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: ' ABSTRACT
| ‘ !

Tvo related models are propdsed‘to explain aspects._of.
the connection between 'seiSlicity , vater depth, 1oading

bistory, and hydrologic conditions at an artificial lake.

Both nodels ianvolve fluid loads on layered balf spaces. The :

P

response ini each  tase  is most . ra%édly deterninedn with

Pourier_‘transfort‘-technigues. The nodéls are laterally

homogeneous, but in spite of tbis silplification predict a '

: gratityiag)nulber of observed seis-ic features. A model of a
load on an elastic half-space predicts nany features, but .
‘does not provide time dependent pradictdons. A sililar
calculation for a perneable layered structure predicts that
initial seisnicity will occur directly beneath a reservoir
during tbe’ first filling. However, the region nost subject
“to seislicity changes in pcsition and tile as the. lake depth’
varies andciay“se offset froa the iake. The response of :
permeable structure .can be expressed as a product of two
‘terls- onelevaluated at tbe particular tile of interest . and

!

ﬂthe other a convolutionA-integral containing the rate of
r‘\" \~< .

cbahge of depth.

BranpleSg of Ehe ‘calculationS' for 'varions loading'~

bistories' are giVen in tuo -and tbree dilensions. Por aitwo!.

4
dilensional lake model and an. assnned filling history, it is\

shoun that seisaic- risk is a function of tine and posiﬂiom

vith respect to the lake. Uaintaining a constant,vater deptb '
' ' ! ‘ Y ) £

! v .

?,:{; .
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4

\Iof high pore presshre'éo diffuse avay. It is also showvn that

a partial e-ptying and refilling sometime after the initial

\\

sona instances it is felt that draining and refilling nay
ca&be an increase in the tegional selsnicity.

\ N I & \ . . »
iy Con . .

vi

filling _can cause extrelely large stresses in the rock. In

. allows the-region to stabilize slightly by permitting lobes

%,
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Ghapter 1 RO
Background ‘'to the Study

1.1 Introdyction

l .
The filling of large artificial lakes has ofteé\ been'

associated uith an an apparent increase in the seis-iciﬁy of
\
the region. This work will investigate the seismicity f on

the theoretical aspect of -examining stresses produced in the .

rock bycrhe application of a surface 1load - " the laker A
mathematical approach has many difficulties, .since'ﬁrhe
application of"silplified 'fheoretical models to the
complicated  Earth rarely leads‘ to }results vhich are \

conclusive in every case. ,

s

A |

The literature on Seis-icity around lakes is .extedsive
eith the current activity directed tovard ‘the ail of being
- able to predict vhether the filling of a certain lake eill
increase the.'region's seislicity. This i; ‘called the
J'predictire problel". ) — ,

&
¢

Perhaps the most iléortant cehsegnence of lake v
feeislicity can be exﬁreesed in terns,'of the }life and
propertj dalage vhich »may occur-' eear epicenttes of
laqnitudes greater than 6, on the Richter scale, several of
vhich have been detected close to large reservoirs. The,

deecriptions ~of theee"earthguakes can be found in several



excel}ent review articles (See"silpson (1976), Gupta and
Rastogi (1976)) and need no detailed documentation here. At
Koydai(see Pigure 1.1) 200 lives vere lost' and a large
alount of property ’daeege vas eqesed hj a magnitude 6.5-
eartheuake uithin 10 km of .the lake. it is ‘generally
conceded that ‘das engineers can desigh .structures to‘
vithstand extresely large earthquakes safely eo the chances
of a danm fallure are minimal. They vould-houever like to

keep the cost down by -knoving vhether an‘ earthquake ;;
likely 'aed, if so, its probable size. An assessment of the ‘

risk to the snrrounding structures and population is also

‘part of the predictive problea but is not dlscussed here.

sianOn (1976) has presented anrexcelleht‘suelarj of
‘the seismici ty around reservoiré. What is obvious ftOlj his
list of 'large! reservoirs is tHet _not e11 of-thel are
Wissociated with earthqnakes."The definition of e large
reserv01r given by the Ccinisszon On Large Dams is one that
‘ ie deeper “than 100 letres and cohtains ab Yolule of
approxiletely 1?2 billjion cuhic letresr h |

\ . . , o
.

This: thesis will concentrate on some of these\'large'
'dams since the uezght and pressure head at the at the botto. '
of - these is the greatest. .Large daas also seem to be those

sost. Subject to noticeable seisn;c changes.t

In”‘tﬂf World Registry of Daas (I.C,O,L.D. 1973) there

|appeer 275 d@ls wvith heights larger than 100 metres vith a

N
& o



Pighte 1.1:

A vorld'lap,shouing the positions of most

of the lakes with significant seismic -

changes after filling. Rangely and Denver
are sites wvhere tests on the dependence of
the seismicity on fluid pressure were

.. conducted. \
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[

'further 149 planned or hexng constructed Of these uzu, 93

‘ are over 150 »n and 38 have volunes in excess of 10 . billion

cubic nmetres. It is apparent that the 51zé of dams, as uall

as their number, is rapxdly 1ncreasxng. The tallest is Nurek

w‘at 317 @ bigh Br&t&§ contains a volune of 169 billlon cublc

aetres of water.

PR

R [ Table 1.1a (lodified from Silpson'-~(1976))' lists the

largest dAls and Table 1.1L the deepest. There appears to be
no consistency between either the water depth or volume and
thehseis-icity. rnis indicateS'that neitherldepth nor volume
are in themselves sufficient to change the seisnic pattern.
Rothe (1973) has 1ndicated that depth appears more ilportant
than the total volume and that the activity is greatest in

reservoirs deeper than 100 letres. This is not evident from
the ‘tables 1. 1a, 1.1b .and the 100 = deptn criteria now

appenrs leeningless.

i

. \ -
In many cases lakes are situated in areas of relatively

. 7 , ‘ ‘ ! )
high tectonic activity. Even vithout“-tne presence of the
lakes, a large nuaber of events can be expected. The preblel

of trjing te:separate’paraleters vhich indicate a change in

the seismic level in theAregion before and ntter the filling‘

is poorly treated in the literature. . Ome  probles to be
considered is 'how far'a seismic region extends. Gough and

Gough (1970b) examined the seisn;c history for .the area



DAM NAME

'NUREK
GRANDE DIXENCE
INGURI
"ROSSELLA
VAJONT

MICA

SAYANSK
"MAUVDISIN
OROVILLE
CHIRKEY

LOCATION
!
USSR 72
SWITZERLAND 62
USSR C
. ITALY '65
ITALY 61
CANADA 74
USSR c -

ESMERALDA (CHIVOR)

BORUCA.
BHAKRA

HOOVER (L. MEAD)

MRATINJE
CONTRA
PATIA
DWORSHAK DAM

o

TABLE la: HIGHEST DAMS
DATE GEIS-

SWITZERLAND 57

 USA, CALIF 68

USSR c

"COLOMBIA €75

COSTA-RICA P80
INDIA , 63
USA ARIZ.NEV 36
YUGOSLAVIA C

. SWITZERLAND 65 °
COLOMBIA P

USA, IDAHO 73

. GLEN. CANYON (POWELL)USA, ARIZ. 64

TOKTOGUL:
"DANIEL JOHNSON
AUBURN ’
LUZZONE
KEBAN

HIGH MOUNTAIN SHEER
MOHAMAC REZA CHAH

URANCANCHA
ALMENDRA
ROSS HIGH
GRAND-MAISON

RAZA CHAH KABIR *

KONDJILA
L4 ’

NOTATION - TYPE

. TE

ER
PG

'CB
VA
MV

.- ‘EARTHFILL

USSR c
CANADA 68
USA, CALIF, C

SWITZERLAND 63

‘TURKEY 74
USA, IDAHO P
IRAN 63
PERU P
SPAIN .70
USA, WASH. P
FRANCE P
IRAN 73

YUGOSLAVIA P

- ROCKFILL C
- GRAVITY P
- ‘BUTTRESS

- ARCH }
- MULTI-ARCH

!

TYPE DAM RES.~-
. HGT VOL.
m m3x10°®

I3

ER 317 10400
PG 285 400
VA 272 1100
TE 265 - 17
HA 261 . 353
TE = 242 24670
VA 242 31300
VA 237 180

TE 236 4298
VA 233 2780
" ER 230 815
ER 227 6700
PG 226 9868

VA 221 36703
VA 220 880
VA 220 86
ER 220 11000
PG 219 4278
VA - 216 33305

- VA 215 19500

MV 214 %1851

TE 210 2837
VA 208 87
ER 207 31000
VA 204: 4
VA 203 3340
VA 203 701
VA 202 .2649
VA 201 4263

va 200 205 -
- VA 200
VA 200 416

2900

DATE - YEAR COMPLETED
- UNDER CONSTRUCTION
- PROPOSED



TABLE 1b: LARGEST RESERVOIRS
DAM NAME . " LOCATION DATE SEIS- TYPE DAM RES.
' - ‘ MIC HGT VOL.
j <, m- m3x108
BRATSK | USSR /- 64 PG '125 169270
SAAD-EL- AALI(ASWAN) EGYPT 70 ER 111 164000
KARIBA = .. RHODESIA 59 * MV 128 160368
AKOSOMBO MAIN DAM  GHANA 65 _ER 141 148000
DANIEL JOHNSON CANADA 68 MV 214 141851
KRASNOYARSK - USSR - 67 - PG 124 73300,
W.A.C. BENNETT CANADA 67 TE 183 70309
ZEYA ) ‘ USSR * . C PG 115 68400
SANMEN HSIA CHINA 62 PG 107 65005
CABORA BASSA  MOZAMBIQUE 74 - VA 171, 63000
UST - ILIM USSR o PG 105 59300
TANKIANGKOW . _CHINA 62 PG 120 51000
HOOVER (L. MEAD) USA ARIZ.NEV 36 * VA 221 36703
'LOUILOU - . ZIARE P PG 137 35000
GLEN CANYON(POWELL) USA, ARIZ. 64 VA . 216 33305
SAYANSK USSR c VA 242 31300
KEBAN TURKEY 74 ER 207 31000
.MICA .CANADA 74 TE 242 24670
" KENNEY CANADA 52 ER 104 22203
FURNA'S BRAZIL / 62 ER . 127 20860
TOKTOGAL USSR . C VA 215 19500
GURI . ~ VENEZUELA 638 PG 1b6 17700
TTUMBIARA" BRAZIL P79 .ER/PG 106 17027
TAMAHARA JAPAN P ER 116 16300
KOLYMA USSR . Cc - ER - 13% 14600
TARBELA PAKISTAN 75 * TE/ER 143 13687
DICKEY USA, MAINE P - TE 105 13048
SAC SIMAO BRAZIL P TE/PG 120 12500
MOSUL IRAQ P , ER 131 12500
~ BHUMIPHOL THAILAND 64 VA/PG 154 12200
GRAND COULEE. USA, WASH 42 PG 168 11975
GORDON ‘%USTRALIA 74 VA 140 11728
HSINFENGKIANG \  CHINA 59 * PG 105 11500
NAGARJUNA SAGAR. INDIA o TE 124 11315
PATIA COLOMBIA P ‘ ER . 220 11000
SOUAPITI GUINEA . P g TE 121 11000
MANICOUGAN 3 CANADA C75 * TE ~ 108 10423
NUREK USSR - 72 * ER 317 10400
 NUTATION. - - o . : |
) TYPE TE - EARTHFILL DATE - YEAR COMPLETED
' . ER - ROCKFILL C - UNDER CONSTRUCTION
PG - GRAVITY = P  '- PROPOSED
CB - BUTTRESS
VA - ARCH

"MV - MULTI-ARCH e



around. Kariba but no events were found. Hoqever, vhen the
Seisnieity.for the wvhole of southern Africa is 'plotted, as
- shown in.figure 1.2, tvb seismic areas becoae apparent on a
feature pessing,through Kari ba. One ef these is near the
reservbir with all tne events occurring after the filling,
and the other in the Okavango. In bbth' areas ' there ‘exiet

;large\quantities Of_eurfeeé water on a~tectonic feature.
\ .

at the other .egtrene, Lakelxrenasta was reported by
Conninakie et. al (1968) to sneu'geod correlatibn betveen
the filiing of the lake and the local selsllc1ty. Hovever,
it is difficult to distinguish the epncentral ‘distribution A
pattern before and after the f1111ng u51ng thé’sale u O.A A.

data bank. Thls is 111usttated in figure 1 3. LN
v . , ~ L
If -ie examine the seis-iéity within an afea subject to -
the sane tectonlc forces (earth forces causxng large scale

Y

- deformations) several /observatipns vcan be made . at lake
sites. In many cases tne'epicentreh &re ueuaﬁly' very close
to the ,lake - uithin 25 km and often much closer..&ecal
arrays often place -any eyents directly under the, lake.
'Several exalples‘ .of the eplcentral distributlon of the
1arger (lagnitude greater than 3) events at koyna, Karibe)
'fvnurek, Oroville and, Boover are shown 1n figures 1.4 to 1.8.
Theapositions and lagnitudes of-these events vere deterllned'
fron teleseisnﬁc data and may differ from these deterlined.

by local netuorks. The d1fferenee in position vas about 0.2

degrees at Koyna.

w2



Figure 1.2: .

\

Epicentres 'plotted ‘for Southern Africa
from the N.O.A.A. Summary tape. Notice the
linear pattern of events through Kariba
and the Okavango Swamp to the south: west.

' These are twc areas wvhere there is a large’

amount 'of - ground water. The intense

. distribution of events near Pretoria is

probably: related to the Johannesburg
mining activity. : . o .
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%@} Figure 1.3:

v

©

Epicentres fron the N.O.A.A. Summary tape
for the Kfemasta region in Greece with the
coast line and drainage pattern. (a) - shows
the distribution up fo and- including 1965,
and (b) shows. the same data after filling
in 1965. By comparing patterns, it is not

‘cbvious that' a major change .in the

seismicity has occurred since filling. It
$hduld be enphasised that before 1965
feuet events vere recorded and their
magnitudes vere generally unknovn.
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FPigure ;1.4:

. Epicentres determined near Koyna in India.

o
\

All the events : shown occurred after the
completion of the reservoir. Uncertainties
exist in the exact position of any event
by up to one-tenth of a degree. :

.

A

o
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f

. Figure 1.5:

. t - s oy
Epicentres fros the ¥.0.A.A. Summary tape
for the Karita region in Rhodesia. All the
events plotted in this region ovccurred

‘after . the completion of +the reservoir.

Notice the tight clustering of events at
the deep end of the lake. Many Bwmore
smaller events vere observed by 1local
stations but the smallest events plotted
bave magnitudes betveen 3 and 4 Mb.

'
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a_??

Pigure 1.6: .

1
\ . Y

| .
Positions and wagnitudes of .events
recorded before (a), and after (b),
impoundment at Nurek in the. USSR. Several
events are seen close to the lake both
before and after filling  and it is
concluded  that there is no significant
change'in tectonic activity. Local arrays

have observed migration of microseisaic

events towards the lake,
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Figure 1.7:

K

—

~ U

Bpicentres ' near -~Lake ' Oroville  in

california up to and including 1968 are
shown in. (a). This shows_ a seismic gap

within a 50 km radius of the lake. Since .

the filling of the lake,(b), ‘the pattern
has changed little. The position of the

August 1975 magnitude 5.9 Mb event is

shown by the star in '(b).

o
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\ .
The earthquake epicentres at Hoover dam
are 'shown since the £illing in 1936.
Before -thisq‘ only twvo, events of
undetermined magnitude were observed in

" the far. NE corner of the area. fhe small

number of ‘events before ~filling -is
probably only - a consequence of the
shortage of instrumentation at that time.
A cluster of events is observed near the
dam wall. ‘ \ : , .
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In only a few ca;es have depths Been deFerlined. Local
observatiops and the teleseismic data all indicate that the'’
hypocentre§ are'shalifd. Gupta-et al I(1970) have plotted

«  positions determined from thé local array at Koyﬁa and the

important results are shown in figﬁre ].é. The uncerﬁainties

in the-déteriinétion»are‘not gi%en.

[ . N “'Q ‘
Figure 1.9 does serve to show that the bulk of the

events, cccur 1less than 10 km deep but may extend to 30 kam.

They are limited laterally to vithin 10 km of  the centre

axis of‘tthlakea Reports o&,hoise (S;jpson‘1976r dqring the

_earthquékés is indicative of shallow efents;

N

ﬁigraticn of éeiSlicity Qas\also been observed éé some
lakés. Ssimpson (1976) and Soboleva. and _Mamadaliev (1976)
have indicate&’ %he a;rays‘ of Nurek shou a m.gration of
"events toward the lake. théy propose a model . in lyhich " the
increased pressure ,headl belou.themlake -igrates’#agy from
'thefldke. The presépte changes are delayed behind the
. elaétic deforiation by the diffusiop 'iag. The region of

failure moves fovard the lake in such a model. Inherenf. in

"this lodel_ié-theggssn-ption that the elastic ldad falls off

~more ,rapidly with distance than doeé-the'fluid pressure;

.this will be examined later..

; . . .f‘—\j'/i'.q Y ) . )
The focal mechanisms (Sykes(1967,1970), Bufe et. al.
(1976), Gough (1976) and an gxée;}en€~article.bylLangston

(1976)) observed at différent' lékes are. consistent with
{ . - . . : ~ '
N

. . . : N
a . . . e .
L \ ; .
. 4 ) | . ‘s N .o
§ oo C ke b . e l et : e RO n LR G Tt et L fun . Neshe ra mien it i SS e, S e e L
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Figure 1.9:

The array stwdy,nat Koyna yielded the
Fositions shown for the aftershocks. The

events are clustering at the deep end of:

the 1lake and are relatively shallow. Most
of the events were above 10 knm deep and
lay within 25 km of the lake.

(Modified from Guha et. al. (1974))

A
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A}

neighbouring tectonic faultiné. At ‘Kariba, Kremasta and.
. ; [

Oroville nor!alxdip—slip faulting is observed, while aty

Koyna, Hsinfengkiang and Hoover the mechanism was strike-

slip. Jacob et. al. (1976) have reported a slight change _in

1 . N - .
activity at Tarbela which is in a thrust_fahlting regine.

Nurek has also, had many small events in a thrust regime. The,

magnitudes of the main shccks near reservoirs have been as,

)

hig}»'as 6.5 athoyna,.6.3;at Krenasta,“6.1'at Hsinfengkiang

and so on down. Theie would appear to be no upper 1limit to

‘the _lagnltude since recent vork suggests that the lake acts .

only as a trigqger. The magnitude is then oply lxnited by the

stresses avallable[ln the region. The fact that there have

been: only a fei events ‘of légnltude greater than 6 near

‘lakes can be explained in two vays. P1rstlx, the lake has to

ke placed 1n_ a sultably highly p;estressed region; and

secondly, the larger events are%.less freguent than the

smaller ones. Scme authors feel that the 'lagnitude of the -

main shock is limited since' the anomalous stresses due to

" the lake are localized and the rupture length of a large

earthéuakes is hundreds of-kilo-eters. This argulentaignores

“:the p0551b111ty of a locally induced rupture extendlng into
‘an area in vhich there exist _sufflcient stresses for the‘

fracturelto continue to propagate. ' .

The_ nagnltude-frequency distributlon of most

iearthquakes sequences follow the émpirical rulea

Log N = A-bM  ®
10 _
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R

{

- where N 15 the number of sho ks of nagnntude greater than or

' g
equal to M. 'A' and ‘b’ &re constants ~detern1ned fzih the
(o}

X

region. The constant A is uncertain since it depends the

\

sampling tile_and is subject to a lafge error, so only the
'b; value‘is usually'used.uValuesl?f 'b* have been reported
lfron 0.5 to 1J5,Abut it usuali}*lies‘bet een 0.7 and 1.0 for
tectonic reglons. Tue 'b* value obsefved at "~ many lakes is

given in Table 1.2 derlved from the data glven in Gupta and
Rastogl (1976). }t,can be seen from this that the 'b*' value
for  after- shock sequeaces at lakes is about 1. They are on‘
the hlgh ‘end of the norlal range and usually hlgher than the
'b* value for the reglon. The 'foreshock<_'b' values are

-

larger! than thosetof the after-shocks.

- . o

- The lake seismicity also has a large /M, value where Ll
is' the -magnitude of the aaiushock and M the Iagnltude of
the largest aftershock. u/u values range fron about 0. 6~

|

0.9; Gupta and Rastogi conclude the normal’ satuatlon is one.

- where large *he cprresponds to a s-all u/uo ratio and

s.aller 'b" with aslarger u/u ‘value. This is in contrast

with the sxtuatlon at neser701rs uhere large *bt values are

calculated ‘with largelaxu ¢~ (Papazachos (197“)). o HE§<

Little reliance should be placed on'seisuic paia-etérs

as they are dlfficult to”; determine accurately. The

co-parisoﬁ of 'be values with historic ‘bt values is alwvays

leanlngless. For exalple, 1t seeas 1-posslb1e to conpute *h?

‘values for lcng per;ods thle the means of detection ate

e
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changing. The '0.47 'pe value for the Indlan Penlnsula has
been taken froa data covering 3db years and I fail see
its s1gnificance 1n a conparison to a *hv value conputed.by

\
a lodern seitsmic array. The Peninsula data vas'publishégL by

Gubin (1969).

It is my conc1u51on that the calculation of ‘*h¢ and"'
fu/uo values is only useful in \observ1ng possible trends. -

Caution should alvays be: taken 1n conparlng selslxc *lumped
observables® fron one area with another, and then 1expecting>

the averages to apply to a third.

-~
[

The correlation .hetﬂeen ,the uater level and seismic
_freguency has been publlshed by nany authors (see Gupta and
Rastogi (1976)).' ﬂagiuara »and ~Ohtake (1972) give typical
-results at Kurobe anll show the hlghest correlation (0.41)

ex1sts, in their case, uith_a lag of less than one'nonth.

[
~

?he stresses produced by changes of water pressure in
the rock affect the total stress. Tvo_ contradlctory noqels
can be exalined depending on the rock's vawﬁr content. If
the rock is dry the vater uill not affect the stresses until

- after it has diffused 1nto the rock. In this situation the’

. rock °deforns .elastically, wvith the uater effects occurring

15

at a later tlle. If the rock 15 saturated the pressure
'changes are transnitted through the connectlng pores over
the area affected by the load. This 1n1tia1 Pressure ,hchange

is rapid in the neighbourhood of the source of the change.

! . : : y " : A
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The pressnre.gradients eStahlishéd cause diffusion which
relaxes the gradients. The relaxation takes place after the
loadlng, Hlth the rate governed by the rock perleabllltyf
The. rock is assumed to contaln water in the work that
ﬁollgus - Since daleinsuaIIY'confine prevexisfing rivers it

is a reasonable assumption that' there already existed ground

water and tha£ it extended to significant depths.

4

Reservoirs are u%nally guite Large,.and'nay be tens of .

i
/

*kilometers widé by several hundred long. For this reason the

hydrologic regile§ should be examined in an atteapt torfnlly

describe the conditions in the rock before the reservoir is

filled. Large quantities of iater may be .transported by
\ o :

| qpese' regiles‘ and the  water pressure - may ‘differ

suhstantially from the hjdrostatic'head; In some areas the

vater preserre vill be.larger, and at othersv the pressnre

 smaller than hydrostatlc. These large scale features are not

vell known 51nce they are usually not reporteq -in the open

‘llterature onllake selsl1c1ty. Oﬁbionsly . hydrology ks ‘as

'1lportant as the tectonic stressesg but since no data is

) - \ : : . , [
available at tHe reservoir scale it has been ignored in the
ekalples.c It is possible to generalise the mathematical

theory presented later to include these effects. . !

One would .assume the changes in sersn1c1ty wonld -occur:

v1th the level changes and the later .@®iffusion. processes. at

“later times. Snall foreshocks change the dra1nage pattern'

and- hence ‘the dlffusion tlnes required for fluid transfer s0:
| a ¢

A
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c§rrelatfons between lake level and . seismicity may .become
confus@d ‘at latér‘tiiés. Tge best ‘correlations ére q§ually
seen during thé first f;llihg anﬁ several examples \of this
are shéun in figdre 1.10. The positions of most events are
poofly known, and thisyé;rticularly applies to the deptﬁ -
deterniPation._,At Vajogt large scale slumping occurred, and
since the depth‘is unknoqn.severalwprocesses'may be . causing
- |

the. detected activitf. ‘ o i

. ’/ ‘ - ’ v .

It 1is not opvious from these diagrams whether the
seis;icify is related to the increased water level or the
rate of change'of 1evel. Both are related. to the water level

apd, in diffusion fprocesses, the\rate of changé of pressure

is an important factor. o . Y

Gough and Gough' (1970) have indicated the desifﬁbilit%
of 'hsing energy radiated, ‘as well' a§ frgquency, in all'
corfelations sinﬁe this' gives the corfect veightih\ b the

the larger évents. In the examination of induced seismaicity

the:stréin.féleased is'propdttional to the square“ root of.
the eneréy- (Richter (1558), p368)ﬁ The energy fadiated is’
closér ‘to the hcause—effect | lechanisl | than are 'thg

teadaustlents sh&in bi'the ﬁe%snic_fréghency.

It uil;h’be shown lqtet that it is possible to relate
thé strgss'pfoduced in the r§ck by the lake with the_:uatér
depth,»thetrage of change of pressure head, and fhe time the

" pressure head is -laintainéd. fhé correlations betveen the

e



v
Figure 1.10:

\

—

(a) Water 1level, frequency of events and
energy radiated at Kariba are plotted as a
function of time. The énergy radiated is
strongly dependent on- the largest event
within each of the four week periods.
(Modified frcm Gough and Gough (1970b))

(b) Histogram of the number of events and

" lake depth at Vajont in Italy. In October

1963 a. large mass of rock slid into the

lake causing great damage. , (From

Galanopoulos 1966)

(c) sSeismic’ activify and water depth at
Kremasta for 15 .day periods. A sudden

increase 1in activity is noted wvhen the

" rate of filling was incteaseéi (From

Galanopoulos (1966)) ' o

(d) PFPlov hydrographs, water 1level and

seismic. frequency are shown at Koyna. The"

frequency 'increases about three months
after the vater level increased. In 1967,
the pattern is confused, and on December
10 a magnitude 6.5 event was detected.

