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Preface 

Although f low slides have been studied intensively for a long t ime, the fundamental mechanisms 
leading to this kind of soil (structure) failure are still, at least partly, a mystery. 

In September, 1995, Fugro Ingenieursbureau b.v. in Leidschendam suggested to study 
subaqueous slope failures resulting in a f low slide, within the framework of my graduate study 
program. I accepted in December, 1995, and started my research, conducted in partial fulf i lment 
of the requirements for the degree Master of Science in the Delft University of Technology, on 
February 1st, 1996. 

The report lying before you contains the results of a literature review on previously conducted 
research, related to f low slide failure. Apart from this Literature Review, a Directive for Engineering 
Practice (Volume 2) and Case History Study / Appendix (Volume 3) have been prepared, as part 
of the graduate study program. 

I wish to extend my sincere thanks to J.L. Lindenberg', J.W. Heij t ing 2 , J .D. van Rheenen 3, 
I. Herle 4 , V .H. Torrey 5 , J . Brouwer 6 and J . de Koning for their effort to help me further knowledge 
of theory and practice related to f low slide problems. 

This graduate study program has been supervised by a graduate committee. The fol lowing 
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I wish to thank my graduate committee for its assistance. 
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Scope of Flow Slide Study 

Introduction 

Flow slides occur around the globe in deltic areas, along rivers and during dredging activities, 
like sand fill construction or sand mining. Many of these f low slide failures, which may involve the 
movement of millions of cubic meters of soil, pass and have passed unnoticed by mankind because 
they take place under water, according to Terzaghi (1956). 

However, if f low slide failures cause changes in the morphology of rivers and coastlines, they 
do become known. Sometimes even uncomfortably, when they bring damage to our flood 
protection works, newly reclaimed land or other structures. The province of Zeeland in The 
Netherlands has a rich history in - sometimes destructive - f low slides, as mentioned by Lindenberg 
(1986a). 

In the next few paragraphs, the general idea of what a f low slide is will be discussed, fol lowed 
by the problem definition and formulation of the main aims of this f low slide study as well as the 
set-up of this Volume 1: Literature Review. 

The Cause of Flow Slides 

Generally, it is assumed that the cause of f low slide failures lies in the liquefaction of (part of) 
a sloping body. However, this explanation can be made plausible only when loose to very loose 
fine sand layers are encountered in the subsoil, over substantial depths. This is likely to be the case 
in areas where young marine sands have been deposited relatively fast and along (former) river beds 
where erosion and sedimentation of sand are continuously taking place. 

Sometimes, f low slide failures are encountered in areas where the above does not hold, or at 
least does not give a credible explanation. Therefore, there is a tendency toward developing 
alternative explanations for the exact mechanisms, leading to f low slide failure. One of those 
alternative mechanisms may be the development of active banks, after initial oversteepening at the 
toe of a slope. 

Because the actual mechanism, leading to f low slide failure, is not fully understood, the term 
" f low slide" is used to refer to the consequences of the failure, rather than to the cause of it. The 
distinctive features of f low slide failures are large soil displacements, very flat resulting subaqueous 
slope angles and embankments which have caved in. The fact that the term " f low slide" always 
has been related to the consequences of the failure, has lead the attention away from the actual 
causing phenomena. Thus, the misleading thought that liquefaction can be the only mechanism 
to be held responsible, could strike root. 

1 



Flow Slide Failure of Excavated Subaqueous Slopes 

Problem Definition and Formulation of Main Aims 

Unexpected failure of subaqueous excavated slopes in the form of f low slides is considered in 
this graduate study. Excavated slopes are not the same as slopes constructed by means of 
hydraulic f i l l . Several recent f low slide failures in sand borrow pits, together wi th qualms in 
engineering practice about not knowing exactly what fundamental mechanism causes f low slide 
failure, gave cause for this study. 

The knowledge that f low slide failure may be caused by either static liquefaction of (part of) a 
sloping body (also called spontaneous collapse) 7, or by the development of active banks, is taken 
as a point of departure. Liquefaction due to dynamic loading will be left out of consideration. 
Special attention will be paid to the geological circumstances of The Netherlands. 

Herewith, the central problem of this f low slide study becomes: "How, from an engineering point 
of v iew, can we understand and predict f low slide failure of excavated (or being excavated) slopes, 
better?". To be able to answer the question at issue, we need to understand the fundamental 
mechanisms, leading to f low slide failure. Then, the soil properties may be related to the 
mechanisms and specific circumstances may be taken into account. 

The main aim of this graduate study is to obtain insight in different mechanisms, possibly 
triggering f low slide failure and causing its retrogressive nature. Since the extent of a f low slide 
can be very large, and seems hard to predict, the prediction of the potential for failure will be the 
pith of the study, not the consequences of failure (Volume 1: Literature Review). The possible ways 
to model failure potential are investigated and their prediction values are evaluated on the basis of 
case histories (Volume 3: Case History Study / Appendix). With the insights obtained, an effort 
has been made to formulate a practical guideline for f low slide analyses, which should lead to 
improvements in engineering practice (this Volume 2: Directive for Engineering Practice). 

Set-up of this Volume 2: Directive for Engineering Practice 

As stated in the above, one of the main aims of this graduate study was to formulate a practical 
guideline for engineering and consultancy practice. This is how the report lying before you should 
be looked upon. Chapter 1 serves as an introduction to soil properties and phenomena, related to 
f low slide failure. The main aim of this chapter is to offer the reader some basic knowledge and 
to avoid semantics in the fol lowing chapters. 

Chapter 2 describes the recommended static liquefaction potential analysis for engineering 
practice. It may serve as a directive in future analyses of the stability of subaqueous (to be) 
excavated slopes, as well in slope design as in failure reconstruction. Chapter 3 comprises a 
qualitative discussion on construction aspects and the dangers of the development of active banks. 
This chapter is meant to familiarize the reader wi th the possible contribution of active banks to f low 
slide failure. Conclusions and recommendations are summarized thereafter. 

Static l iquefact ion occurs as a result of contract ion of the soil under a monotonical ly increasing shear stress level 
(see Chapter 1) 

2 



1 Liquefaction Potential Modelling 

5 1.1 Introduction 

Flow slides may be caused by the static liquefaction of sand in a sloping body. The soil tendency 
to decrease in volume, when subjected to monotonically increasing shear stress, is a necessary 
condition for static liquefaction to occur. If soil has no tendency to decrease in volume, the soil 
has no static liquefaction potential. So, in order to be able to predict whether static liquefaction 
may occur - and hence whether there is a chance of a f low slide occurring - it seems logical to try 
to determine the susceptibility of the soil to static liquefaction, f irst. 

The determination of the susceptibility of granular soils consists of two parts. Part one concerns 
the description of the soil behaviour by some constitutive law. Part two concerns the formulation 
of a stability criterion to test the soil behaviour. Given the in-situ conditions, static liquefaction 
potential may be predicted by subjecting the predicted soil behaviour to the stability criterion. 
Different approaches to liquefaction potential modelling may differ in their way of predicting the 
soil behaviour or in their formulation of a stability criterion. 

§ 1 . 2 Methods Based on the Theory of Steady-State Soil Mechanics 

§ 1.2.1 Introduction 

Instability and failure are two different aspects in the behaviour of soil. However, instability may 
lead to failure. Therefore, in the steady-state approach, the point from where typical stress states 
may cause instability, is taken as the criterion for liquefaction potential. 

The common statement of the group of researchers, that fol low the steady-state theory, is that, 
even before any research is done on the contractive behaviour and the development of excess pore 
pressure, something may be said about the susceptibility of soils to liquefaction. They state that 
the analysis to determine static liquefaction potential is an ordinary stability analysis, not a 
deformation problem. Their approach bears no relation between soil deformation and the change 
in void ratio or settlements that may occur. The steady-state shear strength is the residual shear 
strength of soils, after continued deformation. Poulos (1981) defined the steady state of 
deformation as fo l lows: 

"THE STEADY STATE OF DEFORMATION FOR ANY MASS OF PARTICLES IS THAT STATE IN WHICH 

THE MASS IS CONTINUOUSLY DEFORMING AT CONSTANT VOLUME, CONSTANT NORMAL 

EFFECTIVE STRESS, CONSTANT SHEAR STRESS, AND CONSTANT VELOCITY. THE STEADY STATE 

OF DEFORMATION IS ACHIEVED ONLY AFTER ALL PARTICLE ORIENTATION HAS REACHED A 

STATISTICALLY STEADY STATE CONDITION AND AFTER ALL PARTICLE BREAKAGE, IF ANY, IS 

COMPLETE, SO THAT THE SHEAR STRESS NEEDED TO CONTINUE DEFORMATION AND THE 

VELOCITY OF DEFORMATION REMAIN CONSTANT.". 

3 



Flow Slide Failure of Excavated Subaqueous Slopes 

The steady-state line is an approximately straight line in the void ratio - (log) stress plane, that 
connects all combinations of void ratios and stresses, measured during the steady state of 
deformation. In the fol lowing paragraphs, use and verification of the steady-state theory, wi th 
respect to static liquefaction potential prediction, will be clarified. The development of the work 
by various researchers, as studied here, is presented in the table below: 

1 9 3 6 1 9 8 5 1 9 8 7 1 9 9 2 1 9 9 5 

CASAGRANDE POULOS SLADEN KRAMER LADE Dl PRISCO 

CASTRO D'HOLLANDER SEED MATIOTTI 

FRANCE KRAHN NOVA 

§ 1.2.2 A Liquefaction Evaluation Procedure by Poulos et al. 

Poulos et al. (1985) state that liquefaction and f low slides may occur when the driving shear 
stress is greater than the minimum shear resistance of the soil, or steady-state shear strength, only. 
According to Poulos et al. (1985), the undrained steady-state shear strength, Sm, is a funct ion of 
the soil properties (grain-size distribution and particle shape) and the in-situ void ratio, only. They 
state that as long as the driving shear stress, r J f is smaller than Ss„, the soil has no liquefaction 
potential. Since Sm is the minimum strength a saturated contractive soil can have in undrained 
shear, no volume decrease tendency or excess pore pressure will develop. It is reasoned that no 
strength reduction, due to loss of effective stress, will occur. 

Poulos et al. (1 985) propose a liquefaction evaluation procedure in their paper that will be clarified 
here. The procedure is based on concepts from earlier work of Casagrande. The evaluation 
procedure consists of five steps: 

1] Determine in-situ void ratio, 
2] Determine steady-state void ratio as a function of effective stress, 
3] Determine undrained steady-state strengths for 'undisturbed' specimens, 
4] Correct the measured undrained steady-state strengths to the in-situ void ratio, and 
5] Calculate in-situ driving shear stress and factor of safety. 

The determination of the in-situ void ratio is, as in all other liquefaction evaluation procedures, 
the most sensitive step. It is very diff icult to determine the in-situ void ratio, because disturbance, 
i.e. decreasing the in-situ void rat io 8 , of the soil, during sampling, transportation to a laboratory 
or reconsolidation to in-situ stresses, is practically inevitable. Poulos era/ . (1985) propose either 
fixed piston sampling, freezing of the ground and coring, or sampling in test pits to obtain the most 
accurate results possible. 

A very small increase in density - or decrease in void ratio - may convert a sample f rom a state in w h i c h it is 
liquefiable to a state in wh ich it is not. 

) 



Chapter I: Liquefaction Potential Modelling 

Next, the steady-state void ratio, as a function of effective stress, is determined by conducting 
five or six, strain-control led 9 , undrained triaxial tests, on reconstituted specimens. The specimens 
are tested under an initial void ratio - effective stress combination, well above the steady-state line. 
During the test, the contractive sample will fol low a stress-strain path, showing a peak stress at 
a certain strain, and a stress fall thereafter, accompanied by large strains. The logarithm of the 
measured resulting minor principal stress is plotted against the corresponding void ratio. 

The best f i t through the points, obtained by the tests, is called the steady-state line. For stability 
analyses, it is convenient to plot the steady-state line in terms of the undrained steady-state shear 
strength. The fol lowing equations are used: 

Ssu = q s C O S * , 

9, % 
sin<t>_ 

o,. - a. 
Is 

in which the factor ah - a3s = the principal stress difference at the steady state from the triaxial test, 
a3s = effective minor principal stress at the steady state, a3c = effective minor principal stress (or 
confining pressure) at the start of shear (after consolidation), A M , = pore pressure induced in the 
specimen at the steady state of deformation, and 0, = steady-state friction angle (in terms of 
effective stress). The quantities q„ a3c and AM, are obtained directly during the triaxial tests. 

Step 3 comprises the determination of the in-situ steady state, by conducting a series of 
consolidated undrained triaxial tests performed on 'undisturbed' samples, from the zone being 
evaluated. The resulting stresses and void ratios should be close to the steady-state line. The 
points may fall little above or below the steady-state line. Sufficient tests are needed to determine 
the average in-situ steady-state strength, reliably. 

Thereafter, the in-situ shear strength is estimated. The procedure is presented in Figure 1. The 
trend of the in-situ steady-state line is assumed to be parallel to the steady state line, constructed 
from the tests on the compacted specimens. The shear strength, corresponding wi th the in-situ 
void ratio on the assumed steady-state strength line, through a particular steady-state point of one 
of the 'undisturbed' tests, is the estimated in-situ undrained steady-state strength. 

The final step is to calculate the driving shear stress in the soil. This may be done by 
conventional limiting equilibrium approaches. If its average value is less than the estimated in-situ 
undrained steady-state strength, in all zones along the trial surface, then, it is postulated, 
liquefaction cannot occur. 

9 Poulos et al (1985) propose strain-controlled tests, but Sladen ef al. (1985) report no signif icant di f ference be tween 
steady state parameters determined by stress or strain-controlled tests. Hence, they conclude that , for practical 
purposes, the crit ical state and steady state may be assumed one and the same for sands. 



Flow Slide Failure of Excavated Subaqueous Slopes 
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Figure 1 Undrained steady-state shear strength determination after Poulos e ra / . (1985) 

The factor of safety against liquefaction is defined as: 

According to Poulos er al. (1985), the entire mass is in unstable equilibrium, when the value of 
F, is less than 1, or td > Sm. When this is the case, liquefaction and a f low slide may thus be 
triggered by any disturbance. They do add, however, that the disturbance must be large enough, 
and of sufficient duration, to indeed trigger liquefaction. 

§ 1.2.3 A Collapse Surface Definition in the Void Ratio - Stress Space by Sladen et al. 

Introduction: 

The basis for the liquefaction failure analysis of Sladen et al. (1 985), lies in large-scale f low slides 
during the hydraulic placement of an artificial island berm in the Beaufort Sea. However, the idea 
holds for excavated slopes as wel l . 

Their main interest was to develop a method for back analysis of the slides. As such, it has a 
nature different from the steady-state method discussed before. Sladen er al. (1985) point out 
several shortcomings of the original reasoning of steady-state fol lowers, and classify the original 
approach suitable for design purposes (as opposed to back analysis purposes), only. According to 
Sladen et al. (1985), the steady-state method makes no claim to explain the fol lowing observed 
features of the liquefaction phenomenon: 

First, failure actually occurs at shear stress levels very much higher than the steady-state shear 
strength, as is evidenced by the extremely flat post-failure profiles encountered. Second, it 
incorrectly predicts deep failure planes to be more critical than shallow ones. Therefore it cannot 
explain the retrogressive nature of the liquefaction process. Third, no comment is made on the 
influence of the in-situ stress state on liquefaction potential. 

6 



Chapter I; Liquefaction Potential Modelling 

In their work, Sladen et al. (1985) take the conclusion that the failed hydraulic fills must have 
been in a stress state where a very small undrained disturbance could lead to excess pore pressures 
and loss of shear strength, as a point of departure. They assume that this stress state relates to 
the peak deviator stress, measured in triaxial tests, and that this stress state may have developed 
under drained conditions. Because they consider liquefaction an equilibrium problem, they further 
state that the steady state is a condition of Mohr-Coulomb shear failure. As such, it follows that 
the effective normal stress and shear stress in the steady state are uniquely related by the angle 
of internal friction in the steady state. 

Construction of the collapse surface: 

The observation that the peak strengths, measured in undrained triaxial tests on loose samples, 
fall on a straight line in the q - p' stress plane, and that the position (not the slope!) of this line 
changes only with the void ratio, has given rise to the concept of a collapse surface in the three-
dimensional void ratio-stress space. 

To determine the shape of the collapse surface, a series of undrained load-controlled triaxial tests 
have been conducted, at different void ratios, according to the method proposed by Castro et al. 
(1982). The results (peak and steady-state stresses) of the tests were corrected for membrane 
penetration. Plotting the corrected results in the q -p' - e space yielded the collapse surface, as 
presented schematically in Figure 2 on page 8. 

Use of the collapse surface: 

Sladen et al. (1985) state that for (spontaneous) liquefaction to occur, the soil state has to reach 
the collapse surface (under drained conditions), before the shear stress suddenly exceeds the steady-
state strength. 

As it is possible to formulate the collapse surface in terms of parameters, directly analogous to 
a Mohr-Coulomb failure criterion, these parameters may be used in limiting equilibrium analysis to 
evaluate liquefaction potential 1 0. To apply the proposed method as a design tool, it is only 
necessary to know the steady-state shear strength of a soil and the slope of the collapse surface. 

Knowing the slope geometry and the likely range of <t>„ it is possible to estimate the steady-state 
shear strength prior to failure, and hence its state in the void ratio - shear stress - normal stress 
space, in back analysis. 

• 

• . 

' ° For convenience it is assumed that the intermediate principal stress has no influence on ^ • t r e ^ . " 2 J ^ 
then be described in terms of a relationship between major and minor effect ive stress at fa.lure. w h e n apply.ng 
data obtained f rom triaxial tests to l imit equil ibrium. 
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Flow Slide Failure of Excavated Subaqueous Slopes 

§ 1.2.4 An Instability Line Definition in the Stress Surface by Lade 

Definition of the instability line: 

According to Lade (1992), commonly two criteria for failure of soil are employed in interpretation 
of results of triaxial tests. The first predicts failure when the principal stress difference, or deviator 
stress, (a, - oj, reaches a maximum. The second predicts failure when the principal effective stress 
ratio, (O,'/<J3'), reaches a limiting value. 

Lade (1992) prefers to refer to the steady state as the ultimate state. He formulates the ult imate-
state instability definition as fo l lows: 

" T H E CONDITION OF MAXIMUM STRESS DIFFERENCE DOES NOT CORRESPOND TO A 

TRUE FAILURE CONDITION, BUT RATHER TO A CONDITION OF MINIMUM STRESS 

DIFFERENCE AT WHICH INSTABILITY MAY DEVELOP INSIDE THE TRUE FAILURE SURFACE. 

. . .INSTABILITY MAY BE INDUCED ANYWHERE BETWEEN THE (a, - CONDITION AND 

THE TRUE FAILURE SURFACE DESCRIBED BY (a, Va3 ')max.". 

The line connecting all tops of a series of effective stress paths, in the q - p' plane, f rom 
consolidated undrained triaxial tests on loose soil provides the lower limit of the region of potential 
instability. This line represents Lade's instability line. Lade (1992) found from experiments that 
it is a straight line through the ultimate-state point. Because the ultimate strength of loose soils 
is very low, Lade (1992) states that, for practical purposes, the ultimate-state point can be assumed 
to be the same as the origin of the q - p' plane. 

8 



Chapter I: Liquefaction Potential Modelling 

As the void ratio of the sand decreases, the instability line moves up and away from the origin, 
and it crosses the failure line at a point corresponding wi th the steady-state, or critical-state, value 
of p'. The instability line may be described as a linear function in the q - p ' plane wi th slope and 
intercept c, w i th the q axis. In his further analysis, Lade uses average values found by Sladen et 
al. (1985) : 0, = 17° and c, = 20 kPa, which he considers typical values for loose sands. 

Construction of a region of potential instability in a subaqueous slope: 

The method of analysis of potential instability of a slope, proposed by Lade (1992) , comes down 
to the fol lowing steps: 

1] Determine the failure line and the instability line for the given soil and void ratio, both in 
effective strength parameters, using consolidated undrained triaxial compression tests wi th 
pore pressure measurements, 

2] establish the approximate states of stress in the slope from effective stress analyses, using 
a conventional slope-stability procedure and several slip surfaces, 

3] compare the stresses wi th those required for potential instability, and 
4] determine the region in the slope (if any) that may become unstable. 

As an approximation, circular slip surfaces may be evaluated to determine the stress state in a 
slope. Taking the Mohr-Coulomb failure criterion as a point of departure and assuming that along 
a slip surface the factor of safety is constant, the stress states along a given circle are located on 
a straight line given by: 

c' + a' tand / / _ / , „ . x = — ; i - = cd + a' tan<J)rf 

For cohesionless soils c' = c / = 0. It may be observed that, for some circles in the slope, this line 
is located in a region of potential instability. To determine at which points on each slip circle the 
stress state enters the region of potential instability, the fol lowing criterion is evaluated and plotted 
as a funct ion of the distance to the toe of the slope: 

% - c, 
i. tand), 

a' 

Plotting and connecting the calculated points of each of the slip circles in the slope, generates 
the region of potential instability. See for Lade's example Figure 9. 

It is stressed that instability is not produced along a particular slip surface, but rather, in a volume 
of soil wi th in the slope. Hence the term region of potential instability. The region of potential 
instability is specific to the slope inclination and soil parameters of the given soil type. The relative 
magnitude of the potentially unstable region increases wi th slope height. Lade (1992) further f inds 
that the region of potential instability diminishes for a particular (low) slope hight, because then the 
stresses do not reach up into the critical stress region, between the instability line and the failure 
line. 

9 



Flow Slide Failure of Excavated Subaqueous Shoes 
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§ 1.2.5 Parametric Verification Study of Kramer et al. 

Kramer ef al. (1987) performed an extensive series of laboratory experiments to verify the validity 
of the steady-state liquefaction predictions. Also, they performed a parametric study to determine 
the effect of variations of the main parameters on the static liquefaction resistance. In short, they 
conclude that: 

1] At relative densities greater than those corresponding to the steady-state line (see Poulos 
e ra / . (1985)), the soil will exhibit dilative behaviour (see also Lindenberg et al. (1981)) , 
and there will be no potential for l iquefaction. For soils that do display contractive 
behaviour, the static liquefaction resistance is found to decrease wi th decreasing relative 
density. Hence the potential for the initiation of liquefaction increases w i th decreasing 
relative density, or increasing in-situ void ratio, 

10 



Chapter 1: Liquefaction Potential Modelling 

2] The deviator stress under undrained conditions, required to initiate l iquefaction, can be seen 
to increase as the confining pressure is increased. So, the static liquefaction resistance 
decreases with decreasing confining pressure and the potential for the initiation of 
liquefaction increases with decreasing confining pressure 1 1 , 

3] The static resistance of a sand decreases as the level of initial shear stress increases. 
Consequently, the potential for the initiation of liquefaction can be seen to increase wi th 
increasing initial shear stress level and may be very high at high levels of initial stress. This 
leads to the conclusion that the increase in shear stress, required to initiate l iquefaction, 
should be seen as the difference between the static liquefaction resistance and any initial 
shear stress. 

§ 1 . 3 The Classical Dutch Approach 

§ 1.3.1 History of Dutch Flow Slide Research 

In fact, there have been two factors of influence on the Dutch approach to liquefaction potential 
modelling in the Dutch soil mechanics history. First, a lot of practical data were available, mainly 
from liquefaction induced f low slides in the province of Zeeland. Second, several fundamental 
research programs conducted by Delft Geotechnics and Delft Hydraulics have brought insight in the 
basic phenomena. 

Wilderom (1979) made an extensive inventory of the geometric characteristics of the 
geomechanical instabilities which, occurred in the province of Zeeland, and have been recorded since 
the second half of the 19th century. Lindenberg (1985) used Wilderom's result to sketch the state-
of-the-art in f low slide consultancy. 

Within the framework of Applied Research of the Ministry of Public Works (TOW), Begemann 
et al. (1977) and Lindenberg et al. (1981) studied the critical void ratio of sand, to verify the 
relationship between the initial void ratio of a sand body and its potential for l iquefaction, as stated 
by Terzaghi (1925) (see also Volume 2: Chapter 1). 

Large scale model tests on simulated f low slides have been conducted between 1973 and 1976 
to stimulate the understanding of the f low slide phenomenon. In 1987 pore water pressure 
development during liquefaction and lateral spreading of liquefied soil was studied. The best f low 
slide recordings, yet, have been made in 1988, during the study of the construction of sand bodies 
under water. Bezuijen et al. (1988) and Mastbergen et al. (1988) reported on these tests. 

§ 1.3.2 Critical Density Research and the Prediction of Undrained Sand Behaviour 

Original definitions of critical density: 

We can classify the classical Dutch liquefaction potential modelling as an attempt to f ind a 
correlation between pore pressure response and volume change tendency of dry soils. The basis 
for this approach lies in the research on the critical density of sand. 

On the other hand, the critical void ratio can be observed to decrease w i th increasing confining pressure. 
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The concept of critical density or critical porosity was first introduced by Casagrande in 1936. 
He supposed, based on the results of directsheartests, that the final density attained by all samples 
of the same type of sand, wi th different initial densities, would be identical. 

Two years later, in 1 938, Casagrande formulated another definition of the critical density of sand 
because the former turned out to be unsuitable as a basis for criteria related to liquefaction and f low 
slide sensitivity. This second definition of Casagrande was based on ordinary drained triaxial tests. 
It was defined as the initial density for which, at the instant of applying the top deviator stress, no 
volume deformation of the sample occurs, in relation to the initial density. Casagrande's second 
critical density appeared smaller than the first. He concluded that the critical density is a function 
of the normal stress level (confining pressure). 

In 1 948 , Geuze introduced an even safer critical density criterion because he supposed that the 
volume decrease at the start of a triaxial test would lead to high excess por- pressures under 
undrained conditions. Geuze conducted ordinary drained triaxial tests wi th constant (a/ + a,,') and 
measured the maximum (negative) volumetric strain, which he plotted against the initial porosity 
of the sample. He found an upper and lower limit to the 
critical density, as shown in Figure 4, and stated that only the 
lower limit can provide a save criterion. 

Definition of dry critical void ratio: 

Ï h Ï h 

Wimp •mmiii 

Rflura 4 Af ter Lindenberg et al. (19811 

Geuze's definition of critical density, which will be referred 
to as "critical void ratio" from this point on, has been used in 
the classical Dutch approach to liquefaction potential modelling 
as the dry critical void ratio. This dry critical void ratio is 
determined by conducting a series of ordinary drained triaxial 
tests - usually 3 to 6 - wi th samples of different initial void ratios. In order to eliminate any volume 
deformation other than caused by dilatancy or contractancy (see Volume 2: Chapter 1), the average 
normal stress Vkfa,' + 2oH') is kept constant. This, in fact, means that during the tests the stress 
path oH' = -Via/ is run through. 

Definition of wet critical void ratio: 

As well as there is a critical void ratio for samples subjected to drained triaxial testing, there is 
one for samples subjected to undrained triaxial testing. This critical void ratio was referred to as 
the wet critical void ratio by Begemann et al. (1977) and Lindenberg et al. (1981). It is defined as 
the void ratio of the sample which just not liquefies under undrained loading, but hardens and further 
behaves as predicted by the steady-state theory (see Figure 5). 

It appears that the wet critical void ratio is somewhat higher 
than the dry critical void ratio. This difference lies in the fact 
that, in order to liquefy, pore pressures must develop in the 
sample. Pore pressures develop due to a volume decrease 
tendency, for which a void ratio just above the no-volume- • 
change-at-all limit (dry critical void ratio) is required. 

Rgure 5 Af ter Begemann et al. (1977) 
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The undrained triaxial tests are supposed to describe the in-situ behaviour of the soil best, but 
Lindenberg et al. (1981) stated in their paper that the wet critical void ratio, obtained from such 
a test, is an inaccurate criterion as a basis for liquefaction potential prediction. The statement was 
mainly based on intuitional motives. It was pointed out that there are some problems and difficulties 
with undrained testing which make the results less reliable. Disadvantages of undrained tests that 
were pointed out were the risk of performing tests on insufficiently saturated samples and the 
problem of membrane penetration during testing (see also Lade et al. (1977)), both leading to lower 
excess pore pressures, and hence a higher prediction of the wet critical void ratio. 

§ 1.3.3 Liquefaction Potential Modelling 

Lindenberg etal. (1 981) tried to avoid the problems and difficulties wi th undrained triaxial testing 
by calculating the stress path development during undrained testing, based on the results of drained 
tests. Calculation appeared possible and conducted more reliable results. For this reason the results 
of drained triaxial tests are used to predict undrained behaviour. 

First, the strain measured during the drained triaxial tests is corrected for membrane penetration 
(see Stoutjesdijk et al. (1994c)). The correction depends on the relative density of the sample and 
the particle size. The relative density is determined from the in-situ void ratio and the maximum 
and minimum obtainable void ratios. 

Second, relationships between relative shear stress and normalized shear strain (dilatancy curve) 
and between isotropic stress and volume strain (decompression curve) are derived from the 
corrected drained triaxial test results (see Stoutjesdijk etal. (1994c)). These two curves together 
are used to predict the undrained behaviour. 

