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ABSTRACT :

The study under£aken here deals with the defofmability of
rock masses. To attain reliable conclusions on this subject surface
and underground strucgures like concﬁg:e déhs and underaround péwer-
houses will be analysed. | ‘ R | R

At fhe investication staqge of the construction of large pro-
jects, like those.mentioned above, in situ tests are perfgried on

* the rock to evaluate the deformability characgefistics of a mass.
The structures we refer to, loadi‘a very large volume of rock(. Thus,
large in situ static tests are the ones which will qive the mos t
representative modulus of deformation for a rbck mass. But, how
representative are the values thafned from an in situ statfc test

© vis-a-vis the Qalue needed to account for the actJ;l bé&gviour of

a’structure? An answer to this question 1is pursuéd here by under-

\\\\;//(/\\;>king the study of case histories.

A .
For the concrete dams analysed, it is found that the overall

modulus of deformation of the rock mass, that accounts for the measured
structure behaviour, is 1.3 to 5.3 times greater than the static in
situ test wvalue. For the powerhouse analysed, these ratios vary from

1.0_to 4.5
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CHAPTER I

INTRODUCTION

1.1 Rock Mechanics in Enoineerina

/"ﬁ
[n the past three decades, with the comina of larae structures

like minino excavations, dams, underqround aalleries etc.. a need
was felt to study in a more riooroug‘hanner the properties of rock
as a materfal and the properties of rock masses as well. The early
developments of this newly born sctence, Rock Mechanics, were of
course areatly influenced by Soil Mechanics which had already pro-
nressed substantially So;e unfortunate catastrophes made enaineers
100k deeper in particu]ar into the properties of rock masses.

The impartance :of the projects involvina the constructian of some of
. the structures mentioned above ]ed‘to the development of better |
1n%trumentation to characterize the rock mass.

* Rock is the subject of studies from many different areas of
_science. This has brouaht encineers, aeo’ogists, minera1oq1sts and
aeophysicists tooether: Tod;y, it 1s recoanized that to attémpt to
understand the pecudiar behaviour of réck masses upon loadina or -
un]oa%‘no, the cin] ennfneer has to be in close contact with the
strUctural ceolooist. . |

The first two conaresses of the INTERNATIONAL SOCIETY OF
ROCK MECHANICS have contributed areatly in publlcfzinn answers
to different facets of the’ subject and they have also proved the

need for pursuina the development of theories’ aﬂd tools that wf\lﬂ
' 1



A

enable us to predict’and understand the response of enqineering

structures involvina the behaviour of rock masses.

*\

1.7 Behaviour of Enaineeripa Structures

»

The study‘b\ Je behaviour of enoineerina structures can
be pursued onlyTIf a aood observation proaram has been undertaken.
[n turn, the quality of that observitjon proaram.-on a lona term
basis., fs wholly justifiable by the f%}[owinn three aspects:

-~ A

i) Instrumentation will obviously-stremathen the safe-
. L]

.. auards for public sa%ety,

11) Instrumentation wil]ilead t§ a better understandino
and improved deéion. A aood observation program will often pro-
vide answers to nossible anomalies in the behaviour of a structure.
The experiencehna1ned by enaineers ovgf the years will undoubtedly
enable them to- avoid inefficient construction techniques and tend
to a better optimization of the cost of the structure,
f11) The-scientific aspect, which of course is 1ndispen5ﬂ919~\
if a better understandina of the behaviour of the rock mass and
consequently, the behaviour 6; the’structure, has to be attained.
In the followinn study, we are particultarly interested by
the sc1ent1ﬁic aspect which {s 6ot dissociated from the other two.
It provides ways of judging the accuracy of the desian hypotheses
by interpretina the ;ctuql behaviour of the structure. g
On the dther hand,'if the justificationlof a oood observation
proaram for lona term conditions {s mad;, it 1s certainly equally
important, {f fot more, to follow very closely the behaviour of a

structure, durina and shortly after construction. It is in fact

more important than ‘the lona term oﬁservation since at that time,
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no expericyce has bedn cained in eva]ﬁaeqﬁé the. 1imits of confidence
with respect to the initial assumptions méde.

The easiest way of obtainina an overall picture of the
behaviour of a structure is by meaéurina displacements. This
parameter 1s digectly related to the value of the modulus of de-
formation determined at the desian staae. If fs the purpose of the
pfesenr study to evaluate the accuracy of the modulus of deformation
of the rock mass, determined from in situ static tests, in acgountipa
for the.disp]acementﬁ measured on the structure. Therefore, dis-
placements| will be our standpoint to judqe 1f.hWhether or not,
moguii of deformation dstermined by i+ situ stétic tests are
capable of predictina the correct displacements and, if not. suaaest
poss?b]e reasons for this discrepancy.

In this work two partiCu]ar types of enaineerina structures
will be analyzed i.e. straiaht concrete qrav1t; dams and under-
around powerhouses. It is obvious that a study of th1s type has to
be statistical in that analyses of many struc;:res of a same type
should be performed if ceneral conclusions are ajmed at. By doina
so, we actually include a variation’of the variables affectina the

behaviour of dams or powerhouses and try to find the common de-

nominator to the behaviour of those structures.