. <
\
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~lake level shown in figure 1.10  are

not alwdys as obvious!.
The stuﬁy of the eeismicity is primarily concerned with
and Sinpsonv(197é) has suggested the.

use of Sixy categories. \These are listed in table 1.3. It

"must be remembered that \there are many tlnes more lakes with

no notiCeable se;snlcity\than are listed in table 1.3,

(a)" ¥adox ;x_;mgg ‘Bdxthauakes

Koyha, Kreuasta,, Hsinfengkiang,' Karlba, Hoover and
Marathop are placed in the category ‘where there is a néjo:

change in' the seispicity around the teServ01r with a fully

'developed sequence of’fore and after shocks. The case is

gulte\ cleaﬂ -at Koyna and Karlba uhere t-he M. O.A A. Sullary

_ Tape apd other research indicate that there vere no events

in’ the: ne;qhbourhood of the lake prior to filling.

At Kremasta good correlations are observed between the
smaller €vents and the'vater,depth. Hovever, as’ shown in

gigﬁre 1.3, the €picentral nagnltudes and dlstrlbutlon of
: : N |

‘the larder events before and after ‘filling are  not
‘sfgqificanily different. The area' was obviously close to

‘failure- and it is ot clear whether the event vas’

statistically 1likely ' to h&ve,'occﬁrred regarQless of the

presence Of the lakeé. Oroville could  be . included im this

category but the case for lake induced seisllc1ty in this

1nstance ls less clear. Unlike the other cases vhere events

.
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AN ,lt

. were ..‘observedJ soon, after the initial filling, little

'activ1ty vas detected at 0rov111e until a few lonths before

the lajor event. Ihe tine lag betueen the initial filling

_and the main event is the longest of the cases (about E7

'years). There may be scme connection betvween the doundrau

Just before the main event and its omset. The-seisnicity at

- Oroville is summarised in a paper by Bufe et. al. (1976).

¥
]

(b) Mipor Indyced Earthquakes
il | | - ' . - .
Simpson lists 12 cases where earthquakes of approximate

hagnitudes 3 to S5 have »occnr:ed and these are listed_in :

table 1.3. In areas where prefilling_n&tivity vas kneun the
inclusion }of MNurek, Honteynard wBajurafBasta, Vajent and
Benmore in the table 1.3. is -, based on increeeed activity
coincident with the filling. At{(ralbinge andi'xnrobe
prefilling instrulentation has shown that fqulo years prior

to construction no earthquakes of the size measured after

filling vere detected.

(9) thnsg§ in_uisxg Eacthavake Activity

At the six reservoirs shown in table 1.3 instrument

'with sufficient sensitivity 'vere available to detect an
'increase in activity below a magnitude of 2.5. A lack of

~ instrumentation at other sites would indicate that this may

be a nore videspread phencmenon than the data would ‘suggest.

(d) Izapsient Chandes in Seismicity



I . ' . au

Siibson places five reeervoirs in-this cetegory which
‘have been associated with aéqiv;ty vhich 'begen iefter_
impounding but vhich has-siece stopped or decreaSed. Theee
are listed in table 1.3. Rothe (1970) has suggested thar
hydraullc or crustal adjustnepts account frr the se1511c1ty
at Oved Fodda aﬁd Camarillas. At Contra thelactiv1ty stopped
after the water level was lowered. The seis-icityr occurred
after  a rapld erptyrng and f1111ng of the reservoir at

Vouglans.

fhese cases are very dlfflcult to predict, but they
‘indicate that the stresses were at a critical level and the
region was close to failure beferexthe lake was filled.

(e) p_gs;s;a_ﬁgsg As.ti_!iu after Filline

|
: As reported 'earlier,. Jacob er; al.: (1976} ‘have
-Tindicatéﬂ a decrease in act1v1ty at Tarbela reservoir during
the iritial stages of filling. ?his reserv01r has only just
beep impounded so the change in,‘seisnicity"lay .be a
tran51ent ﬁhenceélon related to the initial filling. This- !

‘decrease is expected by the s1lp1e'%1asti¢ nodels shown \in
!

figure 1.11. . .

(f) _Bszniblé cases of www ‘

There are a nulber of cases of 1ncreased activity near

-

reservoirs uhere there 15 1nsuff1c1ent data to sﬁou a clear

_cause-effeét relation. Simpson 1lists several in this

-
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1
category, however they are of little use’ in assessing ‘the

risk at a particular dam site. ,

A
|
-

]
|

i ‘The introduction of large amounts of water iato the

rook below the reservcirraffects the stress pattern in a.
lanner opposite to that due to the stress changes ‘due 'to the
velght alone.! Laboratory studles of fradthre and deforlatlon .
of " fluid filled rock (Handln et. al. (1963),.Knutson‘and-
Bohor (1963), Nur and Byerlee (1971), Garg and Nuxr (1973),
Robinson (1959), and lany others) have shown that the

concept ot effectlve stress proposed by Terzaghi (1923) and

v’

later supported by Hubbert and Rubey ' (1959), descrlbes the .

behaviour of fluid filled rock.- The effective stress i$<
found bx adding the tluid‘ pressure, nultiplied byﬂqa
constant, to the applied stress. It must be renelbered that

pressure = has the s;gn convention of an appl;ed tensile load-

[

" gince it temds to expand the solld.

0eff - 0applied +'9'P

e

i Therelis‘consideranle,discussion’on the xalue of (¥ur and

Byerlee41971), Garg;nnd Nur (1973)) but for lost rocks ,and

_ englneering qpplicdtions, acceptable Tesylts are obtained-

‘vhen the constant egnals one. nay be 1ess for  extremely

high or 1low porosity vand‘vnqy depend ‘on the. stress.XA

description cf the variation of - is given\in section 4. 1.

i

.\The~ﬁohr circle representation best describes ,hov the
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pressure affects the stability condition in different
. , \ : _

faulting environnente. In these diagrams the normal stress
- is 'piotted against "the shear dstreSS nith a circle drawn
centred on the average of the naxilun and minimum principal
"stress -and radius equal to half the difference. The radius;
‘relative to the principal stress'ares, is called the narinum
shear\Strees. Diagran 1.11a sho¥s a Mohr circle with F," the

largest princigpal streSS"hdd F. the smallest. The envelope

3
Zex has the

. of Mohr circleS'at failure under moderate “stresses
' 1 L _
" form ‘of a straight line

| ! :
: b - ‘ . |
T C + onHTAN ¢

where T , is the shear strength of the rock
¢ o is the angle of shear'resiiiance:

o , is the normal effective stress on-the plane
of failure 3y
C [ is the apparent cohesion, and is the shear
strength of the material under zero norlal
pressures
c’ varies consxderably and may vary from zero in a fractured

4

sample to several hundred bars in an 1ntact sanple. In a
iarge scale geologgcal situation fractures uould usually be.
preeent and C is small, and thus the rock hae little or no

“ten511e strength. Tan ¢ 1= the coeff1c1ent of frxctlon aanél
" the °failnre plane.'ls angle ¢ 1ies between 25° and 459 then
- the coefficient of frictionm is between 0. u7 and 1.0 but ?is.‘

usually around 0.6 ( ¢-30°). e . . '\

f ;' The' failure, envelope is found by triaxial testind of -
. ' . . . - .

‘dry sanples. Under extre-ely hlgh confining preseures the
' . v,l . . ‘ .3



Figurev1.11:

This illustrates . the Mohr - Eircle and

Coulomb” failure concepts. In the jacketed
sample under compressive loads F; and F
the Mohr circle (in the: absence of f£luid)
is ‘shcwn by the circle labelled '1°.
Increasing the fluid pressure moves the

failure circle to position *2'. When the
. Mohr <circle touches the Coulomb failure

envelope, failure will cccur ‘along .a plane

" . at an\ angle @6 to .. The effective
‘stresses. ¢ ,03 are ghown by the final
circle pos%gié ‘ .

The largest prxncxpal stress “ds and
the smallest o, .in each of t&e three

fault conditions shown (b), (¢c), (d). The
Mohr circles due to: these principal
stresses are lakelled )1' Application of
a vertical 1load, P, moves the circles to
position *2' in a// dry condition. - The
horlzontal stresses are affected by 0.3P
due . Poisson effects. If fluid is

1n;roduced into the faults at pressure P .
thé circles move to the left to positions

*37, The movement of the Mohr circles froa
initial to fimnal positions are shown. Im
normal dip-slip and strike—slﬁp faulting

——"the area is “made less stable by ‘the.

application of . the  load and water
pressure. Thrust fault regions = are
stabilised. ‘ ‘ o i

\
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‘ ] . I
shear stress exhibits a dﬁfrea51ng dependence upon the

qonflning pressure as the failure mechanism changes from

1ntercrysta111ne slip to 1ntracrysta111ne sllp.

Knoulng\ the forl og the envelope, tle plane of failure

can be predlcted fron the p01nt the uohr circle is tangeant

“to it. Failure uill occur on a plane 9  from the plane of F3

in - the two dimensional case. The angle 20 is measured from.

the axis of inqreasi&g o’ aqticlockuise. to the innt\ the

ds. tangent to the failure line. //

e . . ° )

~¢ion of fluid, water ' in the case of
& .

. into a dry sa-pie -uhder coupressional

pressure appf%éd‘to the jacketed rock towards the failure

envelope. .

The - effect of a .lake load om an area and the
A y ‘
introduction of the water pressure head into different .

faulting envircn-ents is shown in figure 1. 11. In each of

'f the faults o1 ¢ is the largest and Og the smallest of the

tectonic stresses; The Mohr circle before the ;@ke is loaded
is shown by circles labelled *1%! In norsal faulting 51 is

vertical but is hdr%zbntal' for -strike slip and thraust

faulting. The addition of thé\veight,of the water at the

surface increases the vertical stress by P=ogh. An increased

vertical stress alsc increases the horizontal stresses by

-

Poiéson effects by an amount Py/(1-Vv) vhere Vv is Poisson's

3
! i
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ratio. If v is a typical 0.25, then increasihg the vertical

stress by P increases the hcrlzpntal stresses by 0.3 P. The
. -
circles '2* represent the conblned effects of the tectonic~
\ g

stresses and the weight of the ‘water. If the nater]%s
introduced into the fault region at the full pressufe_ head;‘
the stréss circles are noved towards the failune envelope.

The stresses are now effective stresses as the fluid affects
, . A y | . |
all Stresses equally. The final positions are shown by

- : .

Yoo
|

circles labelled '3°.

i \ | | ' ,
The introduction of a fluid load-onto a normal dip-slip

fault or- a strike slip fault moves the redgiion closer to

‘failure. Thrust faulting areas are stabilised by' the * same

.

‘argument as the Mohr «circle 3¢ is smaller andithuS'is

further from the failure envelope.

S . . ,

, oo .“\\<\\‘ ,
"The arguments presented here are for®~ idealised

8

situations but - the; cdnciusions 'should apply to real

faulting. In a realistic. 51tuat10n the effect of the load
diminishes v1th the dlstance from the lake and the surﬁace‘

uater head is not necessar1ly the sane"as. that near the

'fault.” These effects will be exanlned latet. The' argunents

l . .
appear consistent ,uith the observed‘ faultlng. - Near

reservoirs faulting has _always been' norlal dip-sllp or

strlke-slxp except at Nurek and perhaps Tarbela.
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about 38 bars. Earthquakes ‘vwere detected shortly aftﬁf o

5%

v . B

The Denmer‘dispoeal uellmof\the Rocky Hduntain Arsenal

'aCtion of}nan. n.u, - Evans (1966) called attent;on' to a

correlation betveen the vvolune of f101d anjected into the

f ‘ .

-bell and the number of earthquakes- detected at a nearby

observatory. The events vere up. to nagnftude,‘h‘on the
' : . -

Richter scale and their proxinity to Dénver Cfty was -cause

1 1 _

for concern. The well ‘had been drilled through 3700 a pf

sedimentary rocks and, flnlshed' in fractured Precanbrlan

granitic gneiss. During the drllllng it wvas found that the

vater pressure-:uas at least sixty 1bars belov  nporamal

hydrostatic head.

In uarch 8, 1962, 1.6x10¢ ®3 of fluid. uaste vas

. was .the first clear exanple of earthguakes caused by the‘

1njected 1nto the uell with a maximun 1nject10n pressure of‘f“

[ . ~

pu-plng commenced. ’The well was then shut dovn' from

Septelber 1963 untll March 1§%w. Untll uarch 1965 1njectlon‘

“

lonthly average of 9 11103 n3 vas added " To 1ncrease the

dlscharge, the punplng pressures uere raised’ to 70 bars - and
)

pulplng vas suspended 1n 1966 oving to publlc concern. Thezx

' 1
\earthquakes continued at a varylnq ‘tate of from u’*to 71

Aevents- per month u1th a magnitude 5. 0, the largest of the

.series, ocourrlng on- 10 Agril‘1967. Froa a plot of lagnltude.

against*the logarlthl‘of ‘the freguency this 'event vas uot,f

unexpected since the relationshlp was Stlll llnear. on 9

&

T *é@ﬁéz “. ur; :;;i ”< '}.f . | ;;

’uas naxntained at esseutlally a hydrostatlc .head and a.
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August ancther large nagnitnde 5.3 event bccurred, .folloued

. e . .
by a nagnitude 5.1 event on"26 November. These events Were

3slgn1f1cant in that they were not exS\cted froa the linear

!
relation between leg- frequency and -agnltude obtained froa

the earller recordxngs.,Thls 1ndlcated a dralatlc chiange in

the pattern of act1v1ty; Slnce 1967 the nunbem of events has

3

decreased ‘and no more large eVents havc occurredc The well
pressqre, frequency and volune of uaste 1njected are plotted

as a function of time in- figure 1.12. '

The U0.S.6.5., the US Arly‘Cofps.Of Engineers and ‘the
Colorado School of Hlnes exanlned the selsp1c1ty near the

Rocky uountaln Arsenal. A search of tbe historic records

N >

revealed no evidence of ‘seismic act1v1ty before the vell

M

1nject10n in March 1962 51lllar to that which: has occurred

sznée 1962. From - a network of arrays of selsloneters they
- &* -

fconclnded the eplcentres lay within an elllptic zgne 10 kna

by 3 ka uhlch encloses the disposal vell. The- focal

lechanLSls are consistent ulth right- lateral strlke slip > on

vertical faults al q60H parallel to the major axis of the

eliipse. . (¢

"Healey et. al. (1968)'deduced*fron the lechanisns that

Q

the energy released lust havegbeen stored 1n the basenent as

-

elastic strain of tectonic origln. Therepare two reasons for'

- “this concluszon.n Pirstly, the lagnltude freguency relatzon

is sinilar to that of southern Cal;fg;nia, vh1ch 3is"a

Sllllat tectonlc reglon, and secondly,'because thefrad1at10n

L] 3 -

”-;w
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o

Flgure 1. 12-&The number of. earthguakes per wunonth and
the well bottom pressure were plotted for

‘ . Denver. The critical pressure determined

- o JALrom hydrofracturlng tests is also shown.

: ; The seismic frequency increases when e
.. Pressure ‘is above P gritical. Between 1963 o
and’ 1965 the nunber of earthquafbs S

decreased significarntly while the pressure'

vas belov the ~ritical pressare. L
(Modified froam Healy et al (1968)) - o e
. v ‘ A . I e

P 4
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patterns suggest a zcne of vertlcal fractures ex;sted with a

northvest trend prlor tc the lnjectlon of the fluld. These’

have now been observed in cored salples.

.

A model was proposed by Healey et. al.. (1968) to
explain- the - faulting in terms of effbctivedgtress. The
trlggerlng of the reinﬁ must have :been ‘a result, qgu‘the

I

fluid 1injectic~. v strike- Sllp faultlng the' iﬁ -and

. ( :
snallest principal stresses are horizontal. tiﬂi&‘yressure
-5 e s

requlred .to start fluid 1njec£ion was found to'bev362 bars.

‘Above this value the 1nject10n rate increased relarkably so ..

at 362 bars the cracks ogen to fluid flov. One can conclude_“v

from this that the minimusms pr1nc1pal stress, 3 e nust' have“

been 362 bars which is 93 : bars above the 1n1t1a1 fluld
. ,

pressure in the ueil. The pore pressure before lnjectxon‘hasJ

calculaépd to ‘be 269 bars by observxng the rafe of pressure{

fall- off Avith depth. after pumping' wvas ceased W Th,
R . '- \

A

interlediate stress, Oy ; is due to the welght of fluld and

rock. At 3671 metres, 0, is, 830 ‘bars for saturqted

™~

‘sehilentary rcck of weight 0.226 bar/metre. The - largest

principal stress, Oy » is‘neéésgarlly at least 830 bars. At

< h

'theltipe faulting wvas ipitiated ‘the .vnteg -pressure ‘was

>
’ g
s

If o, * 830 bars, 03 = 362 bars and P 269 bars,

'the effective shear apd ncramals streSSes on a: plane at 60° to

3 .Hlll be 1'= 203 bars and ol ~ 210 bars respectzvely.

The angle of §0° vas chosen s;nce this 1s typlcally leasured_
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A

in ‘laboratdry fracture tests. For a rock of frictional
‘coefficient'of 0.6, T » the cohesive strength would have to

be at least 82 bars.

Durino 1n3ectlon uhen the fluid pressure vas 389 bars,
1 would agaim be 203 bars-'(lndependent of :the fluid
pressure)—and.oni 90 bars. The frictional tern»dn itas @ -is
smaller by 69hé:rsindicating'faulting would occur in .a rock
vith 4 To//Véiue or 151 bars or less.'Breee‘(197u) has shoso
the strength of rock decreases as. the sanple “dilession
.1ncreases. The fracture streﬂgth of guartz dlorlte ddtreases
- by a factor of f1ve over tvo orders of lognrtude chdﬁae in
the salple §imension while ccal's strength edecreased by
- factor ef. ten. The .rohesiye strength of‘sddod rocks 15{‘

A 'f
around 500 bars so 150 bars may not be an @Qarealistic-

o

cohesive strength. - e »

An slternatlve‘ to -this model was also suggested by
Healey et. al.. If the vfractures aieady existed, then
V‘rather than tailore‘ occurrlng by the open;ng of new
fractures, old cracks iay have been reopened. Brace (1974{
also discusses this gquestion and points out that stresses
and stress' drgps"associeted vith brittle fraoture -are
senerally luch higher 'then those required for stick-sfip-
faultxng. Pre-exlsting faults nearly alvays occur in seismic
areas and at Deﬁver Msuitable. frootures,fuere"observed in

| “cored samples. “
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b,

If" 362 bars reqpened the fractures, then the normal

stress o on them was 362 bars. The least prlncapal stress
n L ,

can' be co-puted from the uohr c1rc1e to be

20, - 01(60‘5(20941) . -
0, != : , - = 206 bars

" (1-cos(2q))

Ecl'f was 830 bars and o uas agaln chosen to be 60°. If the

f101d pressure was ralseﬂ to 362 bars thggvnohr c1rble' is
v .. .I' .
tensile for angles up to about 60°. Rocks have a low temnsile

strenéth of only about 50 bars'so pre-existing faults could

B easxly open._faultlng vould cease when the pressure " has

\

dropped suff1c1ennlﬁ§ﬁbymﬁperleatlng -along the faults. This

L4

explanation of the failure was favoured by Healey et. al..

e

The results oOf the injection ‘at Denyér indicates: a .

\ L , v

connection betwveen fluld 1nject10n and induced seismicity.
f - 1 *

The later chafters _o;,this thesis will try to ‘examine the

effect more gnantitatively. The concept of effective, stress .

bas also, been shown - to be ,consistent with the failure

 gbserved. o : -

T e

{

1.5 Ihe Bangely Experiments B

1} : : N
.t H oo
X . . . .

-~
i

The proxinitf of the Denver vell to populated areas
\

| made it inpossible\to conduct experilents on e&rth stresses

there. "An opportunity- to do the experllents came at Rangely,
‘Colorado’ where uaterflooding of an- oilfleIﬁ has i’parently
triggered small earthquakes. A paper by Raleigh et. al.

(1975)¥sqglarizes the results of the tests on fluld pressure
. - .

'0’ .
‘ . e . Y - . [ g hd
g . ﬂ;ﬁ LT S : .
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and--the application of effective stress.

H g f
. i

0 s

. ) T ’ ‘ ‘
The oilbearing Weber Sundstones are 350 m thick and lie
at a depth of 1700 u, The Paleozoic sandstones and

limestones lay beneath the Weber fornation uith the
. : \ ' _ | . !
crystalline beselent‘at 3000 a. The drainage pattern is

7a11gned along a structure trending NBOE. Ihe Weber sandstone

RS

has an average porosity of 12% and a perueability of 1
. ‘ \

- .

millidarcy. ) ’ ‘

|

Hydrofracturing-tests were conducted in o0il wvells to
o ' v ' ‘ :
. deterline the in-situ stresses. This technique is well

described by Hubbert and Willis (1957) and uorgenstern

(1962). The water presegre is increased until the tensile

1

strength of the rock 1s ‘gxceeded in a packed off section of
"the well At this critical pressure, the breakdoun pressure,

fluld flovs .Lnto the rock and the pressure drops. The puuﬂ

i

is then stopped and the fluid pressure’ drops until the pores
clbse and the fluid pressugiy drop flattens. This is. the'

s
instantaneous shut-in pre%pure and is equal tojthe norlal

' stress acting across the fracture. o ‘f i,

3 - . |

Ipa
i

. At Ranéely the least" princ1pal stress, g3 o, equal to-

B the”,shut‘in pressure, vas 'found to “be 314, bars. The

breakdovn pressure,.af,‘yas 328:- bars and the ‘initial water

- pressure, P .was measured to be“162.bars. The maximum’

- %
-0, =P |

1 "o o _ .

\

iprincipai stress, o, , can be found from:-
Pf = T *.303

S
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) ¥
where T'is.the‘tensile'strength~neasured in the ‘laboratory
to be aréund 100 .bars. Froa this roruula_o1 = 552 bars; The
intermediate verticdlv stress in thlS strike~slip region

equals the overburden pressure of 427 bars. rge coeff1c1ent

\

‘"of static friction for Heber sqndstone is 0.81. The tectonic

stresses : were .resolvel along the plane ' %5;* faulting
determined by the focal solutions of nearby eaﬂthquakes to

give shear and normal stresses of 72‘1bars dhd 342 "'bars

Llreppectively. The critical pressure required to imitiate

fracturing using these values is P _ = 257 bars.

\ i
A

To test if the‘ critical pressure .is correct . the
pressure at the botton of four vells vas ralsed to hetueeh

&

235 and 275 bars between Cctober 1969 and Novenber 1970.

There vere: 900 events 1n th1s perlod, 367 of thel Hlthln 1

&id'ﬁ 5
wk- of the vells

£ «’

%wtue uells vere then §ealed until 1971 and

(i&/z-» !

' the' pressure dropped in dne”hole fronm 275 to 203 bars. The

nuaber of events/nonth dropped from an average of 28 1n the

5preyiousv_year to 1 event/lonth ~In May 1971-inject10n vas

:restarted-AIn vell. FEE-69, the pressure was raised .to ‘265.

\

bars and the\&g;ivity resained lowv at 1 event/month. Due to

»production:chargeSj at other parts of  the oilfleld the

- drainage pattern was altered at this tlle. A booster pamp

euas required- to . raise the pressure to about 275 bars.

i

Betveen _0ctoher 1972 and Jaguary 19&3 wzth the pressure

\

‘hetveen the critical 257 bars and @ 275 bars, the monthly

o

average' rose to v6jevents)lonth. Between January anepuarch

| . .
\ 1 -
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.1973 Hlth the pressure abcut 280 bars, lonthly average rose

B3

sharply to 26 events/nonth. Backflow was initiated in Hay
1973 and no events have occurred ult in one kilometer since

that day. A summary cf’ the result is shown in figure 1. 13

>~

The consequence of the work descrjbed in this chapter

are two-fold. It is clear that the presence of vater

\

vcertainly has an affect on induced seisnicity "~ and the

effectzve stress concept has been showa to Be sufficient to’
descrlbe the trlggerlng situatlon. It is on thlS basis that
we approach the problem of selsn1c1ty at- lakes. Pron, the

conc1051ons lade it i's necessary to propose a‘lddelluhich

‘will explaln the observed sersnlc features. The flrst lodel

which vlll be 1ntroduced is one in thCh the velght of the

- vater in the\lake acts as-a vertlcal surface load on an
A\elastic layered half space. The second, and more important,

o is ‘one, in vhich the uelght of the water adts on a permeable

layered mediua. The',relatlon between these models and the
T L

available. data is discussed. .. .

