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a b s t r a c t

A testing apparatus was developed for the determination of the change in 
permeability of coarse porous media subjected to a decrease in porosity

.
literature survey was conducted to establish the design criteria for the
flow and loading tests. The mthemaUcal model describing flow through
course porous media was further developed on a theoretical basis by
postulating the layered medium model. Ihis model is a means by which
the variability of the particle sizes in the medium is taken into 
account.

The design, construction and operation of the testing apparatus is
des:rvx-d. The specimen tested was laded up uo 3,45 MPa; consequently

'

the Fbrcheimer aquation in the form of K , Ci/R + Cg was found to 
yield repeatable values for tiic turbulent friction factor C2, thus 
providing a means of predicting the change in permeability if the change 
in porosity and effective particle diameter are known.
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1 INTRODUCTION

W ith  the construction of tail in js impoundments and embankment dam?: 
to unprecedented heights tie need has arisen to rake use of cobbles 
or gravel, rather than sand, as the underdr.linage medium to accommo­
date the large seepage quantities (tig 1.1).

MAX Rf SERVOR 
LEVEL

TRANSITION

o) CROSS SECTION OF A TYPICAL ROCK OREA^TH DAM (APPROXIMATELY 3 0 0 m  HIGH)

—  TOE DRAIN

N GL NTS.

b) CROSS SECTION OF A HIGH TAILINGS IMPOUNDMENT ( MAXIMUM 300m  HIGH)

FIGURE I I ILLUSTRATION OF DRAINS IN DAMS ft TAILINGS DAMS

This requirement tor an efficient filter drain calls for grading and 
particle size distribution criteria which are in conflict with the 
requirements for effective load bearing capacity without excessive 
particle \x< akage. (••der jron (19/7) has pointed out the inadequacy 
of blends of sands and gravels to function as drains and emphasises 
the need for highly permeable open-graded aggragates. Ch the other 
hand it has been shown (Blight and Caldwell, 1930 and Marsal, 1973) 
that single sized gravels will degrade more than graded gravels 
under the applied stresses they will have to boar under high 
embankments. This degradation then results in a decrease



in permeability and hence effectiveness of the drainage medium. The 
consequence of a loss in permeability in the drainage medium of a 
large embankment is that the opt. it ion and stability of the 
facility could be seric: ;ly affected. The phreatic surface rises in 
the region of the toe, reducing the stability of the csnbankment or 
dam becaus1 of the increase in water pressure within the critical 
failure zone. Uncontrolled seepage through the face of an earth or 
tailings dam m y  precipitate erosion, piping and sut.sequent local 
sloughing of the wall and possible overall failure of the dam. In 
tailings dams the loss of clear eepage water represents a substan­
tial loss in "return" water which could otherwise be re-utilised at 
the plant.

FIGURE I 2 CONSEQUENCES OF DECREASE IN EFFECTIVE DRAINAGE 
OF lAMS OR EMBANKfW NTS STRENGTH REDUCTION .

SLOUGHING. 1 PIPING

Traditionally the flow of water through porous media has been 
analysed by means of the Darcy equation which is applicable to 
laminar flow. Research on the flow through gravel and rockfill 
(almost exclusively singk sized) was initiated with the advent of 
rockf ill dam; and through flow rockf ill dims without spillways which 
were used a coffer dims. In all cas<-r; non-Darcy flow is described 
by means of:
. exponential formula; such an

,th o f  m atfm ai w ire  in failure 
SURFACE REDUCED DUE TO WATER PRESSURE

HYPOTHETICAL FAILURE su rface

 PHREATIC SURFACE EMERGING
AT FACE

/— PIPING POSSIBLE

x  SLOUGHING OR
x  /  EROSION

V = (1.1 )
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in permeability and hence effectiveness of the drainage radium. The 
consequence of a loss in permeability in the drainage medium of a 
large embankment is that the operation and stability of the 
facility could be seriously af?cted. The phreatic surface rises in 
the region of the toe, reducing the stability of the embankment or 
dam because of the increase in water pressure within the critical 
failure zone. Uncontrolled seepage through the face of an earth or 
tailings dam may precipitate erosion, piping and subsequent local 
sloughing of the vail and possible overall failure of the dam. In 
tailings dams the loss of clear engage water represents a substan­
tial loss in "return" water which could otherwise be re-utilised at 
the plant.

, -e NGTH OF MATERIAL WITHIN FAILURE 
'SURFACE REDUCED DUE TO WATER PRESSURE

HYPOTHETICAL FAILURE SURFACE

PHREATIC SURFACE EMERGING 
AT FACE

PIPING POSSIBLE

SLOUGHING OR 
EROSION

FIGURE i 2 CONSEQUENCES OF DECREASE iN EFFECTIVE DRAINAGE 
OF DAMS OR EMBANKMENTS STRENGTH REDUCTION. .D 

SLOUGHING. 3 PIPING

Traditionally the flow of water through porous media has been 
analysed by means of the Corey < jaition which is applicable to 
laminar flow. Research on tĥ  flow through gravel and rockfill 
(almost exclusively single sized) was initiat'd with the advent of 
rockf ill dams and tliroughflow rockf ill dims without spillways which 
were used as coffer lams. In all cases non-Darcy flow is described 
by means of:
. exponential formula; such as

v = aib  (1.1 )



or the Forcheimer equation and modifications in the form of 
i = c v + d v ‘-+   (1.2)

where v = avoraqc seepage velocity
i = hydraulic rpradicnt 

a,b,c,d = empirical constants

Difficulties and differences arise in defining the pertinent para­
meters required to describe the flow through rockfill or gravels. 
The empirical constants derived in numerous tests have been found to 
be dependent on various material properties. Because the tests were 
invariably undertaken with uniformly sized mrticles, the effect of 
particle grading on p e m  ability is not positively established. It 
has been indicated that a graded material degrades relatively little 
under applied loads. It would therefore be desirable to investigate 
the flow behaviour of a graded material v' h its higher load bearing 
capacity. Alternatively, a single sizou tone may be used to begin 
with and the effect of crushing .-.r r loan investigated so that the 
drains may be designed in such • is to he serviceable even after 
they had been subject* 1 to lar stresses an.1 degradation. Where 
possible, the "null option" may be oonsi 3er- d in which the drains 
are positioned in such a way that the overburden load is shed around 
the drain, or decreased altogether, see Fig 1.3.

The study of flow through graded or degraded gravel will also find 
application in throughflow rockfill dams. As the various lifts are 
placed and compacted, particle crushing and layering of fines takes 
place.

The method of investigation am scop of this dissertation is best 
described by means of a summary of the following chapters:

Chapter 2 consists of a comparative lit- ratare review dealing with 
flow through uniformly traded rockfill.'-, and gravels, mechanics of 
particle breakage subject to lo id and the design of various testing 
apparatus. The most important, con I us ion to emerge from thi review
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>  RJLI
OVERBURDEN 
HEIGHT

a.'V . -
SOIL

C0MA6CTED

- LOOSE or PACKED 
GRAVEL DRAIN

SOIL
COMPACTED

. „ .  k n lP/lA/l/l/l •  COMPRESSIBLE FILL

SETTLEMENT

DH

.GREATER SETTLEMENT OVER BC CAUSES ARCHING 
IN AKIVE TING SOIL 8 THEREFORE DEOtASE IN 
OVERBURDEN STRESS ON B-C

a)  SHEDDING OVERBURDEN STRESS

VAXIMUM EXTENT OF "CRITICAL' 
FAILURE SURFACES

(SINGLE DRAiN__
UNDER FULL 
OVERBURDEN LOAD)

b ) ELEVATED DRAINS OR SLOPING DRAINS

FIGURE I 3 ALTERNATIVES TO GRADED GRAVEL FILTERS UNDER
LARGE EMBANKMENTS "
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is that particle size and porosity are the most important parameters 
for both the flow equation and particle breakage. There only 
remains a rational means by which the particle size ought to bo 
defined.

Chapter 3 deals with the theoretical development >f a flow 
velocity-headloss relationship applied to graded T u t o r i a l s .  The 
parallel layer and series layer models are postulated as representa­
tive extreme situations of graded particle disposition. The assump­
tion is made that the layered m iium consists of layers of various 
sized particles parallel and perpendicular to the din :tion of flow. 
An effective particle diameter is obtained for laminar, transitional 
and turbulent flow. This dimension ropn ents a weighted mean of 
the particle sizes by taking the layering of the medium into 
account, ^plications of these model :i to randomly orientated media 
are discussed.

Chapter 4 describes the design an! construction of the testing 
equipment. The criteria for testing the flow properties were par­
tially incompatible with those for testing the amount of particle 
breakage uniter load. Because of the lar in particle size of the 
gravel used, the experiments had to t« oon lucted on a correspond­
ingly large scale. The permt imeter, 1,8 m high and 0,6 m in dia-

'
could then double as an oedometer, though not simultaneously, with a 
capacity of having load of 712 kN (or 3,45 MPa on the cross 
section) applied to the sample. It would have been desirable to 
conduct the flow t-sts with the simulated overburden loads applied 
to the specimen at the :kime time. Mowev-*r, it was found that the 
amount of rebound upon unloading, <ven after large loads, was small. 
Therefore, the tests w»re con ider- d to b- representative of simu­
lating flow un ;■ r large nrtxmkment loads. The cylinder was lined to 
overcome wall effect during tlv> flow and loading tests.

The experim nt >1 |rocedur#.*, which consists of calibrations, particle 
size- ana 1 yr-'.er., re;*-at. I loading and flow tests is described in



Chapter 5. The nurrix'r of tests performed was sufficient to estab­
lish that the eî uipment can b: used bo conduct a more thorough study 
on tiie particle breakage characteristics and resulting influence on 
the through fLow characteristics of various types of rockfill or 
gravels.

The test results in Chapter 6 illustrate the fact that:

(i) ’Ihe Forcheimer equation in its form K = Cj/R + C2 provides 
a better means than an exponential equation of describing the 
flow through porous itcdia of different particle sizes and 
porosities, and

(ii) it is possible to predict the rcductio in through flow 
characteristics of a rockfill subjected to large stresses and 
degradation from the change in particle size anti porosity, 
taking the layering and arran-jeo -nt of particles into account.
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2 LITERATURE RLVIhVJ

2.1 Introduction

The effect of particle breakage or gradation on the through- 
flow characteristics of rockf; 11 has to the knowledge of the 
author rot been documented in the literature. The literature 
survey is therefore divided into two sections, namely the 
development of various flow equations for rockfill and the 
mechanic. 1 [ro[x)rti« s of rockf ill. Ihe latter subject was 
found in tlic literature to te approached mainly from the 
construction point of view: Par cle breakage and compaction
was investigated in order to establish design and quality 
control criteria for the construction of rockf ill dams to the 
correct densities for the stability of the structures.

2.2 Flow equations

With the advent of throughflow rockfill dams approximately 
twenty-five years ago interest was shown in the development of 
flow equations or coarse porous m\lia. It was recognised that 
the Darcy equation was of limited use as it applied to laminar 
flow only. This lead to the derivation of equations of an 
empirical and semi-empirical nature. Often it was engineering 
judgement rather than theoretical deduction which influenced 
the choice of parameters and ventual form:; of various flow 
equations. In almo t all instances single sized rock or 
cobbles were used, and comparisons were drawn in many cases 
with ideal particle such <is cubes or ssphor' s.

2.2.1 Formation of concept:,

Traditionally Darcy's linear relation lie tween f low velo­
city and head loss has been used to solve problems 
involving the flow of water through porous media, ie:



8

3Hv = - k.................................... (2.1a)

or
v = - k i........................ .......... (2.1b)
Where
v - average seepage wlrcity
k = permeability, a dimensional term and a function

of the fluid and the aquifer 
H = total potential head of the fluid
1 = distance measured in the direction of the result­

ant velocity 
i = total head gradient = H

The Darcy equation is valid for laminar flow, that is 
where < ither the pore spaces are small (as in clays, 
silts and sands) or the flow velocity is low. The sig­
nificance of those two criteria will become apparent 
with the definition of the Reynolds number aplied to 
flow through porous media, discussed in Section 2.2.2. 
The Hazen formula (equation 2.2) has long been in use to 
estimate the permeability of sands (Cedergren, 1977). 
The permeability is ;rc*x3rtional to the square of a 
repr- sentutive partiuh- dimension, ie

k = C d?0  (2.2)

Where

C = empirical constant
d;Q = effective cjr.iin ■ (10 pri’ent of Uie total

weight of the sand is smaller than this
d i mension).

