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.The research feport summarises *the theoty of consatidation, for both linear © -

: infinitesital strain, and for non-linear finite strain, The non-linear finite strain theory

. is.adopted in a computer program to’ model the. bu.ildmg of & tailings dam by thin o
- .- layers; Thig program provides the pore water: presswe proﬁle over the depfh of the SRR

K dcpos:t, as well as the sattlement of the depos:t

.: _ ’Makmg use: of tha program and the consohdatlon prope'mes of ﬁve mmmg res:dues N

L and two indusirial residues, the build-up of excess pore water pressutes is modefled - - T

~for "different rates of deposition of the waste products, These results are used in-~ - - = ° .

o determining how the rate of deposmon affects the stability of the outer slope of &~

B tailings dam. Also, the difference in the stored yolume in'a dam i is muestlgated. basad' s o

- on different dramage conditnons and rates o.t‘ depos:tmn, =
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'._---CHAPTER 1 INTRODUCTION

S The recent fa.tlure of the Memesprmt Taulmgs d&m has 1mt1ated a large number of a R
investigations, with many of the “accepted practices” being revisited and ¢riticised,

‘One of these accepted practices is the concept of maximum acceptable rate of rise'of 1

tailings dam, It is a requirement of the Department of Mireral and Energy Affairsthat .~ - .
© 7 the owner of a dam submits an annual survey of the top of all tailings dams, with the .. =
rate of rise over the prevmus year, Empirical values of 1 meter per year and 2,5 = . -
. meters'per year, ag the maximum allowable rate of rise, are used ay gmdes for tallmgs Ll
S dams on clays andfreedramng smls,res.pectwely e R T

. :Aaaresult of a dxfference ef op;mon between two. pmmment Consultmg Bngmeenng L :-_
. Companies, as to what is the acceptable rate of rise of three high-risk tailings dams, -~ = - .
. :the present study was inifiated by ths author. The purpose of the study is ta prowde 8.

o rat:onal basm to addms the acoeptahle rate of rise issue,

_ | i ._:_._There ate anmnber nf fhctors that: need to be cansxdered m detenmmng thﬂ acoeptable . [ ) -
: _.._rateofrlse,someofwhmhare'-' . . : BRI

' '-'consohdatmn of the t'ulmgs
~ drying shrinkage of the tailmgs
“"method of deposﬂmg the tailings -
i .faundatwn smls anct geumetry of the dam

e i-_'.q'..:".’_:

e | 'Only the ﬁrst 1tem is: addressed by this study Thé study addxes.ses the. non-lmea: R
. property of taﬂmgs, a.nd the changmg boundary eﬁ'e.ct (1 e settlement and rate of nse :.- RIS

S of the surface).

_Issues dealmg wzth construction detalls have been purposely excluded fmm the study, R

L to.ensure that the focus remains an the effect of consolidation. Factors such us rate of
placing of tailings being limited by drying shrinkage times have tiot been considered,

- Also; reconumendations relating to the outer geometry of the dams, to ass:st in the ol
- ;'rehab:htatxon and ctosure of the darn have not been conmdemd

-Ear],y in the mvashgahon it he.came apparent that the results of fhxs study ceuld not be _'

Lo . compared to exrlier studies carried out for the mining industry by others, The primary . -

L reason for this is that the earlier work was based oni the assumption of linear taillngs - -
properties, and the results were publishied as 2 function of those propetties (e the.

. 'value of thie coefficient of consolidation namely, c). However; a case study of a failed. - B

. copper tailings dam has been used to venfy the accuracy of the analysxs presented wooo

tl:us document. .

. The present study is mtendedte aina i mdwahon of the mcpected pore water pressiute T

" ‘and actual storage capacity. of a disposal facmty, baaed on. the propertxes of the .

- speclﬁc tmlmgs or wasteused in the. analysw. L

The coding of the szual Basw ® program used in the analysxs is. mcluded tn thc-'

K .report, to aliow analyses to be carded out for specific fanmgs The program was
. wnttenbytheauthnr aspart of ﬂns mvesﬂgamm T C



Three of the tallmgs studled hav‘e bcen selected ta demnnsttale the 1mpact of vanons e
rates of placmg on the 0verall :-,tablhty uf the tmlmgs dam, usmg the resuIts from the o f—_:_ E




- " stepped deposmonthmkness o

o _CHAP'I‘ER z scom OF THE, INVESTIGA’I’ION

~The nsed was 1dent1ﬁed 10 be able to predm.t the pure pressure and settlemam‘, of mine s o
. tailings as a function of the depusiunn cycle being adopted for a dam. The classical
theory of consolidation of Terzaghi is- pot suitable for this analysis, dve to the -

a " changing -boundary. conditions, as:the tailings are being deposited, as well as the .

" change due to consofidafion. Field observations and published vahes™ 7 confirm that sl s
... the magnitude of settlemcnt of tmhngs deposnts vary consxdmbiy and in geuer.al s
large _ _ _ R

. Thf gm;: e.snganon is basecl on using th.e ﬁmte sttain theory, as Pmpbiﬂd bY szson, et

7 with incremental time steps of analysis, by way of a‘combister program, 0 - Vo

o analyse the pote pressure- dlstnbutlon a.nd magtumde in a%atlings de-,,umt, wﬂh aﬁxed ) _' S B |

: deposmon cycle _ _ _ . - _
c The. analys:s uf the pmgram is based on the followmg parameters. - o

stepped time mcrement fer daposmon

. .'_ia. non~11near8ml parameters

‘I‘he eﬂ'ect of deeanhng seepage from the depomt is alsu modelled. _The 1esults of the o

ana[yscs have been used in a-siability analysis program, to tes¥ the offect of the - :
" varfous rdtes of deposition on the stability-of the outer slope of a tallings dar. The * -

" lateral ‘extent 6f the pote pressure zone was determined, based on the expenande of L

B the author with tailings dams. The stability analyses are very sepsitive to variation oi‘

i "th:s zone, and therefore the resu[ts should be consxdered as mdwatwe resu’lts Dnly. :

'I‘he calt.ulaied consohdatlon seftlement of the dam is cons:dered to be accurate, for '_ AR
i+ thie “floor” of a tailings deposit. The floor area of a tailings dam benefits from very:
T 1umted, if any, consolidation as a resuit of evanoratton and sun drying of the deposm

It is demonstrated in the literature® 2t ™4 2  that the effect of high evaporation van .

o * fesult in Jarge pre-consolidation stresses in ‘the upper crust of 2 deposit, which is

" consistent with larger settlemsnis in the upper layers of the deposit. This effect is -

L - “evident in the “daywall” section of a tailings deposit, that makes use of the dxymg : C

B ; effect of the sun, in f.he cperatmnal management of the fmlmgs dam

The resnlt of tho m\'esngahcm Pmd“"ed tifPICﬁl pore pressure. pmﬁles for seven :_-f' Lo

different fypes of mine tailings; as well as two industrial residue products. The results”

o ~ have been compared to pubhshad results a:zd dlﬁ‘erames in 1esult5‘are mvestlgated S

- .and explamed

o "'I‘he. pmgram tins hean wntten o allow for future devalopment, to mcludeﬂxe eﬁ‘ent of '_ o

S © "evaporation from the surface of the deposit. The program can be. used as a basis to ... L

analyse a iwo-dimensional effect in the consolidatioa analyms, 50 that the out.er Slope o

S . dramnge effecr of tallmgs dams can be modelled o



CHAP’I‘ERS | THEORY

: CLASSICAL THEORY DF CONSOLIDATION

Lol The clasmcal thec«ry of consohdahon is based on the work by Terz.aghl whmh. o S
. was originally written to-allow the prediction of pore pressures and settlemcnt of - - Y
stff fayers of clay, subjected to the apphaauon ofa load. The dxscussmn below s

- k lirmted to one-dmansmnal condmuns

o ’I‘he clasmcal them:y of consohdatmr is based ou the followum asswnptmns' ' 3" :

B ¥ - .. '

:‘_.the vmds of the sml a completely filled w1th water . R
-+ the water and the soil cohstituents are completeiy mcompressxble :
.Darcy’s1aw of fiuid flow gpplies '

- analysis :

E . :tha tlme factm of consohdanan 13 purely a I'uncuon of the sml penn&ablllty

'In addition the folluvwn;. stress stram relatmnshlp apphas 10 the scul at. e‘rery_'--. : . o

pmnt in the sofl massand over r the entire process ofconsohdanun RPN

e = -é-;'r-'-wa canstantforthe sod sy s '_(I)- R

7 feiThe chnnge in void fatio g a resulf ofa ehange i the state. of ﬂae sml stress s
= cunstant, and i called thc coefﬁment ofcumpressibiﬂty - '

o _'-'Another assmnptmn is that the equat:on of eqmlibnum app]iea

. ."-'I'he apphed stress Is located at the top. of. the consohdaung stratum, aud ths e

'*where c\.=vert1calstress -

- 4= density ' :
- ze=depth from thc top of the ]ayer
. .g=unpplied stress at the top ofthe layer
S e= vmdtatlo .

B dinsity ofthe sol emaing constant with depth.

T ordet to sausfy the conditlons of contunnty of ﬂow in the soﬂ, the t‘ollt:ng L
. equanon neads to be sahsﬁed IR . . o

ka‘h 1 'ae'
(1+e)6t

 the coefficient of pa:meabxhty of thé sml is constant twer the eutlre range of _' SR




" the rate of consolidation of snff clay

"'_'.where k permeabxlity ofthesoil .
- b= hydratﬂ:chead -
e —vmd ratxo ; L

Ctmtme

S To sat:sfy thic above assum;:ﬂnns and ecwttmns, the. strams ﬂ:at occur due o e
L :'_-__'consohdatmnmustbesmall ' S

e ; Based on the, above, the foliomng equanons have been develupsd to help predlct A
and the settlement that is associated with -~ . -

5
: _' the consohdatxon {a erzagh: Taylor 33 These equahans are svmmansed below
[k(l-i-a)]a‘u b Lo | |
Yol

whereu h:yw s
=dcn51tyofthewater

_':.-'I‘he assmnphons abcwe reqLure that the permeablht}' and thc cuefﬁment of :_ e

eompresmbnlity remam eonstant, ie .

k(l + e)

-?’_w?”

=canstant i R—— (5)

' 'I'h.ls constant is called the co'efﬁcléht. of cdﬁéolidanc-:.n'c;, énd is assumed*o he.a : c -

. unique. value for a.soil mass ynder a certain set of stress conditions. Hence
' equatmn (4)canberewntten mthernore fam1har form heiow* T

a‘uﬁu

. Eq}.auon (6) is lcnown as 'I' erzaghx’ consol:datmn equatmn

N 'I‘he. tiead (h) i eqmvalent fo the hydrostattc excess pore pressure, Whlch wﬂi'-' __
- causea flow gtadxent and G be mplaced by uf -r W The above equatxon can. ﬁhen IR
be rewnt&anas. : . '

a_";_

n

. '.'Smce the Ie& member of thls equanon does not contam the varmbla r its value B

. cannot be altered by & change in #; thereluce, if the equality is to be preserved, PR

' .changs in f must not affect the value of the right member, A. similar > ument

- holds frue if # is considered variable, Hence each term must be e& L to a'_—'.'.
' mnsmﬂtForcunvemenoe callﬂusoonstant-A. S _




R 2 flm -8 1 i ®
"_-'Theexpressmn,whxchsaﬁsﬂasthxsrelahanslup,ls | _ - . o

. 'm whlch C] and Cz ara aﬂ:ltrary cons‘:ants. The nght membcr of the equatmn : “
..."glves o . o . i -

a(t)
B _’I‘he EXpressmn, wmch satlsﬁesthls relatmnshxp, xs B L AP S

- :::._:'___.;__-m whmh eis. the Napmrian base and C; 1s an arbltrary GUnstant Thus the .
etmat(on becomes L _ - _ . | .

u (Cac.osAz+CssmAZ)e. Am : e i r-1-2)':_ e

’ ._\_:

§ _'The remammg requu:ement is the satlsfymg of boundary condltions 'I‘he s L
" “boundary conditions for the case of one—dunensmnai consohdntlon may be AL
".'._."-expresscdasfoﬂow ' Ce e T S

“ ".-I':"..wr Freedramageatmp,w, z=0 u==0 o o Ve T
«  Free drainage at bottom; fe. atz= 2H, u = 0 where H is the length nf the L
. Jongest drainage path” - . :

'_-.--'-._mwhﬂmqspommmxswnmt Le. att 0 u=u.,

o : The ﬁrst condltmn is satlsﬁed if 04 0 'I'hls leaves

u z C,(sm A.Z)e Ae.! K . e {13) R

B .Ths second condltlon will be sahsﬁed i 2AI-I = np, _wherem n i any uﬁeger IR

e ;..f.... n"tr‘mHH’ 1'- : .ﬁ- '_ o B .
- G S P i (14)..
o ‘Ihetethsmmerelyanarbumrycanstant,andncanassmneanymtegmlvalue_"_
i '-_‘whatever. ETwwforeaSenesofﬂaeform T o
iy 31 23 e a’u.rfm’ + B sin 2.’”, e«.wwmﬂ +._.“" e
2H . W eas
. fl}fz . m’w’c\.[."ﬂ[’ - .--.-.Im:-_'i.mn.v : :
: + B,, su:k "—'ZH e | + . .



o these: expressmns become

o mwhlch B1,Bz, o .B,-,, areconstants Thts séj;ies-may. bé written in gbb'réﬁated._ R

.form' N

h "-m - .'

um‘ ! 2H

'Ihe third boundary condltlon wﬂl be fulﬁiled 1f the constants B,. in equatlon (16) _' L

above are determmed S0 that

) u-w' v

' n‘l .

“Thisisa oommon type of Founer expanmon and the constants may he readﬂy : SRR

h L deiennmed by the use of the followmg relaimnshxps

U e e RISt N

Jsin’ _.,pez&-_.;jz&. c e o o cwa_.--_

. fwhe:e ", and n are unequal mtegers Wlth change of varlable from x to nszH, - - e

S
s -m:zz

JH'

L

IE both s1des of‘ equatlon Cl'?) are mulhphed by sinl (nmﬂzH) dz. and mtegmted L

betweet 0 and 2F, alf ferms 1n the seties except the #ith term will assutne the -

. form of the first aquatlon abovaﬂndvamsh'thenmtemlmll bemthefonn of o

. : '_-_the seuoﬂd equation an:l wlll have a dehmta value Thus

Ju-q._sul.m

T 005008 2 s @)

s



S -_Thls equatmn is perfecﬂy general for the condltm.!s assumed, and it enables the. | .
<.+ . hydrostatic'excess pressure # to be computed for a sml mass uuder any mmal_. o
o __system of stress u.,, ot any depth z, dnd at any hms r. : . -

L "__'Substltutmg mto squatlon (16) thesolutlon thsn ’aecomes, o

i ) 2“

u=Z( _[u sm dz)(sin———)s" """'”"1 (24) o

._m-l. :

o This equsuon may be written in a more general fonn, since time t appears asa
IR mulnple ofcv/I-I wlnch:s aconstantfo:agwen case. Let o .

= An analYSls af the umts of the quant:tles mvo]ved Shows, that T ka o
" dimensionless number, and it is called the time fictor. ‘The insertion of the = -

" equation above into tis general equatmn swes the’ fallovwng fnmz, whmh holds.
R for any hnrnogensous stratum’ ' s o . =

C g 3

.n Z ( J‘uu Sln ﬂz dZ) (Sln ) “ﬂl‘n’g.ﬁ' " S _. (26) . R

||=l !

- In parucular, if uo is acali ;ant, the equatmn becomes . '.

) Jl"ﬂ

u g E ’:;J (f - cos n’r) (Sln ,_._,_,.:) e'-ﬂ.l.s‘u‘f’? . e _..__"aq.uuu.go..(zz).:

o Jrﬁ!

"When nis even, T - 0§ BT vamshes, when nis odd ﬂus factor becomes 2 SR
Therefore it is ccmrerusnt to Iet n= Zm + 1 m whwh it is art mteger The

B ___._-subshmtmn ot‘

o isa -:on51derahle md in the s1mphﬁcatton of the wnting of equahons, since. M B
appears frequentiy. After these substitutions are made the equation for cunstant g
_ n:utlal hyd.rostat.lc &xcess pressure hecomss S : o

m‘“zu,, Mz e
ll= atn
C Jnnl} M ( I"I )e el

B :Clssﬁcal cohsdlidstic'in'thsory' assumes that the seitlement -of any Tayer i§

© . negligible, and hencs is not considered further, Hence the dramage path Isngth ER Lo

doas not change for the analysls, ie. I-I isa constant




o ¥ I‘INI‘I‘E STRAIN NON—LINEAR consommnom THEORY

._Non-hnear ﬂmte stram theory dxﬁ‘ers from the classmal theory of =

. _.consohdatlon in fhe followmg way

o - :The hme dependant factor of consohdatlon vanes, and 13 afunctlon of - _: o :

the permeablhty and the vmd ratm ‘of the sml
e The void ratio of the soil is-0ot constaut and varies as aﬁmctxon ofthe L
R _5011 skeleton 8 eﬁ"ectWe stress - . '
- . : The cocfﬁment of permeablhty of the sml vmes over the sh'ess range S

o o o :_The consohdatmn s_ettlement of the sml is Iirmted to the change m vo:d _: R

mthe soxl.

B ratlo of thes smL

o The follu\mng assumpttons alsa apply, whu:h is: the same as for the r‘lass:cal '_ N
theery N e . D :

| ’I‘he votds of the soll are completely ﬁlled w;th wuter

o . 'I_'.he-__v.rjater a‘_nd the soi_l 'constituent's are._qi_rgnpletely iM'Ompfégsibla __:

e Darcy s law of ﬂmd ﬂow apphes

Co Non-hnear Fm;te Strmn theory allnws the modellmg of a large stram'--
" consolidation . process, which incorporates- the non-linear ‘Finctions of
- permeability and void ratio over the thickness of the consalidating stratum.
- Herce, this theory is parncularly relavantto soft smls and hydrauhcally placed a
' "dt‘w“ﬂtﬁ S o . "

. .-I.:arge stritn of thc soil layer results in a sxgmﬁcant change. in the thmknesa of -

“the layer, and as'a result; in the dmmage_: peth length of the interstifial water,as . .
~ - a function of time. Therefore, it is necessary to be able to trace.soil particles: -~ - - ™

" on & relative co-ordinate system within the. soil stratum, whlch varies thh' L

- time astheconsohdatmn pragess. proceeds. A

SR 'At any one locatmn, tha vqlume of sohds rammns a conslwt, and tha volume- FRA
of interstitial water varies as a function of time and s coritrolled by the void .
* yatio-of the soil. The rate at wmch the mtershhal water laaves tha soit dnctatas '

 'the rate ofconsoltdauon. L

. -_'.Hence the permeabﬂxty of 8 1ayer 15 a funcuon of the vo1d mho, and the L

& change in volume of a layer is a function of the void ratio, The compresslbﬂxty N

. of a layer is a function of the void: ratlo, ;md henc.e 5 isa funcﬁ on. 6f Vol d_

Cmbo,



av(e)

: -'_'The uevelopment of the govermng equatmns for . lavge stram, non—lmear

- consolidation (gee Gibsnn et al'1967) is best-accomplished wying Lagrangian . ' o
o '_'co-ordmates Zo and 2z, as shown in Figure 3.1. The detailed daiivation of the .' .
T equatmns has not. been reproduced but the followmg needs te be cons1dered

. k(1+e)%zl:~=-a—uaxcludes tha self welght of a layer " asisorians (3'1}
L Yw ! o T ’

. 'Tb include self—wazght another term needs to be added to the equattan_:__ SR

- (Glbson et aI)narﬂe}Y

k(l—t-e) a’u Bu ;;:_d_h;- Ny
'fw Bz’ ! d_t'-"._ §

s '_--whﬂre: _1__-1[_ s dlstance to the top of the IaYEI‘

Ty = effectWe dens:ty of the Iayer and '
LR "“"Y-ht DR

- S -I{ewrxting equaf.mn (32), mto another form, in terms of stmss o L

k(n-e);:-:2 'a, o acr
w(l-l-e) ot 1+c & 1+e e’

o where e., —nuttat vmd ratm

- The above equanon (33) can be rewr:tten w1th the uon-lmer texms above

E (equatrons 30) an& the Lagrangian co-ordmates to produce the fbllowwg

REE equatmn'

k(e)(I-!-e) ™ av(e) [au 60-]

[nave oz, | “ive, dtmé?

L : rawnﬁng the equatmn (34) m wlﬁch e 1s the dapendent vanahle

[ Qe ke aé] ()___,_ iw
'fw(!.-i-Q) a,,(e) 0z

---_‘--'_“'h”’*ef("‘) ._“[3»_"1] de[ne] S

(34) |

l+e, az (35) R

. wihere f(e) 1s 'the seif-wmght component of the equahon andy,==umt we:ght of__."."" C
---sol:ds - e '



S _Introducmg a term cailed the szre Sfram Coe.z?ic;ent of Conso!:datian,.._:f: L
nmneiy*g(e) s - ' |

o emg(g} ;',,(l-i-e)a (e) S (37) L
= _Allowe equatmr fSS)tobe rewrlttenas'.: ', o

[gce) ]if(e)@ﬁf s 38)

bz ot

N :g( ) B (1 + e)’ - o B9

Relatmg the Flmte Stram Coefﬁcmnt of Consohdatlon to the classxcal.__"}..__ e
J:- . Coefficient of Consolidation allows the adoptmn of the process of piredisting - 7, -
. . the dlsSlpatlon of. pore-Water pressure described in Sectmn 3 to t‘he. present R

'.-'___'theory S o _ _ .

S The prccess‘. cf f nlte strain is repi*esented graplucally in F:gure 3.1 below,-'- BT
- +° which shows how the drainage length. changes with settlement Also,’the . [
‘-« seitlement i # function of the changé in the void ratio, Le. the soil partlcles arg ;. s

= '-assumedto be mcompressxble over the range of analvsrs. o C




L Flgure 3.1 Finitc Strain Consohdation

E Surface of layer

k . Semsdswhenarigs

o “Note: The sulidﬁ' éﬁ: the sahie paftiéleé’-fbi' the two tiﬁle-inci'erhénté

In all of the above equatmns, k whmh is the pemxeablhty, isa funutmn ot‘ the'-' R
~_ vold ratio, and herice a function of the effective stress, The variable zisa -
" reduced co-ordinate, which is related to the moving boundary, This variableis .
- defined a5 the volume per unit area of solids lying between. the datum level =
‘. and the Lagrangian co-ordinate level. The Lagrﬂugmn cu—ordmate is the mmal R
-level of the sohds under consuderation (zn) ’ . . o



7 Time

. The ache theory is to be apphed foa. layer mcreasmg in ﬂucknes'i w1th fithe, - A
" Closed form selutions have been published by Gibson', for eonstam: sinear sml' A
o propertles under two condmons These eondmens are; SR

” '-' ﬂuc-kness of depes:t is proportmnal to J— k
. constantrate of deposition - -

- _*Where t=time andk = penneabﬂify of the sonaohdatmg maﬁenaL

S These sqununs do not include fhe effect of consolsdatwn settlement or any; SN

non-linear pmpertles of the consohdatlng tnatenal

- b I'he present research ig a:med at mcludmg the non—lmear and large stram effect L o
o _-_1nto the analys:s uf a consohdatmg budy mcreasmg in ﬂuckn&ts w:th tlmc -

Tlus eﬁ'ect is modeiled by breakmg the consohdatmg body mte numerous thm' [
. layers The characteristics of each of the thin layers is assumed to be constat -~ - . . .
-~ over the lager thickness. The consolidation process gver time is.also divided -~ -
into nsmerous short-time intetvals, and the soil properties over that short-tlm.e e
' 1nerement ate assumed to be constant for the t:me mterval . s

- The consohdahng bady is. assumed o increase in thickness i & step-w:se'- o
_ fashion, Ary increase in thickness is modelled by adding another thin layerto ™ =~ -
' Mhe zest of the consuhdatmg body. The added layer imposes a load onto the ERRRTITE
- underlylng layers and mcreases the dramage path length. . B

- At each time mcrement, the' sml pa:ameters are changed due 1o the change in .

pore pressure. The change in: pore pressure ‘results in changes in the

. petmeability, the comj:reSmblhty, and results ina reduetlon of the drmnage-_ .
. path length due to settle.mem. _ _ o

Therefore, the theory of Secncm 3 2 is ﬁpphed ina stepped mam:ler, I:‘or beth'_

- '.-.'-_-_-tlmeandloads

The settlement of layers oceurs as a result of 2 reductlon of the voxd ratlo, .

o __resulnng from the chsmpatlon of pure pressu:es

=

Settlement Zf(Ael) e : g (40) .