- . v
) .."?i’

i

o~



Figure 1.13;

\ . : B \

The number of earthquakés per month .and
reservoir pressure are plotted at Rangely.
The critical fluid pressure is shown.
Notice :a decrease in 'seismic activity; when
the well pressure was below the critical
level. (Modified from Raleigh et. al.
(1975) ) - . : R

\

o
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A
7 U | ,
T .. /Chapter 2.
1 -
" The Three Limengional Analysis of a Load \

on ap Elagstic Half §22_C.§>
o |

- 2.1 Pojnt Force So;gfion§ \ o
b . :
The calculation of the response of a non-gravitating

[ F

elastic ' half space to surface pressure is called the-

-, "Boussinesg" probleu. It avoids the complications introduced

by inciuding the action of water in the rock and is a good
.starting point for the stress calculations which follow. The
vater is assumed to be a fassive surface load. It is tre-ted

. \ . ¢ U
$& as if it were an equivalent block of ice applying.a vertical

.space. The

-

be derived

load to the surface of a pertectly elastic }

elaaflc behavlour is just1f1ed since, as 'w 
later, deflectlons are of the order of 10 ca over dxstaﬁpes
of 10 kn' a straln of the order of 10 -S ge/cn. This is well

%Hlthln the elastzc li.lt of.nost»rockqu'

SOIutlons of Bdhssxnesq frobleas are'celpon, and most -

' ‘engzneering texté glveléxalplés, ( -Txloshenko and Goodier
1970) and a good treatnent of geophy51ca1 problels vas g;ven
by Farrell (1972). The applxcatlon to lake loédlng vas first
done by Gough ' and’ Gough (1970 a,b) at Kariba.“ They

o

-represented the lake as-'1302 p01nt forces equal - to . the

b ' average pressure over rectangles 2. 212 3 .:km. A considerable:

effdrt“ uae_ nepessa;y tc deterllne these forces and a

r
-
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N ‘ ‘ . v 5 M . » "..'
description of attempts to find an easier method is given in -

o \
a later section.

)

The stresses -and displatelents for a point‘ forcé:‘

-F(0,0,0) at'a pcint P(x,y,z) are given by:

N .
o =0 sin26 + 0 00526
X g | x ‘

g sin28 + 0 c0528

Oy_= r - e
L O P U \‘ ]
z z
S | 1 !
\ Txy = (Qr—oe) sin® cos6 '
) T =1 cos6 - 7
Xz  rz 4
IYZ = Tré sing '
and the‘veFtical deflection:
_F o Usviz? 20030 C2.1
Y = Iny 3 - "R :
R‘ .
‘where: FF' 1-2v . 'z - 3rfz
: . o = 5| {l - =) - )
r 27 r2 , r’. Rs
3 - N
_ gg yA ) v
9z = ?w‘gg R
E F(l1-2v) 1 z z . . .
Oy = SRR (- T3k -+ ) \
o 2r - r?  r°r R3
3F r%z

Tz =7 5? 3

i

- These are derived in Timoshenko and’l Goodxe% (1970) and are

used by Gougb and Gough. 1In these equatlons'

.R2 ‘loyzle . o T i
- ) T

A -

)

i
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.is 80. metres deep. The 1argest vertical €afiec1;0n at "3 ka
—

below the lake was 23 ce. The largest vertical stress,-clfufft

deepesﬂ part of. €ﬁe\ lake. There is T

displacement . ~\\\g — T
. . [ o N \\"\». R \\.\‘;-\ :

’ hy Birch (1966) . T?e values s

.sedilent : this is probably due to'hydration.

66

o

. ' . ' i o W,
2= x2+y2 ’ . . ’,(.\.{;i

~ tanf = y/x .
; | : S «
v  Poisson's Eatio ‘ o ' ‘
Y . Young's uodulus
. ™~
! - — .

"

Khriba reservoir is—ahout-200 ka 1ong, 25 km:
\

S

was about 8 kars under the deepest section of the lake. The
maximum shear  stress vas -about 2.1 bars- again under the

e

re rod&bln contouxs of .th esults at this sta e.'La
P g9 r{\E\\\ g

an alternate method will be developegg%gzzggﬁéégg?stress and

The elastlc constants vere taken fron“values \puhliched
\\ \

vege v= 0 27 and !-0 .85 uﬁZ?\\\\

.

vhich_ware cdnsisten{\ vith a intact rock. _ The

d;splaceledts at Kariba‘ were conpared_qi _road leielling :'

doneanear the dal'vallvlsleigh'1976).'The resulté“are- shoun‘

~.

\
in flgure 2.1, They show an excellent aqreelent between the--._

\

calculated and observed vertical deflectlon. The"agreelent e

N 2=
ST

conflrls that analytlc‘,technlques ‘can be applled to rock
‘ ' o : 4 s A
deflection over a scale of 10's of klloleters. The

relevelling  has 'beenv repeaLed by slelgh (1976) and lzttle'

' change -is seen. SOle dev1at10n is noted in areas . of Karrod

.

- . " v ' . . L 4
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., Pigure 2.1: Observed and , calculated . deflection
T ”easured alcng a toadbeq near Kariba 1n
hodesia. The calculated eflection vas

computed by the Gough ard Gough (1970a)
point force technique.

\ (Modified from Sleigh - (1976)) -

‘u‘ Lt . .
- ) ‘ .
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= point - ‘forces ‘has ' several advantages :* as. .well -as

disadvantages. sAs Gough and Gough showed in their 1976
_ A 9AS gh . Sho, '

analeisugf Cabora Bassa, the 'point forces need noti be

equispaced gﬁn sections of the lake which” are long and thin,

_. br,’ in .uhich the_ depth changes rapidly, hfgher sanpling

';hy nade.QThe solution for thé displacelent (2 1)

{ -

/R for- and’ lS nunerically indeterlinate close to

t he po&nt force. Gough and Gough 3950a7 aVOid these

”,V'

v

[ 3}

: ,j gigsularities by colpnting no closer than u/3 of the fotce

3

..’

fe

> The assulpticn of a flat snr(a

{vaere conpﬁted. The largesu

seParation. This is also~ﬁusiified Since *the approxi-ation

o~ \‘4)'

‘of“tﬁe lak- by pof&t for: S . breaks dovn closer than this.
: e d :'

i

h ﬁarg.st disadvantage

vio?ated too glose to the surfaCeu e
?‘Y

\‘a.

‘.of the technique,.aﬁknoviggged by God?ﬂ%and Gough i the

.G ,}4)

L cost, of colputation. Tasginutec vas %pgﬁérep for a Vertical

\

»465»., .

»

v -

' section on an 18N 360 -67. l’g' _
- Y : ' § 5& \.%‘A'..i’ ‘} s

The technique of sulqggg point force contributions haq
R A S N R

the bathy-etry, disp ; 'igs- and -axilul shear' stresses

23
e

the deepest part of the lake. ‘This ~ value is larger than

Kariba's ,axinul shear ,stress' of 2 , 1 b’arg since Oroulle is“'

abont €vice 'as deep as Kariba. The l&x&!ﬂl.f vertical

displacenent vas- estdlated to be around 5 5" .CRg, again at'fie

.,

deepest lake sectionc~ Beck has éXtended the point force -

v - T ’,>_‘ ; . o ‘.

‘:'..119 1 :
.xw; .
o 2SN 69

The: solutions ;obtained.ﬂy eulntﬁg tne contribntignsof o

3

-

"ga and \ertlcalk;hbading iSQ%

streiﬁ'vas = bars nnder o
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'solubté% tb the surface b& apparently tryxng to conpdte

i

betueel he‘ forces. He adaits the deflection contours ard~*
sérioudi] d;storted bmslocal eftects. These dlstortions hagp
beéﬁ snodthed fron the: final vresdlts. These disbortions R

V' 43,,:
could - h veqbeen predicted dur1ng conputathn due to the 1/R

2.

singularigj;jn d;pplacelent.' : - : R _ |
. ,v R A : .
" -

Another technlgue has been developed by L&E (191&).'The
800551nesq prdglel uas solved by a Pour19r-Be$sel expansxon

S -in' cyllndrical é‘qrd1na¢es. The lake ‘was apprqxllated by a
B e -‘.',1‘ ‘
' pattern-oﬁ@elenental loads, qach shaped as sectzons of an
& xﬂ .ol .n
; ’i.. :

'annulus., The lethod A4 q& Xto be able to conpute the

- ﬁdisplacag@nts_ uith f;i{ . :;?aic paraleters Varylgg uith
,‘. depth. The e&pressxon fot thc vertical spladﬂlent/QQ
<<{ . ‘[ : o .r

g N | 2 ‘tr (l+2v)(1-v) oo T
‘,ﬁ u(r e z) = - T(v(b ) V(a )) +

o X Joof T - elements i : - -

o » S E ) " l‘v . P',v-.

. D;“-‘&i‘!‘s?il‘ . ;“' iﬁ é""‘ z (W(b l W(a ))]d(! o \‘.. * ' ’ . & J \‘y‘- n | :

S ;u‘ere. e N RS ST _@&E R

~ o ﬂ' V(x) ='[x2'+ir2 ~ 2rx,

-

o ~

‘ g r é- . ‘v' ‘ k TN - - % i L~ ) R ‘- '.
o T . ' 2 2 )
PRE Ve X-r cos(e—a) . - iz +r +x -er cos ? -a) 5
e bR (z +r”'§in”(6-a)) ¥ z +x° 51n (G-a) LR
- and}i L e , , S “ . ivi S
‘ | Co v

{‘- “w(x)‘= [xr cos(6-a) =— z 1 e

L [z~yr sxdzfe-a)][x +r2-2rx cos(6~ﬁr+z jg

i

i \ » : V(t)e,z). is the vertical displace-ent at (r,e,z)

R -<:f-‘té1at1!ed to -an- 3 established cylindrical coqrdindgg

. N -
. . . . IR . . = .
I - .. ; . \

< ... . rorigin. °
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a -, 'T: is the average Yressure over an area bouuled‘by

“radii 4. and b and subtended betueen the ‘angles A and

. Ys is Young's uodulus and v is Poisson's ratio.

3

The sullation is taken~ql

' srproximation- of the lake’ load.

. : . .
4 . , @ ’ : :

{

technique for'Lake Gordon'in Tasmania. The lake's Shepe was

Lee. did the computation by a five point Newton-Coates

';jﬂch 'of the eleldhts ysed in the

q

\

appnoxilated by 51 elelents and the conputation was done at

598 points. No description-is given of “the ® treatlent of.

N
sxngularities or the efficieney of the. conputation.

“'
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v, Por. any laterial the conﬁbrvatibn qg forcet end -Olents

lends to. the equilibrinn eguation-
. o . N
. : »P.:p“ = 0 ) . i 1' 2 3 , .
E .’/l lj j ! - j .

ﬁ?ihere'oi is the stress cc-poneg; appiied in the direction i

-\

body forces in the i direCtion.‘lo:nal 1ndex notation 111

' be used uith indises having vnlues 1,2 or 3 unless otheruise'

Y

\

o eEe ified. Repeated indices indicate summation
~ .in

’ and commas 1ndicate differentiétion vith respect to,

to the plane vKose norlal is in the j directfon. P{

gy -
e

229&12! §p

are,the

over the

.

tﬂl vnriable. Ihere are six independent stresses due to the‘al

L8

s)’letry 6f the sttess tensor, so- - ,.7

»

R R R
Y . . . . Lo g.. =O . - -’ o . : » \, i PN - .
jl - - ot e

. i3>
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‘ reduces to 2. In alégthe\follouing vork‘POisson s ratio, v,

. b ’ '72

v .

)

. Porxﬁnall deﬂornations thé naterial behaves elastically witﬁ;

-8 é&ues linearly related tc strain.

| 13 T %%k G0 oL \
The strains are defined bﬂ; ' “
| o 1 R \‘ga
where u is the defornation in the 11direction relative to a;L
carteeian coordinate systen]u(x,, X, 3)-x
a ] , ‘ a .

. The C.. afb constantg of proportionalrﬁ' The ‘21
ik ‘ -

independent - constants can Je reduced to 9 if the material"

3

has sylletry of praﬁerties around 3 nutually.\perpendiéular
axes. If the .elastic froperties are the same’ in all

,directioné (isotropic) the numbér of elastic const:ant:s]’t

- -

Eii. and !oung 8 Hbdu}ug, !, are taken as the eeasured elastic«-ﬁ
5‘5*:“' . ‘ properties. ﬁ"ror ﬂ‘ i!‘btroplc elastio laterial th" : 4
- -"jstraiﬁ relaticnship redu&;s tqg ff B T P "
. o -dij (1+v) [ -Zvi“ 5 Sk "L ‘\e'jj. - :2(5 2\0
@ ' To eranine the stresses created Hy the application of a
’ gurface load to an Qgﬂastic half space the equilipriun]"
.};; .. condition is differentiated ‘to yield: \'- T
" \f L Lty - 2v)V = 0 Can3
. 4,1 Landan nand Li£§L1tz (1957 pp26-29) show that this equation
can be reduced by replaczng the.dieplacelent vector, g,ias:“vr;;
'- . " \‘ijx_ N Ve A -2~.'4..""“'
. < ) N : ' N
L vhere 1”13 ‘2 barmonic _vector WV¢£=O.- £ .is partly re-
© g ,g(l i & f S : '* J:.x‘:-g?#*e”‘f"*p“‘ | T R
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s S o “ ‘ ' oy N
b - expresséd in terms of another harmonic vector: i o i
. ' B ! \ .
d Y :
f = _gl X f = _EX . S
X 92 . .o ‘ Y 92z ‘ )
j’ ¥ 2 )
= 2 . ;
| B ¢ v gX h (\? v gy = ;O \
.ﬁ‘r‘ ) \ - .
) + . ’ 3 . . o |
; ‘Substituting into (2.2);yield§3. ‘ . . ' e
. “ 2 . o L. ) i . }—‘ B “sﬁ'
. : . . 1 3 (I) - R ).—z g ;I_‘ . ag o™ ‘Y
» R RN e “” +%m. RS
\ - ’ \ \ L
where w is, another'harlonic scalar. A Carte51an coordxqate "\
systea has been choaen v1th z posit;ve ﬁelbu the erface oD &
vhich the forces a:e appliadi Por the ccaplete descrlggion g
\ 'wof ‘the solution gx,gy,§§ and w are required. These are toyﬁd

from t&p bcundary conditicns at’ z=0A At the’ surface‘ﬁ =P,

whexe ’é arg thg agpiied forces .ln the ‘ﬁ; y, anq qu‘j

ie!
| dlrections. The negativa sign is the notnal cbnvention“>t0“
& : . o .. "P "
S L 1nﬂzcate t, ‘ftpe surfpce is: unddr coupression. Tensimtal
S “‘\‘ . “N}o ) ’ o v .
- . forc§s are Npczfitive. | Wﬂ s
"Expresszng 4 “in terls of the four’ ﬁikﬂdvns,. and
sdbst1tuting 1nto (2 2) yieIds the condltions at z=0-
2 - Ny
a"g_ - - 9ag, ' 99 .
X (l 2v) R | X x‘ ‘ ‘3 Lo
222 - z<1,v>fz - ax Ty M2 sz”f S
: z=0 . . T ' 0 z=0
S = -2(1+w)pry - ‘ o
N . . \ N . . . ) )‘
' 32 - ' @ . \ ’ . o o
! g : , ag 8
\ L] (2-2v) . \_ sl %% 2y
e . [5_{2(1—v)fz 2(%—v)'(5¥ ) * 2'5_}3’,
ERLARP ) S T © lz=0
T uw) . 1 l‘.‘: "7“. - N l . ' L. ¢ N . 2 =
o oy - - =_2 1_‘.\) P Y ‘ o r ] r
Py T | R v
SR R 2 '
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oz z

+

gx‘

ax

+ 2 -a_\}_l‘}] y‘ = -

0z

}
. ' A\
.2(1+\))Pz _
\ Y
Z—O

\

A further conditzon is required to unlquely define the four}

unknovns.

..

noncontradlctory to’ set-

3

defined as ( (x-x')z + (y-y* )%2 + zz)

A\'

ra vettical force, PZQQOI a free-

g

\21

L'f Grecn's Eh
= by

f3theoren"

_’Q)

8b'~

& : . S : Lo
o - (l 2v)f ;¥ ( + __X) + 4(1 v) g;
K

T

3%,

2, .
CoE
. u
wes 3
] : .
LI N
.. G -
. T
& . T
v ¥ oo [ P
"5;;.-“"'.)" Nt
FA Y Y
(" e

e

J » f(X y'z) _Qé____ffap(x Iy Jz)

‘The intqgral 4& taken*over the, area of“définitfgn of f.

\

Xz ' yz

[N

N
%(X‘I\YIZ.)‘ =

A

4

$4q,;’6“*

%?rgqa}s'uséd £ox the s&lution of w and f

=0 then:”

;o

’ P (x ,y )ax oy !
(x'y z) 2(1 v) (1+v)j‘f
, a [ (x-x' ) +(y y ') +z ]

4
~

.““

2’

32z
"

'zergnlt 1nfiﬁzgg,ugnd has der1vat1v

!

- The finst tuq aplaticns of (2.6) become:
Mg . ®

f@2(1+v)Px\

AR
14 v Y
220 . Y s

2

N

o

3

Y SR

R~

z%'

surface

Hlth_ £,=f =0
- ‘ XY

Landau and Lifshitz shov that it is convenient and

; The

elaf/az at z=0, then-

'

. Treatlng the load as

ZnY

-

’

\

(l+V) (1- zv)ffp (x'rY )ax ay '
o [(x-x ) +(yry )2+22]§

2is

and

lay»pe'silply sbatéd. Iﬂ a functign is harion;c, is
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o . ’ - SSEITRAY
T EPREY 3 oA
\}'I.'Ol the knovledge g.f 5,-21{ v a—gand ’3—3- can be . Qhtained by
&3 * |
Lntegratlng %i ovef’ the variable = z ﬁﬁpd then

differenﬁ}ating. Lo : o |
The -solutldns. uSQO.by Gough and Gough (1970a) for the

' \
_ 'point force are eas;ly obtalnaﬁle at this stage by exaninlng

the z displacenent due to a bﬂtnt force F.d(x').d(y ) Pron

equatxon (2. a). . o '
) ‘. ) u_. = f + _3_9_ 1 . . ’

I ‘ Z Zt’ z - ) K

2f, SRR

y w0

v -

o (344v)

a8

' yf: -v" ., = —7—‘;—4 1._ —————5‘(1 v az + az » _"4
\ . 4‘\
f and gi can be found fronm (2 9). .
. ‘ gg {1+v)(1-2y) p ,
\ ‘ . ‘ . 92 n . ZTTY ’ . . v
_2a-v e o s M
- I Y r' ' _
l : : WooE
) \ } 2<1—vf(1+v) T
& Theznfére; | C L | P N
A [2(1 v?) +‘22(l+v)j . S
z 27y : 3 N
v ~.r . . . .
This agreés vith equation (2 1. ﬁinilar techniques are used
B ;EA the\adeterlination of u ,v . The integrhl (2.271- u, p86)
of Grﬁfshteyn and Ryzh,5f°(1965) .is .necelsary. for these
colputations. | 9.&¢;h, T . BRI
L S - .*J( —5%% 7% = ln(z + (x%+y242%) ) |
EE - (xTHyT4+2%) - S

o " o B L il' N o | -‘.\jyl

. ;:he'qij stresses are found by differentiating.-

\ o 3y
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Por the lake , the surface load is continuous. Eguatlon

(2.9
inéegratlon variables x*,y*.

of f by the transforp variabie‘
. ., ‘. \

giv95° v : :
2(1-v) (1+v)

[f (x,y.z)elpx l:yd xdy = Y

- ¢

xf P(x', )dx d> lpx iay dxdy
‘ ey Frig-y) B2 T I
2

and integrating over

can\be solved using a Fourier Transforn to renove the

Multiplying both sides of (2.9)

X, Y

L

P ‘and q pre the Fonrler transforn .variableaigbor vave

'nulbers,'for X and y. Us;ng the substltutionsw
"x - x' = r cos@ . Cy - y = r sin® -

p = u cos¢_ g = u sin¢ :

v b 4

and the notatlon '
i '

§(p,q,2) = ff g(x y,z)elp lﬁy dxdy

v, '. . ! : i —1 y \. .
’ g(xIle) ='%— jf Q(P:CIrZ)e ' ay dpdq

|

A

-

' the transforled eguatlonSrbeCOIe. L

P "2(1- 1+
S (‘ ﬁi(o - ff P(x,y )el_‘”‘ ray! dx'dy

A
g '\\". :
2T : :
.

i :
: '-J[J[ elTu cos(e-mr ar d¢ | | .
' o (x 4’22 T L

o O

.

A ]

Using Gradshteyn and nyzhik (ﬁhnceforth G R )(3 915,

g,

(6 ssu, p682) . L



e
x’-{-’i(y ’

=3

Talh

-sinplifie& by a. property of{?oﬁiﬂl;&%ranstor-s. . '*‘L
N . -d_q‘, , - -~ .'.( 2 \ ’ ' J
- - da T TP g(p,q,z) and 2d = -p2 g( , ~
It 13 tedious but routine to find- A -
- N R
- N izk
( ,z) [ (p + 2vgq” ) + P zk] P(p ) 2x -
Faa | PPN

» \\ ! ] ! \ 77
\ . ‘ T
o X . ,
.[ cos(nx)echos Xax = it Jn(B) (J_ is a Bessel)
' ' function
(o] . )
o A-J
:[‘32%“ Re a>0)
o ‘
gsoiutions for fz and vy i : \
. ‘ R ] \
D _ 4(1-v) (1+v) P(p,q) —Z»’p2+\q2 ' -
£ (p,a,2) = 7 —td e OTY 2.10
, S SR 42+q2 : .
y . vl ; \v
~ 0 ~ oy © 2
Ca 3¥. | _ (1+v) (1-2v) Pl(p,q) -z/p’+q”
nd — = - : e .
9z Y ) . ‘ . ,
\ P *q '
. ‘
whence ; Y(p,q,2) (1+v)€1.2v) P(p q) e”? p-+q —2 11
i s (p +q )

By’ using the i;ansforl of (2.4) ad<,(2.5), the equation‘fqr |

the displacelents'cin be found. B >

! ﬁx(PIQiZ)‘? (ji )él+V) [Kl-2y) e Zk] g(p,q)eu?E_

- . . ;’; ) \ . »' h
‘_Eg&v) - zk] P(p,q)e " 2

‘d Ur

is

i

, ﬁyip,q!z) f

oo

*.

@ (p,q,z) ,‘1""’ [201-0) + zk] t(p Qe

,

Bheré klép2+q2 To conpute ‘the - stresses, derivatives with

.respect to x,y and Z are reqnired. The z derlvatives can’all"

A

be done analytically, .hovever the x and.y derivatives aﬁ?

ﬂ . D e - STy

s Y




e - | T
- ) e . ) \
0" 'v \‘u\
- . 3, (pa,2) =25 0-@® * 2067 + q%k] pp,qre
. Lk e , .
R & ‘\ EE . Il .
g'lmgf\‘ 1 az(prql\Z) == \(l+Zk) P(p,qle 2k - *.
' I , - T | . ~2.13¢
Ty Prds2) = BL [-(1-20) + 2k] B (p,q)e” 2K
Xy k< | A
S 2 :
T..(p,g9,2) ='- ipz P( .)emZk
. gz \Prd .2 p \ P:ql.
o \ ?Qz(b}q,z)'% -‘iqz P(p,q)e_Zk'
The stresses and. dispiacelen%s can now be co-puged at a
depth 2. If we knov the locad P(x,y) the P (p,q) can be ~obtain
" by the fast Pourier transforl {F.FP. T) algorithl presented by
w
Cooley and Tukey (1965).\Ih18 al%E;ithn is available\at most ,
y , RRGAIY - R »
large computing centres. T b G S
. _ \ ‘L"*ﬁ’
R A' sing_ulari%‘_ agpears :Q@S“ﬁe deter‘nation ef the
im ‘ : s > 3

displacélents.‘rhis difficuliy t‘n}jq‘ £

. -i."§?q=o. RO, 0) "
Gl W jfw L. \ .

{ corresponds to the’ integral f(' load over the“hrea
B itransforned; It is the average load and in- finite ;ransforns

‘iﬁ~a1uays non-zero. In order to ~av01d ch conputational

singularities, ve ‘either subtract the 0. é. level frog the B

entire qrid P(x,y), before transf%rling, or do the inverse

'transforls q; cylindrical coordinates.‘The girst device ip

forced on us by our desire to_yse a F.F. T..algotithl. If the

\ ')‘inverse transforl is tarried out . in - qylindrical vco-?./
Ay \ ) . - . N

ordianes, : P F.T. lethodq are -not ~app11cable. After
. \ .

inveraioaﬂthe D.C. contribution«.is added to ‘the  final

. \ . ‘ - . . ’ ‘; . o - ) .- \,:‘. ] »\\‘ . .‘-. ',.,““.‘ .“. .b.
T . R VA

L e
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solution for the displacelent.

. | !
!

f'The deflection and stresses due to a uniffora square
, ) :

\ - . ) ‘
load can be derived fro. results in‘ Love +(1929) . Love's

‘.solution can be conputed at the surface if the edges of the

I

square are av01ded. The total solution c¢an be fouhd if. the

bounding area of the square is large relatlve to the size of

8
the 1lake ' load.% This should alwvays be the case since i
: . o . X A \
‘reduces‘tq magnitude of the load‘ on the ‘square. . For

. » [
rectangle of s;des 2a ky 2b centred at the orzgln of (x,y)

.each of the functlons are evaluated four tlles due to the’

\

: \ : , .
contrzbution of each edge of the tebtangle. L U '

' !
Vo

f(x.V) f(x+a.y+b) f(x+a.y—br+f(x-a.y-b)-f(x-a.y*br

a

" The dlsplacelents can be shouﬂﬂto be.5 f o ' >/
. . ‘ . : - o “ . : 3 ]
u = (l+6)P (45 Zv)tgﬁ +. ? )' . S T
o ’ SR 3X " N o ,
A S o= (l+v)P 0 A e L
ﬂ”i , ;v =~ —55?17 ((l 2\))‘@"y + z%9¥i~“~;f‘ A { . i
L : o $1+V)P ;f ;; ‘5’u‘q, R leb-fl"" -
o ;"V=‘u¥(“lwv'%ﬁ‘ R T
DRSS B
The stresses are easily der;vable f%o- these. e e ! o
‘ 2 2 LI T
. _ P ATy F v S \ e
a - 2 1 2 - s N R Lot
\ Txx 5 ( 37 ( 2v) it i,?;;;:*'f»;\ L
; ka,\k','h” A WVl
/ : R P’ . 3 - 32 e 32‘,’ _ ;t".. "bv“"., i) R
. & .yo‘ . = e (2\) ___" - (]'_2\)) - - -z‘ ) - L . v
yyt 2w e R iy LA
s l:a’ : o oo a.\y ‘4 aY . T B y
L g aex P av BV, : :
. : (o SIS J-— . : . o -
’ 2 ...m-‘zz 8"-’\7--? R 3 o
Xz 2T 3%xdz - vz ,;y-ayaz .
t - * \_ L ERE : ::“_
SR e :
! . L \ « - tw e
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The potentlals X and\v are: -

‘-» ’ ,‘-\‘ CX =Ijlog(z+R) dx'dy"' S | -
v s](/-dx'd a o o )

& L

_vhere R2= (x-x')2¢(y-y')2e22 = , o . :

v may be shovn from G. R.(2 261 981, 2 266 p84, 2. 267-1 p8a)

. 0 and part1al 1ntegrat10n to be ‘ .

o | ' . " ~ s | S 224yleyr
\ ' ' %\ = x ln(y+r) + y ln(x+r) -'z arcs1n( Y y2 : !5)'

, - Y o ‘ (y+r) ({y .+z )
- A : o

- 'wa:e remainiang ‘derivatives of, V, ' can~ be' calculated in - a -
SR : ‘
P A “o N e . o l% . B - .
B _ st‘raightforuard,lgpn‘er; w . * o .
B ST e g Z
8, T 4 W :
b Pigure 2.2 shous the vert1ca1 d:[sp-ﬂ.acelents belov 1 bar 4
W ‘ ST

A pressnre on’ a - square of 2844 16 kg.. Th’is length had been |

chosen tov?agree nth the Kariba results presented latér.'