1.3 Complexity of the Problem
"The complexity which arises-every time that an analysis

of a structure favolvino rock has to be pérformed {s a function.

two major factors: . .
i)’ the nature of .the rock as a material and as a mass,

ii) our difficulty in takinq into account the 1nf1uence



of faults. joints, schistosity ctc., on the behaviour of structures.
Very often rock shows anisotropy either on a microscopic
or macroscopic scale. Rockeis non~homoaeneous. Rock behaviour is

time-dependent. ‘ ;

. )'

/

Up to 1960, no numerical method dared takinaq into account
all or even some of the factors mentioned above.l The hat&ematica]
solution would have been too complicated and difficult to apply
by the aveTace engineer, |

[y

The finite element method entered‘qenera] use in 1960
after the work of Clough (1960). This ;;ry powerful method has
increased in popularity ever since because of its versatility and
capability of handlina such problems as non-linear behaviour,
anisotropy, non-homoaenéity, time-dependency and many more. [t
is £h1§ method which will be used in the analysis of the dams and

nowerhouses considered here. -

1.4 The Finite Element Method

It_ls not the purpose of this section to derive the method.

]

/

Ample ]iteratdre exists on' this subject and may be referred to if /
\$7formation is needed. Sod§ references ace aiven in the bib]io?rapﬁy.
The structure which is to be analyzgd is divided into a .
certain numbe} of elements, interconnected?t”théir nodes . Pro—
perties are then assigned to these elements. Eqbations are estab-'
lished for every node in fhe mesh and each equation includes the
influence of all the elements on a particular displacement at one
node. Consequently, a set of simultaneous equations is formed, in
terms of the nodai displacementst'aqg represents the behaviour of

+

the whole structure.. The solution of these e&gations requires the
3 v
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use of a computer. Once the Jisp]acements are determined for.ovory
node in the mesh, it is then possible to evaluaté\how much distortion
or strain a particular element has underaone. fhis is done for all
the elements. From there, knowing the stress-strain behaviour of

the material or havind made such an assumption, the conversion from
strains to stresses is made for every element. We thercfor. ohtain

a complgte picture, in terms of displacements and stresses, of the

structure.

A
"

A finité efement analysis can be performed either in two
or three dimensions. We have said earlier that only straiaht con-
crete aravity dams and underaround openinas were aoina to be analyzed.
Since fhese structures usually have a lenath bioger than their other
dimensions, two—diménsiona] anglyses can be performed on them. By
. doing so, many more analyses cén be done which help us in evaluatina
the influence of various parameters. -

Only linear elastic finite element analyses will be performed
through this study. Generally, isotropy and homogeneity will be
assumed. The reasons for workina within the framework of linear
e]asticity are Zhe fo]ldwinq:

i) The conversion of in situ measurements of displacements.
when doina a»stat1c’te§t, to in situ modulus of deformation, is
commonly done by usinaq the theory of elasticity,

M ii) It fs conventional practice in Rock Mechanics to make
use of linear elasticity in\aeSiqn, |

iii) A ljheér'elastic analysis is the simplest type of '
analysis one can use and if positive conclusions cén be déawn from

it, it then provides a very easy tool to use for further work.



CHAPTER 11

DLTERMINATI&N OF REPRUSENTATIVE
ROCK PROPERTILS
2.1 Introductjon
[t has‘been recoqnized, in the field of Rock Mechanics,

that properties determined on rock samples in the laboratory usually
overestimate the quality of the rock mass. !The reason for this is
the fact that the discontin&ities of the roek mass are not representod
in the core sémple. Thereforé, the on]yr1o§1cal way of obtaining

4

_representative rock properties is to go to fhe fie]Jand measure
them in place. Even then, the prob];m of finding representative
properties is not entirely solved.‘ Investiqations of fhe behaviour
of the rock mass itself are still needed. '

The deformability of a rock mass is a function of the quality
of the rock itself and of the characteristics of the disgontinuities
which will be affected by the load transmitted by the structure. In
the case of a_massive‘rock body, where discont{nuities are almost

.absent, the properties §f the intact rock will govern the deform-
ation of the strhqg;}éf Whéﬁfthe opposite happens, for example a
highly jointed.rock mass, fﬁg‘joints:will play the dqminant role
in the fdde of defbrmbtion of the structure. Therefore, since rock
masses are,, in general, fractured determination of joint spacing,

type of discontinuity, degree of weathering, etc. are of primary

importance to the engineer who has to decide in which way represent-

6



4
ative rock deformability characteristics canl\best be obtained.

In every project of relative importahce, a dpillinq program
AN

is included. After the drilling, logging of the cores and subsequent
LY \ . .

interpretation will lead to an overall picture of the quality of the

-

rock mass. Deere (1966) has developed a method to describe quantil®
M ' ) "Ny
tatively the quality of a rock mass. This method makes use of all

.