'-"'_where n= numbex ot} meremeutal layers _—

er—* vmd ratm ofthe i ﬁva layer

. 'I’he analjrms is camed outona tunestep hasxs, the mterval of whmh is seleeted' SN
- - to engure that the non-linearity of the soil is simulated pcceptably. Itis evident

" that the dramage lenpth of each incremental layer varies both with ime and- -~ =

. location, in the ovérall consolidating mass. As'time proceeds, the drainage -~ °.
o length mcreases by the d:fference betWeen the ﬂnekness of the added 1ayers, T

Flmte Stram Nun Lmear Theury Applled te 4 Layer Increasmg Wlttl._: _




. roinus-the séttlemém as a result of consolidation. The aﬁﬂmd p.re'ssura"'on any

-inéremental ‘layer also intreases with time, Whlch 13 a functmn of: the

U deposmon rate at the surface ofthe consohdatmg mﬂsS*

The process of removmg supcmatan:t water from the surfaca of ﬁxe- o

B “consolidating mass results in a reduction of load en the layers, The supernatant. . - .'

“water is the interstitin water that has reached the top of the total stratur, as a

- result of consohdahon Similarly, sepage that leaves the layer fhrough the - -
© base results in reduction of load on the consolidating layers. Hence; the = .
o *apphedloadonany layer varies vnﬂxeach hme mcrement, ﬁsupemamtwatcr_ R
R 15 “removed”mthe analysis .




::_CHAPTER 4. I-IYDRAULIC WASTE DISPOSAL

_'-;'.-The m.mmg mdustry pmduces large volumes of rmdua product from 1he xmneral. |

.. extraction processes, Due to the . hemg s0 large, the most economical methiod to C
© transport and dispose of the te i3 is by mixing the residue. product. with watsr, and. . |
- pumping it via dedicated. plpelmes to o tailings dam. These tailings dams are built up' . -

¢ increndentally fa vontain the lignid taxlmgs within the dam, In South Aftica, the weather .
- allows the outer walls to be built using dried tzulmgs, whzie in’ ather parts of 'the wnrld .
- thts outer wall is. butlt w1th engmaered ﬁll S o _

o The taihngs is placed in hyers of slurry ata low relative denslty, allowmg the sohds to

. settle out, and decanting the supernatant water, after a ret period: Bach layer of taflings* . -~ .
© - .that is placed on the dam loads the fower layers, prevmusly placed. The tailings isusually .~ -
- fine groined from the grinding process, and heénce is slow draining. Hence, with each -
Ifryer placed, the lower layers develop excess pore pressures, which dissipate with timeto .~
- the nearest free draining surfucé. The distanice to-a fiee dreining surface becomes 1onger T

 ' wﬂh each new layer plaeed and raduces as the older layers ccnsuhdate

o The Ohter wall of thc tmhngs dam needs to consohdatc adequately, _’_co allow ‘;uﬁiment N -

. gain in strength of the tailings material to retain the tailings in the dam. To this end, the L
- Chamber of Mines provided a guideline document, that suggested a limiting \ e of rise -~
" for tailings dams. This rate of rise was related to the slope of the onter wall, the height of *

- 'the dam, and the coefficient of consohdahon of the talhngs The two graphs presenteé i, -

B “the Chamber of Mines doc.ument arg for & dam.¢ on a pemous and on an smpemous base'
. ._ﬁforataxlmgsmthacv of 180mi .fyear L

e These graphs were producad o the bas:s uf calcm .smg the stabﬂlty of the vhtter slopa of +° 7 SO -
~ atailings dam; For this analysis the pore pressure of 1 limited number of thick Iayers of o v
. tailings, placed at ‘@ contant time interval, was caloulated. The dam outer slope was.

o "formed" by cuiting a slape into the layers of normally consolidated tailings. The pore *. .
" ‘pressure was Calculated usmg the luaear ﬁleory nf mﬂmtesxmal sirain far cunSuhdatlon, as

R suggested by Terzag.hl

e 'I‘he above work has the foilowmg hnutahons o

L. "The chauge in the 3011 pmameters as axesult of consohdanon is not takan mto o

. account. -

;'.i_' . Tailings placcd. it ahxgh de ratro wﬂl result n substaﬂtxal settlement. Thxs is .. : .

ot taken into-account by this document,

- .--é.-_--'The effect of. two-dlmensmnal drmnagc neé: the outer slope of the dam 13_;_ L

1gnnred _ o
o - @ Thetwo graphs relate to tallmgs thh n shear strength of 35"L and a smgle'-
. valueofcv. - '_ .- _ . o S

'When these graphs Were produced the}r were. based on the average properhes for a_.' :

' -'.parncuiar goldtmlmgs. '-



Test data from varmus mine and mdustnal wasis matenals show mgmﬁcant non-hnear -

.properues This ‘data is presented in Appendix A of this réport. Schiffman, ef al',

'M’.Itsunari sind Glemster and Press‘ also measuxed non—lmear large st*ram propertwa of_ | . -

vanous tallmgs, _

"The test. data in. Appendlx A and thf:. pubhcatmns ahove”‘ " “‘“' "’, _all c0nﬁrm the _. '_ L

follomng lrend*” -

A decrease in the permaabxhty of the mateual w1th mcreased a&‘ectlva stress
A substantial reductmn in the. void ratlo w1th mcreased eﬂ‘ectwe stress

Thz test ¢ doa Appendlx A for ﬂ‘e "Crown" EOI(I 1ﬂ11mgs and the manganese talhngs.'-' S
wete obtained from test results carried- out nsing Rowe cell COnSOlldahQn tests The--_-;

f-reasnn far seiectmg tl:us typa of] test apparatus was two thld'

The Crown tallmgs was’ known to. be fairly qmck drammg, and the feslllis frcm: R

- conventional consolidation’ equipment would: be. inaccurate, This is due.to the short -

drairage path of the test sample and. the related very sho:t time mcrement to measure tga S

'for the tesL

The manganese tmlings propemes were also measured ina Rowe cell Although tlns test : = - '
was: for another purpose, the resulty. were also used for the consolidation analysis; The . © - =
- manganese tailings consolidates stowly, and hence a conventional consolidation: fest: o

woulcl probably hava bean adequate axcept fbr the smai} spemmen helght. R

..: De to the non-lmear proputies the need exists to be able to- fodel ﬂae chauge in the o

- perimeability of the soil with the change in apphed load, with time. A rednction in
_permeability results in a higher pore pressure at any time, comzared to using a constant

~average permeability vaiue of the material, Failure to incorporate this effeot will resultin =~ - :" G
: stab111ty analyses; which will pmvide unsafe results, due to the und.er esnmatmn of the o

exoess pore pressures

__'The reduction in the vmd atio with apphed stress is less crmcal in. that if thm is. nm.'__
' mcluded m the a,nalys;s, it wﬂl have the follomng efiect- R

e The tofal thickness of the tailings wall not be educed due to consohdahon'_'.
o settlement, and hence thc length of the dramage path wﬂl be ovar-eshmated

The actual capamty of the taullngs dam wﬂl be more than what will be
pred foted, and hence the actual rate of rise of the dam will be lower, and ~
. therefore ‘safer. -This will however have financial implications for the

. development of the failings. dam, as the’ predlcted size of a fnmhty wm he L

- . larger that what is actually reqmred. S

In order to accurately predmt the lmre Pressure m tha material and to sunnlate tha true' AL



S helght (and hence capacxty) ot‘ the dam W1th tune, the foﬂomn;a reqmrements ha\re been .'; L S
'1dentxﬁeﬁ T S S

' :The depasitmn sequence of the. tmlmgs on the dam needs to be snmnlated as closely as e

- . practically possible. Hence, thin layers of material are simulated as belng placed on |

" the material already in the dam, Hach Tayer is simulated as & lnad plus anmc:ease n. |
o the drmnage length for all the uncterlymg layers. : .

_- “The dnssq)a'ﬂon of pore prassure fmm eauh loﬂd mcreme.nt needs o be traced Wlth. R
. .- time, as the dissipatior processxsanexponenhal onie, and the drainage length changes .~~~
~_with time, The change in drajnage length is as a result of consol;dahan sattlement, T
. 'plus theextrathlclmess from new layers abow:. L : _ R

'."I‘he consohdatlon procass needs fo be modelled durmg the time betwcen load LT
§ .Zapphcatmrxs. If this js not dong, and the time interval between foad apphcaﬁons g

large, lorge | inacenracies will result in the analys:s. This is.as a result of the non-limear- |

* propecties of most taitings. The modelling process needs to be based on a pimberof -
- -_short time increments, over which period the soil pmpertles can remain constant for . -

- .anglysis. This-skuld bethe basis on whsch the anaiysm tlme mcrement is selacted o

- and needs to be o ﬁed for dlfferent ta:lmgs - e

'To madel hlgh taihngs dams bmlt by a large number of thin layers, could result o
1 information storage capacity problems, due to the large number of varying propert:as oo
- ¥ is hiowever not necessary 1o keep track of information from layers where the pore - -~
“0+ 7+ presyures from early loads have fully dms;pated ‘Hence, the’ analysw needs to have 8 B
2 pmcess to 1dentify andneglect t}us “diss:pated" mformatmn ' o

_ :'_The mformatmn must be presented ina format that can be; effecnvely used for the' ) -
des:gnofafaclhw i s '




CHAPTER 5 PORE PRESSU'RE AN ALYSIS PROGRAM

| _"_The wvord "so:l" has been used in the dxscus.slon of the pmgmmme The analysxs-' S

" equally refers fo mny consohdatmg matier, parhmllarly for waste or resmlue products,"
. _-'to whmhtlus type of analys:s is relcvant y Co B _

. The analyms of large strr;un consuhdatmh it calculatmn mtenswe pl‘DCGSS. _T he nom- . PR
“ linearity of the materials being analysed also results in-a large number of constantly. - .

- - changing variables. Every load step results in an additionnf set of values being added -~ . -

'~ to the variable matrices, whilst all the- exlstmg values change for each incremental -

- time-analysis step. The changes in the pore pressure of the consolidating layer ate -~ - -
- pon-linear; being exponential. Also, the laws of superposition can nef be apphed o -

. the pore pressure dissipation process, for different load applications; ie. the . - .

~+dissipation pressire of load 1 plus the dissipation pressuté of load 2 does nat equal the o

| N dismpation pressure of (loads 1 + 4) ﬂdded at the start of the dlsmpatmn process. .

The dlsmpﬂ.tlon algonthm used in the program is based on a umfotm xmtml-:-.-‘

dlstnbutlon of pote pressure | in ea.ch mdmdual censohdatmg Iayer, .

Sl - 'Algouthm and Bam ofthe Analysls o

; Durmg tl‘le development phese of the program, the followmg l'eqmrements' = S

| were adent:ﬁed to ensure that the progmm annlys;s funcnoned correctly

e -_'For each load mcrement the dmmpatmn of pore pressm:e in apartmular. AR
- - layer noceds to be tracked separately, with the dissipation period’ bemg P

S - measured relative to the time when the load was applied. - :
. ‘s - The change of soil properties needs-to be recalculated contmubusly'
o with time, as the layer under- consideration consolidates. These: soil

- property paxameters need to- be recalculated between fS well as durmg_:
- loading stages.

- e'. - The dissipation of pore pressure avera umt time lncrement needs wobe

: calculated as follows: -

EREY - The soll parameters npphcable at the end aftane mcramant t~l o '_ R
Lo are applmable to the pore presmire dlssnpatmn calculatmn at .

. time =1, for the vnit fime increment,

R Caleulate the- pote: pressure at timie = -1, using the . sml. =

.. parameters of 1, and a dissipation period of t—l o :
'3, Caleulate the pote pressure at time ='t,’ using the same 5011 _
-, paramteters and a dissipation period of t. -

S 4 Subtract the difference in pore pressure df t»l and 1, fcom the | S
. eXeESS pore pressure stored &t the end of rhe last- tlme__-._;_.'}:.'__--

.I inefement. o
- 5. Steps 2 to 4 need to be calcuiated separately for each load "

.- increment, due to the difference in the dismpatmn tnne, ma

- result ofloads bemg applied at diﬁ-‘erent ttmes.

o N - The above pwness needs to be repeated for each uu;remental laye. L



. The dramage length of each layer changes W1th eac.h time: mcrement

o . ‘The soil parameters of the ovetall consolidating stratum. varies. w1th »

depith, in gecordance with the non-linear soil parameters of the soil.

- - - ~The point of maximum pore presstre over the soil profile needs tobe

e , * Settlement of each incremental layer needs to be calculated fc: each R

- -'I'he above points highhght the sahent features of the analysxs prngram. For the L
- detailed implementation of fhese featares, the coding of the program should be -~

< consulfed. A copy. of the codmg has heen attached ag Appendtx B of this L

.dowment : o ; _ : R

~determined, in order to id.ntify. whether the mcremantal sml layer is e

draining upwards or downwards.

- change in pore pressure, fo- calculate the change it drainage. length,

‘Many -residue  products. are” placed at high void rahoa, and the e

o :'magmtude of the resultmg settlcment is large .

e The extensm amount of varmbies that need to he recalculated coutmuously, o

" Tead the suthor t thie decision to writé the program in Visual Basie ™ using . ©
.. the spreadsheet concept to. display the results both numerically amd -
T '.'..graphtcallytThc Spreadsheet systent, Excel, was also used to analyse the input

i data of the soil, to set up the initial soil layer parameters, as well as to ﬁt

equatlons o the test data, that reptesent the non-hnear behmrnour of the sml

I’rogram Funetions R

The 'szual Basw code has beEn M‘ltten 19 allcw any form. of non—lmeat o

| - behaviour of the soif to be analysed by the program. Separate furictions exist *

“* " in the program that calculaté these parameters. (Function G, Function void

- . -antl Functwn T} The default relatlonshtp af these ﬁmctlons is as foliom* -

_ Funetton Gt

o 'I‘ha ﬁmctton calculates

e the parmzabthty of the 3011

e the compressibility of the soil

e the finite stram coefﬁctent of consohdatton parameter g(e} of the suil

 The permeabﬂiry of the soil s a function of the ‘effective stisss of the':'_* PP

* incremental layer under consideration. For many residue ‘products, - a

relationship based on the logarithm of the eﬁecttve stress, results e

- quadratw equatlon, of the form: -

k. 10 (a' ﬂﬂg(ﬂ‘ ))AZ"PI) IOg(U )+ c)

- '_ _.where 8, b and c are constants determmed ﬁ'om laboratory tests on the restdue

- From the above :t ciin be seen that the appln:d stress ‘needs to. be above 1 kPa, i L L
- 10 avoid problems with the log fonction with respect to the effective stress. If - ©

e lower stresses e apphad it wtll be neccssary to use a nonﬂlog ﬁxnchon o |



e relate the so:l properties of the consohdatmg layen -The program code wﬂl B
. _then hawto he nmdlf' ed: for th:s functlon o _ . :

SRS __'_Tha compremb:my of the sail is represented a8 Jne mverse of the weﬁicwnt L

: ofcompresvlblhty,mthe form; -

(0'1'-0‘ 1. L)

' _\r. ' (Gl 1*3;)

where o is the eﬂ‘echve stress’ a the start and end of the mcrcmental

i 2)

B -consolidation period, and & is the vmd ratio at the start and’ end of the...__ _j Tl

: mcremantal consohdatmn penod

The Jaite s!ram coejf menr of consa!fdatian parameter g(e) of the sml is. e

B similar to the cosfficient of consolidation used in the Terzagh: Thaory, namely o

L _cv. The relatlonshlp of g(e) in the program is as foliows

T
g'(l+ )

g( )_' "“""'_"""—. ”u. s v« ..-.-.u.o:u. u - .q .u LY . LITPITEEY (‘43) . : . .

o whene ‘e void raho;
. g = gravity acceleration o
k permeablhty at the v01d ratm e

o Functmn voul‘ -

S -The void functlon calculates the *vmd ratio of the. scul a8 a funcﬂon of ths B
S effectwe stress (c ) inthe soil; and is of the form‘ ' "

e d {og(fg- )2+f10g( ) g . -:. = (44) o

| '.where 4, fand gare constams detemuned from iaboratory tests on the nesxdue. o B

_' 'Agam it can’ be seen that this is a log funchon This - functmn mayf be

R modified, if the log relatmnshlp results in an unat‘ceptably low corr&at:on o SR

: 'w1th fhe Iaboratory results, orthe applled stiesses are ve.ry low R
FunchonT _ . Lol ._
- Tlns ﬁmctmn caloulates the value of the vanable T whxch is the t:me ﬁ:ctor, '

.and is 8 funetion of the time that has lapsed in the dissipation process, since

o _-the Inadhas been apphed Tharelatwnsh:pofﬂns funiction 1sasfollows'-' T
| T, c1+e)‘t)ﬂa’l st @5)

hare tmthe time ofdlss1pauon BT
.. Histhe Iength ofthe shortest dramaga path

The value »fthe void satio (e); ﬁﬂd E(e) are variable- mputs that are: related to

I the propertxes afthe sml at. the time t bemg analyseﬂ Theee variahles c.hanga_' B



©ooat. each tithe mcrement, due o the changmg effeutwe strcss m the e

- 'consuhdatmg soil Tayer.

| A further twio funchons exrst in the pragram. Thesa ﬁmctlons do not change 1f i PR

. the 501! ﬂlnctmns are changed These functlons areas follows

Functmnremmn Lo
Functwnm o

-.Functwu remam*

: Th:s isa functwn that has been created for ngfamnung Purposes, and is not. e

‘related to the algotithms of the- analysis. This funetion réturns:the fraction . B

L --.remamder of a dmsmn of two numbers, and is used in the dnsplay of msults

e -Functwn ui

Y The function ui returnq tha resu:lual pore pressura ata selected lncanon in thg"f--' S

- 501L The vanables used by the, functlan fo deterrmne the pore pressure arer. . o L

e ': a applled load
= function T -
¢ positionor locanon with feSPe“t to the dmnage p“th l”"gth

- Thc form afthxs algorlthm IS as folloWs* _

. Ul“‘E("""‘ %m(m pos:tmn) e(-{m 'mb e (45) e

' whcre m= 05, (2. k:+1)
: © p=unpphied pressure -
© I =tine function: '
g posmon=depth + shortest dramage length _
k= countmg vanable for the summatmn pmcess

The value oftit i 1s cumtlated for eash xtemtmn of k, unfil the value ofk reaches SR

100, or the value of each incremental ui is Jess than the pressure + 1000, As

) thls is a Pourier series analysis, the furiction continues. caloulanng nntil the - R,

. iteration has continued fot & multiple of 2 times the invesse of the “position”.
. variable, to ensure that the iteration cycle has stopped at the end of a clused L
: cycle 'Ihnsisﬂlush'atedmli'igure 5.1 below‘ SR L SR



ﬁ'igure LR H -Fquﬁei_’-Seri#s Iﬁﬁraticjn.-Sta_biiity

 préssura Increment’

. iteration loap, the number of cutves above and below the honzonlal axxs must R B

nurnhar of Iheraﬂons

"'I‘he graph ,above shows the dlsmpatlon of a pressure apphed to a Iayer of-

consalidating soil as the iteration process- proceeds. To énsure a closed -

: beequal

Ifa dxfferent pote pressure dtsmpatmn algonthm to the one above is tc; be C

o ‘used, then the Fuuchon u1 can’ be modlﬁed to accOmmndate thls

512

Analytic'll Scctmn

" The body of the progl‘ﬂm has bcen dmded mto four sectlons tlmt Pﬂl‘form. . |
T s;milar calculatlons. These four sections are ag foHOWS. ' '

- initial Tayers, dralnmg upwards : x
* initial layers, draining downwards ..
added layers, draining upwards .
. added: Iayers, drammg downwards

" ..._.'The initial iayer factlity aiiow:; for the ﬁeld SItuatlon to be mndelled where g o
-+ ‘tailings are deposited on the top- of an ‘older deposit. This also allows for the
- modification of the prograt, to simulate two different types of consohdaimg

soils, one of & fixed thickness, such as a clay deposit, and the second ldyer, as

a layer i mcraasmg m thlc!mess w1th tmze, such as & tallmgs dam, embankment L

. or terrace,

. ‘The 1n1tml condmons for the 1n1t1a1 layers are set by the ﬁ:st sectlon of the o
*. program, where the initial void ratios and permeability of the layer is:setasa

“funiction of the effective stress: For this, it is assumed that the layer is at. o
--equihbnum, Le. no excess pore pmssure .
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The stricture - of the fbur sectmns of the prngram can be represented as -
follows ' . S o Lo o

j"'Flgure 52: "St_'i-_ﬁuetureoi"l'frogtaha BRI -

RepeaiEd Tor each layer r A

~|[Foreaemong) ol e
N A BEEE | sml mconsnhdatmg Iayer R

' For'each tithe.| || inerément”
-0 | ingrement | Lo

" Révisosmnd o’ \
pet inerement

S Pore Pressure“

S 'I’he uhange i pore pressure is chrectl,y related to the change in effectwe sireds. '_ S
*of the layer, The change ini effective stréss is then used to calculate the change o
“in pemleablhty and void ratm, by way of the Funenons Voidand G .- ‘

R 'The change mpore pressure is ealculated as follows- o

T The latést values of fhe soif parameters of permeablllty and de ratlo are used s
- to calculate the pore pressure of each incremiental layer at time- equalsto tand -
1. This incremental change in pore pressure (A ) is then subtracted from the S
o -last value of pore pressune calculated for tlme equals 11, Hence, S St

| “W““"“"A“ e (4.7).: .
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where Au is the d:ss:pauon of pore pnessure calculated for the umt tune.._'

e _mcrement thh the]atest so:l parameters

" The process of pare ‘pressure. dlsmpation is repeated for eveiy separate 1load,
~ applied to each layer by the weight of the above Jayers. This requires that a
- separate record i kept of the pore pressure for each load application at each:
mcremental layer, with & record of at Wha:l: srage the load is apphed o

C It is 11ot cozrect to add all thﬂ 1ncremental pressu:es at a layer .mﬂ dlsmpate E

o -thlssun‘mledpressumaelfmsatnmeuo

B “The | progr&m has a number of control statements in the pore pressure madule |

. to reduce the number of calculations and prevent negative pore pressures .
.. being: developed once the pore excess pressure ofa luad has dlsmpated to.
B C N _ S : :

'.=-::_'.Settlement- PO

B The mcrem.ental settlement of ear,:h mcrementai layer is ca‘iculated on the bas:s
.-of the change in’ void ratio ‘of that layer over each time increrent. The

" inerementa! settlements of all the Inyers are summed, fo determine the overall
- settlement of the consolidating layer, The :elatmnsmp used for the catculation

of the mcremental settlement is as folluwg .

ai Ae dl (I-(l EI))

: . where .&e = chzmge in de tatio between tnne mcrements tand t—l '
Cdy = thickness of incremental layer at timet - S
el S o= yoid ratm of the layer at tune t—l

. Once the settlement of each of the four sections of the program has been -
“determined, the total settlement is calculated 85 the sum of the four, The
_consolidating layer tiuckness, _and hence the shortest dramage path length is

A calculatedas._ RN . o _ _

- 'New thmkness old Mckness total settlemem ( + new la}'er tluekness, when :

o apnhcable)

A new. Iayer is not added at every tune mcrement, and hence thxs addttwn is _'

RS detennmedbywaynfaconu'olstrucmwthepmgram

'Eac’h mcremental layer thxekness is kept i an axra.y, as the: so;l partmles of :

e each layer remain as particles 'of that layer, i.e. the parheh,s of layer 15 at time _
~ increment No. 1, remain the particles of layer 15 at ime increment No. 50, but
B they wﬂl be ina tlghter matnx, due to the process of consohdahon

 The demgn of the program allows & recard to o obtained of the settlement as'
* . well ag the pore pressure w1th tune, at any mcremental Iayer. A typ:cal record. :
. is given below. E _ . PR



- The. sohd lme is read in refation to the lcﬁ—hand axis of the graph, and .
. represents the increase ur pore pressure of the same-incremental layer as the
" setttement trace, as a function of time, The pressure ircreases as the overall -

5.

g i_'l_‘iéﬁre 5.3: Pore Pressure bﬁ_ilé'up"ﬁiiﬂ'séttl_ehicnt of an incremental layer .