Leps (1973) describes the pioneering work in tlie flow 
throu<jh rocklill, Imoinning with the intuitive approach 
adopted by Weiss and the earliest laboratory data
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obtained by Escand'- in 1993. It was recognised that tiie 
Darcy law did not generally hold for coarse granular 
media. Escande concluded from his experiments that the 
flow was turbulent and obeyed the oju .fion :

v 2 = B i  ( 2 .3 )

where

v = apparent velocity ol the water at any location
along a flow path 

i = the hydraulic gradient at any location along a
flow path

B = an empirical constant for a given rockfill and
varies with gradation in accord with the 
Reynolds number (which at that stage was not 
clearly defined).

Later laboratory tests performed by Wilkins (1956) gave 
rise to an equation of the forms

v v = C' 1 i° ........... (2.4)
Where

vv = velocity through voids
= viscosity

m = hydraulic rrvan radius
= e (void rat to) 7 (■ rtace area per unit

volume)
C,a,b, ' ’ const int.,

Having [r-rformryl extensive tests on stone of various 
gradings and shapos, a relationship between Sy and 
particle diameter Wljs. arrived at resulting in the 
following e]uafions:

For stone, vv  ̂ 32,9 nt(l' ' i^/'4  (2.5a)
marbles, v v = 46,5 ' l0,50  (2.5b)



Where
vv and m are in imperial units (inches and seconds).

While c, the void ratio, is an indirect function of the 
grading and is in' ed in the above equations, no 
explicit relationship between grading, stone size and 
flow velocity is indicated. Since the surf.cc areas of 
the particles were ntvisured directly the investigations 
did take surface roughness and shape into account. 
(Hone the different values for C and c).

Similar equations were obtained by Olivier '67). The 
relationship between surface area per unit volume Sv 
and l/ds, the reciprocal of the effective particle 
diameter, was established for crushed granite and com­
pared to idealised shape ;.
Sy ■ s-  ......(2.6)

The values for various shaped particles are as 
follows;

spheres: 6,1
cubes: 7,45
hexahedrons: 7,81

whi ' measurements of crush'd granite yielded a :g 
value of 8,29.

Ih" inportancc of this result will become apparent in 
Chapter 3 where the theoretical development of the flow 
equation makes use of the particle diameter to take 
account of grading and layering of various sized stone
in th" flow equation.

Ward (1964) recotjni ;->i t l v  need for research into the 
cdcul.d >n ol th' - p-rim ibi 1 ity ot a porous medium from 
th i r e s u lts  of a s ie ve  a n a ly s is  using both size and size 
disti ibut ion ; v rnm o te r Using dimensional analysis in



which v (velocity), k (permeability) and (kinematic 
viscosity of the fluid) were chosen as parameter , ft
constants a and b in the Forcheimer eouation:

i = av + bv*1 ........ (2.1)

were evaluated. This >vjuation vnr. fitb 
obtained in test s conducted at variou: c' jv.'
ranging from laminar, transitional to turbulent. 'R
plot the equation it was transformed into log-lo 
relationship between a Fanning friction factor r
Rei'nolds mntxar. Silberman (1965) however suggest,
that this type of analysis had resulted in th< vcloci 
squared term becoming a secorxl order one descrilr 
linear and non-linear laminar flow. Ward (1966) goes 
to redefine the constants. This tin* in ten: c
n (porosity), d (particle diameter), an: (a ;x •
icle shape factor), substantiating tiieir applicabilit 
by means of dimensional analysis. In addition uo th • 
t.e presents a statistical relationship defining t 
particle shape factor in terms of the geometric ik 
size of the :x)rous medium (as with previous invert: 
tions) and the corresponding geometric standard d 
tion of tlie siẑ > distribution.

Parkin et al (1966), Leps (1973) and Cedergren ( 
felt that at that stuge no satisfactory understandi 
non-Cbrcy flow had been evolved, and that it was four
to be more convenient to base their work on a . c
law such as:

i = av1’’  *( )

In which a = a dim nsional ooefi »cieni bp ndcn‘ on t 
parti, jhir in dium aivi b an exfx>nent wtiich, a 1th 
varying with rock and flow ch trad eri: 1 ,



satisfactorily approximate s 1,85 for most practical 
flows in materials composed of convex particles coarser 
than 12,5 mm diameter. This equation can he compared 
directly to Wilkins' formula (equation 2.5a). The 
coefficient a is assumed to be principally a function of
the hydraulic radius (void ratio/surface area per unit
volume) and shape factor. Parkin et al (1966) prepared a 
nomogram for the determination of a using the parameters 
e (void ratio) and Sv (surface area per unit volume).

Dudgeon (1966) util do same form of equation but
devised a different me mod of determining the values of 
the coefficient and ex;x)r nt. The gradient i is plotted 
against velocity v on t lotj-loi) graph. Hie exponent b 
is determined from the sIojjo of the curve for a particu­
lar flow rxqimc-. Substitution then yields the coeffi- 
ci< it a. Tli< r suit obtained indicate clearly the com­
plex transitions from laminar to completely turbulent 
flow. Figure 2.1 shows a typical set of results
obtained by Dudg- on.

An attempt was also nrodi to present a generalised fric­
tion factor versa : - ynolds number plot, ie

Where

f = friction factor
g * gravitational acceleration
d = representative pain diameter size
i - hydraulic gradient
v = flow velocity in the voids
R = Reynolds number
v = viscosity of fluid

f = ' - vs (2.9)
v V
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FLOW I OUATION

I  : 3 2 '/’

9|5 mm CRUSHED DOLERITE 
POROSITY: 4 2 ,8  %

VELOCITY v ( f t / i e c )

0g,URE 2 1 DETERMINATIONQF EXPONENT b FROM FLOW 
TESTS (AFTER DUDGEON.1966)

«



FLOW EQUATION
iv*1

9 ^  mm CRUSHED DClERlTE  
POROS'TY: 4 2 , 8 %  I

VELOCITY v ( f t / e e c )

FIGURE 2 I OF TERMINATION OF EXPONENT b FROM FLOW
TESTS (AFTER DUDGEON,1966)
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Dudgeon commented that the only likely solution to the 
problem o£ a generalised plot is to deal with a set of 
graphs for each family of geometrically similar porous 
media in a form similar to the Moody diagram for pipes.

A coefficient analogous to the e/D factor in the Moody 
Diagram, which separate, one curve from another, needs 
to be found. In dealing with the interrelationship 
between the Moody Diagram and exponential formulae, 
Moore (1959) presented a Modified Moody diagram with 
lines of constant exponent b in the formula i = avb, 
the exponential type resistance formula applicable to a 
particular pip for a limit' d range of Reynolds numbers. 
The investigators wing the exponential formula for the 
flow through rockfill have adopted a similar approach 
togetl ur with the atov mentioned restrictions.

Hubbert (Wright, 1968) show d the limitations of pipe 
analogy arguments by pointing out that in pipe flow the 
motion is along rectilinear paths at constant velocity, 
whereas in flow through granular media the fluid under­
goes continual cycles of acceleration and deceleration 
while following curvilinear paths. Deductions based 
purely on pipe flow analyses therefore cannot be applied 
to flow through jr tnular rn da, and thus it is unlikely 
that the failure of the linear Darcy law signifies the 
oaset of turtxil'-nco in flow through granular imdia.

Ahmed and Sunuda (1969) sup;ort this view by showing 
that the energy loss due to turbulence is much smaller 
than the energy loss resulting from the convective 
accelerations due to the tortuous path the fluid has to 
follow in the port ;, particularly in the transitional 
flow regime at low Reynolds numbers. Detailed tests on 
turbulf*nce hud indicated that with gradually increasing 
flow velocities fluid from one channel mixes with the
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fluid of another, indicating that the departure from 
Darcy's law could tie the result of convective accelera­
tions rather than turbulent flow. Dimensional analysis 
was employed to derive the quadratic Forcheimer rela­
tionship (equation 2.7) beginning with the Navier-Stokes 
equations. This equation was found to fit numerous 
results of tests performed on sands. The advantage of 
the quadratic equation is that the constants are depend­
ent upon a particular medium whereas the variables in 
the exponential formula (Equations 2.4 or 2.8) are 
velocity dependent.

Investigations into the existeno■ of a unique relation­
ship between the Fanning friction factor and Reynolds 
number common to all types; of porous med;j resulted in 
the development of a third dimension less parameter by 
Arbhabhirama and Dinoy (1973). This parameter, a func­
tion of the ratio of the particle mean diameter to the 
average hydraulic radius of the pore spaces, can be con­
sidered analogous to the relative roughness parameter 
used in the Moody diagram. Investigations to date had 
prodced transformations of the Forcheimer equation of 
the form:

Arbhabhirama and Dinoy had established an empirical 
relationship between C2 and the relative roughness 
parameter based on d mens ion, 11 analyses so that equation
2 .1 0  became:

K = Fanning friction tactor 
R = Reynolds number
Cj, C\i oust m* ; for particular medium 
d = representative pirticle diameter 
m - hydraulic radius of f»re spaces

K = C^/R + C2 (2.10)

K = C]/R + f(d/m) (2.11)
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The resulting plot of tho empirical relationship hotween 
Friction factor and Reynolds nuntxir is shown schemati­
cally in Figure 2.2. Ihe characteristic length chosen 
by the authors for the parameters was the square root of 
the permeability. This introduces difficulties in the 
application of their curves, since either permeability 
or test data will have to to available to predict the 
flow behaviour of a certain medium.

A similar, simpler approach was adopt--d by Stephenson
(1979). The various curves of the friction factor plot 
were drawn for media having differently shaped parti­
cles, and fitted the equation:

K = 800/R + Kt  (2.12)

Where
Kt - 1 (smooth polisheti rrerbles)

2 (semi rounded stone)
4 (angular stone)

(d/m)2

(d /m )3

(d /m  ),

REYNOLDS NUMtitR 7R= vd /V

F'GURE 2 2 PLOT OF FRICTION FACTOR vs REYNOLDS 
NUMBER FOR VARIOUS ROUGHNLSS VALUES 
CARTER ARBHABHIRAMA QDINOY. 1973 )
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For laminar flow 
K - 800/R 
and turbulent flow 
K = Kt (2.14)

(2.13)

the par.inK ter i K and R are redefined in terms of the 
velocity of fluid in the pores (rather than the apparent 
velocity v which equals tlv flow rate 0 divided ly the 
gross cross ctional area of the medium A), and a 
representativ ^article diameter d.

The reasonin'] b hind these definitions was reviewed by 
Runpclt and St phenson (1982). For any hydraulic gra­
dient, flow througti granular media is deperident on the 
geometry and tructure of the [orous matrix, fluid pro­
perties and flow characteristics.

,nhe fiorosity of a granular medium is a function of the
packing of du jr t in s ,  t l ie i r  shape, arrangement and size 
distribution and is  defined as the ratio of volune of 
the void spac to the Ix i lk  volume of the granular
mcxiium. Only n t o r  connect' 'd pores arc of interest to 
flow consider -tions. Idealised models of the availa­
bility of vo: Is to the flow in a porous medium are 
illustrated in I :q ire  2 .3 . Th< true void velocity of a 
fluid may be >wn to b? between v/n2/ 3 and v/n, but
this velocity is not neoessarlly in the general direc­
tion of flow. The flow path is tortuous and conse­
quently the direct ional head loss is higher than that
ind.cat.yj ty a velocity of v/n2/ 1 and is probably
more nearly du< to : velocity of v/n (Stephenson, 1979), 
ie

vv = v/n  (2.15)
Where

VV = real velocity in voids 
v ~ apparent, v- Locity - 0/A 
n = porosi ty
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'Fhe effective [xorosity may be considerably reduced by 

the presence of air, in the form of bubbles or suspended 
pockets of air in the medium (Hannoura and McCorquodale, 
19̂ '’). Waves ire .ins on rockfill marine structures or 
rip-rap linings on dams cause the entrainment of air in 
the flow through the rredium, with th.e result that the 
effective conductivity is reduced and reflection 
increased.

The hydraulic radius of the pore spaces open to flow is 
defined as (Wilkins, 1956).

m 26 L  (2.16)
Sv

where

m = hydraulic radius 
e = void ratio
Sv = surface area per init volume

Substitut ion of equation 2.6 into 2.16 yields an
expression for the hydraulic radius in terms of the
effective particle diameter, ie

m ” |s"  (2.17)



It can therefore he said that for a given rockfill the 
dimensions of the flow path are represented by a charac­
teristic length describing the size of the particles. 
The particle diameter d is taken to be the largest 
dimension on the least cross section of a particle 
(Figure 2.4). For a given shape and state of packing 
the void ratio is constant. 'Hie significance cf this 
becomes apparent in the development of a permeability 
model for layered systems. Note the d is that of the 
effective stone size which is between the minimum and 
maximum size in Figure 2.4.

