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SYNOPSIS:

Conparatlvely little Is k n w n  about the behaviour 

of filter sands whon subjocted to the action of percolating 

water.

The magnitude of -hangos of grading due to percolating 

water and the manner in which tho3e changes take place aro 

described and criteria are suggested for the selection of 

sands which wiil not undorgc extonslvo grading changos.

Changes rA grading due to physical and chomlcal 

weathering of sand particles are briofly describod togothsr 

with a series of tests on model sand filters which was 

designed to toot the validity of existing filter design 

criteria under severe conditions.

Information is giver; about the hydraulic behav. :r 

of sands undergoing grading changes and variable hydraulu 

proportios are corrolatod with changes in grain structure 

and grading.



CHAPTER I

INTRODUCTION TO THE TKESIS

This thesis is concorncd mainly with tho study of the 

type of sand normally used in "soil engineering filtors", that 

is to say filters incorporated In drainage systons, for the 

relief of pore pressures in earth dams, highway embankments 

and other massoj of earth fill; drains designed to roduce 

hydrostatic uplift pressures beneath basement floors and 

reservol. ; nd filters designed to ,>rotoct earth dams, 

embankments, slopes and cthor soil structures from both 

intornal and oxtornal orosion.

Historical;

Although Soil Mechanics is one of the newest branches 

of Civil inrlnferlng, the U30 of filtors fcr drainago is very 

old and the principles of their uso have been approciatod for 

- ^ y  yeers*

Records of the design of dr_inago systems for earth 

dims go back tc 1902 when tho 12.) f* . •.' h Tabeaud Earth Dam 

in California was constructed and provided with a complete 

intornal drainago system.

Rational methods of design for drainago fi*ter3 wero 
first applied in tho 1920’a when Karl von Terzaghl employed 

a weighted relief filter in the repair of concrete apronc of 

overflow dans In tho Austrian Alps* Tho dosign criteria for 

those and subsequent filtors have tcon basod on considorations 

regarding the stability and permeability of both tho foundation 

an-3 filter layors.

Torzaghi's criteria for tho dosign of layorod filters 

wore oxtonslvcly investigated on tho bohalf of tho United 

tot War Department by G.E. Bertram, in 1930# who used a 

series of tests on modol filtors composod of layers of slnglo 

"Ir.ed sendo.

Further investigations wero carriod out during tho 

1940*s by the U.S. War Dept. Those Investigations took the 

form of a sorios of full scalo field tests on tho Sardis Dam 

and wero usod to provido data for tho dosign of both under- 

drains and filter woll points.

Tho latest investigation for which results have been

g

ubllsned was carried out by K.P. Karpoff of the •.!*. i :'u\\ 

uroau of Reclamation and load to tno establishment of a 

furthor serios of filter design crltoria for filtors construct­

ed of graded natural sands and also load to a tentative 

crltorion for filtors composod of crusher anttdn.

Surmary of Prosont IMltor Deslrn Criteria

Existing duta for tho dosign of filtors can bo 

divided into two sections:

(1) Torzaghi's crltoria oxtondod by the U.S. War Dopt.

(11) The U.S. Bureau of Reclamation criteria.
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(1 ) THE TERZAGKI CRITERIA:

Tho critorion to bo satisfied if no foundation material is 

to wash through into the filtor 1ayers is:

D15 FILTER to 5

D05 FOUNDATION

The critorion which onsuros ‘.hat the filter layer iJ many 

times more pervious than tho foundation Is:

Pl5 FILTER >  4 to 5

D 15 FOUNDATION

To prevent tho washing of particles from tho adjacent 

filter layers into the collecting channels and pipos tho 

critorion is:

FIFE OR SCREEN OPENING d A  D60 of the adjacent filtor U y o r

(il) HIE U.S.3.R. CRITERIA:

Tho combined criteria for prcvontlon of leaching and 

nleq’mto increase in pcrr.cability from layor to layor are:

(a) Por graded natural subroundoi materials:

5 Dsn FILTER 10 

<  — ------------- <

Deo FOUNDATION

(b) Por gradod cruahod rock filters:

6 D50 FILTER 16 

<   --------------  <

Dfc0 FOUNDATION

The N*ed for Furtfter Invost U-.at lor.

When facod with the practical problem of the design of 

a filter It bocomea apparent that oxlstlng knowlodgo of the 

bohavlour of aands and soils when water flows through them io 

j sketchy Indeed* It is truo that a numb0r of omplrical 
rules for tho design of filters are available which have boon 

found to give good rosulta for most 0 time* Those

design rules, howavcr, aro nil purely empirical and one can 

nevor really be certain that thoy rill work in tho case in 

hand* The following oxporioncu can bo quoted as an example:

It was docided to use a well graded crushed quartfcito in a 

drainage filter of a sllmos dam on the Orango Proe State gold 

flolds. The vory flat sloplnr grading* curvo of tho crushor 

sand bridgod very well between the fino silt size particles oa‘ 

tho slirnrn and tho coarae cruahod rocks of the I ! oore*

Tho filtor au a whole satlsflod the Terzaghi 'ieslgn critorla* 

Beforo tho Installation of the filter, a modol filtor wa3 
tostod and It was found that tho crushcr sand did not bohavu 

as a filter within itself - tho flno partlclos rapidly washed 

out loaving a skoloton of coarser grains which was unablo to 

retain tho sllnos foundation. Hands which oxhlblt this 

property of bolng unable to retain or filter thulr own finos 

have boon namod "CANDS WHICH ARE NOT FILTERS WITHIN THEMSELVl^'.
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I- la occurrences like this that point to tho noed 

for accunnlafcinj furtror knowledge about filter sando. There 

aro enough empirical rules. What i;i now roquired is knowlodge 

as to why and how filtors and sands oporato and boh&vo as they 

do whon » iter percolates through thorn.

Any investigation into filtors and flit »r 3ands should 

onbrace not only tho bohaviour of the grain structure of tho 

filter or sand, but also tho hydraulic bohaviour of the filter. 

A filter is not Just a collection of mineral particles arranged 

in some georaotrical ordor. It is an hydraulic flow system 

operating on and being operated by tho grain structure forming 

its flow channels. It should bo investigated as 3uch.

This thesis is do3 ignod to investigate the behaviour 
of filtors fro.n a new angle. Tho objc*'' of tho thosi3 is to 

find out something at loast of how filu rs operate, why filters 

oporato; how and why filters fail to oporato successfully, 

achieve this aim a number of soparato investigations have boen 

carried out which mny at first appear ontiroly unrelatod but 

which, when considered as a whole, glvo an insight into how 

and why filtors and filter sands behave as thoy do.

The frlold Covered by this Thoa la

Broadly spoaklng this thesis has Investigated two 

aspects of the behaviour of filters and filter sands:

(i) The first section inquires into *ho ctiangos of 

grading which filter sands undergo duo to various 

causes. The three causos of changes nf ^radir: 

which are investigated arc: seepage forccs,

leal decomposition and physical woathering.

It includes studies of tho mechanism, causes and 

effects of grading changes on tho properties of 

tho sands themselves and on filters incorporating 

tho sands. Criteria aro developed for tho 

condition that a sand should behave as a filter 

within itself*

Tho special apparatus dovelopod for the oxpwrimontal 

investigation Is described and comentod on.

Tho cffccfca of liiternal grading chances on the 

operation of layorod protective filtors Is 

doscrIbod.

(11) The second section lnquiros into the effect which 

tho grading changes doscrlbcd in (iI have on tho 

hydraulic bohaviour of filter aands and a number 

of semi-ompirleal expressions describing the

grading changos are derived.



CHAPTSP II

A STATISTICAL INVESTIGATION OP GRADING CURVJJ3 

AND CHANGES OP GRADING DU7. TO THE ACTION OP 

___________ PERCOLATING .'ATER

Sonora1 ;

Tho particle el?.o distribution curvo or trading curvo 

ia tho root convoniont and in many ways the boat v/ay of 

describing a cohosionloss ooii auch as a filter aaud. The 

grading curvo gives in condensed and pictorial form complete 

ir.crmation about the particular constitution of tho sand. 

Bofore going on to dcaci'iDc the tosting procedure ana apparatus 

used for the experimental work, consider the possible sources 

of variation and errors in grading curves. A thorough know­

ledge of tho errors to which any testing procedure is llablo 

and the ability to analyse and Judge their relative importance 

are indispensable for reliable rosults. Statistical raothods 

enable one to get an exeellont idea of tho accuracy of a act 

of figure.! and to ostiirate tho truo valuo of a numerical 

conclusion. All existing filtor dosi/'.n criteria are basod on 

tho u3o of a grading curvc.

Tho Accuracy of am; GraJlnr. Curve:

There are at least three possiblo sourccs of variation 

which may affoct tho accuracy with which y grading curvo can 

bo det^.mlnod:

(I) Crrors in weighing.

(il) Errors duo to slight differences in sieving

- on sa to sanplo.

(iii) Errors due to natural variation of the sand 

from sample to sample.

Those orroro arc rtconfoundodH, i.e. the.; havo a 

combined effect er than sopnrnto effects, and special 

teats had to bo performed to dotornino the effects of 

Individual sourcos of variation.

Of thoau throe sourcos of variation tho thi.'d was 

found to bo the most aorious. It la obvious that even In a 

vory homogeneous mess of sand natural variation will oxist 

from lar; • < • This variation does not presont a

very big problem whon tho samples available for sieve analysis 

are large, llowevor, in this case, owing to tho genoral small 

else of the samples used, a larg<» natural variation could be

ax pootad*

Tho Investigation of those throe sourcos of error will 

be described lator.