§ 1.3.4 Elastoplastic Modelling of the Soil Behaviour 

The stress-strain behaviour of the soil is described by means of an elastoplastic model, as 
explained by Stoutjesdijk et al. (1994c). In this model de. is presumed equal to zero. See for a 
definition sketch Figure 7. The isotropic stress, o'm„ is derived as: 

dez = - • (do[ - v - • (do'x * da'y)) = 0 
E 

da'z = v * {da'x + da'y) : a[ = v * (o^ + a'y) 

°Li°{- «>:+ °,+ <) - \ • a + v*) • + °>) 

where v represents a not purely elastic Poisson's rat io 1 2 . 

1 2 The ratio of the magnitude of the induced diametral strain to the imposed longitudinal strain. 
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Figure 6 Definit ion sketch for the elastoplastic model used 

The constitutive relations for elastic deformations that are used are: 

a d*" 

d e ' * ! - (da'x - v • (do' * da'z)) 
E 

de= - • (do' - v • (do', • do't)) 

where: 

E = 3 • (1 - 2v) • Ks 

3 • (1 - 2 v ) K, 
2 • (1 + v ) 2 • (1 + v ) 

Kt represents the bulk modulus of the soil. The constitutive relations for plastic deformations 

that are used are: 

d^, = dSx + de"y = j - ^ J d s 

dy" - / « ) 2 • (d?y - d ^ - f J _ 
G ' 1 - ( ^ ) 2 V " v o l , 0 ; 

ds 

where s represents the relative shear stress and G' represents a dimensionless plastic shear modulus. 
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Algebraically the stress-strain relations can be formulated in terms of small variations in the 

fol lowing form: 

C\ C2 C 3 

= C 4 C 5
 C6 

Cl C 8 C 9 

Herein the coefficient matrix C is called the 'flexibility matrix' . It contains the superposed elastic 
and plastic strains. For calculation routines of the coefficients c,..c9, reference is made to 
Stoutjesdijk etal. (1994c), pp. 6 6 - 7 1 . 

i 
§ 1.3.5 The Stability Criterion 

When stability is evaluated, small changes in shear stress are presumed. In an undrained 
situation the change in volume is equal to zero, and shear deformations can occur only. In case 
of a one-dimensional problem (infinite slope) it is presumed that dex = 0. Therefore dey must be 
zero too. From the remaining system of equations the fol lowing stability criterion can be derived: 

dy = — • dxm 

X 

The eigenvalue X of the matrix C is used as the criterion for stability. It represents a complex 
of stresses, stress-strain relations and equilibrium conditions and has a unique value in each 
situation. If X is smaller than zero, this indicates instability: the soil has liquefaction potential. 

The stability evaluation procedure has been implemented in a computer program (SLIQ2D). To 
run this program, at least the fol lowing parameters must be established: 

1 ] geometry of the sloping sand body, 
2] in-situ void ratio, 
3] minimum and maximum void ratios (from laboratory tests), and 

4] drained triaxial test results. Further an estimation must be made of general parameters. 

§ 1.4 The University of Karlsruhe Approach 

§ 1.4.1 Introduction 

In this paragraph the approach, which has been developed at the University of Karlsruhe in 
Germany, will be clarified. This approach comprises two major features: The description of soil 
behaviour by means of a so-called hypoplastic constitutive law and the formulation of a stability 
criterion for slopes, based on the ideas of Hill. 

A noteworthy thesis that has been writ ten on the subject is Raju's "Verflüssigung lockerer 
granularer Körper - Phanomene, Ursachen, Vermeidung" (1994). Problems wi th the stability of 
banks in the Lausitzer Braunkohlerevier, in the former German Democratic Republic, gave cause for 
the study, mainly. The work presented by Raju comprises not only the coupling of a hypoplastic 
model and Hill's stability criterion, but also the verification of stability predictions by means of 
laboratory tests. The essence of hypoplastic soil behaviour modelling and the idea behind Hill's 
stability criterion will be discussed in more detail in the next few paragraphs. 
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§ 1.4.2 Hypoplastic Modelling of the Soil Behaviour 

Hypoplasticity as opposed to elastoplasticity 

The conventional way to describe the mechanical behaviour of plastic deformable materials, such 
as soils, is the theory of elastoplasticity, like used in the aforementioned Dutch approach to 
liquefaction potential modelling. This theory is dependent on the development of stress paths during 
homogeneous deformation of the material and uses failure lines or surfaces as criteria for failure, 
unlike the theory of hypoplasticity. 

The stress path dependency of the elastoplastic theory may be considered a major shortcoming 
in elastoplastic failure modelling. Large deformation is, inevitably, inhomogeneous. During the 
course of large deformations inhomogeneity, such as shear banding, bulging, internal buckling, etc. 
set on. Hence, useful stress-strain relations around the point of failure, needed as input for 
elastoplastic models, can hardly be extracted accurately from triaxial tests. 

According to Kolymbas et al. (1995), hypoplastic models do not discriminate between elastic 
and plastic stains, but attempt to describe soil deformation on the basis of soil characteristics, only, 
by describing the evolution of the stress rate as a function of the stain rate. Hypoplastic models 
are assumed to describe soil behaviour not only well until failure, but also thereafter. Hence, both 
small deformations, as well as large deformations, may be predicted. 

Another reason why hypoplastic models may be assumed to be superior to other models, 
especially when loosely packed granular materials are considered, is the fact that the contribution 
of the changing void ratio and stress-level to the stress development, pycnotropy and barotropy, 
respectively, are incorporated (Wu (1994)). 

The formulation of the hypoplastic constitutive law 

According to Kolymbas et al. (1995), he was the first to publish a hypoplastic constitutive law, 
in the year of 1 977 . The hypoplastic model consisted of one single tensorial equation, wi th a limited 
number of constants, which sought to describe the mechanical soil behaviour, wi thout recourse 
to yield surfaces, etc. 

Since its f irst publication, some improvements have been suggested. Wu accounted for non-
feasible stress states, like tensile stresses' 3 , in 1992. He also introduced pycnotropy into the 
hypoplastic model. Pycnotropy accounts for the fact that granulates have the exclusive property 
that their void ratio does not depend uniquely on pressure, i.e. on the isotropic stress. Deformation 
parameters like st i f fness, fr ict ion angle and dilatancy angle of loose granulates, depend on the void 
ratio. Thus, the outcomes of deformation experiments are not unique, but depend on the initial void 
ratio of the specimen. 

The capability of cohesive soils to support tensile stresses can be described by hypoplasticity if an appropriately 
internal stress is introduced, as will be shown in future publications (Kolymbas (1995)) . 
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In 1994, Wu further introduced barotropy into the hypoplastic model. Barotropy accounts for 
the fact that the stress level has an important effect on the material response (friction angle), in 
contrast wi th the general assumption in soil mechanics, that normalized stress-strain curves coincide 
for various stress levels e.g., in a triaxial test. 

See for derivation and calculation of the parameters Raju (1 994), pp. 10-1 2. Raju's result is a 
hypoplastic model, which may be integrated numerically, that describes the soil behaviour from four 
basic soil parameters, only. These are the strength of the granular material, the friction angle, the 
void ratio in the residual state (according to Raju approximately equal to the void ratio corresponding 
to the lowest possible density) and the void ratio after cyclic compaction (according to Raju 
approximately equal to the void ratio corresponding to the highest possible density), respectively. 
Three additional pycnotropy and barotropy constants must be determined from Oedometer and 
Triaxial tests. 

§ 1.4.3 The Stability Criterion Suggested by Hill 

Introduction to the 2nd order theory of stability: 

Raju (1994) states that static liquefaction is not just a problem of equilibrium, or 1st order 
problem. Moreover, it is a stability problem of a system in equilibrium, or 2nd order problem. A 
simplified stability problem, of systems that are all in equilibrium initially, is indicated in Figure 7. 

O - o O 

stable i n d i f f e r e n t uns tab le 

Figure 7 Stable (a), indifferent (b) and unstable (c) equilibrium situations 

When the bullet is subjected to a small disturbance, it will return to its initial position of 
equilibrium wi thout setting any energy free, in case a. The system is called stable. In case b the 
bullet will display, generally, large displacement, but again it will not set any energy free. In this 
case the system is called indifferent. In case c, the bullet will also display large displacement. 
However, the bullet will now convert potential energy into kinematic energy, unlike in case b, 
causing a growing displacement. The system is now called unstable. 

. From the above, it can be stated that a situation of equilibrium is stable when an infinitely small 
disturbance leads to an infinitely small displacement. Based on this statement, Hill suggested a 
stability criterion, saying that the nett work must be equal to zero (indifferent) or greater than zero, 
in order to not have a stable system. He defined nett work as the increase in internal energy minus 
the work employed by external forces. 

Hill's suggestion may be clarified by considering a simple mass-spring system. When the mass 
is thought to be brought off balance, the work employed by the external force (gravity) is equal to 
the weight of the mass, integrated over the displacement. Because the weight of mass is a 
constant, we also say the work employed by the external force is equal to the gravity force times 
the displacement. The work employed by the spring is equal to the spring force, integrated over 
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the displacement. However, the spring force increases (normally) linear wi th the displacement. 
The resulting work employed by the spring is therefore bigger than the work employed by the gravity 
force and we speak of a second order problem of equilibrium. In this case the system is always 
stable. 

Mathematical formulation of the stability criterion for slopes after Hill: 

The use of Hill's criterion in the stability modelling of saturated slopes of loosely packed granular 
material under static loading, was suggested by Gudehus in 1993. For the mathematical formulation 
of the nett work the fol lowing expression is derived in Raju (1994): 

A 2 £ f t ™ dV > 0 
h * dx 

where the tK is known as the first Piola-Kirchhoff stress matrix (the stress state is related to the 
original geometry), acting on an arbitrary volume V, which is subjected to a displacement field 
characterized by 5u = v5i. The nett work is calculated and evaluated according to a procedure 
displayed in Enclosure I on page 4 1 . The preparations for stability analyses come down to the 
determination of the geometry (see ? for a schematic presentation) and in-situ void ratio (to test 
the stability criterion), the determination of the material parameters in a laboratory and calibration 
of the hypoplastic model. 

Figure 8 Definit ion sketch for Raju's analysis 

The calculations of the nett work are repeated for all values of the angle Ü, between 0 and slope 
angle fi, to cover the whole geometry. For a more detailed description, reference is made to the 
work of Raju (1994), pp. 27-30. 

Conclusions of Raju's parameter analyses and experiments: 

After an extensive series of calculations, Raju finds that the nett work is positive for all possible 
angles, d, corresponding wi th a stable slope, above a certain kritische Porenzahl, which is purely 
based on Hill's stability criterion. For hk = 45 m, hw = 40 m anófi = 3 0 ° , eb appears to be equal 
to a value of 0 ,68. For the same geometry, higher in-situ values of the void ratio indicate that the 
soil has liquefaction potential (on the basis of this analysis). 
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Raju's critical void ratio should not be confused wi th the critical void ratio, used in the other 
approaches to liquefaction potential modelling, which is based on the volume change tendency of 
soils, when subjected to shear stress. Sensitivity analyses further lead to the fol lowing conclusions: 

1 ] ekr decreases little wi th increasing stress level (overburden), indicating a higher susceptibility 
to l iquefaction, 

2] ekr increases wi th increasing friction angle, which indicates a lower susceptibility to 
l iquefaction, and 

3] the stability decreases with increasing mobilized shear stress. 

Experiments, conducted by Raju, confirm the existence of e^. The general conclusions on the 
susceptibility to liquefaction of slopes, expressed in terms of material properties, drawn on the basis 
of theoretical modelling and laboratory experiments are: 

1] small particles cause low permeabilities, allowing high excess pore pressure to develop, 
which may lead to liquefaction, 

2] (loosely packed) uniform particles exhibit highly contractant behaviour, which increases the 
susceptibility to liquefaction, 

3] round particles cause lower friction angles and hence to a higher susceptibil ity to 
l iquefaction, and 

4] in-situ void ratios higher than eh indicate immediate liquefaction danger. 

§ 1.4.4 Wet Critical Void Ratio Estimation with a Hypoplastic Model 

Another possible advantage of a hypoplastic model lies in the prediction of the behaviour of soil 
in a triaxial test. Kolymbas et al. (1 995) give an example of the such a model, for ordinary triaxial 
tests, wi th constant confining pressure, and explain how to calibrate it. The predicted behaviour 
seems to comply reasonably well wi th actual test results. 

It may be possible to simulate wet critical void ratio tests wi th a single tensorial equation, as 
well , if small adjustments are made in the boundary conditions. Constant confining pressure implies 
that ó3 = 0. Suppose 6} is set to -a,, which would make the Mohr circles concentric along the stress 
path. The major advantage would be the fact that wi th one calibration, a series of tests, w i th 
different initial void ratios, may be conducted, to establish the point of collapse or theoretical 
l iquefaction. 
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2 Modelling the Flow Slide Propagation 

§ 2 . 1 Introduction 

Once it has been determined that a slope has liquefaction potential, the next question will be 
how the liquefaction process will propagate in the soil. From experimental observations, see 
Kroezen (1982) and Silvis (1988), it is known that the liquefaction process has a retrogressive 
nature, meaning that the liquefied portion of the slope grows into the sand body. 

If liquefaction cannot be indicated as the reason for the occurrence of a f low slide, alternative 
explanations must be sought. Torrey et al. (1 988) suggest that the development of active banks 
in dilatant sands may result in f low slides. The development of active banks display a retrogressive 
nature as wel l . 

It is not fully clear when or why the f low slide propagation comes to a halt. There might be a 
discontinuity in the soil profile, i.e. a lower void ratio or higher permeability. Discarding these 
irregularities and considering the soil a homogeneous and isotropic medium, several attempts have 
been made to describe the retrogressive nature of f low sliding. 

In the next few paragraphs methods based on the research of pore pressures near moving 
underwater slopes and cutting forces in saturated sand, amongst others, will be presented briefly. 

§ 2.2 Inverse Cutting Force Approach 

§ 2.2.1 Basis of Inverse Cutting Force Approach 

Meijer et al. (1976) and Van Os et al. (1987) conducted fundamental research wi th in the frame­
work of the Dutch dredging 'speurwerk' . They show that the assumption of linear elastic soil 
behaviour is not justified when rapid deformation is considered and recognize the role of dilatancy 
in the resistance of soil against deformation. That is, when densely packed sand is considered. 

Further, their analyses are based on the observations from a moving coordinate system where 
the fixed coordinate x is transformed into £ = x - vt, v being the travelling speed of the moving 
coordinate system. 

Van Os et al. (1 987) considered the failure of densely packed sand, when forced to deform by 
a cutting blade, as a continuous creation of discrete sliding surfaces, all of the same shape, where 
the porosity suddenly increases from n to n + An. This proposition was supported by experimental 
evidence. As an approximation, the process of failure was schematized as a thin sliding zone, 
moving through the soil wi th a speed equal to v. 
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§ 2.2.2 Inverting the Results of Research on Cutting Forces in Densely Packed Sand 

Verruijt (1992) introduced the idea that the failure of loosely packed saturated sand may be 
described in a way similar to the force controlled failure of densely packed sand, as suggested by 
Van Os et al. (1 987) . Now, the sudden change in porosity is assumed to be negative, which means 
a n decrease in void ratio. More specifically, it is assumed that there is a thin zone, of thickness 
d, at the slope surface, in which the porosity is An lower than in the natural state. 

Verruijt fol lows Van Os et al. (1987) in rewriting the storage equation^ assuming the soil 
particles and the pore fluid incompressible, the external fluid supply equal to zero, expressing the 
volumetric strain rate be/bt in terms the change in porosity, substituting Darcy's law and introducing 
the moving coordinate system. The final result is: 

Figure 9 Definit ion sketch for the inverse dredging force model 

A definition sketch of the failing slope is given in Figure 9. Decomposing the total stresses, 
employing Terzaghi's principle of effective stress, and writ ing the hydrostatic pressure component 
in the fol lowing form: 

P = A + ywx cos a - yw y sin a 

1 4 ThP storaae eauation is known f rom the theory of consolidation and was originally developed by Biot in 1 9 4 1 . The storage equation is 
It reads 

* = - n p ÊP - Vq * g 
St dt 

See also Barends (1992) . 

22 



Chapter 2: Modelling the Liquefaction Process 

the equations of equilibrium can be writ ten in terms of effective stress, as fol lows: 

do' 
— — _ (Y - Y ) cos a + — = 0 
dx 1 w dx 

do' 
- T 2 + (Y, - Y j s in a = 0 

dx 

when the slope is assumed to be infinitely long and all derivatives in y-direction are assumed to be 
equal to zero. Integration and substitution of a' for axx' and -t for oxy' yields: 

°' + P = (Y, " y j x cos a 

T = ( Y , - YJ x sin a 

Solving the rewritten storage equation in one dimension for Ap yields: 

a j v A n 

Collection of the expressions for stresses and pore pressure in Coulomb's relation T = o' tan 4> and 
some rewrit ing eventually yields an expression for the relative propagation velocity, v/k, of the failure 
sur face 1 5 : 

v 1-n Y j _ Y v v . ( . tan a 
sin a cos a 1 -

k An yw { tan <J> 

The expression found by Verruijt shows that a positive propagation velocity is possible only if 
tan a < tan 0 and An > 0. Thus, he concludes, a slope flatter that the natural slope may display 
f low slide failure. 

There is reason to doubt the validity of the expression derived by Verruijt, however. It predicts 
an unexpected maximum propagation velocity, midway between level ground and a critical slope 
wi th inclination ( 0 ) 1 6 (see also Enclosure II). Figure 10 on page 24 was composed assuming the 
values of 7 , = 20 kN/m3, yw = 10 WOT 3 , angle of internal friction <\> = 3 0 ° , porosity n = 4 5 % and 
porosity jump An = 5%: 

§ 2.3 Mississippi Flow Slide Hypothesis 

Along the southern part of the Mississippi River (below Baton Rouge), many f low slides have 
taken place, during the course of history. These f low slide failures have been thought to be caused 
by static l iquefaction, during high discharges of the river. However, from extensive field 
investigations by Torrey et al. (1988) it was concluded that, although lenses wi th supercritical void 
ratios existed, the extent of such layers was small, compared to the volume of the displaced material 
in major bank failures. Also, it as emphasized that the average void ratio of the material concerned 

Note that Van Os et al. (1987) used another coordinate system than proposed by Verrui j t . This may be taken into 
account by t ransforming the increment fo rward , x, at the failure surface into d sinet. 

For not densely packed soils, the inclination cannot be greater than imposed by the angle of internal f r ic t ion, <t>. 

Therefore, the expression can only be valid between 0 and <j>. 
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was between the upper and lower critical void ratios (see Geuze (1 948)), which made the material 
not particularly susceptible to f low slide failure. 

Figure 10 Verrui j t 's prediction of the propagation velocity of the l iquefaction process 

Therefore, an alternative failure mechanism was sought. Torrey et al. (1988) suggested that 
a plausible hypothesis could be found in the work of Padfield (1978). The hypothesis comes down 
to the statement that the dilative behaviour of the material is suspected to be responsible for the 
f low slide failures, instead of the contractant behaviour. 

In fact, t w o theories have been coupled. As a point of departure the theory of active banks of 
Meijer et al. (1976) is taken. From this theory, the horizontal retrogression velocity, Z, of the initial 
oversteepened face, caused by severe scour at the toe of the slope during high discharges, is 
calculated: 

k y' 

v ' Y„, 

sin(a - <j>) 
sin* 

Herein are: k the permeability, 7 ' the effective unit weight, yw the unit weight of water, ft the 
slope angle and the angle of internal fr ict ion. With estimated values of the void ratios in the 
undisturbed bed of 0.67 and at the free surface 0.75, the volumetric strain, v', is assumed 0 .048. 

The vertical velocity, V, at which the base of the viscous carpet of grains, which is formed at 
the toe of the active bank, is calculated from the fall velocity of a single grain at infinite di lut ion, 

and the particle volume concentrations in the dispersion, C0, and the deposit, C , : 

C0 

A C 
A C = C, - C 0 
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The resulting prediction of the tangent of the run-out angle of the active bank is calculated as 
the vertical propagation velocity in proportion to the horizontal retrogression velocity, calculating 
the fall velocity of a grain, Wd, at concentration C „ , as W„ (1-CJ", wi th n = 4 : 

V C0 Wm (1 - e g " 
tana = — = —- — 

Z Z A C 

Unfortunately, the resulting slope angle appears very sensitive to variations in C0, while the value 
of C „ must remain a guess, in absence of experimental evidence. It has been tried to avoid this 
di f f iculty by estimating the horizontal travelling distance of the grains falling of the oversteepened 
face. From this analyses the encountered low run-out angles can be calculated. 

Another noteworthy finding of Torrey et at. (1988) is that, from the relation found for the 
prediction of the horizontal travelling distance of the upper most grains in the fluidized carpet, it 
appears that the production of the active bank is an important parameter. The formation of the 
fluidized carpet is implicit in this relation. 

The horizontal travelling distance of the grains varies linearly wi th the height of the active bank. 
In small scale tests, the horizontal travelling distance, in proportion to the production of the active 
bank, is such that the run-out angle is closer 3 0 ° than to the flat slope angles as were observed 
by Torrey etal. (1988). From this, they conclude that small scale tests are inappropriate to model 
f low behaviour. 
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3 Lateral Soil Displacement Modelling 

§ 3 . 1 Introduction 

Beside studies that concentrate on the prediction of liquefaction potential and the propagation 
of f low slide mechanisms into a slope, a small number of studies have been directed toward the 
prediction of the displacement of soil as a result of f low slides. Information of this type may be 
useful when a prediction of the extent of a possible failure is requested. All relations presented here 
are purely empirical and based on regression analyses of field data. 

§ 3.2 Calculations of the Riickgriffweite 

On the basis of observations on 37 liquefaction induced f low slide failures, which occurred in 
the Lausitzer Braunkohlerevier (mine tailings dams) in Germany, Vogt et al. (1991) suggested an 
empirical expression to predict retrogression of the top of a slope, as a result of the failure. In their 
analysis, they distinguish the fol lowing factors of influence (soil properties and soil model parameters 
are recognized but not used in this analysis): 

- Circumstantial factors of influence: 
o the nature and intensity of the initiation of liquefaction 
o the direction of the (groundwater) f low (p = parallel, s = perpendicularly) 
o the liquefied soil f low condition (u = undisturbed, b = disturbed) 

- Geometric and geohvdroloqical factors of influence: 
o the slope angle, fi, and slope height Hk 

o the height of the phreatic surface, Hwkl within the slope 

From regression analyses, they found that the cave-in distance, xrl is (mainly) a funct ion of the 
initiation, slope angle, height of the slope and height of the phreatic surface. They derived the 
fol lowing expression: 

a exp -b - ü ± - 1.0 
1 

a exp 
k * t ) 2 tanp 

Under normal initiation conditions, <5 equals 1.0. Under severe initiation, like fast changes in 
groundwater level or dynamic initiations, <5 may vary between 1.2 and 1.8. The other variables 
should be picked from the table on page 28, depending on the f low direction and f low condit ion. 
The correlation coefficient, r, for the data interpreted and the number of f low slides related to the 
f low direction and f low condition, f, are presented as well . 
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Direct ion/condit ion a b r f 

p/u 26 .910 3.823 -0 .872 11 

p/b 13.977 3.838 -0 .957 15 

s/u 9 .694 3.831 -0.931 5 

s/b 5.759 4 .340 -0 .864 6 

They also give an expression for the critical ratio between the height of the phreatic surface and 
the slope height, based on previous research by Förster: 

0.8 »wky 
Hi 

0.8 0.403 I 0.195 ( 1 
tanp 

It is emphasized that l D is the relative density, based on porosity, instead of void ratio! 

§ 3.3 Empirical Prediction of Liquefaction-Induced Lateral Spread 

Another empirical model, which predicts the amount of horizontal ground displacement, is 
presented by Bartlett et al. (1995). Disadvantage of this method, wi th respect to this graduate 
study, is the fact that it is based in the induction of liquefaction by earthquake loading. Probably, 
the horizontal ground displacement as a result of static liquefaction-induced slope failure, will be 
considerably less. 

The empirical model presented, was developed from multiple linear regression analyses of U.S. 
and Japanese case histories of lateral soil displacement (spread). Bartlett et al. (1995) observed 
two typed of lateral spreads. First, lateral spread towards a free face (e.g. incised river channel 
or abrupt subaqueous topographical depression). Second, lateral spread down gentle ground slopes, 
where a free face was absent. 

The free-face component of the model reads: 

log(£>„) = - 16.366 + 1.178 M - 0.927 log/? - 0.013 R 

+ 0.657 \ogW + 0.348 logT15 + 4.527 log(100-F15) - 0.922 D50l5 

The ground slope component of the model reads: 

!og(D„) = - 15.787 + 1.178 M - 0.927 logfl - 0.013 R 

* 0.429 logS + 0.348 logr,5 + 4.527 log(100-F15) - 0.922 D5015 

In the regression formulae, M represents the moment of magnitude of the earthquake, R the 
horizontal distance to the nearest seismic energy source or fault rupture in kilometres, W the free-
face ratio 100 ML (H = height of the free face; L = horizontal distance from the channel), S the 
ground slope in percent, T l } the thickness of the liquefied layer in meters (15 = SPT (NJ60 value), 
Fl5 the average fines content and D50l} the mean grain size. A step-by-step explanation of the 
application of the lateral spread model is given by Bartlett et al. (1995). 
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Conclusions & Outlook 

Perhaps, the most conspicuous conclusion that must be drawn from this literature review, is the 
fact that, during the cause of liquefaction and f low slide research history, far more effort has been 
put into the clarification of the potential of liquefaction of soils than into the description of f low 
slides. 

This may be inspired by the idea of that prevention is to be preferred over curing. Besides, one 
may reason that the knowledge of the potential hazards, caused by f low slides, is only useful for 
risk evaluations. Probabilistics have barely been introduced into the modelling of l iquefaction and 
f low slides. 

A more fundamental reason lies in the fact that the process of retrogressively moving liquefaction 
fronts is too complex to model satisfactory, as yet, and requires more knowledge of the behaviour 
of soils, heavy viscous fluids and its relation to the known soil parameters, than available today. 
Hence, available models are very empirical in nature, and not very powerful . 

Within the modelling of liquefaction potential, wide differences of opinion are present. The 
followers of the steady-state approach consider the question of whether liquefaction will occur a 
mater of equil ibrium; whereas others find it a stability problem (definition of Hill). These differences 
may rest on the differences in aims of the researchers. 

The steady-state theory offers a more simple approach than deformation-based theories (stability 
approach). It may be useful for practical application. On the other hand, the stability approach, 
together wi th a sophisticated soil behaviour model, offers good opportunities to describe the 
potential for liquefaction from a more scientific perspective. However, the latter requires extensive 
soil investigations and expensive parameter determination techniques, but can be very attractive 
for computer implication. The decision of the employment of one of both approaches may be based 
on risk and turnover. 

Little research has been conducted to explain and predict the propagation of f low slide 
mechanisms (i.e. liquefaction and active banks) and the extent of soil displacement as a result of 
possible f low slides. This is the result of the fact that this type of information is of less use to 
engineering and consultancy practice and (even) more arbitrary than information on the susceptibil ity 
to f low slide failure. 

In accordance wi th the original plan, wi th a lack of substantial field data however, this graduate 
study proceeds wi th a directive for engineering practice and a case history study of f low slides in 
sand borrow pits in The Netherlands. 
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Enclosure I: Course of the Stability Analysis of Raju (1994) 
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Figure 11 Ftow diagram of aiopa liability catculation aftar Raju (1994) 
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Enclosure II: Discussion on Inverse Dredging Force Approach 

As mentioned in chapter 2, there is reason to doubt the model, based on the inverse 
interpretation of dredging forces, because of the unexpected outcome: the liquefaction propagation 
velocity increases for slopes wi th an angle smaller than half the angle of internal fr ict ion. Thereafter, 
it predicts the liquefaction propagation velocity to decrease. 

A substantial explanation of this phenomenon cannot be given at this point. However, it is felt 
that it may not be allowed to exchange a^' for a negative value of T. In this case, the liquefaction 
propagation velocity would increase for increasing slope angle, for the complete range between level 
ground and the angle of internal fr ict ion: 

The fol lowing graph was composed assuming ys = 20 kN/m3, yw = 10 kN/m3, angle of internal 
friction 4> = 3 0 ° , porosity n = 4 5 % and porosity jump An = 5%: 

10 
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Figure 12 Verrui j t 's predict ion of the propagation velocity of the l iquefaction process 
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Preface 

Although f low slides have been studied intensively for a long t ime, the fundamental mechanisms 
leading to this kind of soil (structure) failure are still, at least partly, a mystery. 
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engineering and consultancy practice by furthering the understanding of the fundamental material 
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Summary 

Several recent f low slide failures in sand borrow pits, together wi th uncertainties in engineering 
and consultancy practice wi th regard to the fundamental mechanisms causing this type of failure, 
gave cause for this study. The main aim of this study was formulated as: "How, from an 
engineering point of view, can we understand and predict f low failure of excavated (or being 
excavated) slopes, better?". 