" Povepressdre | . -

<" - Tiine incre'ment .

~The dotted line.is the trace of the setilement of an incremental layef, in .
. velation to the overall layer thickness base level; fig. the trace-includes the: ...
o settlement of the layers below the one being shown, In the grapha soil partiele
‘was at elevation 1,94m above fhe base of the consolidating Jayer at t = 1, and .

the same particle settled to a level of 1; 75m abovc the bﬂse at time mcrement_-' 3

consohdatmg layer is. increasing in - thickness with time, The increass in

~ thickness is brought about by the addition of fine-grained soil at the'top of the .
" layer, at a faster rate than what the pore pressure can dissipate, The above data - =
_is taken from an analysis of a tailings deposit, W1th the movmg ca-ordmates I
L ha\nng been convertcdto absolute levels, .

.\".._The above results may seemn conttadmtoqr, in that the pore pressure mureases, R o
" “but settlement still occurs. The results are however only for the selected time
.- frame. The pore pressure of the incremental layer is higher when the

- - incretnental loads are applied, and some- of the pressure dzssapates leachng to o

52,

- settle.ment of the layer. S
) 'ngmm Input And Output ) SR
" The extract of the program below 1s 8 copy of the main mpllt Hﬂd output sheet

" of the prograin, for the aualysxs of the. pore pressure Wlth respect to location
"andtme, S _ . .



- |daysy=

s ~|Total

Flgure 5 4 Samplc nt‘ Program mpnt and output shect

RESULTS OFPOREPRESSUREANALYSISFOR PONTINUOUSLOADBVQ RS

BN Time mcrement for display nf"‘?s
resulis= -

Loatf apphed at nach stage=
Time s!ep of. loadmg {evely
o L Tirna mter'v "t foranalys:s—

_ Inittal
. drainageLﬁ

e Days

ke

|Days

: uhit#dasés

pathe=

Totat

Fumber of dramagelz
ppled= - -

. Tmcmssofapphad Ioad-* 0:296°

fumber .. of !oadsﬁS(}:_;_.'_'-._:'_

laym

Enittal increment& in: srartlb’ . ]

Timg increment (dayNa)w L

mettlementﬁ o
|Total load to dute (k['a}—

L 1.636

. [ rom applied. ;mckmsstadéte (.n)»"‘ o
Seftled SER 1

376

' ng '

{7.104 -

KPa _22969'
o h3e1
m 2214

342 09 o
a0
17073

B

m

-"'-[thsckness-'

L Deprh from u
bnseup

) hasa I.lp
- p -
m -

_!Taepth fmm u Ioepm

IR
from. base I

'3229 5353
4021 (0,504 -

{0358
0,513

7433
2.769

8RR
4471

. _.-dnys 555 o days 3 S 8ays' oo
m . __346! ’.'1_..m_ 5409. Cme b

The hght[y shaded c:eIls axe the cells that need mput values The rest of the Ll

e Jozss _.,'-'-.-5.099. 0751 -

sheet is uSed as an output for the anaiys:s. B

The followmg hst axplams each ofthe mput cells

_ .'I'lme mcrament for diSplay of results
s
N =Luad apphed at each Stage [kPa]

i intervalforanalyss [ds] +

© " mitial drsinege L. [}

Thls determmed at what tune mterval thie - |
‘pore pressire is to be dlsplayed on the

. -output sheet. . . -
. The sheet assumes that the load that is put_ I
" into this cell is apphed at a cofistant rale of -
. .. thenexteell. E
" The loading of the above cell is apphed ata
- . rate of every xx days. 'I’h:s is the value (xx)
. forthiscell. - Ce
" . Due to the nan-hnem: nature of ﬂw soﬁs T
. the interval for pore- pressure dlsmpatxon
. cen be selected. The minimum is one day, :
L _.andmust be an integer. - B
© This cell refiects the thickness ofthe uutlal_.'_ SR
“layer. This layer must have.no excess pore .

' * pregsure. This layer needs to be an even

integer multrple of the “thickness. of-'- o

- ._ N apphed lnad"

10m | i



Number of dramage paths [mjug] ThlS value isl fnr one w?_.y_dramage or A '

..-for two-way drainage.

Total n:umber af Ioads apphed [number] - The numbet of loads multlphed by the tlme' L

 step of loading determines the tota! length -
‘of time being analysed for the deposit. '

.. places the load on the consolidating fayer = -
' meedsto be p’Iacad inte this cell, This valpe. . "
©is used to -ncrease the longest dramagc E

. .mﬁ?eé%ofﬁppiie_dlo#d_'[?”]"' . The trickness of the applied layer that

I path length

) "’"he appmpnabe value 1o be. selected for. cell marked (*) is & matter of o

_experience. The lowest value, 1, will give the most accurate vale of the . - S

. _analysis, but the analysis time may become prohibitively long, One analys:s R
__ has been run for a copper slime, for a deposit placed aver 750 days, at daily. . -

= ‘intervals. This analysis took 30 haurs 011 a Pentlum dBMHz camputar with - . o R

. _ _ no other analy31s tﬂSkl[ln' -

o The ﬂrst oolumn of u is thc colunm where a siatzc pore pressu"e can be.

..~ . “inserted. The function of this column is for a deposit on a low permeability .~ e
.- base, where a permanent water table has developed in the deposit, The value: . | - ¢
_put inte this column is subtracted from the gffective sttess value that is usedto- -

o 'determine the'initia'] soil propérties with respect‘ to permeability and \'roid“ ratio.

| -::"_The workbaok mcludes spreadsheats for the analysns of laburarory Sata w;', e
‘determiné the non-linear relationship of the- sonl properhas, for put inlo the

R program 'A summary of the Excel procedurc to use the curve ﬂttmg ommns is '
S gwm in *11;: Appt,nd:x C af thls document L _ N

o -Shet? ofWorkbool{ | _ |

o sheet 2 is used to start the analyms pmcess by mserhng ftie fest results from o
. consolidometer or Rows cell tests carried out on undisturbed or reconstructed - .
.. samples of sclt or waste, The correct selection of test is important to obtain

. realigtic mnsohdatlon r@cnlts The la‘boratmy remﬂts nead to measm'a the- _ '
"i‘o].lowmg B : S .

' 1) - .spemﬂcgmv:tyofthesample

2) o :The 'VOld rafio as & ﬁmctmn of apphecf stress to the sample. 'ITns s -
- determined bymeasmmg the void ratio 2t the start of the consalidation .

tested.

1est, and thereafter is. related to fhe verttcal hmght of the samp!a bemg - o

o f 3) A trabs of the time versus settlement ofthe sample at each stress (load): S C
T incrément, From the time trace, the coefficient of consolidation (6,) can "

- be: determined, by . graphical  construction. -The coefficlent of
E consolidation is then related to the permeabmty of the sampleatﬂ:atlaad-‘” :
' :"mcrement ' _ _ _ '

g0



Altematwely, permeablhty tests can be. camed otit-at d:fferent conﬁmng' .

~stresses. of the sample.
K9 B
Yy ~Ae
: hance-. : N AL LI
R (1+°)AG
B .._Sheet3 ot‘ Workhpuk

" In the Sheet 3 charts are created that graphlcally represcnt the laboratory resulta S

© - of the Sheet 2."This sheet has not been pre-formatted, to’ allow ma:umum_ o

- ﬂexlbihty to determine the most appmpnate equat:on of the results.

: 'It has been found lhat a quadmtw ﬁt to the labnmtory data usuaﬂy rwults 1n 8 :_ . .

L goad correlatlon. The data is usually plotted asfollows:

log effectwe stress Vs, log permeabnht,v L
log cf“ec.we stressvn vmd mtm S

: -The pore pressure analysis pmgrmn requ:res 2 relanon of pennenb:lity as welI g
_vmd ratioas a funchnn of strcss. S _ A .

= I-Ience, in this sheet two charts need to be created Theae charts can Be created

- . anywhere on the sheet. There ate no active lmks fmm the rest of the workbook to e
e ﬂ-us sheet, except for the shaded cells - . '

Onca tbe appropnate two formulas have beﬂn fnund ihey need to be manually L

inserted into the shaded cells in Sheet 3. 1f those formulas ate calcolated outside '

 the "spreadsheet, o analysis needs to be carded out in Sheet 3, but the
_ appropnate valuas need to be inseried into the shaded cells :

The program has been further developed o include the effect of removmg the |

- seepage and supernatant lignid from the consohdatmg mass, as the process of R
- congolidation procesds. This effect results. in the applied load at any time

. being reduced by the amont of seepage that leaves the stratum. This reduced
. load is equivaient to the settlement of 4 layer, muitiplied by the density of

- water, Any settlement of the Jayer is as a result of interstitial water being e

‘squeczed out of the consolidating layer. ‘The removal of séepage water is
- included as an incrementa! event that ocours every time a load is applied to the

B layer; This removal of load is simulated as & reduction of the applied load, by * B
* an amount equal o the settlement of the entire layer times the density of -

- . ‘water, over the time between load applications, {Tence, the reduction of Toad - - AR

‘only apphes o the present Ioad being apphsd, and the “older" loads femain .

= unchanged

1Ifthe reductmn of 1uad 28 result of seepage is apphed to all the londs, then

-~ this results in problems in the analysis A future version of the pmgram may R

BT ST



'-'..mclude th:s finer adjustment ‘but this wxll rcqmre Specml memory_ S

' raanagerment to- prevent the analysis becoming prolibitively time ‘consuming.

- .. The removal of seepage has been limited to the case of free seepage to the -
- .- surface. No allowance has been made for the case where the effect of -
.. evaporation can dry out the surface and create negative pore pressure gradients

.. in‘the surface layers. This will result in an accelerated rate of consohdation uf

“the layer; as reported in Senevxmme et a! Fahey and Fu}iyasu 'Svsuaurl:nrmk2 S

" and A MacG Robertson

© U The program can be modlﬁed o dlsplay any. number of vanables, asa ﬁmctmn S
. .of the depth of the deposit. Figuie 5.5 below shows an example where the .
- - gffective stress af different depihs has been included in the output These

a values cdn be used fot the stablhty analysas ofa consohdatmg stratum



*  Figure 5.5: Program ontput including effective sivess values .
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Vi alndatmn nf I’rogram Resu!is

o .Results from the program have been compared to the pubhshed results of I
*“analysis carrfed out by Schiffman, Pane and Gibson (1984)'°, ont copper .~
. tailings, The analysis was based on: atailings deposit that had baen placedover
. aperiod of 3000 days, ona dry {1.e, permeable) base. The pore pressure resylts .
- 'were publisbed in the form of a graph with » normalised height of the dam i.e. ..
. the pore pressure. was recorded relative to the total height of the dam at gach
-~ ‘stage. For the purposes of comparing these results with the results of the
- quthiors’ program, the height has been converted to the actual thickness of -

consolidated straturm, The soll properties of the tailings deposn uged are

'_'repreaented by the relahonships belcw (whmh were pubhshed in the ongmal .. .

-:-sra'1”453';-'ozss mg(u-‘j;.....-.- i {50)

 log k== 69464 =047 08 (0" cotmsininn B

E - where X has uruts ofmfs and ] has umts of kPa.



' The -placed helgh.t of the dam. that has been simulated is 80m, This is th& mtal .'

e “height without any consolidation, called the Lagtangian height. The settied . R

o “height at the end of 3000 days was calculated by the program. as.37. 8m, as

S compared to 66.9m calculated by Schiffmen'’, ef al; There is-an explanation R

* for this difference; in that the reference paper reports that the tailings: were -
. placed-at a.void ratio of 1,3, whereas the soll property relationship given - =~ = -
 indicates a void ratm at zeto effectwe streds of 145, The effect of simulating - -~ = -~

-the tailings dam using a void ration of 1.3, is-shown graphmally in Figuire 5.6,

o . The settled height of the dam using a void rat1o of 1 3 :s 66m iugh whmh - SRR

. agrees very well ’Wlth the results of Schxﬁ‘man K et aI

. Exammanon of ﬂ;e Pore prcssure values alsu mdu:ates a dlﬁ‘erence, wluch s

explained by the same discrepancy. If the Lagrangian height is ignored for the.
- purpose of simulation, and the dam i is simufated to 2 setiled height of 66. 9m,

the pore wessura values obfained agree well. with ‘the published values of ;

© - Schiffman'®, ef of. Figure 5.6 represents the pore pressure profile of the . =
-+ reference- paper and the results of the program written for this report, The -

L .comparison is_based on-the analysis of no. seepage water removal,. The e
_companson ufthe peak porc pressm‘e at 3000 days 1sasfo]lows. ;

. Schlfﬁnanm etal | -'493kPa
. Program (eg=1,45) 470kPa
Program (eaﬂl 30) '450kPa' '

o The percentage difference of the Schiffman et ai predlctmn to the program TR - o
= 'n4,67% and 8,72%, respectwely, lower pore pressue from the progrm The LT L
o locatlon of the peak s m the same posmon for both analysas L

e '.For companson the peak pressure at tnme_s 3000 days w1th seepage water. .
o removal 13 435kPa. ata height of 0 381'1 0 . :

 The felﬂ.thl’lSI‘.llp ofthe goil propertxes is relatwely seusmve,as:s demonstratad_
-_below. o _ _ : _ '

o __A similar. sample of copper tallmgs was tested by S»iufﬁnan“' et a! wluch. o

| - resulted in a- different relationship of the consohdatmn propetties, These - . o
. results were also used to run the program {6 ensure that the sensitivity required -
"~ waould be reflected i the resulty of the anal}'ms In Figure 5.7, it can be seen - -

- that there is a marked difference in the shape and values of the pore pressure_ "

toe : campared to the chgr coppe: sample, as js expeoted

| :_Z'The relatmnshxps used for the copper taxlmgs Is as follows' .

emms 0.247 log(D“) RN (52)

i __1__;_:.gk=__~7.035-__*0.858_10;;_(0")..-_'_ i (53)

5-'14 . .



" Figure 5.6; Comparison of pro'gi?;a_m'i?ésults to Schiffman resulfs '_
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These relatwnshlps are taken from the samie referenee as above of Schlt‘t‘man

' etal. The reference does not prowde the rate of deposition of the tailings, but

provides the trend of the pore pressure for the dam at a height of 49.5m at - o
3390 days, after the top was surcharged for 330 days; Hence, the shape of the

- pore pressure profile is.valid for comparison, but. hot any of the values, The
- peak pressure occurred at-0.2H, where H is the height of the dam. The. peak o

| pressure quoted is 858kPa, The values obtained from the authors’ programisa = -
‘peak pressure of 1083.74kPa at a pos:t:on of 0 197H, s;mulated at & rate of

h placement of9 6 metres per annum.

- _ Flgure 5.7 below represents graplucal results from the progmm shuwmg the o
- build-up of pore pressure in the copper- tmlmgs w1th reSpect to tnne, usmg the o

o .above so:l property. relatmnshlps

" Fenw the above it cah be concluded that the prograni can e consndered as -

s 'bemg valid, based on the correlation to the published data. Tt is the authors - .

opinion that the program js- more accurate, as the. incremental rnodellmg :

- adopted-in the program, would have been probibitively time consuming with
. respect to computer time, at the time of the publication of the work of - -

- _Schiffman'®, e al. In addition the facility exists in the progtam to'model the =
moval of the load s:mulatmg the removal of water frcm ﬁ‘lﬁ tmlmgs or

w15



Flgure 5 7 Graphical Presentatmn of Results from Progm'n for Copper
Tallmgs (Second Sample) L o .
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CHA"TER 6 SCENARIOS AND BASIS OF ANALYSIS

: __"'"he program has been used to assess what the 1rnpact 15 on the stabllxty of S
© . 1ailings dams, as a function of the rate of placing tailings on the dams. This: =~ .
- gtudy has been carried out for soil properties of vertous types of ailings. These - - .
" properties have been based on Iabomtory test results from various projectsthat -~
the author has been involved i in, and pubhshed data The foIlowmg types of R

'_Resnlues Analysed

i talhngs ha\te been analysed

o "Golc‘t Shme, from Crown M.mes m Johamesburg

= . Gold Shme from Boddmg’ton Western Austraha

. .Bauxate Resxdue, ﬁ'om Westem Australm

- - Manganese Residue, from 8 Beneﬁcmnon plant, Mpumalanga :: e

Copper Shme, from Bethlehem -

' Trested Acid Mine Dramage Resaiue, ﬁ:om De;:artment of Water_:-"
e __Aﬁ‘airs &Forcstry Wltbank L _ AR

L -cm smmr, from 2 Coal Washng Plant, thbank

Properﬁes of Resnlues

. The relanonshxps of the propemes of‘ the tmlmgs that have been used in the R
" study are listed below, The relationships are those between the void ratio with - =~ -
.0 respect-to the effectlve stress, and the perme.abmty thh respect to the T
-.'eﬁ'ectlvesﬂ'ess : ; _ _ :

" Thes tationship of Gold Stise and Bauite Residue from Westem Austrelin,
. and the Copper Sliroe from Bethlehern are taken from published data ¢ (0,4, ‘““‘--' S
L Theremammg relatmns}ups are from test daIa, asdescnbed m Chnpcer 4 R

e



- '.-_::_'Table 6.;1. Pmpert:es of Resulues and Tallmgx

- T‘“““ggz.. I SR _"’2!:2. ncrhes

) ) _Tallings

T, Crowaneé__ '1og(k)--o1514iog(a Y- 0716910g(r.r) 5,1354?- i R

'e=-00132010g(a - 0.079510g(o“)+1{}56 "

17 BoddmgtonTallmgs Tog (k)= 0.53?3]0g(c"‘—29?4410g(c) 47435 —
e e-—-0033910g(6) 061371og(c‘)+23'?91

Sé-_.Bgux?t:g_Résidue _:_ 2 _Jog(k)—-—ﬂZfZ'?log(:r Y -00I0Tog (o) 71740 :

| "_a=~04764xogcc - 000101og(o)+2.3428

_4;Mg_ng'gr_;es§11§si_due_ Iog () =-0.800 Tog (5 )+ 13044 1og (6 - 810

N R e=-0049710g(c )*0011610g(cr‘)+1.,898? e
| 5-Copper Tailings log(k)—--04’73 log CHE 69464 ' L

| esi0265 g oty + TS0

'_;;-"-_".:5,_;;ffe_a£_eq-;m:j__.{f-_"-'*'_._Iog(k) 09487 Tog (o - 42641 wg(ss) 38031

=40 0955 lag (a'3-0. 0854 log (c‘) 9, '?083

[Ty -=1og<k)-—-01514 Tog (o Y 07169 Tog (9- 51854 e R

e—-amazo log (c ) -00795 log(cr‘)- .056

. o Coples of the curves ﬁtted to the labomtory data where data “ras aVauable, T
. ‘nttached in the Append:x A tcr tlus documant. Coples of the ]aboratory data._ SR
: :__-j:_arealsoattached o . ) o e

o ..It is to be notr:d mat the mlatxonshlps of the data ﬁttmg &orves are all related to' o
.~ . the log of the effective stress, with both quadratic and linear relationships, The -
- " permeability relahonshxp dominates the rate of pore pressure dissipation, whils
- the 'void ratio relationship dominates the setilement of the layers; Their =~ -
.. relationships are also intep-reluted, in that they both are tune related and bnth- o
dre dependent on changes in the apphed stress T o

63 Depos:ﬁun Scenarms .' RS

Tha follomng deposxtmn scenarms were mcdelled for tha dlﬁ'erent imlmgs



B _Table 6. 2' Depos:twn Scenarios

(mpa metresper anmzm) - __: T

Materlal

Depos:tion Scennrm . '

Coppchailmgs o

3 65mpa Two way and one way dramage, |

o | 9,60mpa Two way' andonewaydramage' : -
10, 7mpa Two-way drainage, - o

13 26mpa One way draitiage,

3.50mpa Two-way dramage."_. o _
5.20mpa Two-way drainage,

e .-6 SGmpaTWO—waydramage :

. [Gold Tailings fromh weathered tock

. | 240mpa Two-vway deainage. ':- -
-} 3.93mpa Two-way drainage.
{ 7.80mpa Two-way dmmag&

~13.65mpa One-wayandtwoﬁway drainage S
“1'5.20mpa Two-way draitage, _' L '
-10.4mpa Two-way deainage.

B

" 1.95mpn Two-way drainage.
[ 2.60mpa Two-way drainage; -
'|'3.91mpa Two-way drainage. .-

| 7.80mpa Two-vay drajnage, =
'10.95mpa One-way drainage..

. [Acid Miné Dranage Sudge

3.65mpa One-way and two-way draiﬁage 1
" | 7.30mpa Two-way deainage. s
'] 10.95mpa Two-way dramage L

T | 1.83mpa Two-way drainage . . |
- - } 3.65 mpa One-way and two-Way drmnage,-_ [

* | 7.30mpa Two-way diainage.