SPHERICAL ROUNDED CUBICAL ANGULAR ELONGATED

cS?U
d mm

d m o*

FIGURE 2 4 DEFINITION Of STONE SHAPE AND SIZE (STEPHENS0N.I979)

Using dimensiona' analysis (Yalin, 1971) or pipe flow 
analogy (Sb-phenson, 1979) the friction factor K is 
defined as:

K idg
(2.18)

and the I ynoIds numb c R



Substituting equations 2.18 and 2.19 into 2.12 yields 
upon rearrangement

800 v Kt. .v
2

2v + (2.20)
dqn

or

i - av + bv^ (2.7)

which is the Forcheimer equation and is applicable to 
the transitional region as va> 11 as laminar and turbulent 
flow.

Stephenson {1979) contends that the exponential flow 
equation hud come into use merely because of the fact 
that the tests undertaken to substantiate this equation 
were conducted over a limited Reynolds number range. 
The Forcheimer equation therefore has the advantage of 
l)*‘ing applicable to a larger range of flow regimes as 
well as cont lining parameters that are constant for a 
particular nt dium, rather than being velocity dependent 
as is the case in th<- exponential equation.

a r i sen o f  f lo w  o ju a t io ns and co n c lu s io n s

The study of the various flow equations revealed that 
the number of assumptions and generalisations increased 
in f report ion to the levr of sophistication aiplied in 
the theoretical derivation of the flow-headi ss 
relationships. Hie physical parameters which to a 
varying degree affect the flow of water through granular 
metiia are:

porosity of the medium, n 
. a representative particle diameter or dimension, d 
. roughness of the stone surface,

shape of the parti , s 
. surface are i [X>r unit volum-, Sy



• surface area per unit volume, Sy 
hydraulic radium of tlie flow paths, m 

. tortuosity of the flow path, T
• degree of saturation of the nedium, Sj,
• and the viscosity of water, v

chance It on laminar to turbulent flow in a particular 
medium will result in a change in the order of import­
ance of the abO'/ementioned parameters. This stems from 
the iact that the forces (and hence headloss) which pre- 
.o.ihnato in the various flow regimes change from viscous
i.orcc:■■ .o! laminar ! low to inertial forces in turbulent
flow.

liie d i initions of the dimensionless parameters R and K 
y . i on auti'or to author, depending or which pliysical 

Parameters were rv  isured in tests, tire empirical rela­
tionship between various parameters and the basic equa­
tions from which the friction factor/Reynolds nurrtoer 

r ion hip wj df rived. In his review of previous
research into headless relationships Stephenson (1979) 
i - o i ■ i out two possible sources of discrepancies in
tryitvj to corre late the va^iou; authors1 experimental 
results:

1 inifion c velocity: whether it is supposed
to represent die gross velocity or velocity of flow 
through the pores, taking the porosity n into
account (see equation 2.15); and

( ) the definition of the effective diameter d and the
dominant size of stone which controls the permea­
bility of a graded ;ntorial.

Drawing on the work of jrevious investigators Rumpclt
■ncl Stephenson (1982) have concluded that tire geometric
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and Clow path properties of a granu]ar mediui can be 
defined in terns of porosity, particle shape and effec­
tive diameter (see equations 2.16 and 2.17), as opposed 
to for example, the use of the square root of the per­
meability (Arbhabhirama and Dinory 1973; Ward, 1964 and 
Ahmed and Sunada, 196J), which is calcualted indirectly 
from flow tests on particular media.

The derivation of the friction factor equation;

is based on analacjous equations used in pipe flow; the 
Haqen-toisovrillo equation for laminar flow

and the Darey-Weisbach formula applied to turbulent 
flow:

where X = friction factor

Webber (1971) points out that X is not a simple 
coefficient, hut an overall coefficient which has to 
represent the combined effect of several variables, as 
is the case with C2 in equation 2.10.

Laminar flow in coarse forous media is represented by 
the equation

K = q / R  + C2 (2.10)

2gd (2.2 2)

(2.23a)

which upon rearrangement

vv * ‘i = ki  (2.23b)



shows that a direct parallel can be drawn with the Hazen 
formula applied to Darcy flow where

k = f (d2) = Cd2 ............. (2.2)

Multiplying equation 2.23a ty dqn2/v2 r--suits in

Wfl2 . K . ‘i a i  . " I .......... ,2.24)
v vd R

which is the first t«-rm of <-<ju.ition 2.10.

Equations 2.18 and 2.22 are analogous to the equation 
proposed by Escande (equation 2.3).

\  = '■'•i = Bi  (2.25)
^2

2
But K =  (2.18)

V

2
Therefore C-} = 1 1 : - = K  (2.26)

vz c

for turbulent flow.

Table 2.1 contains C} an<1 C2 values obtained from 
the data of jrevious investigations.
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:

Source Medium

K = Ct/R + C?

Ci c.

rudgeon (1966) Marble; 312 - 791 1,8 - 2,3
Dudgeon (1966) River Gravel 917 - 1150 2,6 - 5,7
Dudgeon (1966) Blue Metal 625 - 962 5,4 - 8,3
Ahmed (1967)“ Sand 1045 4,4
Subba (1969)3 Sand 507 4,3
Subba (1969)3 Gravel 782 4,0
Sunada (1965)a Marbles 334 2 ,6
Vblker (1969) Gravel 965 4,3
Arthabfiiranva (1973) Rounded 641 1,4

gravel
Arlhabhirama (1973) Angular 444 2 ,2

gravel
Arbhabhirama (19"'3) Sand 809 3,9
tops (1973) Gravel — 3,0
Stephenson (1979) Marbles 800 1 ,0
Stephenson (1979) Rounded stone 800 2 ,0
Stephenson (1979) Angular stone 800 4,0

a In : /’StrjhabhirdJivi ani Dinoy (1973)

Note: The values obtlined nlxive were derived from the
published test results, and are thus independent 
of the equations used or assunptions node by the 
investigates in their interpretation of results.

The values of the turbulonc friction factor (C2 = K̂.) 
show qood correlation atvi all show the tendency of 
increasing in value with increasing angularity of the 
articles of the medium. Hie values stow a

considerably larger scatter and vary with the nodi urn 
tested. A possible explanation for this scatter could 
be the difference in the definition of the particle 
diameter d. is pro|x>rtional to d' and hence nore
sensitive to changes in the effective particle diameter 
than Cg.



TABLE 2.1 : DATA FROM PREVIOUS INVESTIGATIONS

Source Medium

K = Ci/R + c?

C) 92.

Dudgeon (1966) Marbles 312 - 791 1,8 - 2,3
Dudgeon (1966) River Gravel 917 - 1150 2,6 - 5,7
Dudgeon (1966) Blue Mental 625 - 962 5,4 - 8,3
Ahmed (1967)a Sand 1045 4,4
Subba (1969)4 Sand 507 4,3
Subba (1969)4 Grav > 1 782 4,0
Sunada (1965)a Marbles 384 2 ,6

Volker (1969) Gravel 965 4,3
Arbhabhirama (1973) Rounded 641 1,4

gravel
Arbhabhi rama (1973) Angular 444 2 ,2

gravel
Arbhabhirama (1973) Sand 809 3,9
Lops (1973) Gravel - 3,0
Stephenson (1979) Marbles 800 1 ,0
Stephenson (1979) Rounded stone 800 2 ,0
Stephenson (1979) Angular stone 800 4,0

a In : Arbhabhirama and Dinoy (1973)

Note: H,'- value; obt une 1 ilxsve w re thrived from the
published test results, and are thus independent 
of the equations used or assumptions made ty the 
investigator in their interpretation of results.

Ttie values of the turbulent friction factor (Cg = K̂.) 
show rpod correlation and all show the tendency of 
increasing in value with increasing angularity of the 
particles of the medium. The Cj values show a 
considerably larger scatter and vary with the medium 
tested. A possible explanation for this scatter oauld 
he the difference in the definition of the particle 
diameter d. Cq is projxnrtionaV to d - and hence mori' 
sensitive to changes in tlie effective particle diameter
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Fran the above comparisons it can be deduced with rea­
sonable confidence that the equation of the form

K = q/R + C2 ........ (?. 1 0)

is applicable for most practical purposes to the flow
through coarse porous media. The generalised plot of 
this equation is given in Figure 2.5.

•

The mechanical properties of filter drains need to be analysed 
so as to be able to predict the changes in permeability as pro­
gressively larger overburden loads are applied. It has teen
established (Blight and Caldwell, 1980 and Marsal, 1973) that 
single sized stone under load degrades to a greater extent than 
graded material. The consequences of degradation are a 
decrease in the particle size and a decrease in porosity, both 
contributing factors to a reduction in permeability.

An additional problem may be the clogging of the drain as mare
and more particles that have l**oken off the parent material are 
washed down the drain to be trapped and then broken down again. 
Finding a representative grading of the material is difficult
in this case. Chapter 3 outlines theoretical, idealised models 
which represent the extreme cases in the segregation of 
materials.

-

Statistical parameters have linen utilised (Marsal, 1973) 
in the description of granular materials to determine 
dimensions and shapes of grains, grading, particle 
concentration and numiiers of grain contacts. These 
properties are required primarily to establish what 
effect contact forces , nd particle breakage have on the 
compressibility and permeability of the filter drain.
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From the above comparisons it can be deduced with rea­
sonable confidence that the equation of the form

K = q/R + C2 ........ (2.1 0)

is applicable for most practical purposes to the flow 
through coarse porous media. The generalised plot of
this equation is given in Fi jure 2.5.

t

The mechanical properties of filter drains need to tje analysed 
so as to be able to predict the changes in permeability as pro­
gressively larger overburden loads are applied. It has been 
established (Blight and Caldwell, 1980 an 1 Marsal, 1973) that 
single sized stone under load degrades to a greater extent than 
graded material. The consequences of degradation are a 
decrease in the particle size and a decrease in porosity, both 
contributing factors to a reduction in permeability.

An additional problem nuy be the cloqging of the drain as mre 
and more particles that have broken off the parent material are 
washed dovn the drain to tie trapped and th n broken down again. 
Finding a representative grading of the material is difficult 
in this case. Chapter 3 outlines theoretical, idealised nodeIs 
which represent the extreme cases in the segregation of
materials.

2.3.1

Statistical parameters have been utilised (Marsal, 1973) 
in the description of granular materials to determine
dimensions and shapes of grains, grading, particle
concentration and numtiers of grain contacts. These 
properties are required primrily to establish what
effect contact forces and particle breakage have on the 
compressibility and permeability of the filter drain.
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Section 2.3.5 deals with the physical properties and 
parameters used to describe a certain cjravel in terms of 
its grading, grain size and snape factor using standard 
measuring procedures. Marsal (1973) calculates tlie 
number of grain contacts frc . standard descriptions such 
as (grading and void ratio together with statistically 
formulated charts.

Hie concept of idle particles is mentioned. These are 
particles which make up the solid volume bit do not par­
ticipate actively in carrying the load, resulting in the 
definition of the structural void ratio eg:

%  - ! f-   (2.27)

where

e - void ratio
t = AVS>AZ
AVg = volume of idle particles
V = total volume

LOAD

K E Y

FIGURE 2 6  STRUCTURALLY IDLE PARTICLES

IDLE PARTICLES

It is difficult to define the volume of idle particles 
which are effectively regarded as voids. From trying to



sketch these particles in two dimensions it can be 
intuitively seen that the presence of idle particles is 
more likely in a qap graded material. If a lot of fine 
material is present it will tend to fill the voids and 
become part of the structural matrix.

Marsal (1969a) discussed scale effects which occurred 
when choosing a representative sample. The most signi­
ficant factors sin iled out in trying to model the proto­
type were:

. the defects in the particles, and

. the law of variation of the granular interaction,
ie the contact forces

The number ot interparticle contacts is a function of 
particle size.

Another scale effect on shear strength is the effect of 
the ratio, where D = the minimum dimension
of the speciir ;n and d(TBX = the maximum particle 
size. Ratio> of let', vn 6 and 10 have been suggested, 
although value atxave 10 seem to be oreferred, for 
exanple in the Aqgreuate Crushinu Value 1 it (A.C.V) the 
ratio b/d^yg = 11,4 (D.S. 812 - 67). No mention
of wall or edge effects is made in the standards and it
is assc.nr d that these have been implied in the consider­
ations. Section 2.4 contains a detailed discussion on 
wall effects in loading tests.

Par tick forces

Gravel under load undergoes structural changes due to 
displacements, rotations and particle breakage. These 
actions depend on the p a r t i c l e  forces and have boon 
found to b? a function of the grading index {reporties



and void ratio of tho gravel. The actions between part­
icles are analysed using a probabilistic approach to 
establish the relationship between friction, granular 
fOlcos and contact forces (Marsal, 1969b; 1973).

