The SET is, however, more costly than the HET due to the use of a 

much bigger sample of soil per test. The Erosion Rate Index, lSET obtained from the 

SET on the same soil at the standard conditions of 95% compaction and optimum water 

content is expected to be in the same order of magnitude as IHET obtained from the 

HET.

Use of the Erosion Rate Index as a predictor of the rate ofpiping erosion

Soils are classified into 6 groups by the Author according to their Representative

Erosion Rate Index, 1 met . The 6 groups are :

Group No. Erosion Rate Index Description

1 <2 Extremely rapid

2 2-3 Very rapid

3 3-4 Moderately rapid
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Group No. Erosion Rate Index Description

4 4-5 Moderately slow

5 5-6 Very slow

6 >6 Extremely slow

The above classification provides a quick guide for the assessment of the rate of 

progression of piping erosion in a first pass assessment of the risk of internal erosion 

and piping for an embankment dam.

In case the location and the geometry of a pipe are known, and reliable Erosion Rate 

Indices are obtained by testing, numerical modelling can be carried out, using the 

Erosion Rate Indices, to predict the enlargement of the pipe with time. An example is 

presented in Chapter 4, Section 4.3 to explain the numerical modelling procedure.

Prediction of the Erosion Rate Index without doing HET or SET

If erosion tests have not been carried out to assess the erosion resistance of a soil, 

predictive equations 5.3 to 5.6 presented in Section 5.1.4 can be used to provide a 

preliminary estimate of the Erosion Rate Index. The Author strongly recommends 

carrying out HET rather than using these equations, as the equations are, so far, based on 

a limited number of soils, and in any case, it will be more economical to do the HET 

than doing other tests to provide the input data required in the predictive equations.

A qualitative approach is also proposed for predicting the Representative Erosion Rate 

Index of a soil if HET or SET has not been carried out. A number of soil parameters, 

namely the degree of saturation, the fines content (< 0.075 mm), the clay content 

(< 0.005 mm) and the Atterberg Limits, which individually show good correlation with 

the Representative Erosion Rate Index are used as predictor variables as shown in Table 

2.25, Chapter 2. These predictor variables are used independently to estimate the 

Representative Erosion Rate Index according to the guidelines in Table 2.25. A 

judgment is made on the final estimated value of the Representative Erosion Rate Index 

after considering all the values predicted by the individual predictor variables. The table 

may be used as an aid to judgment in conjunction with the multiple regression
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equations. The Author, however, considers that this approach is not as good as doing a 

HET or SET.

Usi of the HET to find out the approximate Critical Hydraulic Shear Stress

It s recommended to use the HET as an approximate test to estimate the erosion 

res.stance of a soil against initiation of erosion. By trying different test heads on 

diferent test specimens of a soil, the HET can identify a minimum test head below 

which the test specimen shows no measurable erosion. The Initial Hydraulic Shear 

Stress, t0 , corresponding to the minimum test head in the test, can serve as an indicator

of the Critical Hydraulic Shear Stress, rc, which is a measure of the soil’s resistance 

agiinst initiation of erosion. Example on the comparison of r0 with the predicted 

hydraulic shear stress in a crack is presented in Chapter 4, Section 4.2.

5.3.2 Recommended method for predicting internal instability

It i; recommended to use the logistic regression model presented in Figure 3.67, Chapter 

3 br predicting the probability of internal instability in silt-sand-gravel soils and clay- 

sih-sand-gravel soils of limited clay content (fraction finer than 0.002 mm) of less than 

lO'^ and plasticity index less than 12%, and to use Figure 3.68, Chapter 3 for sand- 

grwel mixtures with less than 10% non-plastic fines.

Ar approximate method is also recommended for estimating the fraction, F, of fine 

maerials eroded in the suffusion process. The method is a modification of the method 

pnposed by Kenney & Lau (1985, 1986), and assumes that F cannot be greater than 0.4, 

anc is represented by the point at which the ratio H/F is minimised and not greater than 

1.2. The size, D, of the largest particles eroded in the suffusion process is the largest 

paticles in the fraction F. H is the fraction of soil particles with size range within D to 

4L

Ar example on the use of the above proposed methods for assessment internal 

insability in some filter materials is presented in Chapter 4, Section 4.4.
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5.3.3 Proposed further research

Further laboratory investigation using the Hole Erosion Test and Slot Erosion Test

Some testing on some dispersive soil samples using distilled water as the eroding fluid 

by Mr. S.S. Lim at UNSW has resulted in Erosion Rate Indices which were lower than 

the indices obtained from tests using tap water as the eroding fluid. Apparently the 

presence of only a small amount of dissolved solid in the water, as in the case of Sydney 

tap water (Total Dissolved Solids (TDS) < 100 mg/1), may suppress the dispersive 

behaviour of some soils. It is recommended to carry out further testing using the HET 

device to investigate the effects of the electrochemical properties of the eroding fluid on 

the rate of piping erosion in soils, in particular soils which are dispersive. This should 

include tests on the rate of erosion, and the initial shear stresses

The Author attempts to saturate the soil by soaking would not have achieved full 

saturation. Further testing should be done using back-pressure saturation to better 

investigate the effects of saturation.

The rate of piping erosion may be influenced by the angle of inclination the pipe due to 

the effect of gravity on entrainment of the eroded soil particles. The effect of gravity 

can be investigated by further soil testing using the SET device which is set at angle to 

the horizontal to simulate an upward sloping or downward slope pipe.

There would be benefits in carrying out tests using a rotating cylinder device and the 

HET to compare the results for initial shear stress. Modifications of the HET to better 

detect the initiation of erosion would be useful as it is difficult to determine the initial 

shear stress.

This thesis has not explored the basic mechanism of the erosion process in cohesive 

soils. From observation, it appears that particle detachment is affected by a slaking 

process, but there is a need for further research to investigate this.
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Testing of the ability of a soil to sustain an open pipe

Testing of some low plasticity or non-plastic soils such as clayey or silty sand in the 

HET or SET often encountered the situation of having the pre-formed hole/slot blocked 

by the collapsed soil. Such a property is not undesirable as collapse of the soil into a 

pipe would block the pipe temporarily and slow down the internal erosion process. In 

addition, the blockage will result in fluctuating seepage flow which is a good warning 

signal against internal erosion in an embankment dam. Foster and Fell (1999b) 

proposed the simple rule that soils having a fines content (fraction fine than 0.075 mm) 

of greater than 15% are very likely to be able to sustain an open pipe. Simple test, such 

as the “sand castle” test (Vaughan and Soares 1982) is available to test the ability of a 

soil to “stand-up” when wetted. The test, however, is more applicable to filter 

materials. It is recommended to investigate the properties of a soil, such as its grading, 

density, water content, fines content, plasticity, presence of cementitious materials, soil 

strength, etc., which are likely to affect the ability of the soil to sustain an open pipe, 

with an aim to developing methods for assessing the “stand-up” time, and the maximum 

size of an open pipe that the soil can sustain. Such information is essential in the 

assessment of the rate of progression of piping, and the likelihood of a dam breach in a 

risk assessment process.

Further laboratory investigation on internal instability of soils

The number of upward flow seepage tests and downward flow seepage tests carried out 

under the current research project were limited. More laboratory testing is needed with 

a wider range of soils placed at varying void ratios, and tested at a range of hydraulic 

gradients for better understanding of the factors that influence the suffusion process. 

The additional test data will help to better define the boundary between internally 

unstable (suffusive) and internally stable (non-suffusive) soils, and/or to derive more 

accurate regression models, similar to those proposed by the Author, for prediction of 

the probability of internal instability.

There is still a large uncertainty in the determination of the seepage gradients which will 

initiate suffusion, and the fraction of erodible materials. Therefore, one of the 

objectives of the further research should be identifying the factors that influence the 

hydraulic gradient that causes initiation of suffusion. Another objective is to provide
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guidelines for estimating the fraction of erodible materials, and to understand the effect 

of the hydraulic gradient on the fraction of erodible materials.

It is expected that the hydraulic gradient for initiating suffusion in a horizontal direction 

is significantly less than the hydraulic gradient for initiating suffusion in a vertically 

upward direction in the same soil. Tests are hence needed with flow horizontal, and 

inclined, to better define the gradients at which erosion initiates.
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E r o s i o n  r a l e  i n d e x  c o m p u t e d  fo r  t i m e  5 0  6 9 .  N o te  s h o r t  t i m e  in te rv a l  
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APPENDIX C

Non-linear Regression Models for Predicting ISet 
and IHet for Specimen Compacted to 95% Compaction 

at Optimum Water Content



Appendix Cl

Appendix C - Non-linear Regression Models for Predicting I wand Itn:rfor Specimen Compacted to 95% 
Compaction at Optimum Water Content

Table Cl Coefficients of non-linear regression models for predicting Iset for a specimen 
compacted to 95% compaction at optimum water content.

Soil Sample Chosen
Regression
Model

Coefficients for regression model Predicted I set at 
95% Compaction 

and OWC

a b c d e f

Bradys 2 0.455 0.030 -2.673 0.031 0.000 0.000 3.352
Buffalo Only one test was done. Not enough data for regression analysis.
Fattorini 4 -172.044 3.681 0.765 0.000 -0.019 0.000 4.443
Hume 3 -413.721 8.796 -5.268 0.058 -0.046 0.000 4.154
Jindabyne 2 -8.642 0.126 -5.192 0.056 0.000 0.000 3.294
Lyell 1 -11.185 0.134 0.001 0.000 0.000 0.000 1.575
Matahina Only two tests were done. Not enough data for regression analysis.
Pukaki 6 -8.253 0.124 -5.193 0.056 0.000 -0.368 3.491
Rowallan 1 -55.476 0.590 -0.698 0.000 0.000 0.000 0.606
Shellharbour 4 -868.759 18.453 0.404 0.000 -0.097 0.000 5.632
Teton 1 -2.910 0.063 0.037 0.000 0.000 0.000 3.087
Waranga
Basin

4 205.481 -4.393 0.443 0.000 0.024 0.000 3.334

Waroona 1 7.063 -0.012 0.020 0.000 0.000 0.000 5.929
2 7.794 -0.019 -1.007 0.011 0.000 0.000 5.942
3 123.160 -2.461 -0.528 0.006 0.013 0.000 5.819
4 166.459 -3.380 -0.019 0.000 0.018 0.000 5.769
5 4.532 0.013 0.062 0.000 0.000 0.028 5.782
6 4.984 0.009 -0.202 0.003 0.000 0.025 5.801
7 -49.949 1.158 0.085 0.000 -0.006 0.035 5.803
8 -67.087 1.524 -0.250 0.004 -0.008 0.033 5.833
9 7.023 -2.724 0.956 0.000 0.000 0.000 5.929

None of the models is particularly good. Average ISet of the 9 models taken = 5.845

Table C2 Coefficients of non-linear regression models for predicting IHet for a 
specimen compacted to 95% compaction at optimum water content.

Soil Sample Chosen Coefficients for regression model Predicted IHet at
Regression a b C d e f 95% Compaction
Model and OWC

Bradys 6 -21.510 0.260 -11.849 0.137 0.000 0.307 3.230

Buffalo 9 8.729 2.720 4.520 0.000 0.000 0.000 6.089

Fattorini 4 -420.880 8.865 0.181 0.000 -0.046 0.000 4.780

Hume 5 -9.707 0.143 0.119 0.000 0.000 0.087 3.891

Jindabyne 1 -7.763 0.112 0.056 0.000 0.000 0.000 2.915

Lyell 9 -11.538 29.543 -5.222 0.000 0.000 0.000 1.657

Matahina 4 438.265 -9.436 0.062 0.000 0.051 0.000 3.760

Pukaki 5 -6.371 0.095 0.294 0.000 0.000 -0.125 2.700

Rowallan 6 -2.407 0.036 -2.430 0.025 0.000 -0.067 0.994

Shellharbour 5 -20.021 0.272 0.118 0.000 0.000 -0.144 5.802

Teton 5 -4.543 0.073 -0.228 0.000 0.000 -0.097 2.404

Waranga
Basin

5
-10.458 0.150 0.462 0.000 0.000 0.130 3.828

Waroona 9 3.214 29.608 4.331 0.000 0.000 0.000 5.713
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Appendix D - Contour Plots of I set and lHET

1

Compaction Water Content (%) [BDSECONT GRfj

Figure Dla Erosion Rate Indices, lSET based on SETs on soil sample Bradys.

Standard Compaction Curve

Max. Dry Density 
= 1.318 Mg/m3.

' ' Vs

V S \ VS V

LEGEND
— Contour lines for degree 

of saturation, S.
Estimated contour lines 
for erosion rate index, lHET. 
Test data points and lHEX 
from Hole Erosion Tests.

Optimum Water 
Content = 35.2%.
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Compaction Water Content (%) pdhecont gr?

Figure Dlb Erosion Rate Indices, IHET based on HETs on soil sample Bradys.
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Appendix D2

Appendix D - Contour Plots of I set and IHET

I

[BuDSECON GRf]Compaction Water Content (%)

Figure D2a Erosion Rate Indices, lSET based on SETs on soil sample Buffalo.

Compaction Water Content (%)

Figure D2b Erosion Rate Indices, IHET based on HETs on soil sample Buffalo.

P
er

ce
nt

ag
e 

C
om

pa
ct

io
n 

P
er

ce
nt

ag
e 

C
om

p;



Appendix D3

Appendix D - Contour Plots of lset and IHnr

Max. Density 
= 1.696 Mg/m3^

— Standard Compaction Curve

X6 .0 '

LEGEND
Contour lines for degree 
of saturation, S.
Estimated contour lines 
for erosion rate index, lSET. 
Test data points and lSET 
from Slot Erosion Tests.

Optimum Water 
Content = 18.5%.

17 18 19 20
Compaction Water Content (%) [FDSECONT GRf)

Figure D3a Erosion Rate Indices, lSET based on SETs on soil sample Fattorini.

Standard Compaction Curve
Max. Dry Density
= ^ AQfi M nlnn 3

LEGEND
Contour lines for degree 
of saturation, S.
Estimated contour lines 
for erosion rate index, lHET. 
Test data points and lHET 
from Hole Erosion Tests.

Optimum Water 
Content = 18.5%.

17 18 19
Compaction Water Content (%) (FDHECONT GRf)

Figure D3b Erosion Rate Indices, lHET based on HETs on soil sample Fattorini.
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Appendix D - Contour Plots of I set and IHET

-------Max. Dry Density
= 1.635 Mg/m3.

Standard Compaction Curve

LEGEND 4.0 - . .- Contour lines for degree 
of saturation, S.
Estimated contour lines 
for erosion rate index, lSET. 
Test data points and lSET 
from Slot Erosion Tests.

Optimum Water 
Content = 20.8%.

Compaction Water Content (%) [HDSECONT GRf]

Figure D4a Erosion Rate Indices, lSET based on SETs on soil sample Hume.

LEGEND Standard Compaction Curve
Contour lines for degree 
of saturation, S.
Estimated contour lines 
for erosion rate index, lHET. 
Test data points and lHET 
from Hole Erosion Tests.
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^.OaX X4.37 ° 
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A,t 90 xX4.43

Optimum Water 
Content = 20.8%.
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Compaction Water Content (%) (HDHECONT GRF]

Figure D4b Erosion Rate Indices, lHET based on HETs on soil sample Hume.
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Appendix D - Contour Plots of Iset and Ihet

{standard Compaction CurveMa^. Dry Density 
= 1.753 Mg/m3.

" 1.70

«2 1.66

LEGEND
Contour lines for degree 
of saturation, S.
Estimated contour lines 
for erosion rate index, lSEX. 
Test data points and lSET 
from Slot Erosion Tests

2.9 -
_ - -2.9 ' '

— Optimum Water 
Content = 16.2%\

Compaction Water Content (%) pdsecomt.grh

§
■s

Figure D5a Erosion Rate Indices, lSET based on SETs on soil sample Jindabyne.

------Max. Dry Density
= 1.753 Mg/m3.

Standard Compaction Curve
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LEGEND
Contour lines for degree 
of saturation, S.
Estimated contour lines 
for erosion rate index, lHET. 
Test data points and lHET 
from Hole Erosion Tests.
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Optimum Water\ 
Content = 16.2%.
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Compaction Water Content (%) ijdhecomt.grfi

Figure D5b Erosion Rate Indices, IHET based on HETs on soil sample Jindabyne.
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Appendix D - Contour Plots of I set and IHET

1

Compaction Water Content (%) hdsecontgr

Figure D6a Erosion Rate Indices, lSET based on SETs on soil sample Lyell.
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Figure D6b Erosion Rate Indices, IHET based on HETs on soil sample Lyell.
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Appendix D - Contour Plots of ISETand IHET

I

Compaction Water Content (%) ^secontgr,,

Figure D7a Erosion Rate Indices, lSET based on SETs on soil sample Matahina.

Compaction Water Content (%) [MDHECONT GRF]

Figure D7b Erosion Rate Indices, /HET based on HETs on soil sample Matahina.
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Appendix D - Contour Plots of I set und IHET

I

Compaction Water Content (%) |PDsEcoNiGRfi

Figure D8a Erosion Rate Indices, lSET based on SETs on soil sample Pukaki.
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Figure D8b Erosion Rate Indices, lHET based on HETs on soil sample Pukaki.
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Appendix D - Contour Plots of lEETand IHET
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Figure D9a Erosion Rate Indices, lSET based on SETs on soil sample Rowallan.
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Figure D9b Erosion Rate Indices, /HET based on HETs on soil sample Rowallan.
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Appendix D - Contour Plots of I set and I met
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Figure DlOa Erosion Rate Indices, lSET based on SETs on soil sample Shellharbour.
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Figure DlOb Erosion Rate Indices, IHET based on HETs on soil sample Shellharbour.
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Appendix D - Contour Plots of I set and IHEt
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Figure D1 la Erosion Rate Indices, lSET based on SETs on soil sample Teton.
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Figure D1 lb Erosion Rate Indices, lHET based on HETs on soil sample Teton.
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Appendix D - Contour Plots of I set and IHEr
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Figure D12a Erosion Rate Indices, lSET based on SETs on soil sample Waranga Basil
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Figure D12b Erosion Rate Indices, IHET based on HETs on soil sample Waranga Basin.
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Appendix D - Contour Plots of Island I met
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Figure D13a Erosion Rate Indices, lSET based on SETs on soil sample Waroona.
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Figure D13b Erosion Rate Indices, lHET based on HETs on soil sample Waroona.
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APPENDIX E

Plots of Erosion Rate Index against Dry Density, 
Water Content, Percentage Compaction, Ratio of 

Water Content to OWC, and Degree of Saturation
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Figure E2b Erosion Rate Index (Ihet) from Hole Erosion Test versus Dry Density. Soil 
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Compaction (pd / pd ). Soil samples classified into fine-grained soils and coarse
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation

QOOfXiOO O------ ©0- CDQ | (D----0—©-
©

tL 5JP
^
co
<u

o
o

LU

m
aS

a)
CO

DC
c
o
o

LU

O,

□
o

X
X

0 **
▲ *
#* A\*‘4

« <a
♦

♦
♦ ..

