CHAPTER VI

CHANGES OF GRADING DUL TO PHYS
AND CHEMICAL WEATHERING. e

INTRODUCTION:

This section will describe a short pro
designed to inveatigate the effects of chemgct :ﬁ?°p§§.§§§§
woathering on the gradl of artificial fllter sands, 1l.e.
crugher sands. It includes a description of an investigation
of the failure of a vractical sewage purificatlion filter due
to rapid chemical weathering of the fllter sand. It also
describes a short series of physical weathering tests carried
ou:dovor a perlod of 3 months on a number of different crusher
SANGH .
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CAUSES OF TH: PURTHER BREAKDOWN OF ™iE PARTICLES !
OF A CRUSHER SAND SUBSEQUENT TO CRUSLING. ;

(1) The Lffects of Crushing

Slow motion moving pictures of the action of roll and
jaw crushers show that roughly cubical blocks of stone break
in two ways: (a) by transverso cracks through the blocks
going from roll to roll and ylelding more or less tabular
slabs, and (b) by radiating eracks from contact points at the i
poll faces. From observation of the pictures the proportlions i
of grains miée by the two crushing actions appear to be of the f
order of 80% and 20% respectively. The blocks of stone !
fracture alng planes of least resistanca. The particles of :
the resulting crushed aggregate contein innumerable cracks, :
fissures and surfaces of inoiplent failure which form an .
extersion in the individusl particles of the fracture pattern ,
{n the original block of stono.

These small defocts in the shunks of crushed aggrogate,
although invisible to the naked eye, render the apparently
sound crushed rock more vulnerablo to the acticn of cgenta
weathering than tho sound rocke.

Thero is an additional source of weakness in rock
used for crusher sands which has boen mined at groat depth,
0. tho waste rock cxtenaivoly used on the Witwatersrand to
provide concrete aggrogatos and apushor sands, This hard,
brittle quartzite lnvarlably must contain numerous hair cracks
arlaing from the tproriondous tectonic shoaring stresses to a
which the rock haa boen subjected through the ages.

(11) Chemical Weathering

The chomical weathering of rocks takes place by the
chemicr* decomposition of asomo or all of the component
miner.. . Combined chomical and mechanical woat ering takos
place ow! to the fact that certain rock minerals, o.g. the
folapars give rise on decomposition to an {ncroased volumo :r
products. The oxpansion of the decomposing minerals ﬁ" se
up sufficiently large strosses to cause cracking of the

particloa.
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(111) Physical We.thering

The primary mechanical agent which could cause the

disintegration of thec part!
temporature ¥ I g cles of filter sands is that of

The disintogration of rocks duec ¢
may result from: (a) Unequal oxpansion ang :gﬁgg:::g:: :?angos
component mineralt having different coefficlents of thermal
exprnsion. In this case the result of fluctuating
temperatures is tke formation of small crucks into which wator
may percolate and sithor set up chemical action or (b) disrupt
tho rock by freezinz. In passing from the liquid to the solgd
state water oxpands . .th a force which varies with the

g;mg;r:guigr7?ﬁ.§t a tomporature of -22°C may oxert a pressuroc

Since ico zontracts on cooling, a cavity filled 0
would not be fillei at -10°C., If nov.'additionzl moigtu:: .
ggaozoziin t?otgavlty; t?gy as the tomporaturc riscs,
sruption o e "“ock W be caused by ti
to the melting poiait. Bk e b

These then, are the main causes of the broakdown of
the particles of artificlul crushed filter sanas., The effect
of crushing and reilef of geolorical stress 1s probably the

{nitiating cause w. th chemical and physical weathorl layi
an important secondary roloe. PRy ng playing

THE FAILURE OF A SINWAGE PURIFICATION FILTER DUE
TO RA CHEMICAL WDATHERING O THE FILTER SAND

The filter in this casc was a slow sand filter of the
"Hamlin" type.

The filter .nz medium is a layer of fairly coarasc sand
8" doop. Bolow this arc throe layera of stones of incrocasing
sizo which allow oisy flow of tho 1iquid to the collecting

channels below.

The offluent is spl’ .>d over the surface of the sand
from the distributing channols and passes through tho sand and
stone to theo collcctfng channels bolow, A blankel of hwnus
develops on the surface and the {nterstices of the sand bod
gruduagly become «:logged, decreasing the permoability.

The clogg:d filter 18 ponowed by means of a cleaning
operation which ?3 normally carried out onco every 24 hours.

The cleaning operation 15 a8 follows: Flow is passed
in a roverse dircction through the luwor contral channelsd and
up through the filter into the central distribvting channele
The upward flow js under A hoad of only a fow inches 80 that
the flow ls very gentlo and the sand bod 1tsclf is hardly

agitated, A5 a pesuit there ls very 11L§10 abraslion boetweon
the grains. A tsavolling scroed 1a nov.. up and down the

filter alo the sand surface at a brisk pace to croate a wave
which agitggoa tio top surfaco of the sand and holps froe L.e
humus, The operation 18 continued for between 10 and 15

minutes.
rmally the sand loss in such &

o such filter has boen in oporation

0 yoars, using the origégn}igzgg

It is found that no
f{lter is vory .ittle and on

continuously foi more than &
without anyytronblo. In South Africa the 1ife of

bed {s genoralls taken to bo indofinito.



See Page 54
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In the case considered, the sand
the filter bod w e ni was a crushod granite
::gera: as specified to be Jald in the following

6" layer at bott " "

o lager o :i" :g :g" §§3§§

3" layor -3" to +" stone

6" layer at top Sand: <20 ~esh to +30 mesh
B.S. Sleve

It was the top 6" layer which showed aigns of decomposition.

Within a year, it was found that the sand was was
into the stone layers bencath and on examination it was rgﬁﬁg
that the send contained a large proportion of fine material.
The grains were no longer hard and discrote but could be
erushed boetween the {ingers and ground to dust.