One of the results obtained from Marsal's investigations 
is tiiat the magnitude of the contact force is dependent 
on the size of the grains. For example, assuming a 
resultant stress of one kilogram per square centimetre 
over the gross cross sectional area of a sample the 
average contact forces for various materials are 
computed (Marsal, 1973):

Medium sand 1 gram
gravel 1 kilogram
rockfill (d = 700 mm) 1 ton

Thus low stresses m y  cause breakage in a rockfill mass, 
whereas stresses several orders of magnitude larger are 
required to break the grains of a sand. Ihis comparison 
can be considered as proof that scale effects have to be 
taken into account, full scale tests being the rost 
preferable.

The friction force has the direction of the relative 
movement between two particles at a point of common con­
tact. Co '.oquently, the friction resistance developed 
in the granular body is a vector, its direction being 
connected to some average value of the relative 
movements it the contacts.
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b) PARTICLE BREAKAGE MOVEMENT NOT PARALLEL TO INTERPARTICLE FRICTION

FIGURE 2 7 MOVEMENT OF PARTICLES RELATIVE TO INTERPARTICLE
FRICTION

The mean relative movement m:iy be represented by means 
o the average grain path which is obtained from the 
strain an the material ir, loaded. Strains in the x and 
y directions cannot he m anured unless a large scale 
triaxial test- is performed. 'the effect of frictional 
resistance and it;, influence on the strem]th of a gravel 
can there L o r - ' not be found in a one dimensional com­
pression test.



Particle breakage

Particle breakage is a complex process which varies from 
the formation of powder by crushing ot the contact to 
the rupture of grains into two or more fragments. Many 
particles may he cracked, but their fragments remain 
together with little or no relative displacement.
Depending on the grain size distribution and degree cv 
compaction, the new fragments and particularly the fine 
ones, can remain idle, ie without participating 
structurally in the granular skeleton. Further breakage 
is retarded then as the average particle size becomes 
smaller with a corresponding decrease in the average 
contact forces, unless the applied stress is increased.

The degree of grain breakage depends mainly on the 
gradation (Lee, 1969; Marsal, 1973; and Blight and
Caldwell, 1980); the crushing strength of thp grains
and the stress level (Blight and Caldwell, 1980).

It is of interest to note that t so-called aggregate 
crushing value, used in the Standard Methods of Testing 
Materials (RSA Lbpt of Transport), defines the crushing 
strength of gravels in terms of particle breakage, ie 
change in gr ling. Another method of describing par­
ticle breakage, in this case for products obtained
from a crushing an I screening plant, is the Flakiness 
Index.

In this case the quality of the gravel is described in 
terms of the shape it breaks down into.

Other quantitative measures of grain breakage have been 
propoc- d:



Marsal (1973) rtefined a parameter Bq which is equal 
to the positive sum of tlie differences in fractional 
weight of each grain size fraction before and after 
crushing due to loading.

Lee (1969) took the 15 percent grain size as para­
meter in recognition of its importance in soil filter 
design and thus defined particle breakage in terms of 
the so-ca 1 le-1 Relative Crushing Ratio di^/dj^ where 
digi 15 the 15 percent diameter before the test 
and d^sa the 15 percent diameter after the test.

Factors which in:luence grain br; ikage

Besides the <ir.: iation, particlt size and stress level, 
extensively covered by the Lee (1969), the crushing 
strength of individual grains is depende.it on some 
brittle fractuie law.

The rock particles are generally brittle and have a com­
pressive strength four or iron times greater than their 
tensile strength. Fissures and voids may be pre ̂ nt and 
thus influence the tensile strength even more. Stresses 
in a granular rock nvass arc transmitted through forces 
acting on limited areas o' the orain urface. Joisel 
(in Marsal, 1973) presented a simplified analysis of 
failure based on the differences in the elastic moduli 
of the uincral component.i of tlie rock. An ar ilogy with 
the results of tliis analysis can be drawn with the 
theoretical background to the Brazilian or cylinder 
splitting test applied to spheres discu; ,c*d in Jaeger 
and Cook, 1976 (see Appendix B). If W ir, tlie diametral 
load at failure for a sphere of diameter d tlie tensile 
strength gt is given by
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qt = kW/d2 ................(2.28)

Jaecjor found tiie constant, k, to ranqe fran 0,92 to 
1,80.

rhe application of Griffith's energy theory of failure, 
and the assumption that the crack length is a function 
of the diamrt. r, leads to the following equation:

qt a ^ .................. .............(2.29)yd

Therefore an empirical equation of the form

9t = d ............ (2.30)

i.' o b t a in e d ,  where and  X are m a t e r ia l  parameters, 
w i t h  A e c ju a l t o  -3 /2  i f  e q u a t io n s  2.28 and 2.29 are 
combined.

rests undertaken by Marsal have revealed that n is a 
complex coefficient in which the shape of the particle 
and the soundnes ; and iegree of alteration of the parent 
rock have to he taken into account.

In a comparison of results obtained from triaxial tets 
and oedomoter tests, Marsal found stress conditions to 
fxj more favourable to the development of breakage in the 
triaxial tests because of a higher principal stress 
ratio (3 to 9) than in the a dometer tests (2 to 3).
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FIGURE 2 8 COMPARISON OF DEGREE OF GRAIN BREAKAGE FOR DIFFERENT
FA 11 I ,ht CONDITIONS ( AF TER MAR SAL, 1973)

A rubber, H id  ac foam lining inside the oedometer/^x?r- 
meametcr wifi cause the grain breakage to follow a simi­
lar curve to t. at of the triaxial test at low loads. As 
the loads ar'- acre, ed an.I ti particUa are restrained 
fully by the wall of the testing cylinder, the grain 
breaka :■ curv will follow that of the oedometer test.

. .

One of th nost im̂ uorfant factors influencing grain 
breakage has lx?en found to be the grading of the
material.

Lee (1969 has invc itigab-d the degradation of fi’ters 
und- r over! l- n pr< isurc . up to 4 MPa, but did not 
arrive at any concise conclusions besides tlie fact that 
the filter law still hold under these pressures. What 
should \> notrxl bowever is the relative degradation when 
comparing the grading curves of two layers consisting of 
different i/.ei particles. This illustrates the fact 
that particle breakage in gravel filters should not bo
consider in one layer (size) on its own. Note mu. t be
taken of the layer interaction as well as the varying
rates of degradation with applied load, (Figure 2.9)

PIE
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FIGURE DEGRADATION OF FILTER AND SOU. 
UNDER LOAD (A FTER  LE E .I969)

ITi* slope of tiv ■ grading otrve determines the amount of 
qrair* Ireak ■ v■. Qradcd dt--rials (flat slope) degrade 
*11' ’ Nian single sized < \tc<?p slope) materials.
Although more idle parti :!' n iy !i= present in a graded
material, the overall •'! I ec* is. that there arc more 
int<-r [>ar t :< V tont tcts li tw ■ -n firains, thus the stress 
in the grains is reduce 1 (see Fig 2.10).
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2.3.6 Particle si/' an. I grain hronkaqe

In section 2.3.4 it was shown that the tensile strength 
of granular rock is inversely proportional to d 
where X = 3/2. TTiis means that with increasing part­
icle size a lower stress is required to break the part­
icles. This fact has be<n verified experimentally by 
Lee (1969) and .arsal (1973).

A difference worth noting in Figur 2.11 is that Lee's 
crushing parameter considers one particle fraction only 
whereas in Mar sal's 13̂ the fragmentation frocesses in 
all component fractions are taken into account. (Bf, = 
positive sum of the differences in fractional weight of 
each grain size fraction before and after crushing due 
to loading). Ch inspection of Figur-iv 2.9 and 2.10 it 
can be seen that most of the particle breakage takes 
place in the lower portions of the curves. This at 
first seems to contradict the relationships developed in 
Section 2. 1.4 and wn i Fig 2.11. Alternatively, the 
conclusion can te drawn that where the larger diameter 
particles do fail, tie resultin cirains consist of large 
fragments with a lot of small • roken off pieces and rock 
flour, le QQ remains virtually unaltered as 
shown in the z :ol ly Lr-e {19* ») in Figure 2.12. The 
amount of local mov-ment d to the fragmentation of a 
particular grain is gr*-at"r tlian the average deflection 
of the medium under load. Therefore localised stress 
relaxation takes place.
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FIGURrI 2 12 COMPARISON OF CRUSHING OF SOILS WITH 
DIFFERENT INITIAL GRAIN SIZES 

(AFTER LE E .1969)

. . .

Because the nature of fracturing results in a large 
amount of relatively small particles bring formed, 
breakage of grains oontinu- 3 with increasir, stress. An 
alternative situation can arise in that a certain amount 
of dargung of particle treakagc occurrs as the material 
beconv1 a "graded" material once crushed under the first 
incrementa1 load.

A certain amount of this damping is evident from the
results of the tests conducted ijy Blinht aivi Caldv^ll V
(1980). TV,* plot of change in porosity and particle 
size with increasing stress is reproduced here as Figure 
2.13.

STRESS psl

CO 200 500
r >00

SINGLE SITED ROCK

Ui

"10

02

FIGURE 2.13 CHANGES IN POROSITY AND PARTICLE SIZE UNDER 
PROGRESSIVELY INCREASING STRESS FOR SINGLE SIZED AND 
ANO GRADED ROCK ( AFTER PLIGHT AND CAL DW ELL.I960)
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Particle shape also plays an important part in the 
breakage of grains at various stress levels. It is 
easier to break off small chips of rock frccn angular 
gravels than from, subrounded pebbles, as shown in the 
experiments by uc (1969) in Figure 2.14.

I0 "‘"

£ 20

T..T
50ID- 250200too

MAJOR PRINCIPAL CONSOLIDATION STRESS, Kg /cm'

FIGURE 2 14 RFI ATIVF CRUSHING OF GRAVEL AT VARIOUS 
STRESS LE V E LS (LE E .I969)

.3.8 O

The pr**aneters which affect the degradation of gravels 
under load are:

hardness and strength of parent rock, 
agree of weathering and soundness, 
void ratio, density, 
grading,
shap : flakinnss, elongation and angularity,
surface texture, and
abrasive resistance to deformation.

Unconfined crushing strengths ire given for various rock 
tyims in textbooks and references, for example Leslie



(1969) and Stephenson (1979). Applied co gravels they 
have little significance on their own other than to 
create a basis of comparison between similar gravels 
composed of different parent rock material. TTie 
crushing strength of a <travel mss is greatly influenced 
by the abovementioned parameters. Rather than basing 
the strength of a gravel on the unconfined crashing 
strength of the parent rock it has been found that stan­
dard tests describing the overall crushing behaviour of 
gravels are rare representative and useful. One such 
test is the Aggregate Crushing Value (A.C.V.) test in 
which a < tvel sample is subjected to a stres of 23 MPa. 
The values assigned to a particular material are related 
to the amount of particle breakage determined by doing 
sieve analyses of the sample before and after crushing 
(Taylor, 1977).

The shear resistance of gravels depends on particle 
arrang-ment, shape and surface texture. Tlv’ void ratio, 
density, grading indeces and shape factor can be 
utilised to model particl" arrangement. Ihe shape 
factor has been defined in various ways: eg Vesic
(1969): particle sphericity equals tne ratio of the
projected area of the particle to the avea of a circum­
scribed circle: or the angularity numner, flakiness and
elongation index used in concrete technology and design 
of asphalt pavements for an assessment of mechanical 
strength and vorkibility. A measure of angularity or 
sphericity might also bo gainca ly com̂ iaL Lng grading 
curves obtained in siev analyses using rect -ngular 
openings to curves obtained from analyses using sieves 
with circular openings.



THEORETICAL DEVELOPMENT OF 'HIE FLOW EQUATION

3._ Introduction

It was shown in the previous chapter that the head loss equa­
tions (equations 2.23 and 2.26) for coarse porous media are 
functions of the fluid viscosity, particle shape and roughness, 
the porosity of the nrdium and an undefined representative par­
ticle diameter. Flow tests undertaken by various researchers 
were invariably done on samples of uniform particle diameter. 
In most cases therefore the representative particle diameter 
was taken to be the mean particle diameter. No provision had 
been nade for graded materials or for materials that were ini­
tially uniform, but then crushed under large overburden loads. 
It is also recognised that stratification of layers of differ­
ent sized particles is an inevitable consequence of some con­
struction techniques currently employed on rockfill e oankments 
(Bertram, 1973).