□

- ^ •k

☆ >

©

# •

LEGEND ♦ Matahina
• Bradys X Pukaki
m Buffalo > Rowallan
o Fattorini 0 Shellharbour
□ Hume * Teton
▲ Jindabyne ♦ Waranga Basin
☆ Lyell o Waroona

10 15 20 25 30 35 40 45
Water Content, co (%) jset&wc%i grfj

Figure E5a Erosion Rate Index (I set.) from Slot Erosion Test versus
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Figure E5b Erosion Rate Index (Iset) from Slot Erosion Test versus Water Content (co). 
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Content (co). Soil samples classified into fine-grained soils and coarse-grained soils.
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Figure E7a Erosion Rate Index (Iset) from Slot Erosion Test versus 
Water Content Ratio (Acor).
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Content Ratio (Acor). Soil samples classified into fine-grained soils and coarse-grained
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation

■ o—e*—©-

t 5
_i

£
cd

55
2

LU0)
O
£

ai 
03 

DC
co
o

LU

EE
EE

o

o

LEGEND * Matahma 
• Bradys X Pukaki
EB Buffalo > Rowallan
O Fattorini ® Shellharbour 
□ Hume * Teton
A Jindabyne* Waranga Basin 
•sir Lyell O Waroona

£

o □

^ □

o.

0

s *%
® o ^

® ® ^ ®

o

o
*i

*

*□ * 
♦

• □

* t
f ♦ •

° ♦ X □
x* •

♦

A -

. .....

aa

* A

*-

X

* V* -

*

*

4
H
&J

1 x 
■

X
X

X

£
:

X

I______
I______

X

X

☆ ..
^..£

☆

☆

>

,

>
>

,

>

>

.

>

. _

>

, ,

-30 -20 -10 0 10
Water Content Ratio, ('co - OWCyCWC (%)

30
[HET_WCR1 GRF]

Figure E8a Erosion Rate Index (Ihet) from Hole Erosion Test versus 
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Figure E9b Erosion Rate Index (Iset) from Slot Erosion Test versus Degree of 
Saturation. Soil samples classified into fine-grained soils and coarse-grained soils.
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Figure El0b Erosion Rate Index (Ihet.) from Hole Erosion Test versus Degree of 
Saturation. Soil samples classified into fine-grained soils and coarse-grained soils.
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Appendix E - Plots of Erosion Rate Index against Dry Density, Water Content, Percentage Compaction, 
Ratio of Water Content to OWC, and Degree of Saturation
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Fines Content, and Clay Content
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Figure F3a Erosion Rate Index (Iset) from Slot Erosion Test versus Fines Content.
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Figure F3b Erosion Rate Index (Iset) from Slot Erosion Test versus Fines Content. Soil 
samples classified into fine-grained soils and coarse-grained soils.
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Appendix F6

Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content

' ■ —*—y ■ ----- ' 1 ' —®----

o

A

o

o

I
xt

o<x>

-

I

'

x*
A

X
ft
M

<300

*

>

>

>

'

'

ft

ft

, . . , . . . .

tD 5
JP

00
CD

o
LU

CO

■D

£roa:

wo
LU

1!
♦ •

1r

LEGEND * Matahina
• Bradys X Pukaki
ffl Buffalo > Rowallan
O Fattorini © Shellharbour
□ Hume Teton
A Jindabyne ♦ Waranga Basin
☆ Lyell o Waroona

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Clay Content (% by mass) iseclyusi grfj

Note : Clay-sized particles in this plot mean soil particles finer than 0.005mm (US definition).
Figure F5a Erosion Rate Index (Iset) from Slot Erosion Test versus Clay Content (US

definition).

' ' ' ▼—1——r_■ • ' ■ ■

O
♦

♦

-
!

©0
o 2

♦
:

-
t 0@oo

D-xQ
t

O
O
o

—<

<
D
D

, . . . , , . i .

i—▼—

♦

---- ■ ' ■ —’—*
♦

♦♦♦

j
►

♦

♦

.c

♦

►
»
»

i
♦

-

L 5
_co
^—V

w
d>

55o
LU

CO

a>
■D

O
00
cz

55o
LU

LEGEND
Soil samples with more than 50% fines, inducting 
Bradys, Buffalo, Fattorini, Hume, Shellharbour, 
Teton, Waranga Basin, Waroona.

O Soil samples with less than 50% fines, including 
Jindabyne, Lyell, Pukaki, Rowallan.

® Matahina (50.5% fines).
Fines means partides finer than 0.075mm.

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Clay Content (% by mass) iseclyus2.grf]

Note : Clay-sized particles in this plot mean soil particles finer than 0.005mm (US definition).

Figure F5b Erosion Rate Index (Iset) from Slot Erosion Test versus Clay Content (US 
definition). Soil samples classified into fine-grained and coarse-grained soils.
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Note : Clay-sized particles in this plot mean soil particles finer than 0.005mm (US definition).

Figure F6b Erosion Rate Index (IHet) front Hole Erosion Test versus Clay Content (US 
definition). Soil samples classified into fine-grained and coarse-grained soils.
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Figure F6c Predicted Representative Erosion Rate Index (Ihet ) from Hole Erosion Test
versus Clay Content (US definition).
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Note : Clay-sized particles in this plot mean soil particles finer than 0.002mm (UK definition).

Figure F7b Erosion Rate Index (Iset) front Slot Erosion Test versus Clay Content (UK 
definition). Soil samples classified into fine-grained and coarse-grained soils.
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Erosion Rate Indices presented are predicted indices for specimens at 95% compaction and Optimum Water Content.

Figure F7c Predicted Representative Erosion Rate Index (I set ) from Slot Erosion Test
versus Clay Content (UK definition).
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Note : Clay-sized particles in this plot mean soil particles finer than 0.002mm (UK definition).

Figure F8a Erosion Rate Index (Ihet) from Hole Erosion Test versus Clay Content (UK
definition).
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Appendix F - Plots of Erosion Rate Index against Sand Content, Fines Content, and Clay Content
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Figure F8b Erosion Rate Index (Ihet) from Hole Erosion Test versus Clay Content (UK 
definition). Soil samples classified into fine-grained and coarse-grained soils.
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versus Clay Content (UK definition).
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Plots of Erosion Rate Index against Liquid Limit, 
Plasticity Index, and Activity
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure Gla Erosion Rate Index (Iset) from Slot Erosion Test versus Liquid Limit.
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Figure Gib Erosion Rate Index (Iset) from Slot Erosion Test versus Liquid Limit. Soil 
samples classified into fine-grained and coarse-grained soils.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure Glc Predicted Erosion Rate Index (I set ) from Slot Erosion Test versus Liquid
Limit.
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Figure G2a Erosion Rate Index (Jhet) from Hole Erosion Test versus Liquid Limit.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure G2b Erosion Rate Index (Imet) from Hole Erosion Test versus Liquid Limit. Soil 
samples classified into fine-grained and coarse-grained soils.
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Figure G2c Predicted Erosion Rate Index (Ihet ) from Hole Erosion Test versus Liquid
Limit.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure G3a Erosion Rate Index (Iset) from Slot Erosion Test versus Plasticity Index.
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Figure G3b Erosion Rate Index (Iset) from Slot Erosion Test versus Plasticity Index. 
Soil samples classified into fine-grained and coarse-grained soils.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure G3c Predicted Erosion Rate Index (I set ) from Slot Erosion Test versus
Plasticity Index.
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Figure G4a Erosion Rate Index (Ihet) from Hole Erosion Test versus Plasticity Index.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure G4b Erosion Rate Index (IHet) from Hole Erosion Test versus Plasticity Index. 
Soil samples classified into fine-grained and coarse-grained soils.
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Figure G4c Predicted Erosion Rate Index (Ihet) from Hole Erosion Test versus
Plasticity Index.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure G5b Erosion Rate Index (/set) from Slot Erosion Test versus Activity. Soil 
samples classified into fine-grained and coarse-grained soils.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure G5c Predicted Erosion Rate Index (I set ) from Slot Erosion Test versus Activity.
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Appendix G - Plots of Erosion Rate Index against Liquid Limit, Plasticity Index, and Activity
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Figure G6b Erosion Rate Index (Ihet) from Hole Erosion Test versus Activity. Soil 
samples classified into fine-grained and coarse-grained soils.
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Figure G6c Predicted Erosion Rate Index ( Ihet ) from Hole Erosion Test versus
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Plots of Erosion Rate Index against Pinhole Test 
Classification, Emerson Class Test Classification, 
Percentage Dispersion, SAR, and Major Cation

Content
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content

6i«-

5 -LU
_C/3

oo
a)
h-
c
o
w

S
%
X
CD

T3
C

a)
03

CC
c
o
to
2

LU

2H

1 E*-

O

LEGEND ♦ Matahina
• Bradys X Pukaki
EB Buffalo > Rowallan
O Fattorini © Shellharbour
□ Hume * Teton
▲ Jindabyne ♦ Waranga Basin
☆ Lyell 0 Waroona

D1 D2 PD1 PD1/PD2 PD2 ND2

Pinhole Test Classification
Figure HI a Erosion Rate Index (Iset) from Slot Erosion Test versus Pinhole Test

Classification.

ND1
[SET&PIN1.GRF]

6#

w 5 
_co
..—v

to
<D
h-
c 4 
o 
to o

LU

i. 3
X
<D

■o
C

£ 2
03 ^
a:
c
g
to 
2 

LU lO-

LEGEND
♦ Soil samples with more than 50% fines, including 

Bradys, Buffab, Fattorini, Hume, Shellharbour, 
Teton, Waranga Basin, Waroona.

O Soil samples with less than 50% fines, including 
Jindabyne, Lyell, Pukaki, Rowallan.

<S> Matahina (50.5% fines).
Fines means particles finer than 0.075mm.

PD1 PD1/PD2 PD2 ND2 ND1

Pinhole Test Classification [seupinzgrfj
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Classification. Soil samples classified into fine-grained and coarse-grained soils.
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure Hlc Predicted Erosion Rate Index (Ism ) from Slot Erosion Test versus Pinhole
Test Classification.
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure H2c Predicted Erosion Rate Index ( Ihet ) from Hole Erosion Test versus Pinhole
Test Classification.
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure H3b Erosion Rate Index (Iset) from Slot Erosion Test versus Emerson Class. 
Soil samples classified into fine-grained and coarse-grained soils.
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure H3c Predicted Erosion Rate Index (I set ) from Slot Erosion Test versus Emerson
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content_________________
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Figure FI4b Erosion Rate Index (Ihet) from Hole Erosion Test versus Emerson Class.
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Figure H4c Predicted Erosion Rate Index ( Ihet ) from Hole Erosion Test versus
Emerson Class.
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure H5a Erosion Rate Index (/set) from Slot Erosion Test versus Percentage
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Figure H5b Erosion Rate Index (Iset) from Slot Erosion Test versus Percentage 
Dispersion. Soil samples classified into fine-grained and coarse-grained soils.
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure H5c Predicted Erosion Rate Index (Iset ) from Slot Erosion Test versus
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Dispersion.

0

--------nr—9—

- I

1 1 1 • |

§ |
' §

1

© •
•

* ☆

• ☆
X
X

A
A
A

Gr * w
tJiM

• 
m 

•• 1
!

I
X

X

i

, . .

l
*

__ , .

o

o*
o
o
<0
o 
o I

t
♦

♦

*
t

§
□
□

LEGEND ♦ Matahina
• Bradys X Pukaki
S Buffalo > Rowallan
O Fattorini © Shellharbour
□ Hume * Teton
A Jindabyne ♦ Waranga Basin
☆ Lyell O Waroona



Appendix H9
Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure H6b Erosion Rate Index (Ihet) fr°m Hole Erosion Test versus Percentage 
Dispersion. Soil samples classified into fine-grained and coarse-grained soils.
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Figure H6c Predicted Erosion Rate Index (/het ) from Hole Erosion Test versus
Percentage Dispersion.
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Appendix H - Plots of Erosion Rate Index against Pinhole Test Classification, Emerson Class Test 
Classification, Percentage Dispersion, SAR, and Major Cation Content
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Figure H7b Erosion Rate Index (Iset) from Slot Erosion Test versus Sodium Adsorption 
Ratio. Soil samples classified into fine-grained and coarse-grained soils.
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Figure H7c Predicted Erosion Rate Index (I set ) from Slot Erosion Test versus Sodium
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Appendix I - Slot Erosion Test Procedure

SLOT EROSION TEST PROCEDURE 

(Revised June 2002)

SCOPE

1. SOIL PREPARATION

2. SAMPLE PREPARATION

3. TEST PREPARATION

4. TEST PROCEDURE

5. POST TEST MEASUREMENTS

6. POST TEST ANALYSIS

7. CLEANING AND REASSEMBLY
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Appendix I -Slot Erosion Test Procedure

SLOT EROSION TEST PROCEDURE

(Revised June 2002)

SCOPE

This presentation is a detailed coverage of all test aspects of the Slot Erosion Test.

1. SOIL PREPARATION

(a) Six (6) bags each having an approximate mass of 5kg of the particular soil sample 
are selected.

(b) Thoroughly mix the soils from each of the six bags, and return the soils to the 
appropriate bag.

(c) Take the moisture content {me), according to AS 1289.2.1.1-1992, for each bag.
(d) Calculation of the compacted height of each layer:

(i) Open Excel file SLOT.XLS
(ii) Enter the desired values for compaction and me.
(iii) Enter the measured values for moisture content.
(iv) Use results from the spreadsheet to determine layer heights and water to 

be added to achieve the desired parameters. It may be necessary to 
reduce the mass of each bag by equal amounts to obtain approximately 
equal layer heights. The total compacted height of the six layers is 
105mm.

(e) Place the sample in a tray on a top pan balance and add the desired amount of 
water added using an atomiser.

(f) The sample is then mixed thoroughly and placed back in the bag to cure. Curing 
time will be dependent on the particular soil.

2. SAMPLE PREPARATION

Detailed engineering drawings of the Slot Erosion Test mould and collar are shown in
Figures 1 and 2 respectively.

(a) Clean the 20mm form ply top.
(b) Affix this false timber top to the aluminium mould using low torque and no 

silicone sealant using the countersunk screws and nuts.
(c) Rotate the mould through 180 degrees.
(d) Ensure the base-mating surface is clean.
(e) Position the four cleaned piping strips (providing a slot thickness of 2.2mm) and 

two end retaining plates.
(f) Weigh the mould at this stage. This enables the actual compaction ratio to be 

determined, when the soil mass and the moisture content of the scraped top layer 
are used in calculations.
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Appendix 1 - Slot Erosion Test Procedure

(g) Insert the two end spacers; then attach the aluminium protection collar to the 
mould. Then attach the compaction support braces.

(h) Starting at one end, evenly distribute one bag of soil, using five equal portions, 
ensuring that the strips stay together. Carefully work along the mould ensuring 
even distribution of the soil. Compact the layer to the calculated height. This 
height can be measured using a straight edge and digital calipers. Compaction of 
this first layer is very important as this contains the “slot”.

(i) Repeat step (h) for layers 2, 3, 4, 5 and 6.
(j) Remove the collar and end spacers and trim layer 6 with a straight edge to ensure 

a completely flat surface.
(k) Weigh the mould.
(l) Trimmed soil is tested for moisture content in accordance with AS 1289.2.1.1- 

1992, and pore fluid is tested for chemical composition (if required).
(m) Place a silicone bead along the soil/mould wall interface and along the mating 

surfaces. See Figure 3 for sealant application points.
(n) Place the aluminium base plate on the mould and fasten using supplied bolts and 

nuts, from the centre outwards in a circular pattern.
(o) Clean off any excess silicone sealant.
(p) Carefully rotate the mould through 180 degrees and remove the formply top by 

tapping sideways and sliding it off. Do not use any other method, as the 
compacted soil will adhere to it.

(q) Carefully remove the four piping strips starting at the centre by prising out with 
small screwdriver.

(r) Carefully remove the end retaining plates
(s) Place the 10 x lOmm-wire mesh in the inlet chamber and distribute 20mm 

aggregate in the chamber taking care not to taking care not to block the openings. 
This includes the slot.

(t) Place another silicone bead on the top surface in a similar mamier to the base, 
along the soil/mould wall interfaces and the mating surfaces, ensuring that it does 
enter the slot when the top is secured.

(u) Secure the perspex top in the same manner as the base. Do not over tighten.
(v) Cover up both the inlet and outlet pipefitting and allow the soil specimen to 

equilibrate for 24 hours.

3. TEST PREPARATION

(a) Carefully transfer the mould assembly to the hydraulic trolley and position it on 
the locating bracket with the inlet to the left.

(b) Make two uniform size labels for the test using the label form template 
LABEL.DOC.

(d) Install pressure gauges in the inlet and outlet chambers.
(e) Connect the constant head system, comprising the supply tanks, pump, constant 

head tank and overflow. The upstream constant head tank should be securely 
supported on the tower and initially set to provide a head of approximately 4.5m 
or 2.5m at the upstream side.

(f) Connect the rotameter to the inlet end of the sample box, making sure to flush the 
rotameter before connecting. Close valve after connecting to prevent 
introduction of water into the system upstream end.
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(g) Secure the outlet pipe to the downstream constant head tank at the outlet end of 
the sample box.

(h) Position the two timers - one facing the discharge point, with the other facing 
outwards from the mould assembly.

(i) Set up and level the tripod for the digital camera.
(j) Frame the camera.
(k) Fill the outlet tank to the top of the weir. Ensure there is an adequate water supply 

at hand to replace that used in flooding the outlet chamber.
(l) Record the water temperature of the supply tank.
(m) Ensure that the rubber seals at the top of the pressure gauges are released and that 

the bleed valves on both gauges are open.