It was obvious that the felspars of the crushed
granite sand had been almost completgly decomposed by the
organic acids contained in the sewage. The cgomical
decompoaltion was almost certainly acceleratod in this caso
by the hair cracks caused in tho crushing process.

Comparing tho actual grading of the sand after one
ocar's service with the spoci?iod grading, it will bc scen
that the decomposed sand is considerably finor than the

specified grading cvon allowing for quite large variatlions
in the freshly crushed filter sand from tho spocification.

A standard filter test was carried out on the
docomposed sand and it was found that the sand behaved as a
f1lter within ‘tself. The grading curves show that there was
hardly any differcnce botween the top and bottom halves of the

sample after the test.

It should be pointed out that the top "o layers of
this filter do not satisfy elthor the Terzaghi or the U.S.B.R.

filter design criterin.

Working on specified partic.e sizes:
Por the Torzaghi criterion:
Dys FILTER = 10.0

Dag FOUNDATION
Whoreas tho maximum permissible value of this ratie is 5

For thoe U.S.B.R. criterlion:
D50 FILTER = 13,0

Dgo FOUNDATION
Wheroas this ratic has a maximum permissiblo value of 10

Nevertholess, according to the engineors responsible
for the filter dosign, the loss of sand from tho filter was

nogligible until docomposition had occurred.

od that the fallure of this
aling of the flilter
¢ its constituent

It can safely be conclud
filter was caused by a chango in the gr
sand brought about by chomical decomposition o
minerals.,
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zg}SICAL WEATHERING TESTS ON CRUSHER SANDS

This series of four tests was carried out:

(a) to get some ldoa of tho rapidity with w
worThordng can'utfoot vhe Gradine ot a"eroshas.and;

) ::destabli'h the possible magnitude of such changes;

(¢) to discover the differing effocts of physical w
eather-
ing on crusher sands derived froem vargizg rock aourggs.

The samples on which the tests wer
NP eroc carried out wore

Sample

No. Rock Description

1 Preotoria Sound, hard, vrweatherod, modium i
Noritoe erystalline 7 .rk grey norite.

2 Beaufort Vory fine grained, uniform, blue-
Sandstone grey sandstone medium to hard in

consistency.

3 Transvaal ®ink and whiteo, mc2ium crystalline
Granite sound and unweatherod granite.

“ Wiswaters- Nard, anweathesod, finoly grained |
rand Quarte- ~ey quartzite !
zito

Crushed aggregates of all these rocks are commonly uscd
{n conercto and road making in the Union and the Norite,
Granite and Quartzite aro often incorporated in filters in the
form of crusher sands.

This selectlion of samplos covers the main range of
geologlical rock types, that 1s, ignoous, sedimeontary and
metamorphic rocks aro all reprosented.

The tests wore carried out in the following manner:

(1) Each rock sample was flnely erushed using a jaw crusher.
When a sufficlently largoe quantity of erusher saend had been
obtained, the sampie was thoroughly mixed and a particle size
analysis was carried out on about ono-third of the total using
wet sieving. This provided tho initial grading curve for the

crusher sand.

(11) The weathering tost was carrled out on tho remainder as
follows:
cod in a large gglv:nlaod iron
bYasin and heated to a temperaturo of 110°C in a drylng oveie
The sample was removed from tho oven and doused with a stream
of cold wator., The wot crushor sand was then frozen to a

ing was
tompera .10°¢ aftor which the heating and dous
ropgat03?’°gﬁﬁn :amplo was takon through a range of tempcraturec

of 120°C onco every 24 hourd.

The crusher sand was pla

S R e P A A 4 B
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This process was continucd
at the end of which period a second
was made.

for a period of 3 months,
particle sizo analysis

The pairs of grading cur
accompany this section. ne ves for the four samples

The woathering process to which the sands w
sub jocted was very severe indeed. The most severe :::thcring
took place during the dousing procoss when the sand fragments
of the crystalline rocks could be both heard wud seen
disintograting.

This severity would really only be n
natur~ under desert conditions. %ho aZtiricggiogg:ggn:nis
howay s 8imilar to a natural weathering process excent that
the time scale is much coudensed. The oxtent of weatnuring
attained in these tests of 3 month duration would probably
only be attalned under the soverecst service conditlons aftor
a lapsc of seoveral years,

Tho successive grading curves show that all the sands
became finer during the course of the tost. Tho fact that
the changes were in some cascs very small does not invalldate
this statoment as in this case orrors due to natural variation
wore practically oliminatod by tho thorough mixing to which the
sample was subjected.

The two crusher sands derived Irom ignecous rocks show
the greatest changes in grading, the erushed granite being the
worse of the two. (This was tho same granite which was
decomposed so rapidly by sewage acids). This is probably
because the cryastalline nature of the rock renders it more
sub ject to attack by difforential expansion and contraction.

The crushed sandstono was slightly less weathered

than the igneous rocks and the quartzite crusher sand proved
the most stable of the four sands.,

CONCLUSIONS :

It ca.: be concluded that changes in prading due to
weathering, both chemical and physical, can be an important
factor leading to the breakdown ol a filter layer.

If natural sands arc used, weathoring will have little
or no effect. Natural sands are thomselves the produztas of
weatheri and as such are usually very stable and resistant
to the effccts of further weathering.

All artificial crushed sands can be aflfocted by
physical weathering resulting from sudden temporaturo
fluctuations. The worst typos of rock [rom this aapect aro

the crystalline ignoous rocks.

Furthermore, crucher sands containing unstable
minorals such as foiapdrs aro unsuitable for use a3 filtering
media for corrosive liqulids such a3 sewage offluent.



CHAPTER VII

A STUDY OF SOKI EMPIRICAL RILATIONS FO
THE FLOW OI" WATLR THROUGH FILTER SANDS?

