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SYNOPSIS:

Comparatively little 18 known about the behaviour
of filter sands when sub jocted to the action of percolating
water.

The magnitude of changes of grading due to percolating
water and the manner in which these changes take place are
descridbed and criteria are suggested for the selection of
sands which will not underge extensive grading changes.

Changes ~. grading due to physical and chemical
weathering of sand particles are briorli doscribed togethsar
with a series of tests on model sand filters which was
designed to tost the validity of existing filter design
criteria under severe conditions,

Information is glvon about the hydraulic behav. :r
of aands undergoing grading changes and variadble hydraula.
proportios are correlated with chungoa in grain atructure

and grading.



CHAPTER I

INTRODUCTION TO THE THESIS

This thesis 18 concerned malnly with the study of the
type of sand normally used in "soil englineering filters", that
is to say fllters incorporated in drainage systems, for the
relief of pore pressures in e¢arth dams, highway embankments
and other masses of earth fill; drains designed to reduce
hydrostatic uplift pressures bencath basement floors and
reservoirs; and filters desipgned to protect earth dams,
embankments, slopes and cther soil structures (rom both
intornal and external erosion.

Historical:

Although Soll Mechanics is one of the newest branchez
of Civil Englineering, the use of filtera for dralnage is vory
0ld and the principles of thelr usc have been appreciated for
many yeers,

Records of the design of dr.inage systems for ecarth
dams go back tc 1902 when the 125 ft, high Tabeaud Earth Dam
in California was constructed and provided with a compiete
internal drainage system.

Riutional methods of dealign for dralnage fiiters were
first applied In the 1920's when Harl von Terzaghi cmployed
& woifhtod relicf filter in the repair of concrete apron:s of
overflow dams in thoe Austrian Alps., Tho daslign criteria for
these and subsequont fillters have Leon based on considerations
r:snrdinc the stability and pormeability of both the foundation
and f'ilter layera,

Terzaghi's criteria for the dosign of layerod f!lters
wore extensively investigated on the bohalf of the United
States War Department by G.E. Bertram, in 1938, who used a
sories of tests on model filtors composed of layers of single
=ired seands.

Further investigations wero carried out during the
1940'a by the U.3. War Dopt. Those investigations took the
form of a sories of full scale field tests on the Sardis Dam
and wero usod to provide data fopr the doslign of both under-
drains and filter well points.

The latest i{nveatigation for which results have boen
ublished was carried out by K.P. Karpoff of the United Statos
guronu of Reclamatlion and lead to the establishment of a
further series of filter design critoria for filters conatruct-
ed of praded natural sands and also lead to a tentative
eritorion for fllters composed of crusher sands.

Summary of Presont llter Dosign Criteria

Existing data for the design of fllters can be
divided into two sectiona:

(1) Terzaghi's criteria extonded by the U.S. War Dept.
(11) The U.S. Bureau of Reclamation criteria.
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(1) THE TDRZAGHI CRITERIA:

The criteriocn to be satisfied if no foundation material is
to wash throuzh into the filter Yayers is:

D r i
15 FILTZIR - 4 toh

Dgs FOUNDATION

The criterion which ensures “hat the filter layer i: many
times more pervious than the foundation is:

D15 “ILTER >4 to$
D1s FOUNDATION

To proevent the washing of particles from the adjacen®
filter layers into the collecting channels and pipes the
eriterion is:

PIPE OR SCREEN OPENING d g Dgo of the adjacent filter layor

(11) THE U.5.3.R« CRITERIA:

The combined criteria for preovention of leaching and
sdequate increase in permeability from layer to layer are:

(a) Por graded natural subroundod materiala:

§ _Dso FILTER < 10
Do POUNDATION

(b) For graded crushed rock filtors:
6 D FILTER 18
< — <
Dgo FOUNDATIOR

When faced with the practical problem of the design of
a filter 1t becomes apparcnt that existing knowledge of the
behaviour of sands and solls when water flows through them io
very sketchy indeced. It is true that a number of empirical
rules for the design of filtors are avallable which have beon
found to give good results for moat of the time. These
dosign rulos, however, are all puroI{ ompirical and one can
never really be certain that they will work in the cese in
hand, The following oxperience can bte quoted as an example:
It was doclided to use a well graded crushed guartzite in a
drainage filter of a alimes dam on the Orange Freo State gold
flelda. The very flat aloping grnding curve of the crusher
sand bridged very well betwecon the fine ailt size particles ol
the slimes and the coarse crushed rocks of the filtor core.
The filtor as a whole satisfied the Terzaghi doaign criteria.
Before the installation of the filter, a model filter was
tostod and it was found that the crusher sand Jdid not dehave
as a filter within itself « the fine particles rapidly washad
out leoaving a skoleton of coarser grains which was unable to
retaln the slimes foundation. Sands which exhibit this
roperty of bolnﬁ unable to retain or filter their own fines
gnvo been namod "SANDS WHICH ARE NOT FILTERS WITHIN THEMSELVES'.
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I% is occurrences like thils that point to the need
for accumulatin: further knowledre about filter sands. There
are enough empirical rules. What i3 now required is knowledge
as to why and how filteors and sands operate and bochave as thoy
do when water percolates through them.