Generally, the term " f low slide", in Dutch often disputably indicated wi th "zettingsvloeiing", is 
used to refer to the consequences of failure rather than to the fundamental mechanisms, causing 
failure. In fact, the resulting failure profile, i.e. flat subaqueous slopes and caved-in embankments, 
may be established by different fundamental mechanisms: 

First, 'static l iquefaction' of part of a subaqueous slope, subjected to a monotonically increasing 
shear stress level, may cause a spontaneous collapse of the grain skeleton. A large part of the slope 
liquefies and f lows in a manner resembling a heavy viscous f luid. This type of f low slide failure 
should be referred to as 'settlement f low ' or in Dutch as 'zettingsvloeiing', only, relating it to its 
fundamental mechanism. Static liquefaction is a result of shear-induced undrained negative volume 
strain (contractancy) of fine loosely packed saturated granular material. The decrease in void ratio 
induces excess pore'pressures which reduce the effective stress level. 

Second, a f low slide failure profile may be the result of an alternative mechanism, which plays 
an important role in the mining of sand. It is known as 'active bank development' or in Dutch as 
'bressen'. Act ive banks are initiated, purposely, in fine sands to set on the f low of sand towards 
the suction pipe entrance. In fine granular material, sustaining active banks may develop, which 
virtually propagate away from the suction pipe entrance at angles, which are not restricted to the 
angle of natural repose. The resulting slope angle is likely to depend on the equilibrium f low of the 
density current towards the suction pipe entrance. 

The potential for static liquefaction may be evaluated on the basis of t w o criteria: 1] The in-situ 
void ratio must be below the critical void ratio of the sand considered, taking the dependency of 
the critical void ratio on the confining pressure into account, (thus no negative volume strain wil l 
be the result of shear induced plastic deformation); 2] The in-situ shear stress level must be lower 
than the residual shear resistance of the soil (thus no plastic deformation can occur to begin wi th) . 
On the basis of both criteria, the potential for static liquefaction may be excluded. However, the 
latter criterion is less useful as in-situ shear stress levels are hard to determine and, locally, the 
residual shear resistance may be exceeded during sand mining. The susceptibility is greatly 
influenced by the permeability of the soil and sharpness of the particles. 

Ill 
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Scope of Flow Slide Study 

Introduction 

Flow slides occur around the globe in deltic areas, along rivers and during dredging activities, 
like sand fill construction or sand mining. Many of these f low slide failures, which may involve the 
movement of millions of cubic meters of soil, pass and have passed unnoticed by mankind because 
they take place under water, according to Terzaghi (1956). 

However, if f low slide failures cause changes in the morphology of rivers and coastlines, they 
do become known. Sometimes even uncomfortably, when they bring damage to our flood 
protection works, newly reclaimed land or other structures. The province of Zeeland in The 
Netherlands has a rich history in - sometimes destructive - f low slides, as mentioned by Lindenberg 
(1986a). 

In the next few paragraphs, the general idea of what a f low slide is will be discussed, fol lowed 
by the problem definition and formulation of the main aims of this f low slide study as well as the 
set-up of this Volume 2: Directive for Engineering Practice. 

The Cause of Flow Slides 

Generally spoken, it is assumed that the cause of f low slide failures lies in the liquefaction of 
(part of) a sloping body. However, this explanation can be made plausible only when loose to very 
loose fine sand layers are encountered in the subsoil, over substantial depths. This is likely to be 
the case in areas where young marine sands have been deposited relatively fast and along (former) 
river beds where erosion and sedimentation of sand are continuously taking place. 

Sometimes, f low slide failures are encountered in areas where the above does not hold, or at 
least does not give a credible explanation. Therefore, there is a tendency toward developing 
alternative explanations for the exact mechanisms, leading to f low slide failure. One of those 
alternative mechanisms may be the development of active banks, after initial oversteepening at the 
toe of a slope. 

Because the actual mechanism, leading to f low slide failure, is not fully understood, the term 
" f low slide" is used to refer to the consequences of the failure, rather than to the cause of it. The 
distinctive features of f low slide failures are large soil displacements, very flat resulting subaqueous 
slope angles and embankments which have caved in. The fact that the term " f low slide" always 
has been related to the consequences of the failure, has lead the attention away from the actual 
causing phenomena. Thus, the misleading thought that liquefaction can be the only mechanism 
to be held responsible, could strike root. 

1 



Flow Slide Failure of Excavated Subaqueous Slopes 

Problem Definition and Formulation of Main Aims 

Unexpected failure of subaqueous excavated slopes in the form of f low slides is considered in 
this graduate study. Excavated slopes are not the same as slopes constructed by means of 
hydraulic f i l l . Several recent f low slide failures in sand borrow pits, together wi th qualms in 
engineering practice about not knowing exactly what fundamental mechanism causes f low slide 
failure, gave cause for this study. 

The knowledge that f low slide failure may be caused by either static liquefaction of (part of) a 
sloping body (also called spontaneous collapse) 7, or by the development of active banks, is taken 
as a point of departure. Liquefaction due to dynamic loading will be left out of consideration. 
Special attention will be paid to the geological circumstances of The Netherlands. 

Herewith, the central problem of this f low slide study becomes: "How from an engineering point 
of v iew, nan we u p H ^ t . n d and predict f low slide failure of excavated (or being excavated slopes 
better?" To be able to answer the question at issue, we need to understand the fundamental 
r r ^ n i s m s , leading to f low slide failure. Then, the soil properties may be related to the 
mechanisms and specific circumstances may be taken into account. 

The main aim of this graduate study is to obtain insight in different mechanisms possibly 
triggering f low slide failure and causing its retrogressive nature. Since the extent of a f low slide 
can be very large, and seems hard to predict, the prediction of the potential for failure wil l be the 
pith of the study, not the consequences of failure (Volume 1 : Literature Review). The possible ways 
to model failure potential are investigated and their prediction values are evaluated on the basis o 
case histories (Volume 3: Case History Study / Appendix). With the insights obtained an effort 
has been made to formulate a practical guideline for f low slide analyses, which should lead to 
improvements in engineering practice (this Volume 2: Directive for Engineering Practice). 

Set-up of this Volume 2: Directive for Engineering Practice 

As stated in the above, one of the main aims of this graduate study was to formulate a practical 
guideline for engineering and consultancy practice. This is how the report lying before you shou d 
be looked upon. Chapter 1 serves as an introduction to soil properties and phenomena, rented to 
f low slide failure. The main aim of this chapter is to offer the reader some basic knowledge and 
to avoid semantics in the fol lowing chapters. 

Chapter 2 describes the recommended static liquefaction potential analysis for engineering 
practice It may serve as a directive in future analyses of the stability of subaqueous (to be) 
excavated slopes, as well in slope design as in failure reconstruction. Chapter 3 comprises a 
qualitative discussion on construction aspects and the dangers of the development of active banks^ 
This chapter is meant to familiarize the reader wi th the possible contribution of active banks to f low 
slide failure. Conclusions and recommendations are summarized thereafter. 

Stat ic l iquefact ion occurs as a result of contract ion of the soil under a monotonicai lv increasing shear stress level 

(see Chapter 1) 



1 Clarification of Flow-Slide Related Parameters and Mechanisms 

§ 1 . 1 Definition of the Packing of Sands 

For many reasons it is necessary to define a relationship between the volume occupied by pores 
and the volume occupied by particles. As will be discussed in this chapter, many such relationships 
have been proposed. 

Void Ratio: The term "void ratio" (e) is used in most Anglo-Saxon literature. It has been defined 
as the ratio of the volume taken by the pores over the volume taken by the solids: 

V 
e = [-] 

In this report, all theory and experiments will be explained in terms of void ratio. 

Porosity: The term "porosity" in) is mostly employed in Germany and surrounding countries. 
Also, most of the Dutch engineers are taught geomechanics in terms of porosity. It has been 
defined as the ratio of the volume taken by the pores over the volume taken by the pores and solids 
together. It may be expressed as follows: 

solids pores 

Often n is expressed in percent. In this report, some theory and experiments will be explained in 
terms of porosity, in addition to the explanation in terms of void ratio. 

Density: The term "density" (7) is often employed in road construction environments. It is 
defined as the unit <V) weight (kg or kN] of the soil. Depending on whether or not the pores are 
(partially) filled with water, "density" is preceded by the adjective "wet" or "dry". It may be obvious 
that "density" does not make an unequivocal parameter to express the pore volume ratio, unless 
also the rate of saturation is considered. The term "density" will not be used in this report except 
when speaking of "relative density" (see page 5). 

Figure 1 on page 4 serves to explain the difference between void ratio and porosity once more. 
Also from this graph, one may easily derive that void ratio and porosity may be expressed in terms 
of the other as follows: 

e = 1 - n 
[- ] 1 + e 

[ - ] 
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V o i d s n 

1-n 

So l i ds 

Figure 1 Pore and solid volumes relative to a reference volume 

§ 1 . 2 In-Situ Void Ratio 

The in-situ void ratio obviously expresses the packing of the sand in undisturbed circumstances. 
The in-situ void ratio is an important parameter in any evaluation of static liquefaction potential. 
It is, however, very difficult to estimate the in-situ void ratio of a particular soil body for a number 
of reasons. 

First, most in-situ void ratio determination methods 8 involve disturbances of the original packing. 
Especially in liquefaction analyses, where loosely packed sands are involved, this may lead to 
inaccurate results. Second, any sampling method obviously leads to very local estimations of the 
in-situ void ratio. 

Pushed fixed piston sampling with thin-walled tubes leads to acceptable results in most cases, 
when carried out with particular care. A description is given by Poulos et al. (1985). Other in-situ 
density measurement methods, which may be considered, are sampling of frozen soil and nuclear 
measurement methods. 

§ 1 . 3 Maximum and Minimum Void Ratio 

Knowledge of the maximum and minimum void ratios is very important for different reasons. 
First, the range between maximum and minimum void ratio appears in the definition of relative 
density (see page 5). Second, the range between maximum and minimum void ratio may give an 
indication of the (wet) critical void ratio and the possible fall in void ratio, when soil is loosely 
packed. 

The maximum and minimum void ratios of a particular sand may be influenced by many factors, 
of which grading is the most important one. When the voids between the skeleton, formed by a 
certain fraction, are perfectly filled with another fraction, the skeleton of which is perfectly filled 

A descr ipt ion of the most widely used methods of in-situ void ratio determinat ion is given by Veldhuis ( 1 9 9 2 ) . 
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with again another fraction, the minimum void ratio may be obtained. On the other hand, if a sand 
is more narrowly graded, the maximum void ratio may be obtained. 

Not only the grading has a great influence on the maximum and minimum void ratios, also the 
sharpness of the particles has. The sharper the particles, the higher the maximum obtainable void 
ratio may be, due to a high internal friction as a result of a larger contact area. The area of contact 
also grows wi th the decreasing size of the particles. Therefore, the smaller the particles, the greater 
the opportunity for building a loose arrangement of particles. 

The maximum obtainable void ratio of uniform spheres is 0.91 and the minimum obtainable void 
ratio is 0.35 (see Volume 3, Appendix 5). The most loosely packed state and the second densely 
packed state are represented graphically in Figure 2 and Figure 3. 

Figure 2 Loosely packed uni form spheres Rgure 3 Densely packed uni form spheres 

§ 1.4 Relative Density 

§ 1.4.1 Description and Use of Relative Density 

As stated in the above, various properties of sands influence the maximum and minimum void 
ratio possibly obtainable. Therefore, the void ratio in-situ, or any other absolute void ratio, cannot 
be compared wi th that of other sands when deformation problems are studied. For this reason, 
an absolute void ratio value may be made relative to the range of possible densities. 

This relative number is known as "relative density". It is obvious that a relative density is bound 
to a state in which a is sand considered. Relative density may be associated w i th the in-situ void 
ratio, critical void ratio or any other void ratio. It has been defined as: 

Dr^ = 100% 
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§ 1.4.2 Difference between Void Ratio and Porosity Based Relative Density 

It is important to remember that relative density has been defined in terms of void ratio. It is, 
however, possible to express relative density in terms of porosity too. Once relative densities have 
been calculated, it is not obvious on the basis of what parameter the calculations were made. 
Comparing relative densities, calculated from porosities and void ratios, leads to erroneous results, 
which may be more than 3 0 % off. The error grows wi th increasing state porosity and decreasing 
minimum porosity. The difference is expressed in the fol lowing formula (see also Figure 4 , which 
is based on sands investigated by SCW (1979)): 

state, void ratio n-e state, porosity ' «-« 

§ 1.4.3 Estimation of Relative Density from Cone Penetration Tests 

Several investigators have tried to estimate the relative density from cone penetration tests. 
They found that the relative density depends on cone resistance as well as on the effective stress. 
In this report the formula of Jamiolkowski ef al. (1988), which is identical to that of Baldi et al. 
(1986) , is used. With the cone resistance, qc, in Mpa and the mean effective stress a'm in kN/m2, 
they estimate the relative density w i th : 

= 100% 
2,93 

In 
1000 qc 

205 oL 

Jamiolkowski 's formula does not account for the compressibility of sands. Therefore, an 
extension to the existing theory has been developed by Juang et al. (1996). Their approach uses 
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a weighted scheme that relates the compressibility, measured by friction ratio and expressed as 
a fuzzy number, to the existing base relations. The effect of compressibility is not suspected to 
play a major role in the determination of sands in The Netherlands. The base relation used by Juang 
et al. (1996) reads: 

where P„ = atmospheric pressure ( ± 100 kPa) and Qf = an empirical constant, varying w i th 
different compressibilities: 332, 305 and 278 for low, medium and high compressibil i ty, 
respectively. With the use of the fuzzy numbers, a weighted average of the relative density, based 
on the friction ratio, is established using these values. The case history studies have shown that 
the prediction of the relative density is somewhat higher than Jamiolkowski 's. 

Other estimating formulae are available. The difference, however, is not very big. The formula 
used in this report has shown to give the lowest predictions, which is useful when approaching the 
stability limit f rom below, as is the case in the f low slide analysis presented in Chapter 2. 

§ 1 . 5 Critical Void Ratio 

§ 1.5.1 Dry Critical Void Ratio 

In essence, the "dry critical void ratio" is that void ratio at which, at the instant of pure shear 
loading under drained conditions, no volume change occurs. The adjective "dry" refers to the 
drained loading conditions. The "dry critical void ratio" may be determined by conducting a series 
of triaxial tests at constant mean effective stress, while varying the initial void ratio. From 
extrapolation of the initial void ratio and related maximum volumetric strain, the dry critical void 
ratio may be estimated (Lindenberg era/ . (1981)). 

The dry critical void ratio is an important parameter for f low slide analysis when evaluating 
liquefaction potential. It is assumed that no excess pore pressure can develop when no (negative) 
volume change occurs at the instant of loading. For static liquefaction potential analyses, the dry 
critical void ratio seems to offer a safe upper limit to the in-situ void ratio (see Chapter 2) . 

§ 1.5.2 Wet Critical Void Ratio 

The definition of the "wet critical void ratio" is different from that of the dry critical void ratio. 
The wet critical void ratio is that void ratio at which, during undrained force-controlled pure shear 
loading at constant mean effective stress, a sample liquefies. In this context, l iquefaction is defined 
after Seed (1976): a sample has liquefied when the increment in deviator stress becomes equal to 
zero, or: at liquefaction the pore pressure equals the confining pressure (almost). 

In other words: at the point on the stress path in the state diagram (q - p) where the vertical 
stress level {a',) becomes equal to the confining pressure (a'3), theoretically l iquefaction has 
occurred. Passing this point, hardening of the sample may be experienced, which means that the 
soil no longer contracts and the shear resistance picks up (limited liquefaction). 

f -
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On the other hand, the sample may still be contractant (see page 8) after the point of theoretical 
liquefaction and the process of softening may continue, resulting in total collapse. Whether 
liquefaction occurs depends also on the level of confining pressure. Higher confining pressures may 
cause liquefaction of samples that would not have liquefied at lower confining pressures. 

The wet critical void ratio may be determined by conducting a series of undrained triaxial tests 
at constant mean effective stress, while varying the (initial) void ratio. However, according to 
Lindenberg et at. (1981) it is very diff icult to obtain accurate results. From Lindenberg's tests it 
was concluded that the wet critical void ratio exceeds the dry critical void ratio by 0.5 to 7 % . The 
wet critical void ratio will always be higher than the dry critical void ratio, as excess pore pressure 
must be able to develop to let a sample liquefy. In other words: the sample must be contractant 
(see page 8). 

§ 1.5.3 Other Appellations of the Critical Void Ratio 

In their papers, Begemann et al. (1977) and Lindenberg et al. (1981) use the term "wet /dry 
critical density" to indicate the critical void ratios as discussed in the above. However, they express 
their critical void ratios in terms of porosity. Thus one may also be tempted to speak of "wet /dry 
critical porosity". To avoid semantics, it seems advisable to restrict ourselves to one term, only. 
In this report "wet /dry critical void ratio" will be used. 

Further confusion may be induced by the fact that the term "critical void ratio" is also used to 
indicate the void ratio in the steady state of deformation (see for a definition Poulos (1981)). This 
is the result of the fact that the steady state of deformation may also be called the "critical state" 
in the analysis of sand behaviour (Sladen et al. (1985a)). Although the values do not differ a lot 
in practice, their definition is fundamentally different. Also in this case, it seems advisable to restrict 
ourselves to one term, only. In this report "steady-state void ratio" will be employed. 

§ 1 . 6 Dilatant and Contractant Deformation Behaviour 

In the late 1 9th century, Reynolds (1 885) proved the existence of dilatancy: a (positive) change 
in volume due to shear stress. When a shear stress is applied to a mass of sand, it wil l tend to 
increase in volume, normally. Hence the void ratio of the sand will increase. This is indeed the fact 
when the initial void ratio of the sand is below the dry critical void ratio, as discussed in the above. 

However, if the initial void ratio of the mass of sand is above the dry critical void ratio, it wi l l 
decrease in volume, when it is subjected to shear loading. This opposite deformation reaction of 
the soil is known as contractancy. This idea was originally used by Terzaghi (1925) to explain the 
principle of static l iquefaction. 

§ 1 . 7 Static Liquefaction 

Although f low slides had been a known phenomenon in the history of soil mechanics, it was not 
until the 1920s that the forming of quicksand was suggested by Terzaghi (1925) as a possible cause 
to this type of slope failure. He stated that saturated and loosely packed sand, subjected to shear 
stress, would tend to decrease in volume (contractancy), creating a gradient in pore pressure. If 
the permeability of the sand was low enough, he said, dissipation of excess pore pressure would 
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be hindered. With the increase in pore pressure, the effective stress would decrease 9 and ultimately 
become equal to zero (softening). A t this point, the sand would loose its shear resistance 
completely and liquefy. Later, the forming of quicksand as described by Terzaghi, was called 
" l iquefact ion". 

In 1947, Bernatzik demonstrated the existence of liquefaction on a laboratory scale, as mentioned 
by Raju (1994). Bernatzik had sand settled very carefully in a container filled wi th water. On the 
loosely packed saturated sand, he carefully placed a weight, which sank into the sand after a mild 
hit on the container wal l . The same effect can be observed when pushing a rod into the sand. 

A more contemporary description of the same phenomenon, relating it to f low slide failure, is 
given by Sladen et al. (1 985a). They state that a considerable amount of controversy surrounding 
the liquefaction phenomenon has been attributed to semantics, and suggest to use the fol lowing 
def in i t ion 1 0 of l iquefaction: 

"LIQUEFACTION IS A PHENOMENON WHEREIN A MASS OF SOIL LOSES A LARGE PERCENTAGE 

OF ITS SHEAR RESISTANCE, WHEN SUBJECTED TO MONOTONIC, CYCLIC OR SHOCK LOADING, 

AND FLOWS IN A MANNER RESEMBLING A LIQUID UNTIL THE SHEAR STRESSES ACTING ON 

THE MASS ARE AS LOW AS THE REDUCED SHEAR RESISTANCE.". 

In nature, there are different causes to shear stresses that may lead to a volume decrease 
tendency. They may be of a different nature: static, quasi static (shock) or dynamic. In this 
graduate study, only liquefaction as a result of static liquefaction is considered. With static, as 
opposed to dynamic, a monotonous increasing level of shear stress is meant. This is the case when 
a subaqueous slope wi th an increasing slope angle or slope hight is considered. Both the increasing 
slope gradient and the increasing hight of the slope may be caused by erosion at the toe. 

§ 1 . 8 Act ive Bank Development (Bressen) 

As stated in the introduction to this graduate study, static liquefaction may not be the only 
mechanism that can lead to f low slide failure. It is recalled that the term " f low slide" is related to 
the consequences of the failure, rather than to the fundamental mechanisms. In other words: a 
f low slide is not, by definit ion, caused by static liquefaction of (part of) a subaqueous slope. 

The distinct difference between the two fundamental mechanisms, that hold the potential to 
cause f low slide failure, is indicated, ironically, by the fact that the second mechanism, for which 
the term "active bank development" was adopted, is based on the dilative deformation behaviour 
of sand under shear loading. 

The idea of active bank development originates from the dredging industry. Until the late 1960s, 
it was assumed that plain suction dredging resulted in a conical pit. The sand was thought to run 
down a slope at the angle of natural repose under water. It was assumed that the disintegration 
and sand f low towards the suction pipe entrance were controlled by the process of suction itself. 

According to Terzaghi 's principle of effect ive stress, the (constant) total stress level is equal to the sum of the 
effect ive stress and pore pressure. 

Sladen etal. (1 985) took this definit ion from Morris (1983) . Essentially this definit ion was offered by Castro (1 982) 
except that the adjective "undrained", w i th which those workers qualified " load ing" , was omi t ted. 

9 



Flow Slide Failure of Excavated Subaqueous Slopes 

De Koning (1970) first suggested that the disintegration of sand and the f low of sand towards 
the suction pipe entrance were autonomous processes, which occurred, once initiated, 
independently from the actual suction. His explanation of what happened was based on a series 
of echo soundings of the development of the bathometry below a suction dredger. 

De Koning stated that initially oversteepened slopes, caused by the penetration of the suction 
pipe, take their temporary stability from cohesive forces. These forces were assumed to be induced 
by the fact that the grains must be released from their (dilative) packing. Hence the void ratio must 
increase, which induces negative pore pressure. Only when enough pore water has penetrated the 
pores, and the negative pore pressure has been reduced, a slide may occur. 

The released material was assumed to be transported to the suction pipe entrance in a density 
current (see next paragraph). With the transportation of the released material away from the toe 
of the slip surface, a new oversteepened slope is generated, and another slide may develop. The 
successive slides were referred to as "active bank" (Dutch: bres). 

Today, we must admit that the exact phenomena, which play a part in the complex soil 
disintegration process, are still not fully understood. However, general agreement has been reached 
on the fact that the soil disintegration is an autonomous process, the development of which depends 
on the local soil parameters and profile, and that an active bank is a retrogressing oversteepened 
slope fai lure 1 1 (see Figure 5). 

Rgure I Activa bank {mktiw Bntcty) development aftar Da Koning (1970) 

§ 1 . 9 Density Currents 

Density currents are currents induced by the difference in density (unit weight) between t w o 
fluids. This may be the difference between salt and fresh water or between water and a mixture 
of sand and water. The subaqueous f low of mixtures of water wi th a very high concentration of 
sediments, are significant to this graduate study. 

Two types of sand-water-mixture density currents should be distinguished. First, one that is 
initiated by the continuous softening, resulting in liquefaction of (part of) a slope. As mentioned 
above, the liquefied soil f lows in a manner resembling a fluid until the shear stresses acting on the 
mass are as low as the reduced shear resistance. The density of this current is so high that 
settlement of individual particles is hindered (nearly) complete ly 1 2 . 

More fundamental research in the field of dredging technology wi th in the f ramework of "Combinat ie Speurwerk 
Baggertechniek (CSB)" has been released, recently. 

Try to mix some sand w i t h just enough water to make the mixture a f lu id, when shacking it. Observe that the 
f luid is more stable when poring it than a mixture of the same sand w i t h an over-measure of water . 

10 
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Second, in all plain suction dredging theory, it is assumed that the disintegrated soil is transported 
to the suction pipe entrance in a density current. This f low is generated at the toe of an active bank 
and f lows under influence of gravity to the bottom of the pit. The formation of the density f low 
depends chiefly on the production of the active bank. A little further from the formation of the 
current, an equilibrium will be established between gravity forces and shear resistances. By means 
of sedimentation, the concentration (and hence the density) and sedimentation angle, which 
influence the gravity forces, may fluctuate. 
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2 Recommended Static Liquefaction Potential Analysis 

§ 2 . 1 Introduction 

Currently, two types of stability analyses of subaqueous slopes are common in engineering 
practice. These are the reconstruction of failures that actually have occurred and the prediction 
of stability for slopes to be excavated in future. The complete stability analysis comprises, amongst 
others, micro stability analyses (pore pressure gradient out of the slope surface), macro stability 
analyses (slip surface), f low slide analysis and wave attack analysis (see Figure 6). 

SÜMÜy tndysb ol [KBYJIKI Suboqutom Slops | 
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1 Cedoflf | 
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Figure 6 Schematic display of f low slide analysis wi th in the scope of overall stabil i ty analysis 

In this chapter and the fol lowing, a method of stability analysis will be suggested to predict the 
stability of slopes wi th respect to f low slide failure. This method consists of t w o parts: an improved 
static liquefaction potential analysis (this chapter) and an alternative failure mechanism consideration 
(Chapter 3). The considerations in these chapters may also lead to a better understanding of the 
failures that have occurred in the past. The improved static liquefaction potential analysis has been 
based mainly on literature review, and was used to reevaluate four case histories. These case 
history studies are included in Volume 3. 

§ 2.2 General Considerations 

Whether or not f low slide failure due to static liquefaction occurs, is a matter of many different 
factors. The potential for f low failure due to static liquefaction failure could be looked upon as a 
chain of factors. Only if all factors are in favour, one can expect f low failure to occur. 

In engineering and consultancy practice, it is impossible to develop design tools that cover all 
links in the static liquefaction failure chain, as yet. Many factors of in influence may be evaluated 
individually, resulting in a likelihood prediction of the occurrence of static l iquefaction. Some of 
the factors may be predicted with reasonable probability. 
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Two decisive ('hard') criteria have been established, on the basis of which the failure chain may 
be broken, and the occurrence of f low slide failure, as a result of static l iquefaction, may be 
excluded. Evaluation of these criteria is diff icult, however, which makes them more evident in a 
theoretical perspective than in practice. The first, and most important criterion, on the basis of 
which static liquefaction can be excluded, is the void ratio criterion: 

The in-situ void ratio, in combination wi th the local level of confining stress, must 
be below the critical void ratio at all depths. 

The second criterion, which is only normative in the case that the in-situ void ratio is not 
definitely below the critical void ratio, so that the soil is potentially liquefiable, is the reduced shear 
strength criterion: 

The maximum in-situ shear stress must be below the undrained reduced shear 

resistance of the soil. 

The strategy of static liquefaction potential analysis, as will be described in the fol lowing 
paragraphs, will be to evaluate several important factors ( 'soft ' criteria) to point out the most 
susceptible layer in the soil profile and to generate an idea of the over-all susceptibility of the soil 
for static liquefaction induced f low slide failure. Thereafter, the most critical zones will be analyzed 
in more detail, and an attempt will be made to develop a tool to assess the potential for static 
l iquefaction, in different situations wi th different sources of information ('hard' criteria). 

§ 2.2.1 Field Investigations 

The ideal analysis starts wi th the interpretation of several indicative cone penetration tests and 
a soil boring. From the cone resistance and the friction ratio, the location of different layers can 
be established. Low cone resistances ( < 5 MPa, depending on depth) in sand layers (friction 
coefficient < 1.0) are suspicious. The soil boring may help to identify the texture of the possibly 
susceptible layers (critical zones). If the material is homogeneous and consists of clean fine sand, 
this adds to the suspicion. Field investigations may at be the start of any substantial analysis, they 
should go w i th a study of the geological formations in the local subsoil. 

§ 2.2.2 Geography and Geology 

According to SCW (1979), the geohydrological and mechanical properties of a granular mass 
are determined chiefly by: a) the granular material; b) the grain shape and surface roughness; and 
c) the shape and location of the particle size distribution curve (i.e. average grain size and grading). 
The properties of sand are furthermore determined by the geological history of the sand: the manner 
of deposition and all the natural influences, to which it has subsequently been subjected (rain, t ides, 
surcharge, jolts and vibrations, etc.). 

The geological composit ion of the soil profile itself, which depends on the geographical position 
of the case site, can never give a decisive answer to the question whether or not the soil considered 
is susceptible to static l iquefaction. However, it may give a good indication. 

Roughly, the geological history over the last two and a half million years, in which the sand layers 
from which'usually sand is borrowed were formed, consists of t w o main periods: the pleistocene 
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and the holocene. During the pleistocene period, large fluctuations in temperature, resulting in 
successive ice ages alternated with periods of transgression, governed the formation of soils in The 
Netherlands. The holocene period, which started about ten thousand years ago, is characterized 
by a more moderate climatologic regime. 

Almost all f low slides, assumed to have been caused by static l iquefaction, took place in holocene 
sand deposits (see Lindenberg (1985)). This has lead to the general conclusion that the failure 
mechanism considered cannot occur in other sand formations (i.e. pleistocene deposits). To be able 
to understand why this criterion for static liquefaction potential judgement is not wi thout any 
foundation, it is necessary to study a bit of geology. 