INTRODUCTIOI :

It has already been oxplained in the introduction to
this thesls that any invuati%ntion of tho behaviour of filters
and filtor sands should enquire not only into the changes of
grading underzone by the sands, but also into the hydraulic
behaviour of the soil-water {low system as the changes of
grading preceod, It should in fact do more, it should attempt
to find the link betweeon the variations of grading and
hydraulic proporties - which are obviously intordependent.
That is the object of this chapter,.

First of all, the validity of the basic flow law for
soils (D'Arcy's Law) will be lnvestigated when applied to flow
through a scll whore grading i1s undergoing change. This 1s
followed up by the development of a scmi-cmpirical general
relation for tho flow of water through a soll which is under-
going changes of grading. After this the hydraulic behaviour
of a soll will be linked to the correaponding changes of
%rnding by considoring tho phenomenon of the migration of

tne soil particles which takes place when water under pressurc
percolatss through a soil.

Tho variation of the permeadbility of a freshly placed
sand with time immedlately following the commencewent of flow
will also briefly be discussed.

THE VALIDITY OF D'ARCY'S IAW WHEN APPLIED
TO FLOW THROUGH A SOIL WHOSE CRADING IS
UNDTRGOING CHANCE

The solution of nearly all problems in soil mechanica
involving tho percolatlion of water under pressure gradients
dependa on the validity of D'arcy's law, viz:

Q:klA
where: q = flow in unit time through a cross-sectional area
A of soll
k = goefflclent of permeability
{ = hydraulic gradient.

Dlarcy's Law, however, applies strictly only to steady state
oondizions 15 camplotolypsaturatod soils. In this series of
teasts, although the degree of saturation of the soil was always
very near to unity as a result of the de-airing precautions .
which were taken, neverthelesas stondy atate conditlons did no
prevail bocause generally the structure of the soll was .
progresaively changing due to internal reorientatlon of the
grains and migration of the finer particles.

o A A A A
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Consider now a dimensional expr
of flow resulting from the ceepage Ofpw:::ri-ozhf-g:ggh: m?“?y
goil which is simultaneously undergoins changes of ,tpﬁcturg
,ng Br:S:n%; qghi:izill be considered particularly with
refere an ¢8 measurabl
permeability Sost, viz: ¢ In a constant head

(1) A characteristic particle dimension D which
from the particle size anaiysis of the filter ;at::?ag? c?g;en
this case the mean particle dlameter will be used).

(2) The density of the filter material * which
calculated from void ratlo measurements and thergggrgotakes
into account changes In pore volume within the soil sample.

(3) The length of flow path, 1, which is generally taken to
be the "direct" flow path or thé measured %ongth o% a filter
sample of constant cross-scctlional aroa.

(4) The rate of flow, q, which can be measured from the total
volume of flow Q In time t.

(6) The viscosity of the percolating water at the temperature
of the filtor cell.

(6) A characteristic mass My. which represents the masa of
particles of filter matorlal which has migrated alnce the
initiation of flow.

To reduce the number of variables, the effoct of the
length of flow path 1 will be assumed to bo incorporated along
with the effect of varying void ratio and densitye.

No method has been found of meaaurinﬁmtho mass of
particlos which has migrated after a given time and hence thoe
effect of the variable My must be ignored.

The primary variables which have been chosen and their
corresponding dimensions are thus summarised as follows:

]

Varilablo Symbol Dimension
I Particle D!ameter D &3
11 Soil Densit “ MQ -1 |
I11 Rate of Flow q L_I 1
v Fluid Viscosity M ML=4T"

Assumo @ dimensional relation for q of the form:
0oL :a yb p°
Written in dimensional form this becomes:
iBr-1 = (ep-318 (np-lp=1}® (L]

By the Principle of Dimonsional Homogonelty the indlces can bo
oquated to give:

3 = «30 =b 40 ; Whence an = =1
.1 2 ebh b = 1
0 =a +b ) c =1

leoe q a0
o)



Consider now a dimensional expr
of flow vesulting from the scopago of water through s nass ot
soll which is simultaneously undergoins changes of structure
o wnce 7o mIRtit e maag oaidarad partionlariy with
refer anti®lies moasurabl
permeability test, viz: e in a constant head

(1) A characteristic particle dimension D which
from the particle size analysis of the rilter ;at::gagf °??§°n
this case the mean particle dlamecter will be used). ‘

(2) The density of the filter material T which can b
calculated from vold ratlo measurements and thorzggroetakes
into account changes In pore volume within the aoil sample.

(3) The length of flow path, 1, which is genorally taken to
be the "dircct" flow path or the measured %ongth o¥ a filtor
sample of constant cross-scctional aroa.

(4) The rate of flow, q, which can be measured from the total
volume of flow Q in time t.

(6) The viscoslity of the percolating water at the temperaturo
of the filter cell.

(6) A characteristic mass Mpy. which represents tho masa of
particles of filter matorial which has migrated aince the
initiation of flow.

To reduce the number of variables, the effect of the
length of flow path 1 will be aasumed to be incorporated along
with the effect of varying void ratio and density.

No method has been found of measurl the mass of
particles which has migrated after a given time and hence the
effect of the variable My must be ignored.

The primary variables which have been chosen and thelr
corresponding dimensions are thus summarised as follows:

Variablo Symbol Dimension
' I Particle Diameter D 53
11 Soil Denalty « WL 1
I11 Rate of Flow qQ L: 1
v Fluid Viscosaity n ML™4T

Assume a dimenaional relatlion for q of the form!
q o :a )lb p®
Written in dimensional form this bocomes:
3r-1 < [up-3le (up-12-1° [L}°

By the Principle of Dimonsional Homogonelty the indices can bdo
equated to glvo:

3 =30 =b 40 Whonce @ = =1
-] : -ba ! g b =1
0 =a +b ) c =1

1.0 q ‘,;ﬁp_
o)
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g will be the submerged density of a soil of void ratio e

and particle specific gravity G, l.e. ¥ = g1 X
miee 0 w

Hence the expressicn for q becomes: b

9Q=3 .0 . lte
dw Ge-1

As a result of experience with the percolatl

through unstable soils (see the 1ur§os of Peggeggigiggtmine
curves), it has been found that .  particle migration and
structural change procecd, the rate of flow q will either
inerease or decrease depending on circumstances. If the
{aternal changes lead to a purely internal redistribution of
particles with the concontration of fine particles being
retained in the lower portion of the sample, reduced flow
passages and a generally closer packing of the grains will
rosult, loading to a reduced rate of flow. If, however, the
soil as a whole becomes coarser due to loss of finos from the
sample, the rate of flow will incrcasec.