"he Grading Curve In u e m  rt.l •

Statistically, the grading curvo may bo analysed as

fo3lows:



A sample of sand la weighed and haa woight W .............. (1)

The aand will contuin particles of various ^izes and it la 

postulatod that:

- 5 -

« Weight of jj&nd In a sr»nple *»ith particle 

1 size x ................................................(2 )

(W(x j is further I to be a continuous ar»d

dilferontia'ols funovior ).

Tho "and Is ;hon sicvod through a sucoeaaion of slevoa 

with opening* of aJze

xk * x k-l >  xk -2 ............>  X1

On tho 3love cf size xk# aand of woight which wlxl bo 

denoted by

W - Wk *• <£. ft̂  is retained ....... ........... .............. (3)

Thus w k *» W - w k Is an cstinate of truo W, \ for this 

namplo of aani.

On the next otovc of alzo x _ , sard of woight

^ • k - l  " "k * w .{ 1 13 retained ....................... .....(4)

Thu. . „ . 1 - - V » k.l " W - «k *“wk-l ....................t5)

is an estinatt of true W{xjj *) for sample of sand.

Continuing in this way a nor cs of mensuros’ aro obtained 

which are arr: ngod aa follows:

TABU) I

Size Observe! Wts. Observed It.

Class Interval Retalt aJ Leaa Then

0 - xj Leas than: x^ *i

X1 - *2 *- * 1 x 2 *2

x2 - *3 a  *3 w3

• • • •

• • • •

• » • •

*
*

*k-l * Tk r k-l xk w k

> xk *^wu W

W

The basic observations in any sieving toat aro now taken to 

be w 1# w2 , W3 , .........

Go far, concorn haa boon shown Tor finding tho true W^x j 

for one sani'lo of sand. But aucceaaivo aarploa from 

nominally the auno sand are expected to differ a little one 

from A n o t h e r• What lo renlly roqulrod la tho 'true* .V(x ) 

for tho bod r of aand from which the samples arc dr;»wn. This 

will bo donated by 7/x \ when it is deaired to distinguish 

cloarly betfoon and W ^  ̂ for a particular samplo.



Tho problem now rosolVvj itself into two:

A: Tho problem of choosing a mathematical form for and

estimating tho constants in it.

B: If this cannot bo done an attonpt can b<i made to dofine 

cortain parameters in ^(x )»

This can bo dono even though tho exact l'orm of ^(x ) is not 

known and tho parameters can then bo c timated.

• 6 •

Tho Sonl-Lopurlthnlc Oradlng Curve

Tho soml-logarithnic grading curve in which particlo 

sizes are plotted to a logarithmic scalo against tho 

pcrcontago finer than that ulzo to a natural acalo is tho 

moat familiar and widely used form of grading curvc. Suitable 

parameters can be definod and estimated as fellows:

Put z * log x and rewrite tablo I as:

Observed Prop- Obsorvod Prop- 

Sizo ortion of Wt* ortion cf «’t. 

Class Interval Rotalnod Leaa than z___

W 1 If |

- sn to z^ 1/W * p^ Loss than.z^ A/W pj

w

to tg * 1/w s pg

zk-l

• • w

to zk * “ ‘ Pk - 1 zk kA  * Pk

ovor zy /H “'.vP^ * 1

If tho assumption that H is a known constant la correct (as it 

is for all practical purposes), then tho now variables pj, P2 »

.......  otc. remain independent within each aamplo and

lndept. aamplo to sample*

w (x) tronsforms into ii^,, (say) ......................... (6)

Define

P(t) “ ^  1'C‘ r (2) * I i £ l ...................... t;)

* »

The values of Pj are ’observations’ of P(i;) and 

Pll * P2 i * ?3 j * ....... ft****1 from k samples)

k

is an observation of Tr(z , ) •

Tho practical effect of tho transformation t * log x Is in many 

cases that P(») is a reasonably symmetrical ’algmoid1 or 

•S-shapod’ curve, while dl(2 ) boconos a fairly symmetrical

dz

’boll-shaped* curve which has tho property that:

J  d P(z ) dz P (zj) " p (ai) 

xi

a Proportion of wolght botwoon

’sizes ’ z j and Zj ................. (8 )



7

Although tho exact mathematical form of P’(..) 3 d^(~) J3

unknown, tho curvo posscsso3 "position" and ’’scatter".

Possible moaauros of these are:

.♦ »

z P»(z) dz

<%>

+ a*■f

<rz2 « / P 1 (2 )dz .............................. (9)

These can bo estimated independent of the exact form of P(2 ).

As an ostimate of *, j can be U3cd, 

where J ■ pj.fj +&P293 ♦ .....

**'Pk-l*k f /.vp^fk+i .........................(1 0 )

In which tho * « (1 B 1 to k*l) arc -assigned values of z, 

one within each class interval (these are conventionally taken 

as tho n Inal particle sizes themsolves).

If L('v) is the ’expected valuo’ or ’truo mean valuo’ of r , 

then:

‘ zk

(11)

If tho f . wf-ro properly cho3on, then from tho mean value 

theoroms this would bo:

fz 1 (z2 f *

J  z P’(z)da z ^ ’ (z )dz + •••• * J  z P ’(z)dt

**1 *u+l

• f , p. a . » /
(12)

Unfortunatoly the corroct *» , aro unknown and whatever set is 

chosen will givo an which is only slightly oiarsod. i.e.