4. TEST PROCEDURE

(a) Carefully open the downstream valve and introduce water into the outlet chamber, 
filling the outlet chamber and flooding the slot. It is very important that care is 
exercised when carrying out this operation, to prevent erosion caused by the 
rapid passage of water along the slot. Close the bleed valve when all air is 
expelled and shut the valve at the outlet end. Immediately top up the downstream 
tank.

(b) Fully open the inlet valve and fill the inlet chamber until all air is expelled. Close 
the bleed valve and inlet valve.

(c) Collect a water sample from the constant head tank for testing of salt 
concentration (if required).

(d) Take a camera shot at zero time.
(e) Fully turn on the valve at the inlet end, and then fully turn on the valve at the 

outlet end. Note inlet pressure and flow reading, and start the two timers.
(f) Take photos and record discharge flow rates, along with upstream and 

downstream pressure readings at 30 seconds, 1 minute, 2 minutes, and 5 minutes. 
It may be necessary to increase the frequency of readings if erosion is rapid.

(g) Monitor the test at 5-minute intervals. If there is no noticeable erosion and the 
flow rate does not change after 3 consecutive readings increase the interval to 10 
minutes.

(h) If there is no noticeable erosion and the flow rate does not change after 3 
consecutive readings at 10-minute intervals increase the interval time to 15 
minutes.

(i) Continue monitoring the test at 15minute intervals until the test duration has 
reached 2 hours, at which point the test is deemed to have been completed. During 
this period, if there is no change in discharge flow rate, indicating no erosion, the 
test operator may elect not to take a photograph.

(j) The test may be completed sooner if either of the following conditions is reached.
(i) Flowrate indicated on the rotameter exceeds 110 L/min
(ii) The erosion path reaches the soil/mould wall interfaces.

(k) At test completion take a photograph, and trace the erosion path on the perspex top 
using a non-permanent marker.

(l) Close the outlet valve, and then the inlet valve.
(m) Turn off the pump and begin dismantling equipment.
(n) Having removed inlet and outlet connections, drain excess water.
(o) The mould is now ready for tracings to be reproduced.
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5. POST TEST MEASUREMENTS

(b) Place pre cut tracing paper over the perspex top and secure with adhesive tape.
(c) Trace over the erosion path on the perspex top with the same colour marker used 

during the test.
(d) Record test number and catalogue the tracing.
(e) Use soil scrapers to carefully break the seal and remove the perspex top cover.
(f) Measure the final depth of the pipe at intervals of 50mm.

6. POST TEST ANALYSIS

(a) Download the images from the digital camera, and save them systematically into a 
file according to the soil type and test number.

(b) Select a number of images that show the progression of the eroded slot over time 
to the completion of the test.

(c) Convert these selected images into Bitmap format for viewing in the program 
Turbo CAD Version 5.

(d) Select the length of the mould deemed to be unaffected by end effects during the 
test, and measure the area of the mould minus these end portions using Turbo 
CAD for the first image.

(e) Measure the area of the eroded slot along the same length of the mould as 
determined in (d).

(f) Repeat steps (d) and (e) for each consecutive image selected.
(g) Convert the results obtained for the mould area and slot area for each image to 

scale.
(h) Divide the value for eroded slot area by the length of the mould used in each 

image to obtain the average slot width for that time.
(i) Using the post test tracing, check the final average slot width obtained from the 

final image in (h).
(j) Enter the average slot width and corresponding time into the summary 

spreadsheet: Slot Erosion Test - Analysis of Test Data.

7. CLEANING AND REASSEMBLY

(a) Remove the soil from the mould using soil scrapers, high-pressure water and 
scrubbing action, and discard it.

(b) Using perspex scrapers clean all remnants of sealant on the mould and perspex 
top.

(c) Wipe the form ply base with a damp cloth and reassemble the mould system.
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Figure 2 Mould collar
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Plan View - Top

Elevation View

Plan View - Base

Sealant Application

Figure 3 Sealant application
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Appendix J - Hole Erosion Test Procedure

HOLE EROSION TEST PROCEDURE 

(Revised July 2002)

SCOPE

1. SOIL PREPARATION

2. SAMPLE PREPARATION

3. TEST PREPARATION

4. TEST PROCEDURE

5. POST TEST MEASUREMENTS

6. CLEANING AND REASSEMBLY
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HOLE EROSION TEST PROCEDURE 

(Revised July 2002)

SCOPE

This presentation is a detailed coverage of all test aspects of the Hole Erosion Test.

1. SOIL PREPARATION

(a) The soils used in Hole Erosion Tests have been sieved through a 6.7mm sieve, 
properly sub-sampled and bagged. One bag having an approximate mass of 5kg of 
the particular soil sample is selected.

(b) Thoroughly mix the soil from the bag, and return the soil to the bag.
(c) Take the moisture content {me), according to AS 1289.2.1.1-1992, for the bag.
(d) Calculation of the desired compaction control parameters:

(i) Open Excel file FTE.XLS
(ii) Enter the desired values for compaction and me.
(iii) Enter the measured value for moisture content.
(iv) Use results from the spreadsheet to determine layer heights and water to 

be added for achieving the desired parameters.
(e) The sample is placed on a tray over a balance and the desired amount of water 

added using an atomiser.
(0 The sample is then mixed thoroughly and placed back in the bag to cure. Curing 

time will be dependent on the particular soil.

2. SAMPLE PREPARATION

A detailed engineering drawing of the Hole Erosion Test apparatus is shown in Figure
1.

(a) Clean the test mould, base and collar.
(b) Weigh the mould at this stage. This enables the actual compaction ratio to be 

determined, when the soil mass and the moisture content of the scraped top layer 
are used in calculations.

(c) Assemble the mould.
(d) Evenly distribute the first portion of soil. Compact the layer to the calculated 

height. This height can be measured using a straight edge and digital calipers.
(e) Repeat step (d) for layers 2 and 3.
(f) Remove the collar and trim layer 3 with a straight edge to ensure a completely flat 

surface.
(g) Remove the mould base and weigh the mould.
(h) Trimmed soil is tested for moisture content in accordance with AS 1289.2.1.1- 

1992, and pore fluid is tested for chemical composition (if required).
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(i) Cover up both the upper and lower faces of the mould and allow the soil specimen 
to equilibrate for at least three hours.

(j) Once the specimen has cured sufficiently, remove the upper and lower covers 
and transfer the mould to the drill press. Using a 6mm drill bit, drill a hole in the 
center of the mould along the longitudinal axis of the soil sample.

3. TEST PREPARATION

(a) Carefully transfer the mould to the test apparatus on the hydraulic trolley. Fix the 
mould between the upper and lower Perspex chambers and tighten.

(b) Raise or lower the trolley to the required height and insert the relevant wooden 
supports to secure the trolley at that height.

(c) Install the pressure pipes to the inlet and outlet chambers.
(d) Connect the constant head system, comprising the supply tanks, pump, constant 

head tank and overflow. The upstream constant head tank should be securely 
supported on the tower and initially set to provide a head of approximately 1.5m at 
the upstream side.

(e) Close the inlet valve after connecting to prevent introduction of water into the 
system upstream end.

(f) Secure the outlet pipe to the downstream constant head tank at the outlet end of 
the sample box.

(g) Position the two timers - one facing the discharge point, with the other facing 
outwards from the mould assembly.

4. TEST PROCEDURE

(a) Record the water temperature of the supply tank.
(b) Ensure that the valves on both inlet and outlet chambers are open.
(c) Carefully fill the outlet tank to the top of the weir, thus introducing water into the 

outlet chamber, filling the outlet chamber and flooding the pipe. It is very 
important that care is exercised when carrying out this operation, to prevent 
erosion caused by the rapid passage of water along the pipe. Close the bleed 
valve when all air is expelled. Immediately top up the downstream tank.

(d) Fully open the inlet valve and fill the inlet chamber and start the two timers.
(e) Record discharge flowrates, along with upstream and downstream pressure at 

consecutive readings of 1 minute. It may be necessary to increase the frequency of 
readings if erosion is rapid.

(f) If there is no noticeable erosion and the flow rate does not change after 3 
consecutive readings increase the interval to 2 minutes.

(g) If there is no noticeable erosion and the flow rate does not change after 3 
consecutive readings at 2-minute intervals, increase the interval time to 5 minutes.

(h) Continue monitoring the test at 5-minute intervals until the test duration has 
reached 2hours, at which point the test is deemed to have been completed.

(i) The test may be completed sooner if either of the following conditions is reached.
(i) Flowrate indicated by outflow measurement exceeds 12 L/min
(ii) The erosion path reaches the soil/mould wall interfaces.

(j) At test completion close the inlet valve.
(k) Turn off the pump.
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(1) Having removed inlet and outlet connections, drain excess water and begin 
dismantling equipment.

5. POST TEST MEASUREMENTS

(a) Photograph the upstream and downstream ends of the pipe with the appropriate 
label after the sample has dried sufficiently after the test to allow for extruding the 
test specimen from the mould.

(b) Measure the final width of the pipe at intervals of 28mm (l/5th positions), and 
measure the distance of erosion into the upstream and downstream ends of the 
pipe.

6. CLEANING AND REASSEMBLY

(a) Remove the soil from the mould using the soil extruder and discard it.
(b) Using a wire brush clean all remnants of soil on the mould, and reassemble the 

mould.
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X-RAY POWDER DIFFRACTION ANALYSIS OF EIGHT SOIL

SAMPLES

The work involved in the preparation of this report was undertaken in the X-ray 

Diffraction Laboratory of the School of Geology, University of New South Wales.

Samples Received

Eight soil samples were received for X-ray powder diffraction analysis:

1. Hume Bank 1 (Tertiary Alluvial)
2. Fattorini Dam
3. Shellharbour (Basalt)
4. Brady’s Dam
5. Waroona Dam (Embankment Fill (granite))
6. Lyell Dam (granite)
7. Jindabyne Dam
8. Rowallan Dam

Analytical Data

The analysis was carried out by monochromatized CuKa radiation using a Philips 

X’Pert system. AH samples were examined as received and as oriented aggregates 

of the clay fraction (< 2pm e.s.d.) obtained by centrifugation from samples dispersed 

in water. The oriented specimens on glass slides were prepared by the membrane 

filter transfer method and subsequently examined air dry, after ethylene glycol 

solvation and after heating to 400°C for one hour. This is a standard procedure for 

the identification of clay minerals.

The data from the natural (as received) powdered specimens were processed by 

computer; a search match program included in WINPIot (CSIRO, Division of Soils) 

was used for the identification of mineral phases. The program uses the current 

ICCD (International Centre for Diffraction Data) Powder Diffraction File™ covering 

experimental data (sets 1 to 50) as well as calculated patterns (sets (70 and higher).

The results of the X-ray powder diffraction analysis of the natural (as received) as 

well as the oriented samples of the clay fraction are given in Tables 1 and 2, 

respectively. The diffractometer traces obtained in the course of the examination are



attached. The principal peaks of significant minerals are marked using the following 

abbreviations:

an = anatase 

cl = chlorite 

flsp = feldspar(s) 

gibb = gibbsite 

goeth = goethite 

gyps = gypsum 

hall = halloysite 

hem = hematite 

ill = illite 

kaol = kaolinite 

mic = mica

m-l = mixed-layer mica/smectite 

qtz = quartz 

sm = smectite 

verm = vermiculite

Comment

The X-ray examination of the samples as received showed a variety of mineral 

compositions apparently reflecting different provenance of the samples submitted. Of 

the common non-clay rock forming minerals quartz and feldsparfs) are the most 

widespread, the former being generally more abundant than the latter except for the 

samples from Lyell and Rowallan Dams.

In the clay fraction of the samples examined kaolinite is the most frequently 

occurring mineral. Illite is second in the incidence of occurrence, while smectite was 

identified in only a half of the samples submitted. Mixed-layer mica/smectite occurs in 

a larger quantity in one sample only (Fattorini). Vermiculite and chlorite were 

identified each in one instance only. The latter mineral may contain some extraneous 

expandable layers as it slightly contracts when heated.

Bfvin Slansky, RNDr, PhD

April 21, 2001



Table 1
Mineral Composition of Samples as Received

Sample
Mineral

Hume Bank 1 Fattorini Dam Shellharbour Brady’s Dam

Quartz A-M Hm A
Feldspar(s S S A-M \J~
Kaolinite m-s S - M
lllite/mica M-S T T IT-
Smectite S-T S-T - ' s
Mixed-layer
mica/smectite

- T T -

Halloysite - - M -

Goethite T-S is- S -

Hematite - - S -

Gibbsite - - - -

Anatase T s T T
Siderite T - - -

Calcite - - ?T ?T
Gypsum - - - -

Jarosite - - - -

Table 1 Cont’d.

Sample
Mineral

Waroona
Dam

Lyell Dam Jindabyne
Dam

Rowallan
Dam

Quartz A M A A
Feld spa r(s S-T A M M
Kaolinite M S-T S S
lllite/mica T - M S
Smectite - - T-S -

Vermiculite - - -

Mixed-layer
mica/smectite

- - - •

Chlorite - - - S
Goethite T - - -

Hematite - - - -

Gibbsite M-S - - -

Anatase - T -T ?T
Sidehte - - - -

Calcite - - - -

Gypsum - - - -

Jarosite - T nr -
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Table 2
Mineral Composition of the Clay Fraction

Sample
Mineral

Hume Bank 1 Fattorini Dam Shellharbour Brady’s Dam

Kaolinite hM (30) kM (23) D** D (79)
Illite/mica A (51) A (57) - -

Mixed-layer
mica/smectite

-
* T -

Smectite S (19) S (20) - M (21)
Vermiculite - - - -

* estimate for both illite/mica and mixed-layer mica/smectite 
** kaolin mineral is halloysite

Table 2 Cont’d.

Sample
Mineral

Waroona
Dam

Lyell Dam Jindabyne
Dam

Rowallan
Dam

Kaolinite D (87) D A (53) lM
Illite/mica S (13) - M (30) -

Mixed-layer
mica/smectite

- - - -

Smectite - - S (17) rT
Vermiculite - S - -

Chlorite - - -

*+* may contain some expandable layers

The letters D, A, M, S, T denote semi-quantitative estimates of mineral percentages:
D = dominant (>60%)
A = abundant (60 - 40 %)
M = moderate (40 - 20%)
S = small (20 - 5%)
T = traces (<5%)

The numbers in brackets in Table 2 are semi-quantitative estimates of clay 
minerals by the method of Griffin (in Carver, Procedures in Sedimentary Petrology, 
New York 1970) using peak heights.
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X-RAY POWDER DIFFRACTION ANALYSIS OF FIVE SOIL

SAMPLES

The work involved in the preparation of this report was undertaken in the X-ray 

Diffraction Laboratory of the School of Geology, University of New South Wales.

Samples Received

Five soil samples were received for X-ray powder diffraction analysis.

1 Warranga Basin
2 Pukaki
3. Matahina
4 Teton
5 Buffalo

Analytical Data

The analysis was carried out by monochromatized CuKu radiation using a Philips 

X’Pert system All samples were examined as received and as oriented aggregates 

of the clay fraction (< 2pm e.s.d.) obtained by centrifugation from samples dispersed 

in water. The oriented specimens on glass slides were prepared by the membrane 

filter transfer method and subsequently examined air dry, after ethylene glycol 

solvation and after heating to 400°C for one hour. This is a standard procedure for 

the identification of clay minerals.

The data from the natural (as received) powdered specimens were processed by 

computer; a search match program included in WINPIot (CSIRO, Division of Soils) 

was used for the identification of mineral phases. The program uses the current 

ICCD (International Centre for Diffraction Data) Powder Diffraction File™ covering 

experimental data (sets 1 to 50) as well as calculated patterns (sets (70 and higher).

The results of the X-ray powder diffraction analysis of the natural (as received) as 

well as the oriented samples of the clay fraction are given in Tables 1 and 2, 

respectively. The diffractometer traces obtained in the course of the examination are 

attached (Figures 1 to 5). The principal peaks of significant minerals are marked 

using the following abbreviations.
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Amp = amphibole 

an = anatase 

calc = calcite 

chi = chlorite 

flsp = feldspar(s) 

m/ill = mica- illite 

kaol = kaolinite 

qtz = quartz 

sid = siderite 

sm = smectite

verm = vermiculite or mixed-layer vermiculite/ 

chlorite

Comment

The X-ray examination of the samples as received showed quartz to be the most 

abundant non-clay rock-forming mineral Feldspar(s) are also widespread, but occur 

in variable quantity from abundant to traces. The rest of non-clay minerals are 

present in insignificant amounts and because of that sometimes are questionable.

The clay fraction of the samples is varied Kaolinite and chlorite are less abundant 

than mica/lllite. Smectite occurs in a larger quantity in two samples only (Matahina 

and Teton). A mineral close to vermiculite or vermiculite/chlorite was identified in 

samples from Pukaki and Buffalo, respectively In both instances the content of this 

mineral is very small.

Ervin Slansky, RNDr, PhD

October 8. 2001
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Table 1
Mineral Composition of Samples as Received

Sample
Mineral

Warranga Pukaki Matahina Teton Buffalo

Quartz A A A A D
Feldspar(s T ^aT A-M S T-S
Kaolinite S - S S S
lllite/mica S S S S S
Smectite T T S S -

Chlorite - S - T S
Vermiculite or 
Vermiculite/chlorite

T T

Goethite T - - TT T
Hematite ?T - - T-s T
Anatase ?T - ?T ?T T-S
Siderite ?T ?T - T-S -

Calcite - - ?T S -

Gypsum - - T - ?T
Jarosite ?T ?T ?T

The letters D, A, M, S, T denote semi-quantitative estimates of mineral percentages:
D = dominant (>60%)
A = abundant (60 - 40 %)
M = moderate (40 - 20%)
S = small (20 - 5%)
T = traces (<5%)
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Table 2
Mineral Composition of the Clay Fraction

Sample
Mineral

Warranga Pukaki Matahina Teton Buffalo

Kao Unite and/or 
Chlorite

23
14*

14 17
25

lllite/mica 59 50 59 29 52
Smectite and/or 
Vermiculite or 
Vermiculite/
Chlorite

17 36** 2y*** 54***
23

* chlorite only
** smectite and vermiculite or vermiculite/chlorite 

*** smectite only

The numbers in brackets in Table 2 are semi-quantitative estimates of clay 
minerals by the method of Griffin (in Carver, Procedures in Sedimentary Petrology, 
New York 1970) using peak heights.

