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Thls thesls deals with the pore pressure‘behaviour within

embankment dams resultlng trom resevolr lmpounding and the

W

tranqétlon to steady etatb seepage@ The thebrtesf'analyses
& S S -

and resultslare Speclfically related to the case history of

i
v

! .
theerca dam in British Columblao

The/processes which airect the pore préssudes wlthln
. . ‘1
the core during resevoir loading aAd transient. seepage have_

-

: , P ]
been discused and analysed. Ihe relctive.contribution of

t L'J

,eachfmechanbsm; totalestressfchqﬂge, translent seepage and

5

ccnso!fdation,-hae been evaluated. Ae ‘a product cf this
analysis hydraullc fracture has been lnvestigated and some -

conc&usione_are drawn regafding its 11ke11hbod.; Steady'

’ G
’ R *

;State seepage analyseq have been carrled out fér the - Mlca
. B . l

dam,'and the intluence of such parameters asbanisotﬂopy,-

. o . e_"
™ R

anon~hogogene1ty ahd underseepage have been lnvestigated. A

short dlscussion on- piezometer rellabglity ls 1nc1uded
’ ! ’ o S
vithln the tcxt. S . ._”v*

fep

The effect of 1nstrument-lead placement technique hae

Ca o

boen lnvestlgated both An & genoral sense and specitlcally

-4

rel ted ﬁo the Nlca dam.~ R - : ’ .

e

It is concluded as a result ot theee studies that fhe

R

v

f«method of lnstrument inatallatlon is crltlcal tor narrow

core dams. The nethod employod in the llca dam'has caused

local anomalles to the pore preesure dlstrlbutlon and so’ the

‘\" X
N

core plezometers are not retlectlng the average pore
A\

preesuro dletrlbutloﬁ; -

,\
3
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CHAPTER f

INTRODUCTION

1.1 Nodern Dam Design .

During the last two degades there have been significant
advancesnin egsankﬁent design technques. An improved
Qndersfanding'oi tﬁe phyalca; processes occurring during
embankment construction has been achieved 1arg¢1y‘through
the development of analytical methods for streéa and strain
analyéis coﬁpled with an increase ;: the use of
lﬁstrumentation to. monitor embankment pertormaﬁce.

Aithbugh present day aqalytlcal tools are powerful and
sophisticated, the designers prgdictlv§ capdbilitles are
'reduced_by.an lncéﬁﬁlete kqowiedgevot tﬁe'coﬁgtltutive
relationahips for, andllntcractlonbbetween; fhe composite
soll types. These laws and interactive behaviour ﬁééhanisms
are being refined through carefulfbacy-analyslg ot wel}
1nstrumenteq case‘historlés.

,Iﬁ currentbpractlce the finite element method (F;E-M-)
ip oftgn used to provide }nslght into possible problem areas

'ln'the'dislgn. It may also provide a rough qualitative
v . .

assesmenf of the expected Lnutrument readinge. The F}E.M. is

’

1



2

.
used for tho and1ys1s of stress, deformation, consélidatlon.
and seepdge céndltlons within thé»eqbanknent.

” Tﬁé factor of safety against slope faillure is
detérmined by the use of cbnventlonal linit equillbrium'
:methods. These methods employ the principle otveffective
stress ;hlgh requlrgé fhe predicfion of the pore pressufe'
dlstribution withln.thﬁ embankmént{'éohvent;ona11y factors{
of safety aré calculated for the ?nd ot codetructlon, first
iiiling, steady state and rapid drawdown coh&ltlbns 16 ordfr
to establish thé critical case when the fecfor of safety is
a minimum. The pore pressure‘dlstrlbution for both the end
'of construction and steady state cases are well defined by
roﬁtlne analysid,”ho;evgr‘the tlrsf flltlng and rapid
drawdown condifio;s requlrelsimplifylng assumptioné fo; the
pore pressure distributions in order to coﬁtinue with thé
‘analysls.

It“¥g apparent that little attentlpn has been given to
éstlﬁating the pore pres;ure distfibution during tﬁe period
between the end of constructioncgnd the establishment of
qugdy state seepdge, which is deflneq here as the
'translent"seepage atuééQ The reason f;r this is the'qx
complex interaction of the processes 1n§olved during
fesovolr loadiné. Clearly it is desireble to gain fuftheq»,_
insight into the behaviour of the pore éréséuté diétrlpution
.ﬂvl?hlﬂ the embuhk-énf durlng aﬁd subsequent to resevolr
£11ling. This is partlcqlarly impbxtant bgcause~the'rirsf

fllllng of a reeqvolr is considered as a critical afagq in
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the working history of a dame

A recent addition to modern dam design is the

v
%

evalgatlon ot‘hydraullc fraéturé»pot‘nthl. Tﬁlé }s a pdorly
 underst6od éhenomenon>vhichiccrtalnlfArequires further
research and clarlticaflon."

Even though the.eibankmeﬁt dam deglgn?re' technical
expertise and understa;dlng is lmprovlﬁg rapidly ther;
remaln‘pertode in the life of an embnhkmehf'which are not

well understoode The most critical of these is the

A . s ¢

ftransient! seepage stage + There may be slgnlficant éhanges

-

- . -

1n'khe pbfé bréssure distrlbutloq ¢ur1hg this phase which
the deéigner is at present ‘unable to anal&ze'accurntuly. The"
early part of this perlod,fthe resevoir rlLllng stage, is
.prabably‘the mOst»criti¢§1vperlod'£§r the eveluation of
vﬁ&draullc fracture poteﬁt;al. thch‘nny be of manf concern
with séme embankment-cont;gpratlgnsr .

v ) . ) . -
© .

Thie thesis was undertaken with the following

‘obJectiVes:

'

1. To thkéii ca}etully instrumented ﬁnd well ’ e
d;cumented case history, namd&y:the Mica Dam,
and 1nvestlgateﬁthoib§re‘preséure distribution
within the emﬁank@enf'dﬁfing.the itrgnsient'
soepaée sfqé; ( between eﬁdfdi-constrﬁctlon and
N

steady seepage ). .

. 24 To define the processes tnking‘plaéefduring this

-~



period which cause aiteratlon; in fﬁe pore
pressufe:disfrihutlon, and’to evalu;te the
\relatlve contributlon ot each process,
3.v To/?ttempt to evaluate the hydraulic fracture
| potentiai in the core of this dam durlng‘
‘resevoir filling. |

. - R ‘
4. To briefly discuss the performance of the pore

. ; » S » ‘ .
PpPressure measuring devices installed in the dam.

In summary,thlé thesis is an attempt to provide_sone

insight into the behaviour of the pore pressure dlstribufﬂon
during and subsequent to resevoir filling, with speéiilc

referencé>to,the Nica Dame.

»mammunsmnn

. .
’

The thesls is organised in the following sequence:

Chaétcr 2‘prov1déé a’general destrlptlon»of.the Mice
Dam including a dlséusston on‘fhg ple;omete;‘types and
me thods ofwlhstgtlatlon.

Chapter 3 discusses the reliability and perfofmancé of
the plézometers §n'gedefa1.

Chaﬁter 4;&et§its the éteady state seepage analyéisp;'

- : . : » o ‘ R A
Chaptg&”ﬁ compares the observed gnd’palculated‘pore

-

presure distribution within the cdéé..%
‘ S . e
Chapter 6 analyses the seperate physicel processes
~ : :
iovolved during resevoir filling. It studies the transient

flow and evaluates the hydraullcitfactune ﬁotentlal,wlthln.

the cores. Finally thése results abe coapared to the observed



[RRE
i,
'Utz,;..r L

'poro‘preasuro dlstrlbdtlén- v SR

Chaptor 7 evaluates the ottoc?/of 1npertect instrunent
lnstallation procedure both generaliy, and speclfically for

the Mica Dam corq. These results ar& compared to the

observed distribution calculated frog the plezometer
‘ ; e _ S : WM
readings. s : s

: A

Chaptef»S presents the ¢6nc1usionsiét the thesis and

. o N . 4 . . .
'discusses some recommenda tions for further research.
. , : . oy e

N ‘::‘V,{A
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aﬁ»dlncial@ﬁ%}l. The shells a?d
Jyh1¢h the outer edgég are compacted andnéﬁmpé&VEQZkfyTﬁé“

. general fill arrangemontuisﬁghoiﬁ'Iﬁ Flgure 202, The .~

CHAPTER 2

THE MICA DAM

LN

2:1 General Deacriptien | | : o

Nica dam is situated on the Columbia River in British

.Columb;g jmmediately west of the Rgcky Mounteins, and 135

kilometers north of Revelstoke. The s1te ie in a narrow

]

gorge where the Columbia River leaves the Rocky quntain

Trench. The location is shown in Fig.2.1.

- -

The dam was constructed Bw—part of the Columbia River

 Treaty (1964), vhic@ provides regulation for maximum

produgtlon of power and flood control of the river. The
pro ject includes a\2500 MW pove}plant which dgvelops tre
head created by the dame The storage provided by the dam 1s

approximately.25:x 10° m3 and the length of the reservoir .

created ims about 208 kilometere, from Golden to Valemont in

the Trenche

¥

. - The dam is a zoned earthfill embankmgnt,!wi}b'a

»

L1

‘ne#rfjeftlcal central impervious core of.he;flly7¢ohpa§t§d$/‘

co-pac%od?sand»andfgfaiﬁlwof

Ny

iy

Ciean s
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FIGURE 21. Location ot Mica” Dam
‘ ! (after Law 1975)
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(1) Axis of dam
(2) Upstream cofterdam.
(3 Downstream cofterdam.
{4) -Core-glacial till.
(5) Shells-sand and gravel.
~ (6) Outer shells-sand and gravel or rock.
"(?) Drawdown zone-gravel, cobbles. boul-
ders or rock.- :
(8) Slope protection.
{9) River overburden.
{10) Bedrock. o »
(11) Original riverbed. o
(12) Limit of blanket grouting.
(13) Deep exploratory holes.
(14) Normal maximum reservoir level
(15) Minimum drawdown level

~

FIGURE 22 Mica Dam - General Fil| Arrangement

(after Nussbaum 1978)
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embankment was constructed over 4 seasons between April 1869

'vﬁnd Novembor 1872. The rnservolr filllng commenced in Aprll

%
1973 and operatlng level wag reached in Auguet 1974. Furfher

detalls ot the uica dam are available in published papers by
Meidal and Webster (1973), Mylrea (1969), Webster (1970),
and Webster and Lowe (1971), and in unpublished reborts by -

Caseco Consultants Limited.

At the time of completion the Mica dam wﬁs the highest

‘earthrill dam ‘in the world, Due to its great height, 244

metres, careful conslderatlon was given during design to
control possible settlements and cracking (Webeter, 1970).

Extensive testing and analyses wvere carried out (Ineley and

Hillis 1965. Skermer 1975) in order to predict, the

embankﬁent behavioUr in adv&fice of construction.

i

Some speclal teat res of the deeign to minlmlze'
cracklng potential we s slight upstream arcring\hfvthe-’
core, rempval of rivérquerburdgn material b(neath‘the
central portion of the'eﬁbaﬁkmeht,’Yery heevy compaction of
the cdre t11l and the sand and gravel shélls. In the event
°f a crack forming through.the core the excellent
self-healing propertlea of the shell material increase thé.

Factor ot'Satety agalnst piplng development. - ‘

In order that the dam performance could be

.

e

vmonltoredcloaely and analyzed an extensive instrumentation

program was ini(?atod. The inastruments were lnstalled in 4

 main sectlons to measure horizontal and vertical novements,

straina,gcarth pressures and pore water pressures. The



'measurlng devices 1nc1u&od, 82 surface nonuments, 15
vertical and near-vertical movement gauges. 6 horizontal
nofement g;ugéﬁ, 205 horlzontai strain gauges, 53 earth
4pregsune-c§lla, 86 plezometers and 9 accelogrephs.

The lnsttﬁmenfatlon has been garefglly monitored bofh
~during an& §u§ad§hénf to construcflén. A.@Qﬁber of
bdck—anaiyseﬁ havé been carri?d out slnce'cdﬁstructldn in an
attempt to‘modal the observed behaviour‘by flnlteielement
methods.(81mmons 1974, Law 1975, Skerner 1975). In éeneral

S the cglculatgd movements match the 6bserved_movements ‘

| onablybvqit‘;hgn tpo co}rect“bqundafy’cénditions and .

.\\v’/(f::tZrial proﬁebt!es»are éﬁ*ered'in fﬁé analyseé; Né anal&sis

has been carrlad out to predlct the behavlour of the dan

durlng and subsequent to reservolr tilllng. . . : !

B

A-large'number btgb{ezométers were instealled in the
2 . ’ '

body ot the dam and in the toundation. The foundation
plezometera were placed both to lndlcate 1he degree of
euccess of the groutlng program and‘to provide‘intornation

on tho seepage through - the bedrock due to the ditterentlal

bead induced by the dam. The plezometers in fhe maln body,

ware lnstalled to nonltor the bulldup ot pore: preesures

durlng conatruction and to lndlcate the behnviour ot the - dam_a

durlng rcaervolr tllllng and during the subscquent yoars.

° . e e

Due to the pervlous naturo ot the shell material only a

few piezomotoru (13) were placod ln atrateglc Iocatlona in

. £
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-these zones, to ensure that ‘no bulld-up of pore pressure was

/

occurrlng in. the sand and gravel shelle.,;he ma jority of the
piezcmeters (82) were placod wlthln the till,ébre. One main
,sectlon and three minor sectlons were instrgmented. The

o

sections are_shown in Flg.2.3.\‘

f

A varicty of piozomoter typea were 1n=ta119d in order'
Vthat their rellablllty and behaviour could be cOmpared.

Having a mlxture of models could be Valuable, in the event

of one particular model developlng akproblem, then at least

some»readings couldvbe obta!ned trom:the remaining

pleibmetebs.ln the section.

Thévtypes ot-plezometers-gpstalled were:
1. Standpipe - Casagrande type .

.

~.2,W;Hydrau11¢'— ﬁSBR type

3. Pneumatic - Hall typé and Geosistemas S.A. type

4. Electric - Malhak type

~ia

”These plezometers are described by Hanna (1973). United S

<

States Bureau of Reclamation (1063), Scott and Kllgour
(1%967) and their advantages and dlsadvantages are discussed

by Vaughan (1973), Little (1973). »

Thégéholce of a pdrtlcular type 61 pilezometer in each

1ocatlon depended on the tolloving factors.

?

‘,1

1. Th; dam zone or foundatlon maferlai.

2; The dletanco from pquometgr flp fo fea&dﬁf
‘unite
S j

3. 'The pe1af}Yo elevation of piezometer tip to

readbdt\lpgafion.
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PE __ Electric piezemeter
~ PP _— .Pneumatic piezometer
PH — Hydraulic pi'ei’ometer
+  section 24.50
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Where long lead lengths were required electric plezometers
o7 : ’ ®
&ere lnétalled. Hydraulic plezometers could only be used

wvhere the instrument house was below the tip elevation. -
Standpipe plezameters were located in the cofferdams and

“wefe only temporary ln nature, 111 plezomters, except the
Y

Btandpipes, were fitted with high air entfy porous stonese.

A

2+2,1 Standpipe Piezometers ‘ 0
These plezometers were ordinary Casagrande type
: t
plezometers. All these plezometers were atandored during

construction and are not important for this thesise. One of

these stahdpipes was installed in the foundation, this was

-
T

destroyed in late!1974.

These plezometers are‘the USBR émgankneéf tyre and were
manufactured by Advance Incustries Ltd.. Vancouvere. They
were o;lginally intended for the Fennett &an, BeCe

13 of these were &nstalled, & in {bé core\and s 16 the
downstre#m shell; There have been ﬁo failures up to early

1879.

Two types of pneumatic plezomters were Instellede. The

L4

maJdrlfy were supplisd by Geo—testing Ince, California ;nd

are ofher'fse known as Hall piezometers.

9

35 Hall piezometers were installede Of these 6 have "
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falled and 12 have Seen abandoned from the cofferdamse The
remainder are still functioning, 8 in the core,u4 in tﬁé
shells and 8 in the downs tream rlvgp overburden.

The geéond type of pneumatic Qiézonner wvas -nnafacfured
by Geosistemas S.A. of Mexico. These 3 piezowmeters weore
installed in the upper core and are still functioning.

The basic i&tteronées getveen the two models are the
body materials and ‘the reading method. The Hall riezometer
has a stainless steel body, the Geosistemas a PVC body.‘The
Hall type 1s read by maintaining & steady flow pof nitrogen

through the system, whereas the Qeosistemas tyre ie read as

a pressure value upon closure of the”&iaphram.

2:2.4 Electric Piefemeter
The elsptric piezometeré are the lerating wire type
supplied by HeMalhak A«Ge. Qt Germany} An excelllentﬂrevlew
of these piezometers is given by Scott and Kilgour (1967).
45 of these units were 1hstalledq.18 Qave failed and 11

were'abandoned from within the,cofferdgms. Of the remaining

16 one i1in the core may be suspecte The tunctlonlng uni te are

»

3 in the cora, 3 in the sholls. 8 in the core foundations,~i

ﬂln the downstream cofferdam.
The location and type of eaeh core pilezometer is shown

on Figure 2.3. Tha;vortlcal and near-vertical movement

gauges are belng utilized as open standpipesas well as their

+

“nornal tunctlon.i.y ST e e e .