* j ♦ slight binas

If tho same j  1 ia always used, tho biass should bo of the 3amo 
order from ono samplo to another.



As an estimate of o**, CQn bo used whGro:

a2 * PI^I2 + A Ply22 + ... * ^ p k.iyk2 ♦ a p kjk+18 - (?)2 ...(13) 

Then

E (&2 ) = 5 ? J . l  p ' u > dl * s2*ft * p '(z)dz + ••••

+ - W /
‘2ir
‘k

= A 2p,( Z )dz - ^ 2
✓- o»

P '(«)d* - S'®

E,a2^ 3 | (z-f)2 pt.^dz ...................................(14)

</- <*

The Special Care of the 'Normal* Grodlnr. Curve

Tho so-called Gaussian Nornal Curve or Probability 

Curve holds a vory important pi ;co In statistics and a great 

deal of very useful theory ha3 been ovolvod on tho assumption 

that the observations being considered follow the Normal 

pattern or "havo a normal distribution".

It is found that a largo proportion of naturally 

occurring sands have Tradings, which when plotted on a somi- 

logarithmic basis give very closo approximations to a curve 

reprea Integral of tho Normal Curve function. Uott

crushed products also havo grading3 which havo an approximately 

normal forr..

Tho normal grading curve can bo completely described 

by two parameters. Tho cur. i nas the form:

(z)

<* -/>

I. Ccc dz (15)

The corresponding curvo estimated from any sample would bo:

(z)

E >
J.

-  1

-cc.

__ 2o
<* rtz ..................... <)*'

Where (jj, ort, * , & havo tho significance of tho provious 

paragraphs.

If it 1s roasonablo to assumo a normal particlo sizo 

distribution, standard statistical theory can bo applied to tho 

observations if roquirod.

Evon if tho form of an Individual grading curvo doos 

not approximate very closely to tho Normal form, how.-vor, 

statistical thoory basod on tho assumption of a normal 

distribution can still bo of considerable use. It oan bo 

proved mathematically that evon if a numbor of sots of 

observations of a certain statistical variable aro only
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approximately normal, tho distribution of tho moans of those 

obser\at ions is very much nearer nor' . 10 work which
follows will bo concornod mainly with tho moans .and standard 

deviations of particlo size analysis observations.

Sir,nifleant Differences Botwoen Grading Curvos

In Chapter IV an investigation into tho grading changes 

undergone by a soli 3ample duo to tho porcolation of wator i3 

doscribod in some detail.

The basic problem which had to be solvod was as

follows:

Two grading curvo3 wore available after testing - ono 

ropresonting the particlo size distribution of t.io sand in 

its original state, tho othor representing the particlo size 

distribution of the 3and after being subjected to the action 

of p e r c o l a t e w a t o r .  In practically ovory caso there was a 

vi3unl differ.;nco botwoon the two curvcs. This difference was 

possibly duo to two main cau3os:

(i) Tho difforonco in gradings could havo boon a real 

difforonco brought about by internal migration of 

sand particles within tho sample causod by tho 

action of tho percolating wator.

(li) Tho difference in gradings could have boon apparont 

only - as tho rosult of »’andowi causes of variation, 

v iz:

(a) Differences In sieving toehniquo from 3amplo 

to sample.

(b) Errors in weighing during the particlo sizo 

analysis.

(c) Tho rosult of natural variation within tho 

mass of sand from 3anplo to 3ample.

‘./hat was required was a reliable ’’rule of decision’’ 

which, in tho majority of eases, would enable ono to decide 

confldontly whothor an ob3trvod change of grading w a 3 

significant, roal and cau3cd by flow uction, or whether it 

was probaMo that the change could be due to chanco only*

•Ier< f standard 3tn :al thoory was invokod.

Tho treatment of dlfforoncoa dcponds on tho following 

fundamental theorem:

Tf a statistical variable x ha3 a frequoncy function 

(or distribution law) fjx j with a truo moan * and truo variance 

C$.2; and variable y has a froquency function P(v) truo

m o a n rt and true varlanco a,2y ; and if both x ana y aro 

statistically (or stochastically) lndopondont, then z e m  + by 

has on unknown froquoncy function with a truo mean a$ ♦ bT\ 

and truo virlanco ♦ b*:Oy- .

This theorem is nntiroly independent of tho 

distribucions of the Individual variablos.

Tho thoory in applied 11 follows:

Tho soparato grading curvoo are each assumed to 

ropreoont random samplos from Normal "populations”. Thoro 

immodiatoly exist tho following possibilities:
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(1) Tho grading curvoa could roprouont random samples 

from tho aamc Normal population.

(11) They could rcproscnt random sauploa from two normal 

populations with the aqno moans and different 

variances.

