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The curve for tho lower portion of the eyl
becoming finer, moves to the left, whiloytggd::;vghgo:agge
upper portion of the cylinder, the sand becoming gonerall
coarsor, movos toward the right (both relative to the ’
original grading of the sand). It 1s known, and can be casily
demonstrated that the area bLencath a Erndi curve on the somi-
torarithuic plot 15 a measure of the Specific Surface Arce of
the sand sample. The area enclosed by the "hysteresis loop"
theres e, Willl represent the change in Specific Surface Area
between the top and bottom portisns of the sample due to
migration of fine particles within the sand in the direcction
of the hydraulic gradient., This mcans that the area of the
loop ahogld roprescnt at least an approximate mecasure of tho
mass of fino particles which has nigrated duc to flow action.
This type of failure appears to be the most common occurring
}niiiltor sands, as four samples out of nine exhibited the
ailuro.

(b) It is possible for an overall loss of fine material from
the sample to its surroundings to occur. This results in an
overall coarsening of the sand, the grading curves for both
upper and lower portions ol the sand dropping below and moving
to the right of thoir originnl position. The best illustration
of this typo of fallure i1a fcund in the curves for the E.R.P.M.
Ash and the Tartleott's Sand. The overall lcss of fines was

in the form.~ case quite measurable, amounting to some 5% of
the original dry woight of the samplo.

The hysteresls loop again appears for thls typo of
fallure, but consists of twc overlapping portions, both falling
to one aide of the originnl curve.

It will bo observed that in tho cxample cited, the
matorial in the lower portion of the sample has undergone
relatively little gradin: change, while the upgor portion has
undorgone considerable chango. This is probably becauso there
was a ateady replacemcnt of [ine matorial lost from the lower
soction by fines from the upper portion of the sample.

(¢) It is possible for a physical reduction in the size of
the individual particles to take place under the influence of
the flowing water. This rosults Iin a gonerally finer sand,

which 18 also more uniform. This mode of failure is illustrated

by the behaviour of tho samplo of Docompsscd Sandstone, in
which the larger gravelly particles consisted of comonted
aggrogatos of finer sand grains. These acgrogations appear to
have disintograted wholly or partially dur?ng the filter test
causing the grading curves of both upper and lower porticns of
the samp’e to 'rotate! antlclockwises This movement has again
formed an "hystercals" loop in the tcoarse! portion of tho
radin; curves reprosenting an increase in Specific Surface
ﬁron due, not to tho influx of finor particles from outside,

but to the carminution of particlos in situ.

(d) 4 fourth mode of fallure is 1llustrated by the behaviour
of the samplo of Wit Ceep crusher Sand in which the lower
portion of the sample became considorably finer (as ovidenced
by the large movement of the grading curve toward the left)
while the uppe» portion of the sample appearcd to remain
relatively unchanged. Tho only oxplanation can be that the
nigration of finc material into the lewer portion of the sample
took place from the central rogion of tho test eylinder loaving
the upper reglon relatively unchangod. The contral portion

the toat cylinder was not subsoquently resloveds In same of
the special filter tests (to bo deacribed later) both upper
and lower portions of the gample appearod to have wasomo finer.
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However, as in all cases the grading curve for th
portion of the cylinmdor remained vggy close to th: :ggoinal

curve, this anomaly may be entir
in the sand. d cly due to natural variation

(e) Finally, the form of the grading curve ma
cersain casos, In most of thouexpogimonts? a1{h235§1§§§°° ”
positions of the grading curves were altered, their goneral
shape and form remained substantially the same. In a few
cases, howoyor. considerablo dopartures from the original
form wore ovbscorved. In the lowoer portion of the sample of
Crusher Sand 'A', for exeple, the grading curve developed
a flattish portion near the 50% mark indicatin; a dearth of
rticles of tho corrosponding sizes wiore none had beon
ofore. i.c. The sand was convertod into a "gap=-graded”
sand, In the case of the Witbank Sand, the tondency was for
the gradings of both upper and lower portions of the sample
to become more rogular and closer to the ideal 'Normal'
grading curvo.