Coarse porous media or rockf ills can therefore be clu led as 
being composed of 

single sizeo 
. graded or 
. stratified material

What distinguishes orn- material from the other vhen considering 
flow through the material is the effective particle diameter 
used in the flow equ tions. By means of mathematical modelling 
of the flow through these materials a rational definition of 
the representative particle size d as applied to either the 
laminar or turbulent flow equat )n was obtained. This investi­
gation was necessary for the meaningful interpretation of the 
flow results before and if hr the crushing tests.

The approach adopted is analagous to the treatment of flow 
through layered soils in which equivalent vertical and
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horizontal permeabilities arc calculated by considering the 
Clow behaviour in two orthogonal directions. Graded gravels 
are therefore represented by stratified media in which each 
layer consists of grains of a particular size. Ttie layers of 
tty' stratified media arc either parallel, perpendicular or 
inv̂  to the direction of flow. A method for the
d-'- rmination of the effective particle diameter for a randomly 
packed rockfill was developed and is presented here.

.

Any arbitrarily orientated hydraulic gradient may he split into 
two component vectors, one parallel and the other orthogonal to 
plane of stratification, as shown in Figure 3.1. It will be 
assumed here that the layers are parallel to each other.

The headloss equations developed in the previous section assume 
in each case that the hydraulic gradient is parallel to the 
velocity vector, ie the material within each layer is homoge­
neous and isotropic.

j  » ARBITHAH/ , lE11  GRADIENT
Ip «G H A i "N VEC. R FARAUEL TO PLANE OF STRATiF CATION 
U  I  GRADIENT VECTOR NORMAL TO R A N I OF STRATI, ICAT ION 
M • I : 'Vt ABILITY C ' INDIVIDUAL LATE N (| - I .V .3  )

F1GURF 3 I ORTHOGONAL COVPONFriT C QF THE HYbRAUUF GRAniFNT

Z

vn. , vR i IN STRATl f  iEl )  V i  LI A



lb  be able to rrake use of this mode 1. the principle of .superpos­
ition must be assumed to be valid. A comparison with flow 
through fissured rock may be imde here in describing the prin­
ciple of superposition as outlined in Snow (1965), Caldwell 
(1972) and Dear (1972) because of hydraulic continuity.

Snow (1965) describes the principle of superposition in 
fissured rock to apply in the following nanner:

An imaginary field gradient of arbitrary oriental ion nay be 
inyosed across any mass transected by arbitrarily orientated, 
uniform continuous conductor . Rea! gradients on the conduc­
tors may to computed as projections of the field gradient. The 
flow on each may then to calculated according to its geometry, 
and since no mutual interference takes place, the total flow 
through the medium is the wsctor sum of the contributions of 
the individual conductors.

In the flow through layered media the principle of superposi­
tion is postulated here to app ly  as foMows:

A field gradient of arbitrary orientation may be imposed across 
a parallel layered nedium in which the strata are orientated in 
an arbitrary direction. The layers o f mate ial are disting­
uished from one another by their perm-abilities. R al gra­
dients within and across the layers may to confuted as projec­
tions of the field gradient. The flow in each direction may
then be calculated according to the flow equation applied to 
the particular direction. Since no mutual interferences or 
losses take place, the total flow through the rtvdium is the
vector sum of the contributions of the individual flow quanti­
ties in the two directions.

Development of the layered m d -1

For a porous mrdium, t low is a function of the particle
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diameter d, porosity n and the turbulent friction factor Kt 
(or C2), which depends on particle shape and rouqhness, (see 
equation 2.11). In the cnc ■ of stratified media the assumption 
is irade tliat Kt and n are constant for any diameter d. This 
assunption is the basis on which the parallel and series 
layered models arc derived as functions of the effective 
particle diameter d. Each layer is assumed to consist of 
equally sized particles. The amount of layers per unit area or 
lenqth is determined from the grading curve, where each size 
fraction by weight x ̂ is represented by a volumetric division 
of the same proportion. This follows from the assumption that 
the porosity is the same for all particle sizes.

3.4 Parallel layered model

The flow condition in the parallel layered rodel is illustrated 
in Fig 3.2.

0 ) ISCMCTS'5 V E.*

A

1

tih : I

b ) JECTION,'SHOWING HYDRAULIC GRADlt N1 

FIGURF 3 ? PAPAI.1.FL LAYFPFD MOGFL



The derivation of the effective diameter for the parallel layer 
model is based on the fact that:

. the hydraulic gradient is the same for all strata, an 1
the total flow quantity 0 is the sum of the flow quantities, 
Qj through the various layers.

3 .4 . 1  laminar flow

From equation 2.23a the partial flow quantity Qj with­
in a layer is found to be

dpT = effective diameter for the parallel (P) layer 
model under laminar (L) flow conditions 

q , a partial flow quantity, ie flow in layer j 
q  = E Q j = total flow quantity

Referring to Section 3.4 and figure 3.-, where

. and 0 = Q ;

(3.1a)

and Q
gdpLniA (3.1b)

where

Ed'Vgn.i jA (3.3)

reduces to



For n = n-j
C| = constant for all d

The layers of material oonsistinq of the various sized 
particles have the same proportional cross sectional 
areas as the proportions by weight of the various stone 
sizes. This assumption can be made where the porosity 
of the layered medium tx̂ uals the porosity of the 
individual layers.

Therefore

where
xj = proportion by weight of stone size d1

TTie equation (3.3) for the effective particle diameter 
for laminar flow in the parallel layer model can 
therefore be rewritten as:

dPL = ( £ dj2 Xj)i  (3.4)

2 Turbulent flow

(ĵion rearrangement of the turbulent flow equation 
(equation 2.26), the partial flow quantity Qj within a 
layer is

Q, ' i i i H i l l l J i S   (3.5a)
’ C 2 

anrl
(i dpp g n")  ̂ A ............( 3.5b)

0 =  -



where dpp = effective diameter for the parallel (P) 
layer model under turbulent (T) flow 
conditions

Since C2 is dependent on particle shape and roughness 
only, it can be assumed to be a oosntant applicable to 
all layers. similar reasoning as that outlined in
the previous sub-section, the expression for the effec­
tive diameter for the parallel layer model under turbu­
lent flow conditions becomes

d p r  = ( ' »d j Xj) •  (3.6)

Transitional flow

FlquatioiL 2.20, 2,23a and 2.26 are combined to obtain 
the transitional flow equation of the following form:

clv C 2 2i ■ ----  v +----- -j-' v
gd2n dgn'"

Fven with the simplifying assumptions made in the pre­
vious cases, it is inpossible to reduce the parallel 
layered flow oq t ion under transitional flow into an 
explicit expression for the equivalent particle dia­
meter. In order to be, by definition, the transitional 
flow equation, both terms of equation 3.7 need to be 
retained. Therefore

n C 1j + /n" C1V 2 + 4 d ' i n^ g
 — j

r  ■ ■- -3 - - 2 l

(3.8)

For 0 =lQj 
i = ij

The following equation has to In solved ty iteration to 
obtain dPR, the effective diameter for to parallel 
(p) layer model under transitional flow (R).
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-1 + /T+ C3 d PR'
dPR

4C,iq
where C-̂ = — — g

* % (-i +/ 1 + C3d.‘)

dj

4C2119

h

The series layered inode 1 is illustrated in Figure 3.3. 'Ihe 
derivation of the effective diameter for the series layer model 
is based on the fact that:

the total hydraulic headless across the medium is equal to 
the sum of headlosses across etch successive layer, and

. the total flow quantity 0 is equal to the flow quantities 
Cy through the various layers.

I

o) I30WETRIC VIEW

b) SECTION SHiAVING HYC-IiAUUIC GF<ADK NT

FIGURF 3 3 SERIES I. AY FRED MODEL
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Laminar flow

Equation 2.23a is rewritten in such a tom that the 
hydraulic gradient is expressed as in Figure 3.3.

and

9 d n . A h.
civ

q d ‘sL 11
-c-r-

(3.10a)

Ah
.(3.10b)

Where dSL = effective diameter for the series (SI 
layer model under laminar (L) flow 
conditions

i hj - head loss over jth layer of thickness L, 
ah = headloss over j layers under consideratic

Referring to Section 3.5 and Figure 3.3, where 
Oj = 0  

rahj = A h 
Lj - L, and

SL g n .'h
L cv (3.11)

Rearranging (3.11) Ah

-

1
'j

1 = d'SL
Lj/L (3.12)



for n = nj
= constant for all d

The layers of material consisting of the various sized 
particles have the same proportional lengths as the pro­
portions by weight of the various stone sizes. This 
assumption can be made where the porosity of the layered 
medium equals the porosity of the individual layers.

Therefore

b _ =   <3.13)
L 1

Where x-j = protxartion by weight of stone size dj

The equation (3.12) for the effective particle diameter 
for laminar flow in the series layer model can therefore 
be rewritten as:

d«- ‘ 7 ^ 7 7 7

2 Turbulent flow

Upon rearrungenv'nt of the turbulent flow equation (eq
2.26), the partial flow quantity Qj within a layer is
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for n = n-j
Ci = constant for all d

The layers of imterial consisting of the various sized 
particles have the same- proportional lengths as the pro­
portions by weight of the various stone sizes. This 
assumption can be rode whore the porosity of the layered 
medium equals the porosity of the individual layers.

Therefore

Where Xj = proportion by weight of stone size dj

The equation (3.12) for the effective particle diameter 
for laminar flow in the series layer model can therefore 
be rewritten as:

3.5.2 Thrbulent flow

Upon rearrangement of the turbulent flow equation (eq
2.26), the partial flow quantity Oj within a layer is

(3.13)L

(3.15a)

anrl Q
(dST ^  a h)' (3.15b)L
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where dc/p = effective diameter tor the scries (S) 
layer nodcl under turbulent (T) flow condi­
tions .

Since C-2 is dependent on particle shape and roughness 
only, it can be assumed tc be a constant applicable to
all layers. By similar derivation as that cut lin'd in
the previous section, the expression for the effective
diameter for the series layer model under turbulent fow
conditions is found to be:

1
ST xy’d .

•#•••••(3*16)

3.5.3 Transitional flow

EXiuations 2.20, 2.23a and 2.26 are combined to obtain 
the transitional flow equations of thie following form:

Ain

S
C1V J.

2gd. n.
i ....(3.17)

A h
and i =

C ,-v V2

— 1---gd SRn
....(3.18)

',dSRn

The summation of equation (3.17) equals (3.IB). The 
assumption is made that the terms of the left had side 
of the equation irviy tn < qua ted to the correspond ing 
terms on the rig. t hand side. The equation for the 
effective diameter for the series layer model under 
transitional flow therefore is:



Where

4 L(d • + 1) Xj/d j

Application of effective particle diameter equations

%  sunroarise the previous two subsections, the equations tor 
the parallel and series layer models under various flow 
conditions ara listed in Table hi.

;

Parallel model Series model

Laminar flow dpL = (Zd j  2 x j V dsL = . 1 -
( L x j/d j 2)̂

Turbulent
flew

dpT " ( » d j  x j ) “ d«T • 1 ...

Ex j/ d j

Transitional
flow

(-1+ / 1  + C3 d^pR) /dpR =

I Xi (-1 +/1 + C3 d^)/d1

dsR * C4+]C4”+4C4 
2

1
C4 s.----------------- — —

L (dj+l)xj/d^



Before the Reynolds number is calculated it is not always imme­
diately apparent vvhich particle diameter should be used in cal­
culations. The only method available is to estimate the 
Reynolds number, establish where (provisionally) the flow lies 
on the curve (Fig 2.5) and what equation from Table 3.1 should 
be used. With the corrected particle diameter thus obtained, 
the Reynolds number should be recalculated, to check the ini­
tial assumptions and to improve the degree of accuracy of cal­
culations.

The three materials whose grading curves ere plotted in 
Fig 3.4 may be used as exanpl* of how particle sizr and 
particularly grading influence the permeability if 
stratification is .sumed. Table 3.2 shows the effec­
tive diamr rs of materials 1, 2 and 3 in the direction 
paraVel to and across the strata, and oompar these to 
the isotropic median particle size.

.

(mm)

Material 1 2 3

Description Uniform Graded Gap
Coefficient of uni­
form / dftn/dm

1,5 -1.5 -1 200

IAM1NAR FLO.’:
Parallel layers 69 131 205
Isotroinc d>jt) 60 60 60
Series 57 5,4 0 ,1 1

TRANSITiaiAL FIjOW:
Parallel layers 64 67 69
Isotropic di,() 60 60 60
Series 57 5,4 0 , 1 1

TORBUr.il/r Flow
73Parallel layers 65 69

Isotropic dr.p 60 60 60
Scries 59 16 0,29
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It will be observed that with increasing dgg/^lO 
ratio (ie going from left to right in the table) the
effective particle diameter increases in the parallel 
layer model and decreases in the series model. For
graded and gap graded materials there is a dramatic 
decrease in the effective particle diameter vfrien the
series layer model is compared to die isotropic or 
parallel layer model. In other wards, the series layer 
model could represent tiv- case where the layering in a 
rockfill or gravel filter is caused by migration of the 
fines and blockage of the flow path to control the 
permeability of the medium. The above comments hold
true for laminar transitional and turbulent flow.