(Ill) They could roproaont random samples from two 

entlroly difforont norma] populations.

I n v e s t i g a t i o n  of D l f f c r o n c o s  betwoon tho Monnu.

Aoouno that tnoa3uro x has truo moan? , true variant^ 

nnd that menouro y has truo moan * and truo variance cry' 

and that these moasuroa aro Independent. Thon it can bo 

proved tnat:

measure T has truo mean $ and truo varianco ^x^/n^ and 

moasuro 7  has true mean'*^ and true varianco oyVng*

Where T, y aro tho estimated moar.3 from tho samples and n^, n2 
arc the wumbors of observations in each sample.

In addition, tho theory suggests that the distributions 

of x and y aro nearly^normal. Applying tho fundamental theorem 

abovo: tho variable (y - x) will have true mean [\ $ ) and 

true variance Ofc^/ni ♦ ay^/n2 arv* nearly normal since

it ropros-mta tho dtfforonco betwoon two nearly normal 

variables.

Another thoorom exists which states that

U ■ (y - x) - (»- -y) is approximately normal with 

1 zero moan and unit standard

I z L  + 0^2 deviation*

N  n^ rv>

Howovor, as tho true values of » <V" aro unknown, estimates 

of the variances &y** must bo used in tho expression for

U giving:

t m (y - x) - - * )

[ s S T W

4  nl **2

This variable can still be rocardod as nourly normal with zoro 

moan and unit standard doviatl *r. providod nj and n% aro larr.e.

Lot ,t#t,r( ropresont tho value of t such that, on tho 

avora* %  of^valuoe of t llo betwoon t t #95



i*o• (y ~ x ) - ( L - 1 ) lies between t t.g* on about

; A o ' ,  o t im es in 100.
I °x* ♦ V

N  ni °2

or (y - x) lies botweon - * ) ♦ t #95 j &x 2 ♦ &y 2 

on about 95 tlmos In 100.

95 j _x__ +

nl n2

'.Vhonevor this atat^mont Is truo# then It is truo that fa\_ - f )

lies between (y - x) ♦ t er ~ ^ with 95# confidoncc.

• vo

*\ ni °2

If (•» - $ ) has a value sirnlflc^ntly different from 

xoro, it car. 5c concludod that, with 95‘,.> confidence, tho two 

variables have dlfforcnt moana, and vice-versa.

Values of t for any doolrod confiderjo limits are 

tabulated in any standard statistical toxt book.

Xnv«ati£ttIon of Dlfforsncoa bctwoen tho 

Standard Lioviat Ur.s_______________________ _

In comparing variancoc, It proves moat convenient, to 

study their ratio 6v2/fcy2 and docidc whether thla ratio differs
significantly from unity.

In the treatment of varlancos two more statistical 

laws of distribution are introduced I

(I) Tho CHI-SQUARE DISTRIBUTION with f Degrees of Precdcm 

which is dcflnod by:

r (a) * cf o mZ,/2 for z 7 / 0

f(f ) g  0 for : Z- 0*

This yields a one parameter family of curves of paranotor 

f tormed Mf Do^roos of Freedom .

(11) Tho VARIANCE RATIO DISTRIBUTION which is definod as follows

If t^has a chi-square distribution with fj degrcoa oi 

freedom, and

t»g2luis a chi-square distribution with fg dagroca of

freodom, and if 'ty and V  aro Independent, thon

v2 * t>3/fn hna n Vftrlnnco ratio distribution with

fl *nd f 2 d°6ro<»3 of frocdom
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Tho application is as follows:

It can bo proved that <ni - l) hn3 „ e h l . squar0

distribution with (n^ - 1 ) dogroos of freodom pnd (nj> - 1 ) oy 2
hao a chi-square distribution with (no - 1 ) decrees of “H? 

freedom. ~ ay

So that ~ oy joy 2 has a varianco ratio distribution with

(ni - 1 ) and (ng - 1 ) dogreoa of freedom.

If it is nssumod that ol^ * o *\  then c A 4' ol*' 

can be directly observed. J *

If ox^ * Oy” then v^ cones fror. a ’’varianco ratio

population", if v*v is too large to reasonably belong to this 

population, then the a.*< * Oy2 is r

Tabulations of the Chi-square and Varianco Ratio 

distributions are readily available.

THE VALIDITY OP THE INITIAL ASSUUlTIOH OF 

A NORMAL PARTICLE SIZE PISTE IPUTIO?*

It has already beer: slated that the statistical theory 

here usod depends directly o:. the initial assumption of a 

normal particle slxc distribution on the semi-logarithric

f
rail: • rvfi plot. It has also been stated that even if tus 

istrlbutior. of tho criminal observations were only vaguely 

normal in fora# \ »• distribution of the means of thoso 

,, , n# w uld bo much closer ti . 't is on

argument that the treatment of significant differences Letwocn 

grading curves la based.

The closeness (or otherwise) with which the original 

particle also snalysis observations follow the Normal 

distribution can bo tests* objectively T£3T

statistical tost for "Goodness of <*lt - tho C H I - W A R E  TiwT.