) }heiéghe borinqgs done at’the investigation stage. The method is .
‘ca11ed Rock Quq]ity Designation (RQD) and tonsists of measurina the
total length of all unweathered pieces of core greater than or equél
to 10 cm..(4 inches) and dividing the total by the length of the
particular core run, ;This index represents an average quality of
a rock mass and other properties might be related to it. It is with
this idea in mind that Deere et al. k1969) have investigatéd the ,
possibility of the existence of such relationships. All the dis-
continuities of a rock mass will affect its deformapitity. The
RQD being a measure of the continuity of the body;‘féé above
investigators have shown that a correlation between the modulus éf -~
~ deformation and the RQD existéHT\\Consequently detexmination of
the RQD will hefp'estimatinq the competence of.a rock mass.

Different tests can be performed on the rock to determine
its deformability. Since §f;%¥é?j¥gding represents more 9losely the
way rock masses are loaded by the structures we_are s‘tud.xi’a_r:g, we A?:
will concern ourselv?s with»%n éitu static tests. It is a}so 1egitim:?;"
to think that they are.the ones whiéh will give u;&the most repfe§§nt-' '
ative modulus of deformation for the rock mass. We 'are'not e;(-‘ | ®
cluding dynamic tests from a testfng program. They may very well be |’

performed and their results can certainly be Fery helpful in zoning a

!

-,
) .
to- ey
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rock mass.

In situ static tests are expensive and time~con§uminq.. For

these reasons the determination of the site where the test will be

performed is very .important. All of the above tools mentiohed,.fike
core Togaing, RQD, dynamic tests will help the engineer in'decid?ﬂﬁ
which volume of the rock mass is 1ikely to have the most critical
deformability characteristics with respect to ehe stabi]ity of the‘
structure.

In the following, a de;cription 6f the most important in
situ static tests and their evaluation will be.given. Also, it is
to be hoted.that the same terminology used by Deere et al. (1969)
will be used all through this work. The modulus of deformation will
be the one repreee ted by E]-2 on the load-deformatign curve shown
in Fig. 2.1.1. Thiis modd]us corresponds to fhe maximup load and
total deformation. The modu1us’of elasticity will be sthe one shown

as E2-4 on. the unloading cufve. . .\>

2.2 The Different Tests Used and their Evaluation <i:.

For the past twenty years a great.’ea] of work has been

devoted to increasing the quality of in situ static tests. In the

following, we will describe plate jacking tests, pressure chamber
tests, r?adiai jacking’te‘sts. thin f]a%jackpte* and borehole deform-
ation tests. The first.two haee been performéd almost systematically
ever since the undertaking of large projects.. The raqjal Jacking
test constitutes a seeond phase in the evolutjon‘of'defokmebj]ity
testing equipment. Fina]ly; the thin flatjack test seems to be the
latest development wfth respect te large in situ static test. The
borehole defprmation.tesfs will also be looked at.

“- L]

*

s

”*
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2.2.1 The Plate Jacking Test

10+

o

e
The-B?qte jacking test is certainly one of the oldest methods

for determining the deformability of rock. We have to distinguish
here between two different ways of performing this test. The first one
uses a rigid plate and the second one a flexible pad to apply(the Toad

to the rock mass. Kujundzic (1955) calls the former a punch test or

uniform deformation test and Serafim (1964) calls the latter a uniform

pressure test. The punch test has almost Completely disappeared 1in
current practice due$to the comp]ei?%taﬁe of stress it induces in
the rock‘mass and to the relatively small volume of rock affected by
the test. Serafim (1966) says that punch tests seem adequate when

performed on a non-fractured rock mass or on an extremely fragmented

I , f
or very altered rock mass. Since geologic conditions of most rock
5 .

masses are more likely to be within these 1imits, the uniform pressure
test is undoubtedly preferable. ROcha (1955) has inserted between

the reaction system of the plate jac 1nq test and the mortar pad
P 1

. appl1ed on tha rock surface, oil- iﬁﬂ?ed méta111c cushions This set-
: N

up is shown on Fig. 2.2.1. For trgirockq,’a?n'dation testing of
Dworshag dam, Shannon and Wilson (196}9‘Q§§éfdeve]opgd a unfaxial
apparatusﬁwhich is worth e]aborating Jon. 7ﬁ%e set-up 1s shown on

Fig. 2.2.2. 'This apparatus included som; very Spec1a1 features
Finstly. Freyssinet jacks were used to load the rock mass. At the
same time that loading was performed, uniform pressure os the mortar.
pad was insured due to the flexibility of the jack itself. Secohdly,.;
since informatjén'is needed about the creep behaviour of the rock, a
pressuré recordqr-control]er*dévice was fixed to the flatjack. As

thé rock. was déforming, 6dnstant pressufe in the'jack‘was,majntainéd :7

s

N
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\1 FIG. 2 2.2 + DWORSHAK DAM PLATE JACKING TEST (AFTER SHANNON AND