" - - - -
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2:3 Method of nmuxn Inatallation

Two methgds of plezometric 1nstaiiatlon a:efused in the
Mica dam, one for the foundation piezometers and. the other
htor embankment pléiometeré. Riadouf.houses are located both
‘in the upstream shell‘and the downstream shell, Three of
these houses located in the upstream shell are now flooded

, 3

by the reservoir and ;re abandoned. One housérrémalns above
reservolr level in the upstream sgell. Thrée houses are
located at various levels in the downstream shell and 1t is
vln these that most of ;he giezometer leads terminate. Two
houses a}ellocatéd in. the nbutn;nts. The instrument héuses
are wall designgd and are frost and weather—proof,
tontalqlng poth h;aflng and llghtlngo

The piezometers were read'once_nonthly during the
reservotr'ldpoundmént perlo&. Subséduent tO'fhls they were
read a minimum of 3 times yearl&. The reqdlngs(wéré
cafefdlly tabulated Ang plotted on charts of level versus
time. The charts aré”pdblléﬁed~Ln;montﬁLy.oruyearly‘w“f
. ;natrumgntatlon reports by Caseco. Coﬁsuitaﬁtg-ii;i;éd:;

Aoy

The 1gynggiLgn glgzg.g&gza are of a limlted interest

. for thls thesis und vill not be deecribed in defail. The"
-roason-tor thls is tha't too few of the touhdntion
plezometers are still functionlng to provide an accurate and

consimtent picture of the exact conditions in the bedrocke

Thesg units are s8imply installed in verticeal drillholes with

“the instrument lines rising vertically out of the dr&llholéﬁ‘

" and then téqbéhhlng across the embankment, in assoclation . .
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with the other 1nsfrument leads in the area, to the‘readout
house, Thé plezometers are sealed just above tﬁe tip vlth-a
bentonite plug, and the holes are carefully backfilled fﬁ
grbuhd level. The trénch detail tpr these inetrument leads

I

is the same as for the embankment type.

The embankment Rliezometeras are installéd as the
embankment construction proceeds-'The tips are carefully
placed Just below construction level., Then the 1eads are
}ald in a trench which ia orfsqf from the tip. This trench
containg a numbe? of.teads from plézométersaf different
1ocatlons. these lea&s are brought to an Instrurent readout .
house. Thils is’ normal procedure for embanknent piezometer
installation (USBR 1963, Blight 1970).;

The specifications for the’ trenchés sre shown 1n Caseco
Consultants Ltde., 'Contract documents"- voles2 of 4, dated

Septembef 6y 1967. Details of the 1ayout are shown on Figure

P

~2ed4ds*The" backflll for the core 1renches was fhe core :,»w'
matérlal vith the soil sizes greater thun 9.; mm (3/8 1n-)f;
‘renoved (Type A)e An alternate provided for was9 fine
concrete aggregate with up to 10% bentonlte by volune added
'(CSA A23 1). The backflll was to be hand comracted in 75 amn
(3 in) layers. Cut—offe weére ‘to be provided of Type A
backfill plus S% by volume of bentonite, not less than 0¢3 m.
(1 r£t) thick pnd oxfendlng 0.3§q”(L;ff);égfp;qélfhffsideéiofg
;>the trench nf 15 m (50 tto) intervals of bifﬁe;ﬁ"iJ

plezome ter tips, whlchever-ls lesser, : 4

R;sor~loadg'yerg required ior;nlcyifldn-chéﬁgés between
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, ugte:' All dimensions in mm.

A
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ol ‘Piezometer] "
L
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E .
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o] J——— .
O |C= P
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‘/'//'/’ I .‘A@l
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N
ot | Type 'E' backtin [
84 { (core minus h50mm) .
afl = ) — T Dam fill
2> 8 £ Cables or .
) —1E tubes | ,
o L ]
(@] . see s A . .
o olsl Type'A | - Piezometer: tip
. ’ LIEl backfill e
5 150
L = [¥|La00
_ 7 ....600 min. '
SECTION A-A
s | s TTo regls
I | Lgandles
‘ =
- 9.9, . L . : B
v .;..{?_a- - Cables or tubes -
T ‘/'.a'-/" ) . (bundl_e)
—— S ) S
' '/.’[3 P o \
\ RRZ 1 N I
Scr‘ee_ned Dam “/g} .- S
backfill till «t-Screened
backfill «,
<150 to 45_Omm
PLAN __J dia. riser. pipe
SECTIO
RISER_DETAIL  Scale 1:25 -

EIGURE 2.4 Instrument-Lead Trehch and Riser Detail
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lead trencbes. Detalls are shown in Figure 2.7« Backfill
should be TypélA material, with bentonite adde& every 15 m
(50 ;t{) vertically, to act.&s a cutoffte.

The locations of the pleiometer,lead trenches and rlsér
pipes are shown in Flgure 2.5, These details were‘takgn from
Cagseco ConéuitantS\Ltd.. *Dam Insfrumentatlon constru;fgsnv
notes? 1969-1972, (unpublished). It éppearé from the notes
that there was some‘devlatlon trém the specifications during
construction, which requires furthér discussione.

v
223+1 Deviation Erom S_nsgli_lsanngns

During 1069 the installation of the leads in the
trenches closely followed the specifications. That 18, 5%
bentoni te-sand wlfh'a small amountF(O.IS%) of gement was
qséd 150 mm above and below the instrument leads. The
remainder of the trenches were ttbleqfwlth qinus 1S0mm till.
Cut—offsbwere provided as épecl!led. fhe risers were
backfilled with minus 9.5 mn‘tlll.

During 1970 the only reported change was thet the bulk
of the trench was packfilled with wminus 75 mm titl. HoweQQri
from the limited data avallable it appears tﬁat the mqistufe
content of the backfill was ver& low, although the densities
we re reasoﬁably highe

Throughﬁﬁt'the 1971 éonstruction season the complete
trench‘wa; backfilled with sand-bentonite-cement mix ture
rather than screened till. Thlﬁ igéi#& fhe.cqﬁfrhctpgé"

cholces Also a statement was made in the construction notes,
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"1t was Iound that tho initial field noisture
fcbntents ot both Wood River gravel and
- sand—cement bontonite mlx were considerably. below.
.optlmum and noisture was added to 1mprove'
}compactlon. ;

'.1Itml§“dp§areht that sbmq,df!ﬁi#@ltiéé‘;ére encountered with

"Oversize rocks and roots scalped frow the fill were

frequently plled around risers and the contractor :
‘ﬁhad to. be remlnded conilnuously to” keep riserﬁ e
fclear." Sl L : e

~.,,‘w...4

The éohétruétldn{prgégﬁééétiér,1972ths;§}m1larvtogthgt¢ _

of tho‘1971 season discussed above.

It . should be noted that épecitlc'details_oi‘the.trﬁdch
. . 0]

and riser 1nsfalldﬁion"ere difficult, and in many cases
impossible to acqulfé. mainly becausé 7 yearé have passed
since the conétruction was completed. However, the
"construction hotes"‘quofed from above do provide some

ineight into the average method of the installation and some

variations encountered. The significance of these veriations

.,
~

ié di scussed later in Chapter 7.

»
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‘awﬁrevlev’the°response ot tbe plezometere tn fhe reservolr Ces

CHAPTER 111

OBSERVED PIEZOMETRIC RBSPONSE

-1

Construction of the embankment commenced in April 196Qr

”and contlnued over the next four construction seasons to

November 1972 when the,dam was topped out at;elgvatipn‘763
my the cqrgr&gétﬁ belné about 244 m. Réservoir f}lling“‘
commenced on the 29tﬁ'uarah, 1973. The “firét*illling" took
plaée over 2 filllng saasons,.thls was inféiderifhafufha

wa ter 1evel~wouid'not be raised too guickly. A small
drawdown (33 m) was-observéquetveen the tvé‘fltling §taéés.
Elevation 734 m 'as'réached during this "first-filling"
stage‘by mla-lugust 1974. Following this the reserfoi# has

fluctuated seasonally between "full pool" elevation (754 m)

and a winter level of about 730 me Maximum allowable —

drawdown rates are ll-lted‘to about 1.5 m/day over a 10 day

period, with much lower rates over extended periods to a

) minlmum of 0 15 n/day. Filllng has averaged about 0«3 m/day

e yover tho last 5 yoare.

The purpose of thls chapter 18 to dlscusa why the =

,;plezometers detalled 1n Craptar 2 bavi failed ‘and to brletly

”{"/»

“Q,tlllinu and to subsequent’roservdir tluctuatlons.ff

21
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A conslderable number . of plezometers in the embankmént
have e1ther failed or been ab#ndoned. Théfreaédn:tdr'fﬁe
-asan;onmeni‘ls that early in the coqsfructidn'of_fhé
- cofferdams some pizomeferé were.1nstq11ed_fo,prqvtqe:'
&ddltlonalldesign d;£§; O# reS?rf91€ f1}P1R?gﬁﬁP?;diffhéﬁé?'

.piezometers-have becpmeAlnanessibLe, %hls does notApreSent .

'nny problem as the data to be obtalned was only signlficant

”durlng the e;rly é&nstructlén ﬁeriod.
. The falluﬁég, however, were not nqticipated and 1#,15
of interest:té éyqié;{?;fhé feasoés for.thgsg fu}iures.
Tﬁbié's;l shows fﬁg piezo;é¥er category, nUmbef of unl ts,
number ;f fai}urtb and percentage succesé- It 1§ obvious

that the electric plezometers havg the worst record by fare.

- From a.clqsewlﬁspectlén of the farlu;; dates of fhe
M@iﬂak‘ﬁglis é'¥}énd'i;§ 1;m;d1afé};?§g§£ouéiiéifl.:-
piézoﬁeters falleqiiﬁ Jﬁly 1573;h1£ithe bfobiémi;;é
straining of the leads, a common cause suggested‘by.Scott
and Kilgour (19§7)' then the.plezometers would not all fait
nf}the same time. The explanation is tbat two separate
lighfnlng strikes on the dam caused voltage surges which
were too .high for the overvoltage pfotection. This '

phenomenon hae been note& in the literature by Pinkerton and

McDonnell (1964) on the Tooma Dam (Australia) where 8 out of

S e

15 laihak piezometera falled. Also Hosking and Bilton (1962)

éggéest'fhét;fﬁéfpcqgressi§e fallure of the electric

 plezometers {pAfhe\Eucum}ene bam'vare~probgb1y'due %o'df:
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series o?f&iﬁé?té%éikee.Qec:ﬁee#tﬁcaeeiauées4§ene eetieefi'
enproéieted. It becomes obwious trom a scan of tbe
.1lterature that - the phenomenon of lightnlné strlkea ls &
rare.event, manyvauthdrs hgve had excellent success wifh
Maihak plezometees and although the literature doEe drew

-

attention to ‘the problem it does not emphasize lightnlng as

s B

LE - potenfiai danger (thtle 1973, Scott and Kilgour 1067,">M

‘Speedle 1963). ’

It is 1nteresting to note that after fhe first failures.
were dlilagnosed 1n 1970 the leads were altered in future
:1nste11aiioh_from unshielded (GG) type to'shlelded”G(CiG,
tyge.eThls preeaution was not suffic;ent, however, becauée
of the large number of failures in 1973+ Perhaps bécaﬁse of
the random nature Qf lightning strlges thls problem has no¥ 
been glven enough a{tentioh, bufﬂthe censequences are
serlous and more thohght shouldlbe'pald to thevover;ol*age
"protectlon detell Ao future lnstallations.

One piezometer ln ehe core (PE35) experienced a zero
Téhitt after the 1ightn1ng'strike in 1973 and so Ifs‘re;&inge
were re-calibrated for tﬁis thesis after tﬁis date.

A serious consequenee of these fallures is that there
are vlrtuplpy no reliable readinge to be obtained from the

upstream side of the core,

‘ -/
The pneumatlc piezometers have a noderate record ?AH

ﬂthe 1allures tended to be progresslve rather than“sudden(w
The cause of tho tailuros has not been estahlished

definitely but are probably due to excessiveAetraining and
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nrupture of the leads pr leakage into the tublrg bv§h g31onz',

- : JUSh ey emi
N w7 .

v

period (thtle 1973, Vau&heoo1913, Cnseco‘ConéultentgALt¢.’l,

‘1970). PneumdfTC'piezooeters are'a réelatively new innovation
'yand{,ae such, thelr long term roliabillty is not confirmed

*to:na}e.'Ihey»mpy sqffer from.operater errgr, as reported by

e e

i
N

thfle (1973)e Fortunately, fhe.pneueetfefpjeioheters‘are

not plaoed in critical ltocations in the core.

The UeSeBeRe type hydraulic .pliezometers have an

4excellent record in the Mica dam and are consldered to be

very reliables.This optlmistic vlew of hydraulic plezometers

‘has been shared by.many. authorq over the years.”

~

The locatlions of jhe'fungtioning_plezomejersgarefSHQVBT?
“on @'éoéﬁoslte'secflon.ln Pige3ele . . ... « - = = = 7
All of the plezometers are fitted with hlgh alr—entry

(H.A.E.) porous stones and therefore should record the pore'

'
,’_ Lt

; vater pressure ln the: unsaturnted fill. Bowever' as noted by

many authors (Vaughan 1965, Scott and Kilgour 1967) in the

jcase‘of an electrlc piezometer with no- de—airlng faclliry
even.a HeAeEs porous stone ylll not preclude air saturatloq
oof the stone.and cavify.‘in ereas of high pore‘pressurexthe
dlfferenee.betveen:the pore_alr‘preoeore_gro_poreovaterf
vpreseure vlii‘be smail. ﬁo;erer,-ir'oreas of.Low poner
:pressoree>the'rellebllif&”ot theaeleotric_biezoqeters'couldﬂ'
“bé'dhestioned. Pneomotle rlezomefere;nlso.eufier from the

-drawback ot no de—airlng faclllty- So the‘pneunailcf‘

b

plezometers in tho upper coro - hould be treated withy

caution nu'they could very yell be reading pore alr

*
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p}e;sures. The hydrautlc ﬁlééomoters have peen de-alrpd
;very few.years 'heﬁ neéessary and 80 it is teit,that they
ar§ indeed reflecting the pore ;atof pr;ssures.

The conclusion is: that the hydraulic plezometers are .

behaving excellently and the readings are rellable. The

K

elect ric units have a very poor record and the survlvlng

piezometers may reflect pore air pressures 1n areas of low

‘

pore pressures, One electric plezometer (PESS) is known to
have suffered a zero shift in 1973 and s0 is considered.

unreliable. The,pneumatic piezometers hdve & moderate record

. - . o et X
and may also be recordlng pore air pressures in areas of low

@

. pore pressure. These pneumatlc plezomtera‘are not located in
nrltical areas ot the .core« The nett result is that the -pore:

'»pressure record for the downstream section 01 tﬁe core Ls
very good, whereas the- upstreAm~sectlon’ia‘very'pppr@

-

”maxnwmnmnmunmmxm

| Qsﬁ;lnnn“?m.\mn ak | ‘
The piezometer roadings for the years 19¢9 to 1979

required for this thesis wve re obtalned trom the Caseco

~Consultante Ltd, "llca Project: Reports on Dam

1979. .

on an average of once per nonth
with the exce T the wlnter when no readings were nade.
' Thc monthly readlnga were taken from the original

reports and comblned in continuous plots over the 7 year

 p.r1od from 1972 to 1979 (Fige3.2.)
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A cursory examination of all the data Iindicates a

'slmilar pattern for all core riezometers. The upstream shell

~

Plezometere reflect-the reservolr head as expected and the

downstream p1;20noter§ show no excess boreiwater preesurﬁs.
.The plqcement pore water pressures were exaﬁ;ned. Tﬁq

readings obtalned within the core were all posltive or very

7

8lightly negative. These were all eléctric.piezometer

“

readings.and the reason could very easily be that the

plzometer; were reading the pore air pressure, At a
coﬁbq§;i9n water conteﬁt minus 2% of optimum Lf 18 expected
‘thaf falirly lgrge negative pore presures would develop. It
has been noted previously by'tht1§ (1973) that“eigctric‘
plez;meters may not reileétAthIS\negatlfe qug watéh
Pressure guccessfully. &he reasgon that nobhydrbullc
plezbmetrlc measurements were available immediately effer
Placement was that the instrument house installations were
not prepared at that time.

Tem Next the end of construction pore pressures were

.9 - .
inspected, As expec ted ;1th the increased total stresses due
to the application of the remaining fill the pore pressures

had become posmitive. Contours of the end of construction

Pore pressures are shown in Figele7.

Some consolidation is apparent betwee
o O
end-of-congtruction and first filling in all the lover

piezometerg. The plcturo is confused lu the upper elevatlons
S

becags.\?hs app!’id?ﬁyerburden gtrosaet ‘were not large
/'&

. e
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enough to lndicate ;oéclfic pPore preseure g;adients, coupled
. with probable amblgulty err pore air and pore water
pr?s;ures. (Flgurc 3. 3) One unusual feature noted durlnxh
“thie phase 13 thet the central core zgnesyappear to'
.Eénédlidn}e more rapldly thap the outer core zones which
might be unexpécted.

"First—filllng"ﬁof the'res;rvolr was reflec;ed in the
lower core piezometers by a small increase in pore
- pressures. Howevey"during the second stage of the
"fi;st—fllltng" there is a very noticeable increase in the
pore préssure responsee. This change in responée occurred
epproximately 1 1/4 yearg after filling commencede. Following

s .
the next filling peak some of the plezometers show a d
‘pressures

From September 1974 onwards is termed the 'steady
reservolr level' even though there are seasonal fluctuations
of approximately 24 me. The lower core plezometers tended to
model these fluctuations with a time lag, the upper
-plezometers also show some response to the regservoir
fluctuations.