The increase or decrease in the rate ov {low thus
appcars to be mainly a function of thoe changes in void ratio
which occur. It has also been obsorved that the rate of [low
tends to approach a steady value as time proceeds. The
expression for g can therefore be modified by intreoducing arn
exponentlial factor.

(1) For a gradually increasing rate of flow:

g =B", uD , (l+e) | cf'(°/oo)
Aw (¢-1)

Where eo i3 the initial void ratio.

The indox < '(eo/g) will ensure that q increases at a diminish-
ing rate until o attains 1ts equilibrium value and a stable
grain structure is establiched.

(11) For a gradually decreasing rate of flow:
q - B" 3 29- , 1"0 s ﬂ-{;"(oo/e)

X w (G=1)
The index -£"(€0/p) will cnsuro & diminution in flow until a
steady value of ¢ 13 roachede

Now compare this general expression

q=B '.&EOL“-&.( t“OO/o) oo-ooooooooo-ooooooco(l)
Xu  G=1

with the D'Arcy expresalon

oaoooooo.oooo..ontolo0(2)

q‘koioA. ssotaasonessssees

In (1) D ., l+e ..;3(00/0) corresponds dimensionally with

Sw Gel
the quantity k.A in (2)
k is represented by:

1,0, tho coefficient of permeability

+4(e0
k CL'O .E-D- . !‘-:-e— s ¢ N ( /0)
AK' G‘l




Tais leaves tlie hydraulic gradiont 1 t
(which like i'is dimensionloss), ThusoBbiar:gze:egg;gtbth
but can be written a3 B = B',{ whero B' {is &« constant.'an

Hence for the case of -
law can be written as: of non-stoady conditions D'Arcy's

qQ = kel.A

Wwhere in this case k 13 not a constant,.

The ac:ompanying illustration shows
plotted as ordinates against thoe corron;ondivalucs or‘82'°'%§§

values of the oefficient of permecability k as absc ssu'
several sands., It can be seen that prov{dcd the quintgziggr
are plotted on a logarithmic scale, thore is a linear relation
botween k and 1D 14e. The lince generally have a small neg-
ative slope. «  (.)

It must: bo realiascd that the valucs for each sand ccv:v
only the small range resulting from internal changes causod by
flow under a constant hoad through a freshly placed soil. It
{s impossibl: to say, without further experiments, whether the
linocar rel .tiorship will hold for any practical values of
potential head, void ratio, ctc. evertheless, the conditions
under which the tests were made are approximately similar to
those wh'ch would obtalin in a pract‘~a§ scil or sand filter
{mmodiately after its construction «..n water first pas=es
through it.

It can thus be concluded that in any one soll within
which changes of grain structurc are proceeding due to re=-
orientation of the soll grains and migration of the {ine
material, a rolation exlsts betioon the coefficient of
permeability and other soil proporties which is of the form:

’
b
l

uD | lsel 4 0OF
Ew G=1)

Where m 1z the (positivo) slope of the line and C is the
intorcopt on the Fermeabllity (k) axis.

108 k - -]/n 108

Alao D'Arcy's Law for a soll within which transient
flow conditions prevall can be stated as follows:

qakoioA OR

IOB(Q) = "l/m logz J.E—- . .l.tgl + 105’.(1}.) + c!
L?w G=1)
The vnlusa of C appear to vary in a random (ashion
from soil to juil and are beat dotormined cxperimentally.

The graph of the Permeability Function against tho
Coefficlent of Permoability has boon plotted disregarding the
decimal pointez of tne various valuos. This was done in ordor
conveniontly to show all the curvos on the same sheot. To teke
account of tris, put m = m' + P, whore p 1s an Integer,
positive or negativo, introducod to take account of the

position of *‘he decimal point in m.

:hoe five scils tosted, the values of m' cluster
about a gg:oi 3a]uo. This value ;as estimated statistically in
the mar.ner dsscribed in soctl.n (1) of the appendix to this

chapter. The estlmatod value was:



m' = 22,7 t 15.4 with 80% confidence.

The range of uncertainty of the value of m!

large, but it must be remombered that ghig vggugh::srzgggza d
from only five samples. Naturally, thc greator the numb t;
samples, the narrower wouldtho limits of uncertainty bccg;eo

We thus have the reosult
a soil which is undergoing changagrcghgrﬁéggaﬁr water through

leg k = (p - 1/23) 1log J aD -.l:ﬁ@ .G
( ':'fw G-l

. 1
k =C JJ{‘RL(F - /23)

The values cf p, 1like those of C vary widely from soil to soil.
A GENERAL RELATION FOR TIE FLOW OF WATER

THROUGH A SOIL WHICE IS UNDERGOI.wS CHANGIS
OF GRADING

In this section a general relation !s sought between
various moasurable propertics of a snilewater flow system in
which a stable structure is in the process of being establlshod.
This relation will takoe into account and illustrate the effects
of the variation of these measurable proportiecs from the timo
flow is first started through the freshly placed sand until
steady-state conditions are roached and a stable graln
structure has been established within the sand.

The problem will be approached by the use of
dimensional analyrsis.