. Pigure 2q2:‘ shous the cclpu.tation at 0 kn and at! 13 k- deep

._Taire,onli' slightlyd;ffetent._ This indlcates the displacenent s

"é%anges sl;ghtly ﬁlose to the surface. ngure 2 3 shovs the'

Voot i >

L stress 10 lsl belov a rectangle wn uhich ds Applied a one bar.

o

: vpress\ib rigdres : .Jt and 2 5 : shou -,‘displacelents a’iidv_

»

.et‘resses elow a sguare (vith a s;de of ’100‘ Ei. ~The sale'

» [

v '
_‘elastJ.c dn;‘:anete‘rs used by Gonqh ang Gough (1970a) vere‘

e chosen., rt;e bar figure in the lover right of each of these"

5 " | 'diagra-s is oge tenth the“’iengh of the square. the 1ength of
| : _the bar is. given in\ kilolete:g. o _‘ ; 5 L :
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Figure 2.2:

Jt‘"-

mb

t

)

Vertical displacements at several .depths
below a 1 bar pressure applied over-ay .

-+ square ,of side length 284 km.. 'The elastic

patameters: of the halfsPace were Poisson's

ratio Of 0.27 and Young's Modulus 0.85
. Mbat. The eguatiqns derived by LOVe vére‘

gsed.a S _ o

-
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P — |

VERT. DISPLACEMENT (CM) VERT. DISRLACEMENT (CM

)
DEPTH= O WITH SIOMA=0.2" YOUNOD-0.85MBAR DEPTH= 3 WITH SI0MA=0.27 YOUNO=0.B5MBAR
' .

) { -

VERT. DISPLACEMENT. (CM) . _VERT. DISPLACEMENT (CM)

. DEPTH=z 13 WITH SIOMR=0.27 'YOUNO=0.85MBRR DEPTH= 30 'WITH SIGMAR=0.27 YOQﬂO:O\BSHBRR
)

) £



Figure 2.3: Stresses at 13 kma below a unii‘ pressure -
applied to a square of side 284 ka.
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Pigure 2.4: Vertical displacement at several depths
below a unit pressure of 1 bar applied to
a_sgquare vith sides of 100 knm.
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VERT.. DISPLACEMENT (CML

DEPTH= .76 WITH SIOMA=0.27 'YOUNO=0.85MBAR -

b

4



\

Pigur€ 2.5:

Stresses at. 10 ka below. a square of side
100 km on which a unit pressure of ‘1 bar
is applied. The solutions were obtained by
the eguations derived by Ld‘e. .
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2:3 Ap example of Iradsform Jechuigues

i

The conputation of the stress ‘and displacenment vas
undertaken for Lake Kariba. The point force ‘magnitudes and -
positions obtained from the bathynetry vere supplied to us
by Dr. and Mrs. Gough. Yhe pressures vere the avgrage depths
over rectangles of 2.2x2.3 kn.'o'er 1690 point forces vere
used.' This - data was placed‘.onto a regular‘grid of up to
256x256 nodes. The *D.C.°! level of the load vas removed and~e
a two dinensional transforl vas taken using a library F.F.T.
routine. The F.P.T. progranne _was a standard IBuvroutine
'HARB' supplied’ in their Sciéntific Subroutine Package.
_singleton (1969) has published a listing and explanation of
anothor F. F.% progranne., The transforled load was
lultipliod by4 the appropriate Ifunctions and the inverse
' transform was taken. A grid of . 64x64 element vas\\usually‘
found adequate although larger grids can be fnandléd .
ef;iciently. On the IBM 360,67 only a Single stress
component or displacenent could be computed at one time for
a.256x256 grid. The difficulty;involved the storage of ;the
65536 source point forces. - o |

~on the Kariba ' example ve found the résults using the
- F.P.T. routines cost about 1/8 of what the Gough nethod cost
(6#:6“ grid). If the accuracy criteria are relaxed to 5 per
cent agreenent, this fraction can becone as small as 1/20
(32132 grid) « The loss of agreenent is directly related. to

hov ' frequently the lake is sampled by the grid nodes. There



v

- and Gough (1970a). Since more points uetg conpuquwffor the

&1

90

are- penalties vhes the grid is redused; Transforling
digitised. data imprecisely on a limited grid lay introdﬁds
aliased conponentsbof displacement and stress. near sharp
gradients of 1load, (sée Kanaseyich (1976)). It should be

emphasised that routine processing and ilptovtl. data can

@
reduce these errors.

T ‘ 3
The displacements and eigenvalues of the stress matrix

vere computed at several depths. From the -eigenvalues the

» y
v

maximums sheat stress vas calculated'

T : g __., — 0O .
! : _ max min
. T =
: max - 2

R

[ «

vhere o and o .are the wmaximum and ainimum

max- min

eigenvalues of the stress matrix. The displhcelents, maximunm,

shear stresses and shear planes at 0.,3., 13., and 30., Knm
are sbovn in figures 2.6, 2.7, 2 8. The derived stresses are

everyvhere uithin several per cent of the results of Gough

]

. contours the extra detail is prabably teai.

" The deflection -at 0. k-,_shovn_in figureiz;ﬁ, dit;srs
little from that of Gough and Gough at 3 km. This  result

reinforces - the conﬁa;ison bétveen the computed and leasufed

" relevelling data sﬁoun in fiéure 2.1. -

2.4 Geeralisation to Begular keads | R

The ptile'advantage of the transfora technique is its

N

!
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Pigure.2;6:

!

The maxiaum’ — shear str

0

If' o A ! i
TN \*W\ﬁ» . |
‘ 'ss, vertical
deflection ‘and the planes along which the
maximum shear stress acts are shown at 13
ka . below Lake Kariba. The -position and
bathymetry of the Lake are also shown. The
tvo planes are eAch described - by the
azimuth of thqssylbOI and tie dip angles.

f
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Vertical deflections at several depths
below Lake; Karika. The contours at O knm
depth are at 2 ca intervals. . .
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Pigure 2.8: _The maximum shear st;eés at several depths
" below Lake Kariba
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ablllty to ' handle irregular shaped loads efficiently. In

~some circunstances a large computer lay not be available and

an aqalytic treatment is desired. The integrals involved are

usud&ly difficult tc solve and little attention has been

°

'given to the method.

In some instances the rese:vdfr may be approximated by

.one or more ellipsoids. The ellipsoid:
-x' 2 - : ’
(5 7+ (Y2 (32 g

b : Cc
would transform to give the fressure:
- pg abc 22 x3/2 5. (g
P(p,q) = 3/2
Flp, 72 ,

vhere B2=(ap)z % (bg)2, p is the load depsity and Ja/zis the

Bessel function of order -3/2. A program was written to fit a.
! f

small group of best fitting ellipsoids for Lake Kariba by

least-squares methods. It vas slow. For the most general

ellipsoidal orientatioh,thé fitting alone required almost
‘ f

the same computing time as' the -complete solution by

‘transform methods. Ihis"pendlty ‘may be acceptable in

computers ;itﬁ small memories in which large transforas -

cannog,be dopne. o L
/’ .

The techﬁlgue is alsc amenable to kuo.‘dilensions.“ If
| the lake is‘ stra1ght, with the length about thtee or more
times greateg than the width, tvo dimensional analysis gives
excellent re?ults. The eguationi\ are .easily obtained - by

setting g-O ip (2.12),,(2.13).
\

8o



223 Generalisation tg a L.1§ 4 Half Space N

The generaliéation‘ to . the ;ayered half-space followus

directly from the derivations in section:z.i. The éxténsion

. L4
is made by considering tlHe boundary conditions é; each

y

layer. Bquations (2.2) to (2. 8) are applicable, -but as 3
and £ can nc lcnger te neglected at each interface eqh&?}on
(2.9) no longer app1ies; 'A : >_ N

A\
\

Bach of the four nnkhouns v, fz,°gx, gy are transfoflés
and  are separatgd into, two exponential components as

follows: o
- f(p,q) = '[]-f(x y)el(px+qy)dxdy

~  _ at —kz ~— +kz

g, =39, "+ 3, e

~ ~+ -kz . ~- - _+kz
= e +

§, = 3, + 3,

£ = £ e7kZ 4 g7 otK2

Froa equatidn 2.7 it is easy to obtain:
+(1-29) ~, . /
+ - + 1 ~+ ~+
- = ok 2 raoox %Y asy)

vhere the wi form is assumed to follow »directly -fron the
- definitions abové. The pﬂfapd q are £he Poufier transfors
lvariables'ini; and y with k2=p2+q2. The displacements can be
~obtained fréi the _equation (2.4) . The resﬁlts can be

PR

summarized in matrix form:

where  [a1t = [L1E (g . ~ /h'

i

[

v



a1t = e | 51% = &t
et - et [5] ]
' at g~
A, | y|
N ﬁi ! ".. 19 f:tl "
L2z . \ zd

The complete solution for thérdisplabelents‘in patrix form .

..is: L o : . N
~ 1 +roqt - oy '
, (6] = (2170517 7%% + [L17(g]", e**2 -
. A o
i, | A
,
\ ol /
\ - - ! \
1 / \
§ ) \\
vherq : -
e )
L] = o
2 1oy ? ] R |
[0 (zk+1) -4 (1-v)k pq (zk+1) - iplzk-(122v)]]
. ) . | ’ . ' | ' [ .
| pq (zk+1) " q®(zk+1)-4x2(1-v)  iqlzk-(1-2v) ]
L2 ) . ‘
N ~-ipk z | —1qzk k(2-2v + zk)J‘
and : , - ‘
. _ _ . ,\l . ) c. . .
L] = 5o <- L
-2, U ' TN = -
P (zk-1)+4(1-v)k?  pq(zk-1) | ip[zk:?ixzv)]
Pa (2k-1) a®(zk-D+ak?(1-v)  iqlak+(1-2v)]]
2 2 o 2
+ipk“z : +igzk k (2-2v-2zk) J

The expressions for the stresses can be obtained from the
. 1 .

\ : . o 4 .
equation (2.2). Using the wmatrices (L]~ above, and the

L a
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, differentiation properties Fourier transformed variables, a

' similar matrix notation may be obtained for the stresses.

~+ -‘kz [, - kz
G..=0,. e + G, .
, i~ Tij %15 ©

Por convenience in the introduction of the boundary

" condition the. six ‘'stress components are separated as.

follows: ,
: _ - o
R _ i+ 7
(5,15 = [x,| = [ 5
+ -+
Yz 9y
~+ | =t
..G-z—zj Lf_z-J
! . ’
: U S _ + st
600 = L] - R (&
¢ o+ ' -t
' Yy %
/ -t "‘+ . '
L% | 5
S, E o - ,
If din M~ the upper/sign corresponds to 8%, and the lower to
8~ then:
+ CY . _ : c ,
M= = o=y o :
r - 2 2 : - — ) ]
(1-2v) [+p zk+2k“ (1-v) ] +(1-2v)pqzk +(1-2v)ipzk
+(1-2v)pdzk ‘ (1-2v)[¥q2zk+2k2(;—v)] ¥F(1-2v)igzk
ipk[+(1-v) (zk-1) - igk[#(1-v) (zk-1)- o -k (1-2v) (zk+1)
Wzk+1¥4(1-v)] wWzk+4 (1-v)] . ‘ i

Q€

///(</:;;:~’/ “ o L ‘



e S : o e an
. . ‘:‘ [ . M B "
4/./ | xp
.+ _ ’,Y& ., ) o Cd ‘/
[N]- = T (I-Tk Sy
Cioro? o 2 0oy 2, Touk2 ]
-ip[p”(zk#1)+2k*(v-2) 1 -iqlp? (zk+1) F2vk?] [P ‘zk+‘1 2v))+
) L ')} ) \ :"_I,' 2\)q ]
-iplq? (zk*1) F2vk?] —1q[q (ﬁk+l)+2k (v 2) ] [q° ‘Zk”l 2v))+
= . ‘ 2vp ] '

-iq[pz(zkf1)12<1—v)k?]'7—ip[q2tzk11)Iz<1- 1?1 palzk¥ (1-2v) 1)

I

The layered space identified in_the figure \.9 has N layers .

‘each with Young's Hoduius‘\and P¢issqn's ”Ratio Y ,vi and
depth at the top z- Ihe N*th layer is a half space. The
matrix solutions for dlsplacelents and stresSes at any . depth

1

in layer 1, are urltten below. ‘, i

, ~ ' [ -kz - , ot
! [u]i,z_, [L L ] e 0 g
| b O ek;z - = §_-J
i
=~ 1 — -kz 7] " .+
, [gz]i}z =M m] z e 0 g
' k ~_’
K 0 e ﬂ L g9 i
; v
p - + ~kz- - ~+
»[cxx]i'Z = [N N7] e o1, |9 /
0 ke g
. ~ - i
The notation: ). is . introduced to indicate that
! N l,Z ) ’ ’

~‘computation is in the i layer at depth 'z belov the free
P ‘ .
surface. The 1 is the 3x3 unztary latrlx and 0 is the zero
- ‘ /

!
t

3x3 matrix. _ . : ;

At each ~~undary there are 6 bounda:y conditiohs. The 3

/
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?igufe 2.9: Shovs the configuration us for '
: calculating the displacements and stresses

in a layered half space. There are N-1

layers over a half space each with Young's

modulus Y and Foisson's Ratio . The top

of the layer i is at z with z being the

free surface on which the load is applied.
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displacements are continuous if the layers are to stay

- \

velded together. The three stresses ¢ , 0 , © 'must be
) T zz Xz yz

continuous across each 1nterface to ensure no acceleratlon

of the interface. The top and bottonm 1nterfaces have special

! cohditions imposed on them. The surface is freée, "so we

E cdiBIex\lgggices vhen -‘solving for the TU]"-atrixfaE-thiS”is

conclude ¢ =g =0. ‘The ¢ ' is the applied load at the
Xz vz zz . . :

H

surface. Below the lowest interface lies a half: space. To

ensure the variables are "bounded with increasing z, the

[5]N ~are necessarily zero.

A

i The boundary copditions,-aliov -the determination of

i
'

IQJI,[EJE in all the layers:

kz, ‘ -1
, + _
e 1 o ||M M
“ = "'kZ. ' -
0 e PN
, i-1,z
-
~kz '
- : \ ~+
, M+ M e 1 0 g et
. . —kz, ' ; S
Lt L |{o e g f
i !

The [g]N,—O and [g]N can ke conputed by chain appllcatlon of
the 1dent1ty above to Z£e top surface. Knowing [g] , the

dlsplacelent and stresses can be calculated everyuhere.

The ccqpiex' matrices [L] , [M]; and (N7 ~can  be

separated ingd a real satrix, pre - and post lultiplied by.
.complex diagcnal matrices. The inversions can be . found using

\\\<;ifal algebra routines. Caution must be tﬁken to include the

“

N
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complex since thke boundary conditions, P , are also complex. .

!
Analytic inversions were attémpted on the lat:ices
‘L,M,N. These proved difficult to obtain and 1little
silpiificatibn was achieved. In ccmputation it was fq&nd
more convenient to compute each of ﬁhe matrices L, M, N andvdq
" !the. inversion numerically. 7The resulté‘obtaingd‘égreeq uéll
vith the elastic case when the three layers uefe:'chqsen to
be the same. This is illustr;ted in figure -2.10, where‘the

contribution of the ' square load has. not - been included;
Figure 2.11 shows the results when thrée,different layers
vere chosen. The téchnique wvas found to be unsatisfactory

due to numeric instability . in nost_of the models chosen.

A computation difficglty . arises again' for the.zerq
uaveléggth co-pcnenf} Lovg)s sélutiop uéi' be a@gptéd; ihtO'
tﬁe layered wmcdel to r€-6veqt$é sidgularify if the‘ave;age
»pressure.o;er the grid is ;lall. For a sguare biucﬁ‘ l#rger
than}‘the ! lake little diffiéultf vill be éxperienced in. the
interpretaticn chthe tESult;. The_soluéions*ih the region

‘of interest will only be slightly dn error . ‘ C

In  this chapter the Boussinesq problem: “has been
examined . for elastic balfspace. The Fourier ' technigue

developed " bas ,~ been shown to be - more efficient

d

‘ "!": v . . N, : X
computationally\and is able to be calculated at the surface.

- The theory vas,eigended for the elastic layered 'half-space

‘using Haskell-Thospson matrix technigues. . o
T S e T | ‘ N :



Pigure 2.10:

! ]

| -

The,veftical deflection is shown .for  'the

‘layered elastic halfspace (a). This agrees

vell with the solution fcund for the
equivalent halfspace  without interfaces.
The effect of the average pressure hds not
been included in these diagrams so they
differ in magnitude ‘from the results shown
in figure 2.7 = S B
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’ © ¢
Figure ' 2.11: Vertical deflection below Lake Kariba
: . found usimg the 3 layered half space with
‘the parameters shown. The 'DC' 1level has
not been included in zfis case. i

]
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X 2 }
- The model does not account for the effects of water, or

allow: for the concept cf effective stress . These will be

included by using the work of Biot (1940) .



Loading of a Reservoir on a Porous

Elastic.Pluid Pilled Halfspace

Ihe’lbading of reservoirs changes the pressure of the

water contained in the rocks. Since reservoirs are built on
.rivers, groundwater is usually pregent and is observed by
, } £’

; the presence of a wvatertatble. Tne weight of the reservoir

A Y

CORMPLESSES the.pore volumes and this effect must be included

in any model of loading processes. The reservoir also allows
vater to ‘enter the grcund by 1eekage from the bottom raising
ﬁhe groundwater pressure. The modelling of a leaky reservoir

on the 'porous elastic halfspaee can be .described by -the

concepts of effectlve stress and dlffu51on.'

;;_ a;_s_ﬁ QQD§21;§£$A__ Equations

Biot ~ (1941 a,b,c) developed the basic egquatioms

governing the bebaviour of solids contalnlng-lfldias:'“fhe

theory was deveioped for the studj‘ ef eonsolidaﬁionlof

foundatxons in clay and sandy material but ‘is‘ sdfficiently;:

general that it can be applled to rock. Conpactlon of soils

is descrlbed in artlcles Lty Hedberg (1936), Skelpton (1970),
and uarsal and Ph111pp (1€70). A recent review artlcle (Rlce

and Cleary 1976 a,b), concludes that recent work has not



L

“may be Urltten as-.v'

. . :
. ‘ : , 112

/

., greatly iamproved.on the clnssic (Biot 1940a) and later works

'of Biot (1955, 1956a, 1973). This is the analysis which will

be folloiEd here; The extenSive engineering litefature
qoncentrqxes on tuo-dllens&onal plane strain loads, and on
préblens vlth axial symmetry in three dimensions. Some of

the recent appiications include thét' by Nur and Booker

- {(1972) and Booker(197u) ‘to fault relaxatlon and by ncNanee

and GleCD tc settlelent (1960a, 1960b 1957). A descrlptlén

of the solution cf engineering problems by finite elements

vill Dbe ,given in a later sECtion, but it is apparent that

very few analytic solutionsvexist,_'élOtf theory will be

applied here to 1rregular loads/whlch change vith time in
both shape and lagnltude.ﬁ“:'N(/:V
.l Hooke's equatlon of emust1c1ty in the absence of fluid

TS

= (1+v) _ v '
®i3 T ¥ %3 T ¥ %k %ij
-3.1
o~ ! . 1 au' ’ .
e.. = —(——- —
1j 2'9x 5 9X.

v is Poisson's Ratio and Y is Young's modulus. The water

»

pressure does not alter the shear conponents of ~ stress but

'affects the rest equally. If o 1is the uater pressure, .and 'H

a paraneter descrlblng the effect cf the pressureq

Lot g
§. . +§E 61] :‘—3.2

the sign conventlcn used requ1res the uater pressnre to be,

p051t1ve u1th increacsed pressure and the stresses negative

2
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inclusion of air with the qétet in the rock skeleton.

113

[
-
-
4

in compression. Three assumptions have been made- ==’

(i) . the material is isotfdpic

~ . .

(ii) a linear stress-strain relation exists

(iii) the strains are small.

The

amount of water im an

e

/
S

element of volume is related

to the sii applied stresses/and‘the fluid pressure. If  the

material is isctropic then the shear stresses cannot affect

the water content. As there

properties the contributicn

is

synmetry of. the material .

oﬁ each of the

stresses must be edua;. In the first order theqry Biot uses

1

a linear dependence of the
pressure and stresses.

- i |

' % = 3~ (cxx

1

[

water content, 8 , on the
v
N - g - o .
_ + 9 -3,
+ Oyy + Ozz) R A% 3

8 is defined as the increment of. -water "volume per unit

volume vpfgthe“liiééiél; H, and R are two physical constants

reversible process, it is possible tc show that H,;=H by

Y the rock. If it is “assumed ' that consolidation is a

energy conservation arguments. The cohsfaht R allows for the

.

Equatidn (3‘2)7éha (3.3) E:ank be written in a noré

6seful way as:

<

ij = 26 (e
. . - ; .
6 = + = -

F g A 0 3.5

remaining,

!



114
N\ : N .
2(14v) . 1 _ 1 & 1-v Y

Where (i=m.‘ 6=§—F{_ .n = G

u=au‘8_\£ ow o
- 9x oy 9z

The four latérial constants G, v, H and R and the derived

constants.a and Q need to be physically interpreted; G and

vV are the equivalent elastic nodhli of the solid skeleton in
. ‘ - : o _

the absence of excess ,preSsure. This condi tion can be

established 1f experuentc are cbn cted'at a sufficiently

!

.slow rate to allow excess fluid to diffuse out of the rock..

In_order.toflnterpret H and R con51der thev_sample to - be

enclosed ia a rubber jaeket. In the absence of extermal

[

'stresses and with the pressure in the jacket reduced by =0 :

' where 6 ‘is the amount of fluid remcved and € is ‘the’ change’

1=2v T 2(1%v)

[

in the volume of -the solid."Theacopstants-Q and .o are .

neaningfdl when the solid .is not saturated.

i

The constant a 1is the ratio of vater .volunel sgueezed‘

out to the volule change of the selid if the latter is

onpressed whlle allcu1ng the uater to escape. The o qf a

saturated later1a1 is equal to 1., and for,dry laterlal it
is 0. Irobe et. al. (1974) use o« values between 0 83 "and
0.98"° in a descrlptlon of the behavxor cf 501ls. Jaeger and

ACodk (1976) indicate that o has a value of one for rocks.

1/Q is the measure of the alount of uater vhich can be

forced into the solid under pressure vhlle the volume 1s"
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kept constant. A standard soil test affords a method of
deteraining Q. A conbfeSSiie lopad is applied through a
' porous slab“to a latetdlly ccnfined colunn'of SOil so that

the water, is allowed to. drain avay. The ratio of the axial

strain to the applied load is  egqual to the "f1na1
'coipreSSibility'“coefficient"t_This is shown by Biot (1941a)

b R
to be )

| a4 = 1m2v)

2G (1-v) - h ,
If the test is repeated with the sttain being measured

before the water: has had tlne to diffuse out of the solid,

then the ratlo of the straln to the app11ed load equals ~the
. i
'"1nstantaneou= conpressxblllty"

1

. a .

a; = ———— )
1 + a?a Q

- Q can be'deternined fron these conditiops uith a knovledge

I

of . Biot has shown that the 1n1t1a1 compressive strain 13‘
Larée conpared to the f%nal coapressive stralnt for soils.
The ratlo cf 1nstantaneous to final coppres;xve strains is
‘typically 0.01. On this—pasis Q is large, qnd‘severalyorders
of lagnitude,larger than\Yeungfs'noddlus. Jaeger and Cook
(1976) sugéest that as the colpre551b111ty of rock forllng
mineral is of the ordet of 0.11 per: Klloban,.llt is .
' reasonable to- neglect the volunme cﬁange of,lfnerals at
laboratoxy pressures so that a ¢ veiqe of- infinity is

suitable for rocks.

Rice and Cleary (1976a)';odified the choice of derived
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constants so they‘loée Closely resenbled bulk modulii and

have introduced the effect;ve stress law of Nur and Byerlee

(1971) rather than tbat of Terzaghl. The lack of information

-an any‘of the constants cver scales of the size of 1lakes

(10*'s of kiloneters)/”is the largest single ueakness of
tbeoretlcal analy51s. In the work of Rice and Cleary (1976b)
on faults, the parameters may be monitored more closely,
however, for 1lake anelysis the siiplest macro—paraneters

vill be used. The notation of Biot will therefore be used
. ! ! d ‘ : s

!
i

'EQuation. 154&) can be diffe?entiaied and simplified to
yield ghe first of‘the basic equations lequired;

‘G(V2 u. + (2n-1e i .-‘qo;i€=.0 §376
It is assumed the water s behav1our is governed by D'Afcy's
law where the flu1d flow velocxty is llnearly proportional

to the flui® pressure gradient. For an isotropic solid with
. !