Any investigation into filtoers and filt,r sands should
embrace not only the behaviour of the graln structure of the
filter or 2and, but alsoc tho hydraulic bohaviour of the filter.
A filter i3 not just a collection of mincral particles arrangoed
in some geomotrical order. It !5 an hydraullc flow system
operating on and being opesated by the grain structure forming
its flow channels. It should be lnvestigated as such.

This thesia is designed to imsstigate the behaviour
of filters from a new angle. Tho objor- of the thesis is to
find out something at least of how filu rs operate, why filters
operato; how and why filters fail to .perate successfully. To
achieve this aim a number of scparate gnvostigation& have been
carricd out which may at firat appear ontiroly unrelated but
which, when considered as a whole, givo an insight into how
ard why filters and filter assnds behave as thoy do.

The Fileld Covored by this Thosis

Broadly spoaking this thesis has investigated two
aspects of the behaviour of fiiters and filter sands:

(1) The first section inquires into .he changes of
grading which filter sands undergo duc to various
causes. The three causos of changes of grading
which are invesatigated are: seepage forcos,
chemical docompesition and physical weathering.
It includes studies of tho mechanism, causes and
effects of grading chnngoa on the properties of
the sands thomselves and on filters incorporating
the sands, Criteria aro doveloped for the
condition that a sand shovld behave as a fliter
within itself.

The special apparatus developed for the oxperimental
{nvestigation 1s deuscribed and commented on.

The effects of iInternal grading changes on the
operation of layored protective filters ia
described,

(11) The second sectlon inguires into the effect which
the gradlng changes descridbed in (1) have on the
hydraulic bohaviour of filter sanda and a number
of semi-ompirical exprossions descridbing the
behaviour accompanying grading changos are dorived,
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CHAPTER _II

A STATISTICAL INVESTIGATION OF GRADING CURVLS
AND CHANGES OF GRADING DUZ TO THI ACTION OF
PCRCOLATING ATER

&

genoral:

The particle size diatribution curve or grading curve
is tho most convenient and in many ways thc best way o
desciribing a cohesionloss soil such as a filter sand., The
gradins curvo gives In condensed and pictorial form complote
inicrmation about the particular constitution of the sand,
Bofore going on to descrihe the testing procedure and apparatus
used for the oxporimental work, considor the possible sourcoes
of variation and crrors in grading curves. A thorough know-
ledge of the errors to which any testing procedurc is liabloe
and the abllity to analyse and Jjudgoe their relative importance
are indispensadble for reliable rosults., Statistical methods
onable one tc get an excellent idea of the accuracy of a sot
of figureas and to ostimate tho true valuc of a numerical
conclusion. All existing filter dosign criteria are based on
the use of a grading curve.

The Accuracy of any Grading Curve:

There are at least threo poasible sources of variation
which may affoct tho accuracy with which a grading curve can
be dote. mined:

(1) Errors in weighing.
(11) Errors due to sligh: differences in saleving
tochnique from sample to sample.
(111) Errors due to natural variation of the sand
from sample to sample.

Theae orrors are "confounded", i.c. they have a
combined effoct rather than soparato effects, and spaclial
teats had to be porformed to detormine tho offeocts of
individual sources of varilatlon.

Of these threo sources of variation tho thinrd was
found to be the most serious. It 13 obvious that even in a
very homogoneous mass of sand natural variation will exist
from aump?e to sample. Thia variation doos not present a
very big problem whon the samples avallable for sleve analyslis
are large. liowever, In this caso, owlng to the enoral small
gizo of the samples used, a largo natural varlation could be

expoctod,

The investigation of these three sources of error will
be doacribed lator.

Ghe OGrading Curve in General:

Statistically, the grading curvo may be analysed as
follows:
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A sample of sand is welghed and has woight W ..ivvevcieasa(l)

The sand will contain particles of various s3izes and it is
postulated that:

W. , = Welght of sand in a sample with particle
.1" .’x 00.....'.0‘.lll.lO..I.0.............‘.....(2)

(w(x) is further assumed toc be a continmuocus and
differentiabla funccuior),

The eand 1s hen sleved through a succession of sieves
with opening: of size

Xk / xk'l > xk.a essetrssnae O ‘1

On the aieve of size x,, sand of welght which wlil be
denoteri by

w b 'k - d"k 13 Potainod o'ooooaoaoo-ono»oo.ococoooooco‘S)

Thus we = W - W) 15 an estimate of truoe W

) for this
sample of sani.