NILSON 1964) (FROM DEERE ET AL., 1969) ‘
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by the use of a hydraulic pu#L\.Third]y, the way deformations were
measured is of pgrticular importance. As shown in Fig. 2.2.2 AX size
boreho]es were drilled at both extremities of the apparatus and Carlson
jointmeters nere installed in them. The join!%gter usually extended
to a depth of 5.5 m. (18 feet) from the face of the gallery and.con-

seqyently allowed for the measurement of an average deformation for

‘a large mass of rock. The usual diametral extensoreter was also
, , )

o+
[

used.
¢

The U.S. Bureau of Rec1amationthAd at the same time developed
a very similar apparatus as the S;gnnon and ﬁi]son.one. Na]lace et
al. (1969) give a good description of tt. the main difference is in .
the way deformations were measured: The orincip]e is the same but

more. informatien is obtained by the U.S. Bureau test. ‘Rock deform- '

)

ations were,m§j§ureq by a diametral extensometer and two seven

PO

positions retrievable extensometers (REX-7P). The diametral eif;n-

someter, as well as the REX-7P were installed d1rect1y underneath

!6 -

the loaded surface. For th1s arrangement, smal] holes were provided

«

in the middle of each flatjack. The retr1evab]e ex ensometers were

" i

fixed in a 6 meters 1ong NX ho]e and deformatlons were measured

P

‘between every one of them and the col]ar of the hole. The measur1ng

\

device consisteL of seven 11near variab]e differential transformers

i

.’(LVDT). This way of measuring deformat1ons has proved to be extremely

useful. -~‘*;‘ )

It is known that,whenever a ga]]erysis%xcavated, the initial

N
1

state of‘stress‘1nfthe~rock mass is disturbed This produces a so-
'called "destressed ‘zone" (Deere et a] 1969) around the open1ng which

".1nf1uences greatly the deformab111ty measured by an 1n s1tu test.



Benson et al. (1969) quote for one test in part1cu1ar that 33% of

the total deformatlom betWeen O and 4.6 meters (15 feet) from the
‘rock surface had occurred in the f1rst meter. There?pre, it is  »
advisable to measure deformat1ons in’ depth from thg rock surface in
a test adit. This will obviously ]ead to a more/representatwve value
of the modulus of deformation of the rock Mass

In br1ef it is suggested that the best qua11ty in situ

plate jacking test that can be pepformed now on a rock mass 1s one

of the same type as the U.S. Bureau of Reclamation test.’ The
. . //’ " . " N

aluminum tubing makes e”apparatus 1ight enough for easy trans~
portat]on, the Freyss1net flatJacks arrangement fu1f1lls a tr1ple
\

'purpose and ttnal]y the deformation measur1ng device prov1des a

better p1cture of the rock mass behavlour.' " ¢

2.2!2 The“Pressure ChambgrATest
\ The pressure‘chamber‘test is one of the 1ardest in situ tests
performed on a rock mass. For this reason, this test is ‘used much )
less frequeht]y than the other in'situ static tests. ' However, the
1mportanee of a progect together with the ro;k cond1t1ons at a s1te
can easﬂy just1fy 1ts use. Loadmg a very bf volume of robk ‘th1s
;test will be of particular 1nterest when a “large joint spacing
charactervzes the rock mass to be tested Flgure 2.2.3 gives the
usua] set- up for the .pressure chamber test |
o App11cat1on of the pressure on the rock mass is achleved by
dff]]ing thelchamber with water From this comes one of the most
de11cate problems of the test to assure thet water .tightness of .

*

}}the chamber. In. some of the earl1er pressure chamber tests performed

1

(Kujundzlc. ]955), water pressure was directly applied to the .rock
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surface. The amount of water co]]eéted after-the test was then used

to estimate the permeability of the rock. Rocha (1955) has used™ -
bituminous material as an imperm;able liner. ltalian‘engineers seem
to b{ithe ones who have used this test the most extensively, Figurejiﬁ
2.2.3 was based on.tux qﬁual set-up used in Italy. As seeﬁ on this
figure, water leakgge was prevented by uéing a rubber sealing baq.1

A concrete lining with transverse and longitudinal joiqts was also

used between the rock surface and the sealing bag.: !

t
In the pressure chamber test, deformations are often

measured at the middle section of the chamber. This has for effect

~ to minimize thé influence of the extremeties of the loaded area.

The deformation measuring system usually consists of extensometers

installed on four different diameters, Ghe.being vertical, another

horizontal and the others at 45° to the first two. Usage of buried

deformation gages, for the pressure chamber test, has not been found
in the literature but it is expected that they have been used in
the laEfstvtests. The advantages of usiné these gages have been
discussed previously. . R

To summarize, AT provistion is made for measurement of
deformations at. dept%\\irom ‘he rock surface, the pressure chamber

test 1s 11kquy'to give the wnst representative rock modulus of

deformation.

' .
2.2.3 The.Radial Jacking Test , ' \>

The radial jacking test is a combination of a plate jackint
tes?‘nl(gja pressure chamber test. On one sidé,‘it uses the relatively
simple mounting procedure of the\plate jacking test and on the other

benefits -of the large volume of rock loaded by the pressure chamber.