.- 14.6mpa Twu-way dramage

' 'I'he analysls of a numher of selacted deposmon scenanos was m-run to K

- include the effect of the removal of the supernatant and seepage water, This . . -

- was done only on the tailings that showed a substantial settlerent, whichare . . - - - -

" the tailings that are placed at # high void ratio, If the seftlement is small, it . = .~ -
. means that the amount of segpage. that flows from the’ ﬁulm,a is smail, and. -
* hence the change in load is small. The:tailings that were selected for thls T

AR - _analysm are shown in Table 6 3, below w1th the analyses per.fome&




N : : Tableﬁ 3. Analyses with rernoval of supernatant and seepage water g

) o Materlal RPN DepnsmonSeenarm )
'CopperTmlmgs T3 GSmpaTwowayandOneway drainage. |
- e Ee T 642mpa1wnwavandonewaydramage; S IR
.. | 9.60mpa Two-way drainage, 1
. . . 10/ 7mph Tvgway dreinage,
S Acthma Dramage Sludge T 1 3,65mpa Two-way drainage.
: Bauxﬂ:eRes;due T T ] 3,65mpa Two-way drainage. ¢
el s T 7,82mpa Twe-way drainege, -
N o | 10,95mpa One-way drainage. - .~
S jCoal Slu:ry N ~ . 13,65mpa Two-way drainage,
o Gold 'I‘a:lmgs from Weathered rock 13 65mpa Two-way dralnage

_-__."'-I'or comparlson purposes the gold tallings fmm hard rock mming, was also - __ o
___'..analysed fora rateof placmg of 3 65mpa and 6 Smpa. Lo SREROE

'Basm of Stﬂblhty Annlysls

e The pore’ pressure program has be.en used o obtain pore pressures over the S

S profile of a darri. The stability of the tailings dam was then deterimined nsinga - v,
-+ commercial ‘stability prograim, catled Preknn This program uses Bishop's -

- . Modified Method of analysis, which'is based on the ratio of mobilising to. - '

v resisting imoments, by the method of shices, o determine the factor of safety. A - - )
" second module of the program has also been used, which is a nop~circular =~ & - -
. apalysis method. This module. of the program was used to analyse a dual D

a _ _:Wnge fmlute of. ﬁn. talhn _;s dam

- _""I‘he proﬁle of the slope that has baen analysed was based on accepted practxse S Co
- inthe industry. All the analyses are based on the szune assumptwns, Whlch are D

- Hsted in Tabls 6.4 belowr:

':Table 6. 4' Assumptmns for stablhty aualysts

o 2 Adfailure of the slope consntutes a fuilure surfaoe mto the body of tha

s No cohesion ras been included in the analysis, -

B The pure pré’sé'.ﬁré.cmitouxs 'near'the outer sloﬁé have béén defined, based on i_l'_' R
. experience with tailings dams, The location of these contours, to simulate the ™ -~ -,
- two dmlensxonal eﬁ'ect of drmnage, is shown in Flgures 61 and 6,2 beluw. A

h - ' 1 i:.' 'The foundanun so:ls ate stable, and have hlgher shcar strength than the

2 4 The depth of the pool of water at the surface of the taﬂmgs is very

- tailings.
‘tailings, ie. excludes surficial sloughs

S 3 - No phreatic surface is present in the tallmgs, i e the pm:e pressure from

' the progiami is the total pore pressure,
" shallow, and Hence free dreinage-occurs at the surfa_ce of 1he deposfc;

6. The tailmgs has been assumed to be homogenenus S e

W
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n” was placed 30m mwards ﬁ:am the tos mespeetwa of slope helght,

' .:-ensm'e a consistent analysis, This dimension was degided upon by trial and_ 3 o
. error, in ordér to get stability results that focus on the effect of the vary‘ng_’;: R
' pore ‘pressure. A’ dxmensmn of 30m f‘rom the - toe of the dam Is a realrstm' o

... position for a drai. -

| .'Fxgures 6 1 and 6:2: below represent the typmul geometry of the slape that
- was used i m the study :

B . .'The slopes have the faliowm featuresv. L
Hormomal ground Surface

Smgle conisistent outerslcpe “(1.e no step-backs’) L
n No phreanc surface

thure 6.1 Geometl'y for mcular fmlure bnrface _

| Height '.

L oeemtoyrs

| Fatture sucface muzt | -
- extend inta pore -
prossurenien

e F:gureﬁzceometryfor dual wadge failul'e surffaj:_ée .

_ﬁ-S_-_ o

No“,mnm o TS . _




" For the. dual wedge analyms, thc pore prcsmre contours deﬂected below the R
. urest level, and ended at a point 30m in from the toe, To analyse the. slope, the "~ .~
" junction point for the pore pressure contours was located Sm below natoral -
" ground level, which resulted in an acceptable spread of pore pressure nicarthe. - -
s fzulure surfacc Also the fmlu:e su*face v/as ﬁxed w1th the followmg cntena‘ S

Exlt at tne ofthe dam

Fi’"*"‘ Wedge ends below the cmst at ahelght of Sm above the tcea . o

o L The second wedge slope 15 at (45" + @ 0 5) to the horizontal

L '_.. ' The fa,ctor of safety of a pre-deﬂned fmlune surface was detemnned

D66



CHAPTER 7 RFSULTS AND DISCUSSION

-l‘om I’rnssurc Results o

A sertes of detmled plots af the 1:010 pressure proF‘ fos for the various .
* deposition scenarios have been jrcluded. in Appendix D of this docyment.

L Some of the results of the analysis oxclude the removal of supernatant from

~'the surface of the dami, of removal of seepage fron: the bage; and sonte inclode .
. the effect of the renioval of the supernatant Jiquid from the consohdﬂtmg, S

S mass, Fuch plnt that includes the removal of Ilqmd o8’ bcen marked as such.

'Some of thc morc sal usl rcsults lmve beeu smmnarmd m dze foilowmg elght' S

i Ilu. mrormauon that'hns bccn sumnm'rssed'is the zicuml' rale orr'rs'c q['um chm, R
- compured 10 the rate of placnu, of the tailings: The- magnitude ‘of the .
 selifomend, os well us. the: peak pore pressiee hay been recorded. Ve focation . .
- of thie peak pore pressure, 05 a percentage of the dam-height, Is also piven. The =
.. data has been summnnscd iur qalwlud hm:,hl mlcw'ﬂs o[‘ﬂm dum. to allow the

|'1.'iu]t-. 10 be COI'I']]’)"II‘I...(I

"I‘ulm.. 7. i o ?h almw lltc ‘.ununurl%d dmu ﬁJr (lsc scw.u di{[‘t.rc.ul wastc" :

R pmduut‘:

_ Thc geut.rni trcnd 01 thc results i‘or cach wastc procluct is d'.scuwud bctuw'
A u-cnd that was observed in al! the ana!yscs is that thc rate of risc o[' al! thc S
- dams is substant!ally lower than the rate-of pi'u:mg of the mala.rm! and the:' LT
. mte of rise also veduces B lhe hCIj,hi uI‘ lhe dam increases. '

' e :Copper’!‘a:lmgs. (Table 7.1 mtd 7.2)

"The se{tlemgm of the tmlmgs is substanlml thh seltlemenis varymg ;-
Yo 16% 1o 40% of the placed higight of the dam, The settfement alss
. itcréases with: the reduced rate of placing at the same height of the -

 dam, §,e: &8 a dam heighit of 26m, the settiements at a rute of placiig of - e

- 3,65mpa and 9,6mpaare, 36% and 24% respectively, of the height of

the dam. These settlements have been calculated as at the end of the - ST
-deposition of the Inst layet of tailings. Further settlement will accurin R

“ the dum, as the cunsohdatxon process contmues wnh nme

" The peak are pressure within the tmhngs nlso exlubxts 8 trend, whlch" B
" is_presented in Figure 7.1, 1t is evident that the peak pore pressure.
“increages non-tnearly Wwith the height of the dam, and the rate af which

~ the peak pressure increases with heigni, mcreases, a8 the rate ﬁfl o

'daposinon is mcreased. o



" _TABIE?I WASTE PRODUCT COI’PERTAILI\GS (rwo-mn DRAﬁ aGE; '

?I"f-

' Setﬂemmt

Settle;nan;

Posmlm of
| peak from
b_bﬂom h

Penk

positionas [ © 0 -
'pem.en_fa_ge_ :

. Comments

‘Sg&m '.:'2*

325

m wav dramage \\‘lthSI.Ipematant removaI j

EXT)

. (two \\av drainage with- supemmm? mnoval

EXT

] mo way r.iramagewnhsupemamn:nmoval ’

EE]

T 55

EET

- jovoway drama,e w1thsupematant remcwn[-‘ i

REEN

13.02

two way dmma.'e ‘with supematant removal '

5%

2655

. 3126

- 'wo way drama___,e w:th s'npernatant removal | .

Y

%

54

4.26

' o way drmrfasr.f:' S

T 2a%

TTiE0

228

| WD way dramag.e i

2%

S

EATEE]

o way drmnage

3% |

T30 |

564

- o way drdinage

7%

T R

155

o ‘twowaydmmage .

4%

AR

T

R hvo-@vay drinage -

! - 2_?% -

R

085

- o way drainage

BRI

TAGTS

T 7751

- - Iwp.way drainage .

559

A%

7360

R

fwp way drainage wiih supernatant removal

10,70

305

347 -

34

1387

-| tivo way drainage with supematapt removal |

TE1

38%

7308

i3

two way drainage with supematait removal |

169

e ..

3550

/I

-two way drainage with supernatant removat | '

348

-; e

6540

'-._3‘_(-_5 .

ET I

Jwe wav dl‘aﬂﬁ%& different soil parameters 1~

826

23|

3415

05

6% .

“{two way deainage, different soff parameters |

T

- 6314

1049 |

%

' two way dramage, different so1] parametm 1

5% 1

0855 |

E7

T 5%

two way dramn,e, dtﬁ'ercntsml parameters B

1796 T




E ’TABLE 72 WAS’I‘F PRQDUCT. COPI’ER TATLI\GS (ox'E-n .n nmr\ -&GE}

oL

_ Rateof p!:ﬂ J:

Setﬂement asa | Peakpure Posmouol" Peakposrtmn ag
pressure §peakfrom] percentacreol'
2- .} bottem

Setﬂm-t

Ep

ut'

H *.-kffa»:-’*:.ﬁs e

3.65 148 | _16% T R T 5%

nﬁe way dratnage with superviatant remcwal

592 | B% | a4 | 456 | % .

: . aneway drainage with supernatant removal.

T [ B% | s | 688 ) 15k

onE Wy dminnge‘wi:h'su;}emmant removil

A T N = T

one wny dr:unaﬂe wn!h supm:a;am remuvn! - f

643 103 T 2% T a8 | 232 | 2

onz way dramagemth suparnatant removal

R D T A M ™ "

- one wa\' dramage with supemnatant Temoval

B 2N T R % R B R B % Y - R AT T

one way dratrage with supernat:mt remo\ml _

s 55 BE (5% | s [ Ee |

1 onevey drama..e With supernaiant remnval -

X I AT BTN IS S RO - (R N RN DRRN T

. -onc wm‘ dramage o

BRE) 08 | 8 | W% [ 260 | 33 . W%

np_c way drainage’ | -

T3S 6 | 52| 3% | A4 | A8 | o 1%

- one way drainage .. .'

BB TR | mA | W% | ehs | 33 | o

| -one way dr‘aiﬂagcf

Y TN N T3 I R I ¥ R I U R DR 7 % M (< D T

 one way draanaae. d:ffert:m soit paramerers

.l
bl

Feise | 7R | &8 | =% | 554 | 0B

- -'one way dramage, d1ﬂ‘erentsml patrameters - -

AL 772 | B9 | %% | 958 | 07

'
v

onic Waiy Grainage, ditierant sotl paramcre_rs

7089 | 769 | 1941 - 2% | 1aT6, | 0B | =

=
)
av

one way dranage, diflerent S0l paramelers




. TABLE7.3: WASTZ PRODUCT:GOLD TAILINGS - CROWN MINES |

i1 Rateof rise
P E e

-Settiement

Settlem entas a

- -'P_eal;_-[:b_'re

_ prg_:ssur'e .

Fasition
of peak |

o vy drinsge

35

. Bve way'drainagé

3.50

TE0E

T twoway dréinage

[

—e08 1

1_44 E i

T Twoway ﬂm_inage

“23T:

3‘;‘!3%

-.. - twoway drainage

IE

© 380

3%

. hwoway drainage .

T SAT

a7

35%

o way drainage

378

840

o

‘o way drainage

330

430

T

..:333{,. L

- hwo way drainage

568

i

I Two tvay dﬁiﬁﬁge

-'_4.6?3.'

676 |

335

two way dmfnagg

33t

K

%

one\'\'zydra'ina_gé;wit'h segpage;emu\{nl- L

| 385

326

. _-.4,23 .

1%

_}rone way dmingge with seepzze removal

324

631

313

. one way drainage with seepage removal

S 321

935

' .'.'li_’;;n o

.| oneway drafnage with seepage removal

6.07

193

R T

-1 one way drainage with seepage removal

T SED

Y40

T

one way drainage with seepage removal

. I

% T

%

"{ one way drainage with seepage Temoval |

. B33

0%

| one way drainage with seepage removal |




TABLE 'I 4 ‘WAST E PRODUCT GOLD TAILE\GS BODDI\GTO\

nt Sattlementas Peakpore Pps:ﬁun-_ Rk
:apenfentage prcssure of peak {4
i -._]'rom
i 2 ) ] gmatves s T =Y sG] SR 30 [ IR e S, S g
240 740} 139 Y 855 [T sw p 2[3 ) s3] 9 007 [ T “two way drainage
o 1530 ) 125 | 865 |  109% | 760 [ 636 | . 4% - | 028 [ . _..?f'_m_owaydramnge__ -
b - [mAel L9 | 28d0 | 119% | 1450 | 104D [ 4% | D34 | . . ovowaydramage
S AT 3 o [ wez | 207 | M6 | 9% |. 339 . 285 | . ¥% | D5 T twoway drainage

h; .'-He:gEEI'Ra a‘of_r € e

IR 15 TR Ti5% | 1000 | 834 | . 46% | 039 |- - . nwowsydramaze
0| T | WA | I0% I 83 T Ty OAT | woway damage
S imm 1w | By % | B0 | B0 | 0% | 036 | - twowaydwmage
TR0 | 2180 381 | BAT | 20% | W8 | 680 [ 2% | 071 | twoway drawmaze |
. [330 336 | %35 | A% | 6660 | 1198 | 3% | OS& | . wwowaydwnage

T35 . | 920 | 210 L 739 | 80% | 38 | 305 | 3% | B[ nvowa\'dmmagc\ulhsnpematamremuva!
E N 3 4 B I T3 1 %% | .6 | 3530 | 5% | 11085 T0 way dramagcwnhsupunatantremoval
20844 - 190 | 1995 o} ?.'5?% - 1016 692 1+ '33% | 14545 | nwo way drainage with supemata_ntlfempval




_' | TABLE 7.:' WAST E PRODUCI‘ COAL SLURR'Y

Settlementas Pe

e Posman

Peak pnsmnn.'__ »

two way drainage

twowaydrainage .

Araad

- twbway drainage

B O

" twoway drainage

630

ES T2

two way drajnage -

T30

1%z |

- two way draipage

335

BEE

976 |

- two way drainage -

{3955

E)

1637

I

nvo way dminage - -

i040
' | 14359

356 1

3.0t

BT

W0 way drainage

TN

5.93 !

o9 ]

W0 way drainage. -
: ﬁ“o-_\\'a}' dminage T

BT

CXT

NN

- _'.59:?

BEEE

AR

7 two-way drainage’

{4340 }

595

1635

008 -

‘hvo way drainage -

5aE |

342

11

300 |

-iwo way with removat of supematam

—TIEETTTT

146] |

T A

Ty

6.51

002

- w0 way with rcsr_povel of stpefnatant | - -

- 319,

Ww0E

EECN

003

“wvoway with remeval of supernatant’

3300 |

315

NEE

13.68

| two way With removal ot supemamn; _

1557

342

"33

S I A

503

one way drainage oply .

14.60

= »L

~TTIE ]

R B

T

... . ofeway draiage only -

23.06

319

o430

0i7

13

B - oneway drainage ooly - ; .

R

1 3480

A

5.0

017

one way drainags onlvy -



'I‘ABLE 7.6. WASTE PRGDUCT BAUXITE RES]'DUE

. Setﬂement

Setﬂemant as

Peal.. pure Pos'mrm 'Pe'nk p'osmoﬁ
ufe - aspercentage '

LTECI IS L : -twowaydramage_ Sl
% _-'0}_19'3 o way drainege
TS ] 042 | . fwowsydmwngge

T | 661 | 44z | 567 | W% | TIA | LEF [ 38 [ 015 | twoway draiage With supernamni removal

T[T {Em | A | 34 | S [ @5 | GH C TuTTT[ 06 | taewe o wegewih spenemniremoval |
B I 2 B A1 SRE e %5 T OS% o} 898 -1 004 A "D.’h} oneway mmagem!hsupematamrenoval_

“T3%m | 668 . Two wak draloaze gz-im_ SupEaman removal
) T} 30% | | 14745 | twe way drainege with supernatant removal |
T80 [ 8% | 214.20. | two way Graimage with supemetan removal |

365, |63 | 183 | 6B | 9%
. -. 12m ISl %5 | B

-]
Uy

. :-IJ :

| =
b=

Lag) 4a)
Tl
Ly
L= ]

T 36 | ags | 2% | 318 ] 516 | %% ] 035 | m'owaydmluaaewlthsupematnntremc.val T



. TABLE7.7: WASTE PRODUCT: ACID MINE DRAINAGE SLUDGE . .~ '~

ot [Settiement as a] Peak pore | Bosition | Peak posifion T Eomments |
| percentage of | ' | asperceritage G
i " of height

T {131 | 226 | 3% | 004 | T T twpway dramage
40% . . _3_?;3 _i_i.ﬁs B 37% - 0_.-23 - '._twn_wayﬁra_inégé: N
e R o a1 e
T % T AT I3 T 5 035 | twowayddnage
TURE% | 805 | 38 [ 3% | 036 | . twowaydamage
6% | 168 | 18U { e | 021 ] . Twoway dramaze
31% - 33'.0_ B S 7 .'___0.'_31-';' :-:-- -m\ﬁvaf'dré_inage T
e | B3| A | B | OB T wovaydaimgze

L
[V
& .

2% | 354 | 007 | W% ] 034 | . onewaydmimage .
' ' - ©op o044 1 - Uopeway dralmage. |

()
2
-
o
1eo
=
=t
F

{75540 | one way Grainage & supomarant removal
. 9LF0 ] one way dminage & supernatant removal.

]
ES
By
B
o
=t
Lay
&£

Fi4

F[FL (e

SRS S5 WY A B TR A ¥ St SR (R N X AT

~§ 4287 “twoway drainage &_si:peﬁataﬁt_r-ﬁe’rnm_-ai'
1 -74.80° 1 - two way drainage & supsmptant removal -
9140 1. -twoway drainage & supernatant removal

. -_:3_.6'5"' T N R ._zi%_' R A EEE
o ez} o282 ) 38 . .35% 3} 33|
y1482 | 271§ 557 0 3% =

B

L
1
X
RE-
e
&

=

"




et Em T e[ T | W% | 686 | 83 | Bk | teoway daage -

. "I'ABI..E 7.3‘ WASTE momrcr MANGANESE ‘I‘AJLI\'GS

Peak position as]
perceatage ol‘ :

Pos.mon

Seitlem pors ns a Ptal\ pm‘e
' - pressure.

18 _;swl.Pa -1.:‘

!..F'"E--c‘

2397 _2_3‘3% _' : - twb “ay'drmnage.:

{0 D ¥ > R U S NS - FR T 1 Rl - A N T nvowaydramage:- —1
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iy l!c nbow. h [,lll‘l.. mprt.:;n,nts 1I1c Lﬂ’st— of Lwo—wuy dmlnnbc nl lhc l'llhnbs,

A llu.. 111.:}.1:1111111 ke of ]’)l'ltll‘lb uI‘ 10 7111pu. nml ata :[am hught u[ ?Um lhe '
" peak pore pressure is 467k Pa.. In unnp.,lnsun the total npp[u.d ['}I‘U:SUI‘L - the

- tilings by way of deposited wasle iy 145kPa. The position o the peak pore '

. pressure zone in the tailings also varies as the height of the diint inereasds. Fér

e ‘the one copper feitings sample the peak initially oeeurred at 50% of the height - :

up from thic botton of the dam., As the dam rises, the pesk 2one. d['tips" =

downwards in-fhe dan, Lo & poinl 6 §,39H {rom the base of the: d:tm, (!1is the:

dam height), These ratios are maletial-sensitive, ns the second copper tailings -

saniple resulted in the peak pore pressure being at 31% of the height for low

" -dams, and rc.ducm;, to 22'/& oI‘ the hcu,ht for lng,h dams, at a rate ul p!acmg of L

10 ?mpm

A smuinr rcsult is obsurved in the ohe way dramag,e cnsc, allhcmgh much o
- reduced in mm,niludc The peak pore presstire does not only oceur at the base, *
a3 3 bulb of peak pore pressute develops. This bulb reduces in' height, as the .

T ‘dam gets higher, The one: sample of copper tailings that was used in the.

I analysm resulted in a bulb varying from 28% of the dam height, reducing to -
9%, The secohd sample of copper tatlings resulted in a thin bulb, starting af-

_ 9% and rcclucing to 1% of the dam. height, This bulb of pressure is a zone o
o -wherc the pam pressure vanes vary Ilttle over the hezght of the tmlmgs. '

A comparison of the peak pore pressure for copper taxlmbs at a ate. uf""" '

| - placement of 3,65mpa is given in Rigure 7.2, At time =2000 days, itcanbe

" “seen that the peak pore pressure for'a-one-way dralnage cuse is 2,5 times”

~ . higher than for a two-way dramage case. Also, over.the upper 20% of the dam,_ - '
-+ there is very filtle difference in the peak pore pressure fo_r the two cases, o
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o (mld Tmlmgs (Tablc 7 3)

R I‘he tmlmgs analysed in. lIn-: sectio vere from a hard rock mmmg.' e
- operation, Mence the tailings consists of hard angular pmucles, and T
. therefore drains qu:ckcr thes Lhe gu!d tnlhngs that is d:scussed in the Lo
.ncxt sectmn, Lo o . . Ce

= The settlement of these ta:hngs is much less than thaf et say cupper. .'
. The settlément ratio also ihereases as the dany height mureases, uarying o
- from 10% o{‘ the hetght fcr 1ow dams to 14% fnr high dams S

© The peak pore. pressure lﬁcatmn ‘within. the dnm hetg,ht also chimges T

- position as the dam hieight increases, varying from 49% af the height " o

- unpm mcablu ground, The tailings do not produce ¢ dominant: Pcak L

. "'__(xo!d Ta;ling,a frum We'lthcrcd rnclc (’l’nla!e ) 4}

* fron thie bottom for {ow- drws, veducing to 32% for high dams. The - -
. tailings does not buftd up a high pore pressure, with the maximim pore -~
- pressire’ predicted:being 1 19kPa for 8 64m high dam built 4t 4 rate of
~ - placing of 6,5mpa (with base dratnage). The trend of the increase in fhe ™ 7
s p;,ak pum prcssure is c}.pomnlml wuh 1hc lncrcasc i 1hc dam hug}i‘

. _S:nutnrl}, the peak pun. pu.ssurc at thc bm.;. 0['-1 6?111 hq,h tﬂttm;,s dam SR -
~willt on Impeimenble pround at a mte of p sing of 6,5mpa, is 492kPa. -
“Phis pressure drops 10 388kPa for o 69 high damm built al 3:65mpa on

pore pn.::suru bu!b dne o Ith I‘mrly qmuk clrmmk_c chnmclcmlm L

 The r:unsol!dauor. clnractcrlsucs al‘ tins ;,old tzuhm,a is subslantmlly
different to that of ilic gold tmhng,s above, The tailings is alsa placed’at

' o higlh void ratio; msultmg in-large setilemenis, The seitlerndnts that. L

- have been predlcted vary from 89% of the settled dur hefght foradafa . - 7 7 ¢
~opf 7,4m high, to. 134% for high- -dams. This indicates that the dani=. .
"7 height) reduces by mere than half relatwa to the mmal [1eu,ht of placed o

N tailings.

e rate of vie of the dam is S*mﬂaﬂy less than lmlt‘ e ¢ fe. ofﬁk

o __placament of the tailmg& _'_'::

o The posztmn of the peak pore pressure oi‘ the tmlmgs analysed starts at. A

" 45% of the dam height for. low darns, and reduces to around Jl% of the = e
' he;ght for hxgh dams. S . o

o Tbe nftial analysis of 2 ;s tmlmgs was camed aut w:lhout al!owmg for S

" the removal of scepape water. The. large seftlements that occhr are

~ indicative of the quantity of seepage water that is expelied from the -~ =
_.-consolldatmg tailings, ie. asettiement of 28m is equal toareductionof  © . .
load in the tailings equal {o 28’ of water, which is equal to aload of "7 - -
. 280kP4, Hence, the predicted pore presaures allow for a load that does. -
. ot c.xist if the supematant waler is decanted from the surface of the S



o daim, T hls mll wsuit in’ the :ncorrect ca]cu!anon af pore prcssure'_ :
- gradicats, resubting in eironcous porc prosstire prcdmtluns with time. In

2 case. where “lig. supcrnatant is not dcc:mtcd thc amalys:s WIll bc_ o

-;'corretl.
L r‘or 1liustmtwe purposes, one set of resul b w:ll be d1snussed

o I'f‘he peak pnrc pressure i‘or 1 dam oi‘39,2m lugh is 666kPa ’I‘hls occurs L
- at.a level of 12ni from the hase of the dam. This tesiits in 28,7m of

" tailings ahove the peak: pressue position. ‘For this to balance, we need. - L

u failings with an uverage density of 666/27,2 = 24,49&me over the

- “peak: plessure zone in the dam. ‘This assumes no free wﬂter at the_ o e

: suri‘ace This is clearly mcorrect

L I‘hc cousohdatmn ol'the tnilings hns also beau analysed mcludmg the.. R

removal of supc..mmanthqmd for 1ha.case 6fno base drainage. These - '_ o
" . results indicafe a.peak pore pressure.of 101,6kPa for o 20,84m- lug‘h A

ol supertotant walet, which is cquwalent lo 1971.!‘:1 of foad.