A3 a result of cxperience arising from tho many
observations taken during the course of this investigation,
the following [{ive variables wero selocted as having probably
the groatost effect on thoe hydraulle properties of any soll:-

(1) The density of the soll. It is widely recognised that tho
vold ratio of a soil has a fundamental influonce on the flow
characteristics of that soll, The density 1s a direct function
both of the void patio and of another fundamental soil
property, tho particle specific gravity and thus enould have

an important effect on the flow charrctoriatics of a soil.

The density which will be used i{s the submerged density

Z - ﬁ . Xw
lse

(2) A characteristic particle dimension. 1t has long been
rocognised that the flow charactoristics of a coheslionleas
soil such as a fllter sand aro dependent to a_large extont on
the distribution and magnitudes of the particle sizes in the
soil. The characteristic dimonsion which 1s used in what
follows sonstitutos the "measure of pus-tion" of tho grading
curves and will here be dencted Ly d, Iv 12 a statistlcal

average particle sizo.

(3) The permoability of tho soil. Theo permeablility of a soil
is generally rogarded as belng the baslc measure of tho flow
characteristics of a soll and as such its inclusio~ into the
analysia ncods no further justification. The value here used
a D'Arcy's coofficiont of pormeability k, the constant of
proportionality in the gimplifiod flow equation v = ki.
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(4° The viscosity of the percolatin

. fluid. Especiall
tn asec of viscous flow tlrough 3°1§s th peclally in
viscosity must have a fundamental 1nflﬁencg gglggeogrgggion

logses during flow and hence o
the system as a whole. n the flow characteristics of

(56) The seepage force per unit volume. Th

makes its influonce felt chiefly on tho v01ésr::ggagg €§§°§°1.
and to a lesser extent on the structural rearrangement and "
migration of the rarticles of the soil as flow proceeds. This

seepage or body forco can be shown to he g
within the soil by the relation § giYeh R% suy poins

8 = ¥
W
Where 1 18 the hydraulle pgradient at the point considered.

Summary of Variables and tneir Dimenaions

AP
Variable Symbol Dimcnsion
I Density % ML
II Particle Diamcter d L
| III Permeability K L1l
| 1V Viscoslity n ML-lr-l
v Seopage Forco S ML-27-2

No. of variables: n = 5.

No, of Primary dimensions: k = 3.

Applying Buckingham's ‘! Theorem, the number of independent
dimensionless groups which can be formed is: nek = 2,

Denote these dimeonsionless groups byT.,, nd M

Assume dimonsional relationships of tho form

Ty = 21 &1 ¥l | u

N2 = yX2 av2 k%2 | S
Expressing 771 in dimensional form: :
f‘. 7'x \ g i v-1121 -1' -l
M= MLe3)*1, L. | LT o LuLTtett )
Equa*ing indices by the principle of dlmens lonal homogeneity:

0 = x} + 1 ) Xy = =1
0= =37 + ¥y + 2] - 1 ) Yenco: yi = =1
0 = -31‘- 1 ) 2] = -1
:.00 7( \ - a!
¥ dk
ExpressingTmg in monniornl form:  _
© y z . - -
T = [""‘7""!"" . !L!yz . tL’I“l_‘ 2. L’“L 2 2]

Equating indicos by the principle of dimensional homogeneity:

0 = xn + 1 xg = =1
0 : 320 + ¥yo + 22 * 2 ) Honceo: Jj2 = +1

1.0 "'(2 = d,5

reatest
Thus provided that the variables chosen do have g?ergow ta &

influonce on the flow phenomena, the conditions
s0i1l can be represented by the rolation

F{Ty Tg =0



= 6“} -
1.ce P :Z’;_d}_t. ) d.s\’ &
_)
O VR 'S

Since X = G-1 ¢ we the iT's can be rowritten as follows:

l+0
Ty=0l, Yk T2 sy
. v -~ +e o d.i.
w o o» o1 " =

t.e. The flow relationship now becomes:

F{G-1, ¥y.dek , l+e  d.i.)
} 1 h 8 . .._;_1_> < 0

It may be noted that both Uy and i, aro anal
quartities commonly used fn “studies 2of pipo frome C

N,y is analogous to the Reynolds Number for nipe flow:
Ry = X.Ved , while Uy 1s the counterpart of the Friction

M
Factor 3 =_d.&
2L.1 .V

The accompanying dimensicnless graphs show values of
Tv1 plottcd as ordinates agalnstT 2 as abscissae for various
sands. Tha figures used in the calculations form thc results
of the standard filter tests carriecd out as described olsowhero
{n this report. The values shown cover the period during
which the stablc grain structure within the sand was beil
ostablished., All the changos In propertics which ccourred to
give the rangc of points shown in each curve occurred solely
as a result of the inlluence ol the percolating water. No
artificinl control was imposed over any of the variables, tho
only controlled factor boing tho conatant hecad applicd to the
tost cylindera.

The dimensionless graphs show that for a sand in the
procoss of undergoing structural change a linecar reolationship
exists botween the logarithms of the {monsionloss quantities
Ty, andT o« In othor words, the genoral oquetlon to *he [low
o} wator through a sand which 1s undorrolng internal structural
rearrangoment of the grains including compression of tho vold
spaces and migration of the fine material can bo expressed over

the range invostigated aa:
log®y = =nlogT g + A

OR: ) )
1og | 3edelg= =n log ‘des ), A
( 5\ -~
Loa ) P2 k")
OR: )
gedok = afdes | "
M (Y k%)
Whore A and a aro constants.