It is not suggestod that the fivo modes of failuro
doscribed above are the only manners in which changes of
grading in a sand may occur. They roprosent tho sorved
modes which took place in thia series of tests and were
prooably governed to scmo cxtont by the method of teatlag.

The appendix to this chapter contains so\an pages
{llustrating the "before" and "aftor" grading curves for
tho remaining 7 sands tested by moans of the siandard filter
test. The first two sands have undergone definite changes
in grading while thore was no significant change in the
gradings of the remaining 5 sands.

(141) CHARACTERISTICS OF SANDS WHICH ARE NOT A
FILTZR IN THEMSELVES - AS APPARENT FROM

THEIR GRADING CURVES.

(a) The influence of the Origin of the Sand.

The origin of a sand appoars to have an importent
{nfluence on whether the sand will act as a riiter in 1tself,
or not. It is striking that most of the sanda in which
sicnificant chanses in grading did not oeccur during tho
course of the filter teats wore sands which at a previou: .ime
during thair history had beon subjocted to the action of
percolating water. Of the six sands which did not fail, throe
were river sands and onc was a crusher sand which had
previously boen in use in a slow sand aewago filtor. In
addition {o this, one of the twc remaining aands was an
artificial sand composed of siwvvea fractions of rivor sand.

of the nine sands wnich c¢id fail, onl{ two cou'd be
called rivor sands and these sanda wore actually taken from
doposits of sand in snclent river channels = not from modern

river bods

The sands exhibiting the wors! change?d of prading
wore artificial crusher ann&o. sands {rom ancient aeollan
deposita, now partially decomposed after dogositlon. and
sands formod from decomposed rocks. It wou d therofore
l{ ear important when selecting a graded sand for use in a
r gtor to choose a sand which In 1ts recont past has boon
sub Jocted to the action of flowing wator in nature.
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(b) The Influence of the 0
of the Sand. riginal Grading

It has become almost standard pract
Mechanics to judge the propertics of g nonf§3h§?13313011
such as a filter sand purecly on the basis of the particle size
distridbution of the sand., Not only is the grading of a sand
an casily determined property, but oxperionce has shown that
grading i1s one of tho most significant properties of any
.andéiczh::; oapociaglg 1? the design of filters, the
prac grown of basing a desizn entire
deducod from tho gradings of the eanda.uaggfly o priperstes

An inspection and comparison of grading curves for
sands which act as filters in thomaolvoasnnd :Ends which do
not act as filters in themselves will now be mada. The
grading curvoes have been drawn out on three bases: the non-
cumulative, somi-logarithmic or grain-size froguency curve,
tho cumulative semi-logarithmic curve and the log.-log.
eumulative curve, The illustrations which accompany this
section portray tho original gradings of the fifteen sands
testod, clasaified according to thelir behaviour as filters
within thomeelves.

The None-Cumulative Semi-Logarithmic Curve:

There 13 a tendency for sands which do not fail to
have hizher goakod, more regular grading curves on this plot.
Uneven, widely sproad peaks seem conducive to fallure. It
appears that the nearer tho grading curve approaches the
Ceaussion curve with a small scatter or a combination of two
or more such curves, the more likely is it that the sand will
behave as a filter within {tself. A very ood oxamplé of this
15 a single sizoed sand., It i3 common knsufedco that a single
sizod sand will not fall as a filter. It i3 possible though
that a mixture of two or more single sized sands may fail to
act as a riltor if the ratios botween succossive moan
particle sizes fall outside cortain limits,.

Considor for example a material consisting of a
mixture of sphorical part.cles of two 2izos eonly. The larger
spheres will tend o form a grain atructuro which will retain
the smallor sphercs (1.0, will filtor them) unlces the sizo of
the smallor sphoros falls bolow s cortain 1imit which duponda
on the tightness with which the largor spheres are packod. It
has been shown mathematlically that for the tightoot possible
packing of tho largoer sphores of diamotor D, the diamctor of
the smallor spheres must bo less than 0.1546 before they can
penctrate the matrix of largor spheres. For the loosoest
possidble packing of the larger spheres, tho diametor of the
smaller spheres must be loss than 0.,414D before they can

wash out.