7



| - . ,,} ) ! . : 17

V. . - The first radial jacking apparatus was developed by the
1T ;%tal Institute of Belgrad (see Kujundzic, 1955). Although
Mgty years did, the test had much similarity with the one

”; today. Fiqure 2.2.4 shows schematically the different

R A
L) g K o
,characteristics of the test set-up. As seen on the figure, the

gallery had a diameter of 2.20 meters. The load was applied on a

/ concrete lining by sixteen flatjacks having a length of 1.85 m.
each. The inside face of the jacks‘was fixed to cylindrical wooden
reaction system. Tqansmission of pressure to the flatjacks was
obtgined by manually pumping water into them. The deformations were
measured at five different sectfons, three of which::ére directly
under the influence of the flatjacks. At each sectjon, the deform-
ation measuring device consisted of four extensometers making 45°
anglés between them. Finally the interpretation 6( the deform-
ation results accounted for the fact that the test had a small
LENGTH/DIAMETEﬁ ratio.

The radfal jacking test has also been used exténsively,
f;; the desiqn of pressure tunnels,‘by Tiroler Wasserkraftwerke,
A. G. (TIWAG) in Austria. The'appafatus they have used was basically
equfvalent to the Yugoslavian one but a few modific;tions were needed.
Lauffer and Seeber (1961) give a short description of the Austrian
apparatus. Since high internal pressure cap be applied on the rock
" surface in pressure tunnels, the main changés consisted of re-

designing the reaction system of the apparatug. Strong hardwood
planks and ring supports of high-tempered steel were used. Those
modifications then allowed for the application of stresses 16 the

order of 60 Kg/cmz. The other features of the test with respect

- .
S
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to the ones described by Kujundzic (1955) seem to be very similar.

The U.S. Bureau of Reclamation has also devo]pped its own
radial jacking te;t. Wallace et al. (1969) describe the Bureau:
test. Aqgain, it resembles the first two tests mentioned above with
one very important difference: déformations are measured in depth
from the rock surface t6 eliminate the effect of the destressed
zone surrounding the excavated gallery. Measurement of diametral
deformations of the gallery is also provided. This. way, depending
on the problem which ‘has to be solved, i.e. the design of a pressure
tunnel or a surface structure, the corresponding deformations are
used to evaluate the modulus of deformation of the rock.

The radial jacking test, as it is performed today, is
ceﬁtain1y the best optimization one could have attained from the -~
plate jacking test and phe pressure chamber test. As we said
éar]ier, the assembly ié relatively simple; the test loads a large
volume of rock; the test area is accessible to the operators; all

of the equipmént is recoverable. On the other hand, the cost of

such a test is high.

2.2.4 The Thin Flagjack Test

The thin flatjack test has been developed mainly by the
Laboratorio Nacional de Engenharia Civil (LNEC). The procedure used .
in performing the test is as follows (Rocha et al. 1970).

i) a diamond disc saw of diameter d is used to open one or a
group of slots, contiguous and in the same plane perpendicular to
 the‘rock surface, having a depth h and a thickness t,

ii) thin flatjacks of

Ay =

Aggight (h - a) are then introduced in

2
B LE

each slot.! e
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1i1) a pressure p is applied to the flatjacks, e
iv) deformation of the slot is measured by four deformeters
insértnd in each }]atjack, |
'v) reduction of deformations to modulus value is made
through diagrams. °
A representation of three thin flatjacks inserted in the
rock is given in Fiq. 2.2.5.
Like the other in situ static tests, the thin flatjack
test will vary with the nature of the rock and the spacing of the
joints. Rocha (1969) has shown the relative decrease of the modulus
of defbrmation by extendinq the length of the slot.

In' general, the thin flatjack test has proved to be of a

good quality to determine the modulus of deformation of a rock mass.
{

‘The apparatus can be taken in a gallery and can measure represent-

ative properties providing the slot is cut to a depth beyond the des-
tressed zone. Preparing and performing the test is done relatively
quickly and at a much lower cost than the first three tests men
tioned previously.

It is felt that the 1mportant weakness of this method is in
the interpretation of the deformation results. Rocha‘et al. (1970)
have assumed that the rock mass was cracked in the plane of the siot
thus allowing them to represent the test by a quarter—space under
pressure b They have developed a special technique to interpret
the thin flatjack resu]ts and suggested that care shou]d be taken
when performing. the test in a reéqan of high compressive stresses
perpendicular to the slot. It would then be advisable to enlarge

the size of the slot all-around the proposed loading area.
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2.2.5 Borehole Deformation Tests

When the size of a project will be such that the use of a

large in situ static test will no! be justified, borehole deformation
tests may be used for determination of the modulus of deformation.
Table 2.2.1 enumerates some of the borehole tests used and g;pes

somz characteristics of each. -

As can be seen, the borehole deformation tests are divided
into two major qroups depending'upon whether transmission of load
to.the rock is done through a rigid or flexible component. The main
differences between the two groups are the following:

i) Usually a higher stress level will be attainable when
using a rigqid appafatus, |

ii) the non-uniformity of the state of $tress induced by

b\the rigid test into the rock mass will be more pronounced than for
the flexible test,
111) although possible in the case of a flexible test,
cracking of the rock will be more probable when using a rigid
apparatus.