The general cénclﬁeion was that perhaps the piezometers
were reacting to the two processes - involved during reservoir
filling and transient flow leading to "steady state'
cdhditions.'These two processesvnpe:

1. fofai strees change.
2. Tranelent seepage.

The term "steady state' refers to a condition which is close

P
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to the long term steady state. This state mey never be

completely reached wvhile the resevoir fluc tuates.

<

' | { e

31441 Section 2250 | Y

This is tho'maJdF‘lnstrquAtatlon section. The layout
of the §lezomet¢r§ 1s shown in Fige2.3. There are 4 rois of
piezoneters at elévations 590.7 m, 650.7 my 706 m, und'736

H
me The upper two rows céntain 2 plezometers each, and thg
lower two rows contdin 4 piezometers eaéh. Theoretiéally,
this would have supplled an excellent Lndlcation of the pore
préssure distribution within this section. Unfortunately, a
number of piezoﬁetérs either tniléd or their readings are
invalidated for other reasons diascussed préviously.

Piezometer PE23 failed in Auguét 1970, PE25 and PE26
failed in July 1973,'fho rema inder performed satisfacforily.
However, the readings from PE38, PP36 and PE44 are
1nva11dated because the leads from these piezometers were
installed in trenches which ran pofth iqtm tte upstream
shell and these blezometers’are eégentlally reflecting the
gpstrean vgtcr tevoléi FroQ a total number of 12 piezowmeters

only SAnre conﬁldered'to be functioning and relisble.All
theaevplezometera are located in thehdovnstream section ot
the dam coreﬁyith th‘ oxcoptlon'oi PE24, 'atey levels have

beenread continuously in the vertical moYedent gduges é.g.

-

MV8y MVS, These movement gauges pavé been founded in the
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bedrock, and they permit the entrance of seepage along theilr

1énzth. For this reason they should‘reflect'the phreatlc

aurtace location wlth tlme. It 15 uulikely tbat hlgh bedrock‘

o oy . e b - < a e .
- o o R [ @ A R

PR o, RIS I N A.‘,'..“"-"‘

i“Seepage pressures are dietortlng the readlngs because the

T

gauges are grouted 1nto the bedrock.

um.ugnm&z'm
Plezometer‘tlps PE24, PH1 and PH2 are Iécated at this
elevations. These three piezometérs ehow.a similar tren&,
each reflectlng the coneolidation ln the core untll the pool
elevatlon ralses above 590.7 m when =& coﬁtinuous but slight
_{pcrease,in pore Pressure is showns During the flrst_ \
QradeWn in th§ winter ot 1973¢ PE 24 and PH1 continue to
rise whéréﬁs PH2 &ecﬁGaées slightly. During the second .
tllpgng'the 3 plezcgeters reabohdﬁhore sfrongiy uﬁ& trom
this time on they all respond in a - slnilar but demped manner

to the reservoire. At all times the pore pressure at PE24 is
greater than PHI1 vhlch is in turn’areater than PH2. In W
Principal the trend ls correct nnd the magnitudes will be

1nvest1gated-1n following sectlionse.

| . . “o | ?
Plezome ter tips P36; PH7 are lnstailed at this
elevation. Thewflrat notable chnractqristlc ot theso two
Plezometers is that their respective pore pressures are very
close in magnifud‘iand they tluctuatn in a very similar

mannere

a2



They both continue to decrease at an average rate of

0.5 m/mo. until the second filllng stage when they begln to

Tﬂs@tltdath,reéervolfmlqula They continut to rise. until

,,,,,, o -
T

T

Y SR

the 'steady! reservolr condition is reached in 1976 when
they appear to stabilize and follow the reservoir level. The

difference in Qe&dldzsfbéihéehfPHG’anﬂMPH7 appears to be too

small to béilecx‘norpat,behaviour.- - e

R s o~ e v

Thls is tre only 6théb lnstruménted_deep'éedt{on-,ft"l
contains 3 plezometers and these were all instnlled close to

vthe bedrock/till 1nterface (dee Flg-2 3). One of these,
PE22, failed in Aggust 1970. The remginlng two PP2O and PP21
fungjioned unt;l éuly ang,August 1974, respectively. It
_would appear that these piezometers wvere reflectxng rather
Ch
high pore pﬁessqrgquandufhis may have been due to.thg..
proximlty of the foundation boundarys Their moré rapid end
‘more extreme response at the early stage of filling ie
probably dge to fhe hilgher dezfge of saturatioh'of the core
material at this level, which is a function of the'hiéhéé

streséés, seepage from bedrock, and seepaké"from,flVerbgd,
The most likely cause of failure was the rupture of thée - S

leads from the pneumatic plezometers, caused by éxcesslve

atralnlng of the tubes.

3:4:3 Sectiopn 16*%50

This section contalns 2 rows of plezometers,



PEGS...PHIO at elevatlon 677 n and PESG...PBll at elevat!on
: 716.6 moe P540 (whlch 1@ IOcated below PH10) and’ PE36 both

_,Ialled 1n July 1973.

-Fromia-total ot Slplezometors,~2 ha§e<fniled. This

. mection 1~edmportant though becauee PESS is° stiln-

tunctionlng and 1t is located cloee to the upstream edge or

the core,

E ? 2] i.li ‘ T hn' m‘
' Piezometers PE35. and PH10 are located at thig .
elevntlon. During July/August 1973 PE3S suddenly drOpped
about 6.5 m, This drop was not reflecteduby any other
plezometer and the rosorvolr was etill risging. It‘ls
apparent that this drop of 6 S m is a direct conseqUence of
the electric 8torm which caused the. other electric
piezomters t9 mnltunctlon. Another observatlon to 1ndlcnte
the malfunction ls that plezometer PE10O which is downgtream
"of PEJS5 was actually reading higher than PE35 durlng 1975,
,However, the general trend ot PESS Seems correct during the
followlng Years, and it ig reuson;ble to assume that the
1ightqiné sStrike may have only cauged a zero shift in the
réadlngé. So the readinge have been corr;cted upward by 6 5
me Aﬁy‘concluslons druvn eolely from PE35 though, shodld be
treqtedvvlth due cautfon.“

PH10 portofms ﬁormally. The only unugual occﬁrronce is

a smsudden drop of approximately 0¢75 m on ‘Decel 1876, This

vas caused by a gauge rocallbratlon at that tiue.VOthervlsé

«



PH10 is quite similar in fofm“to the 6fher piézometers-

Elevation 716.,6 m
PH11 1is slleqriln most respects to‘PHIO. Incltuding a

recalibration on December 1,. 1976, .

Je4:4 Section 30*50

This sectién contains 2 rows of plé;Ometers. PE34, PHQ
at él;ﬁafibn 677 m and PE12 at elevation. 718 me Included in-
this section 1é PE39 which 18 projected from Section 31+15.
PE34, PE37 and PE39 all failed in August 1973 and once again
ail these plezometers were located on the‘upéfream side of

§
the core.

Elevation 677 m
- .PHS is tunctlonlng'norma}ly. It does not begin to react
¥
untll the second filling phase in 1974 and then it slowly

begins to model the reservolr behaviour. -

Elevation 718 m
PH}2 also fbp@urs fo be functioning normalf}. It reacts
only'very slightly until mid-1976 when it toco models the
reservolr beha?lour. Thle-ig expected because of the
relatively high tip elevation. T o : . <
é&ne'tndlviddgl plezometers are 10cafed between
~ sections 14+00 to 15+30 and 34435 to 36+0S. These are g -

©

piezometerpﬁ§P48.PP49' PPSO ﬁnd PP45S, PP46, PE4S, ppP47,
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" respectively. The tip elevations of these groups are at

approximately 747 m and 750+7 m.

.The reservoir level does not reach elevation 747 m

—

until mid-1976; it remains above this level for 6 months, it
does not cross this elevation again until mid-1978, except

for a month in 1977 when thekreserfoir peaks at 748 m.

As éxpected{.these blezomotars show very limited

response, the upsfream piezometer PPSO.showing‘more

fluctuations than

3

the others.
These pjiezometers have not been subject to detailed

. analysise.

225 Copnclusions
] t
The installation of 32 piezometers in the embankment

core has resulted in 12 failures, 4 complefeiy unreliable
(PE38,PE36,PE44,PP44), limay be unreliable, 1eavfng a
'femainder pf 15 plezometers fu;ctioning no;maliy- The
distribution of the reliable plezoﬁéters is unfortunate in
that only 2 of thegse reflect the pore préseure behavlbur in
.the upstream gide of the cores ’

The general behaviour of the piezometers appears
nofm@l; hbvever, this chapter did not investigate the
magni tudes ot.the pore pressures which are dealt with in
later éhapters in more detail.

The very poor performance with electric piezome ters

could probably have been avoilded by the installation of more

reliable overvoltage protection devices. The installation-
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;methbd'ltéeff.apﬁeears tq-have_been &0od because there are
no.;dk{ures.due“te‘ekeeseiee.efeeleleg'er_rhpture of the
leads, a common fault noted by Scott and Kliéour 53967)5,

VThe"peEtormance of the pneu;;tlc Plezometers has not
really been .conclusive in the embnnkment, becu(se-the
meJorlty ot these plezometore are at very htgr elevationq
where the respeeses are not easy to analyze,

The hydraulic plezometers have behnved excellently. The
reliability of hydraullc piezometers has been noted by many
authors (thtle 1973, Vaughan 1973, Mackellar et al 1073,
Hosklng and Hilton 1963) provided the inetallatlon ls
carefully handled by experienced rersonnel.

The reccommendation baeed on the Mice Dam eeefornance
is that in critical locations, where_ebsslble. h&drgulicx

plezometers should' be used.

~ a
.



CHAPTER IV

STEADY STATE SEEPAGE ANALYSIS

4.1 Introduction - %

One gf the ma jor concerns of this thesls is tp study
the process ie#ding-to steady,st;te‘t;ov éogdltlons in the
;Micp Dame Lﬂ order to ascé;faln this 1t is neceesary to know
what the theoretical stéady state conditions are for this
dam;‘f number of mefhdds are available to anal&so the dam
.fq? steady state condltloné.

Theee are ﬁé.follows:

1. Closed tarm solutions

2. Electric analogue or viscous fluid mocdels

3. Gr;phicﬁl solutions ( flow nets)

4., Approximate solutlons by numerical methods

:‘(flnltp difterence or finite element)

Graphical solutions are probably the>simplest, but because
of the large huﬁbe; of flow nets wgich ;ould be requlfed and
the difficulties encountered with the seépage face, this
méthod wag not adopteds. The most guiteble method appeared to
be by finite elenent.techhiques. A computer program already
exlgsted within fhp{dhpa*fment_wh;ch could ha;dle this
- problem. Thisg program (FP!S) vas develgpod by Taylo: and

Brown at the University of California in 1967.

38
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The finite element seepage program used during thié

thesis was originally proposed by Taylor and Brown (1967).

The program has been used prevloqsly at the,Universlty of

Alberta by Guther (1972b) during his Master of Science

thesis work. Guther (1972a) prepared the Usrers Manual, Soil

Mechanlcs Noe. 16 entitled "Axisymmetric and Plane Flow in

Porous Media", which describes the preparafion of input qhd

uée of the progra-\'Further details on the use of thils

ﬁrogram are given.by Kealy and Busch (1271).

/ . .

The finite element fhepry fo? use 19 Eeepage pﬁoblemé
through poro;slmegaavhasfbeen adequateiy described elsewhere
(Zienkiewicz 1971, Taylor and Brown 1867, Guther 1972), and
so will ;ot Se further diséussedvhere:

ThQAérogram FPNS deals with the tloQ of .liquids through
a saturated por;us medium Yﬁére'mothn 1s governed by a

generallzed Darcy equafion. It hase the capability ot deallng

with a free surfaceand axlsymﬁetric or plane-;low problems;

" V.
v v

The finite elemént method is very Versatilé and can

easily handle effects sﬁch as anleotrop?i non-homogenelty

-

and difficult bbundary;eeometfles. The eccuracy of the

program is indicated Ay Guther (18972) in =a compqyison with & .

0
closed form solution{ ,

©

An ambiguity does exist at the point of intersection of .

the free surfacq with the bodhdary. becaume the nodal flow
at this point cannot be zeros. It is important to reduce the

mesh size in this area to minimize this a-biguity ef fect,

L} \

{
§
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and so Eeducb‘the grror.\Thls problem is discussed,by'xéunah

&

end Witherspoon (1970) and they show a case where the
solﬁtionfdivergesbrmfhef than convggges;“howéVer}'it is felt
that with careful attention to the mesh size in this area

the program would then tend to converge on tfie ecorrect
] .
answers

"o

The core in the Nica dam overhangs the downstream
shell. This results (n an unsaturated zone below the seepage

face in thé downstream shell (Casagrande, 1937). The FPMS

-

program cannot deal with this situation so the core has been

a

treated ae a single unit with appropriate boundary

cpnditions.

‘4.3 Boundary Conditions and Material Properties of ihe Nica

~ o ™

Dam.

A geﬁ;ral section of the Mica Dem is shown in Fige2.2.
The material properties of the diftefentvzones are discussed
in detail by Law (1875), Slnnoﬁs (i974).AKe1¢alland Webster

(1973). and ¥Webster (1970). Some till propertles are listed

3

below:
| Ligquid Uimit eecoes 18%
ptast1; limit ecaes 13% i \
Plasticity index ...‘5$ é
a The most important parameters re;uiped for the Beqpu€;

analysis were the nelative permeabilities®of the’ditterent

zones, the effectiveness of the foundatlon grouting, anrd the

‘e i
Loy R

degree of anistropy within the compacted fill. These’

-
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proéerties have begn‘feported in Caseco Reports (various),

Simmons (1974);Law-(%975), with the exception of the degree
of anistropy of the £1ft. |

The égeil mafer{ai has & permeability of about
10—3cm/sec. which is approxlmatély 3 to 4 orders of
ﬁagnltuqe larger than the core permeability. It is
reasaonable thep to treat the core as a separate ;nlt because
the sehells are esse;tially *free~draining' and ill not have

any influence on the poré pregsure distribution within the

coree.
The permeability of the core fill is a function o%rmany

varlubiés such as particle size, void ratio, composition, f

fabric and degree of saturation (Lambe:and Whitman, 1969) e
ory, in other terms, the éermeabillty is a function of the
fﬁoil atructure ihlch'ln turn is in!luencedfgy the combacfion,
ﬁihethod, coﬁpaétlon'water coh?ent and eftecti;e confining
pressure. Thesgse values were obtained from direct
pefmeﬁbility testé durlng;@xtenﬂi&e triaxial tes?lng on
representative samples réported by Insley and Hillis (196S).
A figure (Law 1975) has been extrepola ted to.provide valﬁes
o£’§ermeabi11tyvat'the low compaction » ter contents
obsérvhd in the uppgr core. These results may be slightly in
'érfor but thef do indicate a lower bound, see Fié. 4.1.

The ninér principal eftective stress is estimated to

range from 500 kPa in the lower core +to 350 kPa in the upper

core (Simmons 1974). Using those,valdés.it 18 assumed that

the lower core has d&n average permeability of 10-7cm/sec.
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and the upper till at the lower water content has a
permeablllty of 10;5cm/30c. or greater. The reason for thls
extrapolatlon is justified by examlnation of the figures in
the peper by Mitchell et al (1865) which clearly shows the
influence on permeability of a wider range of moisture
c;nfents- Webster (1970) 1nd1cates the till pﬁ;meabllity to
be about 10-7 cm/sec. and the sand and gravel é&elle to be
between 2 x 10- 3cm/sec. and 9 x 10~3cm/sece. dependiqg on the
dry denslties.

The degree of anistropy of the till core hes never been
evnluatgd bat 1t is unlikely to be greater than 4 (Sherard
et al. 1863). Values as high as 10 were used in this
ana}ysls. which 1s certainly an upper bouna.

The sSeepage ;hroueh the bedrogk foundhtion was more
di £ficult to evaluate. Three rilezometer sections were
installed to obtain lnfo;mation on the effectiveness of the
g€routing program. Unfortunately, a ngnber of the piezometers
have failed and the information from- the remaining
plezometers is rather confusinge It would appear that the
&routing progranﬁwas not wholly succesétul~1n reducing the
underseepage., Sensltlvity‘ot the pore pressure distribution
to this boundary condition wa s 1nvest1gafcd.

The assumption wl th respect to tre shells was much more
straightforward. The plezonetere located in the upstream
shell indicate that the head loss in this 2zone is indeed

negligible., Therefor;, the reservoir level isg assumed to act

directly on the upatream face of the cbreo The plezometers
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-

in tﬁe dowstream shell indicate tﬁat this material is -
'free—draihlﬁg',,some saall positive pore pressures are
probably due to surface run-off and infiltration. The 1owér
pi;zometers give a.reasonableylndicatlon cf the *+ailwater!?
elevation ln”thls shell,. )

i Figure 4.2 shows the model assumed for the steady state

seepage analysig. . ¢

hﬁdmmuimmmuuie.clus_l
.The flow‘;n the downstream ghell was assumed to be

hoﬁ;zontal or sub-horizontal, so the pore pressures in tre

pliezometers should indicate the phreatic surface in thie

zone.‘For the main Section 22+50 the readings indldate a
phreatic surface 'ﬁich is more or less constant

( fluctuations 1gss than 6 m) the fluctuations probably being
due to rainfall and ruq—éff. There is a cgnslsfent dfop in

iphrewtlc surfece towards the toe and the lower piezometer

e

Ve

PP23 has a greater POre pressure than‘PP26 which may
'1;d1cate a slight uﬁvurd flow from the bédroek.These
variations afe not gignificante.