Tho tost is as follows:

An hypothooIs is set up as to tho lav

and its mathematical form. Tho P01**"?*0?' whether tho rosult 

are then estimated and it is desired to know whether the rosun.

is plausible or not.

Suppooo that In „ .tatl.tloallr 

oertain evonts occur fj_, fo» .......  k

Tho cho.cn hypoth..!. th.% th. r..p.ot:lv. 

probabilities are pj, po, Pj ....... .. 

Honcu In n exporlmonta tho ovontn can bo oxpoctod to occur 

np: . npg, npj .........  nPk

Then, according to tho theory#

C - l - n u T  * <r, - r ^ f  * .....* " +

np* np<,

h... approximately, a chl-^uaro Th° “P<>Ucotlon

of the toat la beat Illustrated by oxam,lo.
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In ordor to illustrate tho practical application of 

tho above thoory, a complcto sot of typical calculations will 

bo found in the appondix to thi3 chnptor. The calculations 

are for a typical soil usod in the experimental work - Crushor 

Sand ’A ? (for further dotails sec the Sample Indox), and 

compriso calculations for:

(a) Sample means and standard doviations.

(b) Toata for significant differoncos botweon tho moons 

and variances.

(c) A Chi-oquaro goodnosa of fit to3t.

TltE IJJVECTIOATION OF SOURCES OP RANDOM 

VARIATION IN GRADING C U R V E S __________

Random variation in gracing curves, n3 previously 
explained, may arise duo to any cc*nblnstion of thrco possible 

oausos:

(i) Errors In weighing during tho partlclo size analy3Is.
(11) Errors dad to slight differences in 3 loving tochniquo 

from sample to sample.

(ill) The offocts of natural variation of the sand from 

pample to sample*

(1) The UYotft. of -.Jlrhliv Errors.

The bat*lc obeervatlona taken in any slaving analysis

are the weights w 1# w2 # w3 ......w k* whcr® w i ls the observed

weigh* ol 1 of particle sis© lesr than x«. (soo Tablo 1 .

It would appear that the orrora In these woighlnga aro 

statistically Independent • a point which ls made use of 

subsequently.

Suppose that jw^ contains a positive orror o^. I.e. 

tco muc’.. sand has boon retained on the first sieve. w K will 

then have a no^atlvo error -e^.

Thon^wi,.! will automatically have -o^ aa part of Its 

error due t< ) t0 there, but has

been aecide; retained on tho preceding •Jove, AVg.i

also contain other errors o^-i# say, due to faulty sieving 

tochniquo, etc.

Thon: wk .: - W - A w m - A*k-1

» W  - f-W|| - °k ' A»k-1 * ak • °k-l

*k-i * ' ° k * 1

Thlo »howi that thia oatlnato haa an orror «hloh \a 

Independent of the previous orror.

Th« nsaumotIon that the orrors in the moasuros are 

statistically independent is vital In what follows in tho third 

part of thi3 section.

(il) Tho Effect of Slovlnfl Tuchnlquc

Z T r Z l u  S? SutaSI* S K i ?  - t * *

aorioa of aiovos In tho normal raannor ualn. a Ho Tap 

moehnnloal aiovo ahatcor and a alnvlng tlno of S mlnutoa.
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The siovos wero thon carefully onptiod and cleaned into a 

largo basin, great care boing taken to avoid losing any 3and.

Tho 3and collectod wag thon subjuctod to a further siovo 

analysis, tho method usod being identical with tho first. Tho 

results and a comparison of those two analyses are shown in 

the appendix to this chaptor. It will be socn that the 

tiii'f oronces between tho two gradings obtained in the successivo 

tests are so small as to be hardly distinguishable on a graph.

Sinco both the sieving time adoptod (fivo minutes) and 

tho r.oehr.nical shaking woro standardised for oil tosts, it can 

thus be concludod with reasonable confidence that any orror3 

duo to sieving technique were negligible. In addition, sinco 

theao results must also reflect any woighing orrors prosent - 

as shown up by tho dlfferonco in tho total woifjhts of soil 

rotainod in tho two sieving3 - it appears that the sway of 

weighing errors on tho rosults is also negligible.

(iii) Tho Effect of Natural Variation of 

a Sand from Sanule to Saarle_______

To disoovor the extent to which natural variation 

affects the rosults of particle size analyses, a special series 

of four test* was performed. Four samples of approximately the 

sam* size of Jukskei River sand (see the f'ample Index for 

details cf this sand) were sieved completely Independently 

using tho same r.est of sieves and Identical sieving technique

o. The Jukskei River sand was chosen for these tests 

as it was considered that in samples of srall size the sand 

would show a higher degroe of natural variation than any other 

sand being used. Thfrvreason for this was that the sand ccn-

• \ ! lable proportion of pebblos over in. in size,

several of which wei,' -p to 10 crammes each. Tho addlticr 

or subtraction of one such pobble from a sn:all sample could 

quito noticeably affect the resulting particle size curve.