5



Warranga Basin

Z
h

lU
Z

W
M

h
>

- 
U

O
D

Z
h

l/1
 

X
r
l O

 O

30.00 40.00 50.00 60.00
2-Theta Angle (deg)



y fraction

s8O8oro8drsi

OOcj

T?|&re■2CT>
CM&HreESrvun§reErein9re

Z
h

u
jZ

in
M

(->
- 

u
O

D
Z

h
w
 

x
H

 O
 O

2-Theta Angle (deg)



fig. 3

r
* O

 O

2-Theta Angle (deg)



Z
 I- UJ Z

 to
 

I- >
- 

U
O

D
Z

h
lfl 

X
 

T-I O
 O



Buffalo Dam

L
H

i

ES£E££«T>5tnin5?EarH2n

Z
h

U
J
Z

W
M

|->
- 

U
O

D
Z

I-W
 

X
r-i O

 O

2-Theta Angle (deg)



APPENDIX L

Report on the identification of components within two 
clays from the Buffalo Dam, Victoria by Hensel, H.D.

In “Lake Buffalo Future Strategy Phase B2 prepared 
on behalf of Goulburn-Murray Water, January 2001, 

Snowy Mountains Engineering Corporation”



Report on the identification of components within two clays from
the Buffalo Dam, Vic

Client: Peter Darling (Smec)

Situation: Buffalo Dam, VIC

Problem: Dark chocolate-coloured and dark reddish-brown clays from the dam wall 
have high residual strengths. Compaction problems have occurred using 
these clays. The problems associated with the compaction of the clays 
could be a function of the mineralogy, such as the presence of significant 
quantities of halloysite

Brief: To identify and quantify the various components within the clay samples 
using a variety of methods such as X-Ray diffraction analysis, reflected 
optical microscopy, and if required, other sophisticated techniques such as 
SEM (scanning electron microscope) and possibly TEM (transmission 
electron microscope). Quantification is done using a computer programme 
called SIROQUANT

Methods: The clay-rich samples (TP2 and TP3) were each subjected to a bulk run from
which a quantitative analysis was derived using a sophisticated computer programme called 
SIROQUANT. The bulk run involves the entire sample, i.e. no size limits. Each sample was 
then treated so that only the platy minerals plus all the clays were collected (<2|i fraction). 
Oriented sections were prepared and several X-Ray diffraction patterns were obtained after a 
range of chemical treatments. One of these treatments (using formamide) is a diagnostic test for 
halloysite. Another, glycolation, is a test for the presence of smectite (swelling clay). Separate 
runs were also necessary to establish the presence or absence of chlorite and vermiculite.

Results: The bulk run forTP2 showed it to consist of the following mineralogy:

quartz 55%
muscovite 13%
hydrated iron oxide 8%

haematite 1 %
kaolinite 13%
vermiculite 4%
feldspar 5%

The clay fraction consisted mainly of kaolinite and muscovite with some minor vermiculite. 
There was no indication of any halloysite nor smectite. The bulk run for TP3 showed it to 
consist of:



quartz 52%
muscovite 11%
hydrated iron oxide 9%
haematite 3%
kaolinite 22%
smectite 1%
feldspar 3%

The clay fraction consisted mainly of kaolinite with lesser amounts of muscovite and minor 
smectite. Again there was no indication of any halloysite. TP2 also contained a trace of chlorite 
and some vcrmiculite and TP3 contained some vermiculite which, together with smectite, was 
interlayered with some of the muscovite.

Cation exchange coefficients for the clay fractions and bulk samples produced the following 
results:

TP2 clay 31.5 TP2 bulk 7.4
TP3 clay 28.6 TP3 bulk 6.9

Discussion: Neither sample contained any halloysite and only TP3 contained some
smectite. The cation exchange coefficients for both samples are typical for kaolinitic clays.

Two aspects are noteworthy from the results of the SIROQUANT analyses. Firstly, the 
amount of quartz in the bulk sample is extremely high. When the amount of feldspar is added 
to this (55-60% of total mineralogy) the structure of this "clay" is unlikely to behave as a 
"normal" clay-rich sample. Although this high level of granularity commonly leads to a 
moderately flocculent structure this could not be convincingly demonstrated using optical 
methods. The main reasons for this are the low total amount of platy minerals (clays and micas) 
and the way they are incorporated within the hydrated iron oxide, i.e. they cannot behave 
physically as a mass of platy minerals. Importantly, it was essential to undertake an X-ray 
diffraction analysis of this type of sample because of the masking effect of the hydrated iron 
oxide. Without this procedure it would not have been possible to establish the amount of clays 
in these samples.

Secondly, the amount of hydrated iron oxide is also very high. Indeed, it is likely to be a little 
higher than shown because the peak for the mineral goethite falls directly behind the very strong 
quartz peak. During soil formation, especially in krasnozems, both iron and aluminium are 
mobilized by fluids in a process known as ferralization (fe + al). This mobilization, plus 
continuous remobilization, dissolution and precipitation, generally leads to a dense network of 
veinlets in the B horizon that are dominated by hydrated iron oxide. The effect of this is to 
produce encrusted clumps or pods the contents of which might be dominated by platy clays. 
When the soil is excavated or displaced the network of veinlets and crusts are broken up. 
Depending on the abundance of the hydrated iron oxide network and the amount of moisture in



cementation by a hydrated iron oxide adds some strength to the soil and this could be 
contributing to the high residual strength of your samples. Optical microscopy demonstrated 
the abundant small-scale variation that occurs within these clays, i.e. pockets of clay and fluid 
pathways. But most importantly it showed the encrustation (by hydrated iron oxide) of every 
small soil panicle. It also clearly demonstrated the additional hardness of this crust by the way 
each soil panicle behaved during the grinding procedure employed in thin-section manufacture. 
Many of the 'cores' of the soil particles were eroded away but the rims remained intact. 
Photograph 1 illustrates this effect.

Investigations using a scanning electron microscope (SEM) to confinn the relationship between 
the clay distribution, soil structure and the distribution of the hydrated iron oxide as outlined 
above were not definitive because of the high amount of physical disturbance of the clay. 
Although there was clearly an abundance of hydrated iron oxide in the samples the fine network 
of veinlets had become too fragmented during the multiple "processing” that the clay samples 
had undergone. As a result a systematic physical relationship between the iron oxide and the 
clay could not be established with this method.

Several SEM photographs of the clays are enclosed showing a very mixed composition with 
relatively large grains of quartz, composite clay plates and altered mica. A number of "spots" 
were analyzed for major elements but results are only qualitative. Kaolinite, quartz and altered 
mica were clearly identified. However, the large amount of very fine ?films of Fe tended to 
"contaminate" the chemical analyses. Optical microscopy again highlighted the abundance of 
the quartz (Photograph 2) but because of the general fine grainsize of the quartz and the way the 
clays have become incorporated within a mass of hydrated iron oxide there was little convincing 
evidence to suggest that the soils had a flocculated texture.

Conclusion: A series of investigations to account for the high residual strengths of the two
"clay" samples from the Mt Buffalo area have revealed that because of the low actual clay 
mineral and platy mineral concentrations (30% and 34%) and the very high amount of quartz 
and feldspar (>50%), the samples do not and cannot behave in the same way as would a clay- 
rich sample. In effect, these "clays" are not clays at all but a mixture of unevenly grained sand 
and platy minerals that have been incorporated within a mass of hydrated iron oxide. Soil
forming processes have contributed further to a "sandy" texture by producing encrustations of 
hydrated iron oxide around all soil particles. It has been demonstrated that these encrustations 
are significantly stronger physically than the clay-rich pockets that form the cores of the soil 
particles.

Dr. II. D. Ilensel
(HENSEL GEOSCIENCES) 
9th January, 2001



- A view in ordinary transmitted light showing the thick encrustation (by hydrated iron oxide) of soil particles. Note the 
ing and disappearance of relatively softer clay-rich material away from the crusts. Scale: side of photograph is 2mm







A moderately magnified view in ordinary transmitted light highlighting the small-scale structural heterogeneit 
• areas have been less affected by ferruginization processes in the soil. Scale: side of photograph is 1mm



TP3 - A view in polarized transmitted light again showing small-scale strucutral variations. Also shown are three large lii 
fragments of different origins. Note also the abundant cracking. Scale: side of photograph is 2mm



TP3 - A section of this sample in ordinary light showing abundant and uneven-grained quartz in addition to well-developed fluid 
pathways containing a high proportion of smectite. Mineralogical detail such as this can be achieved by extra thin thin- 
sectioning. Scale: side of photograph is 2mm



TP3 - Another example of ferruginous crust formation providing additional strength to individual soil particles. Scab
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APPENDIX M

Summary of grading information of soil samples tested 
for internal stability by others



§:

§■jc-o'

d:<2>5s:I^7s:01l
.

tI<3&SSaco=§5§:

<D
Xo.tsIS-2v515el.Sl.

£T3BC/2
-2C/2
JUcdC/2

«+_Oc_o"OCd—&D
<+Ho>1a££dGOCQ-2X)cdH

Coeff. of
Curvature

OU
oood

oood
O'COd

690

CCind
Ocind

Cc120d

190

(NO

0.93
1.35

r-©©

| 860

0.97 1

1.32 1©

2.44
0.92©©

0.97
1.67
1.49
0.53

3
in00in

4.57
1.71091

Coeff. of 
Uniformity

3u
cn

d
(Ncd

sd

14.1
13.8
13.4
11.7

d
^riri

(N
-

<N

13.2m

17.0

d
©d

d

26.0
16.8
21.8
28.8
68.0
43.1

Ofl 
.£

?

1
 

S'
«J 

C
&b 

10
<uoo

tnrni

unrn

jL 
I

§
©

JQ
* 

«
©

©
©

O
 

Q
N•5

C/2u
CL

CL
CL

£
£

0-
CL

CL
Cl

CL
d

©
©

©
£

Cl
0-

CL
CL

£
CL

c_
£

5C
C/2d

C/2
C/2

C/2
o

a
C/2

C/2
C/2

C/2
o

o
C/2

C/3
C/2

a
a

O
a

C/2
a

C/2
a

a
a

O
a

a
a

c 
£

4> 
o 

£
> 

■*= 
©

\©
O

O
©

00
t ;

<N
"3;

O
CN

in
©

©
(N

©
©

3
3

oo
©

r-
re)

©
©

2
 

U 
r- 

O
 

2
 
d

d
©

d
l/Sr<^

dCO
OO

©
d©

doo
-

©
oo

©©
©©

d
57r

oo(N
j^cf

©
doo

Id
so

©©
00

d
d

w

S
 J

 
P
 

i
o

o
(N

3
00

©
©

ro
00

r^]
UO

©
it

t"-
©

©
©

(N
r^5

©
©

2
 

2 
§
 £

d
dCO

o
^tso

cd<n
OOIT)

d
sd

Or^i
cd

OO00
©©

©
©n

8
cd(N

(N
r-

(N
©

<N“t
cdm

oors
d<N

£
 
S

 ^

_ 'e
•fi 

c 
£

S
i
s

/-—S 
2?

o
o

o
o

o
o

o
o

©
©

©
©

©
©

©
©

rn
©

©
©

©
©

©
©

©
rn

©
©

E
 

o ©
d

d
d

d
d

d
d

d
d

©
©

©
©

©
©

©
©

d
©

©
©

©
d

©
d

—
d

d
U
 d

- 1
 

c 
£

“
I
S

S
'

o
o

o
o

o
o

o
o

©
©

©
©

©
©

©
©

©
©

©
©

©
©

©
©

©
©

©
©

U
 

o o
d

d
d

d
d

d
d

d
©

©
©

©
©

©
©

©
©

©
©

©
©

©
©

d
d

d
©

©
o
 d

"5 &
£ —
U _D 
*i 

ce
C/2

C/2
C/2

C/2
C/2

C/2
C/2

C/2
C/2

C/2
C/2

C/2
D

d
C/2

C/2
C/2

C/2
C/2

C/2
oo

C/2
d

d
d

d
d

d
C ■*—<

—
 

C/5

0)Samp
name

—
<N

X
r-

oo
Cc

(N(N
^r(N

(N

A-B
A-C
A-D

—
<N

m
©CN

di
m(N

22
c/5Q

<
C/5<

Q
X

d
C/5

d

in
dr

dr
dr

dr
dr

*y~T
(n

yn
yn

dr
dr

00
oo

oo
oo

oo
oo

oo
oo

00
00

oo
oo

oo
oo

£T
dr

dr
dr

dr
r^)

r^T
r^T

r^T
r^T

r^T
(P)

yr,
oo*

5*
00

s*
s*

5*
s

s*
oo*

s*
s*

s*
oo*

oo
oo

oo
oo

00
oo

00
oo

00
oo

00
oo

oo
oo

©
©

©
©

©
©

©
©

©
©

©
©

©
©

00
©

©
CC

O'
CC

Cc
Cc

Cc
©

©
©

©
©

©
3

3
3

3
3

3
3

3
3

3
3

3
3

3
ts

w
—

w
—

w
—

—
—

—
w

s
5

s
§

s
i

3
§

3
3

3
15

15
15

15
15

15
15

15
15

15
15

15
15

15
d

©
-J

_j
d

d
d

d
d

d
d

d
£

o
o

a>
02

02
02

02
02

02
02

02
02

02
<%

<%
=3

<%
*6

03
=3

37
o'

S’
S’

S'
S’

S
S

5j'
o'

57
5?

57
37

37
57

37
57

57
57

57
57

57
57

57
57

57
c

g
|

c
c

C
l

C
C

c
c

|
|

g
g

1
c

1
c

cg
i

g
g

g
c

g
c

g

22
:2

22
22

22
22

22
2^

2/£
2^

2^
'jL

~jL
2^

2^
2^

22
22

22
22

22
22

22
22

22
22



Appendix M - Summary of grading information of soil samples testedfor internal stability b)
§:

£■jg©

c/3

XXXX-5C/3

XwC/3

3C/3
JDa.£asC/3
*—

H

'oC/3
4
-

h

oco£_c-aajS-00
<xo££xcoUOQjdx03
H

Coeff. of
Curvature

Cc
0.78
0.31oco

4.80
29.05090

1901

30.95
0.41
13.22
66.35
49.72
1.62
13.51
1.04

25.57
9.71
0.59
1.37

Coeff. of 
Uniformity

Cu
7.0
19.3
18.8
9.2r-00

297.2
48.9
189.4
493.2691

126.9
111.5
5.5

44.2
2.9
97.2
388.0
797.9
404.4

Gap-grading

Deficiency in 
size range (mm)

0.75-2.5

0.03-0.15
0.04 - 0.2

0.03-0.15
0.04 - 0.6
0.02-0.15
0.04 - 0.25

ia)

ooo

0.03 -0.075

0.03-0.15
0.03 - 0.25

0.04 - 0.425o•^roo
uses

SP
SP
GP
SM
SM
SM
SM
SM
SM
SM
SM
SM

SP, SM
SM

SP, SM
SM
SM
SM
SM

Gravel
Fraction 

(> 4.75mm)

/—
\

S

19.1
38.0
56.500

00
00
00
00
00
00
00
00
00
00
00

o

0.4eo
00

Sand
Fraction 
(0.075 - 
4.75mm')

608

62.0
43.5
57.7
70.8
56.1
83.8
70.8
63.5
85.7
71.1
71.1
91.3
85.7
92.7rn00

75.1
68.0
68.5

Fines
Content

(<0.075mm)

^
'

00
00
00

42.3
29.2
43.9
16.2
29.2
36.5
14.3
28.9
28.9
8.7
14.3
7.3

21.6
24.6
31.7
31.5

Clay 
Content 

(<0.005mm)

/■—
\

£

00
00
00

5.9
14.6
21.7
7.3
14.7CO00

7.0
14.2
14.2
3.5
7.0
3.5
10.7611

15.4
15.4

Internal
stability

C/5
D

C/3
C/3

C/3
C/3

C/3
C/3

D
D

D
D

D
3

D
D

Sample
name

M42
M6
M8-

vO
OC

(N
m

CM
o

o
-

»/■>
VO

Investigator

|Lafleur et al. (1989)
|Lafleur et al. (1989)
|Lafleur et al. (1989)
|Sun (1989)(6861) unS|

|Sun(1989)
|Sun (1989)
|Sun (1989)(6861) uns|

(6861) uns|
(6861)uns|

|Sun (1989)(6861) uns|
(6861) uns|

|Sun (1989)(6861) uns|

|Sun (1989)
|Sun(1989)
|Sun(1989)



Appendix M  - Summary o f grading information o f soil samples

k

4■jco-o'
&14.KL

.