)
g

coeif1c1ent of perleablllty K

, =3.7
The' assumption must be made that the flow is not tutbuleht,

but its wide use in oil afid hydrological studies implies

 this assumption is ~ Justified. If ~the water is

incompressible, the increase of water content in an element

of the solid equals the flow into it:

©

o v
e _ MWy %y 7Y :
at - 3x oy oz : ~3.8



Usidg (3.5), (3.7) ‘and (3.8)

(o9

2 I3 & .
K V7o = o = + t
. a9t , -3.9

i

The, Biot Consolidation Equations (3.6) and (3.9) fully
describe the deformation of a fluid-filled elastic mdterial
,'due to an applied load.

!

3.2 Sclution of the Boundary lg;gg'g;ob;eg

The ' equations (3.6) and (3.9) can be solved using the
displacement functicns of McBamee and Gibson (1960 a,b).
,Otﬁer solutions can ke applied (seé Rice and Cle -y (1976a))
\ / ' ‘

but \gre generdlly limited . to twvo dimensions. Ta ‘ng the

“divéergence of the véctor equation (X¢6):

Vz(ZnGe - ag) =0

o = —2g 25 Ca o
l 2§ne - a0 = -2G 3z T .
It cdn be shown that another scalar ‘functioh E can -be

a ) }
introduced which vill satisfy this equation if

u = - %% + z %§ \
v = - g§'+ z %g
w = }%% + zlgg‘- S ) | . : f3f10 ”.
g = iG (%2 - nVZE) |
Cv, =k 2 3 %32)

)
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" : t .
Substitution of (3.10) into (3.9) and time scaling by t*'=tC '

‘ r °
leads to the two differential equations SRR

o 7 !4ﬁ _ d 2‘ d_— ClS " _
V'E = az VE -\2al dt (HE) . 3.11
v2s = 0 | -3.12
' ¢ = anKQ At T /
- (a“Q+2Gn) (a"Q+2Gn})

The\tine scale 'C' is linpear in the pérmeabil;ty, K, so one
result may be exawmined ffor' several permeabilities. For,
exaiple the results coméu&ed at 1’yeat” for & rbck rof 20
millidarcy (2011Q-l°c9/s) will | be the’same ;s a rock of 2

-millidarcy computed at 10 Yéars.
' :

The equations (3.11), (3.12) are ‘soived by Fourier
transforming in the x and y variables and Laplace

transforming in 't'. The notation used is:-

~

[e ] o

E(p,q,z,t) = —[;[E(x,y,z,t)e;(px+qy)dxdy
= ,

~ e~ Tt - t

E(p,q,z,s) =-[.E(P,q;2ﬂt)e S it
-

Use is made of: ' . .

)

'%% = E(p,q,2,t=0) + SE(p,q,2,S)

L Hsf(s)) = £(£=0) + $¢ £(p,a,2,t) -3.13
t o :
L_l(f(s) g(s)) = _]}(t-x) g(t)dr :‘f(t)*g(t) .
o o . | . | '
With k2=p2+g2 (3.11) anq (3.12) reduce to: ;
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2 2 A ‘
(- 1248 2)(_k2+§__)g = (- yP+g——)(SE + E(t=0))
dz ; dz R dz N ,
| \ d o L (el
—‘zal 3t (sS + S(tTO))
2 7. |
(_k2+f‘;2)5 =0, ¢ \‘{/\/
.dz. . .
The condition  at t=C corresponds to no initial -

' Sy iy ] . . . .
compressibility  and no excess pressure. This assumption 1is

made on the Lasis that the results will reflect the effects

of the ancmalous load‘alone. If the inifial‘stfeSSes,'fluid

pressures and flow" §010d1t1es were- avallable they could be

poe

'1nc1udea _at this stagé. Body forces should be con51dered in

\

this cése as they u111 cause an\lncrease 1n’fhe lithostatic

‘
’

and hydrostatlc pressures ) Hlth depth.  Other initial

condltlons could be 1ncorporated\ lnto the; mathematics if -

‘regulred “atr this stage.' Slnce the conpressxon g ==V 2 E,
then at t=&5‘ _ N ) ‘ - B
l -.\\ . ‘,‘ \ ‘ N - B
“x? ~9—7> E(t=0) = 0
dz .
P i

Nith the zZero 1n1t1al preésure condition ‘this requires:

. a o -
- ) Iz S(t 0) =0 |
The equations simplify to:
. 2 PN . : A
(- u2+§—§)( k2+§—-§)E = -2a; s g; S
dz dz _ z
) 2 . o )
(-x°+S)s = 0 !
dz

with p2=k2+s. The ‘solutions must be bounded at infinity so,
Ly the uethod of Variations (Butkov 1968, p126)
! . S
!

E =Ae'kz Be H?% & alzCe1kz
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l 5 = Ce XZ § " : -3.14

A,B,C. can be determined from the boundary conditions. They '

lay\depgnd on p,q and s Put gré independent of’z.

At the free surface, z=0, - § =08 =0 redudes to:
. ST o X2z vz ' .
kA = -uB + Cal -3.15
: ] . . . . . R - . X
The surface 822 must equal the weight of the water *and . is

r@presedted by the conpressive load = @(p,q,O,S).

= k (u~k)B + Ck (1-a )

lea>
(]

{
The ;thirﬁ‘ conditicn. involves the 'volame Tof flow at the
bottOl'of the ?pser#oir or th§ fluid pressure. SinF; the
fluid préssure' is, easier to nonitor by test wells over a
large area this was chogeh to be' the surface boundary

condition. Water losses sould not be ignoredisince leakage
can be significant. At the Tel-Yeruham reservoir in Israel,

+

S ™~
losses ranged from 10 to 30cm/day over an area of 390,000

. .square metres at the 50m high uater nark.(A£senstein et.al.

~
N
<

(1957)). Fronm (3;1@) : _
| - ?-k%)3 + (2a;n-1)kC

' ab _
L 2G, ¢
. The A,B,C can be solved giving the equations:

~

‘l(a4%f+*a§)' ‘ r ' S
3Gn (WA A) (i=KF ~ 2Gn (u+A) (H-K) '

B

I

aP .+vn(u2_‘_k2)_B) T -3.17

H 1 )
€= Tmn-Dk {35

!

KA = -uB + a,c
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. - - : (n+a,) K (2a;n-1)°
whe;e ' = -(a4T 4 aP) , A = — a,.= —TT:EIT“

From the eguation (3.17), (3.4), (3.10) and (3.14) it is

.

o

pressure at any aepth at any time.

3.3 Excess Fluid Pressure | (,
. | iy o | \
Substituting for E and § intowequation (3.10) gives;»

ab _. ; ya—kz 2 2. -z
3G = Ck(2aln )e . nB*u k“Te |

i . .
. —kz‘ —'Uz ' ~

‘ S ~kz e e
a8 = aPe oot ((p+A)Tu:k) ’-(u+x)(u-k))s r

The terms aay be - brok?§ into suitable partf by partial

L}

fractions and the initial values set to zero.
‘ ¢

‘ . ~ Coe - n -4z . - -
a6 = qpe Kz | 1" eTWE gTVZ k2 , e *? r
& (A+k) T (u+x) T Tu=k) ~ a0 Gxy) s T

‘possible to compute the stresses, displacesents ‘and, excess -

e,

‘The inverse Laplace transforms were all obtained from the
s . . . K-

téblesv -of Roberts and Kaufman (1966).  Jpe Dnecessary
'transforls 'are listed  kelow. Equations - (p257,5i 'ahd

(p224,23) .vere rederived since they were contradictory in

the'snali z limit.

Cgts) gt o © Ref(R.K.)

—i—— ' ——l—g - aeaZEErfc(at*) |  (p211,49)°
s ‘+a a (mt) ,; : \ L L' .

e_zsa- exp(—2274t) 5a2£+az z. "

S T o : -~ —~ae _Erfc(——§+at ) (p247,26)

s ‘¥a : 4(ﬂt)% ) 2t ‘ <

v ! ’\ |

: i 2. t azt' ”é ] 5 —%. “

P e A {(2a“t+l)e Erfc(at®) - 2at‘m ° (p224,23)

(s “+a
> o
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- \
5 e X
-zs : 2 .
s ‘az+a Tt b .
— 3 (2a t+az+l) E.fc(+—§+at ) (p257,5)
(s +a)2 - .
- . —2at exp( a /4t)
~ ' —kzt‘ —i T ‘
f(s+a) o e~ T L T(f(s)) . (pl69,3)
1\ f.o . . .
Using. (3. 13) 1t is rcutlne to shou°: 7
. ) a6:? aPe ~kz aﬁ(F) LR 3 : T
AT R N
,%:E— [Ae(A ~k )t(Erfc(At5) - e(A k) zgy f §-§ + At%)) +
| . . -3.18
+ k (Erfc(- kt;’) - Erfc(———g - kt’ ))] '
Prom the surface load and preSSure at time t, © ~ ‘can be

'calculatednby taking the Fourier, transforl at known tlmes.'a
linear interpolation was used ‘to calculate the uavelenqth

contrlbutxon at times intermediate between those avallable.

N !

,Spllne 1nterpolatlcn T wWas -attenpted; but proied less
successful in treatdng « Yrapid water-level ’"changes.
Hunerically unrealigtic-resultsidue to overshoots were found

in the time derivatives in these instances.

A\
»

. The, convolution rntegratlon vas done using a Gaussfhn
e

Quadrature 1ntegratxon technlgue (Ralston 1965) . ‘The’ tlne
1nterval vas salpled fot orders ‘10,15 and 25 of the Legendre
POl’n0l1alS. Rather than 1ncrease the order of 1ntegratlon
to 1lprove accuracy, it uas»found that excellent accuracy -
consistent vith low cgst could be obtained by inteeval .-

1ntegration. Since the derlvatlves are constant between> the-‘

'kncun depth-time values, each of these lntervals was'
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integrated with up to a 10th order polymonial. This has the
advantage that a small saaple interval was used where the

functioans change most rapidly. ‘ ‘

Heaviside 1loading, or rapid »filling is easily
incorporated into the analysis. If  the lake fills at an
"infinite rate to the depth described by‘ F, and is held at

that pressure for all tises greater tham t=0 then:
’ " : : \.. o

P o= 8 (t) T(£=0)

QIQJ
o

Fe=1) £(0)dl = (o) £(£)

> )

Ot
[eN }e)
|

i

In the event of rapid filling the convolution becomes a

,  simple sultiplication of the T (Just after £illing) with
the function evaluated at time t.

o

-~ 3.4 pisplacement

SN

The vertical displaqﬁﬁent can be found from:

‘ S Bé aS 2
W = - =z + -2 3z S
" W= uBe T L eV 4 C(kz(1map-le TR |
#. 'Expanding the R. Coteras from (3.17) o ; \\\\\\;
| e ®iem B %3 ap | kAT ke
. T 260 (u+A) (u-k) k 2G. 2G (u+A) (u=k)
e -zk (l-a,) - -

iy . 1. "
where e (LT o

This expression mdy be exbanded by partial fractions and the

inverse Laplace transforms taken ~from those tabulated

earlier. . e >

-
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: a. u Pl-O—kz -kz
Lo 3 d . e
2GW = —F———p—— 4 af(l) * - %
2 .2 \ |
2 (V7=kM)t C . .
(2 ‘; 5 [Erfc(at?) - e(*R)Z Erfc(—z—g At ]
(A7=-k%) (A+k) C 2t
_ 1 ; | Yoy _ L 2kzo z X
ETy:ET_[ErfC(kF ), e " Erfc(;zg + kt™) ]
o 0K [pree (ke - Brie(-Zp - ke ]
4 (r+k) 2 L 2¢
PR - [—(2k2t+1)Erfc(-kt%)+(zkzt—kz+1)Erfc(—5g—ktﬁ)
2(A+k) ‘ -T2t .
' 2 2 o
- 2kt%‘£r_;§r e_k t(l _ e-z /4t+}\2)]
nay i x : .
ETTIFT [AErfc(rt?®) + k Erfc(k:z7*)]} , ~-3.19

3.5 Effective Stress

.ow
o

The effective stresses are obtained in a sinilar vay .

B . s i s
The boundary constants A,B and C are substituted into

equation (3.10), the stress-strain relation for effective

-stres&. Expansion by partial fractions and use’ of the known
o ' § ) N , .
Laplace transforas leads to the required results. It can be

: ~ ~ ~-kz
shown that: _ -kz a x €
6, f‘as a P e + gg () = x
2 .2 ~ :
(A "=kt : s .
A [0 -1 (APk®)) e P Brree (2L 4 )
(A“-k*) (A+k) ‘ 2 ,

_ /
+ (Ak - naS(kz—kz))Erfc(At%)] |
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k 2k z i N
* 70T Le ErfC(——g\+ kt?) + Erfo(kt?)]
K | . %
+ = [-(3A+k)=-4(n=-1) (A\+k))Erfc(—¢ -kt") +
4 (r+k) 2 SRR PR

((X—k)+4é5n4x+k))Erfc(—kt%)J
.

: ,2 ) % * . 2 .\: z . —.’ %
+ ooy [(2k e+l Erfe(-kt7) - (2k “t-kz+1)Exfc(—¢ - kt*)
\\ g -k '_k2t -—22/4t+kz
+2kt?m e (1 -e ‘ )]}
‘ -3.20
.2aln - al + kz(l-a,)
where ag = (Za;n-1)
-~ . -kz
5xx = aGaPe_kz + gE(F) * eﬂ x
(A k% o |
{. [Ca n + _%2_k§7)Erfc (At )+(—L"‘ (n-1))
) e(A+k)ZErfC(_E§ + At )] .
| o ‘2t ‘
:pz 2k X |
- IR OTRT [e“"“Erfc (_‘2 5 Kt ) + Erfc(kt )]

: : 2 2
1 2 (A-k) IR _ (3k+A) _
+ TR FK) [(‘_1}( agn - Eﬁ_‘_—k—)—')ErfC( kt )+(. %TY)_
4k2 . .z X
: (n—l))Erfc(f—g - kt.)]

7E§v——T [(2x%¢- kz+I)Erfc(——§ - kt*)—(2k2t+1)srfc( kt*) +

2 -
2kt;5 .n,-;i _e-k t(e"Z /4t+kz - l)]}

-2 o ' : . 2. \-3.21
(p? (zk(ay-1)+a )+ (n-1)2a;k")

6 : (2a1n—1)k2‘ .

AP | e e et b R o o 30t
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The expression for Oyy can be obtained by replacing all -
occurrences cf g'uith q in 3.21. '
'pq:as/a E élkzl ~ -kz
5 = - 5 ‘- g_. T * m.__g__—— X
Xy .x? ‘ :dt k“n
2 .2 ‘
(A"=-kT)t * 2
Ae - Ak Y, . k¢ (Atk) z ]
{ [(agn - JErfc(xt™?) - e
Ak R .
z »
Erfc( + at)]
2 , ,
: k X 2k z. z ol L
“Z_ 4kt
.+_ETT:FT [Erfc(kt?) f e Erfc(zt;i H kt )] |
TR S [((4q8n<x+k)+(x-k)>Erfc<-kt*)+(3k+x)' | |
4 () +k) - ' ,
z % %
Erfc(——g - kt?)] *
-~ 2t ‘ ' *
+ —75——7 f(2k2t+1)Erfc(-kt*)-(2k2t—kz+1)srfc(—5g -kt
. 2 A+k ! : , . ’ Zt -
, C 2, 2
b2kt TR TN (L L B /ARy 3 0
- [zk (1-a,)-a '
where a. = — 1 2,1
. 8, (2a;n-1)
. -kz ) -
: ip a a, P e . ~
6 = - 9 - iB g___ I'v * -kZ x +
Xz - k- kn dt €
2 .2 :
2, _(A"-kT)t o :
A"ke .
(- [Erfc(;fg s atHhe MRz L pirc e ]

C0%kP) Ok
+ K [Erfe(-2 % 2kz | K
T oameRy BT C(Ezg + kt%)e™". - Erfc(kt?) ]

K(A-k) | 2. x :
+ == [Erfe(—f - kt7) - —xt*
4 (A+k) 2t '% Eree ktl?]
' k | 2 | ' . ‘
T [(Zk tfxz+;)Erfc(;f§ ~ kt%) - (2k2t+1)Erfc (-ktT).
L2 2, .2
B e I I S N 1]

ST
%

A

o A T A i T o A RN S e e T

B S
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i |

)
9 n. X .
i ovuray [k Erfe( kt ) Y Erfc(ath ]} -3.23

, o zk ( ay -1)

where =~ 7= (2a,n-1) n— | :
o - can be obtalned by replac1ng P u1th q .in the é&gve
yz ,
eqﬂétion.

3.6 Vertical Flow Velocity I ,

-

/‘ The flow veloc1ty used in D'Arcy's Lau.was defined in
equation (3.7). It is of 1nterest to knou its surface value
é‘//r/jstlnce it could bave been used as one of the surface boundary
conditions. Substituting’ into (3.10) the values of A, B, and

C leads to:

V. o ~ ~ I—ki
z -kz a x €
X T akPe | +’dt /r n X
. \ kz | g
L3 - -
x+k [Erfc “g kt ) Erfc( -kt )]
N ‘ ' I ,
(A —k )t 5 . ' ‘ =
_ e _ (A+k)z % ,_Z PR !
— [xe Erfc(——g + At*) + k Erfcht ?]
'/' : ) 2 '
+.ﬂ5% X e—z /4t+kz—k ty . ~3.24.

' vuheté K is the perneablllty of the rock matrix constxt
‘the half-space.
. vpv .
‘3,7 Examples of Heavigide loadipg 'in Iwo Dimensions

"To 1lln<tnate an appllcatlon of the equatlons (3.18) ¢t

2
(3.24), a two d1lens1onal Cross- sectlon of Lake Karlba, S4nm
deep, u111 be - analysed The two dllen51onal ana1151s vas

used only fo: szlp11c1ty in representing the results and is
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‘obtained by setting q¥o. It should be empﬁasised that the
" technique is general, and some three dimensional exanples
will ' be given later. To avord compllcatlons ar151ng from a‘
time dependent history of filling-'and emptyinq Heav151de
1oading ui&l be used. This may be intergreted as a rapid
fllllng to maximum depth. -The elastic parameters of the
drained sanple vere the, same as those used earlier with
Poisson's Ratio,0;27 and Young's Modulus 0.85 Mbar. The
other ,tvo_,parameters Q and. a vere unknown for the rock so
it was assumed that it behavés as what 'Biot' calls ' a
'Satureted Clay‘,'and,uuich Jaeger and Cook (1976) indicete
applies to rccks under latordtory conditions.l
Q - - : | o =11 o
No data was 'available for - the  perneabi1ity in tuis
regiou so d value of 2 nillidarcijith a water viscosity\ofl i

.0.01 Poise was chosen and  is consistent with the cﬁoseng

elastlc constants..Thls value corresponds to a sound rock of

- !

lou{ ‘permeability. Scholz et.al. (1973) has estimated a
permeability of 2 nillidarcy' fronA precursors time _scales

assuming d1ffus1on through a solid matrix. This . perneablllty

i

\ could change by several crders of lagnztude if the material

is extensively fractured, but at the depths of 1- 10 ka vhere

/

the seisnmic energx_ is. thought to be released, " these
fractures are bprobably not “3 ,lajor factor in bulk fluid
transfer since_they will te closed by the. weight -of .the

- overburden. The perieability of sound rock is lost'iikelyfto |

describe the diffusion, put it shouLd be emphasised that the
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-

behaviour of acquifers or majot‘ faultlng has not‘been

; included in the model and these may ser1ously dlstort the’

‘ j
diffusion results.

f

The pressure at the surface was 'also unknown. Thg;

RV

filling of the reservoir c¢hanges the uater table but at this
stage the’ alount of this change over a large area"is
unknown. The 1literature has not prnvided a guide to the

solutionwdf the question and a physiéal argument Bust be

used. If  the filling ' of the Teservoir does not alter the

wvater table and the surface presSute is zero at all times.

Exalples are given cf the bressure and dlsplacenent in 3 1a,‘

~3.1b. The load in this case is equlvalent to a lake being
filled with the water in the lake,senarated from the water
~in  the rock. f&is would be the case if the lake bottom was
sealed or the lake was a block of dce. This ’has been

de51gnated as zero coupllng to 1nd1cate that the water table
has not changed. ' . |
I

Figures 3.1c,. 3.14 show the results at various times
aleng an axis directly below the centre of the'lake. Notice

that the dlsplacenent increases at, all points with tine

!
i

after apn lpltlal elastic conpre551on. This consolldatlon is

o

analogonsv to the behav1our of a loaded vet sponge. There is

a certain amount of initial compression ‘and then a settling,

N Lo : . /
~as | the water flows out of the. sponge. The pressure

variations are particularly interesting. The surface

pressure has been forced by the boundary conditions to be

1

i



Pigure 3.1: ‘For the permeable fluid filled half space

‘ (a) shous the vertical deflection and (b)

the pressures below a two dimensional load

o applied to the surface 1 6 year after
loading. The excess pore pressure,6 at the

surface - is zero at all times. The maximum

deflection and excess pore pressure ,b under

* this 1lcad are shown as functions of the

' depth below the surface and time K in

figures ¢, 4, e, f. The half space has a
- Young's Modulus of 0.85 Mbar, Poisson's :

"Ratio of 0.27 and a permeability of 2

millidarcy. '

[

! .

! ' 1{
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" COUPLING = 0.00 N COUPLING = 0.00
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g : ' o
zerok but everywhere‘else the'preseure rises. The ldading
has lconpressed .the pores and the pressure of the water has
risen to oppose the ccupreesien. The smaller preSspre
'increasee at greater depths is ekpected since the
.conpressive effect of the leqd decreases with depth. The.
pressureZ gradlents cause flow of the water in a nanner rhat
. will reduce tbe gradlents and this 1s 1nd1cated by the lower
pressures at.later_tlnes. The displacements and fressures at
several hepths kelow the surface'arnglotted as functions of .

time in figures 3.1e, 3.1f. The cohsplidation of the

reservoir is clearly seen in figure 3.1e.

A seqond_poséible ccndirion-th;t may be inpoeed on ‘the'
surface pressure is that'in which the water ‘pressure rises
everyuhere to equal that at the bottom of the lake. Thls is
the expected conditicn for the app1cat10n of Tas vater load
:and is designated as *full coupllng' of the‘fiuids'in the

roék and in the i "This is 1nd1cated by the unlt coupling

‘on the diagraas. In this ‘case flgures 3.2a, 3.2b show there
‘ {

is no tigxe variation of either the pressure or settlement..

The pressure gragients establighed are such that the flow of

vater in the rock islgoverned Ly the rate of change of
strain rather thanm ' the rate of change of pressure in a
normal diffusion equation for the material constants chosen.

This is seen from equatlou (3 9).

1

In this problem the Fressure increase was expected ‘to

IS

0

be delayed some time Lehind the Eressure increase at the



! )

“"Rigure 3.2:

-

-

For the same half space and 1load  as in
figure -3;1, the excess pore pressure and
deflection are fplotted against, depth for

~the surface boundary condition that the

pressure is the same as the applied
compressive 1load. Notice in’ this case
there is no time variation. '

—
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sdrfage . FPor this reason ir is necessary to exesine the
assumptions made. - The consolidation at Kariba was smali, and
as the elestir 'renstants appear to give a, reasnnable
agreement between the calculated apd‘cbserved deflectiPh SO
e - :the constants seem reasonable. The three fluid paremeters
chosen for the galcularicn.ere the permeability, of , and Q.

°

The permeability only alters the time scale, so to
-, expand the time effects a lov permeability has been 'chosen.

Increasing the permeability would only' force the fluiad

_',/* ™~

equilibriun to be established earlier; It should be

apprec1ate& that 1f the rceck is fractured exten51vely, the
’ ~fluid may move through the flssures. \ i

)

: . The seccnd parameter <% relates to the rock saturat;on.'

It 'isf reasonable to assume that rocks _are. relatively
saturated so that d. 11es between 0.9 and 1. A larger . value

of o decreases the time requlred fér egulllbrlu-, houever,
\

. -1f o is too snall the pressure may increase in the ' mfnner -

shown bty figure 3.1. This is ¢a111ed the Mandel-Cryer e¥fect

- and ' the ancsmalous pressures may be larger thap thethe

\

"aapplled _Pressure ( see Schlffnan et. al. (1969)) . For ‘large"

Q. noticeable tiae lags‘ can be seen for o of 0.9. The

consolidation in this case is very small and is illustrated

in figure 3.3.

l

Tbe.'Other paraleter that may te varied is Q. This nas

xbeen‘specifieﬂ in teras of the;initial (undrained) amd final
. o . , .

[
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Figure 3.3:

The displacement, excess = pressure, and
stresses directly below the .two
dimensional lake section at s€veral times.

-The elastic constants were the sanme, Ept Q

and alpha have Lkeen-reduced te illusfrate
that time delays by diffusign'.are
possible. . . Co :

.
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' (drained) «ccmpressibilities. In the 1laboratory results
quoted Ly Jaeger and rCook, a rock with hjigh compressive:

strength will consolidate by’ the movement of water. The

A\l

final cdlpressive state is almost entlrely a result of the

i

vater volule change. For this case Q is infinite with the

j

final equilibriup being eStablished~instantaneously.'Figure

i | ’ ! , . .
3.4 illustrates that lovering the Q value -leads to diffusion
and a time lag. In the gecmééry- of figure 3.2 detectable

’

| time 1lags at - 0.1 year< requlres that Q be about 10 tlmes.
1arger than Young's’ Bodulus. This 1mp11es that the 1initial
to final co-pre551b111ty be in the -ratio of 1/10. The
surface ‘consolldatlon wculd stiil pe gnaller than the

accuracy of relevelling_daté.