The phreatic surface in the downstrean shell ig taken
af 573 m (+ or 3 m) with some confidence. It may be seen

. . 2

later froﬁ the analysis that the pore pressure distr;bution'
is not very sensitive to this exact eievntion.

Sections 16+50 and 30+50 are less precice. There.are no
piezometers located in the downstream shell below the

phreatic surface. PH14 and PH1S are both above this level,
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§

Tﬁé phreatic surface assumed (65.6 m) is relatively low
which results from a consideration of fheiéﬁgin;ﬂéi§nal

nature of the valley and tho high shell permeabilitys

.

wmnmmhxumu
A8 discussed previously this level is assumed
4Squ1va1epf to the reservoir level. The piezometers iIn this
zone substantiate this assunpflon. as(do the vertical
movement'gaﬁges. So there is negligible head lossﬁacfoss the

. -

upstream shell and there is no time lag involvede.

4.3.3 Seepoge through the bedrock foundation

The bedrock beneath the core is described aes "a
metamorphlic sefles of late Precambrian age with mein rock
typéshét nica schists and granite gneisses" (Neidal and
Vebster 1573). Joln} spyclng is often less than 0.6 m near
‘the surface increasing with depth to more than 15 me Vater
testing in the exploration drill holee indicated the rock to’
be "relatively tight" except ;ear the surtaée.

A grouting program was considered necesgary. Blanket
grouting was carried out to a depth of 9 m on a 6 m'qquarev
grld; In addition, a line of deep (approx. 30 m) holes 12 m
apart werae grouted. The effectiveness of these measures was
monitored by plezometers (Figede3)e.

Secflon 22+50 indicates grouting to be about 30%

eftfective. Section 31415 indicates about 85% effectiveness.

Sectlon_16+50 showed the grouting to be ineffective up to
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the ple;ométer fallures in July 1973,

The instrumented sections lndlcake the poeeibility of
significant underseepagee. So sensjitivity to this boundary
,conditlon was investigated. ‘ ’

A permeability value for the bedrock was assumed of the

torder of 10f3cm/s§c., there 1s no accurate besis for this

Finite element meshes wvere drawn for the four main

Instrument sections. The meshes were varied for different

reservolr levels, Inltially, the piezometer locations were
. 7
7

not modelled by fixed nodes, deever, to 1ncreaséythe (
accuracy it was later decided to provide fixed nodea at each
plezometer location where practicales It should be noted that

ln the early stages ot analysis PE24 was located

. 1ncorrect1y, too close to PHI1. hecausq of an erraheous

i £

statement in a Caseco Instrumentatlon r;port dafed 1970,
"eespore pressure values in PHl, which Iis installed
fery close to PE24,44." ’

This report is confuglﬁg PE23 wi th PEé4. fhe location error

Awas observed. durlng later inspection of construc tion notes,

and theé location of PE24 was corrected.
The value of Permeability chosen initially for the
analyses was 10-%cm/sec. The absolute magnitude of

Permeablility does not have to be exact for the analysis,

unless the flow values are of interest. It is the various
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permeabillity ratios which control the. porowpressure state
within the core. The permeability ratios used in the
enalysis are interpreted from the published labatory testing

(Law, 1976).
4s4:1 Sectien 22450

Firatly, the sensitivi ty of the annlygls to the
downstream water level wae checked, A range of ievels from
527 m té S97 m was chosen for a constant reservoir }evel at
734 me In the range of interest, S73 + or - 3 m, the
variation in pilezometric levels at elevation 590.7 n (PE24,

PH1, PH2) was less than 0.5 me At t shigher elevations

there was no signiflcant vnrlatlon. e conclusion was that

<

- {
moderate varjations in downstream water elevation have only

a.localieffect on the pore pressure distribution in the
vicinity of the water elev&tlon. |

Next the accuracy of the solutlon>was checked with
respect to mesh size an@ tolerance value. A fine mesh (184

elemente) and a coarse mesh (120 elements) were compared.
The coarse mesh provided resultsvwlthln 2% of the)tine;
mesh. Thig waé coﬁaldered accufate enocugh because aiélight
change in tip 1ocatlon vou1d cause an error of this
magnitude. Of course using the coarse mesh caused the
boundary ambiguity effect to be more pronounced, -
‘The tolerance level was chquod on the fine mesh by ’

altering the tolerance from 0.2 m to 0.02 me This increased

the number of iterations required from 6 to 15 with no
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PRtnd

élgnltﬂ%ﬁ&@ﬁqﬁgnge in phreatic surface level. The results ot
these analyses are shown on Figededs The conclusion was that
the codr9§-mg§h‘is sqtistac¥ory and a tolerance level of

\ e ‘;‘«‘_‘:"_"'. s ,,. - } . '
0.1% ofltheiﬁﬁkilagkgfhead is adequate to give results of

R

.

acceptable accuracy

< ) - -
e ‘-

.

i ) S 's'. v
A number of computer ru#cs were mades Vlth‘thef

ca

assunptions discussed above, for varying reservoir leVvels.
The core was considered homogeneous and isotropice. A sample
TR N
: | Fial aie e d
of the resulting grids and equipote ial distributions are
shown in Figse4.5 to 4.7 The totael head was plotted versus
reservolir level for each plezometer. The results are shown

\.

on Flgo408|

Next the effect of nnistropx was 1nvést13§ted. A”

. g '
horizontal to vertical permeqpillty ratio of 10 was chosen
as an upper bound. The effect of this anistropy was very S
slight indeed. The phreatic surféce vas close to horizontal
but the plezometric readings were not eftecte& in the lower

areas. The area of major difference 1is the area close to the

phre#tlc surface In the downstream section. In other words,

- the anisotropy causes only a local disturbence of pore

preséure digtribution. Sanle resul ts are shown in Fig.4.9.
aThe effect of non—homogeneity was investigated for the
differing core properties at elevation 610 me Above
glevatlon 610 m the permeablility chosen wes 10-9cm/sece.
below this elevation 10-7cm/sec-,Thls effect was also
studied for isotropy and anisotropy. When the reservolr is

at higher elevations (734 m) the dlsfurbance i8 not
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pronounced bqt remains quite local in the area of the
material changee. Hoyovor, for lower reservolr levels (660 mi
the'alteration in pore pressure dlstrlbgtion‘is nor?dsevere
‘but still only locally, The net resqlf is thaf-th; “
plezometric readings above elevatiog S80 m do not exhlbif
any n#tlcable change in. readings duevto this .
non-homogeneity. The 'esults are shown on Fige4,10.

The final boundary condition 1nvest1ga;ed w;s concerned
with the Q;gndatlon bed}ock geepage. A simple model was
chosen with reservolg level at 660 me Isotrobf was nssuﬁéd.
Three material types were chosen: .

l. core materlal: k = 10-%cm/sec.

2. Bedrock : k = 10-3cm/sec.
> 3. Groﬁfed section :‘k = 10~ cm/;ec.
This model assumes'¥he grout curtain to be efficient Sut th;
bedrock beltow to be of high permeabili ty,

The results, Flg}4.ll compared to Flé,4;7, indicate a
local change in potentlal‘dtatrlbutioh'around the base Pf
fhe core, ?lose to the grauted sectione No-effect ig felt at
higher elevations in the core. Although this médel is very
crude and the behaviour 1is not closely reflected pyAthe
foundatlon'pleZOmeters 1t was felt that since thisg
underseepage has only a localized effect on the core po?e
presﬁure distributloq, i1t was not ﬁorthwhlle refining the
model, Thé results are conpur?d with the plezometric
'reaﬁlngé in Figs.4.12,

.

The conclusion from this parametric study is that none
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'Reservoir elevation 660m for model.

Downstream water level 573m tor model.

All piezometers referred to grout curtain as origin.
Figures in brackets (

O A Wwh=

) are measured potentials.

Measured potentials are for a reservoir level at 732m.
. A

FIQURE‘- 4.12 Comparison of Bedrotk Model and Piezometric Readings
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of the condli tions investigated change the pore pressure
distribution within the core 1q§tfglgnlflcant manner, with
the exception of very local effec Be Ihe use of homgeneous

1sdtrbpic material propertieas will be eufticiently accuratee.

4.4.2 Section 24+50 N

Very little analysl§ was qone on this'soction because
Af the éroxiulty of the plezometers to the bedrdck, hence,
he loealize& effects of underseepage became important.
Re;ults of an analysis are shown on Fige4.13. But they are{
probdbl;‘incoréect near.the base of the core due to the

uncer tain boundary conditione..

4:4.3 Sectiop 16+50

Tﬁls section wa3 analyzed asg a L omogeneous isotroﬁic
sectliony, for various reservoir levels. The section 1$
entirely above elevation 610 m. So there is ro abrupt change.
in core properties. The resuits are shown on Fig.4.14. And a
plot or piezometrlé level versus eievaflon wvas made
‘(Flg.4.8)- An anlsotropic core was analyzed +to lnvesfigdte
the 1oca1’ettec¥ on plezometer PHl1l. The result is shown in

;

Fl1g«4+15: Theré is a moderate locel disturbance, the
- T

v

pPlezometric level is raised by 1.8 me

4:4:4 Section 20%30
A minlsum number of cases were studled,'due to the

similari‘ty between this section and Section 16+50. The

- A}
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results and conclusions vens very similar. Results are shown

e

on Fli g8 4,16, ) o e

4.4,5 Conclusions

This analysis has enabled plots of reservolr level
vergus plezometer level to b; d;AWn for the major
instrumentation sections fo} steady Btate.seepagé
conditions. Various effects such aq anisotrOpy,
non-homogenelty, underseepage vere.invéstigated and found
only to have localized effects which although generaily.

»
unimportant should not be ignored‘ln certaln cases, for

.

example, when plezometers are located close to zeertkig"/ﬁ\\~///

boundarlies with 111-de§1ned boundary condltiéns. In order to
increase the accuracy of tha.analysia {t would be n%ceseary
to have many more speciflcvdetalls on tsuch bafdmetera as
congtruction irregularities and anisotroﬁy\whlch'are not
readily available. However, 1t is consideréd that the

resu}xé are well within an acceptablg degree of accuracy and

-

P
;/é%ould, lgtﬁed, compare with actual pilezometer readings when

- steady state conditlions are reached in the core.
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CHAPTER V

o

COMPARISON OF OBSERVED AND PREDICTED PORE VATER PRESSURES

N

311 Intreoductien

The purposecof thls chapter is to compare tte actual
pore pressure distflbutlon with the th@oreflcal steady state.
distribution at varlﬁus times from reservoir filling (eerly
1973) to the end of 1978. This should indicate whether or
not the pore pressurae reéponse due to tillipg‘and transient
flow isa cpnvorglgg on the expocfed ste#dy state coﬁdlt;ons.

A numbeé of different methods of cs&pdrison were
adopted,’! the purpose being to select the best ﬁethod to.

AN
visualize the pore bressure‘behévlour.

T

o

5.2 Comparisen of Individual Sections .
Se2e1 2525;;4251' >

-3
Plots of pliezometer locatlops and of plezometric level

vershs time are shown on Fige.S5«1 to S.4. These flgureé
include the theopgtléél steadiistate response of the -
piezometers. During transisnt seepage 1t would be expeciod

that the actual readings would converge on the steady state
. - N ) w .
readingse. .

Some trohds are ifamediately appaéent. PE24 1s readlnt,

miach below, and dées not tend to converge ony the steady

- -~
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state condition throughout the 5 yeare shown. PH2 is reahlng

~very high at all times and does not converge on the lower

a

steady state values, However,.PHI eppears to be reading very
close to the steady state conditions from early 1976

onwards. The actual readings are a little high (approxe. £ m)

.but thias is only an error of 6%.

An interesting observation isg that {f the ste;dy«state
line 1s shifted vertically it tends to match the actual
andltions in & similar manner to PHl. PH1 suggests that
steady state conditions have heen reached by mid-1876 and
that prior to this flme the re must be'translent seegage-‘The
time lag should be noted-as the reservoir is raised to ﬁ

)

'pgak. after the reservolir level drops again the piezometer

continues to rlse. This behaviour may be éxplained ;s_.
-transi§nt-s§epagef Even though the regervoir level 152
dropping fhe steady state value fofvﬁ'partlcular pie;ometer
may still pe higher than fhe actual value, soc the piezometer
will continue to rise. ] - ' wo

) The 1arée differences between calculated and observed
values for PE24 and PBZ cannot be explained by anisotropy,
ﬁon—homogqnelty nor any other paraméter aiready |
1n:cstigatdd. Figure’S.S'cleartﬁ shows the unngual pore

\ .
pregsure digtribution at various time lnterva}é.

S2242 PHG. e+ PHT

©

Plots of plezometric 1:;51 versus time are shown in

Fig.5.3. The .tccdy'-tafo case is lﬁpcflﬁposid on these
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figurese It hes already been noted that either PR6 or PH7
must be lncorréct. A comparimon with the- theoretical steady
state éore 1nd1¢&teg that.PB6 is in fect very close {q’
steady sfate from 1977 onward;, whereas PH7 is actually
r;adlng above‘steady states Once agdln 1f the steady state
line 1is diaplﬁced verticélly the behaviour 1s very similar
in nature to PH6. PH6 again 111usé:::ee the time lag
assoélated with transient eaepagee As for PE24 and PH2 1t is
1mposslb}e to explain why PH7 is reading too high from the
parameters prevlously studlgd.
3

S22.3 PE3S5:4+PHL0 and PELl

Plots ofvplezometric,Lev 1 versus time ere shown d&n

Filgse5+2 and S.4. The steady gltate case is superimposed on

‘thegse figures. It 1s apparent that PE35 is read}ng much

lower (47 m) than the pr;dléted steady state vﬁlues. even
though this uhit hasASeen recallbrated‘up;qus.to accouﬁt
for the ;éro shift dlscuésed earlier. Both PHiO and PHI11
appear 1o b§ béading too high b& abo;t 6 m and 8 m,
respectlvely. PHlO and PH11 are both perhaps close enough to
seteady stgt;'condltiona that.tho differences noted could be
explained by a number p£ -1qor effecta guch as reading pore
air pressure ;gthér thnﬁ pore water pféa;ure as discussed

earlier. However,; there is no explanation fo the behavior of

PE35+. Once again the pilezometers on {he'downstveam side of

’

the core are reading high whereas fhc plezometers on the\

. . [a]
upstream side are very low.
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Drawings were notvprepared for the remaininq
plezometera. PH12 bahaved in a manner very slmilar to PH11.
The other Pl ezometers such as PE3&, PP36, PE44, PP44, PP4S,
PP46,PP47 were not coapared because in the. case of
PEGB...PPG& and PE44.+ «PP44 the readings havS already been
noted as unrallable (Nugsbaum 157¢), Iho cenplicating
factors for the plezometera at high ebevations s8uch asg

P%ﬁS.-.PP47 render thelir response éifii&ﬂlt to analyze.

S+3 Conclusiops
In an attempt to define a common trend for all the

rlezometers contour plots of POTre pressure were made on a

: Y
composite sectiqn for various reg&rvoir 1 1s. They /

indicate a detlnite pore pressure bulge on the ownstream

.
LN

‘side of the core, Although it may not be as conclusive due

to the Iack of Iunctloning or reljable piezometers on the °

upetream side, both PE24 and PE35 are considorably below the

+ b N . ‘, ‘
theoreticaﬁ stendy stl&e value, '

‘Thls uhusual pore préésurc distribu ipn ‘does not ehow

- v Yy
any convergence on the theoretlcal s;eady state dlstributlon

LY

indlvidual plezome&ers sugh asJPHl and PH6 appearuto show*
that steady stato has indeed been reached es eaply as 1976

‘

‘and 1977. The other piezomogers 'lth‘d'vertlcil "corréction"

! [ SRR

also show +this trond. Tho oHvlous dlsparity from the steady

- 8state values cannot bo oxplaln.d by- any of the para-otere

- 4

prevloully atudiod in tho,pnra-otrlc.ovaluatlona -  .l?

r
-

> .
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An alternative theory le obviously requlred to explain
the observed pore pressure distribution. This is

investigated further 1n Chapter 6.

A

M



B

CHAPTER VI

INVESTIGATION OF PORE PRESSURE ANOMALIES

s InIntroduction

Some observed pore pressures in the core are

signlflcantly_dltgerent to the predicteq steady stete

values. The intent of this chapter is to investigate these

‘pore pressure ancmalties in detail.

The pore pressures,; upon reservoir impounding, are

s

altered as a result of two processesy these are:

1% ‘Total stress changes.
2 Trapslent seepage (whlch'lncyudes three
Sub—-processes ).,
a. Co;sélldation,nnd swelling (void ratio
changesﬁ | )
"De ‘FIuid_density changes
el 'Changing degree ofvsaturation
It is very difficult to dletinggish beéveqn the
processes bocauﬁ.'théy may be occprring
almﬁltaneo#sly y1th1n the corés However by studying
fhe contribution Of each process separately 1t is
poas;blg t6 evhlﬁate the rel;tlve 1mpqrtance ot¢5~
eache Figure 6.1 shows schematically the pfocesseg
océurrlnglin a--l-plo.ﬁectlon-_ |

’

77
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mm;mnmmmmxm“unummn

'The cgangee in total sfrcss whlchiaro ot con?ern in
this section are thoae'reéuttlng trom,reéervolr loadiné. Asg
the reservoir is ralsodvgnd lowered there are increments of
total stress applied and: removed from the core. TQere will.
be a reaction of the pore pressuresg té these lncrenents of
total stress. To deterﬁlno these reactions it is necessary
to calculate the magni tude of the stress changes at .
representative locations within the core. Then with these
valueeAand‘aéproprlﬁte pore preasgre pqruﬁeters the pore
pressure changes withino the‘éore for various.regervoiﬁ

increments may be calcula ted,

‘

Ihe proppsed modp! assumas'an 1mpe¢meab1e upstream core
fuce. Ih1s zeans that the reservoir load ls'apélled directly
to the upstream face of the core, ;nd there is no .
interference of the pore pressure dlstrlbutlon due.to
transient seepage.