3

C/3
Lhdj

-CoX3£SC/3

"5£dj
£T
3dJJDCL£<3C/3

’oC/3

OC3

£0£>
#C-3£ob
4-,O>,
W££302JocoOjoJOCCS
H

Coeff. of
Curvature

OO

10 l

1.65
6.33
5.16

21.09
1.29

19.35

2.49
1.84
8.91

O
'

ri

0.76
0.58<N

Coeff. of 
Uniformity

3u

811
24.1
93.9
101.4
59.4
2.9

82.1
103.3C~)\6

d

22.9

r-00

28.8
17.0
31.6

Gap-grading

Deficiency in 
size range (mm)

0 .2 5 -0 .8

u s e s

GW
GW, GM
GP, GM
GP, GM2aCLa

GP
GP, GM
GP, GM

SW

CLC/3
CLC/3

c_C/3
CLC/3

c_C/3

GW

Gravel
Fraction 

(> 4.75mm)

/■-
V

£

70.5
62.2
55.4
50.6
87.2
94.2
85.3
83.2V9Z

32.7
26.8
27.0

OCo

25.8
65.5

Sand
Fraction 
(0.075 - 
4.75mm)

/--
N

£

26.2
31.9
35.1
39.6

'r,
d

SO
9.0 911

73.6rnr~-’
\D

72.2Z'ZL

58.0
73.5
32.9

Fines
Content 

(<0.075mm)

/—
1N

£
r£

5.9
9.4
9.8
6.4
0.2
5.7<n

00
00

©

80

-

0.7

Clay 
Content 

(<0.005mm)£

90
00

4.2
0.4

oo

00
00
00
00

o©

00
00

od

00
00

Internal
stability

C
/3

C
/3

C
/3

C
/3

D
D

D
D

C
/3

C
/3

D
D

C
/3

C
/3

D

Sample
name

-
(N

■^r
-

(N
u

Q
<

2
2
-

C-i
c
i

Investigator

|Burenkova (1993)
1 Burenkova (1993)
|Burenkova (1993)
|Burenkova (1993)
|Burenkova (1993)
|Burenkova (1993)
|Burenkova (1993)
|Burenkova (1993)
|Skempton & Brogan (1994)
|Skempton & Brogan (1994)
|Skempton & Brogan (1994)
|Skempton & Brogan (1994)
|Chapuis et al. (1996)
jChapuis et al. (1996)
|Chapuis et al. (1996)



APPENDIX N

Record of downward flow seepage tests



APPENDIX N-l

Appendix N - Records of downflow seepage tests

Downward flow test No. 1 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date: Suffusion Downflow 001 09/11/01
Soil Sample Suffusion Test Blend No. 1 Mix Inqredient Mix Proportion (%)
Standard max. dry density : 2.319 Mg/m3 Clay Q38 0.00
Optimum water content (OWC): 7.70% Silica 60G 10.52
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 25.70
Actual dry density from test: 94.0% 5mm Blue Metal 16.18
Water content during conditioning : 7.70% 10mm Bassalt 23.80
Targeted moisture content: 7.70% 20mm Blue Metal 23.80
Actual water content from test: 7.70% Total 100 00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 21.6 °C
Data Log File Name : DF1b, DF1c

Time/Date of compaction of sample : 10.00am 8/10/01
Time/Date of Commencement of Test: 11.10am 11/10/01

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/mm)
0 00 0 0 00 Test Started Extremely low initial flow Sliqthly cloudy appearance after 25 sec

70.00 4200 0.50 Clear, and very low steady flow
71.00 4260 047 Clear, and very low steady flow
7367 4420 0.47 Clear, and very low steady flow
74 67 4480 0.47 Clear, and very low steady flow
75.67 4540 045 Clear, and very low steady flow
77 42 4645 0 44 Clear, and very low steady flow
94.00 5640 0.37 Clear, and very low steady flow. Test stopped.
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DF Test No. 1 on Sample 1 - Recorded pressure and flow rate. Sample compacted to
94% of Standard Max. Dry Density.
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Appendix N - Records of downflow seepage tests

Downward flow test No. 5 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Test No/Date Suffusion Downflow 005 9/04/02
Soil Sample : Suffusion Test Blend No. 1a Mix Inqredient Mix Proportion (%)
Standard max. dry density : 2.319 Mg/m3 Clay Q38 0.00
Optimum water content (OWC): 7.70% Silica 60G 10.52
Targeted dry density relative to Standard max. dry density : 90.0% Nepean Sand 25.70
Actual dry density from test: 894% 5mm Blue Metal 16.18
Water content during conditioning : 7.70% 10mm Bassalt 23.80
Targeted moisture content: 7.70% 20mm Blue Metal 23.80
Actual water content from test: 7.84% Total 100 00

Sydney tap water 
Sydney tap water 
21.6 °C
DF5a, DF5b, DF5c, DF5d

Time/Date of compaction of sample : 
Time/Date of Commencement of Test

pm 8/04/02 
10.20am 9/04/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0 00 0 000 Test Started Slight cloudiness near base, extremely low outflow
0.05 3 0 04 Sliahtly cloudy near base, and slowly increasmq throughout Extremely low outflow
0.67 40 0.05 Slightly cloudy near base, and slowly increasing throughout Extremely low outflow
1.00 60 009 Sliohtlv cloudy near base, and slowly increasing throughout Extremely low outflow
2,75 165 0.13 Sliqhtly cloudy near base, and slowly increasing throughout Extremely low outflow
3 75 225 0 16 Sliqhtly cloudy near base, and slowly deahnq throughout Extremely low outflow
5 55 333 0.14 Slightly cloudy near base Extremely low outflow. Test paused, then restarted
567 340 0.15 Mostly clear throughout. Extremely low outflow.
11.67 700 0.13 Mostly clear throughout. Extremely low outflow. Test stopped
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DF Test No. 5 on Sample 1A - Recorded pressure and flow rate. Sample compacted to
89.4% of Standard Max. Dry Density.
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DF Test No. 5 on Sample 1A - Total head and flow rate. Sample compacted to 89.4%
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DF Test No. 5 on Sample 1A - Initial and post-test grain-size distribution analysis. 
Sample compacted to 89.4% of Standard Max. Dry Density.
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Downward flow test No. 2R Test Records
DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 002R 2/12/02
Soil Sample : Suffusion Test Blend No. 2R Mix Ingredient Mix Proportion (%)
Standard max dry density : 2 125 Mg/m3 Clay Q38 0.00
Optimum water content (OWC): 9.86% Silica 60G 24.01
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 24 01
Actual dry density from test: 95,8% 5mm Blue Metal 18 01
Water content during conditioning : 9,86% 10mm Bassalt 1801
Targeted moisture content: 9.86% 20mm Blue Metal 15.96
Actual water content from test: 9.53% Total 100,00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 216 °C
Data Log File Name : DF2Ra, DF2Rb, DF2Rc

Time/Date of compaction of sample : 10 00am 8/10/01
Time/Date of Commencement of Test: 11.10am 11/10/01

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
000 0 0.00 Test Started Very low flow and very sliqht cloudiness at base initially.
0 08 5 0 39 Sliqhtlv cloudy at base, and cloudiness slowlv increasing Very low flow
0.20 12 0.45 Cloudv and very low flow Cloudiness increasing, and flow fluctuating
0.33 20 041 Cloudy and very low flow Cloudiness increasing, and flow fluctuating
050 30 042 Cloudv and very low flow Cloudiness increasing, and flow fluctuating
0.67 40 2 28 Very cloudy and low flow. Cloudiness and flow increasing steadily.
0.75 45 3 45 Very cloudy and low flow. Cloudiness and flow increasing steadily
0 83 50 6 84 Very cloudy and moderate flow Cloudiness and flow increasing steadily
0.92 55 762 Cloudy and moderate flow Cleannq slightly, and flow increasing slowly
1.00 60 8 55 Cloudv and moderate flow Clearinq slightly, and flow increasing slowly
1.08 65 9.12 Cloudv and moderate flow Clearinq slightly, and flow increasing slowly
1.17 70 9 33 Cloudv and moderate flow Clearinq slightly, and flow increasing slowly
1 33 80 10.59 Cloudv and moderate flow Cleannq sliqhtlv, and flow increasing slowly
1.50 90 11.64 Cloudy and moderate flow Clearinq sliqhtlv, and flow increasing slowly
1 67 100 12.00 Sliqhtlv cloudy and moderate flow Cleannq sliqhtlv, and flow increasing slowlv
200 120 14 34 Sliqhtlv cloudy and moderate flow Cleannq sliqhtlv, and flow increasing slowly
2 33 140 15 96 Mostly clear and moderate flow Continuing to clear, and flow increasing slowlv
267 160 16.20 Mostly clear and moderate flow Continuing to clear, and flow increasing slightly
3.00 180 16 80 Clear and moderate flow Pressure stabilising, and flow increasing slightly. Stop test
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DF Test No. 2R on Sample 2R - Recorded pressure and flow rate. Sample compacted to
95.8% of Standard Max. Dry Density.
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Downward flow test No. 3R Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Sydney tap water 
Sydney tap water 
216 °C
DF3Ra, DF3Rb, DF3Rc, DF3Rd

Test No/Date : Suffusion Downflow 003R 9/12/02
Soil Sample : Suffusion Test Blend No. 3R Mix Inqredient Mix Proportion (%)
Standard max dry density : 1 892 Mg/m3 Clay Q38 000
Optimum water content (OWC): 11.16% Silica 60G 50 90
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 2828
Actual dry density from test: 94.0% 5mm Blue Metal 6.11
Water content during conditioning 11.16% 10mm Bassalt 9.05
Targeted moisture content: 11.16% 20mm Blue Metal 5.66
Actual water content from test: 11.68% Total 100.00

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

1.00pm 6/12/02 
1.00pm 9/12/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0 00 0 000 Test Started. Clear, no outflow.
003 2 0.00 Clear, no outflow.
0.15 9 0.00 Clear, no outflow.
0 33 20 0.01 Clear, extremely low outflow.
1.00 60 0.04 Sliahtlv doudv appearance near base and increasing slowly Extremely low outflow
1.43 86 003 Slightly cloudy near base, extremely low outflow
2 00 120 003 Slightly cloudy near base, extremely low outflow
3 00 180 002 Slightly cloudy near base, extremely low outflow
4 00 240 0.02 Slightly cloudy near base, extremely low outflow
4 50 270 0 02 Slightly cloud near base, extremely low outflow Test paused, then restarted
4 67 280 001 Slightly cloudy near base, extremely low outflow.
7 00 420 0 01 Slightly cloudy near base, extremely low outflow.
10.00 600 0.01 Slightly cloudy near base, extremely low outflow. Test stopped.
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DF Test No. 3R on Sample 3R - Recorded pressure and flow rate. Sample compacted to
94.0% of Standard Max. Dry Density.
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of Standard Max. Dry Density.
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Downward flow test No. 4R Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 004 2/04/02
Soil Sample : Suffusion Test Blend No. 4R Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2.229 Mg/m3 Clay Q38 0.00
Optimum water content (OWC): 9,30% Silica 60G 323
Targeted dry density relative to Standard max. dry density : 95,0% Nepean Sand 27.42
Actual dry density from test: 934% 5mm Blue Metal 32.26
Water content during conditioning : 9,30% 10mm Bassalt 24.19
Targeted moisture content: 9.30% 20mm Blue Metal 12.90
Actual water content from test: 9.98% Total 100 00
Fluid for conditioning soil: 
Eroding fluid
Eroding fluid mean temperature 
Data Log File Name :

Sydney tap water 
Sydney tap water 
21.6 °C
DF4a, DF4b, DF4c, DF4d

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

1.00pm 6/12/02 
1.00pm 9/12/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0 0 00 Test Started. Sliqht cloudiness, extremely low outflow.
0 03 2 0.12 Very cloudv near base, and slowly increasing throughout Extremely low outflow
0 08 5 0.16 Very cloudy near base, and slowly increasing throughout Extremely low outflow
0.22 13 0 14 Very cloudy near base, and slowly increasing throughout Extremely low outflow
0.33 20 0.16 Very cloudy near base, and slowly increasing throughout Extremely low outflow
0 70 42 0.12 Very cloudy near base, and slowly increasing throughout Extremely low outflow
1.00 60 0.12 Very cloudy near base, and slowly increasing throughout Extremely low outflow
2.00 120 0.14 Very cloudy throughout Extremely low outflow
4.00 240 0.14 Very cloudy throughout. Extremely low outflow
5 00 300 0.14 Slightly cloudy throughout, and slowly clearing Extremely low outflow
6 33 380 0.12 Slightly cloudy, extremely low outflow Test paused, then restarted.
6.50 390 0 08 Slightly cloudy throughout, and slowly clearing. Extremely low outflow
12.50 750 0 08 Slightly cloudy throughout, and slowly clearing Extremely low outflow Test stopped

Probe 2

Probe 1 Probe 3

Probe 4

Flow rate

0.06 E

Flow rate

Pressure at Probe 1 (100mm from top of sample) 

Pressure at Probe 2 (150mm from top of sample) 

Pressure at Probe 3 (200mm from top of sample) 

Pressure at Probe 4 (250mm from top of sample)

Time, t (min.) idf4S4rp.grfi

DF Test No. 4R on Sample 4R - Recorded pressure and flow rate. Sample compacted to
93.4% of Standard Max. Dry Density.
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Appendix N - Records of downflow seepage tests
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F Test No. 4R on Sample 4R - Total head and flow rate. Sample compacted to 93.4%
of Standard Max. Dry Density.
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DF Test No. 4R on Sample 4R - Initial and post-test grain-size distribution analysis. 
Sample compacted to 93.4% of Standard Max. Dry Density.
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Downward flow test No. 13 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Test No/Date Suffusion Downflow 013 1/10/02
Soil Sample : Suffusion Test Blend No. 5 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2.119 Mg/m3 Clay Q38 588
Optimum water content (OWC): 8.48% Silica 60G 1.18
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 41.20
Actual dry density from test: 94 2% 5mm Blue Metal 34.73
Water content during conditioning . 8.48% 10mm Bassalt 11.77
Targeted moisture content: 8.48% 20mm Blue Metal 5.24
Actual water content from test: 8.49% Total 100.00

Sydney tap water 
Sydney tap water 
21.6 °C
DF13a, DF 13b.

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

am 30/09/02 
am 1/10/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0 0 0.00 Test Started Slightlv doudv near base, very low outflow.
0 07 4 3 1.71 Sliahtlv doudv near base, and increasing slowlv Low outflow, fluctuating slightlv
0.14 8 3 1 62 Slightlv doudv near base, and increasing slowlv Low outflow, fluctuating slightlv
0 24 14 3 1 53 Slightlv doudv near base, and increasing slowlv Low outflow, fluctuating slightlv
040 24 0 1.50 Slightlv doudv. Low outflow, fluctuating slightly.
0.57 34 0 1.47 Slightlv doudv. Low outflow, fluctuating slightly.
087 52.0 1.47 Slightlv cloudy. Low outflow, fluctuating slightly.
1.23 74.0 1.53 Slightlv cloudy. Low outflow, fluctuating slightly.
1.63 98 0 1.56 Slightlv doudv, and dearinq slowly. Low outflow, fluctuating slightly.
2.17 130.0 1.62 Sliqhtly cloudy, and clearing slowly. Low outflow, fluctuating slightly.
2 42 145.0 1.62 Mostly clear. Low outflow, fluctuating slightly.
2 60 156 0 1 68 Mostlv clear. Low outflow, fluctuating slightly.
2 80 168 0 1.68 Clear, low outflow. Test stopped.
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DF Test No. 13 on Sample 5 - Recorded pressure and flow rate. Sample compacted to
94.2% of Standard Max. Dry Density.
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DF Test No. 13 on Sample 5 - Total head and flow rate. Sample compacted to 94.2% of
Standard Max. Dry Density.

DF Test No. 13 on Sample 5 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 94.2% of Standard Max. Dry Density.
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Downward flow test No. 14 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Suffusion Downflow 014 27/10/02
Soil Sample : Suffusion Test Blend No. 5 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2 119 Mg/m3 Clay Q38 5 88
Optimum water content (OWC): 8.48% Silica 60G 1.18
Targeted dry density relative to Standard max. dry density : 90 0% Nepean Sand 41.20
Actual dry density from test: 89.1% 5mm Blue Metal 34.73
Water content during conditioning : 8.48% 10mm Bassalt 11.77
Targeted moisture content: 8.48% 20mm Blue Metal 5.24
Actual water content from test: 8.62% Total 100.00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 216 °C
Data Log File Name : DF14a, DF 14b, DF 14c.

Time/Date of compaction of sample : am 21/10/02
Time/Date of Commencement of Test: am 22/10/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0.0 0.00 Test Started Sliqhtly cloudy near base, very low outflow
0 08 5.0 3.12 Sliqhtly cloudy near base, and increasing slowly Low outflow, fluctuating slightly
0.17 100 2.94 Cloudy. Low outflow, fluctuating slightly.
0.50 300 2.70 Cloudy. Low outflow, fluctuating sliqhtly.
2 83 1700 3.00 Slightly cloudy. Low outflow, fluctuating slightly.
3.50 2100 3.06 Mostly clear. Low outflow, fluctuating slightly.
4 42 2650 324 Mostly dear Low outflow, fluctuating slightly.
5.17 310.0 3 33 Mostly clear. Low outflow, fluctuating slightly.
6.17 370.0 3 33 Mostly clear. Low outflow, fluctuating slightly.
683 410.0 3,42 Clear. Low outflow, fluctuating slightly. Test stopped.

<0

20
Q.

6
Cl
Ero
(A

2
Q.

■Eo
(D
ce

120 180 240
Time, t (min.)

300 360 420
[DF14S5P GRF]

,E
E

O

si
CO

$
0

1ro
.§
to
LU

0.0

DF Test No. 14 on Sample 5 - Recorded pressure and flow rate. Sample compacted to
89.1% of Standard Max. Dry Density.
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DF Test No. 14 on Sample 5 - Total head and flow rate. Sample compacted to 89.1% of
Standard Max. Dry Density.

DF Test No. 14 on Sample 5 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 89.1% of Standard Max. Dry Density.
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Downward flow test No. 10 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Sydney tap water 
Sydney tap water 
21.6 °C
DF10a, DF 10b, DF 10c, DF 10d.

Test No/Date : Suffusion Downflow 010 14/03/02
Soil Sample : Suffusion Test Blend No. 6 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2.234 Mg/m3 Clay Q38 11.18
Optimum water content (OWC): 7.18% Silica 60G 820
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 34.16
Actual dry density from test: 95.5% 5mm Blue Metal 27.33
Water content during conditioning : 7.18% 10mm Bassalt 12.30
Targeted moisture content: 7.18% 20mm Blue Metal 6.83
Actual water content from test: 7.24% Total 100.00

Time/Date of compaction of sample : 
Time/Date of Commencement of Test

am 14/03/02 
2.30pm 14/03/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0 000 Test Started. Slightly cloudy at base. Very low outflow
0 08 5 0 81 Slightly cloudy at base, and increasing slowly Very low outflow, fluctuating slightly
0.15 9 0 84 Slightly cloudy at base, and increasing slowly Very low outflow, fluctuating slightly
022 13 0.81 Slightly cloudy at base, and increasing slowly Very low outflow, fluctuating slightly
0.33 20 0 78 Slightly cloudy at base, and increasing slowly Very low outflow, fluctuating slightly
0.53 32 0.78 Slightly cloudy at base, and increasing slowly Very low outflow, fluctuating slightly
1.00 60 0 75 Slightly cloudy at base, and increasing slowly Very low outflow, fluctuating slightly
1.25 75 0 78 (As above) Test paused, then restarted.
1.33 80 0 81 Slightly cloudy, and clearing slowly Very low outflow, fluctuating slightly
2 00 120 0 78 Slightly cloudy, and deanng slowly Very low outflow, fluctuating slightly
5.00 300 0 78 Mostly clear. Very low outflow, and fluctuating slightly.
6.00 360 0.78 Mostly clear. Very low outflow, and fluctuating slightly. Test stopped.
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DF Test No. 10 on Sample 6 - Recorded pressure and flow rate. Sample compacted to
95.5% of Standard Max. Dry Density.
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DF Test No. 10 on Sample 6 - Total head and flow rate. Sample compacted to 95.5% of
Standard Max. Dry Density.
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DF Test No. 10 on Sample 6 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 95.5% of Standard Max. Dry Density.
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Downward flow test No. 16 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Sydney tap water 
Sydney tap water 
14.4 °C
DF 16a, DF 16b, DF 16c.