The 1literature ;6n Q \and Ac; for.'rocks is limited.
Héndron"(1969) presents the fesults of compression tests on.
ﬁrained and mnd;ained blaék ghares. Froi the Young's uodhlus
found,. it is 'possible to ' ccnclude that Q is of the sale-
order of 'lagni;ude as the dféined ‘Young's- HOdulus.
Computation 'uith a Q five tlnes 1arger than Young's uodulus
'leads to the results shown in- flgure 3.4. ,

With the variation of the elastic and'fluid' paranetens]ﬂ]

of the rock a large range of results can be obtained. A lot

of work should be done to deteramine these parameters before
the numeric results are elgha51sed The calculatlons made
here will concenttate on the behav1our, rather; than-.fhé‘

magnitude, of the rock stresses.-



Figure 3.4:

The displacement, excess pressdre, and
stresses belcw the two dimensional lake in
a fully saturated rock. The elastic.

‘conditions have remained unchanged, but Q
‘has  been reduced to illustrate that

pressure increases with time are possible
with a 'different choice’ of fluid
parameters. ' ’

/

o
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~with zero coupling.’ : P i

3.8 Examples of Time Dependepnt Loading

shown in figure 3.6. The vater depth .relates to

o ’ | ERTTS
| ..

Another approach to the problem is tc assume that the

surfaqe boundary cdhditions  are poorly chpsen; If the

7

surface is' heavily fracture, inhomogeneous, and geologically

‘variable, then ‘the ©proklem should be initialised at Some

depth just pelow the surface. At this point the vértical
load: is stiil simiiar tox the applied load but the uéier
pregsure is assunéd snailer ghan the full head. The?bohndary
pressure would pfobably extend beyond fhe edges of thé lake,
but for silplicity is Assumed to befof the same shape but
snéller by a factor of C.25 than the applied load. This is
asséle to Se 0.25 coupling, to imply: that the .load lies

somewhere between the blcck of ize and the fully'comneciedl4

-water solution. In’the absence of >ther values Q and ' were

choSen'tb be , and 1 respectively. The theoretical I now

becomes ' ~ A at (2aln;l) | A

where a =0 for Q= « « =1

Figure 3.5 suamarizes the pressure ahd displacement

variation with 0.25 coupling. THéﬁsetfliﬁg is,‘s-aIIEr' than
) . L

C ? {

e —a g

The equations (3.18) to (3;24) véce‘analysed using tine

convolutién. A typical lcading history was modelled and .is

the lake

' cross-section’ shown in. the two dimensional sections of

!
\ .

o



Pigure 3.5:

, PG

The excess poré pPressure and displacement
are plotted for a permeable half spacg
with Young's Modulus 0.85 - Mbar - and

- Poisson's Ratio 0.27 and permeability of 2
- millidarcy ' for .the sSituation where the

vater table has increased by 0.25 of the
depth of the lake. Figures c, d, e, f show
the variations  of the maximum deflection
and excess pressure as functions of depth
and time. :
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‘Pigure 3.6: Plot of a hypothetical depth filled as a
| percentage of the maximun depth. againmnst
: time for the two dimensional lake section
shovwn earlier. The downdraw =starts at &
‘years at 90X full, drops to S0% at 4.5
years, and from 5.0 years rises to be 100%
full at 5.5 years. This filling history
vill be used with “other lake sectioms
later. ‘ ‘ _ R l

t o ’
: | , o - X
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figures 3.1,3.2. This same filling: histcry , although ‘o

)

different depths, will be dsed in the other examples atl
Kariba, Nurek, and Ororille. This varlation of the water
‘depth wvas meant to illustrate a typical doundrae situatlon‘
vhere the lake is dralned "for a short period for danm
inspection .and then ragpidly refllled. There was a similar
vdoundrau Just before the seismic ’act1v1ty ‘began at Lake

Oroville ( ﬂarlette 1975).

1
A

‘To exaamine the effeetive stress just before, during and
after the downdraw, Plots showing variations with time and
I

"‘depth vere made for the loading history in figure®3.6.

~The flgure 3.7 s=hows the cross sectlcns of pressure and
f

dlsplacement at 3.7s, 4.75 and 6.5 years 'at Kariba. The
ptessure at 3.75 years is less than that deterained in the,
earller results shownd in flgure 3.5. This is a result of the

-Slow loading of the lake uhlch allows for the fluid Pressure

to dlSSlpate as flldlng Progresses. Instability is difficult

to deflne, and relatlve Mchr c1rc1e p051tlons vere used to

{

decide when an area is least stable. B at any tlme a Hohr .

‘circle'lips to the left of 1ts p051t10n at another txne, or

Sl

'is ' larger and hence closer to a fallure' envelape,
1nstab111ty is suggested The stresses produced by the lake

loadlng are relatlvely snall only a few bars, and must of
= 3

course be added to pre- ex1st1ng tectonic =tresses of up to

several hundred bars before the Mohr cxrcle is meanlngful.. .
I o i ; -
If the ¢ and ¢ are the prlncrpal tectonic stresses then g
. X ; zZ .

-
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Cross-sections below the reservoir at
3.75, 4.75 and 6.5 years showing the
excess fpressure and consolidation. The.
rarameters used are shown on each diagram-
and they were all computed for 0.25
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at Karira where dip-slip faulting occurred nz will equal

) the weiglit of the rock and ¢ must’ be less than 02 . A
. ' . X

\revieu of the state of the stress in the earth uas‘published

by Hailsdn (1975). It appears that the horizontal stresses
may exceed the vertlcal'%t shallow depths (1 ka) but are
‘less than lithcstaticq belou 1.5 km. The ratlo of horizontal

to vertical stress being _eventually about 0.6. :fhesex.
' . : ' . o S o, i o4 .
. conclusions were broadly applicable to southern Africa.and

b

the United States. If Of course does 'not apply to thrust

1

environments uhere the> lagéest stress must be horlzontal.
There 1is 11ttld§reason to expect these 1cbservat10ns, uhrch

are ' averaged over large 'areas, to apply to a particnlar.
P ’5 '
' ' place. At each dal site under 1nvest1gat10n an attempe NV
- m -
deterllne the local tectcnlc stresses should be lade.

_ -Pigure 3.8 shovs the variaticns of stress, pressure, .
and dlsplacelent as functicaos of tfke ~at  a, pdipt centred

under the load'a depths of 3.,6., and 12, knm. The ‘sum of the“ﬂ‘ﬁ

&

stresses imdicates how the Mohr circle -poves to the lefE*an .
o)

rlght "and the dlfference is a gu1de to its radlus change.
- [ I £ .
The hth circle 5051t10n and rad}us change with tlne and

‘" will .be :exa-ined“‘in a iater section. F1gure 3.9 shous the

”

_ changes of variables wlth depth at times just before - (3.78
a - = -
‘ years). -durlng ’(a 75 years), and after . the;lake'dovndrau

° o

(6 5 years). Ihe rebound is more than expecteﬁ but reloadlng

Ls suff1c1ent to consolldate the. laterlal “more than that

obcerved begore the doindraw. A dlfferent loadlng hlstory is

. k ad

S8 [ Cs, i ' : L e
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Figure 3.8: . ¢The _variaticn of ' the. - vertical
<> .oy . a#.  displacement, pressure, and stress in the
Coe : .ﬁJJ ;w 2 and X direction, -and their sum and
- * » difference are plotted at 3,6, and-12 ka.
. ""The displacement ,(a) illustratés how the
“- - unloading relieves a- lot of ' the
consolidation and this is reflected in the
pressure. - low in  (b). The = pressure
e increases dnitially but —as the rate of
¢ % . - ' loading decreases. the pressure falls as
e the fluid“diffuses away. The changes .in
L the <€ffective stresses  (negative in
T - . compressian) ., were - srgaller than
e ' anticipated. Notice the change in the syp
v » . of the stresses occurs = later than  the.
' T major change in the difference. :
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Pigure 3.9: Changes in displacement,, excess pressure. *.
and effective stresses are plotted for
different times as functions of depth. The
'-vaflues chosen for the constants agree ‘with« .. =~
those wused in- figqure 3.7. The loading- .7 - - o,
" history was shown in Figure 3.6. éﬁ#ﬁﬁy‘L
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used for the Figure 3.10. The change of rate of filling has

little effect on the centre of the Mohr circle, but the

radius follows the level changess -

. Three dimensional sections can be analysed and an
- ' ' : j‘\l':»,‘;,x :
example is shown in Figure 3.11. This shows the pressure,

displacehent;*fand effective stress at 5.5 years after
filling using the filling history of figure 3.4. It is felt
that the apparently noisy results are real sinqé similar

results vere cbserved ‘at’ higher orders of integration in two
dimensions. The stresses are difficult to interpret in three
dimensions, sg;an apalysis of the physical.béhaviour will be

done for two dimensional cross-sections only. The figure

Bl

3.11 indicates that the sé;e }results will generally,be
applicable. A sililér ana;yéis was repeated for lékes Nurek

and Oroiille.' The results are shbwq‘in fiéures 3;12;3.13 .
in each 6f th#se cases'the filiing histdfy was tﬂe Sane;,but
the depth of fill_varied:ﬁn eacﬁ case. The bathyietries ‘are
given with the lake depths-<$ﬁng found by the technique of

o . N cE % ST
triangular interplation cutlined in section 5.1.“._??~.- "

“
“ i

{ :

»

- 3.3 Liiefed Pofous Flastic Half-Sp an.'k. o . ‘:

.qualloi fsr thgrvgriation of parameters with depth two
apprbéches are possiﬁie.'Ag fﬁnctional depgndence,l pérhaﬁs
éipénential, may pe..intrbduced, and'the‘derivationsyfound
inéij{icéliy.i Sﬁbstitutiops“ sust be .made ‘into  the

expressions already derived and similar processes followed.
R .

~ ‘e
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Figure 3.10:

¥

Displacement, excess Fressure, ~and
effective <=tress for the 1loading rate
shown-(a). The changes in filling rate are
only slightly seen in the movement of the

-centre of the Mohr circle.
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Figure 3.11: Three
" Kariba

-
A

dimebsiopal analysis below Lake _

at 5.5 years.
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Figure 3.12: Three dimensional analysis
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Nurek at 5.5 years. :
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The algebra. will become even more-coafused than it  was imn
/ l

the uork shown above. Ancther approach uodelsé?he ha‘tspace

)

as a ser1es~cf layers, each with different elastxc and fluxd

~

propertles. Thlsﬂfls often a Kgocd approx1nat10n to

sedimentary ba51ns, and 1f theré are a suff1c1enb nunber of
3

‘ﬂcer varlatlons aey q§ modelled

thia layers reasonable
. “\

The treatment is analogéus to that presented earlier
4 @
xor the elastlc case Ulth each 1nterface having six boundary

coddltlons.f The continuity of- dlsplacelentc u, v, v reduce'

v

.to ‘two condltlons which requires the lnterfaces to stay

N

T '

foﬂ*‘tvo condmtlons whlch prevents' acceleratlon of the’“

1n¢erface. Tuo cther‘tonstralnts are quulred ‘The pressure

of " the - uater aust %f con;xdqgu!‘pcrOSS an 1nterface And tH

A d

~

a-ount of vater flouing out“the botton of a 1ayer,. z' lustj

‘ equal the ~apount - flo&mng in the top of“the layer belou it.

R
'Thm t1|e scalxng 1ntroduced earller depended on perleability
"

and canno% be used bere u1th each layer havxﬁg a different.

; o
¢ - ' . i Qn . ’ A

1perleab111ty. . o £ o A p

o »

AR . . _ . . : ‘ . . »
The equations (3.11) and (3.12) app;yeat any.point. gﬁn

- 4 _d o2 .. "4 ds
- | . cV E,—.EE(V E) Zal at (dz)
L\/\ v3s = 0¥ u | .
' ] - ) B : X ~
[y A . .
S L' 2GnKQ ‘ =6 -
BE - NECEE i Supetey S Sy -
* e s ~ (a®Q+2Gn) S ‘ (a:_Q+2.Gn)~’_

&, b .
v . . .
RV . o o . - o

a

&ﬁ
AN

«

-9

v

. .~. o . . - R . . -: o ’ ‘d'.’ . ] -‘ Lt ‘;
~Tajing the 'Fourier ™~ and Laplace . transforms reduces -thgF%
o S o N T - / SV S
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equﬁfﬁﬁn o: | ‘ .
G 2 2 . 8
- (—u2 + g——)( k + g—i)E = - 2as g%
. < dz dz” .
i ] 2 n N
(—k2 + S5)s = 0
dz .
where ' ne o= k2 + S
‘ Q. c
D .‘ ’ » . .
Solving the differential equations leads to the expanefd'
forms< N
~ + =k - o+ - - —k L
E=2Ace % +a ekz + B eluz + B eM? 4+ aIC+ze kz + alC zek,z
b é — C+ -kz +. C_eké ' %
2 Lo : ¢ y
. . - ( . -
' @Eﬁ . S - + o+ -
- %he six unknoun cogstants A, A, B, B, C and C are
. 3 e
v deterllned frOl/the cotinuity condltaons at each 1nterfaCe.
Substztutlng 1nto equation (3.10) leads_,tbi the matrix
equation: o ’ . i
ro 24 FA"L.._ -
3 +
o | = Jc.&% : B
b 22> ,fiLU p?' ) +
-\l»' h OX.ZQ“ 1. ‘ +Z Cc
. . 0 C - e
R e g L a "
‘ v \ N : JJ B—
..V,Z J‘ . \ ) - » 1 . -.'C j
r ) ' . . ’ L =
ar [e] = [CIBMI(PI(AR~ . - o ee3as
i : 8 : . :
R e : S . ‘ »’
#‘L\\! | "here, \ . hd ) ' .\-:/ ’ \.
: L. I . h S 3 ~ .
PN L. ) S ‘ ; _ *
‘ R, ! -
ST < N
-l : ¥ had - ‘
7 . & A . ¢ " . LN
L .t C o
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The ngfétiqﬁﬂvhfg'ﬁf ure 2 g has

} louest fhterfacé (N) l;es a halfspace

B’
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and C

‘values requlres Aﬁ to

!

Contlnu1ty at the 1 1nterfaCe at depth z,

ERNPVEN

has spec1f1ed walues of excess pressuterag
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[p2z(a ~1p2a (Mm-1)k] e
1 -Te9y At

[qzz(arJJizal(n~1)k]

[2alnikz(¥—al)]‘

below the surface,

h " /:‘ ‘ J o
. - . .

£
;ﬁlseparatlng the i and 1—1 laygrsbnequlrES. A ‘

[C1, [ -, TPz, )]EAJ = ey IBM]

s
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beeu uséd here. Belou the
o

and the boundedness of

1 2, Yo [P<z )][A]

be zero. The top surface

!

the:rétlal load.‘

;1.1..« innr -
: KR ~ ) ) L i 1 y .
s -0, gnd QK =0. The three relalnlng unknoun constants can be
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kand deglvataves 1ndlaate the results&at any tlne and place

172

The equations (3.27), (3.28), (3 29) are sufflcpeht to

caLculate the *A; v 5% w Ci, in all the layers (i= 1‘2,...N)

! ' s ¥ t
and (3. 25) and (3. 26) suffice to conpute the stresges and
d1sp1acenenq§.everyuhere. ) f U p

. h . ‘ - ‘ ‘ ‘
».

The inverse 'laplace transforms are difficult to do in
phis layered model..Tbe inverse matrices [Hlllz can be found
- " - . . rz . .

B ) Oe 13 ' Sy - N . 1
analytically in terms of U anhﬂ&when post mulrlplled by

. (M7, in the next layer leads to functlons for which the
o 1,2 i . _ e
: 1anrse Laplace transforms are known. Afterv‘ several
\ - ~ .
attenpts, effcrt§ to - find sinplified inver ses weréﬁ X
i ‘ ‘ . T

3

dlscontlnued Thg;e are algehra routlnes (REDUCE2, ‘ALTRAN,.

o

FOEMAC) avallable which can do this type of . tedious
5 T

i

sapnipulation but they uere not‘used.'_It is sufficient " to.

conclude that (A] in an upper layer may be connected to- [A],‘

&

ﬂ,x'

connected Hlth a: tdn ;ayer._Thls series of tlne convolutlons7“

. '
e 7

depend on the behav1our at alL ‘other layers and’tlmes. ;1‘

P

. R

‘ ' » .o 1
The "nuneric instakility inhgrent in the required

4 [

coaputation 1nd1cated theeﬂgsults vould aluays 'be"'éuspect.~‘
8

' Tbe‘ éiYSIS is adaptatleg but other lethods are probably

)

more useful for thls-xype of’ problel.. The fxnlte elenent

tec xque will be described in theé next chapter. , 7
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~allow for changes.in the varlous parameters thCh depend on
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i

B

a
. The theoretlcal descripticn glven in chapter 3 is only

-

a first attemt to describ he behav1our ef water filled
naterial. Various’ extensi'ns can be made to the theory to

¥

stress. “Assumptions have also been.'made uhlgh,jﬁkhough

unnecessary, simplify the model representatlon.

- i

The stresses uhiéh are conpﬁted are only the anomalous.

stresses app11ed t} the ‘heutral® backgrdund‘ vith . the

1n}t1al stresses, hyrolcglc condltlons and the grav1tat10na1

PN
v,

forces being 1gnored. These ‘are ea51ly£Subst1tuted into the-

equatlons but vere onltted to iﬂogg <onfuslng the output

results. In. any applxcatlcn requlrlng the absolute stress

levels these ¢f course shculd be considered. ' .
.'\ A
{ 1 Pressur ependent E;jggnge Stre s Law o .

! . RRGERE R ‘{‘ L : . O
. . .

-~ e

. The ‘finple, or convent10na1 effectlve s’ esleau uas°

“defined in sectlon 1 3 Hlth a—1 belng used in the equatlon

.

_ , g - 4 op .
HE SR effectlvé applled RGN

i \

ﬁhere P is ‘the .fluid prescure. Por large\chAnges of stréss

"o is fcund to be prescure dependent. Terzagh1 argued that

< -
- . . . \

3.0 R . - ' g N
. ! -



 where B . is the bulk noduluq of the porous IOCk and B_ is

the bulk mcdulwc of the rock

- Sandstone gith‘a prescure change of 1000 bars.
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-

s = .n, where 1 is the porosity, however, his experimental

results shoued that was close to one. Haandin et.al.’
T \ .

(1963) exﬂﬁndéd these experlme B. to different pressures and

rock types and shoued o zs us ly one except for very low

por051t1es. Brace and uartln ﬂlQéB) try to explaln this to

i1

be a result of the applled straxn rate. Brace "and. Martin

also regort a pressure drop (dllatlon) ‘just before>fai1ure.

Hubbert and Rubey (?959) attehpted tc proVe that: o =1, but

Nur aud‘ Byerlee (1971) =hou thls atgunent is not valld for

- low. por051t1es. Skempton (1961), and Geertsma, (1971) proposed

- a model uhich-qas verified by Nur.‘and yerlee (1871) i

‘o

. : . -

which . - ‘ ' ‘ o
) S ‘ ‘o, =1 - B/Q :,', _4'1_

Lo : o

-

ralns. Usually B/B 1s snall,‘

Vi

but’ B J‘ls strongy "epémde' n. pteSsune. Enpmrxcally they

suggest a linear g’hte: :ﬁ%} o _— r |
B I TSt S AL T S

where p isv‘fhe' water .fpressure and Pc ~ the conflnlng

\ - W \
pressure. ‘Knutson and Eohor (1963) shou ‘the varlatlon of

bulk modulus far severaI rock types over a. vxde“ pressure‘"

‘range.’ cp%nges of' nore tge?. 10Q%§are observed for Hebe;}

I b o

. _ ; R i o 1
” ~ E . i

uoreland (1972) apprcached ﬁ%e probyes, ofﬁdefiifi§\rthe’

“

pressure and. <tress as the average over several gralns. This

- he a W

E uork on ﬁ@per Theory of Interactlng contlnua (TIHC) derlved



\r‘,&\ N

<

LY N

3

it

175

the form of (u 1) by a first order simplification. Garg
' S o :
. aqd rur' (1973) ‘c0lpared gnch of the models and concluded
$§ hat
b3

gfor‘ ‘the pore  pressure effect, the TINC and (&.1)

-

underﬂ stimates the‘effect.'They sugéest the underestimation

A
1

way bd a result of straln rate used. They also show that the:
conve txonal stress lav best descrlbes the naterlal strength

but is the poorest in descrlh;ng deformatlon.

-
A

Thisi study is lalhly concnrned uxth fraotur1ng and the

\.‘

conventional stress law (a 21) was used. If the ‘appllcatlon

is dlg cted more towards deﬁorqntlon the eguatlons Q.l and

&

4.2 should be used. - - .. 2 i

R ol -

Y
RS
AN

R - $§$%7¥L-' - ‘. . .

u f% ” ) . ‘,:! S K
frccturesqy &R 1;-4‘ *the -vater
~L L . gt «," .
capaﬁll;ty of rocks. If;a rthquake occursuun

a .certain reglon it 0111 1ntroduce newv fractures And may

w 2

chaﬁge the dralnage pattern of the area. Hater nay‘ aiso be

d v Ty e

‘~perneab111ty and fracture frequencnﬁnust be cons;dered.\

S

.,k K

X

- Little 'idﬁbf ntion' is. . ava;lable about \ effective,

!

2 - i
-

ierneabili ies ﬂon zthe large sCales ot 10'8 of Rzloleters,‘

owever both aperture aspect and perleabzlzties are stress

dependeﬂﬁ 'Snou (1970) descr1b35\ fracture frequency(ana

vhlle the conventional =tr%ss¢lau (a =1) overcorrects

il

, transnatted by diffusion ' througm X p”'rock, \so-.the»:,

!

Y

- apertur wxdth at deéths of about 2511001. in'alost tases, |
. . . D Y _,', . N
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» LY

toth the frequency‘ and perneabxllty (which depend 9 the

aperture) decrease u1th ‘depth. Fatt (1953) has shcu

4

the perleabrllty decreases v1th anreasxng pres ure in

i

hydraullcally tested salples. For rocks taken fron oil-gas
reserv01rs,' the perneablllty vas observed to decrease by as
muck as 30% upon applxcatlon of 300 bar conflnlng pressures.

The rocks he tested had hlgh perneahllltles’ 1nit1ally.

‘ ’ ‘ s ! . )
between 100 and 250 lxllxdarcy. Horgeqstern‘ anhd Guther

. . . i i . . -
(1974) interpret experxlental results ‘on dry saup%es

il

slightly different}y.~,Tae perleabllxty_uas“certain;y.fquud ‘

. to decreaSe'uith pressure, it decreased‘ rapidly‘ initially

aud less rapldly at higher stresses. In most cases the

perleabillty of sandstone vas reduced by &ess ﬁhan " 50 fper

cent over substantial pressuregtnnges. Coals; granxtes ando

gnexsses had larger reductions attrrbutable to, changes

'\:

N
foufxd \that the function e e T
. ¥ b . ) By
L ) : A £ - T ' . .
c o ST TN . o .
X S T A S R

HE : a

L o ; . . . ‘
,b . ‘L : . ,
. L4 Q- . R . . . 4 oo

u;

eubracesinuch of the experxlental ’ata.ﬁ He defines the

v i ; . o . {

“the secondary structure yof g%e laterzals, Guther (1972)!

average pr1nc1pa1 stress vﬂ_ X Do - ;~-\»~

1[@ (l+2R )+ (1+»o) (do, +80 }]
* X , .‘1»1_,'

,\h . o . .

-

' effectiue ~StresSes and h changes'-.in~ the § StresSes

\ .-
L T

B - .~u |
vhere o 5, OH;‘A‘.ﬂ Ao are the hOrlzontal and’ veffihalvf'
‘ v ' -

e respectively; ;Ro_,is the ratxo of horlzgntal to vertzral"j

. ;~\

effectzve stress.‘jw Ais Poxsson's Ratio. ep 15 ,a‘:constant'

.

adjusted to -atch the’perleability at zero effective stress.