The values of a in the latter polatlionshiy vary widely from
soil to soll. Tho logarithmic graphs of T\ vorsusTo have been

t in
plottod disrepgarding tho position of the docimal poiRn ‘
individual vaguoa ?ﬁ ordor to show all the curves on a cingle

> is an
shoet, To take account of thls, put n = n'+p wherc p
integar, positive or negatlve, introduced to take acoount of

the absclute value of n.

bout a
The valucs of n' wore found to cluster closely a
fixed valuo. For the five soils tosted, this fixed value was
estimated statistically at:



n' = 0.526 t 0,075 with 95% confidence.

considering that this estimate was mnd
gamples ongy, the limits of uncertaint; ::etgﬁr:::ts of §

We may therefore conclude tha
to tho flow of wator through a soilh;£12g°18°n°ral equation

undergoing changes of pgrading is: 3 in the process of
%dk = a [ a8 | (P=0.53)
pe {sz

A noteworthy point is that as all the curves have a ¢

onstant
value of n', tha typo of flow (viscous or turbulent) taiing
place through thie sands must have becn the same in ocach case.
This was despite the fact that individual values gf the

coefficignt of permecablility varied from 0, ,
16 x 1o-gcu/sz:c. d om 0.4 x 107°CM/SEC to

THE PHENOMINON OF TIL MIGR/TION OF FINE SOIL
PARTICLES WHICH TAKES PLACC WHEN WATER UNDER
PRCSSURE PCRCOLATES THROUGH A SOIL

The phenomenon of tha migraticn of fine soll particles
through a soll under the action ol percolaiing water has
alveady been described elsewhere in this report. In this
section the causes, the mechanism and the effects of the
particle migration or diffusion will be studied both from a
qualitative and, later, [rom a quantitative point of viow.

The Rate of Diffusion or Migration of Particles

It is clear that the vold spaces in a mass of soil
sub jected to seepage forces will be reduced partly by the
elastic deformation of the so'l particles and partly by a
preorientation and alippage of the soll grains relative to each
other. The void spaces will further be altered by the
migration of particles which 1s started by the sllpping of fine
particles ocut of tholr original places in tho structure of the
soil skeleton and into the velda. If the particles are
retained in the voids into which they nave alipped, the void
space will pe further reduced. If the particles are small
enough to escape and travel onwaprds, out of the body of the
soil, the ultimate effoct will be to increase the void space.
The mechanism for the compression of a soll by ascepage forces
may therefore be conoidered in three stopa:

(a) Compaction by pure slippage of the grains,
(b) Diffusion or migration of fine partiles,
(¢) Dlastic doformation of the grains.

In all practical cases, the doformation of the particles undeu
seepage forcous ia nezlijible.

The variables which appear to have most effect on the
rate at which d'ffusion procoeds are a3 followa:

(1) The seepaze force arising from viscous drag of the
) porcniagiﬁg fluid on the surfaces of the particles.
™ils seepage force 1s not only the agent of transport
in the phonomeron of migration but also affects the
rate of migration and, {f large enough, the extqnt
to which migration will continue, due to its effact

on the void spaces in the solle
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(11) The vold ratio of the soil,
measure of the void space in Ehgozgfd gzt::nigoa
expected that the greater the initial void space
in a soll, the more likely is it that dirtuagon

will take place and the
fal rate of this diffusione o+ 0O the inlt-

(141) The particle size distribution or gra S

which contaln large percentages orggigéngé;:iigos
and soils which cover a large range of particle
sizes have been found on tho average to be more
likely to suffer from the eoffects of extensive
particle migration than are other soils. Migration
would be at a minimum in a perfoctly uniform scoil.
In this analysis the particle size distribution will

be described by a singlo charact
dimension d. € cteristic particle

Although thesc variables appear to affect the rate of
particle migration, they seem to have little effect on the
final grading attained by the sand.

If it is assumed that the slippage forces are
negligible as compared with the seopage forces applled to a
mass of soil and that the soil is ronfined within immovable
boundarics, dimensional analysis can be used to obtain a
reasonably rational expression for the rate of particle
migration.

Let the rate of migration be described by the mass per
unit volume of particles Ny migrating through unit distance in
unit time., Assume the var%ablo vold ratio to be adequately
deseribed by variations in the submerged donsity ¥ of the secll.

The variables and their dimonsions are thus:

Variable Symbol Dimeonsion
I Rate of Migration Myg uL-3r-2
1I Secpage Force/Unit Vol. S ML 23
I1I Soil Density h ML
v Particlo Diameter d L

Assume a dimensional rolationship of the form:
' . f:aSb dc

mM

Expressing this in dimensional form:

[ML"‘T-l] K '}.u.'ﬂ'r-?]“ l_m,-ﬂb [L J°
' s by the princ!ple of dimonsional homogenelty:

Equating indico
= /2

1 =a3+Db ) f
el = =2a ) e =+/2

Honce the dimensional relatlonship is:

1 -3
MM'J.'.SI/‘? .8 /? . d /2

. ty.
o My = A 1S % where A 18 a conatant of proportionnli y
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If the seepage force increases gradual

roasonab%e to expect that misra%ion WOtidf;gz ggrga 1ttia
geepago force reached a certain critical value Sg gnt 1 the
further migration would occur once the socpage fc and that no
exceeded a cortaln ultimate value Sy S“fficignt :gcg 2?2
transport the soil mass. The Increasing secpage rOrge.'Y 14
also lead to an increasing density. The relation betw ou
seepage force and density would probably be of the fermt

_ o G
¥=% e °/Su

Neglecting the variation in d which must occur if
airr
ggﬁo?iﬁiagg;f?ciégel¥ expreccion for the rate of migra::tgéor
’ (o] a .
would be: soll under the action of flowing water

- ~ t.
“!l'l - A /J(S-SC).Xi . 6 o g-
- )
Hence we have the qualitative result that the rate of
migration {s proportional to the square roots of scepa force

3
and soil dqnslty and is inversely proportional to the §/2-power
o the gradlng characteristic of the soil.

The exact form of this relationship and the values of
the constants A,C, 8¢ and 3y cannot be determined
experimentally as there is no way of measuring the rate of
migration My. It 1a felt, however, that the expression does
in part explain the mechanism of particle migration in soils.

Changes ‘n Specific Surface Area due U0
the Migration of particles in Sands.