Test No/Date : Suffusion Downflow 016 27/08/02
Soil Sample : Suffusion Test Blend No. 7 Mix Inqredient Mix Proportion (%)
Standard max. dry density : 2.046 Mg/m3 Clay Q38 21.75
Optimum water content (OWC): 9.81% Silica 60G 21.84
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 24 12
Actual dry density from test: 94.2% 5mm Blue Metal 18.99
Water content during conditioning : 9.81% 10mm Bassalt 8.55
Targeted moisture content: 9.81% 20mm Blue Metal 4,75
Actual water content from test: 10.21% Total 100.00

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

pm 23/08/02 + am 26/08/02 
am 27/08/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
000 0.0 0 00 Test Started Sliqhtly cloudy near base, no outflow
0.07 4.0 000 Sliqhtlv cloudy near base, and slowly increasing No outflow
0.09 5.5 0.63 Sliqhtly cloudy near base, and slowly increasinq Low outflow, slowly increasinq
0.17 10.0 0 81 Sliqhtly cloudy near base, and slowly increasinq Low outflow, slowly increasinq
0.28 17 0 0 75 Sliqhtly cloudy near base, and slowly increasinq Low outflow, slowly increasinq
045 27 0 1 14 Very cloudy. Low outflow, slowly increasinq.
0.65 390 1 62 Very cloudy. Low outflow, slowly increasing.
0 83 50 0 2.16 Very cloudy. Low outflow, slowly increasing.
1.42 85 0 6.45 Very cloudy. Low outflow, slowly increasing.
1.87 112 0 32 82 Very cloudy. Moderate outflow, steadily increasing.
2 00 120 0 35.16 Cloudy, slowly cleanng Moderate outflow, steadily increasinq.
2 17 130.0 39.12 Cloudy, slowly clearing. Moderate outflow, steadily increasinq.
2 33 140.0 37 38 Cloudy, slowly dearinq. Moderate outflow, fluctuatinq.
2 55 153 0 42 90 Cloudy, slowly clearing. Moderate outflow, steadily increasing.
2 83 170 0 45 90 Cloudy, slowly clearing. Moderate outflow, steadily increasing.
3 08 185.0 45 78 Cloudy, slowly clearing Moderate outflow, fluctuatinq
3 22 1930 47 88 Cloudy, slowly clearing Moderate outflow, steadily increasinq.
3 32 199 0 47 63 Cloudy, slowly clearing Moderate outflow, fluctuating
340 204 0 41.70 Cloudy, slowly cleanng Moderate outflow, fluctuating
347 208 0 36 96 Cloudy, slowly cleanng Moderate outflow, fluctuating.
3 50 210 0 40 00 Cloudy, slowly cleanng. Moderate outflow, fluctuating. Test stopped
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DF Test No. 16 on Sample 7 - Recorded pressure and flow rate. Sample compacted to
94.2% of Standard Max. Dry Density.
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DF Test No. 16 on Sample 7 - Total head and flow rate. Sample compacted to 94.2% of
Standard Max. Dry Density.
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DF Test No. 16 on Sample 7 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 94.2% of Standard Max. Dry Density.
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Downward flow test No. 6 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date Suffusion Downflow 006 14/05/02
Soil Sample : Suffusion Test Blend No. 9 Mix Inqredient Mix Proportion (%)
Standard max. dry density : 1.935 Mg/m3 Clay Q38 0.00
Optimum water content (OWC): 6.25% Silica 60G 11.92
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 0.00
Actual dry density from test: 93,8% 5mm Blue Metal 9.54
Water content during conditioning : 625% 10mm Bassalt 6067
Targeted moisture content 6.25% 20mm Blue Metal 17 87
Actual water content from test: 5.76% Total 100.00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 21.6 °C
Data Log File Name : DF6a

Time/Date of compaction of sample : pm 13/05/02
Time/Date of Commencement of Test: 9.20am 14/05/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0 0.00 Test Started. Extremely cloudv. extremely rapid outflow
0.08 4.5 137.70 Extremely cloudy, extremely rapid outflow.
0.10 6 139,00 Cloudv, extremely rapid outflow.
0.13 8 133.60 Clear, extremely rapid outflow
020 12 135.00 Clear, extremely rapid outflow. Test stopped.
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DF Test No. 6 on Sample 9 - Recorded pressure and flow rate. Sample compacted to
93.8% of Standard Max. Dry Density.
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DF Test No. 6 on Sample 9 - Total head and flow rate. Sample compacted to 93.8% of
Standard Max. Dry Density.
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DF Test No. 6 on Sample 9 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 93.8% of Standard Max. Dry Density.
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Downward flow test No. 7 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date: Suffusion Downflow 007 26/11/01
Soil Sample : Suffusion Test Blend No. 10 Mix Inqredient Mix Proportion (%)
Standard max. dry density : 2.219 Mg/m3 Clay Q38 0.00
Optimum water content (OWC): 8.44% Silica 60G 25.67
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 0.00
Actual dry density from test: 94.1% 5mm Blue Metal 0.00
Water content during conditioning : 8 44% 10mm Bassalt 54.59
Targeted moisture content: 8 44% 20mm Blue Metal 19.74
Actual water content from test: 8 44% Total 100.00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 21.6 °C
Data Log File Name : DF7a, DF7b

Time/Date of compaction of sample : am 26/11/01
Time/Date of Commencement of Test: 3.00pm 26/11/01

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (Umin)
0 00 0 0.00 Test Started. Very cloudy, very rapid outflow.
0.03 1.5 28 50 Slidhtlv cloudy, very rapid outflow.
0.08 5 29,46 Slightly cloudy, very rapid outflow
0.27 16 31 20 Sliahtlv cloudy, very rapid outflow.
1.00 60 33.36 Clear, very rapid outflow. Test stopped.
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DF Test No. 7 on Sample 10 - Recorded pressure and flow rate. Sample compacted to
94.0% of Standard Max. Dry Density.
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DF Test No. 7 on Sample 10 - Recorded pressure and flow rate. Sample compacted to
94.0% of Standard Max. Dry Density.
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DF Test No. 7 on Sample 10 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 94.0% of Standard Max. Dry Density.
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Downward flow test No. 8 Test Records
DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 008 13/03/02
Soil Sample : Suffusion Test Blend No. 10 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2.219 Mg/m3 Clay Q38 000
Optimum water content (OWC): 8 44% Silica 60G 25.67
Targeted dry density relative to Standard max. dry density : 90.0% Nepean Sand 000
Actual dry density from test: 90.0% 5mm Blue Metal 0.00
Water content during conditioning : 8.44% 10mm Bassalt 54.59
Targeted moisture content: 8.44% 20mm Blue Metal 19.74
Actual water content from test: 8.20% Total 100.00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 21.6 °C
Data Log File Name : DF8a

Time/Date of compaction of sample : am 12/03/02
Time/Date of Commencement of Test: 9.00am 13/03/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0 00 0 0.00 Test Started. Extremely cloudy, extremely rapid outflow.
003 15 140 00 Cloudy, extremely rapid outflow.
0 08 4 5 156.00 Slightly cloudy, extremely rapid outflow.
0.14 8 5 139.00 Clear, extremely rapid outflow.
021 12.67 145 00 Clear, extremely rapid outflow. Test stopped.
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DF Test No. 8 on Sample 10 - Recorded pressure and flow rate. Sample compacted to
90.0% of Standard Max. Dry Density.
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DF Test No. 8 on Sample 10 - Total head and flow rate. Sample compacted to 90.0% of
Standard Max. Dry Density.
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— — Post-test grading of layer 250-300mm from bottom (f)
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4.75

DF Test No. 8 on Sample 10 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 90.0% of Standard Max. Dry Density.
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Downward flow test No. 9 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Sydney tap water 
Sydney tap water 
21.6 °C
DF9a

Test No/Date : Suffusion Downflow 009 17/05/02
Soil Sample : Suffusion Test Blend No. 11 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 1.91 Mg/m3 Clay Q38 0.00
Optimum water content (OWC). 12.06% Silica 60G 52.87
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 0.00
Actual dry density from test: 97.3% 5mm Blue Metal 0.00
Water content during conditioning : 12 06% 10mm Bassalt 2643
Targeted moisture content: 12.06% 20mm Blue Metal 20.70
Actual water content from test: 12.81% Total 100.00

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

pm 15/05/02-am 16/05/02 
10.00am 17/05/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0 00 0 0 00 Test Started. Very cloudy at base. Moderate outflow, and increasing.
0 03 1.5 20.00 Very doudv at base. Hiqh outflow, and increasing.
0 03 1.83 30.00 Very cloudy through most of mould. Hiqh outflow, and increasing
0.04 2 2 50 00 Extremely cloudy throughout mould. Very high outflow, and increasing.
0 06 3.65 80.00 Very cloudy throughout mould. Extremely high outflow, and increasing
0.07 4 140.00 Cloudy throughout mould. Extremely high outflow. Test stopped.

Time, t (min.) [DF9_S11P GRF]
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DF Test No. 9 on Sample 11 - Recorded pressure and flow rate. Sample compacted to
97.3% of Standard Max. Dry Density.
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DF Test No. 9 on Sample 11 - Total head and flow rate. Sample compacted to 97.3% of
Standard Max. Dry Density.
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- Desired initial grading

- Actual initial grading (T)

- Post-test grading of layer 0 - 50mm from bottom (?) 

Post-test grading of layer 50-100mm from bottom (?)

- Post-test grading of layer 100-150mm from bottom C£) 

~ Post-test grading of layer 150-200mm from bottom (5)

Post-test grading of layer 200-250mm from bottom ®

- Post-test grading of layer 250-300mm from bottom (f
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Grain Size,<i(mm)
0.0050.001 0.002

DF Test No. 9 on Sample 11 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 97.3% of Standard Max. Dry Density.
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Downward flow test No. 11 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date Suffusion Downflow 011 3/06/02
Soil Sample : Suffusion Test Blend No. 13 Mix Ingredient Mix Proportion (%)
Standard max. dry density 1.921 Mg/m3 Clay Q38 5 51
Optimum water content (OWC): 7.10% Silica 60G 4 54
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 0.00
Actual dry density from test: 94.5% 5mm Blue Metal 9.74
Water content during conditioning : 7,10% 10mm Bassalt 61.95
Targeted moisture content: 7.10% 20mm Blue Metal 18.26
Actual water content from test: 6.91% Total 100 00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 21.6 °C
Data Log File Name : DF11a.

Time/Date of compaction of sample : am 3/06/02
Time/Date of Commencement of Test: am 4/06/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0 0 00 Test Started. Very cloudy, extremely rapid outflow.
0.06 3,5 123.60 Mostly clear, extremely rapid outflow
0.13 7.5 121.80 Clear, extremely rapid outflow.
0.18 10 5 129.00 Clear, extremely rapid outflow.
023 13.5 125.60 Clear, extremely rapid outflow.
0.27 16 124.00 Clear, extremely rapid outflow. Test stopped.
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DF Test No. 11 on Sample 13 - Recorded pressure and flow rate. Sample compacted to
94.5% of Standard Max. Dry Density.
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DF Test No. 11 on Sample 13 - Total head and flow rate. Sample compacted to 94.5%
of Standard Max. Dry Density.
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- - - - Desired initial grading

--------------  Actual initial grading (T)

------------- Post-test grading of layer 0 - 50mm from bottom (2)

— - - — Post-test grading of layer 50-100mm from bottom (T)

■ — — Post-test grading of layer 100-150mm from bottom (T)

~ ~ “ ~ Post-test grading of layer 150-200mm from bottom (5)

- - - — Post-test grading of layer 200-250mm from bottom (§)

— — Post-test grading of layer 250-300mm from bottom (f)
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Grain Size,d (mm)

DF Test No. 11 on Sample 13 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 94.5% of Standard Max. Dry Density.
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Downward flow test No. 12 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 012 8/07/02
Soil Sample : Suffusion Test Blend No. 14 Mix Ingredient Mix Proportion (%1
Standard max. dry density : 2040 Mg/m3 Clay Q38 10.90
Optimum water content (OWC): 11.10% Silica 60G 11.08
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 0.00
Actual dry density from test: 946% 5mm Blue Metal 0.00
Water content during conditioning : 11.10% 10mm Bassalt 57 30
Targeted moisture content: 11.10% 20mm Blue Metal 20.72
Actual water content from test: 10.56% Total 100.00
Fluid for conditioning soil: Sydney tap water
Eroding fluid : Sydney tap water
Eroding fluid mean temperature : 216 °C
Data Log File Name : DF12a.

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

am 3/06/02 
am 4/06/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0.0 0 00 Test Started. Very cloudy, very rapid outflow.
0,05 3.0 81 80 Mostly clear, very rapid outflow.
0.09 5.5 82.80 Clear, very rapid outflow.
0.13 7.5 90 00 Clear, very rapid outflow.
0.16 9.5 86.00 Clear, very rapid outflow
0.19 11.5 95.20 Clear, verv rapid outflow.
023 13.5 94 80 Clear, very rapid outflow.
0.27 16.0 83.60 Clear, very rapid outflow.
0.32 19 0 86 80 Clear, very rapid outflow
0 34 20.5 83 40 Clear, very rapid outflow.
0.37 22.0 88 20 Clear, very rapid outflow.
0.40 24.0 89.40 Clear, very rapid outflow.
0.42 250 89 00 Clear, very rapid outflow. Test stopped
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DF Test No. 12 on Sample 14A - Recorded pressure and flow rate. Sample compacted
to 94.6% of Standard Max. Dry Density.
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DF Test No. 12 on Sample 14A - Total head and flow rate. Sample compacted to 94.6%
of Standard Max. Dry Density.
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FINES

- - - - Desired initial grading

--------------  Actual initial grading (T)
------------- Post-test grading of layer 0 - 50mm from bottom (2)

- - - — Post-test grading of layer 50-100mm from bottom (3)

- — — Post-test grading of layer 100-150mm from bottom (T) 

~ “ ~ “ Post-test grading of layer 150-200mm from bottom (5)

- - - — Post-test grading of layer 200-250mm from bottom (£)

— — Post-test grading of layer 250-300mm from bottom (f)

0.001 0.002 0.005 0 075 0.425 2.0 4.75

Grain Size,d (mm)

DF Test No. 12 on Sample 14A - Initial and post-test grain-size distribution analysis. 
Sample compacted to 94.6% of Standard Max. Dry Density.
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Downward flow test No. 15 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Test No/Date : Suffusion Downflow 015 6/06/02
Soil Sample : Suffusion Test Blend No. 14a Mix Inqredient Mix Proportion (%)
Standard max. dry density : 2040 Mg/m3 Clay Q38 10.89
Optimum water content (OWC): 11.10% Silica 60G 11.09
Targeted dry density relative to Standard max. dry density : 90.0% Nepean Sand 000
Actual dry density from test: 90.0% 5mm Blue Metal 0.00
Water content during conditioning : 11.10% 10mm Bassalt 57 30
Targeted moisture content: 11.10% 20mm Blue Metal 20 72
Actual water content from test: 10.23% Total 100 00

Sydney tap water 
Sydney tap water 
216 °C
DF15a

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

am 5/06/02 
am 6/06/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0.0 0.00 Test Started Very cloudy near base, very rapid outflow
0.03 1.5 109 00 Very cloudy. Extremely hiqh outflow, fluctuating slightly.
0.06 3.5 110 00 Very cloudv. startinq to clear sliqhtlv. Extremely hiqh outflow, fluctuatmq sliqhtly.
0 09 55 109.60 Sliqhtlv cloudv. dearmq steadily Extremely hiqh outflow, fluctuatinq sliqhtly.
0.13 7.5 108 20 Mostly clear. Extremely hiqh outflow, fluctuatinq slightly.
0.17 10 0 112.00 Mostly clear. Extremely hiqh outflow, fluctuatinq slightly.
0.20 12.0 110.00 Mostly clear Extremely high outflow, fluctuating slightly
0.23 14 0 116 80 Clear. Extremely hiqh outflow, fluctuating slightly.
0.27 16 0 112 60 Clear. Extremely hiqh outflow, fluctuating slightly.
0.30 18 0 122.60 Clear. Extremely hiqh outflow, fluctuating slightly.
0.33 19,5 119.80 Clear. Extremely hiqh outflow, fluctuating slightly.
0 35 21.0 129 00 Clear. Extremely hiqh outflow, fluctuatinq sliqhtly.
0 38 23 0 119.60 Clear. Extremely hiqh outflow, fluctuating slightly.
0.41 24 5 121.80 Clear. Extremely high outflow, fluctuating slightly. Test stopped.
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DF Test No. 15 on Sample 14A - Recorded pressure and flow rate. Sample compacted
to 90.0% of Standard Max. Dry Density.
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DF Test No. 15 on Sample 14A - Total head and flow rate. Sample compacted to 90.0%
of Standard Max. Dry Density.

FINES

- - - - Desired initial grading

--------------  Actual initial grading (T)
------------- Post-test grading of layer 0 - 50mm from bottom (2)

- • ■ — Post-test grading of layer 50-100mm from bottom (z)

■ — — Post-test grading of layer 100-150mm from bottom (4)

- - - - Post-test grading of layer 150-200mm from bottom (T)

- - - - Post-test grading of layer 200-250mm from bottom (§)

----  — Post-test grading of layer 25Q-300mm from bottom (T)
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DF Test No. 15 on Sample 14A - Initial and post-test grain-size distribution analysis. 
Sample compacted to 90.0% of Standard Max. Dry Density.
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Downward flow test No. 17 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Fluid for conditioning soil: 
Eroding fluid :
Eroding fluid mean temperature : 
Data Log File Name :

Sydney tap water 
Sydney tap water 
144 °C
DF 17a.