Except in the laminar flow regime the parallel layer 
model is less sensitive than the series model to changes 
in grading ani the presence of a large amount of fines. 
The permeability is directly proportional to the effec­
tive diameter squared for laminar flow (equation 2.23b) 
and to d' for turbulent flow (equation 2.25). 
Therefore i measure of the change in permeability may be 
gained from the range ir particle diameters. The 
largest increase in permeability due to layering 
(parallel model) is approximately 12 fold while the 
greatest decrease in permeability (series model) is 
approximately 300 000 times for the materials of Fig 3.4 
and Table 3.2.

To obtain a quick estimate of the effective particle 
diameter under transitional flow conditions, the 
parallel model can be compared to the turbulent case and 
the series model to the laminar case (exactly equal in 
this example).
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3.6,2 Vector notation applied to l a y e r e d _ m e d i a

The previous sections have shown that a flow head 1 os.-, 
equation may be obtained for layered media in which the 
particle size distribution and disposition relative to 
the flow direction will determine the directional per­
meability. In the absence of any discontinuities, flow 
channels or moving air bubble inclusions, the permea­
bilities parallel and normal to the direction of strati­
fication ray therefore be regarded as the two principal 
permeabilities. Flow through an arbitrarily orientated 
layered radium may therefore be resolved into component 
vectors parallel and normal to the stratification, as 
shown in Fig 3.1, ie:

L'sj
f (dp } ° VP (3.20)
L ^

where i.,, is = ooî xxients of hydraulic nradient
parallel and normal to layers 

v. r vs = Components of velocity parallel and 
normal to layers

£(dp) and f (dg) are the parallel layer arvl series 
layer expressions for laminar, transitional and 
turbulent flow as listed in labV 1.3.



TABLE 3.3 : EXPRESSIONS [(d) FOR EQUATION (3.20)

Parallel Series

Laminar flow Clv ci'j

r
M -

qn3SL

Transitional
flew

Li v 4 C2 lVpl C1 ' c 2 Vs1
, 2 2a gn dp; gn dp; . 2 2 , 

qndSR r’n SR

Hirbulent flow C2 lv pI CM
u

gp" dpR gp" dSR

Tensor id] notation of anisotropic permeability can be 
utilised for the derivation of the effective equation 
for flow through an arbitrarily orientated system of 
layers.

It will be assumed here that the field gradient i is 
parallel to the co-ordinate system x axis as shown in 
Figure 3.5. The layers arc inclined at an angle 0 to 
the x axis and equation (3.20) holds for flow parallel 
and normd to the layers.
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FIGURE 3 5 FLOW THROUGH INCLINED LAYERS

The method used to solve for the velocity ir hie x and y
directions is as follows;

1 The effective particle diameter i found for the 
parallel and series layer model as outlined in pre­
vious sections and sumarised in Table 3.J.

2 tor the laminar, transitional and turbulent cases the 
general form of the flow equation can be written in 
matrix form as follows:

I = FV (3.21)
which is an abbreviated form of e q u a t io n  (3.20), and 
where 1,V = gradient and velocity vectors with

parallel and {Jerpendicular components to 
thr direction of stratification 

F = square diagonal matrix with its elements 
listed in Table 3.3

3 If Ix,y and Vx,y are the gradient and velo­
city vectors with oonponcnts in the x and y direc­
tion.1;, the equation (3.21) may be written as:



Where L- 1 the inverse
matrix L

ie L cos 0 -sine
_sin" cosO.

and L~ 1 s"cos 6 sine
[SinO cosO

Therefore the expression for Ix,y can be written 
Ix,y = L F L-l Vx,y l3'22!,)

Multiplying out and recalling that iy = 0 <lxos 
chosen to coincide with gradient direction) equation 
(3.2 2) can be written in the form:

"i‘
r-ss

r~
O i

ss
c2 f (dp) + s 2f(ds ) cs(f(dp)-f(ds )] 
cs[f (dp ) - f(dg)] S2f (dp) 4- c2f(ds  ̂vy_

(3.22c)

Where i = hydraulic gradient irmosed across medium 
(st?e Figure 3.5). 

c,s = cosO and sinO respectively 
v ' v vclo-eity vector components in tiie x andx' y

y directions

Calculate f(dp) and f(d8) for the assumed flow 
regime and then solve for vx and vy by solving 
the two simultaneous equations in (3.22c).

Example: For material 2 of Table 3.2 calculate the 
flow velocity through the medium whose layers are 
inclined at 0° (parallel layer nodel), 30", 60" and 
90-1 (series model) to the inposed hydraulic gradient
of 0 ,1.

Given: q  = 000, C2 = 4, n = 0,35, 
v = 1,05.JO”6 m2/s and g = 9,81 m/s. Assume
transitional flow.



Solution:
f(dPR) = 5.45.10“2 f 49,68 vp
f(dSR) = 8,390 + 616,40 vs
Solve 0° and 90° £irr.t to net vp and vs

v p - 0,045 m/s R = 8180 )assun>.i
v s ~ 0,008 m/s R = 112 )transitional

f(dpR) = 2,256 
f(dSR) - 13,097

lor = 30°: Solve simultaneous equations:
0,1 = ([cos30]. 2,256 + [sin2 30].13,097) vx - 

( [cos30.sin 30].10,841) vy 
0 = -([cos 30.sin 30].10,841) vx +

( [sin230].2,256 + [cos230].13,097) vy 
ie vx ■ 0,035 m/s or d = 42 mm 

Vy * 0,016 m/s

For = 60° by similar calculation
vx = 0,017 m/s or d = 13 mm 
Vy * 0,016 m/s

The relative variation of flow velocity and effective 
particle diameter with increasing anile of inclination 
of the layers is illustrated in Fig 3.6. Note that for 
cases between parallel and series flow, there is flow in 
the y direction, ie the resultant velocity vector is not 
parallel to thr* gradient.

-IT 60°
0  : INCLINATION OF LAYERS 

W.RT HYDRAULIC GRADIENT

90°
(SERIES)(PARALLEL)

E'GURE 3.6 VARIATION OF FLOW VELOCITY AND EFFECTIVE 
.PARTICLE OIAMETFH WITH INCH! ASiNU 9 (FROM 

CALCULATED EXAMPLE^



•3 Randomly layered model

The models describing flow through stratified nvdia nwy 
b- considered to represent extreme cases in practice. 
Even i! the material could he assumed to Ix* stratified, 
the orientation of the layers with respect to the flow 
direction is not always constant.

A randomly layered model m y  be the way in which flow 
through material without stratification could be 
describ'd. Random layering could be reproduced by means 
of random!'• orientating the layers in time and space in 
a diseretisec model of the medium. It was shown in the 
example in Section 3.6.2 tha. the effect of altering the 
orientation of the stratification is to change the 
effective particle diameter as shown in Fig 3.6. Alter­
natively, the expected value or mean orientation ray be 
used as a single value to be used in calculations.

The shape of the curve shown in Fig 3.6 depends on the 
grading of the material. Single sized materials will 
exhibit: little variation in particle diameter with
changing layer inclination. Large variations, probably 
Ijost plotted on a logarithmic scale, can be expected 
with gap gr.i led materials. .do integration and only a 
s all amount of manipulation is necessary to adopt this 
tyt ' of oirve for use in Monte Carlo type sampling pro-

n"‘ 'linat ion of the layers is a random variable with 
an equal probability of occurrence assigned to each 
value. &L for this reason that no int .gration of the 
curves in Figures 1.6 and 3.7 is necessary. In the case 
of a discroti fed model of the medium, a new random 
numlx-'r between o and 1 ,0 is generated at each node or 
time -top, multiplied by 90° and used to determine the 
particle diameter, and hence velocity, for that particu­
lar point in space or time.
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Fig 3.7 illustrates a typical step of the sampling tech­
nique performed on one of the curves drawn from the 
example in Section 3.6.1

0,8

2 Ojb

w

IN­

FRACTIONS OF 9 0 °  = e 
(OR RANDOM No VALUES r„)

FIGURE 3 7 VARIATION OF EFFECTIVE PARTICLE DIAMETER 
WITH INCREASING 6  FOR MATERIALS D .'g  ft

MONTE CARLO SAMPLING TECHNIQUE

t If the mean orientation of 45° is chosen to be represen­
tative of the entire sample, the effective particle 
diameters for the randomly layered model nay be 
approximated by the values given in Table 3.4. The 
material 1 , 2  and 3 referred to are the same as those 
of the example in Section 3.6.1. Hie values are 
compared to the previously obtained values for the 
parallel, isotropic and series layer model under 
transitional flow conditions.



TABLE 3.4 : RESULTS OF SIMPLIFIED CALCULATION OF
EFFECTIVE PARTICLE DIAMETER FOR THE RANDOM 
MODEL (mm)

Material 1 2 3

Description Uniform Graded Gap Grader

Transitional flow
Parallel layers 64 67 69
Isotropic d^o 60 60 60
Series layers 57 5,4 0 ,11
Random 60,5 25,0

.

20 ,0
.

Note that it is only for Material 1 that the effective 
particle diameter of the random model is approximately 
equal to the mean of the effective particle diameter for 
the parallel and series layer models. For the graded 
material (Material 2) the random nodel effective 
diameter is approximately equal to the geometric mean of 
the parallel and series layer effective diameters. It 
is for the gap graded material that the Monte Carlo 
technique 'S really necessary to determine the effective 
particle diameter for the random model.



DESIGN A, 1 CONSTRUCTION OF EQUIPMENT

4.1 Introduction

Tlie otDjoctivc o£ tite laboratory tests was to establish:

(i) the validity of the Forchoimer (or quadratic headloss) 
equation in the form given as K = C]/R + C2 (Chapter 2)

(ii) the validity of the layered media models (Chapter 3)

(iii) and what changes in permeability occur as a result of 
particle crushing and a decrease in the porosity of the 
medium

The ultimate aim of these tests was then to be able to provide 
practical means by which it may be possible to predict the 
throughflow characteristics of a gravel or rockfill nedium 
subiected to a change in effective particle size and porosity.

It was recognised at an early stage that the flow and crushing 
tests would have to be performed on the rockfill in the same 
vessel. Disturbance of the sample could have caused segrega­
tion or layering and would in any event not be representative 
of the actual situation in which an initially uniform rockfill 
is crushed. Furthermore, valuable information on the ability
of the rockfill matrix to retain the broken off particle: >nd
fragments would be lost. The rm jor concern with gravel drains 
ur/ier large embankment loads is that the ! mvnt migrate to 
downstream portions of the drains and then effectively clog the 
drain.

I'o do txDth the loading and flow tests, the testing apparatus 
would have to be a pemeameter which could double as an 
oedometer. The rate of reopage in conventional oodomcters is 
several orders lower than tliat through rockfill or gravels, so



th^t a "flooded" loading test would have been of little practi­
cal significance In >thcr wards, it is impossible to calcu­
late the permeability of a gravel or rockfill from a standard 
scaled up oedometer with any sensible degree of accuracy. It 
was decide 1, therefore, that flow studies would therefore not 
be made under load as this would have be. difficult to set up 
in the laboratory. The rebound curve on unloading of gravels 
is sufficiently small t*» assume a negligible change in the 
degree of compression of the sample.

Theref re the sample, once the required load had been applied, 
wa moved from the Heavy Structures laboratory to conduct the 
hydraulic tests.

Research into the literatur' including test procedures set out 
in various standards revealed that the sample size for botr the 
loading and flow test would have to be substantial. The sizing 
of the apparatus turned out to be an optimisation process of 
what was required (by extrapolation) from the standards and of 
available cylinders and presses. An upper limit on the size of 
the apparatus and sample was set by the criterion that the 
cylinder filled with rock would have to be able to be 
transported from the loading press in the Heavy Structures 
Laboratory to the simp in the Hydraulics Laboratory by means of 
the overhead gantry crane.

Design Criteria

4.2.1 General

The conflict in criteria for the apparatus used as a 
permeame^cr and oedometer is discussed in Section 4.4 
which covers wall effects. The height to diameter ratio 
needs to be high for flow tests and low for loading 
tests. The available cylinders gave a height to dia­
meter ratio ranging from 3 to 1,7 which falls within the



ratios of the plane strain equipment at the Rockfill 
Testing Facility of the university of California (Chan, 
1969).