iv) for equal size tests and for an equal average applied
stress, a smaller volume of rock will be loaded by the rigid apparatus
‘than by the flexible one. - N |

.The first two items, will be partly responsible for crack-
ing of'thé rock. Moreover, the theory of elasticity says that a : -
radially applied pressure in a hole w111 induce a tensile tangential
state of stress around it. |

Cracking around the borehole for a f]exibié“test‘al§b has

to be included in the interpretation of the results. Rocha et al. ‘
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(1966) have discussed of cracking around the borehole and have
included its effgcj in their evaluation of the modu]hs'of deform-

[i
ation.

w1th,réspect to the volume of rock tested, we have said
that the flexible borehole test would load a'Iarger volume ‘than the
rigid one. Even then,_interpretagabh and e;perience will tell if
whether or not the rock conditions involved in thé flexible test are
representative of the whole rock mass. Extreme care has to be taken
in that direction since totally erroneous values could be used for
design purposes. ' ;

The method of drilling the borehole? especially in soft
rocks, may ihfluence the result. Meigh and Greenland (1965) give
some values of the modulus E measured with the Menard pressure-
meter in a sandstone deposit. For the drilling of one borehole,’

a non-coring water-flush technique was used. For two other bore-
holes, a drag bit with air-flush and a thin-walled diamond coring
bit with water-flush were used. The results presented show that
the moduli measuréd in the borehofés drilled with the non-coring
water-flush technique are consistently lower than when using
either one of the other methods mentloned That 1s to say, the
substantia] amount of water used during dr1111ng, in the first
case, has probably resu1ted in some softening of the material

around the hole.
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2.3 Details of In Situ Test Data
and Comparison of Results

Up to 1966, data on static in situ tests have been collected
and presented in a report by Deere et al. (1969). This has been ex-
fended here to 1973. The data are présented fn Fig. 2.3.1. Comparison
of the modulus of defdrmation.and the modulus of gla;ticity is:»made in
that figure. A§ can be seen the newly cojlected data agree relatively
well with the line suqgestéd by Deere et al. ) ﬂ

In the same report“mentionedlabove, the investigators have
compared some in situ moduli to an overall modulus 0f deformation com-
puted from displacement observations of structures. )In thie period
going from 1967 to 1973, only two cases were found Qhere the same
comparison could be made. Figure 2.3.2 shows the points plotted by
Qeere et al. (1969) together with the earlier ones. Even if only
a few points are plotted on that graph, a very interesting feature
emerges. Most of the pofnts representing static in situ tests,
except two, are.lower fhan the 1:1 1ine. This means that if de-
signers have used those moduli values, determined by the static in
situ tests, a conservative design has resu]ﬁfd, No comment ha§ been
given by Deere et al. with respect to the highest point which cor-
responds to a pfape jackingltest. On the other hand, Kleiner and
Acker (1971)1&escribe the different characteristics of.the rock
mass.at Mossyrock dam site in Washington state, U. S. A. The point
on the 1:1 line corresponds to a plate jacking test performed on a
massive andesite. As suggested by the authors, the égreement of the
modu]us détermined by the‘larqe scale in situ static test with the

one computed from the displacement measurements. is probab]y due to

the natural ma551veness of the—rock body of Unit B.
LR
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The points representing the moduli at Tehachapi“Tunpnel, in

California, were compared to a modulus obtained by the tunnel relax-
ation method: This method is.descriBed®by Kruse (1969).

. 4
On veryd;fw'cases a comparison has been made between the in

b ]

'§§tu static modulus and the one to account for the measured deform-
ationss For the cases studied preyiously we see that the behaviour
of the structures involved correspond to an overall modulus higher
than the one measured by static %n situ tests. This fact supports

the ‘concept of the study undértaken herein. B

2.4 Determination of Pre-Existing Stresses in a Rock Mass .

Knowledge of the natural state of stress in a rock mass is
absolutely necessary when deaT;ng with underbroung openings.q Further-
.more, if a better understanding of the behaviour of the earth's crust
is of interest; determination of the natural state of stress in rock
masses is mandatory : _ | | .

In the past two decades extensive work in develop1nq equ1p- '
meng capab]e of measurlnq the natural state of stress has been carried
outt Ooert (1966) has summar1zed the principal’ methods used. . New
developments were presented at the Internat102:1 Symposium on the |
Determination of Stresses in Rock Masses, held at Lisbon 1n ]969.

No significant improvemeht has"taken p]ace sihce. Then, the following .
is based mainly on the above two'references:

In the determination ot the natural state ofgstress in a roek :
mass one has to dist1ngu1sh between two maJor groups of methods
the d1rect method, i. e ‘a method in wh1ch a stress is measured and

the 1ndirect method which makes use of ‘the elast1c propert1es of the

materia1 to obta1n the state of stressq In the f1rst category we have-

z‘ A
ti



rigid inclusion stress qauqes and flatjacks. The second qroup con;
\ {ﬁis:s mainly of displacement measuring devices and strain measuring
-)hevices. It is not the purpose ?f this section to describe all of
‘these instruments. The two references mentioned above should be
referred to if detailed information 1s needed. However, {he follow-
\ ' ; |

" ina'will give a short description of one instrument belonging to

each group. Also discussion of the latest 'developments is presented.