Loosely packed sand is in an unstable equilibrium situation. This means that the soil will seize 
every opportunity to compact. This process may take place very slowly, in which case the 
circumstances may be considered drained. The main formations deposited during the pleistocene 
period are likely to have little potential for static liquefaction, because they have been deposited 
by meltwater in rough river regimes. This relatively fast deposition allows little sorting of fractions 
and erosion of the particles. Hence these formations largely consist of coarse to very course graded 
(sub-)angular sands and gravel. 

Among the most influential loading conditions, we must consider to be the freezing and defrosting 
of the subsoil, the drive of the ice formations during the ice ages, also causing high horizontal stress 
levels 1 3 (overconsolidation), and the large fluctuations in groundwater-level during transgression 
periods. All these factors have helped potentially unstable soil masses to compact and become 
dilative under shear loading. Of course, some of the aspects mentioned have negative effects too. 
The angularity of the particles increases the shear resistance of the soil which makes it more diff icult 
to compact. 

With the aid of cone penetration tests, the exact location of the formations in the subsoil may 
be identif ied. To verify the geological origin of the sand from the critical zones, and to standardize 
the naming of the sand, classification of the sand considered may be useful. SCW (1975) has 
suggested a very thorough method of classification, which has been used to classify the sand from 
the most critical zones of the case history sites (see Appendix 1 of Volume 3). 

The classification method is based on the analysis of sieve data, and includes information on the 
M(l} \dSB of the sand fraction), the percentage of fines, the gravel content and the grading. On the 
basis of classifications of different characteristic sands, found in The Netherlands, SCW has defined 
areas of characteristic classifications within their sand classification triangle (see Volume 3: 
Appendix 1). Fine little loamy poorly graded sand, which is possibly an estuarine deposit, should 
be considered the most susceptible soil type. 

This results in lower initial shear stress levels, wh ich is in favour of the residual shear strength of the soil (see 
second criterion). On the other hand, high confining pressures cause a decrease in crit ical void rat io. 
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§ 2.2.3 Slope Geometry and Formation 

Analysis of the slope geometry may not bring information of the actual static liquefaction 
potential of the soil, but the (design) steepness of the slopes, and knowledge of the proposed 
dredging procedures, may give an idea of the shear stress levels that will be reached in the slope. 
With this information, the second criterion (undrained reduced shear strength) may be evaluated. 

Another point is the potential (economic) losses that are involved, should a f low slide take place. 
Economic losses may involve damages to infrastructure or flood protection works. If no potential 
(economic) losses are to be expected, extensive static liquefaction analysis may not be necessary. 
In such a case, it might be enough to start the dredging (tactically) away form the slope and monitor 
the development of the bathometry. Evaluation of the results of the soundings may give information 
on the susceptibility to f low slides of the local soil profile. 

On the other hand, if a f low slide would lead to (economic) losses, it is advisable to conduct 
extensive in-situ testing and static liquefaction potential analyses. Because if a soil is suspected 
to be susceptible to static l iquefaction, a potential time bomb is waiting to blow away any structure. 
It is recalled that an in-situ void ratio above the critical void ratio is not a natural state for any soil. 

§ 2.3 Static Liquefaction Potential Analysis 

In the next few paragraphs, the two most important criteria, on the basis of which the potential 
for static liquefaction may be excluded, are discussed. An activity scheme, that may be useful to 
fol low the steps below, is presented in Figure 7 on page 17. 

§ 2.3.1 Critical Void Ratio Criterion 

No soil formation can liquefy under static loading if not both the in-situ void ratio and horizontal 
stress level are well above the associated critical void ratio of that particular soil type at the 
confining pressure, corresponding the considered depth (see Castro et a/. (1977) and Torrey era/ . 
(1988)). To exclude the potential for static liquefaction, it must be proven that no significant part 
of the slope to be evaluated has such a high in-situ void ratio. 

Here is where the difficulties start. It may not be too diff icult to understand the criterion, but 
how to prove it is false? The easiest answer would be to measure the in-situ void ratio and stress 
levels through the whole area of concern, take undisturbed samples to the laboratory, determine 
the wet critical void ratios at the corresponding confining pressures and compare the results. 

However, both in-situ void ratio measurements and wet critical void ratio determinations are not 
easy to conduct (and hence they are expensive), let alone the determination of the in-situ stress 
levels. Besides, the accuracy of the tests are disputable. For these reasons it seems better to resort 
to a modified criterion, which is true only if the criterion mentioned above is true. This would be 
the case if we took not the wet critical void ratio as a reference, but the somewhat lower, dry 
critical void ratio. Hence, this criterion is somewhat on the safe side: 

crit, dry „ ^ 

e 
in -situ 
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Figure 7 Static l iquefaction potential anarysis scheme 
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Here, normally consolidated soil profiles are assumed. If the geological survey casts suspicion 
on the fact that high initial stress levels are present, extra caution is needed. Also, it should be 
noted that critical void ratio tests involve the reconstitution of the soil, before test ing. This means 
that the influence of anisotropy is discarded. It might be worth to test an undisturbed sample from 
the most critical zone on its deformation behaviour under shear loading. However, the least 
disturbance may cause such a fall in void ratio, that the specimen does not exhibit continuous 
softening, resulting in l iquefaction, any more. 

Remains the diff iculty of determining the void ratio in-situ. If in-situ measurements are not 
available, an estimation must be made. This may be done via relations between the cone resistance 
values and the void-ratio-based relative density of granular soils, together wi th the maximum and 
minimum void ratios obtainable for the soil considered. Of all relative density prediction methods, 
the formula of Jamiolkowski etal. (1988) seems to give the lowest values. The expression is given 
on page 5. However, the compressibility of the sand is not accounted for, by Jamiolkowski. For 
Dutch soils, this is not considered to be a significant shortcoming, because in general, Dutch sands 
consist mainly of quartz, which has a medium to low compressibility. Jamiolkowski 's formula is 
based on medium compressible sands, see Juang et at. (1996). Therefore, it underestimates the 
relative density in-situ, somewhat, which is favourable. 

Lower cone resistances and higher mean effective stress levels lead to lower predictions of the 
relative density: o'm = Vs(o\ + 2a',). In normally consolidated soils, a\may be estimated w i th the 
aid of: K„ a'v, where K„ equals approximately / -sin<f> = 0.5 (high estimation). The value of a'v may 
be calculated using (y, - y j = 2 0 kN/m3 for sandy layers and (ys - y j - 15 kN/m3 for clayey layers 
(high estimations). The unit weight of the pore water may be estimated to be yw = 10 kN/m3. 

To verify the sensitivity of the relative density estimation wi th Jamiolkowski 's formula, a 
prediction has been made for case history I, assuming (ys - y j = 10 kN/m3 for sandy layers and for 
clayey layers: (y, - y j = 5 kN/m3. The results are presented in Figure 8 on page 19 through 
Figure 10 on page 20 . It may be concluded that the higher values of (y, - y j lead to an 
underestimation of the relative density, but the influence is only a few percent. The difference 
increases w i th depth. 

To calculate the in-situ void ratio from the estimated relative density, the maximum and minimum 
void ratios of the sand from the most critical zones must be determined. If not available, which 
is mostly the case, the maximum and minimum void ratios must be estimated. Youd (1973) 
investigated the factors influencing the maximum and minimum void ratios. He concluded that these 
depend on the grading, C„ = d60 / dl0, and the angularity of the material. The maximum and 
minimum void ratios both increase wi th more uniform and more angular material (see Figure 11 on 
page 21 and Lambe etal. (1979)) . 

Having established values for the relative density and maximum and minimum void ratios, we 
may estimate the in-situ void ratio. The static liquefaction potential criterion thus turns into: 

crit, dry ^ ^ 

^in-situ, estimated 
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Estimated Relative Densities Case I 
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Figure 10 Sensit ivity of the relative density estimation on CPT 3 of case I 

Alternatively, the void ratio criterion may now be writ ten in terms of relative density, when the 
critical void ratio is made relative to the maximum and minimum void ratios. Note that densities 
act inversely proportional in relation to void ratios. 

Dr. in-Jim, estimated 

Dr 
z 1 

crit, dry 

What happens if no critical void ratio test results are available? If fact, now there are t w o 
possible opt ions. First, it is possible to simulate critical void ratio tests wi th a hypoplastic single 
tensorial equation model (see e.g. Kolymbas etal. (1994)) or elastoplastic deformation models (see 
e.g. Stoutjesdijk et at. (1994)) . To be able to run these models, ordinary triaxial test and several 
other standard laboratory test results are needed. 

Second, it is possible to resort to previously conducted critical void ratio tests, which have been 
described in literature. However, any estimation from literature will lead to very poor results, as 
the critical void ratio should be considered a specific material constant, which may vary w i th the 
mean particle size, the grading and angularity of the particles (possibly among other factors of 
influence). No direct relation has been established, as yet, between the (wet) critical void and C„, 
the angularity, maximum and minimum void ratios, or any other (combination of) material properties. 
Other case histories have shown that there is no evident (quantitative) relation between the relative 
density and the critical void ratio, other than that densely packed sand (Dr > 67) will not l iquefy. 

A direct relation between the relative density and the critical void ratio is not imaginarily, 
however, as the minimum and maximum void ratios are expected to be material constants. If the 
relative density at the critical void ratio could be established, it would be a useful criterion for the 
in-situ relative density. Extensive laboratory research would be necessary to be able to derive such 
a relationship. 
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Figure 11 Factor* influencing the maximum and minimum void ratio* after Youd (1973) 

For want of results of critical void ratio tests, the values found by Lindenberg era/ . (1981) have 
been adopted to work out the case histories. Again it is stressed that estimation of the critical void 
ratio from literature is by no means an accurate way to predict static liquefaction potential. This 
may be evidenced by the fact that the material from the most critical zone of case history IV does 
not seem to have a critical void ratio at all, as is suggested by the in-situ void ratio estimation chart 
(see Volume 3, Appendix 1) 

Concluding, at least the results of a cone penetration test must be available, together w i th sieve 
analyses of the material from the most critical zone and critical void ratio test results, to be able 
to do any substantial static liquefaction potential analysis. Preferably, an estimation of the in-situ 
void ratio and maximum and minimum void ratio determinations should be available too. 
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§ 2.3.2 Shear Resistance Criterion 

If a soil mass could not be proven to be non-susceptible to static liquefaction on the basis of the 
first 'hard' criterion (critical void ratio criterion), a f low slide may be triggered at any t ime. However, 
not if the undrained reduced shear strength of the soil is not exceeded by the in-situ shear stress 
level. The undrained reduced shear strength criterion reads: 

"^reduced, undrained y 

^in-situ, max 

The reduced shear strength is composed of the shear resistance in the steady state of 
deformation and the initial shear stress level in-situ (see Kramer et at. (1987)). Thus, it may be 
concluded that high initial shear stress levels have an unfavourable effect on the static l iquefaction 
potential. One should thus be cautious wi th respect to large stress combinations in the subsoil. 
In The Netherlands, this pre-compression may be present at the boundary of the former ice mantle 
(The soil at these locations, however, are not likely to be contractant, however. Thus the critical 
void ratio criterion is normative). 

This phenomenon may be understood when one realizes that, to start plastic deformation, the 
peak shear strength of the soil must be exceeded, which is just beyond the shear resistance in the 
steady state of deformation, for loosely packed soils (see Kramer et at. (1987). In the case of 
loosely packed sands, the peak resistance is governed by the intergrain sliding fr ict ion. Therefore 
also, little angular material is more susceptible to static liquefaction than more angular material. 

A procedure to estimate the reduced shear strength of the material in-situ has been proposed 
by Poulos et at. (1985). The maximum in-situ shear stress level may be determined from stress 
calculations, using the design pit geometry and stress history. During the construction phase 
however, slope angles may be steeper (within the design profile), temporarily. A t this t ime, the 
undrained reduced shear strength may be exceeded, causing liquefaction anyway. For this reason, 
evaluation of the shear resistance criterion, alone, is not sufficient. 

§ 2.4 Resume of Recommended Step Analyses 

In the previous paragraphs, the evaluation of factors of influence on the prediction of has been 
discussed. So-called 'sof t ' criteria, like the thickness of layers in the soil profile and the geological 
history of the soil, may help to judge in a specific situation. However, on the basis of these 'so f t ' 
criteria, the occurrence of l iquefaction, possibly leading to f low slide failure, cannot be excluded. 

On the other hand we have seen that there are in fact t w o criteria on the basis of which the 
occurrence of l iquefaction induced f low slide failure may be excluded. The evaluation of these 'hard ' 
criteria demands the establishment of the critical void ratio and reduced shear resistance, 
respectively, of the material in-situ. Also, it has been argued that the only acceptable 'hard ' criterion 
is that of the evaluation of the critical void ratio. 
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Below, a summary has been given of activities that could be carried out within the framework 
of static liquefaction potential analysis. It comprises the evaluation of 'so f t ' and 'hard ' criteria as 
well as off ice, field and laboratory data. On the basis of this step analysis f low slide failure cannot 
be excluded entirely, as f low slide failure may be induced by other mechanisms than liquefaction 
alone (see Chapter 3). 

1. Conduct one or more (indicative) cone penetration tests at the site of concern. 

2. Evaluate, on the basis of the geography of the site the following geological data: 

a. expected geological formations, 
b. probable means of deposit and grain characteristics, 

c. loading history. 

3. Interpret the cone penetration tests and evaluate: 

a. the exact soil profile (stratigraphy and inhomogeneity), 

b. the location and thickness of possibly loosely packed sand layers and, in combination wi th 
the geological data, establish the most critical zonets), 

c. the normative cone resistance and friction ratio profiles, 
d. the depths at which (special) samples must be taken, in such a way that: 

I. of every significant layer the unit weight may be estimated, 
II. from the most critical zone(s) every 1 meter, depending on the layer thickness, a 

sample is taken (at least three in total per most critical zone), 

4. Conduct one or more a soil borings and: 

a. take undisturbed samples, as cautiously as possible, form the significant layer(s) for in situ 
void ratio determination in the laboratory, 

b. retrieve enough material from the selected depths in the most critical zone(s) for laboratory 
tests (critical, maximum & minimum void ratio). 

5. Conduct laboratory tests and determine: 

a. the oven dry weight of the samples from each significant layer, 
b. the maximum & minimum void ratios, 
c. the dry critical void ratio at (three) different levels of confining pressure, under which one 

close to the expected in-situ horizontal stress to establish the dependency of the critical void 
ratio on the confining pressure, and if required (optional): 

d. extensive classification (including particle size distribution curves) of the material f rom the 
most critical zone(s), according to the SCW (1975) proposition, 

e. Volders & Verhoeven sharpness index, 
f. reduced shear resistance of the soil in the most critical zone(s). 

6. Estimate the relative density of the soil in-situ on the basis of the cone resistance and the 
friction ratio, from the normative cone penetration test profile, with for example 
Jamiolkowski's relation or Juang's fuzzy numbers. 
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7. Estimate the in-situ void ratio profile with depth from the maximum and minimum void ratios 
and the interpreted relative density. If these values are lower than those of the in-situ 
weighed samples, they may need to be adjusted to the in-situ measurements, or other 
means of in-situ void ratio determination must be applied. 

8. Plot the critical void ratios versus the confining pressure used in the critical void ratio tests 
and plot, in the same graph, the estimated in-situ void ratios versus the presumed normally 
consolidated in-situ stress level, for each most critical zone. The latter line must be well 
above the first, for all samples, to classify the soil "susceptible to flow slide failure due to 
liquefaction". 

9. Evaluate the reduced shear strength criterion on the basis of the design of the pit (optional). 
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The resulting prediction of the tangent of the run-out angle of the active bank is calculated as 
the vertical propagation velocity in proportion to the horizontal retrogression velocity, calculating 
the fall velocity of a grain, Wd, at concentration C„, as Wa (1-CJ", wi th n = 4: 

V C0 W- 0 - Co>" 
tana = — = 

Z Z AC 

Unfortunately, the resulting slope angle appears very sensitive to variations in C„, while the value 
of C„ must remain a guess, in absence of experimental evidence. It has been tried to avoid this 
diff iculty by estimating the horizontal travelling distance of the grains falling of the oversteepened 
face. From this analyses the encountered low run-out angles can be calculated. 

Another noteworthy finding of Torrey et a/. (1988) is that, from the relation found for the 
prediction of the horizontal travelling distance of the upper most grains in the fluidized carpet, it 
appears that the production of the active bank is an important parameter. The formation of the 
fluidized carpet is implicit in this relation. 

The horizontal travelling distance of the grains varies linearly wi th the height of the active bank. 
In small scale tests, the horizontal travelling distance, in proportion to the production of the active 
bank, is such that the run-out angle is closer 30° than to the flat slope angles as were observed 
by Torrey et at. (1 988) . From this, they conclude that small scale tests are inappropriate to model 
f low behaviour. 
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§ 3.2 Basic Mechanisms Related to Active Bank Development 

Active banks may develop in clean non-cohesive low permeable granular materials, that are 
densely packed, and stretch over reasonable depths, only. An active bank is always initiated by 
an unstable oversteepened face, which may have been formed by severe local scour in the outer 
bend of rivers (see Torrey (1 988)) or dredging activities (De Koning (1 970, 1981) and also Brouwer 
etal. (1989, 1992, 1995)). 

De Koning (1970) first stated that active banks should be seen as successive slides, which are 
delayed by virtual cohesion. The cohesive forces, that give the sand mass a temporary shear 
resistance, and even the potential to resist tensile stresses, are induced by negative pore pressures 
as a result of dilatancy. The rate of increase in pore volume depends on the groundwater f low 
towards a critical slip surface. Once enough water has f lowed towards the pores, and the virtual 
cohesion has diminished in such a way that the shear resistance is lower than the gravity induced 
shear stress level, a slice slips from the oversteepened face, leaving again an oversteepened face 
in which the same process continues. 

Meijer et at. (1 976) and Van Os et at. (1987) also formulated the process of successive sliding, 
using a moving coordinate system. Hence, a force controlled continuous failure mechanism is 
simulated, not a spontaneous and autonomous one. 

Torrey (1988) considers an active bank as an oversteepened face, of which the granular material 
rains off, particle-wise, and is transported away from the toe of the active bank in a density current, 
successively. Again, negative pore pressures, caused by dilatancy, initially prevent the individual 
particles to come off. The rate of retrogression depends on the permeability and the necessary 
volume strain (An effect) to loosen the particles. This is in complete agreement wi th the basic 
mechanisms considered by De Koning, Brouwer, Meijer & Van Os. 

An important feature of active bank development is a density current that may or may not 
develop at the toe of the active bank. Whether a sustaining active bank develops, depends on 
whether the material coming off the face of the bank is transported away from the toe. If it settles 
near the toe, the height of the active bank will diminish and the mechanism will come to a halt. 
Whether a density current develops from the toe of the active bank, heavily depends on the 
production (and hence on the height of the face and the packing and grading of the material). 

§ 3.3 Hypothesized Development of Active Banks 

All mechanisms mentioned above are thought to play a vital role in the development of sustaining 
active banks, as we will see. Now, lets hypothesize, fol lowing De Koning (1981), on what may 
actually happen when a suction pipe is lowered into a sand formation, in order to mine sand in a 
sand borrow pit. Suppose we separate the life-cycle of an active bank into four stages: 

1 
2 
3 
4 

the penetration of the suction pipe, 
the successive sliding of the initial suction hole walls, 
the development of a sustaining active bank, 
the active bank propagation comes to a halt. 

26 



Chapter 3: Considerations on Active Bank Development Potential 

STAGE 1: A sand formation is penetrated wi th a suction pipe, say vertically for the sake of 
simplicity. As the suction pipe is lowered onto the pit floor, water is pumped up through it. Near 
the pit f loor, a very strong current develops between the pit floor and the suction pipe entrance, 
which causes the pit floor to erode. A small conical initial suction hole develops due to scour (see 
Brouwer (1992)). The suction pipe never touches the pit floor, which makes the pit floor appear 
to be 'as soft as butter' . 

Theoretically, very careful suction and low penetration rates would result in conically formed 
suction pits, wi th slopes at the angle of natural repose, in any cohesionless sand format ion. 
However, the production would be very low for more fine sand, because of its low permeability. 

Relatively fast penetration, in relation to the permeability of the sand, causes a cylindrical initial 
suction hole, the walls of which remain stable, temporary, as a result of the delating behaviour of 
the sand mass at plastic deformation. The size of the hole depends on the scouring properties of 
the mixture f low between the suction pipe and the soil mass (see Brouwer (1992)). A schematic 
view is given in Figure 15 on page 47 in Enclosure I. 

STAGE 2: As the initial hole becomes deeper, through continuous penetration of the suction pipe, 
the shear stresses in the suction hole walls increase. Depending on the geometry and soil 
properties, part of the initial hole collapses as a result of geomechanical instability. The slice 
liquefies instantly, filling the initial hole wi th a mixture of sand and water. Temporarily, other slices 
are less critical, as the mixture is heavier than water. The number and extent of the slides depend 
on the aggressiveness in the suction operation (penetration speed and suction). 

The slip surface of the collapsed part of the wall is not stable itself because the liquefied material 
is dredged before it gets the opportunity to resettle. This leads to a pattern of successive slides. 
The lower end of the slip surface tends to be less steep. Therefore, the height of the successive 
slides is expected to decrease. The resulting slope may be in the order of the angle of natural 
repose under water [ar). A schematic view is given in Figure 16 on page 47 through Figure 18 on 
page 48 of Enclosure I. 

STAGE 3: When the successive slides, which are decreasing in height, occur further from the 
suction pipe, the disintegration of the sand at the previous slip surface may become more important 
than the geomechanical instabilities. The individual particles come raining off the previous slip 
surface and the oversteepened face retrogresses. It is supposed that if the retrogression of the face, 
which depends on the permeability properties of the soil mass and the scouring properties of the 
disintegrated sand, exceeds the development of new potential slip surfaces, no new geomechanical 
instabilities will occur and a sustaining active bank may develop (see Figure 19 on page 49 of 
Enclosure I). 

Whether or not a sustaining active bank may develop, depends on the grading (uniformity, 
permeability & dilatancy), fine content (cohesion & permeability) and angularity (raining & scour). 
Supposedly, fine (low permeability & hindered settlement) clean (little cohesive) well packed uniform 
(large dilatancy effect & little natural cohesion) angular (high shear resistance & heavy scour when 
raining) sands are among the most likely sands to develop active banks. 
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If the retrogression velocity of the oversteepened face should not exceed the propagation of the 
development of critical slip surfaces at any t ime, no sustaining active bank can develop and the 
resulting slope angle will be approximately that of natural repose under water. Maybe, this usually 
happens in suction operations, when coarse sand or gravel is dredged from sand borrow pits. 

STAGE 4: An active bank may cease to exist as a result of one of three main processes. First, 
as stated in the above, transportation of all disintegrated sand away from the toe of the bank is 
necessary for an active bank to be able to sustain. The development of a density current towards 
the suction pipe entrance is vital to the continuation of the active bank. As soon as material settles 
near the toe of the retrogressing face, its height will diminish and eventually the disintegration 
process will stop, resulting in an angle of natural repose. Obviously, fine material may form a 
density current more easily than coarse material. However, not only the particle size is considered 
to be important, but also the production of the active bank. A high bank production will keep the 
disintegrated material in suspension. 

Second, even if a density current develops, the propagation of an active bank may come to a 
halt as a result of local disturbances. Inhomogeneity, in any form, are considered to be the reason 
for these disturbances, always causing a sudden overproduction. A clay layer, for example, may 
mark the end of an active bank: the active bank will propagate underneath it until the layer fails, 
blocking the density current from the active bank, if not all clay is transported away by the density 
current. Also, differences in packing may cause sudden overproduction. The resulting slope profile 
of an active bank, which stopped as a result of a local disturbance, will display an equilibrium slope 
angle, at which the density current f lowed towards the suction pipe, wi th an angle of natural repose 
under water, at the location of the fatal disturbance. 

Third, an active bank may cease to exist because its production exceeds the pump capacity of 
the suction dredger (see Brouwer (1992)). If not all material, which is transported from the active 
bank to the suction pipe entrance in a density current, is pumped up by the dredger, it will inevitably 
settle near the suction pipe. This sedimentation process will cause an upward pressure gradient 
in the density current, resulting in a lower f low velocity and hence in a sedimentation process, 
moving toward the active bank. Resedimentation of the disintegrated sand will diminish the height 
of the active bank, and eventually cause the active bank to silt in (see Figure 19 on page 49 of 
Enclosure I). The resulting slope angle may have any value between 0 (horizontal) and the angle 
of natural repose. 

Overproduction is (mainly) caused by the three dimensional nature of an active bank. According 
to Brouwer et al. (1992, 1995) active banks develop in sectors around the suction pipe as a result 
of inhomogeneity. With increasing radius, the effective area of the active bank increases. Hence 
the production of the sector increases too (see for an example plan view of a sand borrow pit 
Figure 20 on page 49 in Enclosure I). 

§ 3.4 Hypothesized Active Bank Induced Flow Slide Failure Mechanism 

Obviously, in coarse material, a sustaining active bank nor a density current will ever develop. 
Take for example gravel: on a very small scale successive slides may be observed, but immediate 
settlement prevents active bank development. Therefore, a conically formed suction pit wil l be the 
result of gravel suction. However, w i th increasing fineness (relative to the scale of the processes 
and forces), other mechanisms, like active bank development, may set on. 
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As long as the capacity of the pump of the suction dredger exceeds the total production of the 
active bank, the active bank may continue to exist. It will probably move away form the suction 
pipe at an angle which is equal to an equilibrium angle of the density current (gravity against fr ict ion 
for stationary f l o w ) 1 4 . On the other hand, if the density current may f low from the active bank 
towards and beyond the suction pipe, resedimentation may not occur (at the same rate) as before. 
This also results in the fact that the active bank is more likely to sustain. 

An active bank may simply continue under a layer of overburden material (loam or clay). As soon 
as the hole underneath the undermined clay is big enough and the shear stresses in the overburden 
layer exceed its shear resistance, it will slide. By blocking the density current, the slide wil l stop 
the active bank. The resulting subaqueous slope angle will be equal to the equilibrium slope angle, 
at which the density current f lowed towards the suction pipe entrance. 

Herewith, the formation of the damage profile of a f low slide failure, as defined in the 
Introduction to this study, has been explained. This makes active bank development a plausible 
mechanism leading to what is often called " f low slide failure". 

§ 3.5 Recommendations to Suction Operations 

If the potential for static liquefaction has been excluded, it would be useful to engineering 
consultancy practice to be able to predict the potential for active bank induced f low slide failure. 
Unfortunately, at this stage, it is impossible to do so in a quantitative way. The potential for f low 
failure may be expressed in terms of likelihood, considering the soil profile, soil properties and 
construction method. As the prediction of the development of active banks remains a di f f icul ty, 
advise shall be given in terms of pit formation limitations. 

Sometimes, it is proposed to start dredging tactically from the middle of the future pit contours. 
Together wi th regular survey of the bathometry of the pit, average resulting slope angles may be 
established, as well as the potential for liquefaction induced failure. However, if static l iquefaction 
has been proven to be out of the question, and th risk of active bank induced f low slide failure is 
to be reduced to a minimum, it seems advisable to start near the edge of the permitted profi le. 
Possible active banks will then be stopped as a result of overproduction, when careful suction is 
applied: the disintegrated soil must accumulate near the suction pipe entrance. 

Another, even safer possibility, is to excavate the permitted slope profile by other means of 
dredging, for example with backhoes or special slope suction dredgers. From the initial canal, or 
any other point within the future pit contours, suction may be commenced wi thout running the risk 
of active bank induced f low slide failure of the constructed embankment, as long as suction is 
restricted to a level no deeper the than the depth of the initial canal (see Figure 13 on page 30). 

1 4 De Koning proposes to describe the f low of the density current w i th the theory of Chézy, wh ich says that for 
equally formed streams, the f low velocity is proportional to the square root of the hydraulic radius and the slope 
gradient: U = C "/(R i). This would mean that w i th increasing hydraulic radius (thickness of densi ty current) , 
wh ich is the case when moving in the direction of the suction pipe as a result of three dimensional e f fec ts , the 
slope gradient must decrease at constant f low velocity. 
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Figure 13 Initial non-hydraulic slope formation before hydraulic sand mining 

Finally, it may be possible to increase the stability of the most critical slopes wi th the aid of 
groundwater suction around the pit. The imposed gradient in groundwater f low from the pit into 
the slope may help to increase the micro stability. When the desired subaqueous slope angles have 
been established, the ground water suction may be released. This method may lower the risk of 
active bank development, but does not exclude it. Besides, for deep sand borrow pits, this may 
be an expensive solution. 
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Conclusions & Outlook 

The subject of study has been the failure of subaqueous excavated slopes. This graduate study 
has been a quest for the mechanism leading to unintended failures, retrogressing into the 
embankment and resulting in extremely flat subaqueous slopes. It has been a quest through 
different fields of science: geomechanics, dredging technology, river mechanics, geology, road 
construction, and hydraulics. 

The main conclusion that may be drawn, is that many f low slide failures (presumably) have been 
wrongly imputed to a spontaneous collapse of loosely packed soils, resulting in liquefaction of a 
large part of the slope, in the past. Hypothetically, this failure mechanism belongs to the possible 
causes of f low failure accidents, but in reality its occurrence is not very plausible, in most cases. 