(X‘

On the next cleve of alze x, ., sard of wolght
:?'k-l = 'k - 'k”l in retained oooooooooooonooo-ootoooooo(‘)

Thus 'k'l = 'h - g'k.l = W ’."k ‘u-'k-l oo.-ooooooco.ooooo(&)
{3 an estimat( of true W/, . for th's sample of aand.

Coatinuing in this wey a sor'cs of 'measures' aro obtained
which are arringed as follows:

TABLE I
Size Obaorved Wta, Cbserved 'it.
Class Interval Retaired Losa Than
0 = Rl - lezs than: Xl '1
X1 = %g =Wy
X2 = 83 '2 xs '3
. . . .
. . . Ll
Xkel * “k " Fikel Xp g
o Xy Wy w
W
B e )

The baaic observations in any sieving teat are now taken to
bc '1. '2. '3. T YR EEEREE] 'ko

So far, concorn has been shown [or finding the true W(y)
for one samplo of aand. But succeasive samples from
nominally the sume sand are expected to differ a little one
from another. What is really roguired ls the 'true' W(x*h
for the bYodr of sand from which the samples arc drawn. is
will be dented 8} N(x) when it 1s deaired to distinguish
clearly betroon W(,) and "(x) for a particular asample.
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The problem now resolv.s itselfl into two:

A: Tho problem of choosing a mathematical form for W(,) and
ostimating the constants in it.

B: If this cannot be done an attempt can bs made to define
certain parameters in W(x)’

This can be done even thoupgh the exact ft'orm of W(x) is not
known and the parameters can then be ¢ 'timated.

The Semi-Logarithmic Grading Curve

The semi-logarithmic grading curve in which particle
sizes are plotted to a logarithmic scalo against the
percontage finer than that size to a natural scale is the
most familiar and widely usod form of grading curve. Ouitrble
parameters can be defined and estimated as fcllows:

Put 2 = log x and rowrite tablo I as:

Observed Prop- Observed Prop-
Size ortion of Wt. ortion eof wt.
Class Interval Rotained Less than 2
w.
- > %0 23 'l/w = py; Less than:z) i P1
w
2y to 2p "1 = Po 2o Spi = pg
. 4 . . . .
w _ w
mato T ng e T
over z, TR =Py ° 1

If the assumption that W 1s a known constant is correct (as it
{s for all practical purpcsca}, then the now variadbles pj;, P2»

s ssese OtCe romain independent within cach sample and
gidopondont from sample to sample.

W(x) tronsforms into W(‘). (any) .......................(6)
Define

P(‘) - w‘zz l.00 T(z) - wsz! oo-ooooo.oo-oooooco-oo‘:)
W W

The values of py are 'obsorvatlons' of P(z,) and
p!‘ * p21 + pst + TEEEEE L (th’ muan fl‘Om k .mpl‘a)

k
s an observation of P(g, ).

The practical offcct of the transformation 2 = log x 1s in many
cases that P(,) 13 a reasonably symmotrical 'sigmoid' or
'Seshaped' curve, whiloe dPSzz becomos a falrly symmotrical

dz
tboll-shaped! curve which has the property that:
z
J .
J Targ)dar =t Py - Py
§

= Proportion of welght botwoen
‘sizes! 21 and zj coooooaonooaoooo(a)
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Although the exact mathematical form of P

(z) - dp(z) ia

2
unknown, the curve posscases "position" and "scatter".

Possible measures of these are:

4
.= [. 2 P'(,) dz
+ o
’za " /{“(2_3\2 P'(z)dz Ooooooooooooao00000000000'0(9)

These can bo estimated lndependent of the exact form of P(,).
As an ostimate of ¥, §can be used,
WhOPG ? » pl_’l *‘\pl‘_a +Ap293 + e e

+

*‘\pk‘lb‘k I.\kako-l BT EEEE Y 0000000(10)

In which the §, (1 = 1 to k*l) aro pre-assigned values of gz,
one within cach class interval (thoseo are conventionally taken
as the n=inal particle sizes themselves).

ir E(?) 18 the 'expected valug' or 'true mean valuo' of?.

then:
72 4

/%1 2
B8 =1 [ Pg)e g2/ iz e
- 1

’Jkﬁl ”‘”P'(;)dz ..oooo-ooooooooaooooooooo(ll)
/zk

If tho ¢, were properly choson, then from tho mean value

thoeoroems “this would be:
Z1 2o r e
/ z "'(,_)dz ’J 2 P'(z)dz * 000 *‘/ 2 P'(z)ds
ol 1 k+l

4~

= I’Z P'(z)dz 55’ ..ooo-coooooocoooc.oo.o.oaooao-oo(la)

Unfortunately the correct ¢, are unknown and whatever set is
chosen will give an E(?) which is only slightly bilassed. l.0.