The table which appears below shows that these ratios
of particle sizes do not hold for natural sands having multie-
potked non-cumulative urndlng curves. In the table D and d
ropresont the particle size dlametors gorresponding to

successive poaks of tho grading ocurvodss Oefe If a twin
poaked curve 1s assumed to roprosent a mixture of two sands

D and d reproacnt in turn tho moan particle sizea of the
coarser and finor sands. Tho sanda which falled would be
expocted to have smaller valuoa of d/D, but this is not tho
ense. The two sands which did not rnli have valuos of 4/D
less than the theoreticai limit of 0.154.
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Sands which did Sands which
not foil failed - wm
Yellow River Sand 25
White Rivor Sand 1.68 o0'03 o014
Witbank Sand 0.59 0,16 0.25
Eoconpoaod Sandstone 0.80 0.15 0U.l9
DeRePM, Ash 1.68 0.42 0,25

The Loz.-Loge Cumulative Grading Curve:

On this nlot the curves represeonuing sands w
bohaved as fllicers within themnolvgs have ggtondoncyhégsarda
more regularity than those reprosenting sands which failed.
dowevor, there 13 no clear-cut distinction between the curves,
the majority of which are stral; t lines over mo.% of thelr
lgnet?yand appear to follow the losin-Rimlor relation fairly
¢close .

Tho Cumulativoe Semi-Lognrithmic Curve.

The rrading curves plotted on this baunias once again
sxhibit a varicty of shape ari form for both sands which
falled and sands which did not fail, Two polius of intcrest
may be rleaned from a comparative study of the grading curves:

Any crading curve can bo partially described by twn
baaic properties: position and scattor.

Tho poaition of a grading curve could be sald to
docide the crain size classificatlon of the soll, e.ge« clay,
silt, sand or gravel, while the scatter 3zives a measuro of the
range of particle slizes covered by tho grading curve on elthor
sids of the mean particle alze.

A simplo, onslly obtalned measure of position, much
used in Soil Mochanies, 1a the percentace of 204l fines pasaing
the No. 200 Tyler sioveg Simple, symmotrical measures of
scattor are the ratics 85/018 and 90/01 which occur quite
commonly in Soll Mechanlcs. rom a 3tat 2&10&1 vies-point
these ratios aro_to bo preferred to Hazcen's Uniformity
Coofflciont u = P60/D1p because of thelr aymmetry .

On studying the grading curves for the 15 sands used
it was found that:

(1) Sands which do not behave as f{lters in themsolved
tend to contaln a larger percontase of particles
finer than a No. 2C0 slove than do sands which
wohave aa filtera In themsolved.

(11) Tne scattor of grading curved for sands which failed
tonds to oxcood, on the avorage, tho scattor of
grading curves for sands which dld not fall.

Theoso two statements woro tostod gtatisticallye.

(The appropriate calculations and theory ave to bd
found in the agction of this thesis dealing with the
ste:istical analysie of grading curvesle
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It was found with a confidonce of 74
river, pit and crusher sands which do not bestga:sngE?e:p.
within themselves contaln a larger percentage of particles
finor than the No. 200 slove. That is to say, on the average
e s of avosaiaie srpe Wulsh Sui) Vouls contain
8 187G of particles fin
8 AR E%IR sands Wnich 30 not fmile than the No. 200 slevo

Tho estimates of thce mean percentapoes of pa
finer than the No. 200 sieve calculated wi%h a 60 :gigigznco

were:

Sands which failed Sanda which dia |
not feil
"- ‘Noe. 200 11.23 &t 2.40 6.,10 ¢ 3.0‘
No. of cbusorvations 9 6

It must bo approcistod that these are average figures and in
thomsolves dc not moan very much. (% cannot be #aid without

alification, for example, that 1f the porcontags of particles
of & sand rinoer chan the No. 200 aleve oxcoeds %.14 the sand
will not behave as a filter within itsolf. The Crusher Sand
'Rt, for example, contalned a porcontage of 21.7 and yot
bohaved perfoctly under test.