- i(‘tml .‘alm ry 1 i al:h. 7 G)

" dnm buift at 3,65mpa, This analysis allows for the removat-ef 19, 'Ifm ol

“TTie churacteristics af conl slrry e btmlitu' to ﬂlm.c tﬂ {11.511 vook. - -

* Zouree gold tailings. Scttletment of the shuery ranges from | 1% for fow
-~ dams, to 18% for high dams, ‘The posiiion of the' peak: pore’ pressum .

© ‘zono also starts at.51% of the dum height, and mCNcb downwnrcls in thc . L

n dom to 38% ol'thl:: dum b i;,ht for I*ngh dams,

:"'iThc slurl‘) is l‘a:r!)r' qmck d:mnm& in umt fhe. Iu.nk pore pressurd
" predicted s only. 99,5k l‘ur o dam o[' 43 4111 bmlt al (o} 4111pa, w:th o
... - base dram'uge : _ : : :

.Ij 'F’or the case wuh tio base dmmagc, tha p.nk pore prcssure is 95kPu at n."

~ dam. height of 34,8m, with the rate: of piacemenl of .:.GSmpa 'I'h1s o :

o "pfcs:sure drops to 22Ll”n, 1f base dmmage exists,

. The summary sheet: also clearly shows lhat thers is hule dlfference m L
- the results between the case of removing supernatant from the slumy;
- ahd not removing it Thls is to be expected, hs lhe siurry anly settles hy a

’ asmzﬁlamount._ .

= _'_.Bmite Resulue (Table 76).

N Bauxite resrdue is depositerl mth a lugh vmd mtm, and 1s usually - '

& placed behind an embankment. The residue is a very slow. draining

“material, and hence the gain of strength is very slow, The analysis for - |

this residue has been limited to low heights of the residue, primarily S . |
" due to the data available covering only the low stréss range, Also, high e

: embankm&nts to retmn the resmlue would be unecomm:cal



lhu rcsmuc sctlles substzmtially. \mrymg rmm 54% at high dcpusitlon .

- _tates of 10 Oﬁmpa, to 149% of the scitled height at a'deposition mte of -~

3,65mpa. This indicates that sup{.rn'ltanl removal st be included in

L any analyses, as tho effect would be substantial, The anal_wms of this T

- 'rc.bxduc results in the Targest seltlcmem of all the scenatios ﬂﬂﬂ!YSECL

i -The posmon of the pmk pcme ptessure zone exmts it ﬂl‘OllI'ld 33% of the R

- dam height, abd ‘moves’ downwards to 28% of the height; as the = -

“elevation of the dam increased three fold. At higher deposrtlon rates, L
. mc peak tends to be Iower doWn in the dam : a

_ The pcak pore prcssure fora dam of 16 2Rm Ingh placed overg penad '
i of nearly 11 years, will be 58kPu. This is compared with ai ‘applied
pressure from the residue.of 272kPa. Tt is #lso noted that at more than

5 double fhe rute of vise, the peak pore prcssure inicreases by only 71% e

- for & dam of { 2111 hlgh

B "I-Acul Mnu. Dm:na;.,c Sludg,o (’1 nblc 7,7)

' '-'[ [ﬁ:. is nnmhcl Wcl.'ill., that is placcd tll a hrbh vmd raua‘ in il slurry

-~ form, The talyses were run for both scenartos, f.e. witl and without - Sl
* superoatant femoval, al a rate of plm.cmcnt oI‘ 3 GSmpu {or both onc R

- way and two -WaLY- dr‘llll.'l{,c

- _ Ihc biudgac sc.tllcd bctwcci} 25% and 40% ol thc dam huu,ht. over a-. R

- range of dant heights of 4,9m 1o 14.8m high, The peak porfe pressufe - o
... 7o focation varied between 30% and 37% of the dam height, from ~ . *
- the bouom of the sludge, for the two way dram-tg,c case. The oneway ... - @
R clmma;,e catse. had k] pcak pore’ prcssnm lucmmn at-the. lms.c t:F tha R '

Llnpasﬂ

The pcak porr: pmssurt, mnmnudo however does nol change F

© substantially between tlie analysis with or without superndtant removal.
*For the case ‘with no reioval, the penk pote. pressure is 37,3kPa fora
10,9m Iigh dam, while for the case with supernatant removal, the peak.

- _pore pressure is 33,3kPa. The position of the peak pore pressure does o
‘however change from 37% of the height for o supernatant removal, fo -~ .
33% for the case with removal of supernalant. For the case of oneway - .

dramnge, a'similac observation is made, with the difference:being thata =~

“peak pore pressute. bulb forms at the base of tha deposn for the case.

o with Suparnalnnt removal .

. ) At atate of placement of 3 GSmpa wlth supernatant removal the peak '
"+ pare pressure. for one way draingge is 87kPa; compared to an applied -

B - load of 178.6kPd, Tor the two-way drainage case, these values are S
. 33 S'kPa and 108, 'lkPn, for a dam amund llm Itlgh

: 7“_”...



. M.mg*mese Tmlmgs (Tab!n 7. 8)

. “Fhis ta:lm,gs has thc lowcsl pcrmmblhly of the malenals arml_s,"s.er;l,r and.
- ig’ deposited: al o moderale void ratio.. Henee the setilement of the
© tailings is small, with predicted values varying frons 9% to 16% of the - -
dam height, These seltlements apply to-dam heights from 12,5mto
51.2m high. The' settlement also reduces as the rate of* deposition .
increases, varying. form 4% al 1 83mpn, to Il% at 14 Gmpa for « dam'_ PR
._-hﬂl},ht of22m.

. 'Ihe talllngs bemb of low permeabnhly vesn[ts in subst:mtnl pore-_'
. prossures at different.rates of placement, ie. at a dam height of 50m, - )
" the peak pore pressure changes front 555,7kPa al o rate of plocerientof
- 3.65mpa, to 625,6kPa at 7 Jntpa, Similarly, for the one way drainage -~ .
. case the peak.pofe pressure -is. 599,5kPa at o nite of placerent - of R
© .- 3,65mpa for a'dim heighl of 37m. Thit pressure drops to 400kPa at &
: _.--'.jrau. of plac:.mcnl of | 8'35mpa. Ioradam of31,7m hlb]l. Do ia T

A mmpnrlson 01 the pnrl. pr{:ssurv. [II'O.[IILS Im lhe case a[ “one and two-

- WY dmumgc is ghven -in Figire 7,2, for a re of placement of -
- 3.65mpn, at t = 2000 diys, The peak pore prossure for the: oneswaAy
T enge iy 2,25 titnes. hibhu thow for the case of two-waty dminage. I‘hc
oL pu.}]\ pore prc%uns vreur ot chl‘[‘erem Iwcls inthe pmhi-... ' :

lhc puwlt{on of thc pcak g preaburc dﬁcs not vary gn.n!ly m the_ T
. dam L,cls higher, varying from 28% to 18% of ihe dam height, A trend
" that Is evident is thuy the peok pOre Pressure Zome duu» uppcar lo bc :
Iugher up in the doun, lhc Iowcr the depeslllan mlc

I‘igurc 7 3 Pc.:k Porl. l’rc.'isurc of M:mg:mcsl. Ttihn;,s “nth ri.spcct tu'-
" RATE QF.I’LACEMENT,_ for fwo dnm helights T -

Monransie Tallngs | —e— 1w hagn ]
L ' 1 22 ngh

250
200

- 180 M

 PeakPore Pressire (kF2) . |

BRI UETI TR T L I R LR
' Rnluul‘l’laenmunt(mpn) S

5 .F:gure 7. 3 ahove presents the non-hnear trend of the peak excess pure pressura
~in the man;,anese tmhngs, fur different. mles af p!acing. {‘or 4 dam at 2 he;ght of

CRls



12 Sm antl 23m huah. fhe trend mdwatcs lhnt ata rate of placcmcnt o[‘less than o

4mp.j the peak pore pressure increases. substantially; as the ratc of placement. .~ ..
- increases. However, dl a rat¢ of placement above 4mpa, the rate of the peak pore =~~~
o _'pressure increase flattens off. The rales ot ‘which the peak. pore . pressure .. .
increases for the two-dam hms,hts are also different, with the higher dam ] peak' e

e pore pressure mcreasulg ata hl,r,her rate thsm the Iower dam

Dlscussmn of Results

- Thls sectlon adﬂresses the general mend ef‘ the resulls dlscussed in Scct:on 7.L _ )
I‘or the purpose -of dlscussmn the following dalawns sclected o

Rate ol‘plncement nf3 GSmpa ' Coe T :
-.' C Talllngsiwaste having heen placed overa perlod oi 2000 clays

el Both one way fnd two dmma;_.,e i§ o be nssessed

e I?u,urc 74, shows the oxeess porc pressu're for six. of lhc natcrmls analysed-i.

 {oF two-way CII:‘:.‘II_I"IE]LE, The sevénth materinl, namely the. I,aid faflings from ~ ...

.+ fresh-hard rock, Jalls o fop of the'curve of the coal sluery, and hence has'béen. .~

- tiken ofT llie graph to avold confusion. These results are to be viewed inthe
light- llnL the tll..pmnuon vmd rnl.lns oi thc st*{ nmteuals vary ;,ru-tlly. Imm 2 38' B

w0 BUG

) "il e bc accu lhat ch m'mgana.su tm[lngs pmducc% the Iughcst pum pt‘cssure e
. and Has the Jowest setfement. The hlg,hust seltlement otcurs in the Bauxite

~ rosidue. Another trend ihat is evident is the vastly different positions’ ofthe = ¢ .
** pedk pore pressure for the different matetials, varying from being close tothe. -« - -
. - base, to the peak Leing above the middle of the dam ficighit. The pore pressures - - .
- vary from 18kPa to' 107kPa for the matérials analysed. This is a variation of -~ 5 -
* nemdy 72% cither side of the avernge of the paak pore pressurcs of the seven
' -.materials, and a 500% variation with respect to the lowest pressure. The

“resulls also hl},hhj,ht the fuct that the consolidation characteristics of onie type =

ot‘tmmu,s can vary substanlmlly, ag shown by the two typt-.s of gold t:u[ing.s '

The one- way dram'lge case is- replesented in anure 7.5, lIerc only four R

- miverials arg represented, to show the- refative trend of the results, It can be.

seen thit manganese again has the highest peak pore pressure, with the other. - .

_three muterials. being subslzmtmlly lower, i.e. 235kPn compared to 25 to 50
L kPa Tha peak pressurc pomt 1s ganerally close to the base of the dapumt :

. "_Another trend that can be observed is presenﬁed in Flgure 1. 6, which. shows Y -
- the efféct of not including the removal of supematant fof the amalysis. The
' 'Boddingten gold ta:lmgs sample has been used to highlight the differencs, The .

o .Boddnngtun tmlmgs isa slow drammg tallmgs derwed fr@m weathered mck.

B AT T
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. FIGURE 7.8: TREND OF RATE OF RISE OF k. /E TAILINGS, AS'A FUNCTION OF Tl JAM HEIGHT ©
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1t can bc feccn tlm lhc d:ﬂ‘crcncc in lhc prcdlctcd pnrc pressurc is largc. aswell

" as-the-lacation of the: peak differing. Tlic scenatio of not including the rernoval -

o - of sipernatant predicts a peak pore pressurc of 64kPa, whereas including it . o

- predicts a peak pore pressure of 37kPa, This is an ovelupred:cted pressure of

- " 73%. The difference in position is less severe, in that the scenario of exeluding "

o "._'-'supematanl removal predicts a peak pore prcssurc posmon 13% h:gher than'_ L

' . the case mcludmg, supematant removal

i In cdnti'aét figﬁr& T, ’?' Sl.IﬁW:S ﬂié’ 'éafﬁe coﬁiphi'iéﬁﬁ' for the coal 'slu.rry.'-' _
< analysed. There is clearly a much smaller difference in the predlcted peak pore- .

o pressure; being only 13%. The location of the peak pore pressure is virually
.- the same for both scenarios, 1t is theréfore apparent that materials p’[aced ata’

<o s low veid ratio, and analyzed withont taking cog,msam,c of the change i load
Sl asa result of loss of interstitial water, results in- relauvcly smadl errors, Thisis -~

“not unexpeeled, as the quantity of seepage: ﬁom such a malcrnl \\111 be srnall o

- - and hence thc chan[,e in‘load wdl I:u: snmll

lliLrL v; a dti‘lur'cucc b‘_t'wecn lli'c"mlc. of tl'*aé' 'and 'mtc of placing of the taitings: - -
“Table 7.9 below summarises the pereentage difference in the rafe of rise to the - -~

- ate of placing Tor the seenarjos and dam heights wnalysed in this- study. The

. pange ol differences is shown, tlie higher pereeniuge being app[u.db]e tolow 0.

. ditms high rates of p];lt..ll‘ll:., and th luwu' eru.nlabt. applu.:. to l‘nbh dams
T wuh low ral.cs oi plncmg . X . .

- Tﬂ.blé 7_.9: Rﬁtc -ol'_ RiSc. :_11" :tl:u_:i as il"_'pcri:en__tn_gc of the R;._i_tc tif_ t?l:ice:in'e'ﬁt,

CopperTallmgs - N - 7 lo 99
- GoldTailings. -~ [ 8809
Guld 'lailm},s fmmweatharedmck T 431058
“Cowl Shy T 861094,
~Bauxile Residue . - R T -_ 20 to 08 S
Acld Mine Dramnge Siudge R R Tkl 89 - '
MauganeseTm_lmgs S = _ 8?10.'9_5.:- -

The trend of the rate IlSB Of ﬁve tmlmgs hﬂs been presented in Flguro 7.8 for a o
‘gelected rate of placement, with respect to the actual dam height. The rate of

rise has been calculated at a number of selected heights of the dam, using: the -

- caleulated dam height of the dam, divided by the tine elapsed to reach fhat . -
" height. Agdin, it is e« ident that the trends are material specific, and most of the’

o - tailings have a highly non-linear trend for the lower dams, The higherthe dam, =~

" the more uniform the trend, teriding towards a linear trend. Thistrend i fnline .~ . .
-~ with expeciation, as the ratio of settlement relatwa tu thc dam l*exght reduces o

.asthe dain halght inereases, -



T hcrc is. anothcr rmﬂt cwdenl frorn the smulysts, and lhal is lhc nddmonal

- _ slordge capacity of u tailings dam, due io the consolidation setlement of the - e

. deposited - material, |17 the capacity -of o facility. is based on the rate of

* placeinent of tlie material, the capacity at'a specified maximum height canbe - -

.. - seriously under—e&llmmcd “This can have substantial jmpact on the capim]'-'_'- S
" - expenditure fot the owner of the faclhty F:gnrcs 7.9, 7.10 and 7.11 indicate

ihe extra volurne that can be stored on & dam, per sqitare meler of surface area - '
of the dam, as‘compared to the volume based on the rate of placement of the *

s tailings, The extra vohume is.the space created by the settlemeit of the tatlings © E L R
“-in the dam. For example, for # copper tailings dam of 40m height, the extra =~~~ -~

o volurne that the darm hag aecommodnted as & result of sestlenisnt, per hectare:
- of ¢ m area, Is 150000m’ for two way drainage; and 105 Oﬁﬂm f‘nr a dam_
wuh no basc drmnagc (mle of plﬂcement =9 4mpa} '

T It can also bc seeit tlmt l’nr cert'un tmlmg,s thcrc is very hulc dlrference, lf any, . ‘
- - between the cases of one-way and two—way drainape, This may be suprising at P
- first, 'but affer careful assessment, il-is correct, The reason for this'is. that the ~ . -
.mt!mg,s consolidation at depth, and hewce at h:gh pressures or fondé, s small, 00 0
L. the change in void ratio at high pressurcs is small, This i spcctf" ic to each -
' '.'-umtcual as indicated in Figure 7.8, There is o marked storage difference.
© between one-way, and two-way deainage at o rate ol plucement of 9, 4mpa for - - - -7
_wppu tnilings, whereas there is no dt[‘f‘crt.nct. Im- hard rm,k Loid hnim;,s at a L e

e nl plnu.cnu.ﬂt nl 6 W3 pn

L ::".Anolhcr pmpt.rty that: nppcarb 10 be mnleml :-p;.cll:c i5. thc trcnd shown' m SR
- Figure 7.10. For copjier ‘tmlmgs at substantially dnﬂcn.nl ates ai‘ placiag, - -

there is very litthe difference in the -svailable storage spacc of the dafr. S

Dramai,c iz .the dominant fuclm in dt.lcnmmng the smmbc cdpaf::ty of a
T copper tatlm,g,s dam, | ' S :

- l?lrrure 7.11 :nd:cnles ihe irend ot‘mangancse lmlm{,s :‘mnp.nrcd 1o guld (hard '

- rock mining) taitings, for a two-way dramabc enst, 1t con be seen that for the L
‘gold failings, there j5 Jittle difference in the storage capacity of a-dam, if the.

B mte of pldcement is incrensed by 78%. However for the mangarese tailings,

L the differened in storage capacity for a change in the mte of placement of S
' 100%, vanes from 14% at & dain he1ght of Zﬂm tn 68% at & dam he:;,ht of

B '_ SOm
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- FIGURE79: EXTRA STORAGE CAPACITY 1,/E TO CONSOLIDATION S

EFTLEMEN., FOR GOLD AND COPPERTAILINGS -
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FIG’!]RE 740 EX‘I'RA STORAGE CAPACITY DUE TO COI‘-SQLIDA’I‘IO\' SETI‘LEMENT FOR COPPER TAILINGS AT
 DIFFERENT RATES OF PLACEMENT AND DRAINAGE L
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o Two-w;:y dnmnge These slopes chd not show any dommant trend thh_ . '3_
“circylar fhilure planes, where the siability of the slope could be telated to the -~
level of pove pressures in the body of the. dam Allowing the program to search

- Stabimy Analysls Rcsults

- The resulls of the stabillty analyses have been summarlsed in the discussmn't L
- below. Based on the assumptmns of Scctmn 6. 4 the followmg trends have
"beenobserved : o T

o ~for: the lowest factor of safety, resulted:i in failure: surfaces outside the pore

S pressure zone, which indicates that the pore pressures predicted are too lowto
| sign ﬁcantly affect the overal] stability of the dam, or that the failure surface =~
- - ‘analysed is not representative of the worst situation, This was tested by . -
" analysing circular failure surfaces extending: deep into the pore presstire zone

of the dam, With this analysis; the facttr of safety of the dam rem'tmed above__' )

N 2 far the tallmgs su::h as coal and coarse gold.

'E‘hc guld tmlmgs (coarse) was thcn analysed usmg n dual wedge fzulure mode

L - o -._-._'--The dram for the posmon of the zem prcssnre hne is 30m ﬂ'om the toe o -

for a rate of deposition varying from 3, 9mpa {0 6,54mpa, with the height of the
- dam ¢hanging from 30,5m to 63m. The variation of the factor of safety, varled = = %,
- from 1,113 to 1,096, The peak pore pressuré over the » range of scenarios varied. - .~ -
. feom 22 kPa to 120 kPa; ie, n change of peak pore pressure by a factor.of - .-
T -ucarly ik, results fna 1 5% chinge in the factor of safety oF the same tmlure o

- sur!‘acc. lhc tanlure surt'ace -umlysud was spcciﬁed as follows: g

- o S f'I“hc;unctwn pumt of the dual wedge fmlure ime 1s 10111 above the toe'

*ofthe dam, and below the crest of the slope

o . The fm!ure lmc ex1ls at the base oI‘ the toe.

': '_ Wlth a modlﬁcattnn of thie above speclf' cation where the juncnon pamt 1§ at

AR {he peak pore pressyre level in the dam, the factor of safety drops for a high
.. -dam of 63m fram 1,096 to 0,961, For this scenario the variation in the factor

o of safety i5:13,7%: The factor of safety for the low dam remains the same. . =~
. -'Taking this variation further, the' higher up in the dam elevation that the - -
.- juriction point is specified the lower the factor of safety. This trends indicatesa.
. -sloughing failure, which can be expected, This is due {othe fuct that tlie shear B
 atrength o for the tailings has been set at 33°, and the angle of the slope g .