Tﬁe éesqrvolr fllling does not meose a total stress
lnéremént on the core tgce eqqlvatent fo the hydrosta}ié
pressure increment, The reason tor.thia ls‘that the upstream
shell is onlytsllghtly sa tura ted 1n1t1a11y and so the
reeervoir iupoundlng will cause complete saturution of the
shell. The horizontaL ettectlvo atroas lncrenent is ;elated
to the vortlcal ottectlvo stress lncrement by means o0f the

coettlclent of earth . prossure, Ke Hence n-calculaflon of the
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change in vertical total stress (due to the change in degree
of saturation), coupled with the hydrostatic pore pressure

and K will yield a horizontal totel stress increment. Y
As shown in Flgure 6.2 the applied horizontal load is

approximately 60% of the hydrostatic load ;or this 'sectlion.

o ’

The order oi nqgnltﬁda of this result is substantiated by
the fléld results reported for the Gepatsch dam iIn Aﬁstrla
(Schober 1967). The increment in vertical stress is
calculated to bq quli te snall,'ihicﬁ concurs with Nobari and
Duncaﬁ (1972).

The lncrementgl load is thenlglstributéd across tﬁe
section in propo;tlon 4o the Assumed shear stresé
distributlon. So that on the downstream slde of the core the

increment of 'horlzontal stress will be ‘smaller than tﬁat on

. ' ' 7 \
the upstream side. This too has been observed on the |

.

Gepatsch Dam. By assuming a éhear stress dlstnlbution:lt was

-possible to calculate the horlzontal 'and vertical stress

increments at some polnts.3cross the core. Using these

values and an‘assuﬁed}origlnql stress distrlbutloﬁ obtAIAQd
from”glmmons (1974) aﬁd Law (1975) 1t was poésiblé to draw
“the ﬁohr cl;é;eé gnd stress paths t;llqiegidurlng reservolr
loadinge Thls”tn turn:provldqg the 1ncremedts in principal
sStresses AO" and AG' wt;l;h mady be used to determine the ptire

pressure changes, using Skemp*on's (1954) equations The’ Mohr

circles and etress'#hths are shown on Fige6¢.3¢ and Fig«6.4.

k)

5}Anvin1t1a1 assumption was that the ma jor principal strese

'-«g#u vertical,

avo
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The prlnclpal streas increments calculated for this

section at elevatlon 590.7 m are of the snmo order ot

hagnltude as thosa calculated for the Orovllle Dem by Nobari
\ ?W‘\

'and Duncan (1972) and as those observed in the Gépatsch dam

by Schober (1970). So it 1is Ielt that this model provides a.

4 ! - .
reasonable indication of the pricipal stress-increments, and

N

rotation of the prlnclpaL etregses. A much more refined

enalysis could be made in u¢71m11ar‘manner to thet of Nobari

and Duncen (1972), taking into mccount the ctrange in ¢

. . * ' )
stress—strain characteristics of the upstream shell on
wetting and so one But the pore pressurevincrements are

dependent on the pore pressure parametersy, and without more

churate pore pressure parameters, the refined strasé
J

- increments would be largely wansted effort.

[y

s

©£:2:2 Pore Pressure Parameters |
: The totaffstreqs increments have beeﬁ calculated due to

the reservoir loading. In order to predict pore pressure

changes due fo these stress increments it is necessary to

use a relationship of the form supgested by Bishop (1954),

Skempton (1954), Henkel (1960 ).
_ ol

W

Bishop (1954) suggested the use of the parameter B,

where

LN ) 6‘1

B - 8[1-(-a)1-53))
j

Lot i d

Ha :
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| 47 ’ . :
Ay B are Skempton's pore pressure parame ters.

0; I8 the minor total principal stress incremente.
3 or | T - .

-

o

DG is the ma jor total priﬁclpal stress increment.
) . v g : t

~

Then the basic pore pressure equation begomés:

-

QAU is the pore pressure increment,

Adﬂ is the major total principal stress increment.

B is the pore pressure parimetqr.

1 ¢

The advantage of using this parameter E.le that the

poré_pressure can be expressed as a direct function of the
. . 1

ma jor principal streas increment. Unfortunately, Eilsla
function of the total princlpal stress increment ratio, in
cases where tbls ratio changes significantly the E-concept

holdse no advantage over Skempton's {1954) equatlion.

The equhtlon suggested by Skemptiton tekes the form:

L4

"A‘l:l ‘B[AQ-FA(.AOT—A‘O’;)J' e 6.3.

) .



oftahedral normal stress Increment and 13 is

]
! AN
- - .

’

Tth;ore pressure parameters are de termined

v - .

_experlmentally,however-A is stress dependent and B is a

2
-~ N

function of the degree of saturation of the soll. This
L= : . .

\

equntlon‘makes no aLlowance'for the:lnieqhediate’;rincipal

2]

stress because 't has been.deriyéd for the special case of
the triaxial test where O3 =-d§ o« ’
In 1960, HenkeL proposed a similar but more general

expregsion, with differentQQXperlmentﬁliy qcrlved pore

.

(3] . : . .
pressﬁﬁf parameters. Henkel's equation takes the form:
Bl o . . o : n

|

Au= o(f"f"' AL O (e-06) + 05-08 )4 (05-05). . 6.4

3

where: o, 1s the pore péegsure’parametéb,related to the .

/

the parameter

b ~

related to the incremental octahednél shear stress. -
. ! . / . :

/

This equation is more sultabléiﬁhan Skempton's (1954)

equation-in that it better deflines the 8o0lil behaviour.

Pgrticularly‘!or~the conpiicatéd stress paths follaqwed in a

dam coré. To use this equation it is necessary to make an

-

‘assumption about d;’; This may be done by assuming plane

.strain. A value. f’or ﬁ is rTequirede. ‘p mey be evaluated
‘ : T 1

from A optaihed rrom‘trlaxial testing. The ma jor advantage

“

of this approach is that 15 is not stress path dependante.

The o,/ value at high stress 1av§15 may not be unity. The

value of Poisson's ratio used was 0.35 (Law 1976)-JThe'pOre

-

)



principael stress increment 5espectlve1y, and the increments

‘need further detinitlon.

presmaure inérements ca’llculated by‘épis’methpd are compared

to the values calculgted us ing Skempton's-equatlon.ﬁA .iff

? o - : £ PR
. . ) . L . * LA . .
problem arises in the use of Skerpton's eqguation for loading

cases other than the standard frW&xltl compression fest.

.
©

»'Skeﬁptoﬁ (1861y dlscuésed‘the:case ot oxt9bs1oh'1oa¢§n§‘an@f

NS

lntfo&hced an_dbeolufe value of total prlncipgl'str&sQR

S S W
stférence; hoveVer, an anblgulty still exists ﬂﬁ thek

detin%tlon of prlncipal stress 1ncrements, especially 1n the

ExY

7

partlc&tar case vhere thore 18 rotation of tre prlncipll
stresses. L : : : '3 ‘

\ 3-("‘

Law\and Holtz (1978) shggest an approach to# deal vlthA

A

.this amblqulty and thelr approach has been’ adop{ed fo? thls

»

e.nalysis. In effect, they redefine AG" and AG’ ae ‘the;

algebralc‘maxlﬁqi princlpal stress lnééement and anlmnd

» B ) P
LN ’ . ¥

have no specific relationship with the prlqpipul‘strésseg.

A ‘ . s

This involves a
= . _
J N ‘ . i L

depending /on the specific triaxial test under consideration.

: S b : L BT

They note that the A value for an extension test 14?

light redefinltion of the A»p@rawwte;

approxlmhtqu double that for a compresslon'test,vlf'ihe,
material is behaving approximately elastically. They suggest

that this system removes the ambiguities which develop when

'

v-tﬂe principal stresses rotato.'HOIever, since they glye’no

speclitic examplevof_thls phenomenon thelrviﬁterpretation md&

»

g. N
4.The.rotation of the prlnclpgl effesses.mgy be

equivalent to an increase in A as reported by Broms and

i




, . 7 b ) R . T o .
Casbafihn;(19€¢)ﬁ ﬁow;vpr,;'{thoutnféz;ﬁ;r évld;ﬁpd dﬂq_teét.
résults éor a éoipactea'fiil tﬁi; éttecf'Is 1§noréd as :é‘

: 1nslgn1£1cant dde to the very 1ov>A valucs observedldprlné
e ‘ . R ‘o . .
‘standard testlng._r : "‘ . o  1\ . : o

. Q _:iIt 19 n(\essary to ascer;aana value to; ;. Inaley &nd;

B : . '1;-; . Cg

Hlllla (1965) publlshed the results from an extensive serles

of hlgh pressure trlaxial tests cnrrled ‘out on the Mica

D

% tlll. These were: uﬁdrained axial compresslon tests. Theﬁ
ehow ; plot of tﬁe AFparameter ;ersus 0;_ ; wh;re A equapsk.
,AxB (Bishop 'qnd Henkpl,. 1962). This 1'_9 not ‘w“h"a.tnv"gs'
'beqﬁi;ed, siﬁce'the1COre wlil not efé; be‘cibs@?to faiiure

durihé bgservoir ldaﬁing. So éoﬁé A vﬁlues vgpé g

‘backcalculatéd~from the published data gtvepgclflééconfining

oy

pressures. Tﬁe;results are_shown.on~Flg. 6.5.'They 1ndidatev

- -
]

low but poeltlve Yalues of A at the atrains estimated kn the .

core. I‘ would be expected that the A value should bo close

PN

to O. S 1f the gbll is behavlnq elastically in plane straln.

The Iov obeerved vaTues are probably a’ result/pt 1ncomp1ete
' ’ (
saturatlon ln the qgmples tested.\Sone results fron a

..,’

rmpacted moraine material reported by Bishop and Henkel
(1962) 1nd1cate ‘a negatlve AF'of the order‘-O 11 In other,

worda the A; valmes roported by Insley and Hlllls {1965) for

L o Bel

. the Nlca till are hlgher thun expec ted and they atfribute

IR

this behavldyf to the rather higher than nermal cohtlning'
preeeureé.‘ :

The A velues to be used in thls enalyeis vary between

©0e04 and 0.08 for axial compression loading and double these'
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of degree of saturation.

The degree of sa*uratiqudf the core at the

S A:a.,

Oy

3

Bbulder’clhy)b This value may be slightly in error,

L

,,apirpiiﬁatily_93$ at elevatlion S90 m.

o~

. vdﬁaq éf approximately 0.7 (Lambe and Whitmwan, 1869 -

£

PThlé results in‘a B

‘but it

}eqd~of-constructlon'has been estimated (Section 6e2.3) to be

 v11l not introduce a significant error. As a simplification.

e .
1t was assumed that th'e B valu

_reServoirvtlyiing. This valué may be a little high (Lee et

4

ale. 1969)_however the fesults are no

variation. o i

LY

The degree of saturation of the core till at the time

'

e will increase to 0.9 during

w

t‘vgry‘sensitive to this

Vof’placement can bé»calculatod.knowing the apecific'gravlty,

d&f density and bulk density. In this manner an average

¥

‘degree éfLSaturatlon was evaluated for both the lower (below

elevation 610 m) and upper zon
properties are tabulated below

Property ‘Unit 196

Ya . Ng/m3
WeCo %
Yt Ng/m3
v : ’
GS\ .

Sr %

-
-

9 Fill 1970-1871 Fill
2010 2.27
8.8 6.3
2429 2.41
2.8 2.8
74 74.5

of the core. Some typlcalﬁ

N



o

o
-

- . »
\ [N .

n _ | 0.250 0.190

[§

The épecltlc gravity ot the Mica till was repofted as
. . . ’ . - -
2.80r1LawA197S). This value appeared high so some specific

gravity testa were curr1¢q out yhlch confirmed thq'hlgh
valuess The degree of ?aturat;bn will lnéreqée vith‘the
addition of £ill. vith some ‘simplifying assumptt;ns 1t is
'posslble to backcalculate tﬁe changlng dégree oI saturatlon
as consfructlon proceeds,uslng the mensured increeses 1n

pore pressures The method ls based on that of Bilf . (1948) or

Bishop (1957).

Cnlculaflons for PE24 and PH6 indicate 2 final degree
of satﬁration in the lower c rg{«before reeefvolr'fllllng
comences, of 94 %.

‘These valueﬁ show that tﬁe‘pore pressure parame ter B -}
will certalinly not be unity. Lambe and V?ltman (1969)
indicate a value for B at 93.$ saturation, fof a boulder
clay..Thls value is considered to be reesonably
representative for the Mica till,

The lncfenae 1nApore pressure is caused by a volume
change, which ls'inltlated by th; incréase in total stregses

.x

on the unsaturated fill. The high compregslb{lity of the air
governs the volume chande and the dittuglop of the ;1r'1nto
the pore Qater due to fhe increase in porg bfessure. The.

" laws which govern this bebaviour are Boyles Law and Henry's
Law of Solubility. The volume changes cnlcpl&%e# due to the

changes in effective stress should be compatible with the

volume change calculated by the method outlined above.
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The principal strqss increments have been calculated °

-

L]

P
tor various ,atages of reservolr filllng. It was decided to-

.

)

use Skenptona (1954) pore pressure equation to evaluate the

pore pressure 1ncrements. Yalues for A gn& B have-beén

dssuhed. Therefore using the equation:
- g

fac

- . . <

v Au=B Os; + A (as7 - Ao;)_‘} - ( 6.5

the pore pfesshres may be calculatedes As discussed in

‘Section 6.2.2.the approach'sugg§sted by Law and Holtz (1978)

1s_adopted‘here, for detebmlging the‘maxldum and ninimﬁm~
principal stress lhcrements.

The‘rosults of this analysls ‘are shown on Figure 6.6.
The A value has been altered with each reservolr stage. Sone
allovance has therefore been made for streesnlevel effects
on A, that ls, the reduction of stresaes';h the cenfral-core
due to archinge. The alteratlon in the A value dependlng on

the stress path has been mentloned previously and thls‘

factor is also taken into account. During the early lbadlng

the stress path is similar to that of an ordinary triaxial

extension (lateral compression) test and later this changes
to that of a triaxial compression (axial compression) test.
Which is why the A value has‘bénn.teduced for the second and

third loading stages. The tlnal-factor is that the A value

.
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is" dependent on the moblllzed atrength cf tho element, and

Y

thls fac*or has also been estlmated. A conblnation of theée

B A .
factors rosu1t~in the uelocted values tor A between 0.05 and

,O.IO. _
/ . 'R :
- The B value ‘has simply been assumed to- 1ncrease vlth

I
_the 1ncreaslng load1n¢. This -ay be en’ over-slmpllfication
and the . flnal value of 0O, 9 ls probnbly too high,: however lt

has littlb effect on, tho resul%!

9 - . . . . -

£22+5 Suitability of adented nnagz¢922;
It 1e posslblo that" doubt -ay be expressed over the

‘ approach taken by Law and’ Holtz (1978). The deviatlon frou
. : )

- the- atandard approach only occurs durinz the flrst loadlng

stage. The pore pressure lncrenents calculated from thls
: . . i .
stage were_compgred wlth the measured-pore preSsure'

[

incbehénfs cn1¢u1atqd-trom Henkel!s (1960) equaticone These

drg“fabulated belo;:A ',“a~_ AR
‘Eléﬁept ‘ Res. Incr.  : Hgnkél(lSéOi‘l- $ke§pt6nf1954)
: - C RN -}-:‘n_v‘.
o . . . L ~ . o L
B 1 . Bes | 9.8 -
" 2 :_' - L . 12,01 | | ,.,'»f14;3‘.~ P
3 9.3 O 8.8 1
Total 29.8 S 3209
c 1 | 6;6v Te1
2 4.4 2.2
-3 3;év. - 1.1

Total - 14.8° . "11.4



B

D 1 4.4 ‘ 646
2 3.9 - 6.6 %
< . B _fro.z.l-;, ; vfzgéﬁ
. Total R 8.1 ':.lﬁ;v

The comparison is excellont consldering the assunprons used

w o
in the analyeis.-This appears to confirm that Skempton 9

©

'(1954) equatlon may be used provlded care ia taken in the
Jdeflnltion of the principal stre%s 1ncrement.'Henkel's
(1960)4equation is nore suitable tor complic%ted stress path

Aproblems.-'“’QMAu_;

FERE

The total stress

<

. on Flgure 6.6. The comparlsgn vlth the actual pore pressuresf;i”°

i

ais excellent nt the early stage ln tilling (August 1973).-

There 1« llttle cftect ot transiont seepage eo the
-.o., )
comparisonAls straightforvard- It the normel procedure had

.o

'fbeen adopted fqr the principal stress lncrements in~ N
jSkempton s (1954) equatlon then the calculated pore preseure“

incremente would have been much higher thnn tho observed,

lvalues.
Slnce the rgsulta tor tﬂls enrly period ncpear to be

;J;contirmej’by the obaorve&-values. lt is felt that the later
values of the eore pressure calculated by the sane method

: v ‘ .2 o
are alao reallstic. It ls dittlcult to check these due to'

the unknovn contrlbutlon ot translent aeepage-~.lf = eﬂl"'\

Figure 6. 6 ehova the reaulting pore pressure'
dlstrlhution for tho tlnal reservolr level, assuning no_n

d;1uf%her—connutfdtttﬁi”ﬁﬁ“?ﬁ—“aownstrea- slde\bt the core

oo

re. pressure incremeptn are eﬁownwuc'

t
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-~ &

. , , .
which is a conservative aggumption. The steady state

condition and the acfual‘éeddlng§ dro’shovn. It would appear

.

thén;that the pore pressures induced due to resétvoir ©
filling are not suttléiﬁnt ‘to explain the obrserved

disfributlon.