To confirm the statement above, an answer has been sought to the question of what may happen 
instead, if liquefaction cannot be indicated to be the actual cause of f low slide failure. The answer 
has been found in the process of active bank development, also known as retrogressive (slip) failure. 
With this mechanism the very flat slopes, after failure, may be explained. However, a dispute 
remains on the exact origin of the (virtual) run out angle of the active bank. See for a schematic 
presentation of the scope of slope failures in general, and the position of possible f low slide failures 
therein, Figure 14 on page 33. 

In this chapter, all conclusions that may be drawn from the previous chapters are summarized. 
This chapter is concluded wi th recommendations toward engineering consultancy and further study. 

Conclusions in general: 

1. A f low slide is generally known as a reference to a failure type of subaqueous slopes, which 
involves large soil displacements, causes the embankments to cave in and results in very flat slope 
angles after failure. 

2. The term " f low slide" itself does not hold an explanation for the actual failure mechanism. 
It refers to the consequences of the failure rather than the fundamental mechanisms. 

3. Flow slides may be caused by different failure mechanisms: 

a. Static Liquefaction of (part of) the subaqueous slope; 
b. Active bank development from the toe of the subaqueous slope. 

Conclusions with respect to liquefaction induced flows slide failure: 

4. Static liquefaction is the result of continuing softening behaviour of a contractant soil mass, 
being exposed to a monotonic level of shear stress. 
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5. The potential for static liquefaction is governed by the potential fall in void ratio, the extent 
of the contractant body, the level of shear stress, the in-situ stress level, and whether or not the 
loading conditions may be considered undrained. 

a. A void ratio above the dry critical void ratio is, by definit ion, not a natural state. 
Therefore, soil that has a void ratio above the dry critical void ratio finds itself in 
an unstable equilibrium. 

b. Soil will always tend to decrease its void ratio, as long as it is above the dry critical 
void ratio. In this process it is hindered by its internal friction properties. 

6. In a significant part of a subaqueous slope, the combination of void ratio and confining stress 
must be well above critical-void-ratio line, which may be established from critical void ratio tests. 
Soils that are not definitely supercritical, often dilate after initial contraction and fall back into a 
hardening regime: no full liquefaction develops. 

7. There appears to be a critical shear strength, which must be exceeded before plastic 
contractant deformation can occur. This critical shear stress is always a little higher than the shear 
stress needed to break the individual particle contacts. The reduced shear strength, which should 
be looked upon as to the sum of the initial shear stress level and the constant shear resistance in 
the steady state of deformation, is a safe limit to the maximum allowable shear stress. 

8. The shear loading of the contractant soil may gradually increase wi th the steepening or 
lengthening of the slope and, at some point, exceed the peak shear resistance. 

9. Well graded soils have low permeabilities but high shear resistances and lower potential falls 
in void ratio. Soils consisting of angular particles have high shear resistances, caused by larger 
contact surfaces, but also have higher potential falls in void ratio (difficult to compact). The 
influences of soil properties are very diff icult to quantify, as their part may be dual. 

10. The most influential soil properties are directly related to their geological history and means 
of deposit. In engineering consultancy, geological considerations must play a prominent role. 

1 1 . If excess pore pressures develop high enough to liquefy a large part of the slope, the liquefied 
front is thought to propagate very fast through the soil mass, depending on the (in)compressibility 
of the pore f luid. Thus, liquefaction induced slides must take place in a relative short period of t ime. 

Conclusions with respect to active bank induced flows slide failure: 

1 2. An active bank may take the form of an oversteepened face, which retrogresses as individual 
particles rain off. The oversteepened face can exist through virtual cohesion, induced by the dilatant 
behaviour of the soil, under shear loading. 

1 3. The main soil properties that govern the development of active banks are the dso value and 
grading, both having their effect on the permeability as well as the packing. Also the angularity 
of the sand is important. 

14. An active bank may be initiated by dredging activities as well as natural processes like 
scouring, by creating an oversteepened face in dilatant soil. 

15. The initiation of active banks, when used for sand mining, is fairly well controllable. 
However, the process of disintegration of soil thereafter, is not. Until now, no prediction method 
has been found, based on a scientific explanation of the physical phenomenon of active bank 
development, on the basis of which safe design slope angles may be established. Some suggest 
an empirical value of » 1:8. 
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16. Depending on the permeability (packing and grading), lack of inter-granular connections, 
homogeneity and extent (height) of the soil mass in which an active bank develops, failure occurs 
at a low rate, relative to the failure rate of a liquefied body. Also, unlike static liquefaction failure, 
active bank induced failure may seem unstoppable. 

17. The subaqueous angle of repose ( = 1:3 to 1:4), which is mostly applied in the design of 
sand borrow pits, is not valid in general. Depending on the mining procedures, processes may be 
set on which may lead to arbitrary flat slope angles. 

1 8. The active bank development is regularly disturbed by inhomogeneity in the soil, which cause 
discontinuities in the production of the bank. A local slide may cause an active bank to stop. The 
result may be a slope at the subaqueous angle of repose, locally. The more inhomogeneity, the 
more likely the eventual slope angle will approach the subaqueous angle of repose. 

SLOPE FAILURE TYPES 

NATURAL CAUSES 

HUMAN ACTIVITIES 

Figure 14 Scope of possible f low slide failure as a result of natural causes and human activit ies 

Recommendations: 

1. The potential for static liquefaction is not hypothetical. A static liquefaction analysis is needed 
in the design of sand borrow pits, especially when trigger mechanisms are likely to lie in wait (e.g. 
gradients in ground water f low or (traffic) vibrations). This is best done by comparing the measured 
or estimated in-situ void ratio to the associated critical void ratio of laboratory tested samples, f rom 
the most critical layers (taking into account the effect at increasing confining pressure). 

2. The dry critical void ratio may serve as a safe and practical upper limit to the maximum 

allowable void ratio. 
3. If structures near the boundary of the sand borrow pit are to be protected against f low slide 

failure as a result of static l iquefaction, a good option is to create a hidden dam of compacted 
material, before mining. Compaction may be achieved wi th vibrations by means of deep compaction 
methods or a series of explosions. 

4 . If structures near the boundary of the sand borrow pit are to be protected against f low slide 
failure as a result of the development of active banks, a good option is to excavate a channel near 
the structure mechanically. 
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5. The mechanism of active bank development needs to be understood and be mathematically 
described. Then, it may be possible to be more precise in sand borrow pit design and slope angle 
prediction as well as in suction directions. 

6. An attempt should be made to find a direct relation between the relative density and at the 
critical void ratio and the critical void ratio, as a function of material properties at a fundamental 
(individual grains) level, i.e. grading, maximum and minimum void ratio and angularity. 

7. Further research in the field of stress path prediction in triaxial tests, w i th a tensorial equation 
(hypoplastic modelling), may be useful. It may lead to a way of numerically predicting the (wet) 
critical void ratio from standard laboratory tests. 

8. To employ the thorough classification method, proposed by SCW (1975), the fol lowing sieve 
sizes should be added to the analysis: 710 p.m, 180 \s.m and 90 \i.m. 
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English-Dutch Glossary 

Active bank 

Confining stress/pressure 

Density 

Density current 

Deviator stress 

Fluidization 

Liquefaction 

Mean effective stress 

Porosity 

Retrogression 

Softening 

Stress path 

Hardening 

Void ratio 

Bres 

Steunspaning/-druk [a2 = o3\ 

Dichtheid 

Dichtheidstroom 

Deviatorspanning [q] (hoofdspanning a, - steundruk a3) 

Fluïdisatie 

Verweking tot visceuze vloeistof (verlies schuifweerstand) 

Gemmiddelde hoofdspanning [p = Vs(a, + 2oJ\ 

Porositeit [n] 

Teruggang/achteruitgang 

Verweking (afname schuifweerstand) 

Spanningspad (in triaxiaalproef) 

Verharden (toename schuifweerstand) 

Poriëngetal (e) 
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Enclosure I: Active Bank Development Sketches 
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Figure'17 Slip failure of initial hole - continued 
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Figure 18 Slip failure of initial hole - continued 
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1 Static Liquefaction Potential Analyses on four Case Histories 

§ 1 . 1 Introduction 

In chapter 2 of Volume 2 a method of analysis has been introduced, for evaluating f low slide 
failure(s) (potential) as a result of static liquefaction. In this appendix, four case histories from 
engineering consultancy practice will be evaluated, accordingly, as far as the limited available data 
allowed for. The case histories I & II involve actual f low slide failures. Case histories III & IV 
concern sand borrow pits, of which the designs have previously been evaluated for static 
liquefaction potential, that are not yet in (full) use. 

§ 1 . 2 Geography & Geology 

All case history sites are situated along historical streams. The formations found are likely to 
have been deposited by these streams. Only case history site II has been covered w i th ice during 
the ice ages. The others are situated just below the farthest ice limit. On the basis of their 
geographical location and knowledge of geological history (Geological Survey of The Netherlands), 
the fol lowing formations are expected: 

Site Pleistocene Deposits Holocene Deposits 

Case history I o Driven medium to coarse 
periglacial deposits w i th gravel, 
o Fluvio-glacial layer of fine to 
medium fine sands, locally w i t h 
gravel. 

o Post-glacial river valley fill of f ine 
horizontally layered sands (terrace). 

o River clay. 

Case history II o Post-glacial river valley fill of f ine 
horizontally layered sands (terrace). 

[No holocene deposits] 

Case history III o Driven medium to coarse 
periglacial deposits sand w i t h 
gravel. Interlayered w i th fine sands 
(River Rhine and River Meuse 
terrace). 
o Post-glacial river valley fill of f ine 
horizontally layered sands (terrace). 

o Fine to medium holocene sands, 
interlayered w i t h clayey sand 
layers. 

Case history IV o Fine and coarse fluvio-periglacial 
deposits and coversands. 

[No holocene deposits) 

1 



Flow Slide Failure of Excavated Subaqueous Slopes 

From the table above, we must conclude that in none of the case histories holocene formations 
are expected to be present, that could lead to static liquefaction failure, except in case history III. 
This means we must concentrate on local irregularities in the general geological profile. 

§ 1 . 3 Geometry 

It is no use discussing the geometries of the case history sites I and II, in which failure occurred. 
To the north of the site of case history III lies a canal wi th heavy navigation. However, there is no 
large economic hazards in this case. To the south of the site of case history IV lies an important 
railway connection. Traffic vibrations may trigger liquefaction of susceptible slopes. As the most 
hazardous slope is the one near the existing railway, the cone penetration tests along this track were 
studied wi th extra care. 

§ 1.4 Static liquefaction Potential Analysis 

§ 1.4.1 Qualitative Interpretation of Cone Penetration Tests and Soil Borings 

On the basis of available cone penetration tests (see Figure 5 on page 12 through Figure 18 on 
page 25), the exact location of the formations are determined. The cone penetration record was 
scrutinized for low cone resistances in sand layers. Also the possibilities for drainage (impermeable 
layers) were investigated. Field classifications of the borings were used for a f irst judgement on 
static liquefaction potential, f rom a sand property point of view (grain size, grading, cohesiveness). 
Altogether, this led to the identification of the most critical zones in the soil profiles (see Figure 1). 

C a s e R E F CPT1 CPT2 CPT3 CPT4 CPT5 81 82 83 Most Crit ical Zono 
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Appendix I: Case History Analyses 

The c o n c l u s i o n s , t ha t w e m a y d r a w f r o m the i n te rp re ta t i on of t h e cone p e n e t r a t i o n t es t s and 
soi l b o r i n g s , are summar i zed per case h i s to r y , b e l o w : 

Case I: Loose ly packed layers are suspec ted b e t w e e n N A P + 5 . 0 0 m and N A P . Th is c o n c l u s i o n 

is based on l o w cone res is tance va lues (in the order of 5 to 1 0 MPa), a l t h o u g h t hese are n o t 

e x t r e m e l y l o w . Fine sand layers w i t h (supposed ly ) l o w permeab i l i t i es are p resen t b e t w e e n t h e 

d e p t h s of N A P - 0 . 5 0 m and N A P - 8 . 5 0 m, as we l l as b e l o w N A P - 1 4 . 5 m. Sens i t i ve layers w i t h 

t h i cknesses of mo re t han 5 meter are p resen t . A l l layers m a y dra in in b o t h u p w a r d and d o w n w a r d 

d i r e c t i o n . If l i que fac t i on o c c u r s , it w i l l p robab l y be in t h e zone rang ing f r o m N A P + 5 . 0 0 m t o a 

d e p t h o f N A P - 1 0 . 0 0 m. A samp le f r o m bor ing B1 at N A P - 1 .00 m w i l l be used fo r f u r t h e r ana lys i s . 

Case II: Loose ly packed layers are s u s p e c t e d b e t w e e n N A P - 2 . 5 0 m and N A P - 8 . 0 0 m. Th i s 

c o n c l u s i o n is based on l o w cone res is tance va lues (in the order of 2 t o 4 MPa), a l t h o u g h t hese are 

no t e x t r e m e l y l o w . A f ine sand layer w i t h (supposed ly ) l o w pe rmeab i l i t y is p resen t at a d e p t h o f 

N A P - 7 . 0 m. No sens i t i ve layers w i t h t h i c k n e s s e s of m o r e t h a n 5 me te r are p resen t . The f ine sand 

layer m a y dra in in b o t h u p w a r d and d o w n w a r d d i r ec t i on . If l i que fac t i on o c c u r s , i t w i l l p r o b a b l y be 

in the zone b e t w e e n N A P - 2 . 5 0 m and N A P - 7 . 5 0 m. A s a m p l e f r o m bo r i ng B2 at N A P - 6 . 5 0 m 
w o u l d have been used for f u r t he r ana lys is , bu t no tes t da ta w e r e ava i lab le . 

Case III: Loose ly packed layers are s u s p e c t e d b e t w e e n N A P + 1 .00 m and N A P - 8 . 0 0 m. Th i s 

c o n c l u s i o n is based o n l o w c o n e res is tance va lues (in t h e o rde r o f 4 t o 1 0 MPa), a l t h o u g h t h e s e 

are n o t e x t r e m e l y l o w . Fine sand layers wi th ( supposed ly ) l o w permeab i l i t i es are p r e s e n t b e t w e e n 

N A P + 1 .00 m and N A P - 8 . 0 0 m. Sens i t i ve layers with th icknesses o f m o r e than 5 m are p r e s e n t , 

i nc iden ta l l y . Dra inage o f t h e f ine sand layers is m o s t l y p r e v e n t e d in both u p w a r d a n d d o w n w a r d 

d i r e c t i o n . If l i que fac t i on o c c u r s , i t w i l l p robab l y be in t h e zone rang ing f r o m N A P + 1 . 0 0 m t o a 

d e p t h o f N A P - 8 . 0 0 m. Samp les B 5 / 3 a t N A P - 5 . 6 5 m and B 6 / 5 at N A P - 6 . 3 8 m w i l l be u s e d f o r 

f u r t he r ana lys is (no su f f i c i en t da ta is avai lab le f r o m B 6 / 1 ) . 

Case IV: Loose ly packed layers are s u s p e c t e d b e t w e e n V P - 1 .00 m and V P - 7 . 0 0 m. Th i s 

c o n c l u s i o n is based on l o w cone res is tance va lues (in t h e order o f 2 t o 4 MPa), a l t h o u g h t h e s e are 

n o t e x t r e m e l y l o w . S i l ty f i ne sand layers w i t h (supposed ly ) l o w permeab i l i t i es are p resen t b e t w e e n 

V P - 1 .20 m and V P - 4 . 7 0 m. No sens i t i ve layers w i t h t h i c k n e s s e s o f m o r e t h a n 5 m e t e r are 

p resen t . A l l layers m a y dra in in b o t h u p w a r d and d o w n w a r d d i r e c t i o n . If l i q u e f a c t i o n o c c u r s , it 
wi l l p r o b a b l y be in the zone b e t w e e n V P - 1 .00 m and V P - 6 . 0 0 m. A s a m p l e f r o m bo r i ng B 2 / 1 

at V P - 3 . 0 0 m w i l l be used fo r f u r t he r ana lys is . 

§ 1 .4 .2 Laboratory Classif icat ion of Samples from the M o s t Crit ical Z o n e s 

To ge t a l i t t le m o r e ob jec t i ve ins igh t in t h e p roper t ies o f t h e sands in t h e c r i t i ca l z o n e s , s o m e 

s t a n d a r d l abo ra to ry tes t s m u s t be c o n d u c t e d . N o t all i n f o r m a t i o n necessa ry w a s ava i lab le fo r all 

case h i s to r i es . The re fo re , s o m e in te rp re ta t i ons o f a l te rna t i ve t e s t p e r f o r m a n c e s h a v e been u s e d . 
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Figure 2 Interpreted sieve curves and^i ï^rsanS classification triangle data 

T h e s ieve d a t a , o f t h e samp les t o be i n v e s t i g a t e d , w e r e n o t f u l l y adap tab le t o t h e S C W ( 1 9 7 5 ) 

c lass i f i ca t i on m e t h o d , w h i c h has been u s e d . The i n te rp re ted s ieve c u r v e s , as w e l l as t h e sand 

t r i ang le c l ass i f i ca t i on p a r a m e t e r s , are s h o w n in F igure 2 . N o t e t h a t o f case h i s to ry II no s ieve 

ana lyses w e r e ava i lab le . A l l o the r samp les are w i t h i n Ish ihara 's ( 1 9 8 6 ) l im i ts o f m o s t l ique f iab le 

so i l s . 

The t e s t e d samp les are d r a w n in t h e S C W sand c lass i f i ca t ion t r i ang le , as s h o w n in F igure 3 o n 

page 5 . W e m u s t c o n c l u d e t h a t on l y t h e f i r s t samp le o f case h i s t o r y III and t h e s a m p l e o f case IV 

lie in t h e f i ne - sand r e g i o n . A l l o the r t e s t e d samp les are m o r e coa rse . 

W h e n c o m p a r i n g t h e l oca t i on o f t h e t e s t e d samp les t o t h e genera l l oca t i ons o f e i gh t cha rac te r i s t i c 

s a n d y d e p o s i t s fo r T h e Ne the r lands (see Figure 1 9 on page 2 6 ) , t h e sand f r o m t h e c r i t i ca l zones 

o f case h is to r ies I & III ( sample B6 /5 ) seem l ikely t o be coarse r iver sand d e p o s i t s . T h e s a n d f r o m 

samp le B 5 / 3 o f case h i s to ry III seems l ikely t o be a f ine r iver sand d e p o s i t . T h e sand f r o m case 

h i s t o r y IV is l ikely t o be a c o v e r s a n d These f i nd ings are in acco rdance w i t h t h e geo log ica l s u r v e y . 

4 



Appendix 1: Case History Analyses 

The appe l la t ions o f t he sands , acco rd ing t o t h e S C W c lass i f i ca t i on p r o c e d u r e , are m e n t i o n e d 

b e l o w . N o t e , aga in , t h a t c lass i f i ca t ion o f samp le B2 of case h i s to ry II w a s n o t poss ib le , as no s ieve 

da ta w e r e ava i lab le . 

Case I-B1: V e r y coarse s a n d , ve ry l i t t le l o a m y , l i t t le g r a v e l , poo r l y g r a d e d . 

(M63 = 3 8 7 ; G = 1.98) (/ = 10) (g = 3 .4 ) [[DJD,0]6S = 1.6) 

Case III-B5/3: M e d i u m f ine s a n d , ve ry l o a m y , l i t t le g r a v e l , m o d e r a t e l y g r a d e d . 

(M63 = 2 2 3 ; G = 0 . 9 8 ) (/ - 38 ) (g = 0 .0 ) ([D60/Dl0]63 = 2 .1 ) 

Case III-B6/5: V e r y coarse s a n d , l o a m y , l i t t le g rave l , m o d e r a t e l y g r a d e d . 

[M6J = 4 0 7 ; G = 1.83) (/ = 3 1 ) (g - 0 .0 ) ([DJDI0]6} = 1.8) 

Case IV-B2/1: M e d i u m f ine s a n d , ve ry l o a m y , l i t t le g rave l , we l l g r a d e d . 

{M63 = 1 5 6 ; G = 0 . 6 2 ) (/ = 59 ) (g = 0 . 1 ) ([D6I/DW)63 = 2 . 4 ) 

§ 1 .4 .3 A n g u l a r i t y D e t e r m i n a t i o n 

A l t h o u g h it is n o t d i f f i cu l t t o de te rm ine t h e Vo lde r s & V e r h o e v e n sha rpness i n d e x , i t w a s n o t 

done o n any o f t h e samp les of any of t h e case h is to r ies . Nor m i c r o s c o p i c ana lyses w e r e p e r f o r m e d . 

In gene ra l , t h e angu la r i t y of g ranu lar mater ia ls are no t o f t e n i nves t i ga ted because angu la r i t y is 

cons ide red t o be ve ry d i f f i cu l t t o q u a n t i f y , ob jec t i ve l y and s t anda rd i zed . A l s o , angu la r i t y is n o t o f t e n 

used in i nves t i ga t i ons of re la t ionsh ips b e t w e e n o the r p roper t ies o f s a n d s , in l i t e ra tu re . N e v e r t h e l e s s , 
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angu la r i t y is s u s p e c t e d t o have a dec is ive in f luence on p last ic d e f o r m a t i o n behav iou r (see also t h e 

f u n d a m e n t a l research of N iekerk ( 1 9 9 5 ) ) . 

For f u r t he r ana lys is , w e w i l l a ssume t h a t all sands i nves t i ga ted m a y be c lass i f ied as " s u b -

a n g u l a r " , o n t h e basis o f t h e f a c t t h a t t h e y are suspec ted t o have been depos i t ed re la t ive ly f as t . 

Th is i n f o r m a t i o n is necessary for es t ima t i on of t h e m a x i m u m and m i n i m u m vo id ra t ios . 

§ 1 .4 .4 Es t ima t i on o f M a x i m u m and M i n i m u m V o i d Rat ios 

A l s o the m a x i m u m and m i n i m u m vo id ra t io de te rm ina t i on is no t a d i f f i cu l t l abo ra to ry t e s t , 

a l t h o u g h d i f f e r e n t s tandard i zed p rocedures have been es tab l i shed . The resu l ts m a y d i f fe r as m u c h 

as 5 % (see B o w e l s ( 1 9 9 2 ) ) , depend ing on the ope ra t i ng labo ran t . 

Y o u d ( 1 9 7 3 ) i nves t i ga ted t h e f ac to r s i n f l uenc ing the m a x i m u m and m i n i m u m vo id ra t i os . He 

es tab l i shed a genera l d i a g r a m in w h i c h the re la t ionsh ip b e t w e e n t h e coe f f i c i en t of u n i f o r m i t y of t h e 

s ieve c u r v e , C„ and t h e angu la r i t y (expressed in r o u n d n e s s , R) o f t h e pa r t i c les , on the one h a n d , 

and t h e m a x i m u m and m i n i m u m vo id ra t ios on t h e o the r , are r ep resen ted . The pa ramete rs necessa ry 

in t h e p resen t cases , are g i ven in the f o l l o w i n g tab le ( the va lue of C„ of case h i s to ry I I -B2 is 

e s t i m a t e d t o be 1.5, w h i c h is fa i r ly u n i f o r m ) : 

Site C. (from sieve curve) R {estimated qualitatively) e _ (Youd) e_, (Youd) 

Case history I 1.6 sub-angular 0.47 0.87 

Case history II 1.5 sub-angular 0.48 0.88 

Case history III-B5/3 2.1 sub-angular 0.67 1.05 

Case history IH-B6/5 1.8 sub-angular 0.52 0.84 

Case history IV 2.4 sub-angular 0.39 0.76 

T h e m a x i m u m and m i n i m u m vo id ra t i os , w h i c h are added in t h e tab le a b o v e , have been de r i ved 

f r o m Y o u d ' s d i a g r a m (see Figure 4 o n page 7 ) . 

§ 1 .4 .5 Crit ical Void Ratio Determination 

A g a i n w e are h a v i n g t r oub le d e t e r m i n i n g accu ra te va lues fo r spec i f i c mater ia l p rope r t i es . T h i s 

t i m e , h o w e v e r , n o t c o m p l e t e l y u n e x p e c t e d , as cr i t ica l vo i d ra t io t es t s are qu i te labor ious and n o t 

usua l l y p e r f o r m e d . Dra ined cr i t ica l vo i d ra t io t es t s w e r e c o n d u c t e d on ly on t h e samp les o f case 

h i s t o r y I I I . A c c o r d i n g t o L indenberg etal. ( 1 9 8 1 ) , t h e w e t cr i t ica l vo i d ra t io w i l l be w i t h i n t h e range 

of 0 . 5 to 7 % a b o v e t h e d r y c r i t i ca l v o i d ra t i o . 

For all o t he r s a m p l e s , n o t h i n g else w a s le f t t o do bu t t o e s t i m a t e t h e cr i t i ca l v o i d ra t io f r o m 

p rev ious l y c o n d u c t e d t es t s o n o ther s a n d s . Here , t h e f i nd i ngs o f L indenberg etal. ( 1 9 8 1 ) are u s e d . 

T h e y c o n d u c t e d cr i t i ca l v o i d ra t io t es t s a t a c o n f i n i n g p ressure o f 5 0 kPa, w h i c h c o r r e s p o n d s t o 

a d e p t h o f 3 - 5 m f o r n o r m a l l y c o n s o l i d a t e d so i l s . O b v i o u s l y , t h i s w a y an a rb i t ra ry va lue is 
o b t a i n e d , w i t h o u t any re la t ion t o t h e sand i n v e s t i g a t e d . Fur ther ana lyses s h o u l d be l o o k e d u p o n 

as educa t i ona l ra ther t h a n q u a n t i t a t i v e . W e t c r i t i ca l vo i d ra t i os , used as cr i te r ia in f u r t he r a n a l y s e s , 

are p resen ted in t h e tab le o n page 8 . 
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l l I i 

Rgura 4 Estimation of maximum and minimum void ratios from Youd's (1973) diagram 
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Flow Slide Failure of Excavated Subaqueous Slopes 

Site *crit, dry + 0 .5% limit P . 
*-crti. wet 

+ 7% limit 

Case history I-B1 - - 0.79 -

Case history II-B2 - - 0.79 -

Case history III-B5/3 0.98 0.98 - 1.05 

Case history III-B5/3 0.74 0.74 - 0.79 

Case history IV-B2/1 - - 0.79 -

§ 1 .4 .6 Est imation of the In-situ Relative Density from Cone Penetration T e s t s 

Severa l w o r k e r s have searched (and f o u n d ) re la t ions b e t w e e n t h e re la t ive d e n s i t y , re la ted t o t h e 

in -s i tu vo id ra t i o , and t h e c o n e res is tance va lues . They f o u n d a d e p e n d e n c y o f t h e re la t i ve d e n s i t y 

o n t h e cone res i s tance and the ver t i ca l e f f e c t i v e s t r ess . 

T o ca lcu la te t h e ver t i ca l e f f e c t i v e s t ress , a un i t w e i g h t of 2 0 kN/m3 and 1 5 kN/m3 f o r sand and 

c lay laye rs , r espec t i ve l y , w e r e ass igned o n t h e basis of NEN Codes ( 1 9 9 3 ) . L o w e s t i m a t i o n s o f 

t h e un i t w e i g h t lead t o h igher e s t i m a t i o n s of t h e average in-s i tu re la t i ve d e n s i t y in t h e m o s t c r i t i ca l 

z o n e s . T h e resu l t s are g i v e n in t h e f o l l o w i n g table: 

Site Estimated Low Relative Density [%1 

Case history I 40 

Case history II 30 

Case history III 40 

Case history IV 40 

See for t h e e s t i m a t i o n o f t h e d e v e l o p m e n t o f t h e in -s i tu re la t ive dens i t ies w i t h d e p t h , ca l cu la ted 

by m e a n s o f J a m i o l k o w s k i ' s f o r m u l a , o n t h e basis o f all cone pene t ra t i on t e s t s ava i lab le per case 

h i s t o r y , F igure 2 0 o n page 2 7 t h r o u g h Figure 2 3 on page 2 8 . T o v e r i f y t h e e s t i m a t i o n s , o the r 

f o r m u l a e w e r e e m p l o y e d , all o f w h i c h p red i c ted re la t ive dens i t ies in t h e s a m e range , b u t l i t t le h ighe r . 

A l s o t h e c o m p r e s s i b i l i t y o f t h e sands w a s t aken in to a c c o u n t , by cons ide r i ng t h e f r i c t i o n r a t i o , u s i n g 

f u z z y n u m b e r s . Th is s e c o n d ana lys is y ie lded t h e f o l l o w i n g ranges o f re la t ive dens i t i es f o r t h e m o s t 

u n f a v o u r a b l e c o m b i n a t i o n s o f a\, qc and Rr 

Case I Case II Case III Case IV 

4 0 % - 5 0 % 3 3 % - 3 7 % 3 0 % - 4 5 % 2 8 % - 3 7 % 
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§ 1 .4 .7 in -s i tu V o i d Rat io D e t e r m i n a t i o n 

In none of t h e case h is to r ies , in -s i tu dens i t y m e a s u r e m e n t s w e r e p e r f o r m e d . T h e r e f o r e , i t w a s 

t r ied t o a p p r o x i m a t e t h e in-s i tu vo id rat io f r o m the es t ima ted m a x i m u m and m i n i m u m v o i d ra t ios 

and in -s i tu re la t ive dens i t y , based on the de f in i t i on of t he re lat ive d e n s i t y . The resu l ts are g i ven 

in the tab le b e l o w : 

Site Estimated High In-situ Void Ratio [-] 

Case history I 0.71 

Case history II 0.76 

Case history III - B5/3 0.90 

Case history III - B6/5 0.71 

Case history IV 0.61 

A graph ica l p resen ta t i on o f t h e p rocedu re is g i ven in F igure 2 4 on page 2 9 t h r o u g h F igure 2 8 

on page 3 1 . O n the le f t y -ax i s , t h e m a x i m u m ob ta inab le vo id ra t io is p l o t t e d . O n t h e r i gh t y -ax i s , 

t h e m i n i m u m ob ta inab le vo id ra t io is p l o t t e d . The l ine c o n n e c t i n g b o t h rep resen ts t h e r ange o f 

ob ta inab le dens i t ies b e t w e e n t h e re la t ive looses t pack i ng (0) and re la t ive d e n s e s t pack i ng ( 1 0 0 ) , 

on t h e x -ax i s . 