R % ) No cohesmn was included, which is truefurwetgoldtmlmgs‘ :

o lt can therefure be deduced that factors other than pore pressure contml the.

overall factor of safety for these dams under the scenarios analysed, As an

" example, for the 30m high dam built at 3,9mpa, if ihe drainage polnt'is -~ 0 =
- changed from 30m from {he toe, to 10m from the toe, the factor of safety drops = - -
* from 1,113 to 0,79). Thisis in ¥ = with expenence, ‘where the most seasitive . . -

. effect on slope stabihty isa change in the coudmons near the tae of the slope‘

o o



“The above also indicates that any.fai]ur'e will probably tend towards a linear
wedge type failure, the junction point being controlled by the eéxtent of partial
satumtlon (resultmg in pseudo cohesmn) it the outer zone of the dam,

The. above effect is dsfferent for the slower drammg tailings, under two-wny '
drainage. This is primarily due to the much higher peak pore pressure thatis
developed in the dam, The two tailings that were investigated are copper and

manganese. Neither of the two talhngs show a definite trend, using a circular -

" failure surface analysis. This is shown in Figure 7.12 below, wtuch:
- suminarises the results of a mumber of stablhty ana.lyses usmg a cu,‘cular .
- fallurs surface, for two rates of placmg. : :

Figure 7.12 Factm' ol‘ Sttfety vs. hc:ght for clrcular fmlurcs for Coppcr- o

g T*nlings '
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_ It can bc seen that the general duwnward trend ot‘ the faclor of‘ safety w1th:- '
increase in heu,ht of the dam, is -as expected. The. difference, however,

between the curves for the two rates of placemernit of manganese tmlmgs is

- very small, The peak pore pressure of the dam-at S0m height for the two rates

o of plqcement is 570 'kPa and 620 kPa respectively. For a dam. at 20m height .
.- the two - peak pore - pressures are 110kPa and 175kPa respcctwely The . - -

. difference in pore pressures for the two placement rafes results m a small.:-
o dlfference in factor of safety for the. two scenanos -

'I‘he scatter of the graphs also tends to mclicaf.e t‘nat factors othm than the pore

. . ptessure are dominating the factor of safety of the slope. The relatlve position 2
- of the drain with' respect to the height of the dam tends to have a dominant - -~ -
- _.mﬂuenoe on the overall stability of the dam. This howwer isa study all on 1ts_ L

' own, and outs:de the St:opt: of tins mvestigation

I‘lg,urt. '?.14 F‘lntur nf Safcty \LT hclghtof Gold Tmlmgs Dams mth no.: L

basc drmnagc

[T

115
a0
1o

1o P

_Factor of S'\afety_:" ) -
B

~ One way dramagev The resu.ts of the analysxs of the one way dramage case
" ghows-a mote clear trend that reflects the influence of the peak pore pressure
‘i the dam. 'This is predominantly due to higher pore- pressures being.

- developed neat the bottom section of the dam, The failure surface is limited to.

- dual wedge failire through a pre-determined Zone.in the dam. For this

~ analysis three tailings have been selected for the analysis, namely copper, - B

R manganesé aid gold (coarse). The Tactor of safaty reduces with respectfa the .

. B helght of the dam but there is @ difference in the trend with respéct to the -~
- diffetent rates of placement; Figure 7.14 shows the difference for the gold

- tailings, which is not s dominant as the difference shown it F:gures 745for
: cupper tallmgs and "‘igure 7.16 ar: d manganeSe tailings. The hlgher the rate of -

oy



_ p!acement, thc grealer the reduehon m thc fnctor nf sa.fety of the slupe w:th o
_'_rcspectto the heighl S _ R

" The d:ﬁ'erence in the factor of saf‘ety for the cupper tmlmgs dam increases ag

" - the dam height i increases. At approximately-50m height, the difference in the .- -
~factor of safety at & rate of placing of 3,65mpa. compared to-9,4mpa isa 22%
+ reduction, whereas at a height of 25m the difference is only 8%, The peakpare . . <
- -pressure for the 501 high dam changes from 270kPa at 3 GSmpa to peak T
C pore pressure of 590kPa at 9 4mpa, i.e. more than double :

S At a dam height of around 25tn, a dlfferencc in the factor of safety exlsts only : |

- between the low rate of deposition of 3,65mpa, and 642mpa. There isno -
- difference between the factor of safety for a dam bulit at 6 42mpa and 9,4rapa. -
- Again, this appears to be as-a tesult of the drainage posmon controllmg the -
. stability of the-duwm. Once the pore pressure is above a_certain value, the - .
~“change In shear resistance of the tailings due to"pore pressure is negliptbly .
“small, and no longet contributes significantly to any varfation in the faetor of - -

" safety of the slope; Thiz accurs whcn the tmllngs is effectwely & heavy llqllid -
< with lsttle shear strength. : :

:_'I‘hc trcnd is a}so established. f‘or mang.'mese tmhnys wherc two ratcs of Lo

deposition are- analysed i dilferent slope -heights, -The differentiated . .

B downward tiend of the factor of safety as the dam height increased afso exisls,
 with s redugiion -of 9,7% at a slope. hclg,ht of 25m, placed - at 3,65mpa .-

T compared to 825mpa This is cemparcd lo an mcrcased pcak pore prcssun.- .
L from 280kPato 380kPa T . :

o Ataslope height of 30m, the reducmm iu factor ol‘saf‘ety is 11,5% campared oL
with an inerease of pesk pare pressure from 400kPa to: 460kPa for the same _' EUERTEN

'change m rate of placement referredto above DR

- 'chce itcan he seen that a small dlfference in the peak pore pressuta doas not -

" imply.a small change in the factor of safety of the slope. Every situation will-

" have {o be analysed for the conditions in the field. No quantitative relationship -~

 appears to exist between the factor of safaty and the peak pore pressure ofa
) '_:slope, gwen a pore pressure prof’ le over the d&m height : '

B30 e



 FIGURE7.15; FACOR OF SAFERY OF COPPER TAILINGS SLOPES AT DIFFERENT RATES OF PLACEMENT -




 FIGURE 7.16: FACOR OF SAFERY OF MANCANESE TAILINGS SLOPES AT DIFFERENT RATES OF PLACEMENT ~ -
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CI:IAPTER 8 CONCLUSIONS AND RECOMMENDATION S

o _':_'8'.-1' B

. Conclusions

- 'I‘he foilowmg concluswns can. be made from ﬂ‘us study

" ot the dam slope is probably not conttolled by:the raie of placement of - - -

: 8

Tallmgs are smular to so:ls, where each tmlmgs has 1ts own umque
" characteristics - of drainage and compressibility, This is strongly - .
mﬂuencedby the vmd ratio, and by 1mp11catlonihe momture content at

e wh1ch the tailmgs is placed. . -

. 'I‘allmgs placed at hrrh vmd ratios have stmngly non«lmear_
- relationships of pen‘neabxhty and compressibility with respect to: the
~° effective stress, which represents the consolidation process. Fuilure to .. .
© . recognise. this can result in substanti] dxffe:ences between the- S
L _predtcted and field performance of a tallmgs dam o R

3.;-The analysis of the consohdanon process must tnke ﬂ\e changmg e
- boundary conditions into account, partmularly m the case of tanlmgs' -
- planecl at high void ratxos L : o . '

o | Apphcatmn of Termghﬂs“ theory of consolidatlon is not smtable for _
- ‘tailings dams, us most of the assumptions of his. theory are vmlatad S
S durmg the eonsohdatlon process of tallmgs. o o

. The non—lmear fi nite stram theoty can te. apphed to tailmgs dnms, by S
“including chinging ford ccndltmns amd movmg bmmdary conchtmns L
_mthrespacitotlme g _ _ L

" The empmcal values for: maxxmum acc.eptable rate of rige for tmlmgs R

damg should be abolished, as thicy are only applicable to certain tailings

wnder certain conditions, and can result i in unnecessary expendlture of .
' cap1t31 aosts for other tmlmgs ' .

For tallmgs dmns where two way dramage exlsts the overaﬁ stablhty .

the teilings. Fine, slow draining tailings at high rates of placement can

. lead to high peak pore pressures, which could contribute to initiating =
- sloughing failures, This however ficeds 1o be addressed with forther
work, to evaluate two~clunenmonal eﬁ‘ects near tile outer slope of the R

dom.

- For dams W1th no dramage at the base, OVerall slope mstablhty does .
. oceur at high rates of placement of tailings. The. stabxhty is strongly - .
" influenced by the location of the toe draiis, which is in line with - °° .
... dceepted kriowledge in the mduslry ‘The higher the rate of placement, -
~ . the greater the rate of reductmnmthe factor of safety of the slope RO




- 2. -'Large ch:mges in peak pore pressure do not necessanly result m *he'- L
S same: percentage change in factor ef safcty R :

IR (i The pasltmu of peak pore pressure -varies s:gmficmltly betwaen'
... different tailings, vatying from near the base of the deposit, ta s pomt T
sbove_the halfway level for two-way dirining dams. For one way . - -
- draipage, the peak fs generally at the bottom, but conditions exist =~ = -
" where the peak extends upwards mto thedamupto the one-thnd helght
IeVel. - - e A

11 There 1sa31gmﬁcant dlfference between tue case ofnc base dramage“ P
o and the ‘case with drainage at the ‘base of - the dam, Hence, field - -~
© - “conditions rust be -assessed cnncally, to ensure that the. correct PR
sntuatmn 1s modelleti S

| 2 -Modellmg taﬂmgs dams using non-hnear ﬁmte steain. theory oat lead I
- . - to savings in the eap:tal expenditute. of the pre-deposition works; dus.
- to'the miore accurate predmhon ufthe storage capamty of the faclhty

. There ae a uumber of nddltmnal beneﬁts fidrn this analysxs«_ -
© possible hipher acceptable rate of yise results in less Jund being
- required to accommodate: a fixed depusmnn raté of the tailings. Being . o
able to more accurately predict the pore pressure in the tailings allows ~ -~ . -
. the stahﬂ:ty of the slope to- be predl.cted with: a” higher level of - -~ .
. confidence, and hJence can be mcluded m the rlsk assessment of a -
o _tadmgsdam. - S - '

: Predictmg the tme he:ght of the dam also results in savings in the S _':'_-‘f'
S capital expenditure of slurry purmps, as smaller pumps canbe ueeddue N
o toﬂzelowerstaheheadtothetop ofthedmn : e '

e :13".":-'.__':"I'he water balance of a tsulmgs dam can be predlcted rnore accumtely, BRI
e using the nOn-Imear finite- stram theory of consohdatmm S '

82 .Recommendaﬁons for Further Wnrk

.'_._'I‘he fotlcmng reeommendations are made for posszble Suether .':-.tu,jl,;.'sl ta' o
“.. - expand on the work done to date; end to allow the mdustry to ﬁ;;ﬂm beneﬁt__ R
RN fmmmekno“dedgepresentedmﬂmreport. S

. The program fht has been. witten for this study hes beer wriften in & form R
that allows it to be expanded to analyse c01np1ex problems Thg fouowmg o
'mprovements canbeconmdered E R _ :

. Inelusmn of two-dMenslonal efﬂacts into the consohdanon pmcm to__._' L
' model the edge effect of ta:lmg dam slopes, 3 _

- - Include the eﬁect of eVaporatxon from the surface of thﬁ tallmgs and a'_ . -
vanable rale ofremovmg supematant. S S



" s Include the effect of sedimentation into.the tailings relationships. This can
~ ‘be done by. addmg & sacond set of relat:onshlps for the taxlmgs mto thf:- S
-.Pmaram A ¥ : :

IR '_ }é": _:'Model the amsotropy of taulm,,,s _ s
" The program has bee umﬁen to alluw madaﬂmg ofanewdam placed on old _

.: “tailings. This can be adapted to allow the modcllmg of twn dlfferent types of 5‘; L o
R tmlmgs on the sama dam. ol o

I R T




. APPDNDIX A g
e -;"Laboratory Test Results & Curve Fltt.ltlg T

Gold hne (Bnddmgton Mme)
Gold - coarse (Crown Mine)
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LABORATORY DATA INPUT . BODDINGTONGOLDMINE-WESTERNAUSTRALIA

: SpeclﬁcGrawty (SG)=- -
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LABORATORY DATA INPUT S .'_."c'oa Sinr
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calculated dens:tyn: m

Spec:ﬁc Gravr!y (SG)=' '
o surface void ratio=
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APPEND]X B
R Program Listmg of
- ‘Medulel Contloadmg 2way” whmh mludes supematantremov&i -

“Wlﬂl supematam ramoval” which mcludes supematant removnl R




e Mndul"ul._Cont._loaﬂiﬁg_-'z-w_ny'-_ S

‘Option Base 1 .
‘Option Ex'piicit

“Publle b As Siggle .-
‘Public ¢ As Single - -
Publle'd As Single -
Public ¢ As Single.
“Publle’'f As Single. - -
. Pishillc i As Single -
‘Sub settlement_continuous().
Dim inctemenis As Integer
Dim first_Incretdants As lnteger
. Ditn: lond_titiesteps As Integer
. Dim pressuié As Single .
Dim 1 As [nteger
Dimj As Integer
Dim¥ AsInteger-
Dim g Ay Integer - -
DimnAsInteger .
. Bimm As Singla
.Dim o]d_effect stress(:!ﬂo) As Single
-t oldvoid(300y:As Single T
-Dim Ge(300) Ag Double .~ . = .7
Dl old T A3 Double” - oy e
- Dimnew. T As Double: -~ - e
Dim new_effect_steass(I00} Asslng‘ﬁ .
Dim dﬂinagc I botAs Shgle. -
Dink dra!nugc ;As Sinple e
" Dimnew. void(300) As Single -
. Dim o, chrmge 10t(300} As. Slnglu _
Dim pwp_changed As Dotlble . S
Dim pwp chanpe(290) As Doublc P
- Diim fime__step As integer - o
- Dhn Hme_loop As Inteper T
- Dim settdeinent of layor As Smgle e
+Dint getilement_of layer ini As Smglc e
Diny full_scttlement As Single - B
-Dim getifement(300) As Double
- Dim last_time As integer . :
- Rim new_time AsInteger o _
.- Dim appfied_thickness As Sing]w ERIIRE L
“Dinvtot applled ¢ ﬂtlckness As bingie e

Bim def"void As Single .
Dim display As integer.
Dim lowd_step As Integer o
i foads As Inteper ™ .
- ‘Dim sctive_loads As Inbeger o
. Dlmt uditAs Single- . .
" Difn display,_test As Sin glo -
. Ditit d a:l 2d(300) As Smg[e '
- Blm d7ini(125) As Single
Ditn thickness As Single
_.Dim H_ini As Single _ RO
._..-Dfmt 1A51nte —
Dimd 1ru Jayer thlrﬁmessAsslnglq S
“Dim posn As nge L
:-p;m pwi(300, 300 As Smg[a _
ps:‘p gurif3 {10 Ag Bingle '_
: FJIm ol Blogle. . -
- Dim new _pwp As Singls.~ -
Dlm paths As Integer -
. feak . prossure _pnintAslntager
_ ayers A Integer
: Dlm start As Inteper
. hnbot"peak.&xlntegar AU
. Dim fop “pesk As Inteper .~
“ Dlmd tlmeAsSinglo o
Dlm ifcr As Single™ - . O
it load layers As lnteger :
: Dlm peak _pressure_pomt 1As Integer

'.Pagc I :



o "Mﬁdulé_l'_t'!_cn't.'lmdipg -2 way

D:m phak__prcssurc Dint 7 As lntegur
;- Dim pwp sum_én AsSTnge )
.. Dime_min As lngl
. Dinm ¢_max As Sngle -
- Dimsg g As Single’
: D:rn depth As Smgl&

: Set mltinl sall density \ralue ) :
S mm Wn!‘ksheets(“sl1ae!2") [c5] Valne

. tﬁ Worksheats(sheer2) fe4], Value e
nrksheets{ hcem") [is}, Value= 10* (sg + 8. mln) / ( I+e min)

'_.I Get 1l1.pt1t data from. speadsheet fnty pmgram varmb!e.s :

;ond stép = Workshests(sheet]_ conttnunus"} {,51 Ve .
" foadg = urksheets("sheetl confinuous”) {4k Vaiue

oad _t:meste = [ondds * Joad_step. | S
- -time_step = War ksheets("sheet! nontmuuus") [dﬁ] Vaiue R
CHLni=. orkshcets("shem - contintous"); [d?} Value . o :
. applied_thickness = Worksheuts("sheet 1. cons ntmus*? [iS]Nn[ue
g pressure=Workshcets("shesctl continnols™) d41 Value . -
o (flsplay = Worksheets('sheet]_continsous®).(d3],Value
. paltsuWurkslmets("aheetl €ohtintous"), Pl&] Nafue T
" drabngge 1 top = 13- Ini / poths + applied_thickness £p affls .
Frst incremcnts=Workslwcts("sheﬁtl cnnlinuous"j {16] Valuc '

Il‘pnlhs A Then - o
dmmagc |_bot=dminagt. l mp o

Else . -
. Hrainnge )| bct—
Endlf I ST
S b= Workslme' "shnelﬁ" {128] Value
© 6= Worksheots("sheet3“%.]129]. Valug
- o d=Worksheals("shestd").[130].Value..
.. e=Worksheats("sheetd™). l‘I alis
L F=Worksheets(sheet3" (8] Value
-I1=Worksheets "sheeﬁ‘) 19 Value =

' hayur thickness=10 .
i ement_of_layer. | ini=0
- seltlemcnt Cof_lnyer=0

'm;:rementsn?‘rst 1ncrements+ 1

o Workshcets{"Shcatl coutinuous") Select
" Range("E8:Gh300™).Salect o
. Selegtion.ClearContents '
“ . Selection.Borders{x1Left). LineSl le = xlNcr[e
*. Helection. Bordara{xIRight).LineStyle = xINone
. Select|on, Borders(xITop).LineStyls = xINons - -
- Select|on. Borders{x[Bottom).LineStyls = xINofe - -
.. Sejection.BorderAround LineStylei=xiNone
R _Se]eclion.lnteriur Caloilndex. Bxlﬂnne o

' _-' ket the matml sml pammeters wrt dep"n

: Foriﬂl‘rn f‘rst incrememts . L
- = (finst_incrbments - “? i
nld affect slrass(r?‘ nrksheets("sheet ") [cR]. Cells(n 1}Value S
ol void({ = Worksheets{"'sheetd"), o8] Cells{’ Vil . -
N gf;l)=wnrksheexs("mew) it Cella(n, 1y a‘luu Co

- new_effect _sh‘ess(fncramenls)HW()rksheets "sheem") [csj.Value
- ol yoid(increments) = Worksheets("sheetd" [ds] Vel e .
n&w vold{inoroments) = old_yeid(inotementsy. - S
.. Qe(incremeats) = WorkshieeR("sheotd ) [18] Value PR
e added(mmments)happil thickness _ :

. | ”pqge:'.z



o Mm:!.ﬂ:lc 1 Cb_n_t_. Iﬁadihg -2 way

o lfpalhsazﬂten o ' - R
B! peak _pressuru_pomtafhfi“mt incrementsfpaths} L

geak __pressure __pomt= l

5 "' :dciérfniﬁé pwp distrihutioﬁ for inltiﬁi 1‘0:’1& oﬁ fayers -

' Fori—lTn fiest,_ mcrements

S new, TuT(Ga(;} old. vmdﬂ}. drmna.ge 1 top, t{me step}
UL posp= li(mcremmts pathsy - . _
- pwili; }=ul(pressure, posn; nesy T} . R .
pwh_thange(i) = pressure - pwp(i, 1)
- pew effect stress(iy = old_offect stress([}-!-pwp chnngc{']
LR vuid("}'v vo:d(new effect stress(l})

'Ifncw effect stress()> 1 Theh o ' LT
. n(f)' =G(new eﬁ‘ect,_slress{i}, old efﬂzct stmss{:) olq_vond(:), new void(i)}:_'-_ e

Oe(‘} = Ge(i)

L drﬂ \rmd oId voldtl) ncw vmd(i}

seJ.ﬁ'u:mnnt(i} "H_int/ ficst mcremen!s”dcl vmd* (I -1 f(l bn[d voidﬁ]})
Uk = s ind FHiest: indeimaents 5 settferment()
C Ik fayer_thickness = Ri_layer, thickacss +d iy
o scl'lcmcnt nf lnynf inwselti:..nmnt of laycr uu-l-seu]emenl(i}

L) Nnxti

pw;:(mcrements,l wo Tl o '
drainage_|_top rmnagt: 1: t_np seulement uf Inynr uufpaths

= ':'-.:'prtcths*ZThen S
. dmlnnge_l bop= dramnge 1 tnp

e ctm'mgelhutwo e
EndIf - .

Cmg
U Ioad_Jayem e

_ _ rnr t:me laopﬂ(z * time, step} To load tlmesteps Step time __stcp
R Ifmmmn(tune loop, load shap) m OT'hen

dmlnqge 1 top*drninage l tnp+nppl[ed thlckﬁess
* - iieremients = Increments + e
. bld_effect stmss(increments Wurkshaets "shaet4"} [cﬁ] Value
o old veld(ncrements) = Worl heats(“shaeM [dB] Malue
L Ge{?ncrements) = Worksheets("sheetd").[{8]
... e effect stresa(lncraments}hWorksheels("sheatd') [;:81 Va!ue
o 'new " yiid(fficrementis) = old voidﬁmcrments)
'd_sded(inctements) = appliad  thickness
lr.md Iayarw mcrements f‘rsﬁncrements

For i=1Tp mcren‘tents 1
IJWP(I- lﬁﬂd._lnyers) m pressura
ﬁext i

ISB
Erldlt

L Pagedt) o



.'Module_I'Cont.-iuading-_z.wa_ij'_ L

ANALYS!S Ql"' ]NiTIAL LAYER THICKNESS
Dmmaga of upper Iaycrs upwards ' ’

LN
1
PR l .
o preak pressure point is in added!aimfs all dralnage wlllbe .
: duwnwards,nnd this next section will be]umpcdo\rer Lo

' ';. & t:mcwmm(hmc laop, lcmd step) *lpad sch _' - Lo

. prenk _presmre __pnmtwfirst incmments Then o
GnTu 100 L '
Blse

_":_:_"Forwpeak _pressure ,_polnt To ﬁrst mcrements .
' jRald vord(i) < new vmd(t) Then ' 2

'Gc(t)*=(3‘(new effect streas(i}, o!ﬂ erﬁ:ct arress{l}. old vmd(i). naw de(l)). g s
B f

e
--'-._.'_'--mid-"lr oL

L '.:.pwp ﬂum(i) T
- __pwp_cilnl1ga to!_ _

o kX pnsitmn ratio ofupward dmuung suetian of Eui !aycrs
© ' relative to peak pressure point. . - S
. : OnIy applm ir pr:ak is in mlltn! Iaycls

_:) f(mcrémcntsupuak _pmssure _pomt)

' __1‘ : calculate thc pwp foreavh lnmment. fuwnch Imd app'hcﬂtlon

' I‘urpanu !oad Iayers o
' !as;,,_timu*—-(!oad layers -p) ¥ lmd slep +d tlmc

It‘ Last time < 0 Then
“ BgitFor o
{5 .

Endﬂ‘ e
"'-."new finie = last fime+time.step . ©
- old T = T(Ce(3), new_void(] dramage I top, last tnme)
- wew T~T(Ge(l), new_void i), drainage T_to, new_ time)

" determine chtige i pwp betwieeri last e and fhik time, and subtract
. from the last pwp, for each mcren\ent for each 1uad T

' Ifnaw T>= 1And pr(l, p}a 0'Then.

-pwp chansed=* v (t. )
- pwRC, p}= 0 mp p

.:.:_'Blsalt‘naw T%= 1 And pwp(u,p)aﬂl*l‘hen '

pwp changad =. 0
p} E 0 .

_ o!d 1 pwp = ui(prassute, pnsn, oId 'I)
_' new,_pwp= u (pressure, posn, new, T)

- Else



Mp‘dulér Con. loading -2 wey

e pwp changcd =0'Id _pwp - new _pwp
o L _-_prwp ch:mgcd > pwp(l, p) Thcn o

“pwidi, )
pwp_e angcdﬂpwp(i P

. - Bk self pwp chnngcd >0 Then

: . ]:iwp(l, )='ﬂl r(i p) pwp changed

' pwp(r. p)= wn(: p)
pwp ke anged

End !f
- End I
T g 111& pw‘p pressures at ench mcrnmenhto de.hermme thc tntal '
S ’. 3 pmssure uﬂhc mcmmnnt _

i | pwp_sum(l) = pwp_sum{D + PWP('* P)

- oa w o

L n:cord tolal changc in prcssure a5 an Input fur tltc channed so:l '
pnmmctcrs, due (o chan],cd pwpt: o .