It should be noted that the pnragrnph above applies
only to sands of the type dealt with in this thosis in wnich
F;rtlele aizos usually rangod from gravel sizes downward.
ese conclusions cannot be applied to silts and claya., For
silts and clays 75% and more of tho sample may be finer than
the No. 200 mosh siove yot tho soll may still bohave as an

(impervious) filter within itsell.

It was alss found that aands which did not behave as

Eiltorn in themsclves generally possessed larger ration of
85/D15 and Y90/Dyo than did sanda which did behave a8 filtors
within themsolvose The corrcaponding levels of significance

wore:
72$0
70%

A3 in tho provioua cnse the moan valuos for the ratlios wore
ostimatod with 00% confidence limits to be:

for the ratlo Das /D15
for the ratlo P90/Dyo

L

3ands which falled 3““::t'¥:§§ a1d
Das/Dy g 18,0 $ 1847 16.5 £ 6.8
D9o/D10 107.5 ¢ 49.1 32,1 £15.6

¢ west he strssscd once more that theso are averagoe figures

had =ust be pend in conjunction with the individual vnlues of
ho patir: for the several sands. TFor oxamplo the values °§'1
90/pyo for the sands which failed vango from 444 to 651 vhile
thote "for the sands which did not fall vary from 113.6 to 4.4,
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The various figures quoted abo
mean values of the % ~<No. 280 sieve, 53558: tg;dlggg}gtical
although they are subject to very wide variagion and ar%o
rhaps too 1ldealised and unrealistic could nevertheless be
used as a guide in sclecting sands for filter purposcs.

On the evidonco shown it would soem wise ¢
any river, pit or cruasor sands for which the % ':gotugggot
.1;ve °?°ng°g' s:y.‘sc. sIt wogld also be wise to limit the
alue o o <) or alternativol h .

80/10 to B ,° y the value of

A glance at the values obtained for the fif
typical sands used in this investigation will -ho: :;:2
these requirements are very 3tr1n?ent and would probably be
difricult to comply with in practice. In addition the figures
quoted are rather arbitrary.

The best indlcation of whether a sand will behave as

a fllter within itaelf will of course still be the triple
gartlclo size analysia filter test described here. It should
o :ointnd out at this stage (this will be amplified later)
that some of the sands which behaved as fllters within them-
selves falled by plping when omplogod as lavers in a zoned
filter deaigned to thu Terzapghi filter design eriter'a; while
others which did not behave as fllters within themselves
behaved perfectly when incerporated into o zoned filter.

REPORT C¥ THZ SPLCIAL PILTER TESTS INVESTIGATING
THE CFPECTS OF EXPERIMENTAL PROCEDURE

In order to eneble valid compariscns to be made of the
test results “or various types of sands, the stundard esting
proceduse previously described was decided on nnd adhored to
while carrying out the main aeries of fifteen filter teats.
The imposition of a standard taattng procedure, whilesimplify~
ing the experimental work and facilitating concluaions, does
1imit the validity of the results.

In order to extend the scope of the resulta . series of
additional tests were performed in which the standard teating
procedure was varled, one ‘parancter' at a time. The effects
which were investignted were:

(1) The effect of the shape of the sand particles.
(11) The effect of varying the initial density of the
filter teat samples.
(111) Tho effects of initial layering of the sample
due to segregation of fine material.
(1v) The effect of the direction of flow relative
to gravity.
(v) The offect of variation in the hedraulic gradient
across the samplo.
(vi} The effects of neglect of the factora of alr
segregation and purity of the {nflowing water.

(1) The Effect of Particle Shape

Theuretical considerations would lead ono to expect
that the shape of the sand particles would have a considerable
influence on whether a aand behaves as a f{lter within itaelfl
or not. The effect of sub-angularity and to & ﬁroator extent
angularity (for example in erushed rock and roc oplintorn) ia
to decrease donsity very materially in both the loose and dense
conditions. This decrease in denaity of a sand composed
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angular particles as compared vith a sand
composed of rounded particles arises due tgf.igggzzﬁagagzgding
of the sand grains. Thils looser packing leads to larger voids
and channels within the sand which might be expected to
facilitate the internal migration of soil particles by
groviding leas restraint both to their initial movement and

o their subsequent migration. On the other hand for the

same void ratio, a sand with angular particles would be
expected to be the more stable due to the greater frictional
and interlocking reatraint tc internal particle migr-tion.