One interesting result pfbthe analysis is that the

element close to the downstream fosce aq{pally exhibits =

TS £}

Siighfvnegdfive pore pressure increment during thg'flnal

n
&

gtage of reservalr fillinge. This phenogénog is also apparent
in Chang|s‘(1976) theoretléal study ot‘the New.ﬂgloﬁes’Dam
(Callfovnl;). Even though he uses a cOmplet;Iy different
approach'fosgﬁis #nqLYSIBv‘C&p—éiay model), he shows in some
zones of_the core a'redﬁé;lén ot bore préssuréuén reservoir

. : ’ . R 4.7

loadinge

6.9 Evdroulic Erasturfs Petential
zHydraullé frhéfhrlni within embankment ddﬁs is a
process which haé only rece&fiy Qéen récogﬁlsed by
Geotechnical Engineers. KJaefngli and Torblaa (1968)
, . . ‘ )
suggested thlé‘mechgﬁlsm as Aiposslhlefcause of leakage
through the HytteJuQ?t Dame. Sherard (1973) pfovides q good
rev}ew of some notable case hlatories which exhibl ted this
phe;omenon. Since this time fhegproceésbhae been observed in
pther dgpé{h:nd h;s even been pprposely initiated from
jbo;eholes vlthlh.a da; core (Péhian 1975)e A receﬁt paﬁet by

Kulhavy and Gq\fowakl (1976) studied the parnmefi;s 11kely

to affect aydraulic fracture potontlal through a series of



finite eleiént analyses. The volume of discuséion arlslng'
from this paper indica tes thg interest prgaéntly held in
this area. Hydréﬁilc trécturlng is now a 'idely recognilsed
ph;éonenon and embankment designers must éonsidqr thils
ﬁﬁgcess in their designe To date there is an i{nco lete

understanding of the mechnnigms involved end disdgreement as

t0o which parameters increase the likelihoceod or‘hydraufic

fracture (Charles 1976).

]
B ~.

This section analyzes the likelihood of hydraulic
fracture occurring in the Mica Dam. Use is made’of fhe totel
.8tress Increments calculated earlier in Section 6.3.

~ Hydraulic fracturing has allegedly occurred in the Mice

v

core (Simmons 1974, Skermer 1975, Nussbaum and Stevenson
'1976) during inflow tests on the vertical movement gauge

. i
when the reservoir was at

MV15. The test was carried out

v
3

elevation 676 n.; the maximum level ‘to which the water chld .

be raised in the gauée was 66§ me« Both S{immons and Skermer

show that tpe hydraulic fracture could have initiated below
elevation 590 n; However neither éoneidered~fhe increase in
the minor principal stress dug’to the reservoir fililng to
elevation 676 me The total gtress change'anaiysle'carrled
out in this thesisvlndléufed a chaﬁge in minor principal
total stress of jabout 408 kPa (3.8 fsi) thcﬁ would mean
» e , _ v

that the H;drnulic fracture could not oécuf sbove elevation
535 m vhichgls about S m above thequdrock. This qssumgs

that the results of Simmons (1974) 3-Dimensional finite

element analysis are correcte. The condit;oh cf raising the
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water level Ln‘avboraholo or vertical movement gauge however
is not fh§i;ume as raising the feeermolf. Raising the
regervoir cuuges total stress increments within the core

. » . S
which should not‘be ;gnored. If the dam ' is agched between
the abutments the strésses may be redistributed. The effect
of wetting the upstreas shell may have a further influence
on the etress;s g0 it cannot be eynluated with certéinty}
whefher’hydraulic fracturing 1a likely or rese rveir filllng
from the results of a simple analysls“or‘from a sinmple
lnfloy teste. ;

Hydraulic fracture potential must be evaluated on the
upstream face of thé cores. The atress state at this location
is difficult to est#blish accurately due to the 1urge’étress-
gradien¥s across the interface. If 1;c§§ assumed that the
core arching les continuous to the‘edge bf the ggre, tﬁeq
using Simmons (1874) stress résults forwelevation 590 me,
the minor principal stress is 850 kPa (8 tsf), whereas the
hydro;tatlc pressure at th;s level is 1800 kPa (17‘tsf).
However this does not 1n§l;qe the increase due to the
reservolr lo;dlng. This is esflmated to be 850 kP; (8 tsr),
!therefore the m!éor principal stresa-ie actually about'1706
kPaes. This is very similar in mggnitude to the reservoir
préssure,and'if the values are accurate then Lydraulic
fracture would probably not occur as it seems to initiate at
_,8°—° va}pe betyeet:l 6; and O—;_ (P;nman 1872), this may be
due to sonme Btrﬁctural b;havloqr or gimply becguse the soil

has some tensile strength. An added consideration is that
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the direction of O3 18 not conducive to fracture
development, and any fractures which develop are likely to
direction perpendicular to an average of O, and 63

(horizontal or Sub~horizontal cracks). The major principal

kPa compared to a reservoir pressure of 1800 kPa'e Therefore

horizontnl or sub- horlzontal cracks are not likely to occur

x '4 .

in this case.j

Tge results do Indicate that ir signiflcant arching (60
% or greater) Occurs in the Core, and this arching is
present to the edge of the core, then hydaulic fracture is
;1ndeed p;ssigle even though the reservolr load does lncreasev
the principal Stresses in the core.

The use of controlled hydraulic fracture tests 1In dams
may #rove very useful in the future to evaluate the

llkellhood of hydraullc fracture occurring during reservolr

filling, This method would allow the. deslgner to evaluate

Translent soopazo is the second ma jor process occurring
in the core during resevolir 1mpound1ng. A go?ernlng equation

is required which includeg the three Sub=-processes occurring
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within the translent state. This flow.equation should
provide the pressure head distribution with time for

fransleht flow'through an unsaturated porous mediume.

$:4.1 Governine Equation
’ . ‘ . . .
The equation of continuity for transient unsatura ted

flow 1s (Freeze and Cherry, 1959) :

P L 2PY%)  2PVa :
'(ax +'.'ofy '_b_i—l nS;f.FpSz_‘g_,_nf%{,.

e

,.... 6.6

f'; Nass density ‘ e

v = veloclity
n = poboéity

x‘
8 = degree of saturation N

Following from this the equatlén of flow is :

Pdw) J [L«y)#]+>_ E&m(wu)] C,,)’% s

Pressure head

<

Perméabllity

o ® ¢
o

Speclfic Moisture Capaci ty
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Thls,equ&tién is often known as Richards equation. The

solution for ,(x,y,z,t)_descrlbes the pressure head field at
any point in a flow field at any time.
The specific moiéture capaclity in equetion 6 7 is

further defined as : . T S

| o
C(wzf? T oy

+
3
o/
wv

1

* o e 6.8

d\d
B e
o
~

v

where e»==V91gmejric moisture content
The temniﬂ-ji is the term relatlng fluld density changeco
The term Sla,is the term which considers void ratio cbnnge:.;
tﬁe last term n%%pis the change in degree of safuratlon-

qumally‘fhe fluid densit& an& void ratio change terms
ar 1gnor¢d for unsaturated‘soil problems (Freeze and
Ch?rry, 1979) bécause they are gmall with respect té the
chaﬁge in degree of satur?tion terme.

This is usually true for the 9’3 -:::& term, however the

consolidation or swelling term should be investigated

o

-

further to determine its magnitude for each case.
If the soil considered is near full saturation then the
&

relationship

‘\

LK X ) 6.9



-
N : v
2 R o] »
wdll apply where \
. , \
\ i
e ! . =
S = effective stress \ .
S = total stress ‘ \ 3”
.
; v Ao,
The term may be redefined as RS
K ey
] “
’ !
S _ Sw™»m 2T, -
2y 20 o
\ r'
and 39 - - \z
] as‘}
therefore
2n
—— = b yw 2—— .
B‘f/ b P
5
Now r'nv:-.‘", where M, is the coefficient’of volume
- ad .
. i
chgnge.
2N - V., m,
vy ces 6412

6.11

102,
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Therefore for a soil near full snturation the specific

moisture capacity becomes approximately

<

C )

LA J 6'13

Vhen this is replaced ln'eqn. 647 then the classical -
consolidation equation is recovered, assuming that K, the

permenbllity,qis uhique within the pressure range under

consideratione. . ' ) A,
For the case where there'is 1ncpmplete saturation then ‘\&
equation 6.7 is not sufficient to describe tte behaviour. In
r'd 4
.order +to compare the magnitude of the terms sSan land
. Add
n3s

: it is convenlent to use eguation 6.9 to give an’
?y’ .
upper bound value for S !ﬂ

vy

Using thlis assumption the speclific molsture capacify
/

then becomes /

a

C = Swmoenzs

8 . : - .
N .7 . . , . . o
N . . .

For practical purposes the situatlon vhere equnflon

[

6. 14 -ay be, £ concorn is vhere ,P ls increaslng nnd the

. first ter then rela}es to ewelling. v "_ Ve

. Hence _



104

C(W)/z-. Syv.m; + n_‘a__S ses6.15
) 39‘/ . .
1Y

where Mg coeff. of volume change wer.t. swelling.
A éalculatlon done on the Mica dax core material indicates
an order df xagni tude dlffurence between the first and
second terms of equation 8.15. Bence it is sufficliently
accurate to ignore the swelling term ln‘fhe govefnlng

equation and an analysis considering e rigid skeleton should

.

yleld'suffic;ently accurate results in the zone of the core
where the pressure ié“lpcreasing.

' An error may ﬁe involved in the dowhstre;m zone of the
cgre.where bonsolldntlon is continuing; To avoid ttre
complleatlon of uscer;alnlhg the consolidstion / swelling
boundary reguired for aAn acchrgtﬁ solution of equation 6.7,
an assumption'was-made that there ls:ful} éaturation across
the core an& furthér that m,, appfoximately equa}s mg and %h;

resulting consolidatlon equation 138 one dimensicnal nature.

This resgults in a specific moisture capacity of -
C(l{) = Y.Mm, : cee 6416

Qggznce equation 1 becomes o ‘ -
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z '
c, ¥ =22 : ces 6417
Y 3x AW ' |
'\\
where C, = coefficient af consolidation.

Thie i8 Terzaghi's one dimensional cbnsolldntion equatione.
v .

It is simply solved by a finlte difference explicit scheme,

otherwise known as the nmarching forward technigue. -
2 .

-

6€.4,2 Rigld seoil 513&1».&1@ = Iransiept seepege

‘ The resevolr impoundlng causes an increase in pressfure
head on the upstream face of the core, which is transmitted
throughthe coée by the process of transient seepage. The

assuéptiou of a flgid soil skeleton is commor for transient
flow in unsaturated porous media (Freeze and Cherry, 1979).

§ 7

In effect vhat this means 1s that both of the terms in the

specific molsture capacity equatlon 6.8, relatlng to void

ratio changes and fluid denélty changes are negligable in

comparison to the the saturation term. In other words

~

20 <SM <<" ces 6.18
or in an aifgrnatlve form

Sf,n "ﬁ <SY ™s . << n?}//\ o cee 6419
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This validity of this assumption was checked for the Mica

till using an Mg value equivalent to one fifth the

At

valﬁg.\Thle resulted in an onder of magni tude difference

between Sv;¢w$ and nf%ﬁ whidh supports the essumption of a

rigid soll skeletone

<

A review of the literature provided a number of

solutions to the transient flow problem, with the assumption

]
of a rigid soil skeleton. These were by Brahma and

Harr(1862), Desal and'Shérman (1971), Dvinoff£(1970), Dvinof?f.
4 -

.and Harr(1971), and Stephenson(19785- For this theslis the

approach suggested by Dvlnoff(lS?O) wag followed., °

Dvinoff uses tﬁ¥ linearized governing equations:
! ; 3

.

- = eee 6420
. 2F N
A
h = total\head at a polint
B = mean hel t of refeservoir ;
N = Specific moisture c&pacity x H
'k = horizontal permeability ' ) : L.

k = vertical permeabili ty

x = horizontal coordinate direction
y = vertical coordinate direction

t = time

The aasunbtloﬁé inherent in this solution are:
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- fldgnia‘tvé dimanelonnl‘
- 1qeft1afforcesiare'insléhificant Co ' o
—.fluid is ééntlnuoﬁs
- alr escapes ;reely Erém pore sp§¢és
_’soii is flgld, ﬁ;k ar?fcbqsfyﬁt with time
~ = Dafcys_laQ 13 vgii;f“l
- Dupult!s”assuﬁpfiéns are valid .
In Ordef'to use the charts provided by Dvinoff (1970),

mplifying assumptions were made regarding the
N .

/ . . .
reservoir raisinge. The assumptions sre shown on Figure 6.7

some si

The solution is sensltlférfb:jheiyalue.of k/Ne k 1s_assumeﬁ
to be 10-7 cm/secs throughoht}tﬂe d#&- The value of N,-which
le'g’?sforage' Eoéfflclent, is more difficult to eVﬁlﬁafe. 
Noné*ét the Afofementioned_;hthors haevﬁqmpared their
anﬁlyges'fo actﬁnl?¢dsé'hisf0fies,_and so have ﬁqt indicated
typical.vﬁluee for this fstorage' coeificlent{vsave fér
thelr.@odel tests where N ;é,s;mply;the,totél poréslt§§‘

It 18 assumed for tirts sfudy fhét N may be evaluated

from the degree of s&turaflén esttihg qt'thé end of

constructione. That is, assuming a rigid soil étrqctuﬁé

calculate the change'iﬂ\degree_of seturation requir d.td

&chleve a steady state ppro prpséure distribufion, this

coupled with the actual porosity will give the rqulred,‘

-

e-(etoraze'coefftcient). This

volume of inflow per unitlﬁdi

value will not be the same \nder.oﬁiddbvh conditions because

of capilliary effects. However the réser%olr—tlﬁe"éurVe

assﬁhéd does not include any drewdowne Thp storage

o
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coeftlcient wlll not necessarlly be conatanf‘across the daﬁ/

- -

s0 an avarage value has been chosen . fron the central core
7 . R .
zone. ' IR . S c L , - B
: 3 ‘ ‘ o .

. The approach pdoptod for eolutlon of the composits

reservofr—tine burve is si-llar ‘to that of Dvinoff (1970).

Thut 1e, simpllfled paths are assumed as upper and lower

bounding condltlons, each ‘of whlch mey beusolved\psing the

’

charts and tablos provlded. Then the‘conposl&e Goluﬁlon ls.
approximated between these limiting- solutlons. The results;i.

are shcwn on Flgure 68 for the time lntervals of 1, 2 and 3

xsars affer regservoir tllang'commences.

The piezometers were plotted on these fiéhres'aqc the

'caléulated plgioméfr1C»levels weré then plotted . versus tlme.;

Superlmposed on these plotq are the actual piezometer
readincstand the steady state values. Thése results Egkebno

qllowancewror pore:ppéssure changes due to'the fesbrvolr

Ioading. These effects have been shown to be relatively

small and so thelr contrlbutlon would be to speed up the

-advance of,the phreatic sur face by a small‘ammount ( the

i

storage coefficlient is slightly reduced)e.

. . \/
é.:_&_..a D.Lasusaism of mﬁu.l._ta I.tsun mnsm.t a.e..e.nns.z nnalzsis
The regsults of thla analysis show that the phreatlc
surface proceeds rapldly through the core, even though the .
P

perneabillty is very lowe. This ia becnuse the adVane ls not

a function of permeabllity ulonc, but ot tho square root of, 

permeablllty dlvlded by a atorago coetiicient vhich is

P

;e
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related to the speclflc'noisture gapacity. Errors in this
function a;e reduced-by virtue of the square root te;n. The
value for the specific moisture capacity used in this ’
an;lysls was 0.0002lm-1. 3 : L

Evidence to support the theoretical mo%ement of the
wetting sqrface'nay be?seen'ln the observéd water levels in
the vertical and near—~vertical iovement gauges. These values
are shown in Figure 6.9_nnd compared_with the phréntlc

surface. The comparilson is good for MV8 and MV1S, however

the results for MV9Y9 are unusuale. The weter level begins to

o~
"

rw{se after one year which corresponds well with the
calculated d;ta. However the value at th%”end of 2 vears
appears rgther lowe This could be due to inaccuracies in the
éolution towards the base of the co;e, but the gauge rises
only marginally over the next 3 yearss. This behaviour makes
the readings of MV9 suspect. Thg cause could be some C {
irregularity in construétion ﬁ}écedure allowing preferred
\\lseepage path to the dowastream shell.An alternative solution
‘15 propoaed by Freeze (1971) who suggesfs~that precfent
steady state analyses which only consider flow within the

suturuted zone regsult in an erroneous phreatlc surfacem The

complex problem or assuming flow within the unsaturated zoné‘”
above the phreatic surface cannot be smodelled by tre
Simplifled transient flow analysis Qsed here. Hence an‘error
in fhe»solution close to the downstrean boundery 15;

J,pdaefﬁle.

" The values lndlciteg by MV's 4>ahd'14-shoy'a more rapid
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NOTES
Year Date ‘ ,
0 April 1973 MV Gauges® (
—730 1 April 1974
2 April 1975 v
3 April 1976
“ + Projected from ' : :
1730 sections 30450 L lated steady
D and 16450 stafe phreatic
) surface
\ .
L 710 )
690
Wetting tront
670 T-3years
€
z
o
F
. 650
> .
w
I
w .
MV Gauge 9

L 630

>Wetting tront

. 4=810 .