The va lues o f t h e m a x i m u m and m i n i m u m ob ta inab le v o i d ra t i o ' s m a y d i f fe r as m u c h as 5 % . 

These b o u n d a r y va lues t o t h e m a x i m u m and m i n i m u m vo id ra t i os , as w e l l as t h e e s t i m a t e d w e t 

c r i t i ca l vo i d ra t i os , have been p l o t t e d in the c h a r t s . 

§ 1 . 5 Stat ic Liquefaction Potential Evaluation 

N o w t h a t all aspec ts o f t h e s ta t i c l i que fac t i on i nves t i ga t i on have been c o m p l e t e d , w e m a y 

p roceed t o t h e i n te rp re ta t i on o f t h e f i nd i ngs . In t h e f o l l o w i n g p a r a g r a p h , an e n u m e r a t i o n w i l l be 

g i ven per case h i s t o r y . 

Case history I: 

o The zone m o s t cr i t ica l t o s ta t i c l i que fac t i on is ve ry p robab l y s i t ua ted in a p le i s tocene layer . T h e 

cone res is tances f o u n d in t h e m o s t cr i t ica l zone , w h i c h cons i s ted o f m e d i u m f ine t o m e d i u m coa rse 

r iver depos i t s and n o t de f in i te po ten t ia l l y suscep t ib le sands , w e r e n o t e x t r e m e l y l o w , as s h o u l d be 

e x p e c t e d in t r u l y s ta t i c l iquef iab le sands , at t h a t d e p t h . 

o The s ieve c u r v e w a s i n te rp re ted f r o m an a l te rna t i ve s ieve ana lys is . H o w e v e r , t h e c o e f f i c i e n t o f 

u n i f o r m i t y is n o t l ike ly t o be l o w e r t h a n the e s t i m a t e d va lue o f 1 .6 . T h e r e f o r e , t h e va lues f o r 

m a x i m u m and m i n i m u m v o i d ra t ios are p robab l y l o w e r t h a n e s t i m a t e d , w h i c h , in t u r n , leads t o a 

l o w e r a p p r o x i m a t i o n of t h e i n -s i t u vo id ra t i o . 

o The a d o p t e d va lue fo r t h e w e t cr i t ica l vo i d ra t io w a s based o n f i n d i n g s o n o the r s a n d s . T h e s e 

sands are n o t ve ry l ikely t o have t h e same w e t cr i t ica l v o i d ra t ios as t h e sand c o n s i d e r e d . T h e 

s a n d s , on w h i c h t h e w e t cr i t ica l vo i d ra t io c r i te r ion has been based (L indenberg et al. ( 1 9 8 1 ) ) , are 

l ike ly t o be m o r e u n i f o r m and less angu lar . Poss ib ly , t h e ac tua l w e t c r i t i ca l vo i d ra t io o f t h e sand 

cons ide red is h igher , w h i c h w o u l d m a k e t h e soi l less suscep t ib le t o s t a t i c l i q u e f a c t i o n . 
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o The a p p r o x i m a t e d in -s i tu vo id rat io is b e l o w the (assumed) w e t cr i t ica l vo i d ra t io , bu t the c o n f i n i n g 

p ressure used t o es tab l i sh t h e cr i t ica l vo id rat io w a s l owe r t han the expec ted hor izonta l s t ress level 

at t he d e p t h f r o m w h i c h t h e sample w a s taken ( + 10 m) . H o w e v e r , on the basis of th is ana lys i s , 

s ta t i c l i que fac t i on seems o u t of t he q u e s t i o n . The cause of fa i lu re shou ld be s o u g h t in o the r 

p h e n o m e n a , l ike ac t i ve bank d e v e l o p m e n t . 

Case history If: 

o The zone m o s t c r i t i ca l t o s ta t i c l i que fac t ion is very p robab ly s i t ua ted in a p le i s tocene layer . 

M o r e o v e r , t h e cr i t ica l zone is very t h i n . The cone res is tances f o u n d in the m o s t cr i t ica l z o n e , w h i c h 

w a s no t c lass i f i ed , bu t p robab l y r iver depos i t ed , w e r e no t e x t r e m e l y l o w , as shou ld be e x p e c t e d 

in t r u l y s ta t i c l iquef iab le sands , at t h a t d e p t h . 

o No s ieve ana lyses w e r e p e r f o r m e d . H o w e v e r , the coe f f i c i en t of u n i f o r m i t y in no t l ikely t o be l o w e r 

t h a n t h e e s t i m a t e d va lue of 1.5. The re fo re , t h e va lues for m a x i m u m and m i n i m u m vo id ra t ios are 

p r o b a b l y l o w e r t h a n e s t i m a t e d , w h i c h , in t u r n , leads to a l owe r a p p r o x i m a t i o n of t he in -s i tu v o i d 

ra t i o . 

o The a d o p t e d va lue fo r t h e w e t cr i t ica l vo id rat io w a s based on f i nd ings on o the r sands . These 

sands are n o t ve ry l ikely t o have t h e same w e t cr i t ica l vo id ra t ios as t h e sand c o n s i d e r e d . T h e 

sands , on w h i c h t h e w e t cr i t ica l vo i d ra t io c r i te r ion has been based (L indenberg etal. ( 1 9 8 1 ) ) , are 

l ikely t o be m o r e u n i f o r m and less angu lar . Poss ib ly , t h e ac tua l w e t cr i t ica l vo i d ra t io o f t h e sand 

cons ide red is h igher , w h i c h w o u l d m a k e t h e soi l less l ikely t o be suscep t i b le t o s ta t i c l i q u e f a c t i o n , 

o T h e a p p r o x i m a t e d in -s i tu v o i d ra t io is b e l o w t h e (assumed) w e t cr i t ica l v o i d ra t i o . O n t h e bas is 

of t h i s ana lys i s , s ta t i c l i que fac t i on seems o u t of t h e q u e s t i o n . The cause of fa i lu re shou ld be s o u g h t 

in o the r p h e n o m e n a , l ike ac t i ve bank d e v e l o p m e n t (see also t h e fa i lu re pro f i le p resen ted in F igure 2 9 

on page 3 2 ) . 

Case history III: 

o The zone m o s t c r i t i ca l t o s ta t i c l i que fac t i on is p robab ly s i t ua ted in a ho locene sand layer . T h e 

c o n e res i s tances f o u n d in t h e m o s t cr i t ica l zone , w h i c h cons i s ted o f m e d i u m f ine t o m e d i u m coa rse 

n o t de f i n i t e po ten t i a l l y suscep t i b le sands , w e r e n o t ex t reme ly l o w , as shou ld be e x p e c t e d in t r u l y 

s ta t i c l iquef iab le s a n d s , at t h a t d e p t h . Sample B 5 / 3 seems t h e m o s t c r i t i ca l o n e , j u d g i n g by 

c lass i f i ca t i on and d r y c r i t i ca l vo i d ra t io t es t resu l t . No te t h a t t h e ac tua l d ry cr i t ica l vo i d ra t io w a s 

n o t d e t e r m i n e d . The l abo ra to ry tes t s ind ica ted the d r y cr i t ica l vo i d ra t io t o be h igher t h a n 0 . 7 4 . 

o The a d o p t e d va lue fo r t h e w e t cr i t ica l vo i d ra t io has been based on t h e f i nd i ngs o f L i n d e n b e r g 

etal. ( 1 9 8 1 ) , w h o f o u n d t h a t t h e w e t cr i t ica l vo i d ra t io is b e t w e e n 0 . 5 and 7 % above t h e d r y c r i t i ca l 

vo i d ra t i o . Poss ib l y , t h e ac tua l w e t cr i t ica l vo id ra t io o f t h e sand cons ide red is h igher , because i t 

is l ike ly t o be less u n i f o r m and less angular t h a n t h e sands i nves t i ga ted by L indenberg etal. ( 1 9 8 1 ) , 

w h i c h w o u l d m a k e t h e soi l less l ikely t o be suscep t ib le t o s ta t i c l i q u e f a c t i o n , 

o The a p p r o x i m a t e d in -s i tu vo id ra t io is n o t de f in i te l y above t h e (assumed) w e t cr i t ica l v o i d r a t i o . 

On t h e basis of t h i s ana lys i s , s ta t i c l i que fac t i on is n o t ve ry p robab le . 

Case history IV: 

o T h e zone m o s t c r i t i ca l t o s ta t i c l i que fac t i on is very p robab l y s i t ua ted in a p le i s tocene layer . T h e 

c o n e res i s tances f o u n d in t h e m o s t cr i t ica l zone , w h i c h cons i s ted o f s i l ty f i ne t o m e d i u m f i ne s a n d s , 

w e r e no t e x t r e m e l y l o w , as shou ld be e x p e c t e d in t r u l y s ta t i c l iquef iab le s a n d s , at t h a t d e p t h . T h e 

soi l p ro f i le d i sp lays g rea t i n h o m o g e n e i t y ( in te r la te rment w i t h cohes i ve so i l s ) , w h i c h m a k e s s ta t i c 
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l i que fac t i on less p robab le . 

o The a d o p t e d va lue fo r t h e w e t cr i t ica l vo id rat io w a s based on f i nd ings on o ther s a n d s . These 

sands are n o t ve ry l ikely t o have the same w e t cr i t ica l vo id rat ios as t h e sand c o n s i d e r e d . The 

sands , on w h i c h the w e t cr i t ica l vo id rat io c r i te r ion has been based (L indenberg et al. ( 1 9 8 1 ) ) , are 

l ikely to be m o r e u n i f o r m , t h u s the m a x i m u m and m i n i m u m vo id rat ios are l ikely to have been h igher . 

Hence , t h e ac tua l w e t cr i t ica l vo id rat io o f t he sand cons ide red w i l l be l o w e r t h a n L i n d e n b e r g ' s , 

w h i c h w o u l d make the soi l mo re l ikely t o be suscep t ib le to s ta t i c l i q u e f a c t i o n , 

o The a p p r o x i m a t e d in-s i tu vo id rat io is b e l o w the (assumed) w e t cr i t ica l vo id ra t i o . O n t h e basis 

of th is ana lys i s , s ta t i c l i que fac t i on is no t p robab le . 

§ 1.6 C o n c l u s i o n s 

The eva lua t i on of t h e f ou r case h is tor ies p resen ted here has been p e r f o r m e d , u n f o r t u n a t e l y 

f o r c e d , at a ve ry l o w leve l . A lack of necessary da ta , l ike c r i t i ca l , m a x i m u m and m i n i m u m vo id 

ra t ios , m e a n t t h a t m a n y pa rame te rs had t o be e s t i m a t e d . 

Neve r t he l ess , t he app l i ca t i on o f t he p r o p o s e d m e t h o d o f ana lys is (see V o l u m e 2 , Chap te r 2) t o 

the case h is to r ies has p r o v e n t o be s o u n d , a l t h o u g h the resu l t s , in t h e f o u r s t ud ied case h i s to r i es , 

are i nd i ca t i ve o n l y . In all case h is tor ies in w h i c h fa i lure d id occu r , i t seems n o t l ike ly t o h a v e been 

caused by s ta t i c l i que fac t i on . Poss ib ly t h e d e v e l o p m e n t o f ac t i ve banks has lead t o e x t e n s i v e fa i lu re 

in t hese cases . Th is t h o u g h t is s t r e n g t h e n e d by t h e s ta i r - l ike fa i lu re p ro f i l es e n c o u n t e r e d (see a lso 

F igure 2 9 o n page 3 2 ) . 

T h e resu l t s m a y be use fu l as an i nd i ca t i on o f t h e l i ke l ihood o f o c c u r r e n c e o f s t a t i c l i q u e f a c t i o n 

and hence a poss ib le f l o w s l ide . The o c c u r r e n c e c a n n o t be exc l uded h o w e v e r , b e c a u s e no a c c u r a t e 

m e a s u r e m e n t s o f t h é cr i t i ca l vo i d ra t io and in -s i tu vo id ra t io w e r e ava i lab le . T h u s , t h e c r i t i ca l v o i d 

rat io c r i t e r i on c o u l d n o t be e v a l u a t e d . 
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Figure 5 Cone penetration test results of CPT 1 at the site of case history I 
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Rgura 6 Cone penetration test results of CPT 2 at the site of case history I 
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Rgure 10 Cone penetration test results of CPT 1 at the site of case history III 
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W r i j v i n g s w e e r s t a n d . f s (MPa) • 
o .1 . a 

0 2 4 
C o n u s w e e r s t a n d . q, 2 < 6

C [ * . ) . 

W r i j v i n g s g e t a l . R f [ « ] 
8 6 4 2 0 

Figure 12 Cone penetration test results of CPT 3 at the site of case history III 
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W r i j v i n g s w e e r s t a n d . f s (MPa) -c» «« wr i j v i n g s g e t a l . R f (XI 
^ .1 .2 .3 _4 .5 10 8 6 4 2 0 

0 2 4 6 8 10 12 14 16 18 2 0 22 24 2 6 2 8 3 0 
C o n u s w t e e r s t a n d . q c (MPa) 

Rgure 1 3 Cone penetration test results of CPT 4 at the site of case history III 
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H r i j v i n g s w e e r s t a n d . f 5 IMPa] - » . Wr 1) v l n g a g e t a l , R f IX] 
^2 J. l2 * '5 10 8 6 * 2 0 

Rgure 14 Cone penetration test results of CPT 5 at the site of case history III 
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Wri(vingsweerstand,f s IMPal -o= ^ Wrijvingsgfltal.Rf 1%) 
.0 .1 .2 .3 .4 .5 10 8 6 4 2 0 

Rgure 15 Cone penetration test results of CPT 1 at the site of case history IV 
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A = Little loamv eoiian sand (drift s a n d , young coversand and older 

eoiian sand) 
B = Loamv eoiian sand (old coversand and similar sand) incidental: 

fluvial sand) 
C = Brooksand. fine river sand 
D = Well graded (loamv) natural deposits (among others: solifluction 

material, " c l a y s a n d " , fluvio-glacial material) 
E = Loam (sand fraction; no boundaries indicated) 
F = Extremely fine basin sand 
G = C o a r s e river sand 

H = Estuarine and s e a - s a n d , sand from coastal areas (sha l low-sand, 

beach and dune sand) 

Rgure 19 Eight characteristic sandy deposits of The Netherlands after S C W (1975) 
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E s t i m a t e d Relat ive Dens i t i es C a s e I 
90 I 

20 I 
4.00 2.00 0.00 -ZOO -4.00 -6.00 -6.00 -10.00 

Depth wttfi respect to NAP [m] 

Rgura 20 Estimated low relative density for case history I 

Estimated Relative Densities Case II 

-2.50 -3.00 -3.50 -4 00 -4.50 -5 00 -5.50 4JO0 -6.50 -7.00 -7.50 

Depth wtth respect to NAP [ra] 

Rgure 21 Estimated low relative density for case history II 
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E s t i m a t e d Relat ive D e n s i t i e s C a s e III 

1.00 0.00 -1.00 -ZOO -3 00 -4.00 -5.00 -8.00 

Depth with respect to NAP [m] 

-7.00 -8.00 

Figure 22 Estimated low relative density for case history I 

80 
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60 

* 
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40 

20 

Estimated Relative Densities Case IV 
-4> CPT 1 

- • J C P T ? 

- £ CPT J 

• ) CPT I 

-1.50 -ZOO -Z50 -3 00 -3,50 -4.00 -4.50 -5.00 -5 50 -6.00 

Depth wtth respect to NAP [m] 

Rgure 23 Estimated low relative density for case history IV 
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Ratio Estimation Chart C a s a 

Figure 24 In-situ void ratio estimation chart for case history I 

Appendix I Case History Analyses 
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In-situ Void Ratio Estimation Chart 
C a s e III - BS/3 

0 10 20 30 40 SO 60 70 80 SO 100 

Relative Density [%] 

Figure 26 In-situ void ratio estimation chart for case history III - B5/3 
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In-situ Void Ratio Estimation Chart 
C a s e III - B6/5 

20 30 40 50 60 

Relative Density [%] 

Figure 27 In-situ void ratio estimation chart for case history III - B6/5 
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In-situ Void Ratio Estimation Chart of C a s e IV 

20 30 40 50 80 

Relative Density [%] 

Figure 28 In-situ void ratio estimation chart for case history IV 
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Figure 29 Registered failura profit* of flow slide failure of case history II: note the stair-type profile 
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2 Combined Permeability & Fluidization Tests 

§ 2 .1 I n t r o d u c t i o n and A i m o f t h e Tes ts 

A s one m a y conc lude f r o m the p rev ious append i x , k n o w l e d g e of t h e cr i t i ca l vo i d ra t io is v i ta l 

in s ta t i c l i que fac t i on po ten t ia l ana lyses . A l s o , one may conc lude t h a t d e t e r m i n a t i o n o f t h e cr i t i ca l 

vo id ra t io in a t r iax ia l appa ra tus , b o t h ' w e t ' and ' d r y ' , is very d i f f i cu l t . 

W h e n s t u d y i n g V a n der S c h r i e c k ' s lec ture no tes ( 1 9 9 6 ) , m y a t t e n t i o n w a s d r a w n t o a g r a p h in 

w h i c h the po ros i t y of d i f f e ren t sands w e r e p lo t ted aga ins t the i r pe rmeab i l i t i es . The research f r o m 

w h i c h th is g raph is d e r i v e d , s h o w e d the cr i t ica l vo id rat io to be a p p r o x i m a t e l y equa l t o t h e v o i d ra t io 

(and permeab i l i t y ) at t he f l u id i za t i on l im i t , increas ing w i t h l o w e r permeab i l i t i es or a smal ler par t i c le 

s ize. The or ig ina l t es t s w e r e c o n d u c t e d w i t h i n the f r a m e w o r k o f research on t h e c u t t i n g f o r c e s in 

sands . 

A t f i r s t g l ance , f l u id iza t ion and t h e l i que fac t i on p r o b l e m m a y n o t s e e m t o be re la ted t o t h e s a m e 

m e c h a n i s m s , c o m p l e t e l y . O n e m a y e x p e c t t h a t f l u i d i za t i on , w h i c h m a y be es tab l i shed at any v o i d 

ra t io in any s a n d , as l ong as the head d i f f e rence app l ied is large e n o u g h , is t h e resu l t o f h i g h p o r e 

p ressures l i f t i ng t h e g ra ins . L i q u e f a c t i o n , o n t h e c o n t r a r y , m a y be seen as a c o n t i n u e s p r o c e s s o f 

s o f t e n i n g , as a resu l t o f i nduced pore p ressures . 

H o w e v e r , t h e t w o are n o t t h a t d i f f e r e n t , if f l u id i za t ion is l ooked u p o n as t h e o p p o s i t e o f 

l i que fac t i on . In o the r w o r d s , ins tead o f g ra ins m o v i n g t o w a r d a denser p a c k i n g , c a u s i n g a r ise in 

pore p ressu re , t he po re p ressure is inc reased de l ibera te ly w h i l e m o n i t o r i n g t h e d e v e l o p m e n t o f t h e 

equ i l i b r i um vo id ra t io , c lose ly , unt i l t h e g ra in ske le ton s t r uc tu re is l os t . 

The a im of t h e t e s t ser ies c o n d u c t e d w i t h i n the f r a m e w o r k o f t h i s g r a d u a t e s t u d y p r o g r a m w a s 

t w o f o l d . F i rs t , i t w a s m e a n t t o ve r i f y t h a t an es t ima t i on of t h e ( w e t ) c r i t i ca l d e n s i t y m a y be de r i ved 

f r o m a s imp le pe rmeab i l i t y t e s t . S e c o n d , i t w a s m e a n t t o w o r k o u t a re la t ive s imp le t e s t p r o c e d u r e , 

as o p p o s e d t o t h e cu r ren t t es t p rocedures in s ta t i c l i que fac t i on ana l yses , t o e s t i m a t e t h e c r i t i ca l 

v o i d ra t io as we l l as the m a x i m u m and m i n i m u m vo id ra t ios . Th i s last add i t i ona l i n f o r m a t i o n w o u l d 

be use fu l fo r e s t i m a t i n g t h e in -s i tu vo id ra t ios f r o m C P T - a p p r o x i m a t e d re la t i ve dens i t i e s . 

U n f o r t u n a t e l y no samp les w e r e avai lable f r o m the case h i s to ry s i tes t h a t w e r e s t u d i e d . 

§ 2 . 2 T h e Permeab i l i t y A p p a r a t u s 

In f a c t , fo r t h e c o m b i n e d pe rmeab i l i t y & f lu id iza t ion t e s t , an o rd ina ry pe rmeab i l i t y a p p a r a t u s is 

u s e d . The on l y a d j u s t m e n t m a d e , w a s the ex tens ion o f t h e head m e a s u r i n g t u b e s , t o a c c o m m o d a t e 

the h igh head d i f f e rences . The d iamete r of t h e t e s t cy l inder w a s 6 0 mm, w h i c h m a d e t h e ins ide 

area equa l t o 2 , 8 2 7 . 4 3 mm2 ( = 2 . 8 2 7 * 1 0 " 3 m 2 ) . A schema t i c v i e w o f t h e appa ra tus used is g i v e n 

in F igure 3 0 o n page 3 4 . 
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Tap w a t e r pene t ra tes the spec imen f r o m b e l o w . The s i x th head measu r i ng t u b e ind ica tes t h e 

p ressure at t h e b o t t o m of the s p e c i m e n . The t o p of t he appara tus serves as an o v e r f l o w f r o m w h i c h 

t h e w a t e r runs o f f to the s ink . The f i rs t head measur ing tube ind ica tes the he igh t of t he wa te r - l eve l 

at t he t o p of t h e t e s t cy l i nder , w h i c h equals the hyd ros ta t i c p ressure in t h e s p e c i m e n . 

1 a 3 4 5 6 

Figure 30 Schematic display of the permeability test apparatus 
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The f ou r rema in ing head measur ing tubes are c o n n e c t e d to the tes t cy l inder at d i f f e ren t d i s tances 

apar t . Mu l t i p l e head measur ing tubes a l l ow for d i f f e ren t ia ted pe rmeab i l i t y m e a s u r e m e n t w h i c h 

enables one t o eva lua te the u n i f o r m i t y of the vo id rat io over the he igh t of t he s p e c i m e n and a m e a n 

pe rmeab i l i t y va lue . 

§ 2 . 3 Desc r i p t i on o f t h e Tes t Procedures 

A c o m b i n e d permeab i l i t y & f lu id iza t ion tes t is d i v ided in to t w o phases . Phase I is c o n d u c t e d t o 

es tab l ish the pe rmeab i l i t y - vo id rat io pa th b e t w e e n the local m a x i m u m and m i n i m u m vo id ra t i os . 

Phase II is c o n d u c t e d t o f i nd the fluidization limit and permeab i l i t y p roper t ies at f l u i d i z a t i o n . Each 

c o m b i n e d pe rmeab i l i t y & f lu id iza t ion tes t w a s carr ied ou t in a ser ies of s t e p s , w h i c h w i l l be d e s c r i b e d 

in th is p a r a g r a p h . 

STEP 1 : A w e i g h t e d quan t i t y of granular mater ia l m u s t be care fu l ly depos i t ed in the t e s t cy l i nder 

layer by layer , avo id i ng any d i s t u rbances . It is i m p o r t a n t t o pa t ien t ly let t he ind iv idua l par t i c les se t t le 

layer by layer t o avo id separa t ion of t h e d i f f e ren t f r a c t i o n s , as m u c h as poss ib le . If t h e mater ia l 

con ta ins a h igh pe rcen tage of f i nes , it is adv isable t o m ix some sand w i t h a l i t t le w a t e r f i r s t , be fo re 

pou r i ng it in to the tes t cy l inder , if necessary t h r o u g h a f unne l . Else, t he f iner par t i c les m a y adhere 

t o air bubb les and rema in at t he w a t e r su r face . Dur ing s e d i m e n t a t i o n , t h e w a t e r level in t h e t e s t 

cy l inder m u s t be h igh e n o u g h t o p reven t scour w h e n add ing a sand s t r e a m . Pre fe rab ly , i t m u s t be 

l o w e n o u g h , at all t i m e s , t o no t o v e r f l o w the tes t cy l inder t o p . T o es tab l i sh t h e m a x i m u m v o i d ra t i o , 

a c o n s t a n t u p w a r d g rad ien t m a y be imposed on the se t t l i ng s a n d . 

STEP 2 : A f i r s t e s t i m a t i o n of t he m a x i m u m ob ta inab le vo id ra t io is m a d e by m e a s u r i n g t h e h i gh t 

o f t h e s p e c i m e n in t h e tes t cy l inder , a f te r all par t ic les have se t t l ed . N o w , t h e w e i g h t o f t h e mate r ia l 

in the cy l inder as wé l l as the v o l u m e it takes are k n o w n . W i t h t h e a s s u m p t i o n t h a t t h e spec i f i c 

v o l u m e t r i c w e i g h t of t he par t i c les , p r , equals 2 . 6 5 0 kg/m3 (Van Niekerk ( 1 9 9 5 ) f o u n d d e v i a t i o n s o f 

less t h a n a f e w pe rcen t on e igh t charac te r i s t i c D u t c h sands ) , t he vo id ra t io m a y be ca l cu la ted f r o m : 

max, sed 

_ j Ymu, sed r i 
V sed ~ 1 L J 

STEP 3 : A f t e r measu r i ng the m a x i m u m vo id ra t io ob ta inab le t h r o u g h ve ry care fu l s e d i m e n t a t i o n , 

t he s p e c i m e n is f lu id ized by increas ing the head d i f f e rence . A f t e r fu l l f l u i d i za t i on , t h e head 

d i f f e rence is dec reased gradua l ly unt i l all par t ic les have se t t led aga in . A t th is t i m e , t h e t i m e needed 

to let t h e pore p ressures re tu rn to hyd ros ta t i c level is m e a s u r e d . Th is per iod is cal led t h e relaxation 

time o f t h e s y s t e m . W h e n hyd ros ta t i c pressure is reached , the m a x i m u m h igh t o f t h e s p e c i m e n 

is m e a s u r e d aga in t o see w h e t h e r an even looser pack ing w a s poss ib le , t h a n w a s es tab l i shed by 

s e d i m e n t a t i o n . The ca lcu la t ion p rocedure equals t h e o n e , m e n t i o n e d a b o v e . 

STEP 4 : A t t h i s p o i n t , t h e ac tua l permeab i l i t y tes t c o m m e n c e s . T o t h e s p e c i m e n a head d i f f e r e n c e 

of a p p r o x i m a t e l y 1 0 c m w c is app l ied . W h e n the f l o w t h r o u g h t h e s p e c i m e n is s t a t i o n a r y ( the 

re laxa t ion t i m e serves as an ind ica t ion here) , t he a m o u n t of w a t e r f l o w i n g t h r o u g h t h e s p e c i m e n 

dur ing a ce r ta in t i m e is m e a s u r e d , several t i m e s . A measu r ing g lass and a s t o p - w a t c h w e r e u s e d . 

A f t e r severa l m e a s u r e m e n t s , ind ica t ing a s ta t i ona ry f l o w , the head d i f f e rences at d i f f e r e n t s p a c i n g s 

a long t h e tes t cy l i nder are no ted d o w n , as we l l as the he igh t of t h e s p e c i m e n . 
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STEP 5 : N e x t , t he s p e c i m e n is c o m p a c t e d by care fu l ly rapp ing and v ib ra t i ng the tes t cy l i nder at 

equal d i s tances apar t , s ta r t i ng at t h e l owe r end of t he cy l inder , to decrease the vo id ra t io as u n i f o r m 

as poss ib le over t h e he igh t of t h e s p e c i m e n . A n y no t iceab le e v e n t s , l ike excess pore p ressu res 

du r ing r a p p i n g , are no ted d o w n . If t he head d i f f e rence excesses 1 5 c m w c , the head d i f f e r e n c e m u s t 

be ad jus ted back t o a p p r o x i m a t e l y 10 c m w c , t o avo id t u r b u l e n t f l o w . The s teps 4 and 5 are 

repeated un t i l it is no t poss ib le to c o m p a c t the s p e c i m e n any fu r t he r . 

STEP 6 : To e s t i m a t e the m i n i m u m vo id ra t io ob ta inab le , a negat ive head d i f f e r e n c e is app l ied and 

the tes t cy l inder is g i ven a f ina l v i b ra t i ng sess ion . The m i n i m u m vo id ra t io is ca l cu la ted f r o m t h e 

m i n i m u m he igh t of t h e s p e c i m e n in the same manner as the m a x i m u m vo id ra t i o , as m e n t i o n e d 

a b o v e . A smal le r t es t cy l inder d iameter g ives less accura te resu l ts c o n c e r n i n g t h e p e r m e a b i l i t y . 