To investigate this it was decided to compare th
pehaviour of two sanda of identical grading, one g::poso: of
rounded particles, the other of flaky and angular fragments.

Van Ryn Sand wae selectod as one sand. It is composed
of rounded to subrounded waterworn particles and when tested
by moans of' the spocial [ilter test shownd a failure of type
(a), &a well-devéelopéd 'hystervals loop' being lermed on the
cumulative seml-log. grading chart. An -r:fr101.1 sand wag
now made up of sand fractions sioved out from a crushed
Witwatersrand Quartzite conalattni of very angular and flaky

ticles. After mixing, the artiflcisl sand was resieved and
ts prading was found to correspond very clossly with that of
nutural van Ryn sand. The two sands were tested using the
standard procodure for this type of filter teat.

It was found that tho aand composed of angular particles

showed less grading change than the ratural vaa Ryn sand. The
natural sand showed vory signifisant prading changes with a
well defined coarsening of the upper region of the sample due
to the dowrward migration of fine material. The changes in
the artificiazl sand were so amall ao to be hardly significant.
The lower portion of the sample scomed to have become rather
finer, but the upper portion had undergone no porceptible

change.

The “altial vold ratio for the natural sand sample was
0.764. Thore was no measurcabl. consolidation of the namglo
but due to loas of finea of 0,98) of the original s0il welght,
the final vold ratio had increased to 0.776.

On the other hand the sample of artificial sand had an
tnitial void ratlo of 0.645 which decroased through consolid-
ltlog to 0,630 with an accompanying loas of fine material of
0e78 54

Theno vold ratlics show that the two atandard teasts
cannot directly be compared as contrary to coesmon experienceo
the deansity of the sand with rounded particles ls less than
that with angular particles. Thias very looao structure of
the natural sand probably arose due to uplift of tho sand
durins the initlal saturating procoess as a result of the test

eylinder not bolng completely full.

A botter comparison can be obtalined betwooen the
artifictal sand and a sample of natural van Ryn sand which waa
11?ht1 tamped into the test cylinder. This sample had an
initial volid ratic of 0.586 which increascd due to & loas of
fines of 0.47% to 0.535. Thore was no measureable consol=
idation. This sample showed grading changos of the same typo\
and of only alightgy smallor magnitude than the untamped samp.

As a rosult of these comparisons it would appear that
the offect of frictional restraint due to ai alarity of the
particles on the Internal migration of tho fine particled of
:n angular nand outwcighs tho effect of the increascd void

paco,
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As a result of this one test the indicatio
for scils of the same grading and of comparable vo?; :221§EAt
a sand conaistin? of' angular fregmonts tends to be more ntnéle
against change of grading than doecs a sand composed of rounded
partlcloa. This internal stability 1s probably due to a 13
greator internal frictional and interlocking effect betweon 1}
angular, flaky particles than betwcen roundec grains.

(11) The Effect of a \-rying Initial Donsity

The distribution of particle slizes and pa
has been found to have a very luportant inrluongorgéczgoah‘p'
density of granular materials. Dens'ty is found to be
{nfluenced not only by the degroe of .ineness of a material
and the range of particle sizes but by the distrioution of
particlo s ze3, Conversely, thorefc ~, {t seoms roasonable to
expect that the initial densityr of a fllter sand before any
flow hes taken place through it would influence the stabillity
of that sand against changes of grading duec to internal
particle rigration. A sand placed with a low vold ratio, for
oxample, due to the smaller sizes of its internal volds and
shannelas could be expectod to have a more stable grading than
the same sand in a very locse atato.

t
As it 18 very difficult to control the veid ratio of a :
sand, ooyond placing with a standard compactive effort, in the I
standard precedure used for filter tests no control of the void :
ratio was attempted. The sand was simply pourcd into the test
eylinders in the loosost poasiblo state and allowed to
consolidatc under the pressure of the percolating water.