- . T=4,5years

1-590 T=2,3 years

_T:=0,1years

SECTION 22450

EJM fW?ttind' Front Compared with Movement Gauge Readings
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movgment of the phreﬁtlc sﬁrfuce, however these movement
gauges are located in much shallower sections closer to the
abutments and so thelr behaviour may not necessarily be the
same as for the deeper section. !

More £nt€restlng ;;e the plots of the piezometric
levels versus time, Flg§-6.10 and 6.11. These show quij te
cl?arly the rapid development of ‘epproximate ' steady state
conditionse. A comparison of the theoretical values with the
observed vaiues may be made. The azreemgnt.betwébn PH1, PH&
and PE35 are remarkably good considerlng the 'simplificatlons
necessary for the analysisg,. Theﬂearlier obsexve@_reacglons
of these piezometersagould bé due to(the{assumption qf nb
pore preésu;eldﬁah;é.&ue tq reseévoir tilliﬁg;jfhé geqéfn1. 
sh;pe of the reaction and fhe convergence on Efeady stgte
values\ls excellent, Hovev§r lgrgérlpconslstencles exist in
fhe»?g@gl@}ng P}gzometers 95?4'_PH24,Pﬂj.°PdIPP19f\Iﬁ order
to evaluate thelr Fesbodéeé I¥’i%>6%ééssapy td:pohﬁlgéff ,

their respective locations (Flguﬁé 263 Vo

In the case of PE?24 (upstream), PH1 (cerntral) and PH2

:tdownstrean)} PE24 reacts at the correct time but its

“r@épdnéé'is:ﬁuch too subdued. PH1 reacts early and its

response is correct. PH2 reacts much earlier than the theory

suggests and its reaction is above the theoretlcqlvvalues”l
N S L e e
for steady state. Similar behaviour 1e noted for PH6

" Y ES P

(central) and PH7 (doinatéaamﬂ,f;hd~agaln for PEJ35
(upstream) and PH10 (downet?eam).uln_generqlAlt could bpe

stated that the upstream plezometersvreact'at the correct

)
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FIGURE 611 Predicted Piezometric Levels during Transient Seepage
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timer(ﬁpproximately) but their reéponsé is tow. The ce;tral
plezometers react a little" too soon and their response is
corrgct.'The downgtream plezometers react much tco soon and
their response is too high (comparéd to steady state
tﬁeoretlcai values).

In general it is cbpsideréd that this anaiysis prowgqes
a fairly'accufate déscrlption of the advance of the phreatic
surface within‘the Nica Dam core. The advance is rapid and

_ - .

is substgpttated to some extent by the pore pressure

readings taken in the verticel ana near-vertical movement

gaugese.

624+4 Consolidation —= Iransient Seepoges
The assumption that the consolidetion term S¥1 in

kg

. equation 6-8.18 negligible compared to the saturation term
.11%5 meaey not be valid in the core #one where the pressure
head 1is c;ntinually reducinge. Particularly 1f the cegree of
saturation is highe |

| In order to investigate the rapidity of dlssipgfion of
the podre pressures in the conéol!datlng downstream zone the

term n‘s was essumed to be zero. This is true i1f S=1 and is

not an unreasonable assumption for this material at

. To.simplify the cnlculatlons the uﬁstream '?Vétilng?ﬁ° A

approximately 95% saturafion. ,'_' L /

’ xn
" .zone, of’ lucteaslng pressure head was- assuned to ~have a.

4

coefriclpnt Bimilar ln nagnltudo-tc that 1n thei_f'”‘:u

consolldatlng ‘zones: The errofsJinhorent 1n thls SOLutiﬁn" o

B . e oo P T o

“r . . . - - o - e
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.

.will occur in the time rate of qugch‘og the phreatic

B

.. surface in the upstféhp z6ne} However the indicated rate of |

"cddéollqgtionuéhpglﬁ Be reasonably accurate for thé

et o - R

LY . . .

The. coefficient of coneolidation was assumed to be 14

m2/mo. (Law 19876). The equation was solved using a simple

.finitqﬁdlitgrenge'(marcﬁiné'fééwird)“e;pliclt~I*Drménsionalffvu”

. e , . ' [ -’l ‘. Cee e w‘l V“" ' T
sqhgme,The reservoir impounqithvas‘mbdeILed by a moving
upstream boundary condit165Q~The‘¥§Sérfoif level was held "

constant at elevation 734m)between the 2nd and 10th Yegjg.
The solution is shown on Figure 6+.12 . The results shéw

rapld dissipation cldse'to the downstream face of the core

(PH2)y, with only minor fluctuations in pore pressure as the

reservolr rises; Simllarly in the central core (PH1) there

5

is little decrease In pore water pressure due to
consolidation. It cen clearly be seen that the behaviour of
PH2 is very dissimilar 1n magnl tude to the theoretical

P4

behaviours..During the early stages of éonsolldafion however
\ .

the comparison is not unreasonable (PH2)e It i not expected

that the upstream side of the core (PE24) will match well

because of the simplifications introduced into the governlng

egquatione.

< . . " o 3. -
-2 . K -~
: @ ~ .
- T e -~ T .
. S L T .
. . e e R S . . c
G e C e e e
W . - §—.-5 P w » ° CE ot -
B PR B . s . e [ N
R N . -
P R T
. A L3

in tﬁ;‘cék;fbi“%hgf!;égfﬁ#nﬂﬁf!bt“fo”yhpieétabiiéﬁhent»of

';gfpadyiaiAfi:éebpdge- Thzﬁproqgééeslétudled separately were:

R:g;_Iﬁ{g;cﬁﬁbiéh”ééiiéiei¥hgb§hiéigﬁlgbio@ésé@sdngygripg';i“‘j_
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.~-total stress changes due to reservolr filling

- trnnslqnt-seepage
The‘mog% slgniilcant contrlbuilon to the pore pregsuré
increments wasffouhd to occur from ihevtrénsiept flowe The
advarice of the-phrqatic surfaée 1s-rap1d, approxlnutély'B to
.4 years-to develogp eteady qtate. Eecause this surfmce 19 L
neaply veftical .t he response . o! the piezonetérs is also-
;rapid. The moet slgnlficant contrlbutlo; to the translent
pﬁocess is frén the changlgé Aegree of satufation for
" unsaturated. soils and so.it is reasonable to essume a rigid
- 801l skeleton. Hovever‘the consoiid;ting portlon of the core
i;Amore atrected by the changing void ratlo. Whereasg the 4
fluid density changes aré¢”not normalFY s;gniflcaqt and may

be ignored.

The . contrlbutlon from, the total stress changes due to

' . i A

undrained reservoir loadlng was calculafed to be small’ buf
no.t negllgible. If this effect was touse.sup;rimpcs;d on the
dQQelopment of the phreatic surface it would reduce the
'storage' coefficient €lightly and so increase the rate of
advance of the phreatic surface. These processes are not
sufficient to explain the observed pore pressure
distribution in this embankment core.

A comparison of the observed aaa predicted pore
 pre§sure dl;t:lpﬁtions.durlng transient éeépuge‘or steady
stat?'iﬁf;;; somelirrdadlarlty'vlthin the core. A possible

explanation -ould be the existence o! hydraullc fractures in

< e
o -

the core. The llkelihood ot 1racturﬁng has been investigated.

Cg
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o 3

j an&;;he-§eéu1tévln&lé&teif;at“hydraﬁilc tract#r? is infﬁeiy
in the L’xp.s'.tream'iohe of “t.h.e_ eé’;re, buf\vouldbe _pbssibl;'uin
'"thé'géhfraﬁ ;ﬁd éé;nstréamA;Q;; Zones if fhé ful1”;9§ef;o1f7
preésdréjéould b; transmitted in some manner to these zones.
,

However because the unusual pore pressure disgtribution is
slmllar_through‘Yar¥0u?,secffohsfund*levele:iﬁ-fhéﬁcore it

could be argued thalt hydraulic frac tures, if they dlq occcur,

) would not appear as unltormly,_no;,inﬁsutttclenf.guantlfy,

tb crenfébthlé alstfigufion. An.;if;54ati§;“;xpl;ﬁﬁti;n
,cbuldrbe that.sqmevmaterial non—homoggpelty.in the core
conétruétiony yiei31ng much mofe impermeseble strips parallgl
to theﬁgpstrégm and downgtream faces of the core. There 15:
no justiflable reason to assume this condition would be

regularly repeated throughout the corey, and there is no

evidence to support thig theory,

e None é;‘_the.ftgiéof les investigsted yi_eid results even .
éiﬁse,fd_the plezonetrié i;iﬁés"6;;;;yéd;“7hefefobe
cons%dérq?ioé must be éiQén ¥o th;>facf that the general
pore preéeure’dls{rlbution in the éoreHéﬁuld.bé qui te
similar to th; theoretical values postuipted, but for some
reason there are some local anomallgs in the pore pressure
digstribution cloee'to the piezomeferavand-sé these
bpieio;éfile readlngg.arp éﬁiy'fﬁflectiﬁg local

perturbations.

In tight of this argument the reaction of piezometers

PE3d8, PP36 and PE44 are considered. These plezometers are

located in the upper core and are noted to respond almost



winstantly to the reservoir tluctuntions, nnd to. follov thls

‘level very closely. This behaviour has been notad prevlously’

- KR

by Nussbaun (1976). "The reason for thls unexpected response'
is because the instrunent lead trenches in thls ares proceed

directlyrlnﬁo the upstream shell. This suggests that
‘-qlthbﬁgh‘fﬁe'remafnlng;trénchqs qp@Qvaentérjthéfubst;édﬁ

shell they may have a local lnfluenée'dn?the pore pressure

dlstribufion. This theory is lnveetigated in defull in

Chapter 7-

.!21  o



s e In recent years monltorlng ox embankment performance7ﬁf

varlious phases in the 1lfe of the embankment may be

'developed.

CHAPTER 7

EFFECT 'OF PIEZOMETER INSTALLATION METHOD ON PORE PRESSURE

DISTRIBUTION

N B e

has become an ‘integral component of the design pfocedure.

The reasons for this are twotold. In order trat the observed

~behavlour can ‘be” cdmpared wltg the predicfed behaviohr and

;;so that lnslght into the physical processes occuring durlng

e

a-

v

The role played by plezoneters is extremely important

ause without them the . actual pore preééure magnifude and

1str1bution would be unknovn,,e;cludlng fhe poeslbill?y of

carrylng-oﬁt an accunate effective stress analysls.

. ) v

l Three ‘basic types of plezomotor are in common use

today, each havlng dlstinct advantages o'er the others ln ‘

partlcularvsituatlons. However no matter:

-

- the instrument the readings wlll“ﬁe'valuelessflfrthe--»- ' 7
. . .. o . ,r/
installation procedure is unsatisfa¢tory. The one common
weakneea'ilth:any_p%oEQpetnie_qys}emﬂig the link between



s 123 °

measuying unit and readout unit. Concern has been ‘expressed

o

by authors that these lead trenches mey act as preferqntlal'
. . . . 3,’
seepage paths (Sherard et al. 1963). He states:

",¢s But™regardless of the location of the measuring
point, the tubing must be carefully backfilled with
impervious soll to prevent seepage along the line

the tubesgs which could change the pore wWater pressure
?t the piezometer tip. " ) R

A
w In particular Blight (1970) no ted that parrow coree

i

accentuate this danger, and conelderuble uttention should be

given to design and installation in these cases, for examS\e

he quotes the Bridle Drift dam (S. Africa‘
“ManJlrenJi dam (Rhodesia).

If plezometers are iinstalled in a lnadequate u&ﬂhéfi

2

- fheubb%éf&ed'ﬁdiubs'offborf réééu"e may:be‘misliddiné}rénd

2 in. certain cases lead té ‘an overestlmetlon of thg factoﬁ of
eafety.,lndegd it ‘may be very’ ditficult'to-ascertain”ihetngpﬁ;

prfhotvthe read!ngs are reliable,.so the instellation should
be carrie& out at all times by éxperlenced and retliable

personnel' '1th a high degree of?quallty control. . )
. w5y . ’ 2
&

2.2 Denalsn’ef Inmtrumentation Lead Izznchga"xet‘llsn Dam

Durlng the early stages of design and constructlon,

attentlon wasg pald to thls problen of B epage along leadf'

AN
~

trencheé.‘Aé’A procaution aé#lgg}/thls tﬁ;”gﬁditlon of

7

: ’\“N-
bentonite to the backfill was epecitled und cut-ofte verg/f

'y

i
b ‘_“
requ;red evory 15 m or bet'een adjacent piezometers, }

A

R
b

| - B
whichever was less. The details of the actual trench ‘\a)

installations are given lh Section 243 Thege precautions
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may not have been adequate, as evidenced by the behaviour of

piezometers PE38, PP36, and Pé44, discussed previously 1in

Sect}on 6e6¢ Although it 1is unuaualnpractlse‘to bring lead
trenches into the upstream shell, perhaps in this case it
wa; ratpe; ortunate ;g 1t provides conclusive eviéLnée of
t%e unsatis ctory trench behaviour. With this in mind it
wvas decided to analyse the éensltlvity of tﬁé local pore
pressure distributions to varying trench-fill permeubility

ld

ratios.

7.3 General Model for Plezometer Lead Irenches L
' ‘Vudghan (1965) provided an approximate solution for the
proble.. of leakage-théough backfill around a vertical
standpipe piezometer. Unfortunately this analyseis could not
éonvenlently be applled to this case of a Lorizontal pipe 1n
a specific flow domain. It was decided to model +the

situation ueing finite elemebt techniques.

The FPMS computer program was used for this analysise.

e
4

The mddel assumed must be axlsyémetrlc; which presents

problems in reproducing the asymmetric boundary conditions

- due to non~horizontal flow. The problem is really three

dimensional but because the care is thin an essumption of
horizontal flow is not unreasonable. The crogs—sectional
area of the rectangular trench was approximated by an

equivalent area circle. The general model is shown in Filgure

7.1,
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Three basic cases were studied:

t

1. The trench connected to the upstream shell (CASE 1)

2. The trench confined in the central core (CASE 2)

3. ~The trench cbnneptedyto.mhe downstraanushell”CCASE SY

'af*v&fiéus permeaﬁ}llfy and trgnch depth/core width ratios were

N

ar

coﬁsideredAfor each cae?.'The results are plotted as
permeability ratio versus pqtenti#i vﬁlues af speéiflc
locQtlons across the core. The effect of trench diasmeter is
superlmposedkon the charts (Figures 72 to 7.4). Examplés of‘
the local changes in poré pressure distribution are spown on
Figurese 7.5 to 7¢7. "

The result of this analysis is to show thet for each
case gfﬁdied there could be signlfléan; alteration to the

.

readln@s of plezometers located in certain criticael
' )

BN

positions. The position is aggravated by lhcreasing the

trench depth or permeability ratio. Permeabllity ratios as

~e__—ltow as 100 may cause signitficant disturbances to the pore

pressure regime. This is consiastent with Veughan's (1965)
conclusion that a grout to s=oil permeability ratio of S0 1é‘
satisfactory tor ver; low permeability soils (stnndplpé
installation)s

These results are lntereating because.né'shown ﬁy
lechell et al. (1?65) (for a s8ilty clay) it is relatively
eaéy to geg'alvariétlon of two or three orders of magnitude
in perme@bllity‘in the same mate@lal by simply vearying the

compaction moisture content or compactive efforte.

This analysis shows that ‘it is possible to get
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- LEGEND
Symbol Core width/ trench depth ratio (D/T)
G----0 200
b= 100
O—0 50
1000 _ —
_’__ -1
Z 1 |
< T | .
S I - Q>
~ 100[_ : ( _
- \ -
o i ]
= _ < 5
< P -
@ = 4
> o . -
=
5 |
5
< - - -
L
>
@
L
a 10:_ JP _
- ]
» i
d 1 ] L é i — S L oo i
. o) 0-2 . 0.4 0.6 Y 1.0
N - , POTENTIAL (w.rt. piezometer ‘tip)
P )\ ’ . . .
~./ - CASE 1. L/D=0.5 (Trench connecting to u/s sheli_see tig.7.1) -
FIGURE 7.2 Design Chart for Trench Connected to Upstream Shell

’
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LEGEND
Symbol Core width/ trench depth ratio (D/T)
-0 200
i / O = 100 :
' @ —) 50
1000]__ ﬁg —
a i ]
}_ CE .
i : ]
2 - b
xu - ] ‘ —
s ' \
100 g —
o F : E
< - : i
o o ; _
> + : N
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2 ]
x
w
o 10f_ ¢ #5 5|
- ’ ' ]
» -
1 L B é L | —) i sl ‘_L ! ’\L I
-0 0.2 0.4 0.6 08 1.0

POTENTIAL "(w.r.t, piezome{ier tip)

CASE 2. L/D:=0.5 (Central trench__see fig.7.1)

\

FIGURE 7.3 Design Chart tor Centrally -Located Trench
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Symbol  Core width/trench depth ratio (B/T) -
. Q-0 WL 200 T
SR DR O oot SR T Fo e FAPRIN R
s ,J,p.l}\ Do e . B 50 N
1000} —
i , j
100 _ -
10
- -]
N 6 3
X -]
1 1 L 4 & AL, °
~ <

L. L 1.

0 02 o4 . 06 Y
POTENTIAL (w.rt. piezometer tip)

CASEB. L/D=075 (Trench connects to d/s shell—see fig. 71)

EIGURE 7.4 Design Chcf‘\/for Trench Connected to Downstream Shell

1.0
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signlticdnt 196&1 deviations from the general pore preséure
distrlbutlon~v1th1n a core, caused by the 1nsfruneht lead
trenches. Therefore it is necessary to study individuatl

trenches in the Mica dam core more caretully.