Statistical mothods wtro tben applied to t!*» results 

of those four tests in order to determlno the limits within 

which, on about 95 times in 100 samplos, the grading curvo for 

the Jukskoi River sand could be cxpectod to fall (prcvidod the 

constitution of the sand was not drastically altorod by sone 

external agency). These limits will be roforred to as the 

”95? confidonce limits” for natural variation of tho sand.

Duo to the large amount of testing required to establish 

theso confidence limits for Just ono variety of sand. It did 

not prove practicable to repeat this procedure for all aands 

u:*, J. .. c: ♦ .*tm i, however, give a valuat ..

guldo to tho oxtont of the random variation duo to natural 

causes which can bo oxpoctod in a sand taken iirom a small

:y ouch -ate can toll nothing

about tho natural variation to bo expoctcd between two samplos 

takon, for example, from tho sane river bod, but 100 *oot

apart,

It is considcrod that for tho normal well mixed 

laboratory bag sample, such a sorloa of tests can give all 

the information roqu'rod. Although no similjr la

availablo for the other sands usod experimentally, it la 

reasonable to expect that, as tho othor sands used "oro 

?enaral3y flnor, t id not. exhibit a natural variation

outsido tho limits obtainod for the Jukskoi Rivor sand.

The method of obtaining tho probablo limits of 

variation will now be oxplaSno^*
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Tho accompanying calculation sheet was prepared for 

four of Juknkoi River 3ani. Certain differences are

evident botv/eon the 3ar.pleo and thcso differences arc thought 

to be due to three sources of variation: Weighing errors, 

sieving tochniquc and natural variation. It has alroady been 

shown that tho offoct of tho first two items in negligible 

and furthermore that tho orroro in individual measures of tho 

sicvin/r annlysoa are statistically indcpondont. It ia also 

roasonablo to nooumo that oach 3ioving analyaj.fi is 

statistically inciupondont cf tho othor three. Thus ee s 

result of tho four analysoo wc havo four independent values of 

, ' w r  Independent values of #2 » etc. If all thcso 

assunptions aro correct we havo an array of four mutually 

indopondont observations corresponding to oach sicvo, oach

a.- : ■ •ndont of any other array of observations*

Tho problom now roducos to finding tho numerical rango 

wiihin which the truo moan of eaoh veluo of w (or p^) lios.

Whon considering a largo rrinbor of observations this 

can bo done as foil w o :

If it 10 a3sumod that on© is doallng with obssrvationa 

which hive s:al distribution, th • form of the

froqucney function of tho population will bos

Whero cr roprcaonts tho standard deviation of the observations, 

jonts the truo moan of the obsorvstions* 

n _

Also: a 2 (x -S)"

^  n
For tho distribution of tho neon x, it can bo shown that

2

J #

(X) " JL • 1
<r

Also v . 7. - < 1» n o r m .HJ dlotrlbutod with soro mc«n and unit

i J l  c,Si

ln t l< ^ o r ‘x l io o ’botwoon J * l.f iTV .bout 95 time* In 100.

Wh.novor thla U  truo. than It l« truo th.t \ llo. b.twa.n 

X  t 1.96 vf a

Thlo oxproosilen C lvo» tho 96< confldonco limit, for?, tho truo 

sample moan.

iraato
▼ ^ u r m n v o r  is unknown and an estiraat 

5ntt5 3 :  In*thlo case a distribution function is

has to bo

roqulrod for t « x n0* u * x -

W f t  « j n

Thlo distribution function 1» knc*n "o STUnaNT'S 't' 

D I S T i U B U T I O H  i n  w h i c h  fc ,  -  , j

fzu, •X)Y
n ( n - l )
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Thus for snail somplon tho coni’ldonco llmils bocomo: 

f  l l o r  be :woon x £  ^ * 9 5 | D x i " with 9 5 *  confidence*

' n(n - 1 )

Tht factor t depend* on tho number of observations 

availablo (or on tho Dogr<;o3 of Freedom). In general t has 

(n - 1) dccr*Q03 of frooaom, so that In this caso witn sots of 

4 obsorvat J o w t t has 3 do^roea of freedom and a vuluo

*86, 5) ' 7 *Ui*

Tho above theory was applied to tho results of each 

siovo in turn to giv* tho confidonce limits shown on tho 

accompanying chart ind grading*

CONCLUSION:

The uso cf statistical methods for tho oatination of 

quantities *nd as a -uldo to decision waking has proved very 

usoful in tl.ls work. Statistical mothods carnot five an 

abaoluto answer to r»ny problov, but they yiold an unbiassed 

ostlmato of tho truo answer and indicato tho 1 iir1 a of 

uncertainty of that answer* A knowledge of tho I’.aits of 

uncertainty is very usoful in evaluating tho ro)lability of 

any sot of or.porlmcntal data. In the .-roat majority cT cases 

decisions ani tttl Htoi can bo mado without statistics* Tho 

statistical analysis tioroly confirms th' decision and ostir.a*os 

its reliability.