H o w e v e r , l o w e r v o i d rat ios are ob ta inab le because the v ib ra t i ons have m o r e i m p a c t . 

STEP 7 : A t t h i s po in t , t he ac tua l f l u id i za t ion tes t c o m m e n c e s . Gradua l l y , a head d i f f e r e n c e o f 

a p p r o x i m a t e l y 2 0 c m w c is app l ied t o the s p e c i m e n . L igh t rapp ing of t he tes t cy l inder m a y help t h e 

ind iv idua l par t i c les t o rea r range . W h e n the f l o w t h r o u g h the s p e c i m e n is s t a t i ona ry , t h e pe rmeab i l i t y 

and t h e vo id ra t io are measu red as m e n t i o n e d above . 

STEP 8 : N e x t , t h e head d i f f e rence is inc reased ve ry care fu l l y c m w c by c m w c . A f t e r each s t e p , 

the pe rmeab i l i t y and vo id ra t io are m e a s u r e d aga in , as w e l l as t h e head d i f f e rences a long t h e 

s p e c i m e n . M e a n w h i l e , t h e s p e c i m e n is sc ru t in i zed fo r any par t i c le m o v e m e n t . W h e n t h e f l u i d i za t i on 

l imi t is a p p r o a c h e d , p ip ing m a y be no t i ced and t h e upper pa r t o f t h e s p e c i m e n m a y par t ia l l y l i q u e f y . 

Full f l u i d i za t i on appears sudden l y all a long t h e s p e c i m e n and is easi ly n o t i c e d . 

STEP 9 : Las t l y , t h e res is tance of t h e par t i c les in fu l l f l u id i za t ion is m e a s u r e d . For t h i s p u r p o s e , 

t h e w h o l e s p e c i m e n is f l u id ized t o a m a x i m u m a l l owab le he igh t ( w i t h o u t sp i l l ing any o f t h e 

s p e c i m e n ) . T h e n aga in , t h e pe rmeab i l i t y and head d i f f e rences a long t h e s p e c i m e n are m e a s u r e d . 

A v o i d ra t io m e a s u r e m e n t is n o t s i gn i f i can t a t t h i s s t a g e . 

§ 2 . 4 Select ing the Materials to be T e s t e d 

Grad ing o f t h e s p e c i m e n and angu la r i t y o f t h e ind iv idua l par t ic les (of t h e m a i n f r ac t i ons ) are 

s u s p e c t e d t o be i m p o r t a n t pa rame te rs t o i n f l uence t h e m a x i m u m , m i n i m u m vo id ra t io and t h e v o i d 

ra t io at t h e f l u i d i za t i on l imi t (see f o l l o w i n g pa rag raphs ) . T h e r e f o r e , i t is i m p o r t a n t t o have an 

i nd i ca t i on o f t h e s e p a r a m e t e r s . The m a i n a im o f t h e research c o n d u c t e d w i t h i n t h e f r a m e w o r k o f 

th is g r a d u a t e s t u d y w a s n o t t o eva lua te de e x a c t i n f l uence o f t he pa ramete rs m e n t i o n e d a b o v e . 

T h e r e f o r e , i t w a s dec ided t o t e s t mate r ia ls w i t h d i f f e ren t a t t r i b u t e s , b u t w i t h i n I sh iha ra ' s ( 1 9 8 6 ) 

bounda r ies fo r m o s t l iquef iab le s a n d s , in o rder t o es tab l i sh s ign i f i can t d i f f e rences in f l u i d i za t i on 

behav iou r , qua l i t a t i ve l y . 

Th ree essen t ia l l y d i f f e ren t sands w e r e t e s t e d . U n f o r t u n a t e l y , no samp les w e r e ava i lab le f r o m 

t h e case h i s to r i es , d i scussed in A p p e n d i x 1 . The f i r s t sand is re fer red t o as " R u t t e n S a n d " . Th i s 

s a m p l e w a s t a k e n f r o m fi l l sand f r o m a road c o n s t r u c t i o n s i te a long h i g h w a y A 1 5 , The N e t h e r l a n d s . 

W i t h respec t t o t h e o ther sands t es ted it w a s w e l l g raded w i t h a t yp i ca l h igh p e r c e n t a g e o f f i nes 

(see A p p e n d i x 3 ) . O n t h e bas is of m i c r o s c o p i c ana lyses , i t w a s c lass i f ied as " h i g h l y s p h e r i c a l , s u b -

a n g u l a r " . I ts V V S angu la r i t y i ndex w a s m e a s u r e d a va lue o f 6 6 . 0 4 7 (see A p p e n d i x 4 ) . 
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The s e c o n d sand tes ted is re fer red to as " S c h e v e n i n g e n S a n d " . It o r ig ina tes f r o m the beach at 

S c h e v e n i n g e n , The Ne the r lands . A s w a s to be e x p e c t e d , th is sand is more u n i f o r m t h a n the Ru t ten 

Sand . Sieve ana lyses ind ica ted tha t in f ac t t he Scheven ingen Sand w a s a m i x t u r e of d i f f e ren t 

sands , j udged by par t ic le size and co lour . To tes t the ind iv idua l pe rmeab i l i t y and f l u id i za t ion 

behav iour as we l l as the in f luence of u n i f o r m i t y , t he t w o main f r ac t i ons of t h e S c h e v e n i n g e n Sand 

( 3 5 0 & 2 5 0 urn) and the d i f f e ren t - co lou red 175 \im f r ac t i on w e r e t es ted separa te ly . The f iner 

f r ac t i on m a y ac tua l l y be dune sand wh i l e the coarser f r ac t i ons m a y be b r o u g h t t o shore du r i ng 

recen t beach n o u r i s h m e n t s . The Scheven ingen Sand w a s se lec ted because of i ts u n i f o r m i t y and 

expec ted r o u n d n e s s . On the basis of m ic roscop i c ana lyses , it w a s c lass i f ied as " h i g h l y sphe r i ca l , 

s u b - r o u n d e d " . Its V V S angu la r i t y index w a s measured a va lue of 5 1 . 6 9 6 (see A p p e n d i x 4 ) . 

The th i rd sand tes ted is re fer red t o as "Si lver S a n d " , because of i ts w h i t e co lou r . It is n o t k n o w n 

w h a t the o r ig in of t he sand is. M o s t l ikely it w a s taken f r o m a b o u n t y beach of s o m e t rop i ca l is land 

in the Paci f ic O c e a n . Si lver sand w a s used because of its s u p p o s e d angular na tu re , w i t h respec t 

to the a f o r e m e n t i o n e d sands . A l t h o u g h on the basis of m i c r o s c o p i c ana lyses it w a s c lass i f ied as 

" l o w l y spher i ca l , sub -angu la r " , t he V V S angu lar i ty index w a s measu red a va lue of 4 7 . 7 0 6 (see 

A p p e n d i x 4 ) . O b v i o u s l y , the d o m i n a n t f rac t ions w e r e less angular t h a n the f r a c t i o n s j u d g e d t h r o u g h 

the m i c r o s c o p e . 

§ 2 . 5 Hypothesis on the Material Behaviour During Test ing 

A s w a s p r o v e n by the tes t ser ies , t he m a x i m u m obta inab le vo id ra t io is n o t equa l t o t h e v o i d ra t io 

at f l u i d i za t i on . W h e n gradua l ly increas ing the head d i f f e rence over the s p e c i m e n , t h e v o i d ra t io 

seeks to f i nd an equ i l i b r ium s u c h tha t t he head d i f f e rence over a par t ic le ba lances i ts w e i g h t and 

the in te rg ra in s l id ing f r i c t i o n . W i t h the increas ing vo id rat io and pore p ressure g rad ien t , t h e in te rna l 

f r i c t i on reduces to a level at w h i c h on ly the in tergra in s l id ing f r i c t i on f o r ces c o n t r i b u t e t o t h e 

equ i l i b r i um. The w e i g h t is ba lanced by the pore pressure g rad ien t . Th is can be u n d e r s t o o d w h e n 

one real izes t h a t t he e f f ec t i ve s t ress as we l l as the pore p ressure at t he b o t t o m of t h e s p e c i m e n 

are larger t h a n c lose to the t o p of t he s p e c i m e n . 

A t th is po i n t t he s teady s ta te (a lso: "c r i t i ca l s ta te " ) or s ta te o f d e f o r m a t i o n at c o n s t a n t v o i d ra t io 

has been a p p r o a c h e d . The e f f ec t of de la t ion has been reduced t o zero and t h e rema in ing f r i c t i o n 

angle is rep resen ted as the s u m of the in tergra in s l id ing f r i c t i on (c^) and par t i c le r e a r r a n g e m e n t s (see 

Figure 31 on page 3 8 ) . Th is s ta te , by de f i n i t i on , is no t t he same as t h e s ta te at w h i c h a s p e c i m e n 

has the cr i t ica l vo i d ra t io , bu t t he t w o are very c lose at th is po in t . If t h e head d i f f e r e n c e is i nc reased 

jus t a l i t t le , t he in te rgra in s l id ing fo rces are exceeded and to ta l co l lapse o c c u r s because t h e pore 

p ressure g rad ien t is kept at a c o n s t a n t leve l . W i t h the recogn i t i on of t h e in te rg ra in s l id ing f r i c t i o n , 

also the in f l uences of g rad ing and angu la r i t y has been c la r i f ied . The a b o v e is in a c c o r d a n c e w i t h 

the s t a t e m e n t s of Poulos e r a / . ( 1 9 8 5 ) . 

§ 2 .6 T h e T e s t Resul ts 

Figure 3 2 on page 3 9 s h o w s the in te rp re ta t ion of t he c o m b i n e d f l u id i za t i on & pe rmeab i l i t y t e s t s . 

The over all t e s t resu l ts are p resen ted in Figure 3 3 on page 4 1 t h r o u g h Figure 4 4 on page 4 6 . T h e 

m a x i m u m and m i n i m u m ob ta inab le vo id rat ios in the permeab i l i t y t es t cy l inder are i nd i ca ted as w e l l 

as t h e l inear t r e n d on the l oga r i t hm ic scale. The t rends are a s s u m e d t o be para l le l . The last 

measu red vo id rat io be fo re f lu id iza t ion has been ind ica ted w i t h a d o t t e d l ine. 
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Flow Slide Failure of Excavated Subaqueous Slopes 

I 1 i • i L 
42 38 34 30 W I. 

fof0«rtv.»(*. j 
- - " — — ' • I - • B J 

' Hflur* 31 Friction angle varaus void ratio according to Row* (1962) 

A s w e m a y c o n c l u d e f r o m Figure 3 2 on page 3 9 , t h e f l u id i za t ion l im i t d i sp lays s o m e f ea tu res 

t h a t w o u l d have been e x p e c t e d of t he cr i t ica l vo id ra t io t o o . The re la t i ve ly w e l l g r a d e d , f ine and 

m o s t angu la r Ru t ten Sand has t h e h ighes t f l u id iza t ion l imi t at a p p r o x i m a t e l y 0 . 8 2 . The 

S c h e v e n i n g e n Sand has the l o w e s t f l u id iza t ion l imi t at a p p r o x i m a t e l y 0 . 7 2 . The Si lver Sand 

f l u id i za t i on l imi t is in b e t w e e n t h e t w o at a p p r o x i m a t e l y 0 . 7 8 . 

Rapp ing t h e t e s t cy l inder l i gh t l y , w h i l e increas ing the head d i f f e rence , is cons ide red t o help t h e 

ind iv idua l par t i c les t o rea r range . In acco rdance w i t h t h e idea t h a t t h e (we t ) c r i t i ca l vo i d ra t io is 

a p p r o x i m a t e d f r o m b e l o w , no excess pore pressures w e r e no t i ced w h i l e r a p p i n g . 

U n f o r t u n a t e l y , no cr i t ica l vo i d ra t io t es t resu l ts w e r e avai lable t o subs tan t i a t e t h e a g r e e m e n t 

b e t w e e n the f l u id i za t i on l im i t and the (we t ) cr i t ica l v o i d ra t io . T h e r e f o r e no s t a t e m e n t o n t h e 

use fu lness of t h i s t e s t can be m a d e at th is po in t . A l t h o u g h these tes t s take cons ide rab le t i m e , t h e y 

are re la t i ve ly easy to c o n d u c t . The in f luence of in s i tu s t ress levels o n the cr i t i ca l vo i d ra t io is n o t 

a c c o u n t e d for in th is t y p e of t e s t . 
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Flow Slide Failure of Excavated Subaqueous Slopes 

§ 2 . 7 D i scuss i on and Va l i d i t y o f t h e Tes t Resul ts 

There are severa l f ac to r s t ha t may have had thei r in f luence on the o u t c o m e of t he c o m b i n e d 

f l u id i za t ion & permeab i l i t y t es t . Because all t hese fac to rs of i n f l uence have been reasonab ly 

c o n s t a n t du r i ng the t e s t s , c o m p a r i s o n on t h e tes t resu l ts is cons ide red poss ib le . The va l id i ty of t h e 

abso lu te va lues m u s t be d o u b t e d ser ious ly . 

1 . The head d i f f e rence w a s con t ro l l ed by a ve ry f ine tunab le va lve c o n n e c t e d d i rec t l y t o t h e t a b . 

H o w e v e r , p ressure f l u c t u a t i o n s in the t a b w a t e r w e r e inev i tab ly imposed on t h e s p e c i m e n . It w o u l d 

have been be t te r to use a bu f fe r t ank in w h i c h t h e w a t e r level m a y be con t ro l l ed ve ry eas i ly . 

2 . Wa te r f r o m t h e t a b con ta ins a cons iderab le a m o u n t of air and has a l o w t e m p e r a t u r e . Du r i ng 

the t es t , t h e tab w a t e r w a r m s up . A s t h e w a t e r w a r m s up , it can con ta in less air and air bubb les 

are f o r m e d in pores of t he s p e c i m e n . The in f luence of the air bubb les has no t been q u a n t i f i e d . 

3. To ge t a c learer p i c tu re of t he i n f l uence of d i f f e ren t soil p rope r t i es , m o r e pa ramete rs m u s t 

be va r i ed . A m o n g s t t hese are t h e par t ic le s ize, g r a d a t i o n , angu la r i t y and the pe rcen tage of f i nes . 

4 . To es tab l i sh a mo re prec ise f l u id i za t ion l im i t , t he head d i f f e rence m u s t be l o w e r e d and t h e 

par t ic les m u s t be a l l owed t o se t t le aga in , a f te r f lu id iza t ion has o c c u r r e d . F rom t h a t po in t o n , t h e 

head d i f f e rence m a y be increased again un t i l f l u id i za t ion o c c u r s . A coup le of cyc les m a y help t o 

d e t e r m i n e t h e exac t vo id ra t io at f l u i d i za t i on . 

5. D a r c y ' s l a w ho lds on l y fo r s ta t i ona ry f l o w . Non -s ta t i ona ry f l o w c o n d i t i o n s l ike t u r b u l e n c e and 

p ip ing cause i naccu ra te ca l cu la t i ons of t h e pe rmeab i l i t y . The in f luence o f n o n - s t a t i o n a r y f l o w 

c o n d i t i o n s o n t h e f l u id i za t ion l imi t has n o t been q u a n t i f i e d . 
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\SjÜUUt P»m».bWty t FhAHqtkxi Tests. 

Test 7: Ru IM Sand 
D*m Uninnlty of Tadinology, Soi Mechanica Laeorakxy. Jury 2,1996. 

«PK ™ « • « O M «•>«"»•: m w 2800 «aan' 

Oéen M c r Infer ft. S3 mm 

A m •ffeNt *- 3S27 mm 3 

phtetet wt * V _ 20SS gram 

V*< Matandr. 823 gram 

Mw w . 1234 a a n 

Iter mum r» • jMal aa: » _ . . 32 8 o n 

U n mum w aianaa i33a • aaan' 
Iter mum pi ™ « r •Ml . « • 4S4S * 

Max i m u M 4* ra* taaai • • • i i ina—in «MKaM 0.0704 . 

H M mum r* * « « M m n f l M a t o r Namaa 33 2 e n 

Mt> n u n w K M g M A r f c i t u a a a v l » a _ a > 1368.4 haait* 

Iter mum p; >ra«» afkvltaaasaan: Barnaat 4SJS3 % 

M n mum w *)nift l a B r e a a i a B i n : V U 08001 -

MM rum h« Kfl 8 l » > M t h a 271 am 

MM num w k m * m a _ t a a i s a a n * 

MM TfjaTTl pa njaftf •aa «3.738 * 

MM twnva uraao *"• oaaa -

**» • É M l 110 Mn 

NB. 

•tact 

1 

ana* 

2 n, N "a n. h. I t 

1 •8 M t r i a aa 1.3 S 3 S S 7.8 108 118 32.2 

2 O aa aa 303 1.3 3 3 8 2 8 7 132 138 31.2 

3 52 S3 «a ISB 1 3 3 3 S S BS 140 113 303 

4 80 ao n tao 1.3 1 4 7.4 108 103 17.8 30.8 

0 37 sa ar aa i to I S I S 8 4 8.1 130 14.8 S M 

e 38 34 SS tao t l 31 S S 1 7 111 110 317 

fo 71 71 240 1 3 11 8 4 110 311 311 311 

t n 72 72 340 1 3 1 2 10.0 « 0 248 21.3 383 

• m 54 s i sa ISO 13 1 2 104 188 210 2S1 383 

K> 41 41 «1 41 133 I J 3 3 107 178 27.3 33.0 283 

11 17 82 t l S3 240 13 1 4 108 178 28.0 313 213 

12 C3 ai BI ISO 1 3 8 4 11.7 184 313 283 281 

1 7 433 «37 ao 2.1 3.8 133 110 248 a a s *** 

Rgure 3 3 CP&F test results (a): Rutten Sand 

Appendix 2: Combined Permeability A Fluidization Tests 

Q _ P, P. p. P _ n • Ooaavauoni 
1 0 2 S 0 0 3 0 03 004 0 03 48 85 o se Eaoaaa pp wttan compacting / flnaa In auapanalon 
2 0 2 8 0 02 0 0 3 0 03 0 0 2 47 21 0 as Eacaaa pp whan compacting / finaa m auapanalon 
3 0 2 8 0 0 2 002 0 02 002 4547 0 S3 Eacaaa pp / flnaa in luapanalon / aa bubbtaa on top 
4 028 002 0 0 2 0.02 002 44 73 0 81 plnaa In auapanalon 
5 0 2 0 001 0 0 2 0.02 0 0 2 43.00 0 77 Pltaa In auapanalon / naad adjuatad 
0 0 1 6 0.01 0.01 0 01 0.01 4202 0.74 Long pauaa 

7 0 2 0 001 0.01 001 0 01 41 30 071 Long pauaa / rappad 
a 0.30 0.01 0.01 0 01 001 41.00 0 71 Rappad 
0 0 3 2 001 001 001 0 01 41 00 0 71 Rappad 
10 0 34 0 01 001 0 01 001 41.00 072 
i i 0 3 5 0 01 0.01 001 001 42.21 0 73 
12 0 4 5 0 0 2 001 002 0.02 44 02 0 8 2 

13 4.83 021 0 18 0 2 0 0 2 0 Pul flukuzauon 

Noüc«: 

In s small cylinder the dry maximum porosity was determined. This value appeared to be 

lower man trie wat maximum porosity: 47.86% (void ratio: 0.918) 

Pani iaabHfty v s . Poros i ty G r a p h - Ruttan S n a d 

Ï.'2 

[envoi 

Rgura 3 4 CP&F test results (b): Rutten Sand 



Flow Slide Failure of Excavated Subaqueous Slopes 

Combln»dPotin^batlv > Rukl lnl lon Toots. 

T u t 3: SöH»v«mto9<»n Sand. 

D » m Urtr/arraih/ o< Trjctwwtotjy. Soil Mactujnta LatotWoty, Juna 2 8 , 1 * 0 8 . 

At— rfUMiitjrJw 

10 mm 
2427 mm 1 

24» gram 
1361 gmm 

33 cm 
1403.2 h o W 
43 033 • 
OT747 -

330 cm 
14623 «arm1 

46.111 ** 

2SO cm 
1070.7 kgmi1 

3e toe % 

0.6063 -

t O nan 

1 2 3 4 6 0 7 0 S 10 Tina h. "1 h, h. « — 
04 63 SO 1.3 6 0 1 4 110 16.1 110 317 

13 1 2 10.3 131 110 16.0 333 

t s 04 S3 S3 se so 03 05 so 05 60 1.3 6.S 11.0 143 103 30 1 315 

04 04 04 62 ss so 03 04 05 04 60 1.3 84 11.0 152 200 220 3O0 

06 05 SO 03 so SO 1.3 6.1 120 17.1 233 38.0 301 

£3 04 64 so 64 so 13 3 0 0 0 12S 17.0 163 a s 

54 04 64 53 54 53 00 13 4 3 11.2 111 X I 21 5 201 

CA 63 04 13 4 3 1O0 14.0 17.3 X . 0 " m l * 

sa • a 07 S7 I X 13 4.4 11.2 110 210 231 317 

64 04 14 54 04 00 1.3 4.4 11.7 1O0 222. 24.7 200 

00 60 OS 6» S3 1 3 4.5 130 110 24.0 30.0 20.0 

72 72 70 70 70 SO 1 J 40 127 117 2 U 30.0 202 

•0 70 77 r s 70 so 1.3 40 12S 116 367 300 200 

as 07 n j SO 00 1 3 0 3 110 11S 303 31.0 300 

110 110 116 I I S 110 so 1 3 OS I I S 110 37.0 313 310 

103 101 107 116 so 1 3 7 7 14.0 n o n o 30.7 33.2 

410 420 41 s ^ 0 ™ 72 131 17.4 21.0 27.0 30.6 *** 

Figure 3 5 CP&F test results (a): Scheveningen Sand 

Q _ P, P i P , P _ n a OtaavalKMU: 
1 1 40 0 12 012 0 11 0 12 44.00 0 61 Eaoaaa pp whan compacting 
2 1 40 0 12 0 11 0 1 0 0 11 44.00 0 79 Excoos pp whan compacting 
3 1 42 0 10 0 0 0 008 0 0 9 4270 0 75 Eloaaa pp whan compactrng 
4 1 41 008 0 0 7 0 00 0.08 41.40 071 Eaoaaa pp whan compacting 
5 1 42 0 06 0 0 8 0 0 6 o o e 40.10 0 6 7 Eacoaa pp whan compacting 
a 0 01 0 0 6 o o e 0 0 5 0 0 5 39 00 064 Ezcoaa pp / paung / haad adjuatad 
7 0 0 8 0 0 6 0 0 4 0 0 4 0 0 4 37 30 0 6 0 No a x e a a a ^ c ^ p a j l n t j ^ 

6 0.70 0 0 0 0.04 0 0 3 0 0 4 30 95 0 59 No axcaaa pp / prpmg 
9 081 0 0 5 0.04 0 0 3 0.04 3717 0 5 9 
10 0 00 0 0 6 004 0 0 3 0 0 4 37.39 060 
11 0 98 0 0 5 0 04 0 0 3 004 37 01 0 6 0 . 12 1 10 0 05 0 0 4 0.04 004 38 25 062 Piping 
13 1 31 0 0 5 0 0 6 0 0 5 0 0 5 39 00 064 Pvxng / aa butoloa 
14 1 4 5 004 0 0 6 0 0 5 0 0 5 39 49 0 65 raagauv* pp 
15 1 OS 0 0 7 0 07 007 0 07 41.04 072 Upward mowig front 
16 3 2 3 0 1 3 0 1 3 0 1 3 0 1 3 4509 0 8 4 Nagattva pp / uppar 10 cm kgtftad 

17 1303 OSS 0 67 0.74 0.09 Pul DuKtizauon 

NlsasssaSSj va. Poroalty Graph. Scftavanlnoan Sand 

j 4 | I I | I I I I I | I I I I I I I I | 

0 001 0.010 0 100 1 000 

PaillmaUHIa [C4tVa] 

Rgura 3 6 CP&F test results (b): Scheveningen Sand 



ConMnrt P « * m t ^ r t V " j Flutdtntton T w t l . 

T i t l 4: SctrtvatatoejMi Sand, 0.35 rnirvdaarMar traokai (lavtorrn. round). 

Daffl Unrvajrart/ of Tac^wloov, So* Macftaraca Laboratory Juno 28.1898. 

r>ataaaa aflaltaiandar O . bd mm 
A T M of ha* qrarrsw: *w« 2 8 2 7 mm 1 

VVatavataaart ' " 1 a a i 
vwMgM at and' W M 8 4 7 gram 

rraMaratcK V". 1324 gram 

tatWiimiaTT. âaaâ Tt Of 33 em 
H i t 

48 453 % 
0 9976 • 

33.3 om 

1408 2 hpftn* 

a o n 
1014 7 t&m1 

38.097 « 
08411 -

: 3 r t i 

Ms. 1 2 a a 8 9 7 • 9 10 Tkne h, h» ts h. h i s 
1 183 190 190 190 ISO 90 12 9.6 11.7 13.9 20.8 23.5 33.3 

2 118 117 114 119 119 CO 12 4.9 91 124 19.6 19.9 32.0 

3 120 119 119 112 119 119 so 1.2 B.1 10.0 15.2 20.5 23.3 31 0 

4 231 229 230 231 230 120 12 3.2 13.3 164 29 6 29.S 300 

E 70 CZ 73 71 99 90 12 4.3 B.7 13.7 19.2 X.1 29.4 

a 53 S3 92 «2 92 90 1.2 4.1 9L9 13 8 19.3 20.2 28.2 

7 96 90 94 Gfl 94 90 1.2 42 10.2 149 1B.4 21 7 28.3 

I 77 77 77 90 1.2 49 119 19.9 22.9 25.5 3 4 

9 CO CC C2 S7 99 SO 12 4.1 127 197 257 394 205 

10 93 95 94 C3 94 90 12 5.1 13.3 19.4 29.7 30 0 297 

11 237 207 277 120 1.2 M 13.4 192 271 30.6 30.1 

12 227 2 3 230 120 12 s.e 137 19.5 27.7 31.9 309 

13 142 1£5 139 143 142 90 12 9 4 13.9 19.7 27.9 11.0 312 

14 • 0 30 7.9 13.4 19.9 22.9 29.9 32.0 *** 

Rgura 37 CP&F test results (a): Scheveningen 350 fun 

Appendix 2: Combined Permeability & Fluidization Tests 

Q — P, P 3 P, P — n a Ob»avatrOfi» 

1 3 01 0 10 0 17 0 18 0.18 40. W o e e EKcaoB pp when compacting / piping 

2 1 94 0 12 0 12 0 13 0.13 44.78 081 Excess pp wtion compacting / head adjusted 

3 1 94 0 10 0.10 009 0 10 43.00 0 75 Excess pp when compacting 

1 92 0 0 9 0 07 0 07 007 41 10 0 70 
5 1.17 0 07 0.08 0.00 0 07 39 90 088 Head No 6 fluctuates / heat) adjuatad 

3 1 04 0 07 0 05 0 0 5 0.08 39 49 0 85 

7 1 07 ooe 0 0 5 0 05 008 39.09 068 

S 1 23 0.06 0 05 0 0 5 0 0 5 39 90 006 

S 1 40 008 0 05 0 0 5 0 05 40.10 0 87 Negative pp when rapping the cylinder 

10 1 59 ooe 0.05 0 05 0 0 8 40 50 0 68 

11 1 73 009 0.08 008 0 0 8 41 29 0 70 

12 1.90 0 07 0 07 0 07 0 07 4 2 2 5 0 7 3 
13 2 3 0 0 0 0 o o e 0 0 9 0 0 9 43 30 0 77 Air-bubble blow out. et top of ipecimen 

14 10.07 0 91 0.99 0.90 0 98 Full flutdizetron 

PatnnMMIIty v s . Poros i ty G r a p h - S c h a v a n l n g a n 0.36 

0.010 0.100 
PwiiMaMltty (cm/a] 

Rgure 38 CP&F test results (b): Scheveningen Sand 350 u.m 



Flow Slide Failure of Excavated Subaqueous Slopes 

tjasMtiSaniaam » ^ r o t a t i o n T « W . 

T « t S: S t * « r * i o a n Sand, 0.25 mrtvdrarrrarkar fraction (urviorrn, round). 
Onlrt Unrvaratty ot Ttxawcrtosy. Soi Maciiantca Laboratory. Juna 25,1986. 