In compact ion tests conducted by Wagoner (1980) it was 
found that the maximum layer thickness for effective 
compact ion is 300 mm. Although it is recognised that 
this figure partains to different equipment and compac­
tion methcxls, tests still have to be conducted to inves­
tigate whether there is a difference in the hydraulic 
properties of the material on samples loaded over a 
height of 1,0 m and 300 mm (i.e. lieight to diameter 
ratio of 1,7 and 0,9 respectively).

The dimensional and weight limitations for a practicable 
load and flow test apparatus were set by the wi ch of 
the largest hydraulic press in the University's Heavy 
Structures Latoratory and the capacity of 2 metric 
tonnes of the overhead gantry cr ne running to and from 
the adiacent Hydraulic Laboratory.

A system by which the gravel sample is suspended during 
the flow tests and supported during the loading tests 
had to be devised. Problems were foreseen with the man­
handling of the equipment into position in the hydraulic 
press, which had to be addressed as a separate design 
exercise in itself.

Testing cylinder as loa H ng cylinder

It vas tlK)U(jht initially that some sort of provision 
would have to he made to lead at least a small quantity 
of water into the cylinder during the load tests if the 
full scale flow test cannot be done during loading. 
This would call for loading platens and supports 
designed in such a way that water could pass through
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them. Because of the high drainage potential of the 
gravel, very insignificant changes in the loading char­
acteristics of the material w?re anticipated for satu­
rated tests so that the idea was eventually abandoned 
completely. If water had any lubricating effect in the 
rearrangement and compression of the rockfill or gravel 
it was considered adequate to wet the stone before the 
tests only.

Hie load in j rig used vou 1 have to be able to apply 
fairly Large loads to the sample, firs -ause of the
high stress range desired i i the tests h simulate large 
embankments and secondly because of the large diameter 
of the sample to be stressed. Calculations revealed 
that the maximum load that could be applied to the 
sample would be of the order of 170 0C0 pounds (units 
used on the Macklow-Stnith hydraulic press). In fact it 
turned out in the actual loading tests that the first 
signs of distress (bulging) of the cylinder started to 
occur at about I k; 000 pounds. The tests were stopped 
at. a maximum 1c.t ; ot 160 000 pounds, which over the area 
of the stone is equivalent to a stress of 2,56 MPa. Tb 
'ri or;., test' at higher stresses and to reduce lateral 

deflection during loading, the present loading 
cy1inder/permoar>■ ter will have to be stiffened.

■ • •

An immediate problem arising from the crushing tests was 
that piezometric readings could not be taken in the 
middle of the sample. Tappings would therefore have to 
be taken at the walls of the p'rmoamct~r. The objective 
then was to compare the piezometer readings at a parti­
cular id it ion within the sample with one tost case 
which has the end positioned in the middle of the sample 
during the flow tests without any preload. From these
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tests it was envisaged that a reasonable estimate of 
wall effects or the efficiency of the lining system 
could be trade.

To obtain a wide range of hydraulic gradients the water 
was passed through the permeametcr from lot tom to top, 
cascading over the brim. The measurements required were 
differences in head, and therefore the- entry and exit
conditions wre of little significance provided that the
flow length within the sample and therefore between the 
piezometer points was a sufficient distance from the
entrance and exit of the permeametcr.

Because of the large diameter of the permeametcr, full 
use of the Hydraulics Laboratory pumps had to be rrade to 
obtain flow rates of up to 30 1/s, thus covering all
flow regimes. The higher flow rates made volumetric flow 
rate measurements impracticable at the time and it was 
therefore decided that a flow measuring device would 
have to be insert' d in the delivery pipe. Modifications 
to the suitp and the quick re lea e valves would be 
requir'd to make volumetric measurements of a pool dis­
turbed intensely by the water cascading from the brim of 
the permeamoter. The permeametcr produced so much spray 
that an anti-splash screen had to be suspended around it 
to prevent the bottom half of the laboratory from 
becoming inundated.

4.3 Design and construction 

...

(i ) liytbra111 ics lab oratory

A flow circuit diagram of the equipment and faci­
lities used in the flow tests is illustrated in 
Figure 4.1

v

'
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Access to the surrp was provided by the overhead 
qantry crane. The delivery pipes to the pcrmea- 
metcr vrre mounted on brick walls and connected 
to the equipment by means of a length of flexible 
pvc tioning. The flow rates were controlled by 
valves and monitored on a manometer taking read­
ings on either side of a sharp edged orifice. 
The coefficient of discharge was obtained prior 
to the flow tnsts in calibration tests using 
volumetric flow rate measurements. The constant 
head tank with its baffles [Toviiled attenuation 
of any [xim{) presssure surges and a constant 
static head. The level of the tank could be 
monitored by means of the dial level indicator 
outside the tank.



(ii) Purmeomoter

The permeameter consisting o f cylinder p lu s  base , 

lining, piezometer taps, delivery pipe and g r id  

support for the sample is illustrated in 
Figure 4.2.
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FIGURE 4 2  CYLINDER DURING FLOW TEST

Th<' piezometer taps w.re specially turned and 
threaded to enable them to be screwed into the 
cylinder wall. Standard wall tap fittings were

_____________4 1
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either too lonq or had a thread with too long a 
pitch. Curing the load tests the portions of the 
taps protruding into the cylinder caused the taps 
to be either damaged or blocked. lb remedy this, 
8 rtin thick plates should be welded onto the 
cylinder wall at the piezometer points and the 
piezometer taps attached to the cylinder as shown 
in Figure 4.3. The advantage here is that, 
should a blockage occur, the tap can be removed 
and replaced or the blockage freed and the tap 
reinserted.

8mm IP WELDED TO 
VWiLL DRILLED AND 
TAPPED

N TS
PIEZOMETER 
COUPL ING AND 
TUBEPIEZOMETER —  

TAP DOES NOT 
PROTRUDE MERE

OLINOERWALL —  PIEZOMETER TAP

.CONTINUOUS FILLET WELD

FIGURE 4 3 SUGGESTED ALTERNATIVE METHOD OF ATTACHING 
PIEZOMETER TAP TO CYLINDER WALL

In the initial tests pvc tubing was attached to 
the inside of the piezometer tap at one of the 
station; at each of the three heights. This
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tubing was led to the centre of the specimen to 
enable a comparison between central and "wall" 
(ie. at the inside of the lining) readings to be 
made. The effectiveness of the lining as a
measure against wall effects oould therefore be 
evaluated.

(iii) rlezometer honk

Four piezometer taps were installed diagonally 
opposite each other on the cylinder in three 
groups at a vertical spacing of 500 mm between 
each group. By having the facility of four pie­
zometer readings at each elevation a qualitative 
assessment of the fluctuations due to localised 
effects such as tortuosity and secondary turbu­
lence oould be nude.

The mounting board for the piezometer tubes wes 
plumbed and then clamped to the side of the con­
stant head tank. In some flow tests the range in 
piezometric heads was greater than the length of 
the mounting board. Therefore the board would 
have to be raised at higher flow rates.

A plexiglass rule fitted to the board in a groove 
parallel to the tubes was used to read off the 
water levels in the tubes arranged in two groups 
of six on either side of a measuring tape, as 
shown in Figur-- 4.4. A large syringe (200 ml) 
W as used to draw out air lobbies in the piezo- 
meter tubes lofore any readings were taken.
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1 3 '

(i) H- avy structures laboratory

Because of the large size of the cylinder and the 
necessity to apply largo loads to the specimen to 
obtain the required stresses to simulate condi- 
tions under large embankments, tlio largest 
hydraulic [Toss available in the Heavy Structures
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Laboratory was used. The press, manufactured by 
Macklow Snith, is capable of applying a force of 
170 000 pounds, which is equivalent to approxi­
mately 750 kN, onvo a specimen between a hydrau­
lic ram housed in a sump in the floor and a 
stationary crosshead mounted on two 150 mm dia­
meter ties. The amount of deformation in a load 
test s virtually unlimited. However, the speci­
men has to he unloaded while the cross head and 
ram are lo..« red.

The overhead gantry crane which runs along the 
entire length of the ground floor laboratories 
fron the hydraulics to the structures sections 
was used extensively. TTus crane, together with 
a chain block suspended from the cross head of 
the Mack low Stnith, was used to hoist the testing 
cylinder in and out ot the press. The use of the 
cranes and the special harness attached to the 
cylinder for this purpose are described in 
Figure C.7 of Appendix C.

(ii) Testing cylinder and loading plates

Because the sample was suspended in the cylinder 
on a grid approximately 300 mm from the bottom it 
was found preferable to construct a pedestal 
through which the load is applied to the sample, 
rather than reinforce or support the grid by 
means of vertical plates. Ihe loading plate and 
pedestal in the cylinder during a load test are 
illustrated m  Figure 4.5.
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4 Cylinder wall effects

4.4.1 Introduction

As it was anticipated that the loading and flow tests 
would be performed in the same testing cylinder with as 
little disturbance as possible, a literature search on 
the wall effects of both permeameters and large scale 
oedometers was undertaken. In standard soil mechanics 
tests for either permeability ct compressibility, the 
dimensions of the testing device are chosen in such a 
way that end or edge effects are minimised. It became 
immediately apparent that the permeameter-oedomcter 
would have to comply with conflicting requirements, lb 
reduce entrance and exit effects in flow tests, the 
testing cylinder should bo slender (ie low diameter to 
height ratio). lb reduce the vnll effects in loading 
and flow tests, the testing cylinder should be squat (ie 
high diameter to height ratio).

In addition to the dileimu presented above peculiar 
problems associated with testing of rockfills were 
-eported on by Dudgeon (1967) and Marsal (1973). 
Dudgeon performed extensive tests with the purpose of 
determining the magnitude and extent of wall effects in 
permeameters. In tests to determine the plane strain 
characteristics oi rockfill Marsal used several types of 
antifriction linings in the specimen mould.

4.4.2 Hydraulic considerations

The velocity distribution across an unlined pemeameter 
was shown to vary as illustrated in Fig 2.15 in tests 
conducted Ly Didgeon (1967). This causes the measured 
mean flow velocity in such a case to differ from that 
whk.h would occur in an infinite medium under the same 
hydraulic gradient.
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Rorosity determinations by Dudgeon indicated that there 
is a zone of increased porosity near the walls ot 
unlined permenmeters in which gravels or rockfills are 
tested. By placing piezometer tubes at various 
distances from the outside wall of the permeameter, it 
was established that the extent of the zon" of increased 
porosity is of the order of half a median particle 
diameter. Since wlocity is dependent on porosity, a 
much higher than average flow rate occurs in tins zone.

An equation yielding the ratio of mean velocity throuqh 
the total area to the inner zone velocity was derived. 
This was done to establish the order uf magnitude of 
measurement errors if piezorm-ter readings were to be



taken from wall tappings only. For the transitional 
regime the ratio v̂ /v̂  was calculated by Dudgeon to 
be t 1,06, where

vm = mean velocity through the total area 
vi = velocity in the inner zone

This error turns out to be relatively small because the 
localised nature of the increase in porosity when viewed 
in relation to tlv entire cross section.

However, if the piezometer tappings are made in the 
permeameter wail, the localised effect of the increase 
in velocity takes on far greater significance. If no 
liner ware to be used in flow tests of 16 mm (d̂ g) 
stone in a permeameter of diameter 572 rrm, the ratio of 
velocity in the wall zone vw to that in the inner zone 
vi will be of the order of 2, (see Appendix A for 
calculations).

It was anticipated that difficulties would arise in the 
experiments if it were necessary to take pressure read­
ings from the inner zone of the permeameter. Since the 
sample vould be subjected to substantial loads, pressure 
readings at the central axis of the permeameter would 
have possibly been unreliable, regardless of the mater­
ial of which the tubing was made. Reliable results may 
have been obtained from wall tappings in an unlined 
permeameter if the material wore graded to a greater 
extent, ie the voids near the walls m y  have been filled 
with fines.

Recognising that the last was only tialf a solution in 
that it applied to special cases only, it was decided at 
that stage that the permeameter should Ix? lined with



some suitable material. 'Ihc etfect of the liner would 
be to fill the voids in the wall zone, with the result 
that

the area cpen to flow would be homoqon< ous’y packed, 
and

. pressure readings could taken from tappings at the 
wall of the permeameter, thus obviating the 
atovement ion* 1 problems.

From the above considerations the minimum tiiickness of 
liner required was deduced to be half the nodi an 
particle diameter of the largest particle size of the 
sample tested.

■

The overall stress distribution across the cylinder when 
the gravel or rockfill is loaded is not uniform. Wall 
friction does not allow a true plane strain situation to 
develop (Mar al, 1973). From studies of oedometer tests 
on materials consisting of various sized particles, Lee 
(1969) concluded that if the diameter of the oedometer 
is more than 5 times the diameter of the largest 
particles, wall effects are negligible.