. . : : |

In order to analyse séeciflc treﬁches vlthin.the dam
céréuipn-ACcutnte record of the 1nstallatlon'method»and
locations of the lehd~trenches-vqf requiré#.'Thlevproved‘

) : RSN
difficult to obtain, because aome of the records are now
moré than ld years olde. However some details?were obtalned”
from soﬁe unﬁubllshed "Dam Instrumentation Cons truction ‘
Nofeé' (Mich dam) from the years 1969 to 1972 (Caseco
- Cconsultants Ltde 1969-1972)« The installation procedure was
dlscgssed in detail in éect}on 23y and layouté of the
trenches and risers are shown on Eigure 25
The observed behaylour of plezometerse PE38 and PP36
were analyzed first. The results indiceated that a
permeability ratio of about 800 is fequlred 10 model the
observe& behaviour.’The-reéultifor PEJd8 1is hiéher put this
piézometer reads erratically later on 80O 1t%has been
r;Jected as unréllabie. Next the m6d21 was applied to
piezomefer PE44( onc; again the result 1ndlcatea a
perme;blllty ratio of 600. This is very eimllar to the
prevf&us result,so an average value of 700 was taken for

further analyses. This infers a trench permeability of
. 4

o

7x10-* cm/sec.See Flgure 7.8
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The trench_ﬁackflll wa s sﬁnd—bentonlte4ce-ent as
discussed previously ( Section 2-3). In the upper trenches
the complete trench was filled with this material, lncluding

v

cut—-offse From the limi ted datg ayailﬁble it appears that in

'many cases the fill vaé compacted very dry of optimum, and

the sand used was likely screened shell material. It is

quite possible under these conditions that the bentonite did
&

not work as anticipated. Rollins and Dylla (i970) and

Middlebrooks etfal. (1878) both indicate that bgnfonife‘may
el ther lose its sealing power or simply bevsubJect té‘pipiﬁg
undef certailn conditlons. Nei ther papef deals épecifically
vith instrumentation trenches but the mechanism may s8till be
possible. In view of the dlecusslpn above it is quite
feasible for the tredches to have this high permeabillty; It
should be.remembered too that if t#; c;re matérial should

have a‘}oier permeability than that assumed then the trench
pgrmgapillty nggd‘not ﬁe g; high, becguse the disturbance 1s
caused only by the ratio of permeabilitles.

Next the lowef trenches were analyzed, essuming ak
trench permeﬁblllty of 7 x 10-* cu/Bec. It was immediately
evident that fhe corrqct pore pressure trend was resulflng.v

Particularly for the cases 'her.‘the trenches were truncated

within the core (PE2S s e PH7; PE36 e e e PHll; P537 e es

"PH12)., For the cases where the trench continued into the

downstream shell (PEJ35 eee PH10; PE24 <ee PH2) the
distribution was an improvement, partiéularly on the

upstream side, however the downstream results were too low.

N
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‘The trench PE24 cue PH2 is a special case becauée the
permeability §f this uatefial,ls,aseumed to be.lower due to
the higher compaction moisture contént. fierefore the
permeability ratio is 7000‘1n'thls'!i%mple. The trench deptﬁ
ls-also‘emaller because.qf di fferent 1nstallgti§n pfocédqre
;n'£h¥3g;pne- Some typical quipotential dlétributioné
resulting‘fégm‘the analysis. for various trenches are showh
on Figpures 7.9 to 7.11,

‘A careful study of the results, Figurés 7.12 and 7.13,
show a conslétaht trend{ In the cases vhene’a risernexlsté
beiow the trénch (PE25 ... PH7; PE36 «+. PH 11; PE37 ee.

PH12) the predicted readlngsﬂwdre all a little highe. Wheﬁe a
. ) . . . |
. _ !
riser is above the trench (PE24 «s« PH2; PE3S e« PH10) the
predicted readings in the downstream zone are all much too
- . B ' ’ .E

Y
I

low, but the upstream zones are good. So perbaps the rlse?s

ere influencing the résults also. The higher permeab illty
being caused by the construction technique (Section 2.3)1 e
noted around the risers. This was much more dif:icult toi

analyzee.
Specific inflow values were speclfiéd at thevnp§es.

where risers were locatede The results were improvéd in all

cases. The required permeability ratio of the annulusfﬁround
/

the risers was backcalculated from the flow value,/}ﬁe area,

/
and the known potentials at each end of the rlsoyﬁ this
s ’ / ’
yielded reasonable ratios of about 300. These #;sulfa are

v . “:

also shown on Figures 7.12 and 7.13. AN i
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1.5 Conclusions

Wgeréas none of the preylous analy;es predicted the
obgserved pore pfessure digstribution in the core, this
enalysis assuming the instrument lead trenches to have a
higher permeability than the surrounding core, provides =a
.pore pressure dlstrlbutloﬁ simila; to the observed valueses

The differences are reduced bf 1nc1ud1ng some effect
from the risers « It i1sg virtually iﬁposslble to reilne the
analysis further, becauge of the sensitivity of the r;sults
to'actual construction methods dnd ;nrlations, detalile of
which are not avéilable« PH2 is the only piezometer which
does not fit thias model well. A way tovexplalwritgiﬁ;gk
readings is by vlrtuo of some construc;lonalvdevlatlon which
may not have apéeared slgnltiqant enough to report, such as
backfilling downstream of Pﬁé with a slightly more
1mpermeab1; materiale.

Addi tional effects such as pore pressure increaées due

v <
to reservoir loading are not simple to evaluate in the

vicinity of the trencﬁes, except thaflthelr magnitude will
prébably be reduced. The anomalies noted dg the transient
seepﬁge analysis (the very rabld ;esponse of the downstream
plezometers) could very likely be due to these trenches with
a much higher k/N ratioe. The uppa;ent rapid dissipation of
the end of construction pore pressuree in the central core

zone (compared to the edge zones) may also be explained by

the proximity to the zones of higher permeability.
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It is rather difficult to provldevmore than a
qualitative assessment on the influence of the lngtrument
trenches and risers. Quant%éatlve results are too sensitive
to Iocalfconstruction methéde and veriations. However 1t has
been adequately demonstrated that the instrumentation
trenches installed in the Mica dam core mey to a large
extent be reépons}ble for the unusual plezometric readingse.

It is thereto;f likely that the generel pore pressure

digtribu jlthin the core is considerably different than

=
that suggns@ediby the piezometers and, in fact, may be very
similar to the distribution suggested by the steedy state
enalysise. ~
Several solutions are posasible to reduce the likelihood

of pfefterentlal seepage paths along the instrument-lead
trenchese.

- The backfill material for the trenches should be

the same as the surrounding core material, with the

larger soil sizes removed.'Thg compaction molsture

confent and dens ity should be mafﬁtnined as close as

possible to the surrounding core material. This will

aid in reducing hydraulic property dlffereﬁées,

Strict construction supervision is required at all

times and deviation from the speclflcatlons.s?ould

not be allowed without careful cornsideration of fhg

possible consequences. :

— In very narrow cores of low permeabllity special

precautions may be necessary to ensure Instrument
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reliability. Procedures 'sucly as those suggested by
Blight (1970) may be satis actofy.

¥
- For cases where lnstrﬁmented s@ctlon\ are not tar_

o

apart along the crest, the instrument-lead trenches

////>Ebu1d run parallel to the crest. Special attention

L, -
to detail would be regquired where the leads turn
_}%@v perpendicular to the crest and exit into the

downstream shell, Thie alternative is8 controlled by

the economics of the situation.

’

iy
Ras



Chapter 8

' » © Conclusions
This thesis has 1n;est1gated the response of the pore
pressﬁres in the Mica Dam to reservoir impounding and
transient seepage. It compares theoretical results to the
observed behaviour &nd provides explanatlbns for the
dlfferehces between them. The process 1nv61véd during the
period between the end—of-cons?ructloﬁ and steady state
seepagé are described and anaiysed separately to gain.
insigeht into thelr relative contributions. The liklihooéfof
hydraulic fgacture has been evaluated.

The method of Instrument installation has been found to
have a slgn{flcantllnfluence bn the oﬁserved pore pressure
distébbution; The general pressure tiéid 1s~1qcalt¥\“ ‘
perturbed byAthe contrast in hydraulic properties between
original compacted material and backfill around instrumentse.
This‘1; both unforfunate and a serious technical problem
since gatlsfactory comparison between theoretical ahalysis,

2

design assumptions and field performance cannot be easily

e,

undertaken. .

145
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8.1 Significance of the Processes Ipvolved during Resevolr
Lecoundment and Iransient Seevages LT

The- total étress'changes%along the upstream face of the
core caused by reservolf filling will be less than
hydrostatic velues. These stress increments will cause a
change 1in por;mpressure distribution throughout the core
which is slgnlflcaﬁt bqﬂroppargntly does not d;minate the
observed pore pressure distribution. The estimated values
are functions of the induced shear stress distribution
assumed across the core. In this thesls the assumed

distribution was compared to the analysed case of the

Orville DPam and the measured casé of. the Ge &}

8212 Iransient sgepages
v The transient seepage phase was estimated to be
relatively rapid in the Mice dam case, taking approxlmatély
S‘years_despite the lo; permeability of the core (10 -7
_cm)seci. The advan¢e of the phreatic surface corresponds
reasonably closely to the observed water levels in the
movement gauges. The estimated steady state phreptic surface
U .
by conventional analysis is very much higher in the
downstreamAzone of the core when compared to an analysis
.vhlch conslders flow within the capilliary frlngé (Freezer
'19?1).-fﬁis anomaly is most pronounced in a dam
con!igurgtlon slﬁilar to the Mica dame. The downstream

0
movement gauge appears to substantiate the argument for a

B



-phenomenon untlikely. Hydraulic fracture potential is very
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lower phreatic surrace and therefore the transient anulysls

'c . v

ngt be cons ﬂered 1naccurate near the dovnstream core face.

B21.3 ngxsulls lzngiuxinx; -

\ : ,JW .
It has been. estlmatqd that although hydruullc T e

(]

fractfuring 1is feasible qun reservoir filling, rhe chrgg

in total stresses are of sufficleni magni tude “to make‘ghiﬁ

sensitive to the degree of arching present.in the core. The
. ‘ g,v-af ’
mechanism of initiating hydraulic fracture from inflow tests
in stan&pipes is completely different from that of reservolir
filling and so hydraulic fracture resulting. from 1nfloy
testing does not necessarily imply e high rilsk ot hydraulic
o T

fracture occurrlng during reservoir fillinge. a

B;;;A sJustification for simplified analysls,

For the purposes of this study the processes igadlng to
pore pregsure changes during;reservolr fllilﬂg and. transient
flow were seoarated‘and analyzed 1nd1§idually with
simplifica#ions. There are many lll—defiqed parameters such
as the storage coefficient, path dependent pore pressure
parameters, which preclude the use of more refined rinite
element analysis. It would be.or limited benefit to refine
the analysis until the significant mechanl sms and parameters
are better deflined and-understopd. It may be very difficult
to model the behaviour of a core in the laboratory in order

fo better determine the relevant parameters because the

’
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r;sults are vefy'sensltive to in-situ conditions such as

conpaction effort, compaction moisture content,
. -

permeabili ty, pofoslty and compressability, some of which

~change with time depending on construction history and

location in the embankment,
Suitable, well placed instrume ntation would he}p to

pProvide further insight into the contributions of each

Beperate mechanism,

mmmﬁ:mmﬂmmmn
It is apparent that the observed pore pressure

distribgtlon within the Mica dam core is8 at variance with

o

"the calculated steady state dlstrfﬁution. even though the

evldeqce suggests that esséntially steady state conditions
have been achieved after.about 3'years.

The observed distrlibution ig not reflected by the
reservoir loading nor the trangient seepage anatysls..lt
must be concluded that some niternatlﬁe,pheanenon was
producing the observed distribution. A study was completed
which indicates the sensltivity of local pore pressures to
non—homogeneities present in the form of instrument-lead
trenches. The evidence from the plezomete:s connected to the

upstream shell shows that these trenches(nuﬂt provlde a

o 5
preferentlal seepage path-,Thls model When applied to

specific trenches within tbe t111 core readily reflected the
. .

observed trend. The magnltuaag are sensitive to Permeability

.

ratios and speclfic trench alzei, accurate details of which

v
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~

are very difficult to obtaine.

.
< ~

;”Similarly ir the risers .are considered to behave as
preferent;al seepage bnths the agreement between the
calculated steady state pore pressure dlstrlﬁution and the
measﬁred distribution is improved. ;t would be useless to

v

refine the analysis further because the specfic construction
’ .

defails required for input are not avajilable. The analysis

indicates In a quantltative manner that the plez?meters
placed in the Mica dam core are not reflecting the general
pore pressureﬁdlstribution during lmpounding. The
ﬁon—homoggneifies caused by the instrument-lead trenches are
sufficient to create a local pore pressure dlstﬁrbance.
which is being monitored by the piezometers. It is concluded
D
that the average pore pressure distribution within the core
,' vf \

is probably similar to that proposed by steady state theory,”
with possible errors in the downstream core zone depending
on whether the flow in the capilliary fringe is being
considered.

This emphasizes the very conslderable care required

¥ -
when inustalling piezometers in a narrow core embankmentes If

sufficient protection is not employed against preferential

‘seepage tt~ results will likely be valueless ard the expense

of the en. re instaltation wasted.

A serjous consequence of inadequate installation

=3

proced: e would be the increased likelihood of hydraulic

fre- :...re initiating if the trench were connected to the

. .

upstream shell. Therefore designers should never consider
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running trenches from the lower core into the upstream

shell, and this éhouldnnot be done in the upper core without"

considerable justification and consideration of the possible
consequencese. Cohslderab}e~att§ntion is iequlred during the .
design and installation to ensure that the hydraulic

Jbr*pgrtles of the lnstrument-lead trenches are s8imilar to

e surrounding core material.

, . | | %

8:3 Selection of Piezometer Type { e

. IS o
Some conclusions are drawn regarding pilezometer types

v

used in embankment damss.

i

Hidraulic '"embankment type' piezometers are excellent
and should be used where posslble..Thelr maln attractlon is
simpllcity of operation, the facility for de-airing and
in-gsitu testing. It adequate care is taken during
installation their pgrformance is conpletely satisfactory.

Electric piezometers require special atténtlon in

o
partly saturated zones., The cpolce of a high air entey stone
does not remove the possibility that the tlé is recording
po}e alr pressure in zones of low stresé;;Thelr design .
precludés thé ;6531b111ty of tlushing:oriﬁhésltu testing.
They have been proven susceptible to bvervol}ug§.fa1'ures

from .lightning strikes unless very Bp?c;ai atteéention s paid

to overvoltage protectione.

o

) \
.Pneumatic piezometers generally lack a deairing

acility and in-situ tests are normally impossible. Long

lead lengths and certain lead types may present problems.
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Operator error is not uncommon. Insufficient evidence is

aﬁqxlable-ln the 11 terature regarding the long term
, 6 , '
behaviour and accuracy of these piezometers.
. o . s
In many instances electric and pneumatic piezomete;s

may be excellent cholces but it is the author's opinion that

where practical hydraulic ' embankment type' piezometers
should be used in pﬁrtly-saturated compacted—-fill

embankments. Their suitability and long term reliability

. ' ) . ' E:
have been adequately demonstrated in the literature. If a Hh

variety of piezometer types;g;e employéd then care must pe

exerclsed to ensure thé*:dltfereqt piézomete%*types are

- =%
placed within zones of similar potential. In a few locations

it ;s qesirable t0 provide a hydraudlic piezometer close to

the alternate type,, to’ serve as a.calibration checks In this

‘manner an adeqguate dgécmlptlon of the pore pressure

B . @
distribution may stlll be possible 1f a particuler R - .
: I ' o .

plezone ter type.malfunctionSq It muset be remembered that
o Ly i .

once a malfugg%iodboccurs it may be impossible to replace
: WL % ‘ -

F

that plezomq&er end it will certainly be very expersive to .

- ]
N ®
do Soe. . g =,

/

Based on the work prééented here the following is

recommended for further research.
1. The effect of rotation of principal stresses on
the pore pressure‘parameters}requlre further

attoﬂtlon.
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Further 1nvestlgafion i8 required into the shape
of the steady st;ie phreatic surface in a core
where the unsat#rated or caplillary fringe flow
is considered. Particularly useful wéuld Se
investigation of case hlsgorles which indicate
the phreatic surface with tlmet

In order tgat-trdnsignt flow may Se succesfully
analyeed it is nthssnfi_tq provide & more
accurate Qescrlption”ot the storage coefficient
and 1its sengltlvltyltovparameters euch as degree
of‘saturatién, compatlén water.content,
porosity, d;gree of compaction, stress history,
-and graldn size dlstrlbutlon.

A partlcu}arly impqrtant'area of research would
5e‘an investigation of hydraulic Iractufe; It

may be possible to use 1ndu¢éd.hydrau11c

fracture as an indicator of degree of arching 1in

1

brltlcal zones of(ihe core; This in turn.gould
be ;elated to thé likelihood of hydraulic
fracture occurring on reservoir filling .anrth
presaﬁre cells have not ?een'very sucess ful in

3

éebankments to date, but rerhaps they could be

'

,used,in’conduncflonmvlth h&draulic fracture

tests to determine in-glitu stress states more

accurately., - !
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