No quantitative presults could be arrived at for the
rate at which particle migration takes place. The ultimate
degree to which diffusion of particles within a given sand
will take place undor a given seepage hoad will now be studied
{n relation to the offects of this diffuaion on the hydravlic
properties and grading of the soile

Earller in this report, the effocts of particle mig=
ration on the pgradings of filter sands was discussed and it was
stated that the arca of the loop betweoen the cumulative crading
curve for tho original sand and the curve for the sand once 1t
had been altered by particle diffusion would glve a moasure of
the change of specific gurfaco area of the gand betweon
initilal and final conditiona and hence also of the mass of fine
particlos which had migrated undor the influonce of the flowing

water.

Pirst of all ovidence will bo provided that the area
beneath the cumulative grading curve for a sand i3 a measure of
the specific surfaco aroa of that sand.

The apeciflic gurface area of a sand betweon any two
particle aizo‘lp.its can casily be caleulated if an algebralc
expression can D found which will describe the cumulative
grading curve oL the sand botween the chosoen particle size

1lmits. Tho ~nlculation can bo done &s follows:

xample, that tho cumulative gradigimcurvo

Assume, for © tho particle size it

can bo accurately describad botween
xy and xg by the equatlon:



y = me*l
Where: X = size of sleve aperture

y = cumulative percentapge by w
through sieve apertgro i. eight of sand passing

The amount of material dz ranging in size from x to x + dx 1is:
dz = C(x+dx)™*1l . gxm+l

dz = Cx®*1 4 C(m+1)x™ dx + CSm+]zmxm'1(dx)2+ o =CxO*1
2|
Neglecting Infinltesimal quantities of order higher than unity:
dz = C(m+1)x™ , dx

In a mass of 100 gm. of material, the mass of particles ranging
in 8izo from x to X + d& is dz. This mass would contain:

dN = dg cubical particles of edge x.
Px3 Where y 1is the solids density.

In the range x; to xg, therefore, the total number of particles
is:

2 _ (2 x2
Ny = | Clmal)x™ ax o Cgmd)j xM=3 3
r xl

'xl ¢ x J

B2 = ¢ . (med) (k3 - x")
Y (m-2)

Tho urea per cubical particle is 6x2; for dN cubical particles
of side x 1t la:

ds = 6x2.C(m+1)x®.dx = 6C(m+l)x™"t.dx
o x° §

The total area of the particles ranglng in size . a X1 to Xp
is therefore:

X m 10N
X e m=l 4x = 6C o (med)(xg = X3)
0 c(rim)) e g L_p.‘_l

-

1

The total masz of the particles rancing In slze from x3 to Xp
is: .
e m+l)

z:; = C(m+l{} xMdx = C(x:e""'1 - X))
X

unit
Thus the specific surface aroca or the :urrzﬁgma;oatgeieu;::
mass of the sand ranging in particle sizo 1

12 - > ¢ - X m
sxlxa = ox) ¢ 6(m+1) X.!“*l 1 .
x2 2m Xgm - X1

SX1 o
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Thie calculation has been based
articles. If s 18 the surface
particlcs and 5 1s the real surf

x+dx
~ X+
sx = reaX dx

on the assumption of cubical
area on the basic of
Aco area then cubtent

or, assuming ry to be a constant,
S = r.s for any given sand.

Hence the real specific surface area ne
gand ranging from x3 to xp 1s given b?:r unit mass of the

Sx1xg = %F mtl . xp - xf

m xg*l N x?*l

This expression will be valid and will yield a posit
for all values of m, positive or negatize dirtegent %;Zmriﬁggf

The validity of this expression for tho specific
suriace area of a sand depends mainly on the accuracy with
which the expression y = Cx™*1l describes the cumulative
grading curve of the sand between the particle size limits
xq and xp. Expressing this relation logarlithmically:

log ¥y = log C + (m+l). log x
which {3 the equation to a stralght line on a log.-log. plot.

The accuracy of the calculated values could naturally
be improved if the value of r wore known. This could be
obtained fairly simply by comparing measurod values of the
specific surface area with values calculated f{rom the above
formula, This would hardly be profitable, howevor, as thore
1s such a wide variation in particle shape from sand to sand.
Valucs of r would depend on tho origin of the sand, its
zeological history and the constituent minerals of 1its grains.
in llg numerical work in this thesis, tho value of r 1s
assumed to be unity.

In order to determine suitablo limiting particle sizes
X1, %z and the ecnstants © and i, for a sand, tho cumulative
ading cuvrve of the sand was plotted on a log.-log. basis.

o particle sizes between which the grading curve was a
stralght line were chosen as X) and Xg. m Was ovaluated from
the siope of the straight line and C from the 1afercopt of
the straight lino portion with the "cupulative % Passing" axia.
Once these constants had been determined, the calculation of
the specific surface between the chosen limits followed simply.

It can now be shown that the area boneath the
cumulative grading curve for a sand is a measure of the
specific surfaco area of that gand.

Lot S.. be ihe specific surface of a glvon sand betwoen

tho particle 33ze limits O and x. Let Agg be the area undor
the gumu1at1vc grading curve betwoen thooiimita 0 and X.




f_%=gl‘ m .xm'fa
Sox  6r  (m+l)(m+2)

pu“"ins EZ m_ = R
6r (m+l)(m+2)

Agx = Rx™*3

Sox
Taking logarithms:

log Agx = 1log Sy + (m+3) log x + log R

This shows that there is thoorotically a linear relat
between the logarithms of Upecific buzfaco Arca andatégnxgéz
bencath the cumulative semi-logarithmic grndi 5 curve if this
curve can be accurately described by y = Cx™ Yf

Teo show that this is a general relationship for any
filter sand, tho specific surface areas between suitable limits
for 9 sands (which underwent extensive changes of grading in
the filter testsa) wore plotted on a log.-log. scale against
the corresponding areas under the cumugntivu grading curves.