Test No/Date : Suffusion Downflow 017 18/09/02
Soil Sample : Suffusion Test Blend No. 15 Mix Ingredient Mix Proportion (%)

Standard max. dry density : 2090 Mg/m3 Clay Q38 21.49
Optimum water content (OWC): 8.20% Silica 60G 24.11
Targeted dry density relative to Standard max. dry density : 95.0% Nepean Sand 30.50
Actual dry density from test: 92.3% 5mm Blue Metal 23.90
Water content during conditioning : 8.20% 10mm Bassalt 000
Targeted moisture content: 8 20% 20mm Blue Metal 0.00
Actual water content from test. 8.10% Total 100.00

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

pm 13/09/02 + am 16/09/02 
am 18/09/02

Time
(From Con
(hr)

Time
imencement)

(min)

Flowrate

(L/min)

Observations

0.00 0.0 0.00 Test Started. Sliqhtly cloudy near base and increasing, low outflow.
0 03 1.7 50,00 Very cloudy. Hiqh outflow, and steadily increasing.
0.12 7.0 70 44 Slightly cloudy, slowly clearing. High outflow, slowly increasing
0.15 9.0 73.80 Slightly cloudy, slowly dearinq. Hiqh outflow, slowly increasing
0.19 11.5 79 92 Slightly cloudy, slowly clearing. High outflow, slowly increasing.
0 22 13.0 77 04 Slightly cloudy, slowly clearinq. Hiqh outflow, fluctuating slightly
0.25 15.0 79 32 Slightly cloudy, slowly clearing High outflow, fluctuating slightly
0.28 17.0 80 40 Slightly cloudy, slowly deannq. High outflow, fluctuating slightly.
0.32 19 0 85 68 Slightly cloudy, slowly increasing aqain. High outflow, slowly increasing
035 21.0 89 64 Slightly cloudy, slowly increasing aqain. Hiqh outflow, slowly increasing.
0 38 23.0 85 80 Sliqhtly cloudy, slowly clearinq. Hiqh outflow, fluctuating slightly.
042 25 0 89 16 Sliqhtly cloudy, slowly clearinq. High outflow, fluctuating slightly.
0 45 27.0 100.20 Slightly cloudy, increasing. Very high outflow, steadily increasing. Test stopped.
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DF Test No. 17 on Sample 15 - Recorded pressure and flow rate. Sample compacted to
92.3% of Standard Max. Dry Density.
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DF Test No. 17 on Sample 15 - Total head and flow rate. Sample compacted to 92.3%
of Standard Max. Dry Density.
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- - - Desired initial grading

-----------  Actual initial grading (7)
---------- Post-test grading of layer 0 - 60mm from bottom (2)
- - — Post-test grading of layer 60-120mm from bottom (3)

— — Post-test grading of layer 120-180mm from bottom (4)

~ ~ ~ Post-test grading of layer 180-240mm from bottom (5)
- - — Post-test grading of layer 240-300mm from bottom (§)
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DF Test No. 17 on Sample 15 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 92.3% of Standard Max. Dry Density.
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Downward flow test No. 18 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date 
Soil Sample :
Standard max. dry density :
Optimum water content (OWC):
Targeted dry density relative to Standard max. dry density : 
Actual dry density from test:
Water content during conditioning :
Targeted moisture content:
Actual water content from test:
Fluid for conditioning soil:
Eroding fluid :
Eroding fluid mean temperature :
Data Log File Name :

Time/Date of compaction of sample :
Time/Date of Commencement of Test:

Suffusion Downflow 018 (020) 10/07/02 
Suffusion Test Blend No. 17 (Rowallan Dam)
1.868 Mg/m3
13.30%
95.0%
94,8%
13.30%
13.30%
12.90%
Sydney tap water 
Sydney tap water 
144 °C
DF 20a, DF 20b, DF 20c, DF 20d.

Mix Inqredient Mix Proportion (%)
Rowallan Dam 100.00

am 9/07/02 
am 11/07/02

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0 00 0.0 0 00 Test Started. Clear, no visible erosion. Extremelv low outflow.
0 03 2.0 003 Clear, no visible erosion Extremelv low outflow.
329 197.5 003 Clear, no visible erosion. Extremely low outflow.
4.99 299 3 - Clear, no visible erosion. Extremelv low outflow. Test paused, then restarted.
11.37 682.0 0.04 Clear, no visible erosion. Extremelv low outflow.
11.40 684.3 0.03 Clear, no visible erosion. Extremely low outflow. Test started.

25

Q.
0)
Q.
E 20 
ro
(A

2
3
V)
<D
Q.

S
T3
O
(1)
0d

0 06

0.05

0.04 £

0.03

0.02

0.01

100 200 300 400
Time, t (min.)

500 600 700
[DF18SRDP GRF)

1

I
1
I
ID

0.00

DF Test No. 18 on Sample RD - Recorded pressure and flow rate. Sample compacted to
94.8% of Standard Max. Dry Density.
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F Test No. 18 on Sample RD - Total head and flow rate. Sample compacted to 94.8%
of Standard Max. Dry Density.

Grain Size,d(mm)

DF Test No. 18 on Sample RD - Initial grain-size distribution analysis. 
(Sample showed no obvious change during the DF test. No post-test grain-size 

distribution analysis was carried out.)

!, Q
 (L

/i



APPENDIX N-37

Appendix N - Records of downflow seepage tests

Downward flow test No. 24 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Eroding fluid mean temperature : 
Data Log File Name :

Test No/Date : Suffusion Downflow 024 21/11/03
Soil Sample : Suffusion Test Blend A2 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2.428 Mg/m3 Silica 60G 18.70
Optimum water content (OWC): 6.14% Nepean Sand 6.08
Targeted dry density relative to Standard max. dry density : 95,0% 5mm Blue Metal 6.08
Actual dry density from test: 90.7% 10mm Bassalt 6.08
Water content during conditioning : 6.14% 20mm Blue Metal 12.15
Targeted moisture content: 6.14% pukaki 25-38 23.88
Actual water content from test: 5.55% pukaki 38-51 10.027
Fluid for conditioning soil: Sydney tap water pukaki 51-76 17.013
Eroding fluid : Sydney tap water Total 100.00

14 4 
DF 24a

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

pm 20/11/03 
am 21/11/03

Time
(From Cor
(hr)

Time
nmencement)

(min)

Flowrate

(L/min)

Observations

0.00 0.0 0.00 Test Started. Extremely cloudy near base and increasing, rapid outflow increase
0 02 2.0 98.10 Extremely cloudy. Very high outflow, becoming steady.
0 04 4.0 102 30 Extremelv cloudv. Very high outflow, fluctuating sjightj^_
0 06 6.0 101.25 Very cloudy, clearing slightly. Very high outflow, fluctuating slightly.
0.08 8.0 90 90 Cloudv, clearing slightly. Very high outflow, slowinq slightly.
0.10 100 86.55 Cloudy, clearing slightly. Very high outflow, slowing slightly.
0.12 12 0 88 00 Slightly cloudy, slowly clearing Very high outflow, fluctuating slightly
0.14 14 0 85 50 Slightly cloudv, slowly clearing Very high outflow, fluctuating slightly
0.16 16.0 85.05 Slightly cloudv, slowly clearing. Very high outflow, fluctuating slightly.
0.18 18 0 87.00 Slightly cloudv, slowly clearing. Very high outflow, fluctuating slightly.
020 20.0 79 95 Mostly clear, clearing slightly. Very high outflow, fluctuating slightly.
022 22.0 85.50 Mostly clear, clearing slightly. Very high outflow, fluctuating slightly.
024 24.0 73 95 Clear. Very high outflow, slowing slightly.
0.26 26 0 72.00 Clear. Very high outflow, slowing slightly.
0 28 28 0 62 85 Clear. Very high outflow, slowing slightly.
0 30 300 6528 Clear. High outflow, fluctuating slightly.
0.33 32 5 66 30 Clear. High outflow, fluctuating slightly. Test stopped.
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DF Test No. 24 on Sample A2 - Recorded pressure and flow rate. Sample compacted to
90.7% of Standard Max. Dry Density.
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DF Test No. 24 on Sample A2 - Total head and flow rate. Sample compacted to 90.7%
of Standard Max. Dry Density.
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DF Test No. 24 on Sample A2 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 90.7% of Standard Max. Dry Density.
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Downward flow test No. 23 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 023 27/10/03
Soil Sample Suffusion Test Blend A3 Mix Inqredient Mix Proportion (%)

Standard max. dry density : 2.409 Mg/m3 Silica 60G 9.45

Optimum water content (OWC): 5.14% Nepean Sand 9 45

Targeted dry density relative to Standard max. dry density : 95.0% 5mm Blue Metal 9.45

Actual dry density from test: 905% 10mm Bassalt 6.30

Water content during conditioning : 5.14% 20mm Blue Metal 12.60

Targeted moisture content: 5.14% pukaki 25-38 24 74

Actual water content from test: 4.32% pukaki 38-51 10.39

Fluid for conditioning soil: Sydney tap water pukaki 51-76 17.63

Eroding fluid : Sydney tap water Total 100 00

Eroding fluid mean temperature : 14.4 °C

Data Log File Name : DF 23a

Time/Date of compaction of sample : pm 24/10/03

Time/Date of Commencement of Test: am 27/10/03

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)

0.00 0.0 0 00 Test Started Extremely cloudy near base and increasing, moderate outflow

0.02 2 0 66 40 Extremely cloudy, moderate outflow and steady

0.05 4 5 66 40 Very cloudy and clearing slightly, moderate outflow and steady

0.07 6 5 62.10 Very cloudy and clearing slightly, moderate outflow and steady.

0.09 8 5 68.80 Cloudy and clearinq slowly, moderate outflow and steady.

0.11 105 66.30 Slightly cloudy and clearing slowly, moderate outflow and steady

0.13 12 5 64 20 Slightly cloudy and clearinq slowly, moderate outflow and steady

0.15 14.5 64.00 Mostly clear and continuing to clear slowly, moderate outflow and steady

0.17 16.5 68 70 Mostly clear and continuing to clear slowly, moderate outflow and steady

0.19 18 5 63 60 Mostly clear and continuing to clear slowly, moderate outflow and steady

0.21 20 5 64 40 Mostly clear and continuing to clear slowly, moderate outflow and steady.

0.23 22 5 64 50 Mostly clear and continuing to clear slowly, moderate outflow and steady.

025 24 5 63 70 Mostly clear and continuing to clear slowly, moderate outflow and steady.

027 26 5 66.00 Clear, moderate outflow and steady

029 28 5 63 20 Clear, moderate outflow and steady

0.31 30.5 62.90 Clear, moderate outflow and steady

0 33 32 5 65 00 Clear, moderate outflow and steady

0.35 34.5 66 20 Clear, moderate outflow and steady

0.37 36 5 61.60 Clear, moderate outflow and steady.

0.38 38,5 58 40 Clear, moderate outflow and steady. Test stopped
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DF Test No. 23 on Sample A3 - Recorded pressure and flow rate. Sample compacted to
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Downward flow test No. 22 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 022 21/10/03
Soil Sample : Suffusion Test Blend B1 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2.348 Mg/m3 Silica 60G 13.07
Optimum water content (OWC) 5.49% Nepean Sand 11.53
Targeted dry density relative to Standard max. dry density : 95.0% 5mm Blue Metal 11.53
Actual dry density from test: 91.3% 10mm Bassalt 11.53
Water content during conditioning : 5.53% 20mm Blue Metal 11.53
Targeted moisture content: 5.53% pukaki 25-38 12.73
Actual water content from test: 6.51% pukaki 38-51 11.06
Fluid for conditioning soil: Sydney tap water pukaki 51-76 17.05
Eroding fluid : Sydney tap water Total 100.00
Eroding fluid mean temperature : 14.4 °C
Data Log File Name : DF 22a, DF 22b.

Time/Date of compaction of sample : pm 20/10/03
Time/Date of Commencement of Test: am 21/10/03

Time
(From Con
(hr)

Time
imencement)

(min)

Flowrate

(L/min)

Observations

0 00 0.0 0 00 Test Started Cloudv base, increasing rapidlv Low outflow, increasing rapidlv
0.03 3.0 66.20 Extremely cloudy. Moderate outflow, and steady.
0.05 5.0 70.10 Very cloudy, and clearing slowly Moderate outflow, and fluctuating slightly
0 07 7.0 65 00 Very cloudv, and cleanng slowly Moderate outflow, and fluctuating slightly
0 09 9.0 64 00 Cloudy, and cleanng slowly Moderate outflow, and fluctuating slightly
0.11 11.0 55.50 Cloudy, and clearing slowly. Moderate outflow, and fluctuating slightly.
0.13 130 67 00 Slightly cloudy, slowly clearing. Moderate outflow, fluctuating slightly
0.15 150 66 40 Slightly cloudy, slowly clearing. Moderate outflow, fluctuating slightly.
0.17 170 65.00 Slightly cloudy, slowly clearing. Moderate outflow, fluctuating slightly
0.19 19.0 63.10 Sliqhtly cloudy, slowly clearing. Moderate outflow, fluctuating slightly. Test paused/restarted.

0.22 220 65.20 Slightly cloudy, slowly clearing. Moderate outflow, fluctuating slightly.
0.29 29.0 70.30 Mostly clear, slowly clearing Moderate outflow, fluctuating slightly
0 31 31.0 69 60 Mostly clear, slowly clearing Moderate outflow, fluctuating slightly.
0.33 33 0 69 90 Mostly clear, slowly clearing. Moderate outflow, fluctuating slightly
0.35 35.0 70 70 Clear. Moderate outflow, fluctuating sliqhtly.
0.37 37 0 67 80 Clear. Moderate outflow, fluctuating slightly
0.39 39 0 66.20 Clear. Moderate outflow, fluctuating slightly.
041 41.0 66.30 Clear. Moderate outflow, fluctuating slightly.
0 43 43 0 69 00 Clear. Moderate outflow, fluctuating sliqhtly.
0 45 45 0 68 80 Clear. Moderate outflow, fluctuating sliqhtly.
047 47 0 67.50 Clear Moderate outflow, fluctuating slightly. Test stopped
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DF Test No. 22 on Sample B1 - Recorded pressure and flow rate. Sample compacted to
91.3% of Standard Max. Dry Density.
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Appendix N - Records of downflow seepage tests
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DF Test No. 22 on Sample B1 - Initial and post-test grain-size distribution analysis. 
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Appendix N - Records of downflow seepage tests

Downward flow test No. 21 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 021 3/10/03
Soil Sample : Suffusion Test Blend B2 (rpt of test 19.) Mix Inqredient Mix Proportion (%)
Standard max. dry density : 2360 Mg/m3 Silica 60G 13.42
Optimum water content (OWC): 5.73% Nepean Sand 12.59
Targeted dry density relative to Standard max. dry density : 95.0% 5mm Blue Metal 6 99
Actual dry density from test: 92.6% 10mm Bassalt 350
Water content during conditioning : 5.73% 20mm Blue Metal 6.99
Targeted moisture content: 5.73% pukaki 25-38 14.55
Actual water content from test: 5.73% pukaki 38-51 20.98
Fluid for conditioning soil: Sydney tap water pukaki 51-76 20.98
Eroding fluid : Sydney tap water Total 100.00
Eroding fluid mean temperature : 144 °C
Data Log File Name : DF 21a, DF 21b, DF21c.

Time/Date of compaction of sample : pm 2/10/03
Time/Date of Commencement of Test: am 3/10/03
Notes: Flow rate estimated.

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0.0 0.00 Test Started Sliqhtly cloudy near base and increasinq, low outflow
0.01 0.7 50.00 Extremely cloudy. Moderate outflow, and increasinq slightly. *
0 02 1.4 50.00 Extremely cloudy. Moderate outflow, and decreasinq sliqhtly *
002 2.0 51.36 Very cloudy, slowly clearinq. Moderate outflow, fluctuating slightly.
0 04 4.0 39 48 Very cloudy, slowly clearinq. Moderate outflow, fluctuating slightly.
005 5.5 34 20 Very cloudy, slowly cleannq Moderate outflow, fluctuating sliqhtly
0 07 7.0 33 72 Very cloudy, slowly clearinq Moderate outflow, fluctuatinq slightly
0 08 8.5 32 10 Sliqhtly cloudy, slowly clearinq Moderate outflow, decreasinq sliqhtly
0.10 10 0 33 00 Sliqhtly cloudy, slowly clearinq Moderate outflow, decreasinq sliqhtly
0.12 11.5 33,00 Sliqhtly cloudy, slowly clearinq. Moderate outflow, decreasinq slightly.
0 13 13.0 31 92 Sliqhtly cloudy, slowly clearinq Moderate outflow, decreasinq slightly.
0.15 14 5 3294 Sliqhtly cloudy, slowly clearinq. Moderate outflow, fluctuatinq slightly.
0 18 18.5 32 16 Sliqhtly cloudy, slowly clearinq. Moderate outflow, fluctuatinq slightly.
0 20 205 31 68 Sliqhtly cloudy, slowly clearinq Moderate outflow, fluctuatinq slightly.
0 22 22 5 33.00 Sliqhtly cloudy, slowly clearinq. Moderate outflow, fluctuatinq slightly.
0 25 25 3 31.50 Mostly clear, slowly clearinq. Moderate outflow! steady.
0.29 29 5 30.66 Mostly clear, slowly clearinq. Moderate outflow, steady.
035 35 5 31.14 Mostly clear, slowly clearinq. Moderate outflow! steady.
0 40 40.5 30.96 Clear. Moderate outflow, fluctuatinq slightly.
0 46 455 30 84 Clear. Moderate outflow, fluctuatinq sliqhtly.
0 53 53 5 29 64 Clear. Moderate outflow, fluctuating slightly.
1.01 60 5 28 80 Clear. Moderate outflow, fluctuating slightly.
1,12 72 5 28 68 Clear Moderate outflow, fluctuatinq slightly
1 42 102 0 28 38 Clear Moderate outflow, fluctuatinq sliqhtly.
2 02 122 0 28 14 Clear Moderate outflow, fluctuating slightly.
2 14 134 5 27 76 Clear. Moderate outflow, fluctuating slightly.
2 55 175 0 27 08 Clear Moderate outflow, fluctuating slightly.
321 201 5 29 56 Clear. Moderate outflow, fluctuating slightly.
3 46 226.0 27 76 Clear. Moderate outflow, fluctuating slightly.
4.14 254.0 26 80 Clear. Moderate outflow, fluctuating slightly.
4 43 283 0 2652 Clear Moderate outflow, fluctuating slightly.
5.00 300.0 26.96 Clear. Moderate outflow, fluctuating slightly. Test stopped
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Appendix N - Records of downflow seepage tests
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F Test No. 21 on Sample B2 - Recorded pressure and flow rate. Sample compacted to
92.6% of Standard Max. Dry Density.
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DF Test No. 21 on Sample B2 - Initial and post-test grain-size distribution analysis. 
Sample compacted to 92.6% of Standard Max. Dry Density.
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Downward flow test No. 20 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Test No/Date : Suffusion Downflow 020 31/09/03
Soil Sample : Suffusion Test Blend C1 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2.341 Mg/m3 Silica 60G 6.91
Optimum water content (OWC): 4.29% Nepean Sand 9.60
Targeted dry density relative to Standard max. dry density : 95.0% 5mm Blue Metal 3 84
Actual dry density from test: 93.9% 10mm Bassalt 3.84
Water content during conditioning : 4.29% 20mm Blue Metal 31.82
Targeted moisture content: 4.29% pukaki 25-38 12 8
Actual water content from test: 2.47% pukaki 38-51 15.18
Fluid for conditioning soil: Sydney tap water pukaki 51-76 16,01
Eroding fluid : Sydney tap water Total 100.00
Eroding fluid mean temperature : 14 4 °C
Data Log File Name : DF 18a, DF 18b

Time/Date of compaction of sample : pm 30/09/03
Time/Date of Commencement of Test: am 31/09/03
* Note: Flow rate readings are approximations only due to rapid flow rate.