Additional tests wore carried out on two sands to !
investigate the offects of varying initial donsity on the ‘
grading changes due to flow actlone. The two sanda: van Ryn
sand and Crusher Sand 'A' wore rather similar in shape of 8
grading curve a3’ the superimpoged curves for the two sands
show. The van Ryn sand consisted of rounded watorworn i
ticles while the crusher sand consisted of angular and
laky fragmenta, In cach cade the rosults of the standard .
filter teats conducted on loosoly placod samplos were com ed }
with those of identical tests conductoed on compactod sumples.

vor the van Ryn sand three sarples wore tested which
were prapared as followa: ]

| Initial Final
Method of Compactlion Void Void
Ratio Ratio

No compaction 0."6‘ 0.776 : !
10 Blows, 0 oz Tamper, 1" layers 0.526 0.538
30 Blows, 10 oz Tampor, 1" layers 04520 04554

L

In no case was there any observablo consolidation. 0
incroases in overall void ratio during the course of the tuosta
were dus to loss of fino matorial fiom the samples. The 4
grading envolopes for the various tests have beon ouporimgoao
and it will bo soon that thero 1s little roal difference °§W00h '
tho envelopes for the various sanples. However, tho mode ©

fallure is eiightly difforent fur the uncompacted samplo as
comparod wivu the compacted samples .
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For the crusher sand only two samples worec tested:

—

Initia
Method of Compaction Void ' 5%331
Ratio Ratio
No compaction 0.791 0.791
—
30 Blows, 10 oz. Tampcr, 1" layers 0.564 0.555

In noither croce was there any overall loss of material f'rem
tho sample. The overall void ratio romained ccnstant for the
uncorpacted sample as theore was no visible consclidation.

For thc compactod sample, utrnngely crnough, there was a
decrcase in cverall vold ratio dus to alight consalidation.
Both samples showod very sipnif’cant chunves of rradinz. ™o
modes of fallure ware slightly ciflercne for thv two casns,
Although both samplos hed -yl o2 a pure sdlgiribution ¢
the {incr particles, the griding curve of the lower portion of
the uncompact:d samply alad underwent a change of shapo.

Theoo two touts show that regardless of tra shapo of
thoe particles coustituting the ssnds *he densily at which the
filtor lever (s placcd docs not appear to have wich influence
on tho incernil stability of tho sand. In view ol the known
dependenco of density on tho shapa of tho grading curve,
however, it muy happon that “or aands with rndlng curves of
differont shapes tiho behaviour might be entirely difforent.

Apart from the above conslderations filter layors
should be placed in as dense a state a3 possible to achlave a
strong filter layer without any local zonea of weakneuss. It
was found in :osts cn large model filters (to be reported on
later) that litornal grading changes in a layer of sand wore
often initlatud locally by the oponing up of channels or
tpipes' through week zones in the filter layors.

(.13) Initia) lavoiring of the Sand

It wes found that no mattor how care..lly the tost
cylinders wero filled, some sorting of the sand took place.
This caused iegrogetion of the fine fraction of the sand at the
bottom of each s=all layer and rogulted in the comploted samplo
boing divided up by a serlea of closely spsced layors of fine
maserial. Tio sand immodiately underiying oach fine layer waa
gonor~lly c~iposod of the coarser prains and thua each layer
of finos was, in offect, filtercd by & layor of coaraor
matorial.

If th!s formation of 'filt r zkina! grovod practically
unavolduble under laboratory conditions, it 13 extromely
unlikely thet any practical filter would escape the formation
of this layuring during the process of lovelling the sand by
raking, otc. The only cbvlious way of proventing layeriny would
bo to place the sand in a molat conditlon.

It now seems cortain that when the perceolation of wator
commensos tarough any layer of artificially placed oun@ some
changes of gradq , will occur duc to a migration of fine
material ir the diroction of flow. Thia movement will contlnue
unti{l a steble filter structure 19 ostablished at all points
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