E(j) = § + slight hianas

If tho same §4 is always used, tho blass should be of the same
order from cne sample to another.
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As an estimate of 0%, 92 can be used whero:
_ 2 2
62 = p1¥) "'Aplj’g ¥ 20a +'~\pk-13'k2 "'Apkgk+12 - (?)2...(13)
Then
2p

E =9 %J[ZI ! 2 [
(8°) © 51 . Pligydz *+ 3, )zl P'igydz + ,...

o

R 5k+12\/ Plig)dz - §°
k

‘f’zp'(z)dz -2%
-

+ o> o
E(GQ) =j.(x‘z"e) P'(z)dz ..ooooonoooooaoooo300000000-000(14)

The Special Caro of the 'Normal' Grading Curve

The so-called Gaussian Normal Curve or Probability
Curve holds a very important pl icc in statistics ond a great
deal of very useful theory has been evolved on the assumption
that the obaorvations being considered follow the Nermal
pattern or "have a normal distribution".

It 18 found that a large proportion of naturally
occurring sands have gradings, whfch when plotted on a somi-
logarithmic basis give very close approximations to a curve
reprosonting the integral of the Normal Curve function. bNost
eruahed products alsc have gradings which have an approximately
normal form.

The normal grading curve can be completely described
by two parameters. The cur.y has tho form:

1 (= -5')2

’ -
t 2 dz 0.....'..........(15)

/2
P ) =/
(2 L \/ﬁ w'oz

The corresponding curvoe estimated from any sample would be:

p( ) a[ 1 .-11-'0(2 .‘:)Sdz oooooooooo-o-ooooo.‘]g‘
2 / '—_—‘ “2°rz~
-m.l Endz !

Where oy, 3{,.3.8 have the algnificance of thoe previous
paragraphs. -

If it is reasonable to assume a normal particle size
distribution, standard statistical thoory can be applled to the
observations 1If requiroed.

Evon if the form of an individual gradling curve does
not approximate very closely to the Normal form, how.ver,
statistical theory based on the assumption of a normal
distribution can still ba of considerable use. It can be
proved mathematically that oven if a number of seots of
obscrvations of a certain statlstical variable are only
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approsimately normal, the distribution of the means of those
observations is very much nearer normality. The work which
follows will be concerned mainly with the means and standard
deviaticns of particle size analysis observations.

Significant Differences Between Grading Curves

In Chapter IV an investigation into the grading changes
undergone by a soll sample due to the percolation of water {is
described In some dotail.

The baslc problem which had to be solved was as
follows:

Two grading curves worec available after testi - one
ropresenti the purticle size distribution of tie sand in
its original atate, the other representing the particle size
distribution of the sand after being subjected *to the action
of percolating water. In practically ovory caseo therc was a
visuanl differaonce boetween the two curves. This difference was
possidbly due to two main causes:

(1) The differencc in gradings could have bcen a real
difference brought about by internal migration of
sand particles within the sample caused by the
action of the percolating water.

(1i) The difference in grndings could have boen apparont
enly - as the result of random causes of variation,
viz:

(a) Differonces in sieving technique from sample
to sample.,

(b) Errors in welghing during the particle size
analyais,

(¢) The result of natural variation within the
mass of sand from sample to sample.

What was required was a reliable "rule of decisfon”
which, in the majority of caacs, would enable one to decide
confidontly whether an observed change of grading was
significant, real and caused by flow .ctlion, or whather it
was probable that the change could be due to chanco only.
Here agalin the use of atandard atatistical theory was invoked.

The trostment of difforoncos depends on the following
fundanmental thcorem:

If a statistical variable x has a frequency funetion
(og diatribution law) F(x) with a true mean ¥ and true variance
a“3 and variable y has a froquency function g& ) With true
mean “| and truc varlance o'%. i and 1f both x an¥ y are
statistically (or ntochastld& ly) independent, thon z = ax + by
has an unknown troqgoncy function with a true mean a$ + bmn
and truc varianco aox? + bloy=.

This thoorem 18 ontirely indecpendent of tho
distribucions of the individual variables.

The theory 1s applied a3 follows:
The seoparate gradlng curves are each assumed to

reprosent random samples from Normal "populationa". Thero
immodintely exlat tho following posaibillitiea:



(1) The grading curves could represent random samples
from the same¢ Normal popuiation.

(11) They could represent random samaples from two normal
populations with the same means and different
variancos.

(111) They could represent random samples from two
entirely different normal populations.