_ : pwp chnnge: tol(i)-pwp change tot(i}+ pwp r.-hunged
'\Nextp : - ) B T
-.-ﬁ.‘ uhanged srm slresses and calc ufsanlcmem oflm hyurs

..:__.If'p\\l'p c‘( nge tnt(i}bﬁThen o

L ald effect su‘ess(i) ncw cffe"t Stres 5(1
oot new_elfect: stress(l) = now_ aﬂ'act stres )%pwp change tot{i}
~ooold vmd )ﬂnew void(i)
“pew_vold(i) =voi s eV el‘fect stress(l)) R
.- del_void =old_yoid() - iew_v E Yo
. ettlemrmlg) =dol, vo:d*ﬂ_m;(i) (1 H (l+o1d vmd(i})} kL
: : Sd mr(:) :ni(:}usetticmenk(i) R
- .'_-'-=Else ' .
o senlemenl(t) =_0
e "'Endlf'
-'Nextl
" BadiE -

o ; Anniysls of'battam dmining layers of mi layt.rs

o --100 Et‘penk _pmssure _point>= f‘rst incmmanls'lhen
tayerswi‘rst mcremems o

Elgetls=peak_pressure _pomt.

- N lfpuths =2 Ther[



o Modu_lci G_b_si_t.‘_léhdhg"—i!wﬁy-: .

: Ifold void(1)'=> naw vo:d(‘) ’nmn

Ge@} G(new eﬂ‘ecl strcss(l}, old ei‘fcct slress(o. ald vu:d(g, new v m d(')). L

. Ge(n Gen)
" _Eud I

S um(:) =g -
L _g:vp chiange, | Iol(l) ==0

pus]t:mt ratlo fn i int Iagers fur bnttom drammg, reiaxwe tn peak
" pressuri po rlt s o .

e T_pmn—:lpeak premure,_pomt .

. : caicn[nle thepwp fur cnch mcrement, for ench load apphca“!on '_ o

) Fnr p = 1 Tn lond Iayers

Inst ﬂmc=(load lsgyers' p}"‘ load stcp+d t:mc e

" e nmcﬂlust e + timc step : -
~ old T = T(Ge(d), neww._vaid(f], ;!mmage ! but lnat thnc)
: T= T(Ge{'). oW, vo:d(i), dralnngcT ho: new, tmm)

' 'deinrmmn change iy pwp bctween !asi tfn'u.'. and tlus tsmc and sublract
ﬂ-om the last pwp, for ea«;h inerement, far each oad _
L f'naw 1’>= 1 And pwp(i p)a 01'hen '

L pwp. chﬂnzed P\’fptt.p}
pwpﬂ. =0

__'Elsclfnew TMlAndep(i p)uﬂ"[‘hcn o

“ pivp_ chan ad = 0
PrELDZ0

,,_,\...-..-.:_

" e '

< ald __pwp i essuml posn, uld_'r)
. newW_pwp = (presaure, post, ney, T)
pwp_changad old _pwp new_pwp
'prwp changed>pwp(1, p) Then."

s Y i
. Ew’l;‘_chﬁngea - pwp{i, °y

Elself pwp clumged > (} Than

. | pwl’(" P) "'P""P(i, P)‘- pwp.__chnngad
: o Else

i pwm. =pwp(1. p)

. Endlt‘

Page 6 R




- Modulel Cont, Joading = 2 way

. . : S .
A o 'sum 5]1& pwp pressuncs at cach iru:rcment to dcli:rmme tha totn[
: : D pmssure ofthe mcrement : o

.
E
e

: pwv sum(D = pwp..sum(l) +pwp(‘ i, p)

'_'recordto* whangempmssureasanmpu:fonhechangedsml o L R
pmmctm,ﬂuetnchangedpw]: _ S

pwp changa tal(l)=pwp t:hnnge tnt(i)-i-pwp ch:mged

N _'Next B
Lo clmnged suil stmsses and caic af sctt!ement of mi hyars

T ',"-ll‘pwp change mt{i):-*o'l'hen

o!d,_eﬂ‘cct stmss(f)=new aifect strcss(i) ' e
- oW, effect_streas(i) =new_ eff‘ect stress(u)+pwp change _;ui{a} ST
_ ldvnlé =newvgld| A ; cet e
Lo e veld(p = vo d(new eﬂ"ect stress(m o

- det- Nl = old_void(h) - “new v md(i}
..5eiﬂ'enmm 13 =del_void *.4_Thi(i) * ( |- I .‘ (I +otd vmd(t}})
- inl([} ml(ij ﬁcttlrxmem(i) _

: BIst:

Sl 5ettlemenl(i) 0 -
BT
L MNextd

e --,Elsgul' L end of‘“tf" su-uctum fororte waydmmagenase L
(B R . .

' :._l‘oru = l 'ro £ rst mcrements _ _
o &ettlement uf lnyer inw sntilement of laycr mt+sclt!ement(1}

: changed thmknesﬂ Of Iﬂyﬂ’

o i Iayer ihit:knessmuf Iayer thickness -satﬂement of Iayer ini.

ANALYSiSOFADDED LAYERS N
U, Pressure catcu!atmn for upward Jra‘nage

. B Determlne the sturt point nf the drainage direcunn ing. 'ded layers

R It‘pepl' pressm _pomt:s-ﬁ:st hcmments 'men
_%ﬁ‘t*pﬁk_pressure . polnt '

".'.qui_nswrt+_l_']_[‘o_:r_mremedts~l;"_  A
| IFald_vold() <> new_void() Then .

Prge7



. Madulei Gont, Touding - Zway

-‘35“’"5'-0iﬂvw-vfiw;strcé#unlaaa;e"ffecxlst_réss'ﬁj; okd_void(l), new_vaid()

'_'Else AT o s
Gcto=ceti>

End ro

. change tot(i 0 .
m snm(l) = 0( )

: pomtmn ratio gf upward dr&inmg sectlon oFadded layers
N .‘ which jsa rat:o re ative to thc peak pressure pninl

'_ pmn = (irii:ne’m_ents -'I)J’ (increments - pcak_'ptns&ﬂré _pufnt)
.'. ‘

v calt.mute t[m pwp for aach &DDBD incrcmunt. fhr euch Iund applicatmn

Furp-*! hml lncramants Tn !nnd Inycrs _
" Inst t:meﬂ(lmd Triyers - pj* load s{ep+c| dmc

Il‘lnst tlme <0 Thcn
Ex!!’or R

Fnd it _
R hew time= lust Limc-l»timc ste

8 '.."-old T = T(Celi), new yoid(l, dminngc ] sop; st _tinye
B new 'I‘=-'I‘(Ge{|). ncw vo:&(i). dmlnuga Ltgp, ncli'ir tim)c)

_determ tna chnnge in pwp helween iast tlmn and this time and sublmct '
- from W Jast pwh, for cach mcrcment, fot ench 1ond :

. -[f'ucw T:>== i And frp(l, p) <> 0 Then '

pwp: changcd - P\Vp(ia P
“pwpli, p)=0

. :E]sulrl'll.‘-\-? T>w } And PWP(f P)=0Then SR

pWp changedwﬂ '
: P'-vpﬁ. p>=0 .
"Eisa ' o
old _pwpwul(presmre, pésn, nld_'I') N
new__pwp »m(pressure, pokit, REW, *I‘)
pwp chnngedwold _pwp - hew _pwp '
. _-prwp cham,ed"‘*tlwp(l, p) Then '

. ggg_(_iéhgngeh pwp(i p)

o Tlself pwp_ ohan,ged‘—"ﬂ'fh'm o o
pwilL B )=Pwp(i, p) Pwp ﬂhﬂﬂsedf
_"Else K '

: -p“'fp({ =W
L pwp ol?gr gp 2 ’p)

R

CPegx



s "Modg_lel.,_cant; laudingr2 way -

S sum tha pwp pressures at eachy incremcm. to ﬁctermine :he (utn!
: prussul‘e of the mcrenient : _

o "._nwp swﬂ(l)“pwn_sum(lﬁ PWP(i- p)

1 'racnrd ‘total change it pressure 25 an mput for tha changed soii
v pdrmmeters, due to changed pwp .
L _-'_pwp_‘chnnge tﬁt(i]=pwp change tos(i)-i- p\vp_'chungecl
B ;-'Next P '

_ chnnged sull siresses nnd calc‘ of sen[ament of nddcd !nyers
s II’ pwp Lhnnge tot(l} >0 Then

ki e.rect stress(n]*ncw plfact stress(:} '
7 new. effect stress(i) ~ now_elfect. slrass(i)+p\vp chnn;,u tot(i)
-~ pld} vold&?wmw vaid(l)
« new_vold(y= voitinew 1 effect s:ress;l}) .
— delDvold = old void(i) = new ' B
' -scttlemenlﬂ)mﬁl void * d_g (Itd( *{] 1! f 1 -e'nld vold(tj))
mldu.d(:) =g ad* t.d(l)n sult!emcn'{l} :

Eﬁie _ L
semcmeut(i)HD _

Bndlt‘ \ e

""'Naxti RN

pwp(increments, inad Iayers)wo "

_ pwp sum(incrementsfwo o
¢l anﬁe tot(inr.trememﬁﬂ

. .saltlemem( ncrements) = 0

g, Prcssure calculnlinn fbr dqwnwand dmlnngc oi‘a:ided iayers

?‘It‘pa&hs=2'fheﬂ N
- preak,_pressuw __point> f‘rst mcmrnents 'rhen

Foriwﬂrst fneremenmvt- }To peak_prassure _;pmnt
1Pold vmd(i)«-’:new vgid(t) 'I‘hen _ . o .
Ge(1}=G(new n“i’bﬁt stress(i), uld effect stressﬂ), old void(i), new vnld{l})
.Elge : . .
. '-cm)=ce(i>'

Uy
W, sum(i)'=0

: pwp clmngu tot(l)=-0

posltion mua ofdownwnrd drainin.g seatlon o{’added

ot applms on i o
i i 18 oon m"P 3 by “:2 ;;iglgertitl:ﬁ;&ﬁ?ctiou ofaverni!ylayer .



7 o= 11 peak_piessis_polnt

._-_"_"_'t"__i:ﬁlcti!nté_tild PWp'.'fbranch _l'ncre_mﬁnt,'-for éadh io:_ufafsp_liéatibq“ O

) o Fﬂl’p“l- f’ rat. | mcremenis To luml lnyers
Ul time:ﬂ(loud lnycrs b) * Ioad step +d tnna :
I st timc<0'l'hen L A

-.'-.'new (Imew laSt time-&tlmn stap
0 old e T(Ge(l), new: \mid(:T tlrmnage ITbat iast time)
R new THT{G& 1}, hew vmd{n dmimgge but, new tlme)

demrmine clmnge in pwp betwncn lnst nms nnd :tua nmc, and su'blruct '
L from ﬁte Ia.'it pwp for each Incrcmum, for ench tond,
' fncw 'I‘>== 1 And pwp(t p) <> c‘rhen

pwp i:hanged=pwp(i p)
pwpll, p) =0

' Elsclfnt-.w 1‘:;: ! And pwp(i p) OThtm

pwp clinnbed”
pwpﬁ. p) =0

m'sa T
old __pwp Rt uiipressum pnsn, alﬂ 'I'J
ncw _pwpﬁ Lifpressure, posit, BEW, 'I‘)

I pwp changcd=nld pwip - fiew _pwp
lF pwp_changnd 3 pwp(', p} Ttwn

S pwpli, py=
: M clmnged ==pwp(:. P)

- _'.Elselr pwpﬁchmgehﬂ'rhen
o pwp(i )=pwaa(l, p) pwp nhmaad -
- Blse .

- pwp(i, =pwmi p}
- pwp.o ange =

. End If
'-"*Badlf

i sim the pivp pressices nt e;ch incremanf, to determhse tlie total
 pressurs of the incremam : o

- pwn.sumw = pwp sum(l) + pwp(i. p)

- revord lotnl chang ln pressura fis an Inputfor the changed soii

- patumeters; due to changed pwp -

_ pr clmnge to:(i)npwp__clmnge tot({) +pr chmged -
.:_NmP ' ’ L ' -

- =

"Pngé’m.-" o




. Modute! Cont, loading - 2way .

chrmgedsqll smssesnndcalc ofsnulementofadded Iayers B
___'-l?pw;:ﬂ_change tot(:}:v{)'mcn _ _' o
- el effect szrcss( = Hiew_ eﬁbct sh-ess{:} ' :
- now_effect stress(i) = fiew_effect, strm{;)+ pwp clmnge tot(i)
S d\,yaidgl)wnaw vald(h
new_ vald(D) = vmd(nw el‘fect stress(a)}
del void = ald_vold(l) ~new dﬁl)
seftlement(d) = del_vold * 4 &Hded() * (I - I } ( 1 + old vo:d(‘)))
» d added&) i ndﬁ‘ed(l} qettlement{i)
“ séttlcm'aﬁt(i) _%-'0
'_-.Bﬁ"_d_-'lf o
CUMexti - S . . s _
.- Elsglr : 'entl or "sf" structum for casc when. ng. dnwnwnrd dmlnnge in nddud lnyers
CRise 'endat‘"ut" stmr.lurc forune wnydmiuage '
_ Fcr i“ ﬂrst lncrcmems+ l Tu incn.ments
- scmemem nlj_lnyer=settlcmcnt of, Iayer-t- seulcmunl(l)
__chtl ' ' - '

_-_‘ snulcment afboth m:ual amd addnd layers

I‘ul! seltlcmentwsetllcmunt ol’ Iayer-i-scttlermnt oF laycr Im _

: _: roviscd taml Iayar thwkuass for next round ot‘calculnttons
' nl layer !Il'tcknessuo o ' '
Fcrial'ro Frsr Innrements i S :
_ ' Ini layﬂr thlckncssnd inl(i)+in: lnyer lhlckness
SNt . o
- ___thickness=1ni layer th!ckness
" Fori= ﬂrst__mcmmants + 17Ta mcrements
: thicknessw thickness +d added(‘)
' Nexti e
. drmnaga Uup=thlckness!paths
© lipalis~2Then
drainage,_| bot umtckness . dminnge
pmk_pwssure _puint = Ifix(im:rcmar.ta:J"K pmhs)

. dfﬂlnﬂgﬁ ] botmu _
. oak,_prédst =1
R -1

ma“ e



Modulel Cont, Iundmg Zway

o CONTROL FOR msm,m' 017 mzsuurs

'dlsp‘lay test—remain(tlme InOp, dnsplay)

_:Iftimplay fest =0 Then '
Workshee!s["she:etl connnuous") Select
For|=i Tai mt:rements o

3 AclweShceL[flS] Ceils(i 24k~ 3) Select
B w‘$ ?thf leatlon.Re d(p (3 3).
alue catiof, oun win_sttii),
: ;Numberf’oggaat = "1, 000" p
+ ColumnWidth = 12 '_ _
" Foitt.8iza =10 - .
“Foht,Name = "Timea New Romnn“
Burclars(xlmghl) LiruaS(er = xlNunL'

Whh Baniersﬁxlmght)
- Welpht = xiMedium. - S
Colcrlndcxuxmutomntic .
Bnqult T : R
- ,Bondcrs(xl'rup'r LinnStyle*xlNone L
- Barders(xtBoltom) LineStyle = gINode -
Bunier!\round LIncStvlc =xannc L
Ilud Wilh ' N
' :chll '

- _thlnkness*&o

FOT i =] Tc ﬂrst lncrcmems
e -_'lJuckness = ﬂuckncss +d lni(i)

B "AcliveShmt [315{ Calls(l, 2 *)- 3) Sf:!cat

Wlﬂt Actlvetoll
Vniua=thlckness L o
- MuraberFormat = "#, 000" '

. .CoInmnW1dth= 1z - L

~PonkSize= 10 -

.. JFont.Nahie = "‘I‘lmes New Romun“

EndWI o

Nexti B _ : _
Forl’:f'rst :ncrements-!-lTo incremams B
| thickness = thickness + d_sdded() .
-':Activasme:,[als;.r::ans{i,z*k 3. Se[ent "
- With Active e -
a!ua=thizlmess P
NugitberFormat = "6, 000"
*ColumnWidth = 12 N
- LJPontBize=10" - I
. .FontNamn="Tlmeanw Roman" :
Bnd With R

Naxt i

S tot npplied thicknss&%pplled thickness*(int{tlme Inupfloaq_stepjﬂ) o

' A;:tiveSheet {a81. Cells(l 2 * k + 1) Select
Wlth Activeﬂall : '

Pz



~ - Modulel Cdnt.loaﬂ_ing-_z'waj'_'- L

: .anuc = time_] Ioo
- NumberFarmat = "ﬂ{)" e
JHorizontal Allinment = xlCenEer
Bordcrs(xl'rup incSlylc = xINonc

Wlth Bordsrssxi'rn )
Weight = x Medlum :

s ColorlndcxwaAummnnt: -
End wi th .

Borders(xIRight), LineSiyle = xidone
BorderstxiLei).LineStyle = xiNone.. -
BorderAround LmeStylu =xINnne '

- End With o _ .
o --'A»ﬁveSheenthsz censa 27 x * 1) Sulqct

WEthActiveCelt o e S
.Nalueﬂ"d s TR T S
Borders(xlﬁlght) meSLer—xqunq' T R S A
wnh Bordersﬁxm I

. Welpit = xlMedipn

- ‘Colorlndex=xmutomanc a
Epdwits

LI’S(XI E‘op).L[ncSan = xiNmm

Wuh .Ba:ders(xl'l‘or

© Welhit = xiMedinm.

. Colotindex = xtAulomuc
Enquh B i

BordcmfxlBoltum) Llnl;Sty!c = xiNduc
Bnrders(lee!‘t) LineStyle = xfNone
Bordey Amund LlncSly 2 =xlNonc

End With Lo
AntweSh:et.[aQ] Cclls{[ 2 * R-l- i) Select

With ActiveCell

. Value = full_settlement”
. NudiberFormit = "#0,000"
Honzontamlignmem B xlCenter

o L'ntl with .
o 'Actwesmt.[wl Censcl 2 Y4 13 Selec:

Wiﬂ}Aut[veCell o
Yaitie ="m" .-
.Bordm(xlmghl) LineStyle =xINone

WIt‘h Borde xl Iith .
O Welighie = giMadinm.
Oulm‘lndexhxlAutomaﬁc "
End With,. - :

Bm'de 1'1‘;\:5) LineStyle=x!Nonc C
- Borders(xlBoltom).LineStyle = x[Ndna . -

..Bordcrs Klef)LineStyle = xNonie -~ = -
L .‘u‘onderAmund LinuSty e.ﬂxmnne REEIR

Bordersgxlﬁuuo LlnaStyle " xiN:me _

L Brd W
- Aciw‘%shﬁ [alO Celis(l,z * k+ 1 Saleet _
Value o (Iui(tnme Iﬁop / lond step) ¥ l) » prassum

g 1_'3 o



: Mn&u!g_l Conr. 1o:ldinr~2wny : L

2 Numbchomtat= "o, 00" g S
o iunz;ntaw:gnmcnt = xl(.'ﬂmcr
With

=-Actwe5heet b lG].CeI!s(l 2 C k + 1) Sc!ecl.

Wll]‘a A" 15Cell: .
SVl =Rt
S ‘Borders(xlmght) LmaSi;yle=xlNane

W;th Bordersﬁxl ed%ht)

Weight = xiM !

,Coinrlndcxwx!mttamatic
‘Ba d: Wi:ﬁ

Borde xlTop) LmeStyie s xlNcme
Borders(x{Batiom).LineStyfes kiNane - -

- Borders(xiLeft). LineStyle = xINong -
Bardemmund J..meSty e.*x!Nmm

E.n-:! With

_rliveSheet.[all].Cells(l 2* L+])Se1act SRR
o With ActiveCall. S e
‘lue = lot npp!ied t!uckncss
- wiaberFormat = *#0,600" A
inrimntalAlignmentwxlCmuer R

ActweSht:ct.{bl 1 ; Cells(! 2 ’ L, + :) Sctccl o

AWithy AdliveCelf .
. r n[un - 13 nll N
Bnrdcrs(xlmgm) LmeStyie xiNmtc

W:th Bm-de (XIihty

< JWelght = xiMedium
: :.Ca!orlndex=xmutommsc -
C Bad Wit - C

.Burdersgxl’fop} LmeSty!e= xlNune :
. +Borders(x|Boltom).LineStyle =xiNoue -
. Borders{x|Laft), LmeS:{waiNOne :

4Bord¢rAround LmeSty mxiNone
© L End Wil . S
"Aenmsilg.et 12, Cel!s(l 2% k+ hs Salect o
. Vaiue" thinknuss B
;NumherFormata"#ﬂ 00&" S
chzonmlAlignmmt = xic‘snter
Eﬂd Wlth : :
_Act[vesheet [blZ].Calls(l 20 k + 1) sma
Wlth ActweCell '
Yalue = 'm*

Bordars(le:ghé) Lap.eSter xlNuna

“With Bnrders{xll'{ ht)
eoreight = x]v :
goinﬂndex W xlmllomntuc

' .Burde lTop)LIneSty!awxanne .
Borders xtBottum J . #Style=xiNans -
-Sorders(x| Lﬂﬁ)Ln&at e =%xINone -
_ ‘BorderAmundLines e'ﬂxINone R

Cpets



" Modulet Cent. foading.« 2 way © -

Eml With

- ActiveSlieet.[elal Cells(l 2*k 3) Sele:t K
S With ActiveCell - o
S ';’Va!ue="Depth from base up® -
. Font.Name= "Tlmes New Roman"
- JFont,Slze = 10 . .
B ColumnWidth =10
L Interfor Golordndex =19 T -
. Hattzontal Alignment = xlCenter
T WVerticalAlipnment = xiCenter
Ce T JWiap Text= True .
Lo »erenla{mn = xiHorlzontil - .
S .Burders(xlbeft) LineSteraxlNone

Weth ‘Bnrdcrstle.eﬁ)

JWelght =xiMediam:=-. = L -
Ui COIorIndcx=xlAutamntic
EndW th n

B __.-Barders[xl’i‘op) LineStyle xanna

Wllh Burdere{xl"i'o }
Weight=leemum s
Lolorladex = xlAutummm

End Wllh C o

e '3;Burdcrs(:dﬁntmm) LmeStylc = xINunc
" Borders{xIRight).LineStyle = x{Nohe:-
:Borv.lcrf\rau LincSl.ylo,=xlNonc -

End Wilh

g Actweﬂhee(‘{etq Cc!!s(l 2"‘k 3) Scicct
Whh ActiveCell
Nalue it I
_Font.Name = "T'imes New Romttn" T
JFontSize= 10 o
“ Anterior Comrlhdex— Yo .
o0 JColurmmWidth =10~ -
S _.Hnr:zontalAllgnmmta xICenmr
B em::nIAhgnmentaxlBottom
WoopTexi=False - L
o JSOrientotion = xIHorjzomtal - -
S .Burders(xll.eﬂ) L.meStyla = xINnne

. With .Bé rdmﬁxll..eft}
o JWeight =xiMedium
Colorlndex = xlAut‘umatm
'End Wit

o ,aarders(xlaottom).LmeStyle -xmane_ T

: Wit’n Border: xlEottom)
o Welght = xlMedium . o - o
" Colarlndex *xIAutomntlc AU
. Bnd Wl!h co . B

Burders xl'I‘r ] LmeStyIa = xINone o

. .Burdars *IR,.. D.LIneStyle = x]None
BorderAmundLlneStyie,qlNone .