Time Time Flowrate " Observations
(From Commencement)
(hr) (min) (L/min)
0 00 0.0 0 00 Test Started Very cloudy near base and increasing, rapidly increasing outflow
0.01 0.6 140 00 Very cloudy. High outflow, and steadily increasing.
0.02 1.5 140 00 Very cloudy. Very high outflow, and steady
0.02 2.0 140.00 Cloudy, starting to clear slightly Very high outflow, and steady
0.04 4 5 140 00 Slightly cloudy, continuing to clear slowly Very high outflow, and steady
006 6 0 140 00 Mostly clear, and continuing to clear slowly Very hiah outflow, and steady
009 9.0 140.00 Clear Very high outflow, and steady
0.10 9.8 140 00 Clear Very high outflow, and steady Test paused, then restarted
0.10 10 0 140 00 Slightly cloudy, continuing to clear slowly Very high outflow, and steady
0.11 11.3 140 00 Mostly clear, and continuing to clear slowly Very high outflow, and steady
0 12 12.3 140 00 Clear Very high outflow, and steady
0.19 19.3 140.00 Clear Very high outflow, and steady. Test stopped
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DF Test No. 20 on Sample Cl - Recorded pressure and flow rate. Sample compacted to
93.9% of Standard Max. Dry Density.
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Downward flow test No. 25 Test Records

DOWNWARD FLOW SUFFUSION TEST 
Test Record

Eroding fluid mean temperature : 
Data Log File Name :

144 °C
DF 25a, DF 25b, DF 25c.

Test No/Date : Suffusion Downflow 025 25/11/03
Soil Sample Suffusion Test Blend D1 Mix Ingredient Mix Proportion (%)
Standard max. dry density : 2363 Mg/m3 Silica 60G 11.36
Optimum water content (OWC): 6.99% Nepean Sand 11.36
Targeted dry density relative to Standard max. dry density : 95,0% 5mm Blue Metal 11.36
Actual dry density from test: 95.0% 10mm Bassalt 11.36
Water content during conditioning : 6.99% 20mm Blue Metal 11.36
Targeted moisture content: 6.99% pukaki 25-38 14 773
Actual water content from test: 5.03% pukaki 38-51 11.36
Fluid for conditioning soil: Sydney tap water pukaki 51-76 17.045
Eroding fluid : Sydney tap water Total 100.00

Time/Date of compaction of sample : 
Time/Date of Commencement of Test:

pm 21/11/03 
am 25/11/03

Time Time Flowrate Observations
(From Commencement)
(hr) (min) (L/min)
0.00 0.0 0.00 Test Started. Very cloudy near base and increasing, rapid outflow increase, becoming moderate.

0 04 2 5 26 22 Extremely cloudy Moderate outflow, and steady
0 06 3 3 26 34 Extremely cloudy Moderate outflow, and steady
006 38 2472 Very cloudy, slowly clearing. Moderate outflow, slowly decreasing.
0.16 9 8 24 20 Very cloudy, slowly dearinq. Moderate outflow, slowly decreasing
0.19 11.2 21.20 Cloudy, slowly dearinq Moderate outflow, slowly decreasing
0 42 250 19.44 Slightly cloudy, slowly clearing. Moderate outflow, fluctuating slightly.
0.57 34 0 19.50 Slightly cloudy, slowly clearing Moderate outflow, fluctuating slightly
0 73 44.0 18 99 Mostly clear, clearing slightly. Moderate outflow, fluctuating slightly.
1.07 64 0 18 81 Clear. Moderate outflow, fluctuating slightly.
1.43 86 0 18.51 Clear. Moderate outflow, fluctuating slightly.
1 68 101.0 18 33 Clear. Moderate outflow, fluctuating slightly.
2 20 132 0 17.79 Clear. Moderate outflow, fluctuating slightly.
2 73 164 0 18 06 Clear. Moderate outflow, fluctuating slightly.
325 195.0 17.91 Clear. Moderate outflow, fluctuating slightly. Test stopped
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APPENDIX O

Downward flow seepage tests 
- Estimating the fraction of materials loss by suffusion 

using curve matching technique
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 01 Downward flow seepage test DF7 on Sample 10 - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 02 Downward flow seepage test DF8 on Sample 10 - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 03 Downward flow seepage test DF12 on Sample 14A - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 04 Downward flow seepage test DF15 on Sample 14A - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 05 Downward flow seepage test DF17 on Sample 15 - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 06 Downward flow seepage test DF24 on Sample A2 - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 07 Downward flow seepage test DF23 on Sample A3 - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 08 Downward flow seepage test DF22 on Sample B1 - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique

Figure 09 Downward flow seepage test DF21 on Sample B2 - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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— Post-test grading of layer 160-240mm from bottom 

~ “ Post-test grading of layer 240-320mm from bottom 

------ Initial grading extended to match post-test gradings

Figure 010 Downward flow seepage test DF20 on Sample Cl - Curve matching.
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Appendix O - Estimating the fraction of materials loss by suffusion using curve matching technique
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Figure 011 Downward flow seepage test DF25 on Sample D1 - Curve matching.
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Appendix P - Records of upward flow seepage tests
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Figure Pla Test UF1 on Sample 1 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 94% of Standard Maximum Dry Density.
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Figure Plb Test UF1 on Sample 1 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 94% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

0
ro
$o

LL

Figure P2a Test UF2 on Sample 1 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 89.5% of Standard Maximum Dry Density.
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Figure P2b Test UF2 on Sample 1 - Average flow velocity versus average hydraulic 

gradient. Sample compacted to 89.5% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests
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Figure P3a Test UF3 on Sample 2 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 94.5% of Standard Maximum Dry Density.
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Figure P3b Test UF3 on Sample 2 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 94.5% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

.3?

O)g

0.0

cloudy flow.

Q)

ro
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LL

Very cloudy flow.

Figure P4a Test UF4 on Sample 3 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 94.0% of Standard Maximum Dry Density.
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Figure B4b Test UF4 on Sample 3 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 94.0% of Standard Maximum Dry Density.
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Upward flow test No. UF5 Test Records
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Appendix P - Records of upward flow seepage tests

Figure P5a Test UF5 on Sample 4R - Hydraulic gradient and flow rate versus time. 
Sample compacted to 94.5% of Standard Maximum Dry Density.
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Figure P5b Test UF5 on Sample 4R - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 94.5% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

Figure P6a Test UF6 on Sample 9 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.0% of Standard Maximum Dry Density.
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Figure P6b Test UF6 on Sample 9 - Average flow velocity versus average hydraulic
gradient. Sample compacted to 95.0% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

120 150 180 210 240 270 300 330
Time, t (min.)

„ ’ ' ' [UF07R1,
_Slow flow rate. Extremely high flow rate.

First sign of cloudy Cloudy flow. Start boiling,
flow

Figure P7a Test UF7 on Sample 10 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.0% of Standard Maximum Dry Density.
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Figure P7b Test UF7 on Sample 10 - Average flow velocity versus average hydraulic
gradient. Sample compacted to 95.0% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

— Average hydraulic gradient across test sample (T)

— Hydraulic gradient across top 200mm of test sample (2)
- Hydraulic gradient across top 150mm of test sample (f)
- Hydraulic gradient across top 100mm of test sample

— - Hydraulic gradient across top 50mm of test sample (J)

— Measured flow rate (f)

First sign of 
r loss of fine 
I particles

Flow starts to 
r appear cloudy

Starts
boiling

80 100 
Time, t (min.) [UF08R1 GRF]

Figure P8a Test UF8 on Sample 10 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 90.0% of Standard Maximum Dry Density.
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steadily increasing. 
First sign of slightly 
cloudy flow.
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Figure P8b Test UF8 on Sample 10 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 90.0% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

60 80 T 100 1:!0
Time, t (min.) Very high flow rate. _

Moderate to high flow rate__ Cloudy flow.
Very cloudy flow. Piping of fines.
First sign of piping of fines.

Figure P9a Test UF9 on Sample 11 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.0% of Standard Maximum Dry Density.

Hydraulic Gradient, I

Figure P9b Test UF9 on Sample 11 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 95.0% of Standard Maximum Dry Density.
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Appendix P-26

Appendix P - Records of upward flow seepage tests

— Average hydraulic gradient across test sample (T)

— Hydraulic gradient across top 200mm of test sample (2)
- Hydraulic gradient across top 150mm of test sample (f)
- Hydraulic gradient across top 100mm of test sample (4)

— - Hydraulic gradient across top 50mm of test sample (J)

— Measured flow rate (22)

Negligible to very slow 
flow rate throughout.

240
Time, t (min.)(UF10R1 GRF)

Figure PlOa Test UF10 on Sample 6 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.0% of Standard Maximum Dry Density.

5.0E-5

4.0E-5

3.0E-5

2.0E-5

Negligible to very 
slow flow rate.
Clear flow.
Max. I reached = 5.196, 
V = 4.75E-5 m/s,
K = 9.15E-6 m/s.

1.0E-5

0.0E+0
2.5 3.0 3.i
Hydraulic Gradient, I [UF10GRF]

Figure PI0b Test UF10 on Sample 6 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 95.0% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

— Average hydraulic gradient across test sample (T)

— Hydraulic gradient across top 200mm of test sample (2)
- Hydraulic gradient across top 150mm of test sample (jf)
- Hydraulic gradient across top 100mm of test sample (T)

— • Hydraulic gradient across top 50mm of test sample (5^)

— Measured flow rate (q)

Moderate flow rate, 
steadily increasing. 
Clear flow.

- S' ■

120
Time, t (min.)[UF11R1 GRF]

I

%2
$_o

LL

Figure PI la Test UF11 on Sample 13 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.0% of Standard Maximum Dry Density.
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5.0E-3

> 4.0E-3

3.0E-3

Moderate flow rate, 
steadily increasing. 
Clear flow.
Max. I reached = 1.124, 
V = 6.03E-3 m/s,
K = 5.37E-3 m/s.

2.0E-3

1.0E-3

Hydraulic Gradient, I [UF11 GRF]

Figure PI lb Test UF11 on Sample 13 - Average flow velocity versus average 
hydraulic gradient. Sample compacted to 95.0% of Standard Maximum Dry Density.
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Upward flow test No. UF12 Test Records

Mix Proportion (%) |
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Appendix P-31

Appendix P - Records of upward flow seepage tests

— Average hydraulic gradient across test sample (T)

— Hydraulic gradient across top 200mm of test sample (2)

- Hydraulic gradient across top 150mm of test sample ($\
- Hydraulic gradient across top 100mm of test sample (f\

— - Hydraulic gradient across top 50mm of test sample (jf)

— Measured flow rate TT)

10 $

First sign of 
boiling.

__First sign of
cloudy flow

240
Time, t (min.)[UF12R1 GRF]

Figure PI2a Test UF12 on Sample 14A - Hydraulic gradient and flow rate versus time. 
Sample compacted to 96.0% of Standard Maximum Dry Density.
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Figure PI2b Test UF12 on Sample 14A - Average flow velocity versus average 
hydraulic gradient. Sample compacted to 96.0% of Standard Maximum Dry Density.
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Appendix P-34

Appendix P - Records of upward flow seepage tests

1
O) o

j2

------------------  Average hydraulic gradient across test sample (7)

— — — Hydraulic gradient across top 200mm of test sample (2)

— — — - Hydraulic gradient across top 150mm of test sample

— - - - - Hydraulic gradient across top 100mm of test sample (f)

---------------------Hydraulic gradient across top 50mm of test sample (5^

®Measured flow rate

First sign of Mor^ cloudy First sign - -
cloudy flow. H ^ovy’

^ bubbles.
of boiling

0
[UF13R1.GRF]

120 180 240 300
Time, t (min.)

360 420 480

Figure PI3a Test UF13 on Sample 5 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.0% of Standard Maximum Dry Density.
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Moderate flow rate, 
slowly increasing. 
First sign of boiling. 
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Moderate flow rate, 
slowly increasing. 
Cloudy flow.
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Slow to moderate flow 
rate, slowly increasing. 
First sign of slight 
cloudy flow.
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V = 9.17E-4 m/s,
K = 2.89E-4 m/s.

0.0 1.0 2.0 2.5 3.0
Hydraulic Gradient, I

5.0
[UF13GRF]

Figure PI3b Test UF13 on Sample 5 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 95.0% of Standard Maximum Dry Density.
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Appendix P-36

Appendix P - Records of upward flow seepage tests

— Average hydraulic gradient across test sample (T)

— Hydraulic gradient across top 200mm of test sample (2)
- Hydraulic gradient across top 150mm of test sample (3^}
- Hydraulic gradient across top 100mm of test sample

— - Hydraulic gradient across top 50mm of test sample (jp)

— Measured flow rate (~q)

P'frst sign of 
cloudy flow

First sign 
of boiling

120
Time, t (min.)[UF14R1.GRF]

0)
ro
$o

u_

Figure PI4a Test UF14 on Sample 5 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 89.5% of Standard Maximum Dry Density.
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6.0E-3

> 5.0E-3

> 4.0E-3

® 3.0E-3 Moderate flow rate, 
rapidly increasing. 
First sign of boiling. 
I = 1.544,
V = 3.57E-3 m/s,
K = 2.31E-3 m/s.

Very slow flow rate, 
increasing very slowly. 
First sign of very 
slightly cloudy flow.
I = 0.18,
V = 1.63E-5 m/s,
K = 9.05E-5 m/s.

2.0E-3

1.0E-3

0.0E+0

Hydraulic Gradient, I [ufu.grfi

Figure PI4b Test UF14 on Sample 5 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 89.5% of Standard Maximum Dry Density.
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Appendix P -  Records o f upward flow seepage tei

Mix Proportion (%) |

10.89
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0.00
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20.72
100.00

|Mix Ingredient
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5mm Blue Metal 
10mm Bassalt 
20mm Blue Metal
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Appendix P - Records of upward flow seepage tests
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Figure PI5a Test UF15 on Sample 14A - Hydraulic gradient and flow rate versus time. 
Sample compacted to 90.0% of Standard Maximum Dry Density.

Hydraulic Gradient, I iufis.gr

Figure PI5b Test UF15 on Sample 14A - Average flow velocity versus average 
hydraulic gradient. Sample compacted to 90.0% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests
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Figure PI6a Test UF16 on Sample 7 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.5% of Standard Maximum Dry Density.
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Figure PI6b Test UF16 on Sample 7 - Average flow velocity versus average hydraulic 
gradient. Sample compacted to 95.5% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

- Average hydraulic gradient across test sample (7)
- Hydraulic gradient across top 200mm of test sample (2)

- Hydraulic gradient across top 150mm of test sample (3^

- Hydraulic gradient across top 100mm of test sample (f) 

■ Hydraulic gradient across top 50mm of test sample ($j

- Measured flow rate (q)

First sign of 
cloudy flow/"

_ First sign 
of boiling

0 60 120 180 240 300 360 420 480 540 600
[UF17R1 grf] Tims, t (min.)

Figure P17a Test UF17 on Sample 15 - Hydraulic gradient and flow rate versus time. 
Sample compacted to 95.0% of Standard Maximum Dry Density.
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Hydraulic Gradient, I [ufu.grf]
Figure PI7b Test UF17 on Sample 15 - Average flow velocity versus average 

hydraulic gradient. Sample compacted to 95.0% of Standard Maximum Dry Density.
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Appendix P - Records of upward flow seepage tests

— Average hydraulic gradient across test sample (7)

— Hydraulic gradient across top 200mm of test sample (T) 

• - Hydraulic gradient across top 150mm of test sample (3)
- Hydraulic gradient across top 100mm of test sample

— - Hydraulic gradient across top 50mm of test sample (jf)

— Measured flow rate ('rf)

Negligible flow 
rate throughout.

0.02 $

240
Time, t (min.)[UF18R1 GRF]

Figure PI 8a Test UF18 on Sample RD - Hydraulic gradient and flow rate versus time. 
Sample compacted to 96.0% of Standard Maximum Dry Density.
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Hydraulic Gradient, I [UF18-RD GRF]

Figure PI8b Test UF18 on Sample RD - Average flow velocity versus average 
hydraulic gradient. Sample compacted to 96.0% of Standard Maximum Dry Density.

i, Q
 (L

/m
i


	Title Page : Experimental Investigations of Piping Erosion and Suffusion of Soils in Embankment Dams and their Foundations
	Volume 1
	ABSTRACT
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	LIST OF SYMBOLS
	CHAPTER 1 : INTRODUCTION
	CHAPTER 2 : LABORATORY TESTS ON PIPING EROSION
	CHAPTER 3 : INTERNAL INSTABILITY OF SOILS
	CHAPTER 4 : APPLICATIONS
	CHAPTER 5 : CONCLUSIONS AND RECOMMENDATIONS
	CHAPTER 6 : REFERENCES

	Volume 2
	LIST OF APPENDICES
	APPENDICES