2.4.1 The CSIR "Doorstoppeg”

In 1965 the South African Council for Scientific.and Indés‘ﬁgAl
Research undertook the development of a rock stress measuring device.
Commercially available since 1968, the CSIR "Doorstopper" has already
been used all over the world.

The "doorstopper" has been designed to determine the absolute
stress in rock, using an overcoring stress relieving technique. The
method is therefore-an indirect method. Performﬁnce'of a "door-
stopper" fock stress measurement is as follows:

i) a BX borehole is drilled to the required depth and its end
is flattened and polished with d1aﬁ5h4$§3015,

1) with an 1nsta111ng tool the "doorsto;per" strain cell is

*

bonded on to the end of the borehole and initial strain readings are
(<r—
recorded,

i11) the borehole is then extended with a BX diamond coring
crown resulting in a stress regieving of the core,
iv) after overcoring, f%ﬁal strain readings are’ taken and
~ removal of the core and “doorstopper" is done,
v) knowledge of the elastic g:nstants of the rock, when over-

cored (see Benson et al., 1970) will allow for thes determinatiqn of
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the stresses -presént on the flat end of the borehole before overcoring,

vf) a relation exists betweén the above determined stresses and
the stresses of the surrounding rock; Use ofkthis relation permits
the calculation of the surrounding stresses. Diffgrent relations
have been summarized by Leeman (1969).

Rock stress determination with the “doorstopper" can be done
1% one or three boreholes. If the measurement is performed in one
borehole, it 1; fmplicitly assumed that the borehd]e axis is barallél
to a principal stress. Consequently, the flat end of the borehole
is a prjnc%pa] plane and the problem is reduced to a two-dimensional
one.. In the caselWhere the validity o% such an assumpﬁion can be
questioned, three d1fferent boreholes need to be drilled in order to
determine the complete stdte pf stress at a point, .

In item 5 above, we see\-hat-the elastic constants of the rock
are needed. A "hydraulic assipulator" (see Leeman, 1969) has been

;7

qeveloped4~1th which 1t is possible to calculate the state of stress

acting efound the flat end of the borehole before beinq overcored.

The important feature of using this assimulatﬂ:-js that the elastic
constants of the ro¢k are not needed. In brief, the "hydraulic
assimulator" loads the core, with the "doorstopper" glued on it, in
such a way as to restore the inftial strain readiogs. The lézd
needed to do so is d1rect1§tre]ated to the principal stresses acting
around the flat end of the borehole. )

The ;e1ﬁ§b911ty of rock stress measurements with the "door-
stopper™-$eems tg have been proved (Hee}den. 1968). However the
stresses measured lqcally on a small piece of core need not be

f

representative of the stresses in the mass-at a-larger scale.
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- 2.8.2 Flatjack
As mentioned previously, the flatjack technique is referred to
as a direct method of rock stress measurement. Determination of
the stresses with the flatjack metﬁod is ;hne in a gallery excavated
in the rock ony. As is well known, the excavationlof the gallery
together with blasting will greatly 1nfluence the state of stress of
the rock, in the vicinity of the opening. Therefore, stresses measured
With the flatjack technique, which is performed closed to the rock
surface 1n a gallery, will not represent the state of stress of the
réck away from the zone of disturbance. As underlined by Rocha ‘
(1969), measurements of the state of stress close to the rock surface
by the flatjack method will be applicable to tunpnel-driving methods,
tunnel maintenance and tunnel-1ining desiqn and constfuction.
In principle, the Flatjack method consfsts of:
i) fixing references (vibrating wire gages, steel pins, strain
gages, etc.) on the rock surface of an adit,
11}'téking initial readings (frequency of the wire, distance
bﬁfween pins, initial strains,‘etc.),'
| 1ii) making a slot in the rock mass, close to the referenceg,
and inserting a flatjack in the slot,
iv) pressurizing the f]atjaék so that the initial readings are
recovered.
The pressure necessary to reach "cancellation" is then con-
sidered as the nétura] stress of the rock mass, perpendicular to the
flatjack. The stress found bj the flatjack technique is an average

stress acting over the relatively large area of the flatjack. For

this reason, the flatjack technique is rather fnsensitive to local
~ C

. .

I”
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concentration of stresses.

2.4.3 Recent Developments in In Situ Stress Determination

In the last ten years, two different organizations have .
developed a tecﬁn1que by which the complete determination of the in
situ state of stress could bé obtained in a single bdrehoTe. LNEC
worked on a plastic cylinder in which an assembly of electrical strain .
gauges was embedded. The CSIR built a triaxial cell capable of
measuring strafns with three roséttes at a specific relative orien-
tation.

Undertaking a meésurement with these two methods is basica]iy
the saﬁe. It consists of an overcoring tephnfque. The LNEC plastic
cylinder can measure initial as well as induced states of stress in
the rock mass. The CSIR triaxial cell is capable of measuring the
initial state of stress only. )

Further details are given in Rocha and Silverio (1969) and

Leeman (1969).