Investigation of Difforonces betweon tho Means.

Assume that measure x has true meant , true vnriancg

2 and that moasurc y has true meanm and truc variance oy
and that these measures are Independent. Then it can be
proved that:

measure X has true mean ® and truo varlance okz ny and
moasure ¥ has truec mean®), and true varianco oy*/npe

Where X, ¥ are tho estimated means from the samples and nj, ng
are the rumbers of observations in each sample,.

In addition, the theoory suggests that the distributions
of X and ¥ are nearly_normal. Applying the fundamental theorem
above: the variablo {? - é) will have true mean (7 - ¢ ) and
true variance ox“/n, + oy®/np and will be nearly normal aince
it ropressnts tho differonce betwoon two nearly normal
variadbles.

Ancther thoorem oxists which states that

Ue (F-X%) = (=) {s approximately normal with
: soro moan and unit standard
| o g2 . o 2 deviation.

N ne

Howevor, as the true valucs of %2, 0,2 are unknown, ostimatos

of the variances &°, By® must be useld in the expression for
U pgiving:

t e (=X - (n-f)
(a8 &F
N M 2

This variablo can stlill be rogarded as noarly normal with zero
mean and unit standard doviati n provided n; and np are large.

Let t,gs ropresent the value of t such that, on the
average, 95% o? valuee of t lle betwoon 1 t gg

/I'T“ \
/ | -9.')7. ol
, * '\ pgbservations
2T 4 | ol
-—_.gl _1 :
-t +t095
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1.0 (¥ =X) - ('L~ §) 1les botweon £ t,o: on about

&2 * aya 95 tmos 1“ 1000
N ™ 2

or (¥ - X) lles betweon (0 - %) 2 .95 ?53 ! fLe

n
on about 95 times in 100, g -

Whonever this statement is truo, then it 1s true that (v - §)
1ies between (¥ - X) ¢ t-95[ axﬁ " §i3 with 95% confidonce.

Al B ng

If (9 =€) has a valuo significantly different from
gero, it can Be concluded that, with 85, confidence, the two
variables have differcnt meana, and vicee-versa.

Values of ¢t for any desired confiderco limits are
tabulated in any stardard statlistical text book.

Investigation of Differonces botwoen the
Standard Doviations

In comparing variances, It proves most convenient to
study their ratio £.2/8;2 and docldc whether this ratie differs

significantly from unity.

In the troatment of variances two more statistical
laws of distridbution are intrcduced:

(1) The CHI-SQUART DISTRIBUTION with f Degroes of Precdom
which 1s defined by:

f£(z) = Cp 2f/2°1 o=2/2  pop 27/ 0
f(.)!o t‘or:LO.

This yields & cne parameter famlly of curves of parasotor
£ tormed "f Dogrees of Froedom”.

(14) The VARIANCE RATIO DISTRIBUTION which 1s dofined as follows:

If'n?has a chi-sguare distribution with ) degroes of
freodom, and

'ﬁfhna a chi-squaroc distribution with t2 degroes of
froodom, and 1if 4121nd faaaro independent, then

v = *12/1'1 "‘{;a/re has a variance ratio dlstribution with
fq and f, degreod of frocdom

ri/2 -1

f(y2) = C (v®) for 0 = ve.- s

——— T3 * 1g
(ry + r2v2) 1 ¥ s
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The applicatlion is as follows:
It can be proved that (ny - 1) éﬁi has & chi-squars

2
Ox
diltribzzion with (ny = 1) degrees of freedom and (np = 1) R
s a chi-square 41 .
g:oodom. q stribution with (ny, - 1) degrees of EE!
2 A N,
So that v© = 252 /o 2 has a variance ratio distribution with
o2/ a
x /' Yy

(np = 1) and (ng - 1) degrees of freedom.

If it is assumad that o2 2 ~£2/52
can be directly observed. u "%y il % / %

it 0*2 = 0,2 then v2 comes from a "varlance ratioc

population”, if v@ 1s tco large to_reasonably bel t
population, then the aasumptign ox? = oy® llysuSpggg. C

Tabulations of the Chi-square and Variance Rat
distributions are readily available, e

THE VALIDITY OF THE INITIAL ASSUWLITION OF
A NORMAL PARTICLE SIZE DISTRIBUTION

It has already beern stated that the statistical theory

here used depends directly on the initlal assumption of a
normal particle aize distribution on the semi-logarithrin

ding surve plot. It has also been stated that even if the

istributior of the original cbservstions were only vaguely

normal in form, the distribution of the means of those
observations would bo much closer to .normality. It is on this
argument that the treatment of significant differonces betwocn
grading curves ia based.