CHAPTER III

THE APPARATUS AND TESTING PROCEDURE DEVELOPED 

FOR THE INVESTIGATION OF FILTER SANDS

DESCRIPTION OF THE API’ARATUS USED IN 

THIS SERIES OF TESTS._________________

Introduction: Tho Purpo3oa of tho Apparatuo:

Tho apparatus dovolopod to doal with this investigation

waa designed to provido information about:

(i) Tho grading chango3 which toko placo in sands undor 

tho influonce of percolating wator.

<1 1) Tho hydraulic characteristics of tho aoil-wator flow 

systom via p^rmoability testa.

It waa this lattor objoct which roquired most thought 

in the design of tho apparatus.

All forms of pormoabllity test are notoriously 

unreliablo unloss spocial steps aro takon tc olininato, as 

r.u'h ; usible, tho 3overal 'sido affccts" which may occur. 

Expericneo has shown the importance of those sido effoct3 to 

bo such that if no stops aro feftkon to eliminate them, they may 

completely «iask tho truo pormoabllity characteristics of the 

soil being vested. As far as is known, all those sido effocto 

load to values for tho permeability loss than tho true values. 

Tho main effocts to be guarded against are:

(a) A low and docrcasiag Degree of Saturation of tho 

soil sample arising:

(i) duo to tho presence of air ontrappod within 

the poroa of tho sample during tho initial 

saturating proceaa, and

(1 1 ) duo to subaeauont progrojsivo segregation 

of air within tho 3oil voids as a result 
of air roleasod from solution in tho 

porcolating watnr.

(b) Tho formation of impervious 'skins' w'thin tho 

filter duo to algal growth.

wator.

without apprehension.
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Iho dcgreo of saturation of tho 3oil during tho tost 
was controlled (a) b y n  carofully dosigned testing apparatus 

and procoduro, and (b / by the uso during tho initial stages 

of tho tcut of dc-airod distilled .vator. Incidentally, the 

lack of oxygon in tho wator aotod a3 an additional inhibitor 

of algal growth.

Tho paragraphs which follow will dcscribo the con­

struction and layout of tho r’ilter Tost Apparatus and tho 

Wator De-Airing apparatus. Drawings and photographs accompany 

the description.

Filter Tost Apparatus ; Tost C y l l n d r s .

Tho samples of sand tostod were cont^lnod within 

glass cylinders of 3 in* Internal d' , in.wall thloknoie

and 9 in. in length. The cyllndors were closod at each end by 

chromium plated steel ond plates of 5 In. overall di p and 

£ in. thickness. The opposlto rims of the glass cylinder 

fitted Into circular groove* :* In lac i pinto, the odgo" 

soaling against rubber ’Oaoo* rings Inso^tod botwoon tho

> metal and the rir.s cf the ^lass cylinder* Tho 

cyllndors and ond platos were clamped tojothar by means of 

throe , ir.* dimeter steel bolts fitted with washors and 

wingnuts. rfatcr wus fed Into and ou^ of the cyllndors by 

moans of brass nip;;len scrowcd into S In. diar.ctor holc3 

tappod Into the controa of oach ond plate.

The sand bamplo itself was contained between porous 

platos fitting closoly the inside of the glass cylinders and 

of J in* tf ss. The porous dines woro cut from a coranie

filter t!Io and offorod ble resistance to flow, but

actod as spreaders to tho inflowing wator and eliminated 

disturbance of slthor end of tho soil sample duo to turbulonco 

oithor whilo saturating the sample or during the course of tho 

filter tost.

Tho cylinders woro connoctod to tho rc3t of the 

hydraulic circuit by moans of rubber fublng pushed over the 

brass nipplos and held socure by rubber bands.

Each glass cylinder boro a label giving its 

identification number, carofully measured cross-aoctlonal 

area and woight. Tho teat cyllndors woro supported during 

testing on a special rack built of 'Doxion* onglo*

Filtor Test Apparatun : hydraulic Circuit.

The hydravlic circuit for the filtcr fc appArrtuo 

wet arranged as In th© diagram. TUo imtial por

of tho test was run on de-airod distilled water containod in 

a 20 -11 tro carboy with a br-o: . clivory outlot. *heoon- 

i t h e  enrbov and ito associated connoctlon3 will

b c  d o o c M b S d  I n l o r i  o f  t h

The head usod was approximately 9 foet an.1 was n

simple < >nstnnt hoad ° ^ber * This oyerflow

chombor was fed by a trlcklo of tap wator, tho overt low . I. 

charainr into a sinU. Tho do livery from tho constant head 

S b S w M  tatc > U r g *  nictoor-o^aio* 1 b*lloon contained In 

tho Jo-airod water reservoir and atcP

distilled wator from tho tap wator. This ^ lowinS 

dioplacod oqual volun.es of do-airod wator which was lor* into 

tho upper ond of tho to^t cylindor.
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