2050 fer/m' 

J t a r i M c r M M : 
03 mm 

2S27 mm3 

I I » omm 
< R gram 

1333 Oram 

14211 harm' 
4 6 0 » % 

33 am 
143.4 • r an * 
aroaa « 

3a B am 
1034.2 tffm' 
37077 » 
0.002 -

t o nan 

HO. 2 3 4 6 0 7 0 0 10 Tana h, «> I t h. h. n. 
1 232 200 300 203 233 303 I B 1.3 3.1 0 3 0.0 11.4 127 321 

2 200 200 190 2 3 203 303 I B 1.3 4.0 7 0 a s 137 142 321 

3 230 3 2 191 202 I B 203 1 B 13 4.0 7.3 101 136 15.2 310 

4 3 0 in 204 201 230 103 I B 1 3 4.0 7.0 101 14.4 103 310 

9 100 300 3O0 391 I B 1 3 4 3 01 137 17.4 183 303 
0 130 133 133 134 132 130 I B 1.3 3 0 7.3 10.1 130 181 29.6 

7 130 131 129 134 137 130 1 B 13 3.7 7 0 107 19.0 180 ao 

~ C ~ 131 137 I B 1 3 3.1 0 3 123 1O0 103 n o 

0 103 104 102 104 104 104 I B 1.3 4 2 0.7 14.0 190 31.8 no 
10 101 101 in l M 190 I B 1 3 4 7 112 102 22.8 25.1 no 
11 190 103 101 100 102 130 13 4.6 120 101 27.3 no no 
12 102 ia « 3 K 2 102 in 1 3 40 130 112 27.4 312 23.0 

13 173 174 174 173 in 1.3 6 0 131 193 27.4 330 29.2 
14 60 B n W 96 B 1 3 6.6 11» 16.0 218 25.0 ao 
16 190 100 in 196 1B0 in 13 60 11 4 190 24.5 280 30.0 

10 i3a 143 134 133 140 in 137 n 1 3 0.9 14,2 10.7 204 288 31.0 

17 163 143 142 142 143 141 B 1.3 6.1 14.3 20.0 ao no 31.4 

16 172 170 160 179 m n 13 7.7 15.0 204 270 n.7 32.7 

3S0 390 B 0 3 13.5 11.7 22.7 m 31.1 *•* 

Figure 3 9 CP&F test results (a): Scheveningen 250 ftm 

0 ™ P, P> P i P _ R a ObaavaUona: 
1 1 12 0 11 0 10 0 13 011 45 76 084 Excaaa pp whan compacting / rnatantanloua kq 
2 1 12 0 10 0.09 0 11 0.10 44 58 0 9 0 Excaaa pp wrhan compacting / natantanbua Ho. 
3 1 12 0 0 9 0.08 0 10 0 0 9 43 70 076 Excaaa pp whan compacting 
4 111 0 0 0 0 0 0 0 0 9 006 43.61 0 74 Excaaa pp whan compacting 
6 1.11 0 07 0 0 9 0.07 007 41 09 0 70 Exoaaa pp whan compacting / haad adjuatad 
6 074 006 0 0 6 0 0 6 006 39 88 066 UOta axcaaa pp 
7 0.72 0 0 2 0 0 5 0.09 0 0 4 30 06 0 0 3 

0 0.75 0 0 6 004 0 0 6 0 05 30 44 0.02 Unaxpactad compaction 
9 0.91 0 0 5 0.04 0.05 0 0 5 30 23 0 6 2 Unaxpactad compaction 
10 1.05 0.05 004 0.05 0 0 5 38 23 0.02 
11 1.34 0.05 0 0 5 0 0 5 0 0 5 34 44 0.02 
12 1 35 0 0 5 0.05 0 0 5 0.05 38.05 0 6 3 
13 1 46 0 0 5 0 0 5 0.05 0 0 5 30.07 064 
14 1 S 2 0 0 8 007 0 07 0.07 30.90 0 66 
15 1.6» 0 0 6 0 08 0.07 0.06 40.70 0 6 0 
16 2 2 9 0.10 0.09 0 0 6 0.09 42.61 0 74 Piping 
17 2.40 0 1 0 0.0» 0 0 9 0 0 9 43 34 0 76 
10 2.80 0.12 0.11 0.11 0.12 45 60 i a 

19 0.50 0 3 4 0.34 0.35 0 3 6 F id flukttatron 

r̂ lTMaafalMry vs. Porosity Graph - 3ctevsning«ii 0.25 
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Rgure 40 CP&F test results (b): Scheveningen Sand 250 yon 



T n t 8: ScnavajfitjvoBn Sand. 0.175 mnMtomalar fracaoti (utirtonn, round). 

rjafflUnlvofa^eifTacnnoto^ 1W» 

Dujrrwk* of laai cytndar 

VU. 

No 1 2 3 4 9 0 7 S S 10 

1 ra ao ao 01 61 SO 
2 ai 01 12 01 02 02 SI 
3 ao 70 ai 01 SO 62 
4 ao 7S so so SO 01 
5 57 57 50 67 59 91 97 
a BB 57 57 97 57 

94 04 53 63 53 02 93 

a t l 01 61 01 01 

• os 05 06 09 66 
10 74 74 74 74 
ii BB S3 03 09 05 
12 50 90 01 51 90 61 91 
13 S3 54 63 94 62 S3 
14 S3 02 S3 02 62 
15 04 02 01 02 
18 210 222 223 229 220 

* ï T 470 «B5 

BO ttwn 
3927 mm1 

1374 I 
48 152 1 

32.7 em 
1399.9 ItjrW 
47.871 * 
09112 • 

29.4 e*n 
1999J lavW 
39.754 % 
09099 -

t l O frtn 

Tim. h. *• la <>— 
120 12 37 10 I t 110 132 327 
120 12 4.0 70 104 14.0 150 31 8 
120 13 4.1 02 113 111 17.1 31.1 
1 » 1.2 40 17 123 I IS l i t 304 
120 13 OS 70 107 14.4 190 29.7 
120 12 30 01 124 U S 111 288 

120 12 OS 10 127 17.4 100 24 4 
120 13 40 too 143 117 321 2 U 
120 12 40 106 112 21.2 34.0 385 

I X 13 4.1 113 110 217 37.0 388 
120 1.2 42 124 114 302 2B.S 380 
SO 13 40 124 114 259 317 283 
60 13 40 T20 117 303 218 284 
so 12 03 TOO ISO 200 283 31.4 

60 13 72 149 110 203 29.0 333 
ISO 12 7.7 U S 20.0 304 20.4 3ZI 

04 111 112 333 27.0 60S •*» 

Rgure 41 CP&F test results (a): Scheveningen 175 / x m 

Appendix 2: Combined Permeability & Fluidization Tests 

Q _ P, P . P . P _ n a Ooaavationa 
1 0 0 7 006 009 0 07 006 47 OS 0 91 Excaaa pp whan compacting / xialantaMoua aq 
2 060 0 0 5 0 0 5 0 0 5 0 0 5 45 05 0 8 5 r_xc.n pp 
3 0 0 7 0 0 5 0 05 0 0 5 0 0 5 44 00 0 82 Excaai pp 
4 0 0 9 004 0.04 004 004 43 72 0 76 Excaaa pp / haad adjuatad 
5 0 40 004 0 03 0 0 3 0 03 42 39 0 74 URta axcaaa pp 
6 0 4 7 0 0 3 0.03 0 0 3 0.03 40 59 068 

7 0 4 4 0 0 3 0 0 3 0.02 0 0 3 39 76 0.06 Unaxpactad compacting 
a 0 91 0 0 3 0 0 3 002 0 03 39 96 0 67 
I 054 0 0 3 002 0 02 002 39 99 0 67 

10 0 9 2 0O3 0 02 0 0 2 002 39 96 0 67 
11 0 71 0 0 3 002 0 0 2 0 03 39 96 0 67 
12 004 0 0 3 0.03 0 0 3 0 0 3 41 60 071 
13 0 0 9 0 0 3 0.03 0 0 3 0 0 3 41 80 0 7 2 
14 1.37 OOO 0 0 3 0 0 5 0 0 5 4351 0 64 Rappad / piping 
18 1 64 0 0 7 000 0 0 6 000 47 35 0 90 Piping / fhjtdtsd partly whan rappad / alart fluid 
18 1.84 0.08 0 08 0 0 7 0 00 47 99 0.92 Piping / vary naar fluidization kmft 

17 7 7 8 0 4 2 0.40 0.43 0 4 2 F u l fluidsatlon 

PwinwabUfly v * . Porot r ty O r a p h - S c t o v a n l n Q M 0.175 mm 

0,100 
P«ffrm»bllrry [emit] 

Figure 4 2 CP&F test results (b): Scheveningen 175 fim 
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T«st 8: SHvor Saml (an&A&r). 

t>m Unévcrtty of l«*notow, So* Mvtfwrrics laboratory. July 2,1996. 

2880 lm*it 
CO mm 

2827 mm 1 

1830 gram 
346 gram 

1266 gram 

32.5 cm 
1368.4 kgfm1 

47231 % 
0 866 -

32 7 cm 
13888 l*c*W 
47 583 % 
08087 -

38.3 cm 
1606 9 l o W 
36366 « 
09901 -

8 6 rr*i 

Oacftarpa: 

No. t 1 3 4 0 0 7 0 8 10 Tana h. h> lb K. IV K. 
1 235 232 230 300 1.2 4,1 7.0 0 3 121 138 323 

2 240 340 n o 12 1 9 7.8 108 147 154 312 

3 143 149 144 140 109 12 4 0 0.0 135 17.2 10.2 » 3 
4 i n 107 i n 240 1.2 4.0 1 8 14.3 107 213 20.7 

9 74 70 70 79 i n 1.2 3.0 CO 1 7 120 13.0 28.0 

T " 74 73 73 i n 1.2 1 3 1 3 10.3 110 14.4 n s 

r 204 203 200 240 12 4.3 1 1 1 17.7 25.1 n o 29.1 
0 237 220 233 240 12 4.0 129 117 38.9 n o n . 4 

1 210 210 320 229 i n 1.3 1 4 111 110 212 n . 4 n s 

10 17» 102 178 171 i n 1.3 3.8 138 111 » 4 299 310 

11 210 210 n 7.0 123 170 21.0 27.1 n o 

Figure 4 3 CP&F test results (a): Silver Sand 

Q _ P, P> P, P _ n • OhiswoBcin» 
1 0 7 » 0.00 0.07 0.03 0.08 47 23 090 Excaaa op when compacting 
2 0 80 0 05 0 0 0 000 0.00 45.03 0 S 2 Excaaa pp whan compacting 
3 0 81 0 0 5 0 0 4 0.05 0.05 43 40 0.77 Excaaa pp whan compacting/ aa bubbtaa on lop 
4 0.82 0 0 4 0.04 0 0 4 004 42 20 0 73 Air bubblaa on top 
5 0.42 004 0.03 0.03 0 03 40.45 0.60 Aa bubblaa on top / haad adfuatad 
0 041 0 0 3 0 0 4 0.02 0 0 3 30 82 0.06 Long pauaa 

7 o n 0 0 3 0.03 SCO 0.03 41.07 0.70 Long pauaa / rappad 
0 0 07 0 0 3 0.03 0.03 0 03 41 67 0.71 Rappad/ prprg 
0 1.23 0 0 5 0.05 0 0 5 0 0 5 43 77 0 7 9 Rappad / piping / Aurdtiad 
10 149 0 0 8 0 0 9 0 0 5 0 0 0 44 00 081 Many aa bubblaa tn^oac lmar i^^ 
11 1090 0.94 0 53 0.95 054 F u l Fkadbtatlon 

PafTTtaabllrty va. PoreaHy Qraph - Silver Sand 

(cm/a] 

Rgure 4 4 CP&F test results (b): Silver Sand 



3 Sieve Analyses on Permeability & Fluidization Test Samples 

To learn m o r e abou t the c o m p o s i t i o n of t he samples tes tes in the pe rmeab i l i t y a p p a r a t u s , s ieve 

ana lyses w e r e p e r f o r m e d on all th ree ma in samp les , w i t h i n the f r a m e w o r k o f th is g radua te s t u d y . 

The s ieve ser ies NEN 4 8 0 w e r e used , c o m p r i s i n g the f o l l o w i n g s ieves : 

6 3 fxm 

9 0 \x.m 

1 25 \im 

1 8 0 urn 

2 5 0 fxm 

5 0 0 urn 

7 1 0 y.m 

1.0 mm 

2 . 0 mm 

The s ieve c u r v e s are p resen ted in Figure 4 5 . The fu l l s ieve ana lyses da ta are p resen ted in 
Figure 4 6 on page 4 8 t h r o u g h Figure 4 8 on page 4 9 . . . , 

z n 

0.01 

Grain Six* Distribution Curve* 

t i y - -

y / 
I / 1 

1 / 
I I / I 1 

I 

i 
I 

1 
1 / ƒ 

1 / / 
1 , / 

' / — —*tMm*mó 

1 , / 
— —*tMm*mó 

' 1 rrr - I -
0.10 1.00 4000 

Rgur* 4 i Sieve curves from anafyses on CP4VF tested samples 
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Sive Analyses on Sands Used In Combined Permeability & Fluidization Testa, 

SIve Analysis 3: Rutten Sand 
Delft University of Technology, Soil Mechanics Laboratory, June 25,1996. 

Weight Sand + Jar 586.11 gram 
Weight Jar 161.58 gram 
Weight Sand 424.53 gram 

Sive Weight Sive + Sand Weight Sive Weight Sand % of Total Corrected % Cumulative % 

1.400 378.84 378.29 0.55 0.13 0.13 99.87 
1.000 369.14 364.36 4.78 1.13 1.13 98.74 
0.710 394.08 390.00 4.08 0.96 0.96 97.78 
0.500 401.81 392.87 8.74 2.06 2.06 95.72 
0.350 374.70 340.78 33.92 7.99 8.00 87.72 
0.250 442.19 375.13 67.06 15.80 15.82 71.90 
0.175 498.87 368.47 130.40 30.72 30.76 41.14 
0.125 456.33 351.89 104.44 24.60 24.63 16.51 
0.090 349.44 288.88 62.56 14.74 14.76 1.75 
0.063 346.52 342.42 4.10 0.97 0.97 0.78 

- 351.23 347.91 3.32 0.78 0.78 0.00 

Sum Percentages 100 100 

Figure 46 Sieve data of CP&F tested Rutten Sand 

Sive Analyse* on Sands Used In Combined Permeability & Fluidization Ttstt, 

Sive Analysis 2: Serveveningen Sand 
Delft University of Techrratogy, Soil Mechanics Laboratory, June 25,1996. 

Weight Sand • Jar 919.28 gram 
Weight Jar 161.52 gram 
Weight Sand 757.78 gram 

Sive Weight Sive • Sand Weight Sive Weight Sand %o»Tota. Corrected % Cumulative % 

1.400 378.53 378.35 0.18 0.02 0.02 99.98 

1.000 365.01 384.34 0.67 0.09 0.09 99.89 

0.710 390.95 390.14 0.81 0.11 0.11 99.78 

0.500 406.31 393.02 13.29 1.75 1.75 98.03 

0.350 519.99 340.95 179.04 23.63 23.64 74.39 

0.250 720.64 375.29 345.35 45.58 45.59 28.80 

0.175 561.35 368.63 192.72 25.43 25.44 3.35 

0.125 373.98 351.99 21.99 2.90 2.90 0.45 

0.090 289.67 287.02 2.65 0.35 0.35 0.10 

0.063 343.01 342.47 0.54 0.07 0.07 0.03 

- 346.14 347.92 0.22 0.03 0.03 0.00 

Sum Percentages 100 100 

Rgure 47 Sieve data of CP&F tested Scheveningen Sand 
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Appendix 3: Sieve Analyses on Permeability & Fluidization Test Samples 

Sive Analyses on Sands Used In Combined Permeability & Fluidization Tests, 

Sive Analysis 4: Silver Sand 
Delft University of Technology, Soil Mechanics Laboratory, July 2, 1996. 

Weight Sand + Jar 710.00 gram 
Weight Jar 276.00 gram 
Weight Sand 434.00 gram 

Sive Weight Sive * Sand Weight Sive Weight Sand % of Total Corrected % Cumulative % 

1.400 378.30 378.30 0.00 0.00 0.00 100.00 
1.000 364.34 364.30 0.04 0.01 0.01 99.99 

0.710 390.77 390.01 0.78 0.18 0.18 99.82 

0.500 397.29 392.97 4.32 1.00 1.00 98.82 

0.350 374.97 340.88 34.09 7.85 7.85 90.97 

0.250 568.00 375.35 192.65 44.39 44.38 46.58 

0.175 549.82 366.62 181.00 41.71 41.70 4.88 

0.125 372.12 351.93 20.19 4.85 4.65 0.23 

0.090 287.01 286.95 0.06 0.01 0.01 0.22 

0.063 343.17 342.33 0.84 0.10 0.19 0.02 

- 347.87 347.77 0.10 0.02 0.02 0.00 

Sum Percentages * 100 100 

Figure 4 8 Sieve data of CP&F tested Silver Sand 
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4 Angularity Analyses on Permeability & Fluidization Test Samples 

§ 4 . 1 Introduction and A im of the T e s t s 

It is s u s p e c t e d t h a t t he shape of the par t ic les e f f ec t s the f lu id iza t ion l im i t and (hence) t h e cr i t ica l 
vo i d ra t i o , cons ide rab l y . One w a y t o q u a n t i f y the angularity (or roundness) o f t h e par t i c les is t o 
measure the t i m e d i f f e ren t f r ac t i ons need t o t rave l t h r o u g h a s tandard -s i zed mi ld l y s lop ing r o ta t i ng 
cy l i nder . Th is t e s t is cal led t h e rolability test (see S C W ( 1 9 7 9 ) ) . 

O the r a t t e m p t s t o q u a n t i f y the shape of par t i c les , ob jec t i ve l y , have m a d e use o f t h e f l o w 

behav iou r of pa r t i c les . The sharpness index is re la ted t o the t i m e d i f f e r e n t f r ac t i ons need t o f l o w 

o u t of a s tandard ized funne l and m a d e re lat ive t o the t imes measu red for g lass beads (0) and s tone 

c rusher sand ( 1 0 0 ) , in the same appara tus (Vo lders & V e r h o e v e n , see S C W ( 1 9 7 9 ) ) . 

Less o b j e c t i v e , b u t a lot qu icker , are m i c roscop i c ana lyses . In t h e nex t t w o p a r a g r a p h s , 

m i c r o s c o p i c ana lyses and de te rm ina t i on of t h e Vo lde rs & V e r h o e v e n sha rpness i ndex o f t h e samp les 

used in t h e c o m b i n e d pe rmeab i l i t y & f lu id iza t ion t es t s , w i l l be d i s c u s s e d . 

§ 4 . 2 Microscopic Ana lys is of the Particle S h a p e 

P o w e r s ( 1 9 5 3 ) ca tegor i zed d i f f e ren t par t ic le shapes cons ide r i ng sphe r i c i t y (h igh or l o w ) and 

angu la r i t y (very angu la r , angu lar , sub-angu la r , s u b - r o u n d e d , r o u n d e d or w e l l - r o u n d e d ) . O n t h e bas is 

of th is c a t e g o r i z a t i o n , t he t es ted sands w e r e ident i f ied w i t h a 2 5 x 0 . 6 / 4 . 0 m i c r o s c o p e , as f o l l o w s : 

Sand Sphericity Angularity Remarks Categorization 

Rutten Sand Medium-sized fraction 
spherical. 
Other fractions less 
spherical. 

All fractions a little 
angular. 

Contains many 
organic (black) 
particles. 
Conglomerates of 
particles. 
Different colours. 

Hinh sphericity, 
sub annular. 

HS 40 

Scheveningen Sand Main fractions seem 
spherical. 

Mostly sub-rounded 
particles. 

No organic 
material. 
Different colours. 

Hiah sphericity, 
sub-rounded. 

HS 60 

Silver Sand A little flat particles. More angular than 
other sands. 
Sub-angular particles. 

No organic 
material. 
White transparent 
colour. 

Low sphericity, 
sub-angular. 

LS 40 
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It appeared ve ry d i f f i cu l t t o j udge the to ta l sharpness of t he sands as t h e share of each f r a c t i o n 

cou ld no t be quan t i f i ed t h r o u g h t h e m i c r o s c o p e . The re fo re , it w a s dec ided t o q u a n t i f y t h e angu la r i t y 

w i t h the m e t h o d p r o p o s e d by Vo lde r s & V e r h o e v e n (see nex t pa rag raph) . 

The sand co l l ec ted at t he S c h e v e n i n g e n beach appeared t o cons i s t of th ree ma in f r a c t i o n s , w h i c h 

d i f f e red in size and co lou r . These f rac t i ons w e r e ana lyzed separa te ly : 

Sand Sphericity Angularity Remarks Categorization 

Scheveningen 0.35 Spherical. Sub-rounded 
particles. 

No organic 
material. 
Different colours. 

High sphericity, 
sub-rounded. 

HS 60 

Scheveningen 0.25 Spherical. Sub-rounded 
particles. 

No organic 
material. 
Different colours. 

High sphericity, 
sub-rounded. 

HS 60 

Scheveningen 0.175 Little spherical. Sub-rounded 
particles. 

No organic 
material. 
Different colours. 

Low sphericity, 
sub-rounded. 

LS 60 

The genera l c o n c l u s i o n , t h a t m u s t be d r a w n f r o m th is m i c r o s c o p i c par t ic le shape ana lys is , is t h a t 

all par t ic les have a p p r o x i m a t e l y t h e same shape . No e x t r e m e r o u n d or e x t r e m e angu lar mate r ia l s 

w e r e t e s t e d . T o be able t o be m o r e spec i f i c on t h e in f luence o f angu la r i t y , i t m a y be adv isab le t o 

t e s t s p e c i m e n s o n the i r f l u id i za t i on l im i t w i t h the s a m e g r a d i n g , b u t w i t h m o r e d i f f e r e n t l y s h a p e d 

par t i c les . 

§ 4 . 3 Volders & Verhoeven S h a r p n e s s Index 

The sharpness index p r o p o s e d by Vo lde rs and V e r h o e v e n is re la ted t o t h e t i m e s f i ve sepa ra ted 

f r a c t i o n s need t o f l o w o u t of a s tandard ized f u n n e l . The w e i g h t e d average is m a d e re la t ive t o t h e 

t i m e s m e a s u r e d fo r g lass beads (0) and s tone c rusher sand ( 1 0 0 ) , in t h e s a m e a p p a r a t u s . T h e 

f o l l o w i n g f r a c t i o n s , f r o m over d ry so i l s , are t es ted in quan t i t i es o f 1 2 0 and 8 0 g r a m s , w h e n ava i lab le 

(see F igure 4 9 ) fo r a s c h e m a t i c d isp lay o f t h e V V S appa ra tus ) : 

6 3 urn 
1 2 5 urn -
2 5 0 \im 

5 0 0 urn 
1.0 mm 

1 2 5 p.m 

2 5 0 fxm 

5 0 0 urn 
1.0 mm 

2 . 0 mm 

If less t h a n 1 2 0 g r a m s , b u t a p p r o x i m a t e l y 8 0 g r a m s is ava i lab le , quan t i t i es of 8 0 and 6 0 g r a m s 

are t e s t e d . If less t h a n 6 0 g r a m s is avai lab le , t h e w h o l e q u a n t i t y is t es tes t w i c e . 

Each t e s t e d f r a c t i o n is inser ted in to t h e s tandard ized funne l in an ident ica l w a y t h r o u g h an 

i nse r t i on f u n n e l . N e x t , t h e s l ide ga te is opened and t h e t ime is m e a s u r e d , w h i c h is needed t o le t 

t h e mater ia l f l o w in to t h e rece iv ing d i s h . 
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Appendix 4: Angularity Analyses on Permeability & Fluidization Test Samples 

I n s e r t i o n f u n n e l 

S t o n d 

S t a n d a r d i z e d c o n t a i n e r 

S I i de g a t e 

Rece i v i ng d i s h 

Figure 49 Schematic display of the Volders & Verhoeven sharpness index apparatus 

The o u t f l o w t i m e is m a d e re la t ive t o the t i m e s needed for g lass beads and s t o n e c rushe r s a n d , 

be fo re ave rag ing fo r t he success i ve tes t s per f r ac t i on (no ta t i on a f te r V a n N iekerk ( 1 9 9 5 ) ) : 

WSI = 100% 
AOT^ - AOTgU> 

AOT - AOT gib 

in w h i c h AOTwq is t h e average o u t f l o w t i m e for the w e i g h t e d quan t i t i es per f r a c t i o n , g lass beads 
and c rusher sand (same w e i g h t quan t i t i es ) , r espec t i ve l y . 

N e x t , t o each f r a c t i o n a w e i g h t is ass igned , U„ s u c h t h a t m o r e w e i g h t is ass igned t o t h e f ine r 
f r a c t i o n s : 

U, = 1 1 
LL UL, 

0.4343 
logiUL) - log(LL () 

T o g e t h e r w i t h t h e f r ac t i on s ize, % i t d e t e r m i n e d f r o m s ieve ana lyses , t h e overa l l s h a r p n e s s i n d e x 

for t he mate r ia l s can be d e t e r m i n e d as f o l l o w s : 

WS = E (*<u,) for i = 1..5 
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For the th ree sands used in t h e c o m b i n e d permeab i l i t y & f lu id iza t ion t e s t s , th is p r o c e d u r e lead 

t o t h e f o l l o w i n g sha rpness ind ices . No te t h a t n o w t h e Rut ten Sand appears t o be t h e m o s t angu lar 

s a n d , w h i c h m i g h t be caused by t h e angu la r i t y of t he f iner f r a c t i o n s , and t h e Si lver Sand is the least 

angular ma te r i a l : 

Sand W S sharpness index 

Rutten Sand 66.047 

Scheveningen Sand 47 .706 

Silver Sand 51.696 
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5 Theoretical Maximum and Minimum Void Ratios of Spheres 

The theore t i ca l m a x i m u m and m i n i m u m vo id rat ios are der i ved by cons ide r i ng t h e t h ree -

d imens iona l s tack ing of u n i f o r m d i s t r i bu ted spheres . First , a repe t i t i ve un i t is s o u g h t . N e x t , t h e 

v o l u m e of t he box , de f ined by t h e modu l i in th ree d imens ions of t he repe t i t i ve un i t , is d e t e r m i n e d . 

The vo id rat ios are ca lcu la ted by d iv id ing the box v o l u m e m inus t h e v o l u m e of t h e spheres in t h e 

repe t i t i ve un i t by the v o l u m e of t he spheres , w h i c h is 4/3 * tt * R3 per sphere , w i t h R t he rad ius o f 

a sphere . For t h e looses t and t h e t w o denses t pack ings the vo id ra t ios are t h u s d e t e r m i n e d (see 

also Figure 5 0 ) . 

Loose Dense I Dense I I 

Figure 50 Schematic plan view of loosely and densely packed uniform spheres 
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Loosely packed: The repe t i t i ve un i t fo r t he m o s t loose ly packed s ta te con ta ins one sphere . Each 

sphere is s i t ua ted at r igh t angles t o i ts ne i ghbou rs . The modu l i o f a repet i t i ve un i t in t h ree 

d i m e n s i o n s are all equa l to 2R. Th is leads to the f o l l o w i n g ca l cu la t i ons : 

spheres 
3 

V - V f. 
box, unit spheres _ O - 1 ~ 0 91 [-] 

V 
spheres 

Densely packed I: The repe t i t i ve un i t for t he f i r s t dense ly packed s ta te con ta ins t w o sphe res . 

Four spheres in t h e base p lane are s i tua ted at r igh t angles t o thei r n e i g h b o u r s . The c e n t e r p o i n t s 

of t he spheres in t h e nex t layer co inc ide w i t h the t o p of t h e square -based p y r a m i d w i t h c o n s t a n t 

r i b , w h i c h has i ts base po in t s at t h e cen te rpo in t s of t he s u r r o u n d i n g spheres in the base layer . T h e 

m o d u l i o f a repe t i t i ve un i t in t h e base p lane are equal t o 2R. The he igh t o f t h e un i t equa ls t w o t i m e s 

the he igh t o f t h e p y r a m i d , 2H, w h i c h is 2 / V 2 . Th is leads t o t h e f o l l o w i n g ca l cu la t i ons : 

y ^ ^ - O - R ? 2 f f = 8 * 3 v / 2 

Vspheres = | K R ^ 

„ _ ^tVu, muY ~ Vspheres _ 3y/2 _ j s n 3 5 r _ l 
e « d n . / v _ 1 1 

'sphtra n 

Densely packedII:The rèpe t i t i ve u n i t fo r t h e s e c o n d dense ly packed s ta te con ta ins th ree s p h e r e s . 

Th ree sphe res in t h e base p lane are s i t ua ted w i t h the i r c e n t e r p o i n t s in a equ i la tera l t r i ang le . T h e 

c e n t e r p o i n t s o f t h e sphe res in t h e n e x t layer co inc ide w i t h t h e t o p o f t h e t e t r a h e d r o n , w h i c h has 

i ts base po in t s at t h e c e n t e r p o i n t s o f t h e s u r r o u n d i n g spheres in t h e base layer . The m o d u l i o f a 

repe t i t i ve u n i t in t h e base p lane are equa l t o 2R and Di, w h i c h is Rs/3. T h e he igh t o f t h e un i t equa ls 

th ree t i m e s t h e he igh t of t h e p y r a m i d , 3H, w h i c h is RV(4/3). Th i s leads t o t h e f o l l o w i n g c a l c u l a t i o n s : 

^ M ^ W l f f - 1 = 0 3 5 [ - ] 

'spheres n 
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Appendix 5: Theoretical Maximum and Minimum Void Ratios of Spheres 

A p p a r e n t l y , t h e t w o dense ly packed s ta tes have t h e same vo id ra t ios . The m o s t loose ly p a c k e d 

s ta te and t h e s e c o n d dense ly packed s ta te are rep resen ted g raph ica l l y in F igure 51 and F igure 5 2 . 

Rgure 61 Loosely packed uniform spheres Figure 62 Densely packed uniform spheres 
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