The closeness (or o*herwise) with which the original
particle size analysis observations follow the Normal
distributior. can be teated objoctlvol{ by the use of a
statistical tcat for "Goodnes: of Fit" - the CHI-SQUARE TEST.

The tost 13 aa follows:

An hypothoals is set up a3 to the law cf distribution
and its mathematical form. Tho parameters {n the chosen form
are then oatimated and it 1a desirod to know whother the rosult

is plauaible or note.
Suppose that in n statistically independent observations
certaln eventa ocour Iy, fgy fg srevres £ times, whore ; Ly = n
The choasen hypotheais suggests that tho respective
P!‘Oblbllitlo! are pl. pc. pa TEREELE pn. 'hOPQLP % le

Honce in n exporimonta tho eventa can be expected to occur
I\P]_. npa, npa EEEEEE R npk timed
Thon, according te the theory,

e 2
(£ = npy)® + (£p = mpg)® & eevee ¥ U= MR =
. o Th licatl
has, approximatol a chl=square distribution. o application
of %hopgont 1a bcgz 11lustrated by examplo.
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In order to illustrate the
practical application of
the above theory, a cqmplote sct of typical caggulationn will
be found in the apponcix to this chapter. The calculations
g:;df?:'a(;zgig::tggildu:oglin the experimental work - Crusher
otails se S
comprise calculations for: h SR . SR -

(a) Sample means and standard deviations.

(b) Teats for signifieant differcnces between the moans
and varlances.

(¢) A Chi-square goodness of it tea%.

THE INVESTICSATION OF SOURCES OF RANDOM
VARIATION IN GRADING CURVES

Random variation in graalng curves, as proviously
eiP::ined. may arise due to any ccabination of thrco possible
cau s

(1) Trrors in weighlng during the particlo size analysis.
{11) Errors due to slight diflerences in sleving techniguo
from sample to samplo.
(111) The eoffocts of natural varlation of the sand from
rample to samplo.

(1) The Lifect of Velghing Errors.

The basie observationa taken in any sieving amlysis
are the welghts wy, Wp, W3 ..ecee Wi, Where wy is the observed

welght of sand of particle sizc less than xy. (sce Table I).
it would lgpoar that the errors in theseo woighingu aroe
statistically independent - a point which is made use of

subsoquently.

Suppose that wy, contalns a positive orror oy, i.e.
teo much sand hes been rotained on the firat aleve. "Wy will
thon have a negative error =0y.

Thon . Wy will automatizally have -oE as part of 1its
error due to lack of the sand which ought to bo there, but has
been accideontally retained on the proceding slove. LWk.] will
also contain other errors ox.), say, due to faulty sieving

technique, etc.
Then: Wy 3 = W = AW, = /W)

a W ety = o = OWp.y + 0 = Oy

'k'l & '(xk.l) - ok-l

This shows that this estimate has an orror which 1sa
{indepondent of the previous errors.

The assumption that the orrors in the measures are
statistically independent 1s vital in what followa in the third

part of thia sectlon.

(11) The Effect of Sieving Technigue

In order to discover what offect aleving technique had
on the results of a sicve analyals, a special teat was carrled
out. A sample of Jukskel River sand was slevod throuﬁh a

sorics of sieves in the normal manner ueing a "Ro-Tap

mechanical slove shaker and a ajoving time of 5 minutes.
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The sleves were then carefully emptied and cleaned into a

large basin, groat care being taken to avoid losing any sand,
The sand collected was then sub jected to a further sievo
analysis, tho method used being identical with the first. The
results and a comparison of these two analyscs are shown in
thq appendix to this chaptor. It will be sccn that the
differences between the two gradings obtained in the succesaivo
tests are 50 small as to be hardly distinguishatle on a graph.

Since both the aleving time adopted (five minutes) and
tpo meochanical shaking were standardised for all tests, it can
thus be concluded with reasonable confidence that any orrors
duo to sicving technique were negligible. In addition, since
these results must also reflect any weighing errors prosent -
as shown up by the differcnce in the total woights of scil
rotained in the two a2fevings - it appears that the sway of
weighing errors ovn the results is also nogligibloe.

{114) The Effect of Natural Variation of
a Sand from Sample to Sample

To discover the extent to which natural variaticn
affects the results of particle size analyses, a special series
of four tosts was performed. Four samples of approximately the
saze size of Jukskel River sand (see the “ample gndcx for
detalls of this sand) were sleved completely Independentl
using the same rest of sleves and identical sieving tec que
oach time. The Jukske’: River sand was chosen for these tests
a2 it was conaidered that in samples of amall slze the sand
would show a higher degree of natura’ variation than any other
sand being used, Théreason for this was that ths sand ccne-
tained an appreciabla proporticn of pebbles over § in. in size,
several of which welghod up to 10 grammes each. The additicr
or subtraction of cne such pebble from a small sample could
quite noticeably affect the resulting particle size curve.