The corrclation obtained ia remarkably good consideri the
extremely simplifying assumptions made ?n calculating th=:
specific surface areas. Thc major source of scatter 1s probably
neglect of the true valuc of the ratio r in the calculationcs.

The line of best fit for the correlation between the
Specifis Surface Area and the arca under the Grading Curve for
a sand was calculatod by the Method of Least Squares in the
mannor described in section (11) of the Appendix to this
chapter. The oquation to this line of best it 1s:

log o A = =0.465 logy, S + 1.99

1.00
A= 90, S-C'47
This oquation is of a similar, but not idintical form to thoe

theooretical) equation
A = R,xB* . 8

which can be¢ rewritten as:

The expori °2§°1 rosults show that tho averago value of
(Rxm+3 ST' ) 1s 9. This suggests that as the supposed

constant {s in fact a functlon ol the Specifls Surface Area,
the true relationship betwoen log A and log S 18 not lincar,
but of a more complex nature. The linear approximation 1s

probably closc enough for most practical purposcs.

ip batweon
Thus it will be accepted that the relationsh
the Aroa uédor a Orading Curve and the corresponding gpocizic

Surfaco Aroa 1a:

A = 9“%’ 8-0047

T™e Correlation Ceefficlent for tnis data {s r = «0.850 which
indicatos an excellent degrec of corrolation.
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The Area of the "Hygteresisn L t“
a _leasure of Particle uigratiogop as !

TP

?‘ ding duo to
If fine particles are being wa }%,f

of the sand, the sand as a whole 25 bogg;g" !a§£s§5°.ﬁ3d§z
grading curve will move from its original pofition towards :h
right-hand or 'coarser' side of the grading ghart. At ir ‘
game time its spocific surface area will b icro;si A;h
total decrease will bo measurcd by the arca §f the 1
petween the new and tho original grading curfes. g

Consider a sand whose
particle diffusion:- grading is ¢

2 t‘Simnca,x"%y. ir r}?o particles are e
sand, tho sand becomes finer, its gradi upve moves toward
the 'f’ t gide of theo grading chart and Lth

s %) o g 34 ng 425 iypecirio surface
filter tests, in
garsor, its

lowor portion grow

For the samples used in the standapd
genoral, the upper portion of the sand gron
specific surface area decreasing, while th
finer, its specific surface arca increas g4 Thls procoss
produced a double loop on the grading chaptgwith one portion
on each side of the original grading curve for tho sand, The
overall chango in tho sgocific supface area thn sample was
thus mcasured by tho difference in areas pefiioen the "coarser"
and "finur" hystoresis loops. o

24

(Note that the use of the torm "nysféresis" has some
justification. The aroa of tho loop reprosgnts, to some scale,
the work done by the percolating water on tHG nd in changing
{ts grading). fa‘ﬁ

Lah I

AS .t has now been shown that the.d lpa beneath a
grading curve is a direct measuro of spolhj 3 surface area,
the phenomenon of particle mi ration can Nog be further
investigatcd by setting up a {monsional refation botween
spocific surface aroa and othor rcasurable gropertios of a
Soil-Water flow aystom. W

LA 3
It will be assumed that Particle Kigr tion, measured by
changes in specific suriace arca 15 a tlon of:

{a) The quantity of flow Qe R

{b) The gonsity’(anﬂ hence the vold » tio) of tho sand ¥
(¢) Tho seepage force per unit vOlUmeRp = gl
The variables and their dimonaivi;i ro thus:

AR
variable Symbol ™ B Dimension
| 2 y-l
I Specific Surface Area S 23.2'1
11 Quant ity Flow q MoL=3
111 Soil Donsavy X ML-Ep=2
v Seopage orce P

Assume a réldtianship of the fovm:
H .'.-", ‘. ?Cn.‘. ;p?fi ‘0".‘..-_ . J
sping bhge 4 dimensto 1‘{0?;’ N
el il D ; ‘w1]e . ﬂ,
b ??'ﬂd}:: froift il " 4
o :3 5

.‘. "'.\ , ":
b 29 l_&-
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S Y T



Equating indices by the Principle of Dimensional Homogoneity:

2
«1 =b + ¢ . a = -2/3
B dsa ~ B ; Whenco: g . 473

Hence the relation becomes:

s =8, ¢y, Vs

where /7 13 a conatant of proportionality,
OR:

s =f1/3 . 23, 11/5. /1*0\4/3

qells 08' G'l)

Since g and ¥y can be rogarded as con
and for all sands: 8 onstant under all conditions

putting ﬁl/B gt/s = B (say)

‘W
S =B, 11/3{2_2‘)‘/3 = B,0 (say)
q /% (6-1)

The nett change in Specific Surface area due to the flow of
water over the duration of the test is represented by the nott
area of the hysteresis loop L.

i.e. F(Si - Sr) = L = 5(61 - dr)

Whero F( ) den tes the known relativaship betwoen S and L
and the subscr.pts 1 and [ represent, respectively, initial
and final conditions in %he filter test,

For the ¢ sands whnich exhibited significant changes in
grading, L has been plotted against ( % - O}) on a loge=log.
basis. Thero is a fair corrolation botween L and (03 - Op
and it seems rcasonablo to assume that a linear relation oxists
on a logarithmic baasis. This relation can be oxprosscd as:

log L = log (0y - Op) + log E
OR: L= E(0y - )
Whero E and » areo constants.
We alroady have tho relationship
Agx = RxM*3
Sox
If x 15 in thls case the largest particle size occurring in

faco aroa
tho sand, then S will be the avorage spocific sur
for the ;ntlgo agﬁplo and Agx will be the total area underneath

the grading curve. In this caase
\ ween initial
L = A°‘1 . Kbxf » the nott change in arca bdbet ?o.' y lal
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and final conditions. ASITRREN A LR T SO
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