End With- '

ActiveShaeL[f l3¥ Cells(l 2 " k 3) Se!el:t -
- With Active .
Valug sl ' o
FontBeld ~ True. S
. JFond.Tslie»Trye - o
. FontName= "'I‘imu Néw Raman" DU
o .Font.S:ze =14 .




Modufel Cont. londing- 2 way -

T . Inlenor Coiorlndcx = 19
_ ColumnWidty= 12~
HorizontatAlignment = xlCcmer _
Vertical Alignment = xlCemar -
¢ WrapText=Falge' - ; S .
7 Oriéntation = xIForizontal e
T -Barders(xlklght) LineStyla=x‘Nnne S

With JBorders(xIRi edght) o
. iWeight = XIM: o

Ca{urlndex - xlAuwmatic
Eud With- ;

e - j Bmdg;;(xrrgp) LmaStyie = xENane

W‘th Bordars{xl’l'af .
_ - SWelght = xIMedium
Lo .Colorlndex*xlAutomatic

' _'_-End .
- .BordersExlBauom LincStyle“ xlNonc

- ;Barders(x|Lefi).LiteStyle = xINoqe - -

BnrdcrAmund l..inaS;y e.“xlﬂone o
End With

.,AciweSheeL[fM Ceils(l 2*1: 3) Se!eat
CWith ActiveCell. - ©
L Vale = kPt
* Foitiame = "T;mcs ‘-:cw Romun"
“FontSiza =10 . .
o lnterior.Cotorindex = !9
ColunnWidth = t0 s
o Ilnrlzulzmmltgnmmt &= xlCcmer
- Ymicn!&lignm[en& ==xlﬂoit0m
oo WinpText = False _
R “Orientation = x|Horlzontal: . -
o Bordcrs(x!mght) LineStyle mx]blu:ame

W!tl\ Bardersﬁxmi ht}
_ Welglit = xlMedium
o Coiorlndex=xl3\uiomnhc
- End Withi. -

. - ' .Bnrders(xanttom) meStyle x!Nonc

Wit Bordersixlﬂuﬂom)
SYelght = xIMedium

Colorfudex nxlAutomatic .
_ Enquh o R
S Borders x!’l’o ineSt,yle=xINone
- Barders xILe LineStyle = $INone
B BordarAmund maStye=xiNon¢ o
EndWith o
k==k+l
s -Elsa s
- EndiIf _ o
_.NEKttlmﬁ lmp _ o
BndSub

" Funetion pmsu
‘Dimul im:tE As Sin posn,

Dlm 1As Singls:

_ _DimkAs lntege

Pageis.



- Modulel Cont l.dadit.tg.—z' way 2

Ckeowieg

o -m=05*(22!7)*(2*k+1?
BN mcr=2"‘pressure!m*Sn(m*posn)“Exp( (m "2""1‘))
. us==m+uL,_inur - _
CRmkago . AT

E --le>=2ODThr.m o
o BRieDPet. L
~ .Blsg .
':Bndlf

: ' Eiid l"unchnn R
” 'l'um;tmn vmd(new sn'css)
Disn B As Double e

':'Ifnaw strass«t'l‘ie ' e AR
' \rmd Wnrkshi:ets("sheetd") [dB] Valu

Blse
_ p= 043429448 - Lug(new stms)
- vurd b* ﬂza-e akd:

Em:l Il‘ L '

) Lndl‘unction

o Fl.mctlon G(new stress, nld slmss,old Voad new \!oid)

- Dita A Double ©
S DimMy.fAsDouple’”
Dim perm AsDouble ..o~ ;-

n=0.43429448 ® Lug(new stmss) .
ﬁm"{?hw&'ﬁ“”ﬁ*iﬁ 1 (oid_void < id))
v_i={{new_stress~ old_sirass)/ (old voi n&wvu

=pem1*M'i 1198[!(] +0ld vmdj" 3600 *

N End Funetion -

e -":'Funct:on T(G, vord ratta, dminage 1 hmu) N

THG * (1 + vuud rntlo) Az* timee‘dmiusge 1“2 e
E.nd Function '. R - o
'Funcnon remm(m.mber, tlwusinn} .

- -'._Dlmn numherMSingle A
'.__Dlmb numherAs Sipgle . .

@ numbar numberf divigion :' '

L.uup Untit Abs{ui mer} Q=prassurcf 1000 And remam(k, 1{1)"0 L A .

Ny number ~Ini(nummber/ division) . ' R

. remaln=a . num er- b number o
s End Funcﬂon '

i P&ge_l."i. '



) - < With sq;’;gﬁjataht_jr'eﬁioval
OptionBasel I C
= -_Gpnon Expilcit

" Publict As Smgle _'
o PubliccAs Single -
' Publied As Single
7+ Publice'As Single
.. -Publie f As Single
" Public h As Single
© 0 Subsettlement conunuouso
- Diminererienis As Integer -
. " Dimi fiest, inerements. As Integer
~ -+ Dim load_timesteps As Iate :r
. - Dim pressure(300) As Sirlg
B Dlm As Integer - -
- DimjAs integer . . .
R Dlm Aslnteger B ::: RS
= Dimvp As Totéger -
o -DimnAsInteger - - L o
oo - Dimoii As Single
) Dinvold_effeet stress(BOﬂ) As. Smgle
- Dim old_void(300) As Single .~
Pin Ge(300) AsDouble . = " -
+ Dincoh] T As Double. B
- D iew T As Uouble - PRl
D new”_efTect stress(sﬂﬁ) As Slnglc S
<. - Din dealpage_) bot As Single . - e
5 o Dim dramage N lnén As Single .
207 D W) vm 00y As Single: =~ -
- D pwin_eliange_tot(300) AsSInglc
. Din pwp_changed AsDosble - -
' Dim pwp_charige(200) As Double -
7o Dlm time_step As integer.
- Dim time,_ Yoop As Integer. - .
= - Dim setilement_of layer As Sinale
‘Dim settlentent_of_la ier ini As Slnglc
v Dim, full_setelement As Single ..
.~ Dimy settiement(30 ) As Douhle
- . Dim'last_time Ags . ger.
.. Dim pow fifme As Intepir .
... Dimapplie d thickness As qugs -
- Dimtot_appl fied, | thickness ing!e
.7 .. Dimdel void A% Single
- Dim display As Integer
- Dimload step'As Integer - -
o DimloadS As Integer .
. Dim active_londs As Intéger
o Dimt unkAs Single T
- Dim ﬂ'l'splay test As Single
.. .. Dim g_udde 300) AsSngle y
S Dun i(lzs)As...inF .
v Dimthickpess As Single .
- DimH_in{ AsSingle . .
-+ Dim top i AsInteger -
-~ Dimiat Jayer thmknesaAs Single
- Dim posn As Single .
.- Dim pwp(300, 300) As S{ngle o
" Dimpw _sum(300) As Single . .
. Dim old pwprAs Single. SR
- Dimnew_pwp As Single o
DimpathsAs'lntoger - S
o : ‘preesyre __pointAslnteger g

R DII‘I‘I vers As Iintege
- Dim start As Integer
.. Dimbot_peak As Intrger
*- " Dimtop_pesk As Integer. ©
- Dimd_time'Ag Single
R DlrnincrAsSmgle. - S . _ . L
meum 8 B : L L - IR U
" -Dime m"ans'_spifigle ng oD T T e
. /Dim e_max As Single
Dim sg As Smgla e

_ _I‘#g&?"’_ o



Dlm dcpthA Sirgle
- Dim water_riass As Single
;_Dlmmcr seltlcrnent AsBingle

“.' Set fhitial soff densityva]ua G

e min=*Workshee!s(" heel?.") [t:S]anlue o
- sg = Worksheets(*sheet2").[¢4].Va '
: Wurksheets{"sheetZ") fis} nlue 10* (sg+e mm}f (1 -|-e mm)

' Get input data from speadsheet mtn program \rambles

: load step-=Worksbeets("sheeti cnntmuuus"} [cb] Value o
lnads‘ﬂWnrksheets{"sheetl cnntinuous"} (4] Value .~

" lond_timesteps = loads * load_step
ime_step.= Worksheets("sheat]_; runtmuous") [dﬁ]IValue

. H_ini= Worksheets("sheet] o) muous") [ ;Va e

-~ applied_thickhess = Werkshee sheen B

. pressure(}) = Worksheets("she’-tl contmunus"l [d4] Value-

-~ display = Worksheets("sheet}: continuous).[d3) Valug: .-
patlis = Workshéets("sheett fontinuous")fhi] Value = .

- druinage_|Ztop=H lmfﬁaﬂlsi-appliedt ickness / paths -
ﬁrst mcremén:s—- er*ls(“sheetl contmucu&") [iﬁ] Valua

" '-_lfpaths=21:hen AT
drainage_| bot-—drwhage l top

| .'Else s s
o drnmnge lbotﬂo-"
"Endli‘ <

T Wurkshects "sliecl:i "} [l23} Value
‘e =Worksheets("shoet3") {120 Value
: d=Worksheots "shcc‘.tB'? [130] Vahe
© . emWorksheets("sheat3"LH7 Value -
O = Workshests('sheet3")6  Tulue
h = Warksheets("sheot3").{1%,, \?alue
“. Ini leyet- thickness =0 .
- sefflement of fayer. inf=0 "
7 seftiement_of tayer=10 -
' inctements =’First incrcmcnts+ ]

- _Worksheetsf"Shcetl cout?nuous“) Select g
* Range("ER:GhSDU").Select .

. Selecticn. ClearContents . - '

" Selection.Borders{xiLeft). l..mcStyle = xthme

. Stlection. Borders(xIRight). Lirra.:tfele =xINong

"+ eleotion.Borders(xiTop),LinSyyle =xINone - :
- Selettion, Borders(x1Bottoth).LineStyle = xfNone -
- - Selection.BorderAround LineStyle:=xitone -
.'-Selention Intenur Colorlndex xlNonu S

Coeel

- :--__;,guﬁe'initiax_'soil param‘eters__\\_'i'z_depth__ '

- For{= 1 To first_increments. = :
<= (fist_inerements - D1

old affect- stress(iLE Workahaets("sheew} cﬂ] Cel!s(n, 1) Value
U ol yold(l) = Wor haetS(”sheeM"} [c8).Cells(n; 2). Vaive”
" Fe?) = Worksheuts("sheem y) {f‘B] Cells(n. l}.Vatue A

o nm eﬂ‘act stress(mm-ements) wﬂrksl*eets[“sheettr') [cB] Value o
. old void‘Smerements)-fWorkshaets("sheetal"}[d8]Va e -
B
A & /il o] "shee aue

B aﬁd.d(increments) applicd thu:kness :

pralhs’* 27Then o : :
C E’sgeﬂk.ﬁmsum“polﬂt—- Fix(ﬁrs‘ fﬂmmﬁﬁls(paths)
geak _prmm .p0’ntw1 .

Page2 -

- With supernatant removal -

unus"j.i,;’S] ‘L’alue S -




‘With supernatant removal - o 0

: ':' : de:'c_'rm-i':ie_ ﬁis-;i-aiszrzbmidﬁ-mri inliial foad on layers
' Fori=| 'I‘o F rsi. iricremcnts

" hew, T”T(Ge(u) ald: void(ig dmmage I mp. time,'qstep) o
: posn=l.~“(incramenls'? paths o
- pwp{i. £)= ui{pressure(1), posn, new.. T)
. pwp_thange(i} » pressure(i) < pwpli, 1) -
. hew’ effect stress(iy = old_sffect stréss(s }+ pwp cbange{i)
Aew_vold(]) = void(new s stfeet, strr.ss(u)

"_ _Irnaw effect_stress(iy > | Then .
T e(ﬁ= G(new eﬂ’ect stress(u), uld et‘fect _;ircss(‘), old \rmd{i). new void(l)}

Gi ¢!
E e() ett}

el vald“old w:id(t} new void(a)
. setllement(l)=H_ini / first_incrzments * del_ void * {1 -1/ (I + old void(l}))
Cod iy o Ho il fTiest increments - settlememﬂi}
© ind_layer_thiekness = Thi_layer_thiickness + d_lnifi) -~ .
‘-..set"lcmem of layer lm=~acnlcmcnt ot‘_Jayer im+sculemcm{i). L

chu

_pw {lncramcnts.l = L
: __dm nage, ! 1 top = mmagc Hy top.- scltlnmcnt_..o!;iaye_r_{ni'( paths -

. -Il'pmhs =2 Then . :
.. drainage. | l,_hut=dm1nnga I top
Bl U
L dmmage I bntwﬂ

b _E ad If g

'_-.load layers== l . o .
g "'For ume lt)np== (‘2 ume stu.p) To Iuath:mesteps Stap timc stt.p
Ifrcmmn(ume _luup, load ste:pj 0'111&:1 : _ _

' --"Idraiﬁage 1 tdr=éminngn I :Op-l-applied ll}lckn%s T
inerements= moremenis -+ | s
- dld_eflect stross(inerements Worksheclsg“shecm")I[csj anue o

= old vold(fneremionts) & Worksheets{"sheutd {,[dB] Value
~. - Ge(fncrements) = - Worksheets(“sheetd4"),[f5]. T
- onew effect slress(incremcms) Workshmts(“sheatet") [c&] Valuc :
© new_ yold(Tnerements) = old vo:d(tncrsmenui) : _
-+ d_added(increments) = appliéd_thicknass-
_ load Tayers = intrements - fivst mt:remer_;ts

o Waler,_imass = jncr sett[ement ¥, 8[
~ iner_! settlement— ;

i reductmn in fond due 6 water loss from cansnl:dated mass
pmsum(lcad layers) = pressute( I) = ater_mass.

Fort=lTomcremems 1 S I
pwp(i. lnnd layers)u Pressure{load Inyers)
Nexti Lo,

o Elsg
_ '.j"BndIl’

: ANALYSIS OF INIT’IAL LAYER THICKNESS
L ! Draltage: ofupper leyeis upwmds - _' :
1 ]f peak pressum polnt Isin m!ded layers, all dminnge wil! be
i i : Pnge 3




VI W:th supematam rcmova!
! downwards and lh!s ned scctlon W1Il bc]umped aver,

d llmc==rcmmn{mne loup. load stcp)* load. step
[fpeak__pressure._pamt»f'rst incrememsThen sl
{GoT6 100, o e
R _Elsz P
Fur fo peak __,pressure ,_polnt To t‘rst mcrements
If uld vmd(l)&nnw \'ﬂld(l) 'Ihen I o o
' \ Ge(l)F‘G(hew eff’act slress{l}, old ef‘fect slress(f). o1d voidO, new, \rmd(f)}
Ge(1)=(}e(1}
End Lf

' w sum(l) ﬂ
pwg ch:mge tot{1)=0 :
posuion Yatio of’upwnrd ﬂrainlng secuon ot’int layérs i

' relatlve 1o pedk fire point,
v On!yappligs i!‘;er:f:sinp:mt!nl layers :

o pasnn(maremems 1)!(in¢rem¢ms pcak _prcssum _pom!)

B /;f( ca!cnlﬂte the pwp for cach mcrement. t'oreach load appllcntmn

Forp* 1 To loud [ayors 0 .
ins: t:meﬁ{lund Inyers p)" load step+d ume

B Iast_tlme. < UThcn "
Exlt For :

ew 1mc==lnst tlmc+tlmc stc : BN
o uld w T(Gu(l), now_vol s drainage. 1 top, Iast tm'le)
'__-new T= (G }*naw vol drnmnge T top, new ume)
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_ - Borders(xIRight).LineStyle = xINone "
: BordnrArmmctmeStytc,“xINone
End With -

: _-'Actichhc«::t [fl‘.i‘ll Cells(! 2 *k- 3) Sclccl
- Wik ActiveColl -
o WNalugatwt o0 o :
i ..‘:._:' ;anhBﬁId Tl‘l.le B .
- JFontdmlio=Twme - - S
S .Funthme="TlmcsNew Roman" .
", JFontSize=14 -
' .Intenor.Colorlndex = 19
- ColumnWidth=12 ' R
,HorlznnlnIA!ignmentnxlCenter B
L .VemcalAlignmentleCenler
-~ WrapTextwFalse o
© . LQrientation = xiHorlzontat -
- .Borders(xllllght)'l.ine&ylc = xlNone

‘With Border xIRdg‘ht) o
._:.WEght= o
: .Colormdax - xIAutomat[c

-+ End With -
sBOl'del‘S(xlTnp) LineSl}'IenxlNane o

Wlth Burders(xl'l‘or
" Weight evxIMed .
- ColorlndexnxlAummanc
End With - :

| --.Borders(xlBottomP Lisesiyle » xiNores
Borders(xiLeft), LineStyle = xINong . -
- ‘g%rllemmund LmeSty 2 ==xlNone :
End \

. ActiveShest 4], « ‘
- With -Acti § Cells(l 2 k- 3) Salect
. ¥ﬂ"§;"’kl’ I B
L osEent ame“"Tl.m W
ousimnle s oo
- JInterior,Colortndex
-.Ci::l|.u'm'1\’»'idth2= l(}= 9 L
}lnrizontamlignmem - xlCenler
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) . Wiﬁt_énpérnnt'aq{_tétﬁo#a! S
- .".Verm.alr »:3ﬂmcnt=xlﬁotmm S SR
Wrnp’l‘ex!*l’a!ac . .
. Orientatiun = xlHortzontal T
o .Bordﬁrs x!Right) LincStylcwxlNune o
'.'. With Bnrders(xlru ht} ' )
© L Weight = xiM

Lolatindex = xlAu!omanc -
Entl With _

RS ;_-.Borders{xlBottom) LmeSl}"ae xlNone
- Wlth Borders!ix]ﬁottom)
“Weight = xIMedium G
Ca!or]ndex xlAumrnahc S
End Wlth _
EorderséxlTog) LlneStyle'ﬂ xlNoru;- .
" Borders(xlLe ijeSt{le=xlNonc el
Bordera\round LincS!y gi=xiNGhe '
.o BndWiLh __ -
S .'_Elsc R
S Endlf L
cht ume loup
-::-'.'-_EndSuh o
- Punttion uilpressie, posn, T).
V. -Dimul_] mr.rﬁ\s Smgtpo IT)
- Dty As Singls.
_ Dim L AS lnteger
'-_"_'fkvn uf=' Lt
L .m=0.5*(22!’?)*(2*k+ It) SRR
- hiingre=2® pressure!m ‘g n(m *posn) * Exp( {m ’*2 'TJ)
R m=ui+u:_;ncr
o k=k*l
. 1fk>=20£11‘hen )
ExttDo :
.. Else -
7 ERdIE ; . .
o Loap UntilAbs(ul mcr)<=pmssme!wﬁuAnd relnam(k, 10) o
= 'EndFunctmn - I o
R _'Funr:tmn \w'i(new slress) -
DlmaAs Doubla - '

o If new _ptresa-4=l
Co void=Wurksheet5("sheet4”) [dE] anue

gk
" ae0,43429448 * I w
Rty i 4 2 " nog(ﬂe sh‘ess)
End 1f

) ~Emﬂ Funqt{un

B Function G(m‘-w_}tl‘ess. old wess, old void new, vuld)
o __-'-._-DunaAs Duub!e :
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o Dun Mv Az Doublc

- Witly siperatait removal -

".'.'f_'DlmpermAsDnuble L L

| 4=0.43425445* Log{new _ptrcss) _
pern1=t0"(c*a"2+f*n+h} !

o My, = ((new,_stress - 61d_stress) /. (old void - new vald))

o G==penn“‘l\d\r 1!9 allﬂ -l-nld vufdj'*amo SR

e _;":End Funclion o )

o _' Punctmn T(G w:ud raltu, drainage ], t:me)

T G * (1 + void Jatm) » 2 *. tlme! drnmage i 2

End I‘urmtion S

- Function remam(numher, d[vls!on)

' Difna_rumber As Smgle

S Dim b_pumber As Single. a

anumber“numberidwismn .
* b number=rIni(nizmber } division) -
N -remainﬂa numher- b numher S

L Endr'unntmn o
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APPENDIX C

Curva Fxttmg Procedure




Procedureto Create Charts Wsth Curve F:tﬁng to Data T

S 'In Bxcel, a functlon exlsts to create charts by way ofa number Ofshﬂrtcut kcy Btt‘okes BT
R ThlS is done by the use of the "Chnrt Wrzard" button ot the defau!t mend nf EXeel

S . Usmg the "Property Graphs" sheet, can-y out the followmg actmnﬁ‘ 3 o
ol 1) o Chck on’ the Chartmzard bmion and holdmg the Ieft mouse button dtIWn, create.z' o
L awmdow onthe shcet wherethc chart is t6 be piaced -

3 A dwlogue box appem askmg for the data mnge Wxﬂx the mouse pomter 2o to L
. “he "ab input" sheet (click) and go to the first cell of the X-range, click left .
... button of mouse and keeping. it down go to the bottom of the X-range, Then - -
_ depress the Ctrl key and go to the top of the Y range with the mouse pointer, © =~~~
~ click left button and keeping it down go to t‘ne hottam of the. Y-range.. Then chck_ o

L oit tha NEXT button of the dxalngue box

o 4) _': _. R Next dm!ogue box, chck on theNo 2 box and then NEXT button
oy

Ne.xt dlalogua box, ehck o XY (Scatter} bmr, and then NEXT button

Newt dmlogue hox, chck cm the upper arrow of "Use Fn'st Column(s) for X

“Data", to change the counter in the box to one. The second hox is relevant ifthe . -

+ X-range and Y-range selected includes tlﬂBS Eor the datn 'I‘lus ¢an be d;splayed__j R
; -.unthegraph. ChckonNEXTbuttnn ' S T

- The next dmlogue bnx is saif explanatory, the. purpose of" wh1c11 is to glve tltles to._"-; '_ L - -

Ve the axes and chart. Clwk on FINISH button. o

Thechart:s nuw compiete. o

' .Th next snep is to. get Exccl to do a lmear regre..smn analysls un the graph,’rhesa steps o S

Doubie click the mouse leﬁ button mth pomter mmde the plot area

- Click w1th ggm button of mouse Wlth pomter on the data line of the gmph A-_ o
~ menu appears; and one needs o Select “hasert 'Imdhne“- chck oLiCe - 0n left T
j-'.mouse buttou. o : A _ :

A dlalOgue box comes up; where ohe can select the type oftrendlme & he ﬂtted o
- to'the data (usually polynomial of order 2 works well).: Click on *Options" Iebel -
" of dialogue box, and click on the lowest two boxes; to activate 'Display .-
7~ Equations on C ! and "Display R—squared Valve. on’ Chart“ Click on; OK-' o
- "_".'button R

i ’I‘he regrassmn ecmahon is dlSpIayed on the gxaph thh its correlahon. Thm equahun

. now necds to be manually copied to the relevant ¢ells in the "Soil Properties” sheetof - - |

17 the spreadsheet. ¥ the cotrelation coefficient is low, Steps 2 and 3 canherepeated mth Y
o dlffefent type uftmndlme il the coprelation is acceptable.,
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