Statistical methods wero then applied to tr. results
of tLose four teste in order to determine the limits within
which, on about 95 timea In 100 samples, the grading curve for
the Jukskei River sand could be expected to fall (provided the
constituticn of the sand was not drastically altored by some
external agency)., These limits will be roferred to as the
"as? confidence limits" for natural variation of tho sand.

Due to the large amount of testing roquired to satablish
those confidence 1imita for just ono variety of sand, 1t did
not prove practicable to repcat this procodure for all sands
usod, This serles of toats does, however, give a valuable
guide to the extent of the random variation due to natural
csuses which can bo oxpocted in a sand taken from a small
locality. Naturally, such 1imited toats can tell nothing
about the natural variation to be expocted between two samples
taken, for eoxample, from the same river bed, but 100 leot

apart.

It 1s considered that for the normal well mixed
laboratory bag sample, such a sories of tests can give all
the information roqu'red. Although no gimilar information i3
available for the other sands used exporimontally, it 1is
reasonable to oxpect that, as the other sands used woro
generally finor, they would not exhibit a natural variation
outatde the limlits obtained for the Jukskeil River sand.

The mcthod of obtainin% the probable limits of
variation will now be cxplained.
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The accompanying calculation shecet was preparecd
four samples of Jukskel River sand. Cortain digrego::oar:;e
evident betweon the samples and these differences are thought
to be due to threc sources of variation: Weighing errors,
sioving tochnique and natural variation. It has already been
shown that the cffect of the first twe items 12 negligible

and furthermore that the errors in individual measures of the
sicving analysos are statisticelly indopendont. It 1s also
reasonablo to assume that each sleving analya.is 1is
statistically indepondont of the other three. Thus as a
result of tho fcour analysos wo have four indcpendent values of
wy, four independont values of w#p, etecs If all these
assunptions are corrcct we have an array of four mutually
indepondent observations corrosponding to cach siove, cach
array bolng independont of any other array of observecicns.

The problem now roduces to [inding the numerl!eal range
within which the truc moan of each valuc of w (or pﬁ) lioa.ns

Whon considering & large mumber of obscrvations this
can be dono as follows:

If 1t is assumod that one i3 dealing with cbservations
which have a normal distribution, then the form of the
froguoncy function of the population will bo:

x =£\°
)

-
ol

-4
o

o~

o

e

fix) =

Y

%
S
Q

Where ¢ represents tho standard deviation of the obseorvations,
¢ reprosonts the truo mean of the obaervations.

2 o 2
Also: o” a%’ !x -s!

¢
For the diatribution of the mean %, it can bde shown that

-g.‘! -’2
(%) ‘J-n-'- Le Lo
2T o

Also v = X - & 13 normally distributed with zero moan and unit

GXJK
standard deviation., And 1t can be shown that tho Probability
Ul oz 1.96}= 0,95 1400 IU| «= 1496 occurs about 95 times

P
1n' 100 or % giua botween § 2 1,08 o about 95 times in 100.

n
Whenover this is true, then it ia true that § l1ies betwoen
! : 1.96 76","

This oxpresalon gives the 21
sample mean.

¢ confidonco limits rorf. the truo

In practice, however o 13 unknown and an estimate »
has to bo uzod. In'thia caso a diastribution function 1s

& oin
Thia di{stribution function {s known as STULZS
DISTRIBUTION in which t = X ‘

NT'S 't!
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Thus for snall samples tho confidence 1imiis become:

- k3 ' ;
€ 11er boiweon X % c,gs’.f_(xi - %)° with 96% confidonco.
A a(n = 1)

The factor t depends on the number of observations
available (or on the Dogrooa of Freedor). In general t has
(n = 1) degroos of freedom, so that in this caso with sote of
4 obsorvationa, t has 3 deogroes of freedom and a value

t(.m’ 3) ¢ 318,

The above theory was applied to the results of each
sieve in turn to give the confidence limits shown on the
accompanyin: chort and grading.

CONCLUSION:

The use of statistical mothods for the estimation of
ruantities :tnd as a ~ulde to decision making has proved very
useful in thls work. OStatistical wmothods carnot glve an
absolute ansver to any problem, but they yield an unblassed
estimate of the truc answer and indicate the lim! s of
uncartainty of that answer. A knowledge of the ilaits of
uncertainty is very useful in evaluating tho re’lability of
any set of experimental data. In the great majority of casen
decisions ani estlmates can be mado without statlstlics. The
statistical analysis mercly conlirms th: decision and ostimatos
its reliahility.