Opinions on the correct height to diameter ratio of the 
sample v*-ro also found to vary, because of edge effects 
anl the maximum depth to which effective compression 
takes place. In the Rockfill Testing Facility of the 
University of California the plane strain equipment 
handles specimens where the height to width ratio ranges 
from A, ; to 1,1 (Chan, 1969). Equipment developed by 
• •tarsal (19/3) and Lee (1969) has a height to diameter 
ratio of 0 , 6 and 1 ,0 respectively.
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Particle breakage will be reduced at the walls of 
unlined testing cylinders because of the reduction in 
the degree of particle packing near the walls of the 
cylinder. The result of this rrust be seen not only as 
distorting the overall particle breakage pattern but 
also in conjunction with the previously mentioned flow 
characteistics. No quantitative description (as in 
Dudgeon (1967) for flow tests) of wall effects under 
load has been found. It should be noted too that even 
with the standard A.C.V. (Aggregate Crushing Value) test 
(B.S.812) wall effects are not taken into account.

4.4.4 Possible solutions

'Itie four criteria for the choice of a suitable lining 
material to overcome cylinder wall effects were 
recognised to be:

Compatibility between hydraulic and mechanical
considerations

Effectiveness over half the median particle diameter

Either durable or easily replaceable

It must have a constant thickness

Cementing store's onto the inner surface of the cylinder 
would nave been a suitable solution for overcoming the 
hydraulic edge effects. But once the specimen were to 
be loaded, the rough lining would have instigated
excessive particle breakage at the walls, since the
interlocking stones would he unable to move.

A rubber lining wauld have been suitable to overcome 
wall effects during loading, Ixit would not have been
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rffould have been a suitable solution for overcoming the 
hydraulic edge effects. But once the specimen were to 
be loaded, the rough lining would have instigated 
excessive particle breakage at the walls, since the 
interlocking stones would be unable to trove.

A rubber lining would have boon suitable to overcome 
wall effects during loading, tut v juld not have been



penetrated sufficiently by the stones in order to 
overcome the hydraulic edge effects.

Marsal (1973) described the use of a sand layer which 
separates the specimen from the wall. The advantage of 
this method of lining is that the material is adequately 
testr.-air.ed within the cylinder. The disadvantages are 
that specimen preparation would bo cumbersome and time 
consuming and that the sand could be washed out during 
the ilow tests unless contained in a membrane, which in 
turn is prone to puncturing.

The material eventually used in the flow and loading 
tests was a high density foam, which performed 
satisfactorily with regard to the abovementioned 
criteria.
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5 EXPERIMENTAL PROCEDUPE

5.I Introduction

Since the emphasis in this investigational project had shifted 
largely to the development of the testing apparatus described 
in Chapter 4, the scope of the originally envisaged testing 
programme had reduced considerably. The tests in this project 
were performed on a single sample and ray thus be described as 
prototype runs of a more extensive testing programme in which 
the objectives arc more material (rather than equipment 
development) orientated. The experimental procedure may vary 
according to future requirements, but was executed in the way 
described here to demonstrate the feasibility of the testing 
apparatus as a means of determining the effects of heavy loads 
on the throughflow characteristics of rockfills and gravels. 
Many trial and "dry" runs wore undertaken to test various 
aspects and components of the equipment, at which stage final 
modiiications and adjustments were made before the proper 
testing was begun.

It was necessary to describe the material fully, so that later 
comparisons with other materials ray to meaningful. Wherever 
possible, standard measures or tests wore applied, so that the 
descriptions, although not fully applicable to the given 
problem, vore at least accurate and not only qualitative. A 
further application of the standard tests or indices is their 
inclusion in specifications for construction and quality 
assurance.

The objectives of the tests performed ray therefore be listed 
as:

(i) Examine the feasibility ol the newly developed equipment 
for the dotorminiation of the ef'octs of heavy loads on 
the through flow characteristics of rocks and gravels.



(ii) If the equipment works, determine which mathematical
model best describes the flow conditions in rockfiil and 
gravels.

(iii) neterminc which physical characteristics of gravels and 
rockfills have a significant effect on their permea­
bility under various loads.

Sample preparation

The sample used for the tests was drawn from approximately 
1 tonne (metric) of -150 mm rockfiil. The entire batch of 
rockfiil was graded bv mans of a gauge, since sieves with 
openings greater than 50 mm are not easily obtained and diffi­
cult to use. The rock was obtained frctn a oommerical quarry 
mining Halfway House Granites, with the physical properties
listed in in Table 5.1. The test sample was composed of
cobbles less than 150 mm and greater than 75 mm in diameter. 
"Diameter" is defined here as bring the largest dimension on 
the smallest cross sectional area (see Figure 2.4) This
dimension is the one which would control the passage through a 
screen if shaken tor a long time. Besides the standard parti­
cle size analysis, the flakiness index was determined.

.

PROPERTY
Published 
value 

(Hippo 
quarr ies)

Measured 
value(s)

. Relative density 

. Bulk unit weight-coarse (kN/m3) 

. Texture (grain size)

. Aggregate crushing value 

. 10 % Fact value (kN)

. % Silica content 

. Flak incss index (».) (Before- 
crushing tests)

2,64
12,9

coarse
22,7
136
72

2,62 - 2 ,66  
13,0 - 14,4 

coarse

37,2
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lb obtain a random distribution of differently sized particles 
the stone was -nixed in manageable batches in drums and then 
tipped into the foam lined cylinder,

5.3 Calibration of measuring instruments

The 4 000 pound spring balance used for the preparation of the 
sample was calibrated in the tension test rig against standard
weights.

The 150 mm diameter sharp edged orifice used for flow measure­
ments was calibrated at various flow rates tor various fluids 
in the U-tube nanometer. By means of linear least squares 
regression analysis an expression converting difference in 
manometer height to flow rate was derived.

Ttie calibration of the spring balance and orifice is described 
in detail in Appendix D.

5.4 Flow tests

The testing cylinder was hoisted into the sunp at the end of 
tue hydraulics laboratory and bolted onto the base. Water 
tightness botv/een the base and cylinder was ensured by a rubber 
gasket. The piezometer tubes vr?re then fastened onto the taps 
on the wall of the cylinder.

Below the sunp the pump was then primed and started, then 
switched from star to delta configuration. The valves on the 
delivery pipes were then opened, the upstream one fully, the 
lower as required.

Once the flow through the system was established, the manometer 
taps were opened (otherwise the mercury or measuring fluid will 
disappear in the system).
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Before any piezometer readings ecuId be taken the piezometer 
tubes had to be de-aired. Because surface tension effects have 
a considerable influence on the tubes of 6 mm internal 
diameter, ! de-airin rocess had to be done slowly and care­
fully. Hie de-airing was done by sucking the water in the pie­
zometer tubes into a large capacity syringe until no more air 
bubbles were visible. Once this was achieved, the water level 
in the tube would have to be slowly restored to its static 
level. If the level wore allowed to drop too quickly, the 
abov entloned surface tension effects would tecome evident in 
the air bubbles trapped in the water column.

The control valve in the delivery pipe was then set to a parti­
cular flow rate. Then the ranometcr and piezometer readings 
were taken for the various flow rates. Care had to be taken in 
observing that the flow rate from the constant head tank was 
not greater than the delivery rate to the tank. This could be 
checked on the dal level indicator.

5.5 Loading tests

Before the cylinder could be hoisted into position in the 
hydraulic press, the loading plates had to be attached to the 
apparatus. This was done by placing the top plates on top of 
the sample, attaching the lifting harness onto the top flange 
of the cylinder and then lifting the cylinder r the 
pedestal. Once lowered, the pedestal was then bolted onto the
bottom flange of the cylinder.

A chain block of 2 tonne capacity was suspended from the cross 
head of the testing machine by means of a specially designed 
link trade of flat steel bars and dowels. The cross head was 
then raised to its maximum height and the hook of the chain 
block attached to the second link m  the lifting harness on the 
testing cylinder. A steel dowel used as a locating pin which 
matched hole in the centre o' the pedestal was inserted into 
the centre hole hr • low the cross lie ad of the machine.
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The cylinder assemblage was then lifted by the overhead gantry 
crane. When hoisted several centimetres above the ground, the 
chain block was used to draw the cylinder nearer to the 
machine. Otce sufficient tension had been applied by the chain 
block, the tension from the overhead gantry crane was released. 
The cylinder was then suspended directly above the centre mark 
and set down onto the loading platen of the ram. The sequence 
of positioning (and removing, if looked at in reverse) of the 
cylinder is illustrated in figure C.7 of Appendix C. 
Figure 5.2 shows the cylinder being lifted by bovn the chain 
block and the overhead gentry crane. Tb remove the cylinder 
from the press after the tests wre complete the procedure 
described above was reversed.

Before the actual loading tests could Ix-gin, the crosshead had 
be lowered onto the top loading plate, and the dial deflec­

tion gauges which stood on the floor next to die lower loading 
platen were zeroed. The Mack low anith testing machine works on 
the principle of applying a constant rate of deformation until 
the load reaches a certain set value upon which the movement of 
the ram is either halted or the counterbalance moved out 
further and more load is applied. When this occurs a switch is
tripped and this was used in the present tests as the signal
that the desired load increme..t had been achieved. When this 
was done, the dial deflection gauges wore read and the
following load increment was subsequently added.

Substantial stress relief took place at times when larger part­
icles began to break up and rearrange themselves. It then took 
quite a hit of deformation to produce an increase in the load 
applied to the specimen.

The amount of deformation in the last loading test was of such 
magnitude that the top loading plate was pushed into the
cylinder and the sample had to be unloaded to insert spacers
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between the cross head and loading plate before further load
(and hence deformation) could be applied.

The amount of rebound and hence the validity of the use of the 
permeamcter in an unloaded condition was determined in the 
second load test. The load test set-up is illustrated in
Figure 5.3.

I

X.
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TEST RESULTS

6.1 Introduction

In reporting on th< test results reference is nade again tv
the objectives of th< tests. rnr.;:," wre:

(i) Tb examine ti feasibility of the equipment as a means
for determin i the ;hroughflow characteristics of 
gravels and r ;f>] s unler load.

(ii) Tci determine which mathematical mode Is best describe the
flow and loading prcxresses.

(iii) Tb determine which physical characteri tics of gravels
and rockfills hav a significant effect on their permea­
bility under various In ids.

(iv) rlb provide a m ans by which it is possible to predict
the reduction in permeability of a rockf ill or gravel 
that had been subjected to large overburden stresses,
resulting in decrease in porosity and degradation of
the particles.

6.2 Sample properties

The sample [roperties are listed in Table 6.1. The rock can be 
described as an angular to cubical coarsely crystalline, 
unweathered, hard granite from the Halfway House Series. It 
must be noted here tha* the standard flakiness index was 
applied here out of context, so that the relatively high value 
of 37,2% belies the fairly angular to cubical nature of the 
rock fragments. Comparison with standard descriptors is 
difficult in any event, since the particle size analysis was 
done manually ly passing individual particles through a gauge - 
a far more exacting process than sieving.
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■
TABLE 6.1 SAMPLE DESCRIPTION

_ Property Va 1ue/descipt ion

. Sample weight

. Grading before and after loading
411 kg

tests See figure 6.1
. Relative density 2,62 - 2,66
. Bulk unit weight (uncompacted) 13,0 - 14,4 kN/m3

Surface texture Coarsely crystalline
Particle shape Angular to cubical

. Weathering Unweathered
Silica content 72%*

. Aggregate crushing value 22,7*

. 10% FACT value 136 kN*

. Flakiness index (before crushing) 37,2%

* Published values (Hippo Quarries Ltd)

6.3 Particle size analyses

A uniforaly sized sample was chosen for the initial sample so 
as to get a substantial amount of particle breakage in the 
loading tets. W ith the degradation of the original material, 
an opportunity to test the flow models describing layered media 
presented itself. The effective particle diameter decreased 
substantially after the load tests. The grading curves before 
and after the lo .d tents *re shown in Fig 6.1. The change in 
effective particle diameter ckic to loading can be seen from 
Table 6.1 and Fins 6. and 6,2b.

N

Par .Ilei layer mod'-l Serb's layer model

Test No Load
applied

(kPa)

Laminar Transi­
tional

Turbulent laminar Transi­
tional

TVirbu lent

1 0 98,48 95,63 95,65 91,14 91,21 92,88
2 667 99,06 95,67 95,69 89,07 89,19 91,86
3 3 556 82,72 76,60 77,19 40,17 40,46 62,15
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