- P ; e
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The"values-ét T and N are¢ found from experiment For rocks
shqu1ng a strong dependence of perneabxllty vith stress, the,
v \

best approxllatxcn for the sa-ple tested .was N= 3 0 T 20 psi

-

(2.8 bars). Weak dependence gave\‘ua2.0, T= 40p51. These
values: Hill' depenﬂ“ ' the rocks used but 1nd1cate the\

‘typlcal pagnltudes.nlt shculd be, nentloned the fit ]of ‘this

3
\

. functlon vas shcun only 1n the. 1 to 25 bar- range.~‘

Gangi (1976) has ,derived‘a=perneabglity;pressure lav

. a uSing arguments of Hertz conpnession‘ofa'spherical” granular
o ' do o L : . o ‘
material. ' The pei'fability variation vith Eressure.is gjven
: S - N . . . -

&f__n.,;-‘;,,_'.' s %.. ) " '. ’ . ) > (p+p ) 2/3,'2
L PR K(p)~ = K (k- cfl——1 )
R e . P P R ' -
T T : o S .
ﬁ%}'{' A . ' \ {f :K ol ) '
g;sf:f! ‘:uhere*xo is tbe xnltxal perleabllxty ‘?f6 the loose graln
f'.. }",'\packlng,3 o 1s a. packxng constant (of t&c order of Q),’P is
‘ipe“< "equi@alent pressure due td the 'cenentatzon-<anﬁ

e

"/;11

.7

i ' ' " i N
: ' ven sat - zexo presixre. Po is the effective elastic dodulus
Mool R : AP
~.”;;' _oféﬁhe grazns deﬁlwed by . g;u ?¢ SR ,

‘ | ',.‘ A AT (112\») (1-v ) W

0‘

“

N

. functxonal dependence is Kip) K (1 . (P/P ) )
P ‘ S
v - ! ‘ . ‘. .‘ 2 .“'.( @
. Vo7 oo \ »
) ) ‘

@D

'~deforlat10n of the graxns s;ﬂbe there is some defqrnat;ond_

v

. where . 1s*the gtaln's bulk ncdulus and 1s Eoisson's ‘
[ ] o . ) ‘ e e o
Ratib. ' . .',' ’ .‘ o1 e T . S K »
! . . * . N ” .“ ;\‘ o -. ‘ '.‘ \ \,’ " . ’ ... "-“ -7 ,d : < ; ‘ﬁ"a f’ 'e‘-; ._ ) -
le . ' &
R Gan91 11976) _alcO' derlved the pexneablllty pressure

wfrelaq¢gn for a "bed of naals" lodel.‘In thxs case tvo flat -

. layers‘ ate separated\by elall‘ colunn llke, asperities. Theu ”
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3 )
. 4 . .
'; M v ) .
uhere K is the vzero 7pdes<ure pernéability, P, is /the

'effect1ve modulus of the asperltles deflned by

o

o .pi f E A 2SS E R \

. 9.:'. : '
and A /A is the fract&on qf the - fracture face covered with

~

J

the aperltles (generally th1c 1s snali). '‘a' is & constant

(0<l<1) thCh characterlses the d1=tr1but10n functxon of the

'l‘
asperitx lengthc' Gan91 vas able folobta1n a. good f1t to the

‘experimentally deterllned perleabllxty of a 200 nlllxdarcy

A< ] . : S . .
sanglevbegqeeg 0 aqd,joo'bars.p ot sy T b

T L ' .
: . L

'°i"ﬂb B . e

v <

ﬁ%@geolog;cal}y reallst%c prdblens the searth - 1s 7rarély

honogeneous vor- : 1sotrop1c. , There .are alvay? rock type

°changes, fracturlng and latge varxatlon of paranetezs.‘ The

A - 0 v ?_5

ﬂ .

Fa]

‘AthISfalnCIUdeSi 1nq11ned faultlng. ‘ome - uay to: éolve these

. atT sy, a‘: -

4-probiens us_§' the .technlque hnoun ‘as’ ~'F1n1te $Elelent

_or gonputed. Ihe detenlxaatlon bf gmkndt; n?dal

;.‘done by sblvxpg "a i.at:Lx_‘equatlon.’ L} thin

-hnaly£19 Hlth the value at the nodes exther bex&%

o

Analysls' +Im- th1§"the Space .is div%ded 1nto-e1enents and

- v N

the bgyavlour vxthln thé elelent 15 found by ak\yffzatlonal

\_Q,)v

-t

/ N

1ntenpoiat10n 1sddoné by polynonxal expgnsxon,-

” . ; -

‘ ) ify
o;éef§‘qﬁe,§o‘fo§§,‘. R

jiifve Bls,ent Aag.xs;§ e O

’ 1arqest szngld dxsadvantage to thé’thécry outlxned 1s 1ts

q,

-

gpecified

values is.

-



¥

‘(a) tbhe equilibrihn equation

"

Finite "element analysis” is not often used siqply

» g f oy e .
because 4 three dimensional problem»requires a prohibitively

L

large matrix 1nver51on. Problems Hlth axial symmetry or with

.tvo dimensions are qu1te colveable using this method. The

time ’depeqdence: is another difficulty since linear time .

® N
. . . . ‘ A
Stepping introduces numeric noise. .

"Por congleteness a descrlptlon u111 be  given of the

developnent necessary for flnlte element analysrs of Biot's

Consolldatlon Equatlons The couplxng of, . transforn

tethnigues urth P.E.M. for SOluthﬂS of the equatlons near

the surface shous great prOllse. Near curface fracturlng,

rock changec 'and tOpography could be solved by the F.E. u.'

%and below thls the analycls ‘could be done by transforas

since the prcpérty chaqges are more gradual.

~The' literature on the F.E.N. techhique being used in

-

consolidation problems is indeed extensive. A selection of
.

thé literature is given in the Bibliography with the works

of Huano, Irobe, Valliappan and Zienkiewicz being

nhoteworthy. The notation and description by Irobe et.al.

(1974) will beb followed since it describes unsaturate¢

soils.,

4.3.1 Variational Equation
The basic equations are:

oijit ArFy = 0

i
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vhere 0  is the stress and bl the QQnsigy‘of the saturated
i) . o ' Lo
soil. Fi‘a:e body fcrce ccmpcnents with. gravity being the

significant force.

(b) the constitutive eqﬁation
ST B R L cl]kf. )

Qhere ‘the ui.«areJ d{sglace-ent conppnents of the solid.

Ghaboussiﬂghdﬂuilson (i973) shov that ' thee introduction of

two elastic matrices will dégcribe a co-pr9551ble fluid

aodel. The ais 1s.a'second order symmetric tensor anc

are the 21 e}astlc lodulx qf the solid. 'P' i~ the excess

Fore Fressure.

(<) Strain diéplacelent equation
‘ &

o, = + . ) ,
cij ' (ul j Jr F B ’ ¢
(d) the generalised D'Arcy's equatlon
» .. »
v = X - = - . . + F "4.3 -4, .
- Vi Y Ui 1)( ij p2 j) - . 4.3

where Vi 1s the'COIPOQent of fluid flow volunme, Kiﬁ is the.

permeability tensor, p, the nass density of the wvater. U,

is#® the compcnent of * fluid displacement and u, . - the

displacesmeat conponent\of the solidQ\Thé inflov volume -Vi i
; (4

is composed of air void, volume' change and - sdlid
deformation. If the Bict notatlon is agfgn used, 1/Q 1s a
measure of the amount of water that, _can te pressed into ‘the

_solld while the volule is kept constan; Then:.

. l. L.
~ V., . ==
i,i Tgft a;5 R ij -4.4

Two invariants lust be used in a varxat1ona1 solution to

thls problel. The fltst invariant is defined:

= 1 + P dv
v f 7Ci5ke Cka O3y * B/
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/

o

and it may be ieferrgd 'to as the elastic :consolidation

»

pptential.‘It\the‘initial conditions are all zero:

= = ‘ . ,+‘ F. =0
vy 9 Ui o plj p2.] ‘
then (4.4) may be rearranged: - ‘
4 ‘ 1 4 -4.5
o P = -Q(Vill + -faij(uilj+u‘j'i)) . : A
If & plays the role of the dissipation fupction, then ‘its
" variatiom is given’by‘ ' vo.
= .. §v.dv - - ’
80 : I)‘ij V]‘ Vl o
" where Ai. . is the flow resistivity tensor equal to the

inverse of the permeakility tensor. The ~ variation equatidn

-must also satisfy the zboundary‘vcondition and the total p

variation for:t¥e'prpb1el'beco-es

. . ! . ) .
sy + 860 = fpl. Fi Gui dv - jpz Fi §Vi d\_z‘ -
-i - - -4.6
-+ :j}Ti éui Po oV ni)ds |

: . fJ& ‘ - \ o
;Ehiz Ty and Pb are the surface tractions and pressure

actipg on the surface with outward normal .

v

4.3.2 Finite Bleéegt pescription - -
. / . _

: / . . ;
. ) ‘ Lt
If the space below the load is divided into elements

‘and the value at amy point 1is described in terms of a

o

polynonial' ‘exgapsion of the nodal values, then thg-.

displaceibn@s and_inflou volules may be expréssed in  the

. matrix fora.
~ N N

~

s
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- - {u} = [N] {u} « v . -4.7
tvl = [N] {v) L -4.8 -

W _ ‘ |

. ubate the notatlon {1} is used for‘colunn latrices, < > for‘,

row latr;ces and [~ ] for rectangular iat:xces. The fﬁ]' are

. ‘the shape funct1ons for the alelents chosen and [ ]* 1up11es.

that the array conta;ns values of nodal poxnts. . —
. | S

. ‘ ‘. " . N " , i ) 3
Thq st{ain' latfix ‘tan be obtained fros the derivative
of (4.7) | T ,
. i . : s ’ s
(e] =.[B](u}* S Tkl

i,"\ .

uhere [B] is obtalned fton [N] and the equatxon (4.3) . - The

‘pressure is deterlxneq fron (“.5), (4.7) and (u.9)x
\

| P = -q(<1>[By ]tV s <h>[B 1))
vhere <1> + <1, 1..,v> cand < > = Wyjs.t. a3,> The (B, ]

_latrax is requlred for- conttaction of the 'indxcés"in the
{ ]* ‘The sxx douponents of equatxon (4.6) may be written

3

in natrlx forl° , - -" ' .
sy = - {Gu} [B] [D] {u} av. '

. ] ,v . . v . . .
4 Q~ f{u} ([BJ {[\‘}<.[\>'[B]{u}_*'+‘¥ [B]?{A}<l>[B’i]{V} )dv.

+

- C 2 T, et .
f{avy*ﬁ[sl]'r_{1}<A>,'[B]{g1 + [By17{1k<1> (8, 1V} ydv
) | e S : - -4.10

Csq = [ tev) TIN1T[D JINI{VIdv : -4.11
vhere [b].and [D-J are the 'elastic, an,'ilou._resisiiyity
natr1ces for the eledents, and- | ' “l o Y

f{u} T[N] (P} dv ~ag.12.

-/;1 Fi Gui dv =4. -
X . . \

‘ . o P : _
[ fpz F}i wi dv f{v} [N‘] {?2} dv _54.13
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, _vhere' [Pj}; is the <coluan vector of the body'force‘ijj‘;'
' loads, fH] rs ”thé latrixA derlved by the 1ntegra1 of the

" pore pressure ‘along the boundary, and ”{Pol* are poréw
, . \ ‘ Yo ,

’ . * .
T, du, ds =. {u) T{F} | . -4l

. r . ’ . ) \ kK
er' <Sv_i nidds = {GV}*T[H]{PO}*'= {Gv}*T{G}
| : F . . -4.15

-\

i

{F)* is the column vécfor‘ df’ the eguivaiént nodal point

product of the intergolation functions of . 1nflou_volune and

Fressures at the ncdal. points. ) L ’

b
.

Since the variations of o dnd A4 aré arbitrary then

substitut1on of (4. 10) to (4. 15) into’ (u 6) leads to the tuo
\

equations descrlbxng. the eguxllbrxun equatzon_and“the flow
equation v , o . , . e e
y tFl = ([KJ+[L D {u}  +[L ]V} - (F)} 0 -4.16
- et = [yt 4 [L ]{v} + MY - (py) -aa17
where [K]. = ‘[[B] [D][B]dv
[r.] = f[e] (<o (] av
) -0 [ (el oo T
[L,] = QIEB] yearlel aw iy
' [L3]= Q f [Bl]T{1}<l>£Bl]dv ‘ T :4.:!_8:: "
o) = [Tl e
, ' .‘ . 3 ]1 g e C . 4 ,'v'»i.'w‘ ,
_,:,.f} . © :
;5& ’ o

L

>
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w?’vt&'w*sw'\j’w"m'."1,-'-,. v .v:u: - fw - ‘, Wmm— - — T w,mmﬂm%w
, . - ’.L {sh . ‘, , | : ' -
",\.d._ v o - C  "18‘13
'J‘/‘ e | : : | ‘  ' | |
. ’ {1111} = ][N]T(Pl} dv ] ) ;
o (F,} = j[N]T{PZ} dv
- ft‘is assu.gd by Irqpe\et.al. tha% thg v ,chang;s linéarly
dver small wti;g intétv51§ A so that {v J* evaluated at
 time t may bé;expresséd'§$é ; ’
i Eguafions ‘2'16%;.(2'17) layvbe conbiued,jn,the latrixvforn
| .-< Pl [ " ME  *_. Ok mp [
[ky,1 = [kle+ [L,] g
L DRl s ,[\\t] | w
IR OO I o o .
N T T R
fhis egua iop~Tan be solved bv tiame stepplng as. it has a-
' 'reggrrxng fSIn. Tbls txle gtepplng is nu-erzcally poor and '
t}ay dlverge. Other technlques u51ng tlle 'convolutlons '(see
Hvang et al 1972) av01d some of these dlfflculties.frhet "
earl1er analysxs shoued that the time depéndeﬁce‘ ﬁéﬁéliy ?é
-;'1nvolves error functlons, hou;ver publlsheh results u51nd”{
tyne stepplng agtee uell Hlth analytlc solutlous jin‘,tvo ‘¢$“$h
g -d1|ensxons, : ’ ,f : o . " f;‘ éﬁz .
° - | o o
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" nor-alised perpendzculat helght abo;e a partxcular sxde.;
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-4,3.,3 Pogsible Elemepts ip Iﬁi§§’21222§192§

i - N « '

In three “dimensional brbblels several element shapes
are possible. Zienkiewicz (1971) describes these’ elenenis
and ‘indicates that the choxce vill depend eventually on the

problen. Since there is nc sy-netry in the 1ake problens the

choice would be limited to the - tetrahedron and the  brick
element. The numbér cf nocdes chosen will also depend on the =

ord?r of polynomial the 1nterpolat1on vxll use. In general, ’

“ ~

polyncnxal drdet dill he one less than the. nulber of nodes

along the element edger Bxa-ples of elelents; are ngen xn

«
-

fxggres 4.1 and u.2, o \

- ' . -~ N

_ ’,de' tetrahedral element shapeo functions are best

described in te:ns cf volume coordlnates.brhese ;coordinates

have values betveeﬁ 0 and 1 and are equlvalent to the s

-

There Aare of course four coordlnates for the four corners

and ‘heights. In figure u.1d the coordlnate L, 1s defxned by-
L. = Volume(P234 . '
1 ~ Volume({1234) : o

For the cubic.tetréhedrqn (u.ic) the shape function for each ;-

T

corner MNodes s Sos e o

LN

_ 1 o i, a
= (3L, - DOGL) = 21y

of the node types is:

Ny

Midside iodeéqu .

=311 L. - 1 |
Ng =3 ™ 2 31 )
b Mid-face llodes

Nyg = 27 Iybol3

(o

-

o

ot K

e



figure‘u.1:

a

-

- The tetrahedral finite element fadily with

the required nodes for (a) linear, (b)

'quadratic, and'.(c) cubic interpolation.

The volume coordinate, with values between
0 and!1 is -defined as the ratio of  the
volume (P234) to volume (1234).

>
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figure 4.2:

.

w\ :
iy 'T e
~ ' ;J«‘\ ,.’ ;", Y
. RY) 3 @t
Nodal points for the .'brick® elements. The
serendipity €lements .- (a), and the

Lagrangian elemérts (b) ‘are shown for

linear,quadratic, and cubic interpolation.
Notice’ she large number of-internal nodes 

required for the Lagrangian elements.

'

a
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" SERENDIPITY ~ ©  LAGRANGE
ELEMENTS . + . ELEMENTS
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[

The integraticn fcramula required in the ~integrations of
\(Q,IB) is

| ’ . : ' ) , ) N
: b .c . d .. _ - alblecldl
fff L) Ly L3 Ly 9xdydz = ropreranT &Y

o, element

The natrlx fcrn of equatxon (u 7) can be written 1lnediate1y

vith this knowledge of th€ Shape funct;ons N . s;nce<A1l ‘the

nodes there are three dlsplacelent co-ponents specified- \
- . \ -

; IS u v [INl IN2 l‘INj] . r\_ll- =‘[N] {u.}
v S Vil . .
wl - W S LAY v
i ! ‘ll.
]
. ’ vj' . '
where I = . * ’
i)

|

T - O ©

LIV

In the;_caSé'of tectangular'prisns,tio ghape~fbnctidné
| R IR T _
are usually chosen. The ccordinate axis, shown ‘in ‘figure

4.2a, ' is centred in the middle of the brick with the bricks

.edées_ haiing : coordxnate 'valueé of £1.  The qnﬁijiﬁiqﬂ_

» »

'serend1p1ty' elelents require nodes only along the edgesf»”

.and the polynon;al expan51on is 1nfonp1ete. -Thls'ii_- ‘still
) satisfactory | since the ~ F.E. u.: usually only tequlres’f

»contznnity of the boundary values and the f1rst der;vatives.

a4 ’ . S [N ¥ o .
ﬁIheﬁ shape fnmctlons 'are derlved in teras of‘/{ne,

cootdznate axis ngen 1n fxgure 4.2a. As an exalple n\cub1c

- f [
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© r' ti
‘eleient has 32 nodec ‘and the shape functions are given bz.

-

<

Cofner Nodes I
N = l; (i#& )(146')(1+t )[9(&2¥n2+62)’19]*‘-
| ML TR e et et TR A T
| ‘Uvﬂidﬁéide Nodes K : A - SR
{. : v " - 3 . ‘
1 S | Co= 4]
I TR BT :
B 9 -~
’ Ny = ‘3-4— (1+g ) (1+9go)(l+no) (1 -
A L.' . i
where; £ T8 & ng =0 ni ' ;Co =L L,

These foris¢ue:e.inttodﬁced to ailou for t signms "in. the
. “ . o ' \' ’ n . . i \.
qsyeral * forsula. The other. Shape functions usefnl for brick -

elements 1nvolve pnoducts of Lagrangian pOlynOllalS uhithi%f' )

-

\QUVf ' can be vritten. . . S .
o L), = (Kmx)) (xoxp) (e=xg) e () 0 ST
i” (xi-xl)(xi-xz)(x.-x3l . 4Tx =X )

’mﬁis 1s clearly equal bo one at the p01nt X . and is zero at
all othet xj. The shape funct1ons in thtee diqensxonsA;aqe.
prodncts of those 1n one’ dzlension' ol o L A.Q:

”é R ngzlz?‘ € fm) Lpw

_ The Lagrangxan family is unii!}ted and is easy to generate,

A

houever 1t is llllted by the Xarge nulber of 1nternal nodes._
" N L Y

/2/4“ : The hlgher order polynon;als also exhibit poor chrve f1tt1ng
S ' o

Mproperties. , , .
’ 87 ‘ . A T ) . ; e

| ‘The Lagrangian and ‘Serendipity elements in two and
three ‘dinensions are sboun' in fxgnre 4.2 The quadtatLC\ e
:‘“{ shape functions in tuo d;-ensxons are shown 1n fzgure 4. 3.

g a

. . : | . b : SRR [



figure 4.3: The two dimensional . quartic shape
functions for the serendipity (a), aad
Lagrangian (L) elewments.






4:4 An Intreduction to Statistical Prediction

Ve N B tT

\

\
A large amount of statistical analysis is done 1in an
at;énpt to pteaict earthquakes and determine seismic risk by

examining the seismicity of a region. This approach is of

particular interest in areas such as Kremasta (see figure .

1.3) vhere it is difficult to determine whether a certain

.

earthquake is related to the filling of a resetvoir, or is

'part of the natural sequence. Oroville (see figure 1.7) is a

i

case vhere there wmay have been a change in the pattern of

earthquakes. Thé event in 1975 occhrredu in' an apparently

-quietl aréa, and ihe decisicn should be made whether this

\

"fell within thé scatter of the normsal tectonic - events or

v

uhether it reflects a change in the seismicity.. The answver

to this guest;on is- televant to other dals in the area. If

there had been an 1nduced change in the selsnleity with a

- delay after filling, then +it may bappen again. If the

Orov;I@EEBearthquake vas of.natnral"oqigih, then other dams

wvill have differenmt behbaviour depending on their proximity

to tectonic lineaments. ' .

" In an at\F-pt to answer questions of thjs type afrevieu

o

of the - literatiure was wmade. At this stage no atteapt has

been made to apply,the techniques described below to. real

lake situations and their inclusion is for conpleteness and‘

as a gulde to future vork. 18

The usual work on seismicity is described in a paper by

.

1
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‘McGuire (1976) and involves ‘tpe determination of, seismic
risk and maximum intensity for state building codesﬁlThé

area under study is divided into regions €ach with simi;ar
seismic and geolcgical features. It is necessary to
' o ' o C S
deteraine the magnitude of an earthgquake which may occur
| Vo

with e specified probability. The events are assumed to be ' .

_Poisson dist:ibuted uhen aftershocks are rgnoved from the
segﬁence; The size of successive events are ’Assuged
independént and the number of events are expdnentially
related ﬁo the intensity. HcGuire (1976) gives a description
of the ngebta ;requifed, and shows how the uncertainty of
tyelpara-e£ers affects thL statistics. |

S X | !
Possibly a more suitable statistical approach is ‘that

proposed By "Knopoff, Vere-Jdones , Keilis-Borok andfothers-
usiné stochastic ;rocesses which are révieued by Knopoff
(1971). In this 1971 reviev of the ui:kov process, a loael‘
is suggested in which the energy of a certainr,area " is
increased At a constant rqté‘aﬁd released by sudden drops so
that an energy talance is achieved._a typical egergy'buildup
and release rés;lbles an irreéular séutpoth pattern. The
probabilities can be Spepifféd so that the-larger the enetgy'
at a certain time, the more '1ﬁkely' there is of a large
;arthguake cccgtring. vSpatiai as yell és temporal changes -
s#duldvbe inc;uded~in this model for.it)to be applicable 1in

“ {

'a particular region.

-

A third"léthcd.Of predicting earquuakes‘has tecené%y
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been sqggested by Gasper1n1 et. al. (1976) . From the Italian

data they used they were <able to predlct that a '1arge'

. ’ >
earthquake would occur within 51x_years of a swvarm in the
\) ) . » M (] )
same region. The -definiticn of a svarm 1s based on the
nusber of events in one year and a certain area, exceeding

the average of the data available ug to that tile.’They

’

predicted 14 cf 20 earthquakes using this lethod. The events

they missed vere the smallest of thelr deflnea laifshocks,

‘lostly cccurred befcre 1920. Twvo events whlch followed.

-

and
on successive years after other mainshdcks weére also llSSPd.

They do, houever, cc-pare this technique with the model in

vhich the swarm and after-shock occur independentiy. The six
year period would vszy betuegnAregions,but is too long. to be

of use as a predictive tocl.
v t . . l . \‘
Each of these three. techniques\suffers}frou similar

pProblems which 1limit their . use in ‘the predictioni of

" earthquakes at dams. In each, the predxctlon is based on
past experiencé -Etmey'ase learnlng processes.- The 1oad1nq

of the 'teservofr changes the stress pattern, albeit by"a
S s N

small anount, but en%ugh to guestlon the aﬁplicability of
..

the statistics after lelxng.'rhe second dlfflcuity is in

the determining of two dimensional probablllty fun;:I\n

'\

The probability function“lust take account of the fact that

~—

\

most earthquakes occur near pre-existing faults, so seismic
lincaments aust \be"given a high weighting. Allowanee aust’

also be made for_a\norlal spread in the efpicéntres, and the

.\ . . i
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uncertaln;y in determxnlng the hypocentre. However the major
lipitation’ of these statlstxcs is their lach of resolution.
It is felt that the use of statlstics ulll/.never ‘be

sufficient to decide vhether an earthquake will occur Hlth

the resolutlcn cf 1075 of kilometers » and less than'a 'yepr

necessary for  design consgde:ations or canse-effect
censiderdtioqs. | ” ' )
A P . . »
statlst1cal research is an excellent fleld of endeavour
since the present techniques seem unable to. solve the:
stapistical, questions raised at daa sites. This wvork: vould

“ }. also e relevant t.o nuclear-51te studies where, thus far,

most of the uork has concentrated cn . the detection of

llcroevents ‘and se;snlc llpealents.

L L T T S N
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A consxdetable amount of effort uas équited to reduce

v R

a contour map Qf a lake- botton 1nto a form useable by the

:'transfor- prcg;alle . Thtee technlgues ban be . used to

convert randonly dletrlbuted data to a regular grld.
v B lf .
' i

. ?'.

-mmggllum s . _ -

-

<

- Dr. énd urs. Gough reduced the contouf nip of Kariba by

divid;ng  the * map into ~over 1000 squares. The average

. Pressure within the square was found Qby estimating what

¢

fraction 1lay Letween the existing contour levels. ‘The

benefit of this procedure is that good control aay be had‘at

tldges and saddle poznts *and .areas usuvally subject to

difté:ent 'interpretations» The process is obv1ously very

time consuming and a altetnate lethod vas sought.

H

|
5.1,2 Digitising

i C

. In-ap attempt _to 1nfrease thé :gsggﬂ,of }thev data
teductlon a nev try:oach vas used. The d ta wvas digitised at.“

availabie contour levels and. 1nterpolat10n progrnnubs used '
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_to find the value at a given point. At Oroiilie, seven .
levels each 100 feet ;pérﬁ iere digitised uhi;e aé Nu;ek,.6
' contours were used with 50 = sepa;&tipn sinée' that contour
mdp was less defaiied. The Oroville digitising rate was 0.1

- . 1 . T . ..
inches, however, for reasons outllned later, - some sectlonq

€s whqh greater detail was desired.

'

were radone at 0. Oég'

The number of 901nts (x, y, ) Eproduced by the d;g;tlSLng- was

Oroville. Ibé-latge‘scale Nurek

A

!

ry  large - over 16,000
mhp was digitised‘ vith a separation of ’0;05' inches

-

- everyvwhere, ©Lut as it was a smaller lap,<f?e data points
‘numbered only about 8000. ~

I3
o

several'difficulties uere‘experiénced in the digitising
which, altﬁpﬁgh easy to édrfect, are inconvenient. The‘
’ digitiéingb‘is usually done in séveral seésions and great
care should bé taken in teéetfing the origin. The error vas
usually one:digitising upit, (0.05 Or:0.1linches) since the
nearest unit is 'fecordéd by the ' machine. Plotting ‘the
results: as an- overlay qsually‘pakes the error obvious‘aqd
.cogrectiohs easy. The digiFised datad is §J$ualIy }étored “im -
files, 96 'for OIOV111e, "~ and dlfflcultles’ atosé in’
~ identifying uhzch f11e belonged to vhlch contour and' vhere '
on"the map it belonged.. Eventually each fllevhadito be
plotted'ﬁé identify its value and position. The ptocédure
‘finally adoptéd";és the use of a'fiie identifier using the
first x and Yo TLe X was g;ven a number 11ke 1 03 to mark 1t'
"as the thlrd file of map cne and the y value was set equal

, *

i
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to the contour value. The contour .value was enférgd as a
large negative number, e.g. -1000, uhen the operator was
. . ' .

unsure of the contour. .
' ) ) o

Thi§|proéedure vorked well.at Nurek which was d%gis;sed
t later, aﬁd quefully‘ the CbllentS» iay save confusion if
someone elsé uges this apgroach. Two methods are possible t&
reduce this digitised data into a‘;egdiarpgrid. | o

?