CHAPTER III

THE APPARATUS AND TESTING PROCEDURE DEVLLOPED
FOR THE INVESTIGATION OF FILTER SANDS

DESCRIPTION OF THE AFPARATUS USED IN
THIS SERIES OF TLSTS,

Introduction: The Purposcs of the Apparatus:

The apparatus dovelspoed to deal with this invectigation
was designod to provide informaticn about:

(1) The %rading changes which take place in sands under
the influence of percolating wataer.

(11) The hydraulic characteristics of tho soil-water flow
system via parmeability tests.

It was this latter object which required most thought
in the deaign of the apparatus.

All forms of permeability test are notoriocusly
unrelinble unleoss spocinl steps are taken tc eliminmato, as
much as posaible, the soveral "side effccts" which may occur.
Exporicnce has shown the importanco of these side effocts to
be such that if no steps are taken to eliminate them, they mey
complotoly mask the true permeablility characteristics of the
soil belng tested. As far ns is known, all these slde effocts
load to valucs for the permeability less than the truc values.
The main effoects to be guarded agalnst are!

(a) A low and decreasing Degree of Saturation of the
sell samplo arising:

(1) due to the presence of air éntrapped within
the pores of the sample during the initial
saturating process, and

(11) due to subsequent progressive sogregation
of air within the soll voids as a result
of alr roleased from solution in the
porcolating water.

(b) The formation of imporvious ‘'skins' within the
filter duc to algal growth.

{¢) The formation of similar filter 'skins' duo to
the filtration of impurities in the percolating
water.

It was found durlng the tests that no danger of algal
rowth arosc provided the duratlon of the filter tosts was
imited to about 24 nours and the fllter system was shaded

from direct sunlight during this period.

In ordour to avold the formation of 'skins' due to
impurities in the wator, distilled wator was used initially
for all tests. H rever, it waa subscquently found that
ordinary mains water (as su plied by the Rand Water Board)
contalned so little matter in suspension that it could be used

without ampprehonslion.
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The dcgree of saturation of the soil &
. url th
was cowtrgllod (a) bg‘n carefully dosigned testi nsapp:r::::
and procedure, and (b) by the use during the initial stages
of tho tost of de-aired distilled water. Incideontally, the

lack of oxygen in the water acted
of algal growth. cted as an additionmal innibitor

The paragraphs which follow will describe the con-
struction and layout of the P{lter Test Apparatus and the

Water De-Alring apparatus. Draw
the doscription., awings and photographs accompany

Filter Tost Apparatus : Test Cylinders.

The samples of sand tested were contglined within

glass cylinders of 3 in. internal diamoter, in.wall thickncas
and @ in. in length. The cylindors were closed at each end by
;hromlum plated stoel ond plates of § in. overall diamcter and

in. thickness, The opposite rims of the glass cylinder
fitted into circular grooves cut in each ong plate, the cdge”
sealing epgainat rubber 'Gaco' rings inserted betwoeen the
grooves in tho motal and the rims of the glass cylinder. The
eylinders and ond plates were clamped together by means of
throe 3 in. diameter stecl bolts fitted with washors and
wingnuta. Wator was fed into and out of the cylinders by
moans of brase nipples scrowed into § in. diametor holes
tapped into tho contres of each end platc.

The sand sample itself was containod betwoon porous
pllgol fitting closely the inside of the glasa cylinders and
of # in. thickness, The porous discs wero cut from a ceramiec
filter tilo and offorod negligidle rosistance to flow, but
actod as spreaders to the inflowing water and eliminated
dlsturbance of aither end of tho soll sample due to turbulence
;1§hor whilo saturating the sample or during the courso of the

ilter test,

The eylinders were connected to the rest of the
hydraulic circuit by means of rubber tubing pushed over the
brass nipples and held secure by rubber bands.

Each glass cylinder bore a label glving its
{dentification numlor, carefully measured cross-aoctional
area and woight. The test cyllinders were supported during
testing on a special rack bullt of 'Dexion' angle.

Fllter Test Apparatus : Hydraulle Circuit.

The hydravlic clrcult for the filter teat apparetus
waa arranged as shown in the diagram. The initial portion
of the teat was run on de=-aired distilled water contained in
a 20-11tro carboy with a bottom dellivory outlot. The con-
struction of the carboy and its assoclated connections will
bo described in dotall as part of the water deo-airing apparatus.
The head used was approximately 9 feet ani was supplied via a
simple overflow type constant head chambers This over{low
chamber was fed by a trickle of tap wator, the ovoerflow dis-
charging into a aink. Tho delivery from the constant hoad
chamber fed into a large moteorologleal balloon contained in
the do-aired water rescrvolir and aopnratin? the de-a%red
distilled water from tho tap wator. This inflowing “ator
displaced oqual volumes of do-aired water which was fod into

tho uppor end of the test cylinder.
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