S+1,3 Weighted Distance Technigues -

PR Y (‘ .
The weighted distance method is ‘a commonly  useéd

technique in determining the 'vg;ué'ét a giveq point; The
data suite isfgfarched‘for the six, or sQnetiles: eight or
loce,} néarest ﬁeighbours to the desiréd‘poiht u;th”eacﬂ
contributing to the‘Qalué depending on how far ,thgy‘ are

" avay.

3

There are three'disadvaniages'to this method. The first

1
!

ié that the fall-&ff distance-weighting gpnééiOns have-to be
chésen -and Lhe:e vifi yar§ with the application. Potént;ai
‘;uncfionshfa 1 off as.1/r2cuith distance, ihil§ others’ fail
aé /3 o:-l/r, but often the chbice iS'Quitg‘anbitrgryL The
second disadvangagé is that it 1is poséible for the-near
'neighbbursg say,six, all to lié'oh one éide of,thé' required_”‘
point, and the value will be biased touard'ihose'valhés
thilé a seventh.neighbonr Pn' the \othen side‘ contributes
nothing. This pcor choice of h%ighbour dist:ibution caﬁ 1¢ad

@]
,
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to nisleeding\ results. The greatest disadvaptage to the
“pear neighbour';iethod 1ies in the cost of determining the /
neighbeurs. In. truly randon data each search point requlresv
all the data ‘points to be scanued. ‘The ,Orov1lie data was

- fitted to” a 256x256 regular érld and needed 65536 near
nelghbour searches of the 16000 data points. - Thls qethod Was

v

considered unacceptable based on an estilate of the computer

/
I

time necessary to extract the regular grid.

5.1.4 Iu__u;er Irjangular Interpolation o ' ,

. - ¢ : - W
An alternative to the weighted distance method. is to

use triangular elements (Cold etba;..1977).‘The randoi data
‘is condected to Eore triangles, edach being ,as near /go
_.equilateral as bossible and vith no overlaps. A udiverSal‘
trlangle vas used “to enclose the data and spec1fy the ' 'valaes
at a large distance from the data. A typical trlangufir

network is shown in figure S5.la.k S

The choice of the digitising’ interval caused sbee'
dlffleultles siife the resd!utlon at any poxnt vas liliged
by the sampling rate. Spurs and valleys vere peorlj
interpolated untii extra contours nere lnserted at: crests
and ”valle}s..gt oroville the data sebatatdog adsoehad to be

reduced when. the contours iere-close together.

v

There are two advantages to . ihis 'method ovetvgghe

. Wweighted distance method. The first is tbhat interpolatidh.is



figure 5.1:

v o
L. \ : .
. .

¢ .
. . CO I }
L4

A typical triangular'net that would be set

up by the interpolatiéh’ programme.. The co-
ordinates used are shown’ in (b). The three
co-ordinates will. all be positive and

~between zero and one only if the point is

1nterna1 to the trlangles.
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always done by three poxnts spaced around the desired point.
(23

',Thé number of wexghtxng pcints could be 1nctéased as it is

~ !

- possible to knov which triangles are ,adjacent ',td‘ a .

particular - iriangle siﬁce " they share “two nutual points;l

P

These nelghbcurlng trlangles are used if continuity of the

<

derivative is de51red as in contourlng appllcatxons.~The

i

main advaptaée,to-ttiangnlation is that searching for points

: ) . _ , . o '
is ordered and a directed seafch is used to determine the

triangle -ia Jhiéh a particular point lieé. Thls is nade

possible by triangular coordlnates vh1ch 1nd1cate by thelr.

. w -
lagnltude on uh1ch 51de of 4 trzangle the p01nt lles. A
negatlve coordlnate, see fxgure 5. 1, for |a certain point

1nd1cates ‘that thé point is behlnd\a %ide. The adjacent

. - . 4 ‘ . ! . - : A\
triangle to this side 1is ' then . used “to. determine new

coordinates. Only when allyyhteejtfiangular‘coordiqates are '

»

pceitive and between zero and one is a certain point Eithin

that tqiénglef' The coordinates are then used as veighting
.. i . S . M . v . . )
- functions.: o . v ’ o L

Il .

g "The’interpolatipn is‘linear along each side and is ‘ the -
'yaj one would probably ad@ the proonles nahually - a line

iquld be drawn joining éath of the points 'and .linear

-

interpolatibhl hsed /aiong it: If a, b, and c are the

' ttlangular coordlnates for a poxnt, p, and A, : and N the

L4

value at the trxangle corne:s the velghted 7a1ued at p is:

i

- ‘ Z(p) aA + bB + cc

Gold (1977)}'estinages th trlangular 1nte;palat10n is at

- .Vvl' £ . ,“ g\ ! . . ! ‘
o .

N . L !
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. “ ‘\.

least three times faster -than thé veighted distance meihédﬁ

-

and has. the added advantage of . ensurlng a ‘good 1ntetpolat10n

-

"dlstrlbutlon.

i ! ’ ) - . P [ . o
In the data uSedtit vas found that a lot of digitising

could be omitted uhére/thé‘CCntours iebé equally spaced and

‘parallel.ﬂ‘Eventdally‘ about a third of the data was removed -

. _ , . N »
without any lcss of accuracy. Some extra contours at crests

and - valieys were added to increase the detail in certain.

regions.

NEPAY
LY

“As a guide to the ‘cost of the method stétistics vere
5 ne : , }

.. . . \ . ~' .
kept for each subset cf the Oroviile'data. In the case of

-

 set 4 (right sectlon of the lap) thene uere 2550 - pok\fs of .

] P
digitised data, with a furtyer ‘748 p01nts added by the,’
'ogta-qé tc avcid poor interpolation when contod:s:.aré

close,togéther. This‘uas done by bisecting data pcintsbalong

the contour until the difference b3tyeen points was less
D ) [ . : A . i} .
®

thah'the distance hetdéEn‘contours. ) '“\\\\*‘;, S
: v , - . } N B ®

. Searches were pade fcr.the values 'b§~’5358v.regularly.h

LS

fspacéd points in tﬁis' triangular net. The trlangular '

o | ¢

atrange-ent requlres optllxsaflon for. the t;langular net so -

< "

that befter axnterpolgtlcn is posslble..For this reason the

* data was inserted in sectionms (actually digitised files) amd

optiliSea'after each"inﬁerﬁ;j The results and . costs are * -

-

Su.‘ariSédrin tahié'5¢1.

agreed ihep-checked'lanually and i@ef

The data gbtain

R
.
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TABLE 5.1

TRIANGULATiON COST AND STATISTICS

- File No. of Insert . No. of Tgtal | Time for
Number data “ time optimisa~ No. of insertion:
points (cpu) tions triangle & optimi-
. ' ‘ * =~ switches ' sation
. . (cpu)
1. 1289 .293 32, . 6216 2.106
2 577 . .TI38 8 .- 2199 .826
3. 114 , ~ .025 4 288 .184
4 95 .018 7 316 .249
.5 15 - .005 3 - 23 .079
6 258 .051 7 718 ~.404
7" 122 e .026 - -4 221 , C 197
8 8ad ©..0l8 © 5. 174 .203
70 10155 4,245 -

2550 . | ..574

i

Number of points compuféd, hserted and  °
-optimised by the programme . N

748~ - T90 2450 10.940
o 3298 o Teo 12605 - 5.186
TOTALS
Searching for 5358 feqqlé; grid poiﬁts | | 10.027
Time to write résults A | * 222
Entering déta defining the probleml j » .002

Time to read, ‘insert and optimise
data triangulation ' - v 5.186

(cpu) 15.437

© f

At déferred priority on an AMDAHL-470 this

reflects a cost of approkimatdly $4.50.

NS
'
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technique was considered a great improvement over the manual
method. The regular grids of Nurek and Oroville weré used  to

compute the stresses and deflections at several times using
' ' / ¢

the filling history of figqure 3.6. The results are shown in

figures 3.12 and 3.13.

.

The object%ve of this work was to see how the flaid

’

* . ( ‘ ' \ . .
filled elastic material behaved under the .influénce of a

surface load which iaried both in shape and time. It is

apparent from the figures presented that this can be done
» . l '

efficiently at any depth and time and with any load ‘g

history. The *aléebra can be solved ia three dimensions for

simple homogenecus material.

‘
~

There has been a large‘anodnt ‘of .numeric ipfornéfion
produced -éha pfgsenped, but to be meaningful it ﬁust be
éumlariéed into a more concise fornm. Fér this  reason the
figure 3.9, showing stresses and‘pressure as functions of
time at several deptﬁs, will be anaiysed"in detail since ‘it
contains éll the relevant ihforlaticn.' The pteéSure.and'
dicplacements féllou curvesipredictable grbm the aésunptions~

of the model.

The displacement beccmes larger as the 1load increases
and continues to increése, évép though the load is kept

constant, until it reaches a fipal value at a later time. In

4
« \
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this model the water caturates the rock and, as the fluid

14

flows away from the «ccapressed zone, consolidation is
possible ‘even with no load changes. The initial settling in

response to the load is a result of the elastic compression

of the rock fabric. During the unloading there is a rebound

.

since the load is 1ess. Consolldat1on is observed durlng the

unloaded perlcd. Reapplylng the ‘'1cad 1ncreases ~the

displacement with consolidation contiduing, beyend the

refilling "time. The rate of settling decreases notlceanly.

several yearc after the refill.

The pressure distribution is quite surprising’ since
oo ’ s
'lobes* are observed at depth below the lake. This dis

noticed both in twd and three dimensions. These regions of
o
increased pressure ére due' to the rock and pores being

conpressed,: and hence, the pressure in the pores is

increased. The fluid cannot innedidtely esdape from the
pores since the notlon is limited by the dlffu51on constant.
The lateral extent of the lobes is governed by the fall-off

of stress: ulth the distance fron the scurce. The top of the

lobe depends cn the pressure boundary condition.- The

¢ou§ling choice of 0.25-causes smoother fall-off than the

Lo .
zero surface pressure cond1t1on often used in engineering

appllcatlons ‘rhrch lakec the lobes even. aore pronlnent (see

figure 3.1). If the loading  is Heavzslde,.the»lobes decrease

in alplitude.as the fluid diffuses avay, however, when the.

lake depth is being varied, the behaviour is'nere-conplex.
i . ‘ o L
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This 1s seen in'figures 3.8 and 3.9 in which the fressure is
T

plotted below the centre of the lake at aifferent depths and

times. Por,the _1ca§ing h;story chosen (figure\‘3.6)l the
pressure is seen to hecrease vhile the water depth is held
constant as e{pected'by the diffusion process, but. during
lgading the pressuré depénds on how fast fhe load'is applied
and ;ou -rapidly 'thg pressuré faq diffuse away. This
.indicates hqudépendent the calculatibns are 6ﬁ the rate. of
loading and.'the :roék pa;ametersQ Hithout an adequate
kpouleage of each at q‘ﬁarticular dan'site there>Ais little
vaiue in usihg calculationé of this type for'éarthquak
prediction. | | . U

: !

The centre of\thg Mohr circle 'and' tgé maximum shear
stress at severalﬂt;nes after filling started Are}shoun id
figure 5.2 . Notice that the maximun shear‘.stress oCcCcurs
betveen 6 and 12 ka déep andihas a magnitude of‘ovér T.O\bar
% excepf“ du:in§ the uhload cycle. The ‘rad;us of thé"uoﬁr
circléAis a meqsufe of the instability of the:region; ‘Ihere'
is a close similarity in thé figure 5.2 and the distfibution
of aftérshocks deternined'aé quna/sﬁovn ih figure-1.9. This
suggests thé' nodel may provide a‘guide’to the bositiom_gf

unstable regions, however the locations ,of aftershocks at

other lakes must be known before this can be confirmed.

N

The Mchr «circle centre should be considered as

important as the radius, since if two circles have the same

shear stress, the centre position decides instability. PFor



Fiéute‘5.2:

)
Radius and centre of the Mohr circle for
the 1loading of the lake shown in figure
3.4. The values are plotted as functiens
of depth at various stages of loadihg and
unloading. , The shear stresses( are a

~ maximum between 6. and 12 ka deep dlrectly

Lelow the lake.
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this reason the locus of the point on, the Mohr <circle at

wvhich a 1line inclined at 30° is‘tangent, is plotted to see
. , - . y .
relative instability. The'nobr circle fcr any particulard

i

-point ¢an be reconstructed Ly projectlng a line back at 600

to the p051t1ve stress axis. In these ‘dlagrans compressive

=tresses are Fositive so the figures are consistent with -

[

figure 1.11. Figure 5.3a indicates, how the  locus at

different times 'was traced and 5.3b shows what is. neant by
1

the measure of 1nstab111ty for a certain Mohr circle.

i

i v
. P

" | since tectonic stresses are present the origins of all
 these diagrams represents tbe‘tangentlpoint for the tectonic -
stresses, and motions of the total Mohr circle are all

relatiVe to this poiht."Ihe‘ iarger- the “instability; ' the

larger 1s the dev1at10n fron the 1n1t1al stressed condltlon,
' ]

and supposedly, the area is more llkely to fail. It is
-necessary to assume tgat the area is highly rrestressed ‘'and

close .to fallure with thef’anOlalous stresses Jc&&ng as
] . ‘ . i ] » ) . ‘ .~ .
triggers. The locus diagrams will differ ‘depending on the .

. assumed stress envircnment hﬁd’fauliing neCﬁanisn expected.;
The -ldci of. four 'points were plctted at eaeh of the

depths of 3, 6 and 12 km. Belcw 12 kl most effects decreese
- (
and need not be shoun since the stresses. are always ldrger

elsewhere. Fcur: posltlons '1 ', 2, 3 'and ‘4* vere:

i

exalinedf at’ each of the depths with posxtlon L E dlrectly
under the lake and '4* off to the 51de. These positions are

shown in the figure 5.4 . The lcci of the 12 Seiected points

.
¢



t .

The method of dexerfining the locus of the
Mobhr cigpcle with increasing time is shown
in (a). The "instability" measure is shown
as a projection of the Mobr circle onto a

line ,at 600\ centered on the  initial.

prestressed " condition. The larger the

~instability the larger the triggering

force available at that time an? place,

\
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Figure S.QE

/

circle ‘were” plotted

centre.

-~

in

figure

‘Positions’ fcr which the loci of the Mohr
'5-5. '
Position 1 is directly under the lake and
4 is offset ' by about 40 km from the

a

i
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dre shown in fiqure 5. 5 and several of the paths are verye

unusual. These loc1 are - for the nornall‘faulting stress

- -

COnventioni The detail is felt to be¢ redl since the curves
N . : .
uerevgeneratea;using tvo ‘time intervals (O.d-Q.yts and u,-
L . . ' L. - C 2 = 8 :
6.yrs), each sa,pled at 51 Iog-spaced points. A zero.radius

indicates that theix and Z components -of the'-stress are

f .~

- -, . ‘ / .
- equal and movement to the left and right is mostly a result
X .. . '3 ? . :

~of fluid pressure changes as illustrated by the simple
models of fignre t.11. Since the pressure increases dhking

compressions resulting frcam the loading, then diffusion will
. - I . a \ “ .

always move tte circle towards the stabilising direction.
This does nct houever prevent the radius of the uohf Circle

beconing Jarger as tile pxcgresses, but the general result

-,

observed 1is that after thevrefilling perturbation, the rock

is ‘always more stable. The figure 5. 5 attempts t0' summarize

lost of the -results of\\the research since it shows the

SelSllC risk at particylar reg&ons for various tines.
fy

At 1 year the most unstable regidn 1S at six kiloneters_

i

depth 1-led1ately belou the lake. The. 1nstah111ty is 'about

!

: 1 2 bars Etove -the tectonic level and, depending on the

- sen51tiVLty of the area, may trigger an earthguake. N

T~
l' \\

At 2 years, at the end of the first filling, the . most . -

;unstable pOSltlon is at»12 kn directly belou the;infe;\vith
:all other regions havzng a level of instebility less 'than
;.;this This pOSition ;t tvo years is more unstable than it

- was at one year. Tne streises ‘at tvo yearsl at depth 12 kn 

x

g



Pigure 5,5:

P
o>

L. ¥
)
!

\
Loci of the  Mohr circle for the points

indicated in figure 5.4. The closer a

Foint is’' tc a . JYine y= tan(30°)*x+C the
more unstable is the region during .th

initial = filling At some -positions
~instability .is at -1 vhile at others it is
at 2 years. often the largest .instability

occurs- at 5.5 (after the refill). The
vater - level followed the history shown in
figure 3.4. T , , “r -
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below the lake .are just slightly larger than those
experienced earlier at 6 ka one year after filling stated.
If an event hadn't oéhurred at one, year and 6 kl deep then
it may happen at 12 km and 2 years. The =stresses at the‘
- positions 2, 3, and 4 are much smaller than‘directly under
the lake abq failure @most prebably will be initiated
directly under ihe‘léke at'pOsition 1 where the instability

is much larger.

A

Between two and four years while the lake's depty is
being kept cobstant the region stabilises as the igh

[ressures diffuse awvay.

It is possible to conclude'that the initial filling 1is
associatedf vith an unstaktle period. This is consistent w}th
the figure<1.10.faoth Vajont 'ind Kremasta -had ‘6nset of
seisnmicity during the first loading. Unforthnately the exact-
positions ﬁof eplcentes are unknown and it 1is 1lpos=1b1e to
check if they lay directly under the deepest section of the

lakes.
g

The next period; of the lake histdry"involvés' an
enptying, folloved later ty a ref1lllng to 10 % deeper than
”earlier; This type of hlstory uas, included?to see what
comnection it has, if any, w#ith the Foseible mdelayed
earthquake at Oroville uhich,occurred.just after a refill
'sueﬁ as this. @ |

At the 3 and 6 km depths below. the lake the ' anomalous
. a o ’ i
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stresses  at 5.5 years are less than those expérienced at an

eazlier time. It must be concluded\thét»lthese' ereas ‘uould
" not have earthquakes since they uere stressed to a hlgher
level at an earlier time. At 12 km' below the 1ake an
‘ioteFesting resu{é ig obsereed The ctresses after refllllng
. are llarger than at any previous time ‘or position. If_no'
earthqu;kes had occuxred to relieve stresises, the refilling
is the time at which earthquakes‘hre'qost likely to happen.
After unloads and reloads- e'Anarked increese‘!iin 7£he
seismicity is, observed, always etprting afﬁer the water
depth starts to incfease. The caloulatiods agree with ghis

'obServatibn.. The timing of 'the event at Oroville could

&

H

perhaps have been predlcted from thls lodel ' hou var, the

cff-set lust be explalned on geologlcal grounds a off-

set is larger than predlcted. The diagraas shoulng loc1 have

been plotted w1th avctresc 51gn conventicn consistant vith

:

the normal faulting cbserved at Oroville.

© L

-

The stresses are aluays largest llnedlately under the
lake, but on the assulpt1cn that , this area will bave an
eqrthquake whlch will release the looally stored-straine;
ehe quésfion»becones which area to. the sides ‘are most
unstable? ~To determine thls, the ‘'instability' has been
plotted at ‘different tines on flgure‘ 5 6. It is apparent
that theref is a zone uhere the x and z effectlve stresses
' are egtel . To either szde of the central area are regions

with negatlve 1nstab111ty - these areas are more stable than

L
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fnstahility (see figure 5. 4) at different

times ‘during the loading. The results are.
shown to 12 km depth with instabilities
(stabilised Zones) having valves'less than.
zero nct being contoured.
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before filling. .

~

Locus were 'redrevn using the =tress conventlon in a
thrust fdultlng en71ronlent Hlth the vert1cal’/stress belné
snaller than the hcorizcntal. The same stress values were
used to deternlne the locus shoun in flgure 5.7. It can " be
seen that the conclusions discussed abcve no louuer apply.
'Therinitiaé frlllng leads to instability only- off to the
sides of the lake. The instabiliﬁy levels ar® very skall and
if fallure did not cccur durlng the dinitial fllllng, “then it
.vould appear unllkely to happen later Pron the figqgure 5. 6]1t
appears that the 1nstab111ty Hay be 1arge at shallov depths

at the end of the doun-drau in a thrust environEent.
. : N

To illustrate ..the effect of chanuiug the fluid
paraleters s ucrlel faulting locus plot was made using
threer time - intervals | f0.0i-uxrs,a-6yrs,6ﬁ-2$jrs) usimg”
elpha=1 and Q‘cf‘S.uhar. This ig shoun in figure 5;8; Agarn
the largest 1nstab111ty is at five years or later for the

locts found. The v-oveleut -of the c1rcle' to ,the left
.;ndlcates that the pressure is 1ncreasxng with tlne so ;the
effective stresses are decreaszng; The results at 25 years
are very close to the fxnal locus pOSlthD. ThlS 1llustrates
that the conc1u51ons can ' vary cou51derauly if thef fluld

parameters are uncertain.

7
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Figure 5.7: instability at 6. ka below the tvo'
. dimensional. lake in a thrust environment.
The largest instability now occurs off .to

" - the side of the lake R J

i
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.FPiqure 5.8:

£

s

4Insta5111ty in a normal faultlng area with

the Q ‘reduced - so that ‘the diffusion may
take place. The coupling is one in this
case, The result differs. con31derably from -
those shown earller. ' :
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it appears‘ that the model can explain many of the

. gﬁ}erved seismic effects at‘reservoirs; The stresses, pore
preSSures“ and disylaoelent ‘fuuctions each have :terns
fdepending on tue couvolufion of the/r;te of‘change of uater
level, on the vater depth, and on.a diffu51on time. The
instaoiiity‘during, inirial loading und agaln durlng en

~unJoad-reload situation-is encouraging.

Applieaticn of - this werk to a particular reservgir id
detall has been’ av01ded for three reasons.‘ erstly, not
enoth is k:ovn about the geologlc and elastlc behavzour of

"~ the ocks; secondly, thhlng.& S, kucun about .the 1n1t1al

ctresses and hydrology. aud finally, the epicentral
pOSlthDS and depths are usually inaccurately . known. This
leads . tc the question of future: rhsearch; How can the

results and -conclusions made here be tesred? Sevérul

.

experiments can be made to check the results, howeéever, each

is expen51ve and are major projects. o K -
D . ° / ’ » | ‘
Of utmost importance is a test to find the ampount of

triggering strehses needed to open fractures .in the

reservoir area and thxs cculd be donq by hydrofracturlng at
I
a deep‘»test hole near-the 51te. The test hole could also '

.®

provide geologlcal salples, insitu perleabxlity results ~and

«

1nforlat10n -on the water table, both top and botton. A
‘ /

’ ._seislic veloc1ty and resistlvzty log down the- hole uould
?also be usefal. The resistlvity log could be used tc nonitor

changes in the water table cheaply aand easily“durlng,and

o
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«

:afterjfilling. Senerel shallcw holes could be drilled around

the test site, again tc mcnitor - daten table changes, but

also -

distances so that a 'bulk betneability' is obtained.

’ Itvﬁs‘inpertant that the hydrology and fluid paraameters

as source holes in diffusion, studies over 1long

|

<

- be known. This is not-.a simple task'ovér the large scales

uiscuSSed here. Regiennl bydrology would have to be obtained

. N R s . .
if initial coﬁ%itions 'ate to be imposed on the fluiﬂ

L3

-~behav1our of the rock. A guide to the rock paraneters mnay: be

obta1ned by lodelllng the behavxour of similar reservoxrs in

thejreglon.

A

Y

promising line of predictive research/ lies in the

~ monitoring of ‘the delay time of a seismic signal over a

‘flxed basellne,.If sufficient acoustic energy can be pumped

1nto

beneath the reservoir at several klloneters depth. Since the -

material propertles are <tfess dependent, an increase of the

stress
1974)

stress
;nount
insitu

energy

Sttain

.the gtound, it may be passible to pass the waves

is thought by scme tesehrchers (Reasonberg and Akl,""”

to change the velocity sutfiplentl& so that one bar

:changes‘nay be detected_uith'good seismic tlnxng. The

of delay is uncertaln,‘ but if it s sufficient,

stresses could be contxndﬁﬁgﬁy lonltored. The- seisnic

could perhaps be obtalned from constructlon blasts.

«

meters -ay also be useful in lonxtorlng strain

- accymulation. Bventually an extenszve study u111 have to be

" done into the depths and lateral migrations of earthguakes
. ' S A ] L

»
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at dams so that wmodels of fhe'type presented here can be

compared. Hopefully, scme of the data  being |collectea now
* will be ‘soonl‘dvailable.i The réseé;éh gtéubs at Nurek and
Lalont are chrrently cbtaining'gdod seismic locations.; In
any event, an array of selsnoneters should be placed at all
neu dan 51tes to lonltor any act1v1ty that occurs. B
‘Although the :athéﬁétiéal calculations doné‘ here'.are
gratlfyxngly close to uhat 11ttle observatlonal data-exis?s.

the reader, is cautzoned that application of lathelatical

models to real problens in earth science . is aore .of , an

E . , ' ' .
'uncertaln- art than an’' unambigquous science. Mathematical

lodelling like thls -!9?# 'indicat€3\<gyen45, and pro;ides
guantitatxve- measures wbich can make the veight of evidence
\fO[, or agalmét, ‘seismic risﬁ at a dai’ siteknfar 'lofé
convincing.. It is not by itself sufficiént eviéence,.but\it

is an essent1a1 conponent of ghe eviaqncé.
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