" CHAPTER 111

ANALYSIS OF CASE HISTORIES

3.1 .Introducfion

Generally, the selection of case histories in this study was
based on the following requirements: |

i) results of in situ static deformation teits had to be !
available, .

11) loading on the dam er in situ rock stresses had to be
. known or estimated,

i1i) the deformafion behaviour of the structure considered

had to be qiven. . t

On this basis three dams and one underground powerhouse

were selected for analysis.

1

3.2 Analysis of Dams

The three dams that age\sg‘be analyzed are Krasnoyarsk dam

n East -Siberia, Alpe Gera dam in Italy and Bhakra dam in India.

3.2.1 Boundary Condifions
Ie the boundary‘conditions“we will consider the mesh dimensions,
the aisplacements boundary conditions and the loading boundary con—,
ditions. A]l of these itdms are shown in Fig. 3.2.1.
If H {s the height of the dam, the boundaries of the finite

element mesh were as follows:

33
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-

i) the vertical sides of the mesh were set approximately
2,51 downstream of the toe and upstream of the heel, )

i1) the bottom boundéQy of the mesh was about 4.0H below the
base of the structure, | :

On the vertical 'sides of the mesh horizontal movements were
prevented and vertical‘mdéements were allowed. Al1'along the bottom
boundary disp]acgments‘were restrained in all directions.

The loadina boundary cgnditions consisted of water forces
applied on the upstream face of the dam, on tﬁe surface of the
reservoir bed and where tailwater was present, on the rock surface’
downstream of the structure. Also the influence of uplift presﬁures
has been simulated by appiyinq’upwqrd forces té‘the base of the dam.
Naturally, this is.only approxima;e. An effective stress analysis
would take uplift‘1nto‘considera£ion more accurately. However the
aééuracy of such an analys}s would depend on the accuracy and number
of water pressure measupements jn the rock mass.: ' No éommon rule,
with respect to the uplift pressure,.is set for the three dams thqt
will be analysed. The uplift forces applied to the base o% every
structureﬁha&e been taken from actual measurements.

. "r . " .
A1l the analyses assumed pnlane strain conditions.

- i - . .
3.2.2 Procedure Uséd in an Analysis

Depending if the displacements of the structure are given
with respect to a time zero, corresponding to the beginning of the

constFﬁction of the dam, the procedure used‘will vary. Such a

\

value for displacement will ‘include the. effect of graVity and the

-

P, (U e e
subsequent water loading.  Thereforé&; if for a structure, displace-

ments (refemring to a time zero) are given for one particular time in
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\

its history, only one analysis need to be performed. This analysis will
include gravity loading and the water load acting oﬁ the structure
at that particular time. On the other hand, if, for example, dis-
biacement measurements have been interrupted for a certain period,
in the history of the structure, a different procedure will app]f.
This proéedure consists of performing two analyses, dach one represent-
ing different loading conditions in time on the structure. By doing
so,‘we consider the first analysis as a reference to the second
analysis'and we look at the relative displacement.

For the analysis of Krasnoyarsk, the first. case mentioned above

applies. Alpe Gera dam and Bhakra dam are analtysed for two different

dates in their \Qstory.
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3.3 Analysis of Krasnoyarsk Dam

3.3.1 Introductidn

Krasnoyarsk dam is one of a sertes-of six dams planned on the
Enisei river, in East Siberia, to requlate its f]ow.‘ The dam also
servés the purpose of producing electricity. In fact Krasnoyarsk
station has the“h1ghest production in the world.

The dqm is a massive concrete structure with a height of
124 m. and a base width of about 100 m. 'It has a triangular profile

with a vertical upstream face and an inclined downstream face, having

a slope of 1:0.8 in the spililway section and 1:0.76 in the power

o

house section. It is founded on granite.

3.3.2 Method of Investigation and Values
Assumed for the Study

As described by Bochkin et al. (1971), the dam is founded
on granite that ranges from sparsely jointed to highly jointed.

The modulus of deformat1o% of the foundation rock has been
found by subjecting a rigid plate to vertlca] loading. This test
has been performed on the different rock conditions mentioned above

and gave the following results:

160,000 Kg/cm?

1) for sparsely jointed granite E =
i1) for medium jointed granite E = 90,000 Kg/cm?
111) for highly jointed granite . E = 45,000 Kg/cm2

Poisson's ratio, for this grdﬂite, was assumed to be equal
to 0.2 in the finite element analysis. The unit weight of the rock
~ was set to zero because only the displacements caused by the change

of-stress in the rock mass is of concern here.

Two other materials had to be specified in the analysis.
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gate‘area on the dam was the other
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T
o

Obviously, the concrete of the dam body was one, and the crest

o

The e]ast1c tangent modulus of the concrete was taken equal
to 360,000 Kg/cm , as determined.on 10 x 10 x 40 cm. samples at ~
the age of 28 days. As can be seen in Table 3.3.1, the tangent
modulus for this concrete, more than doub]éiéin a period going from
three days to 360 days. %

The effect of the stiffening of the concrete in time, on
the deformations of the rock mass was studied by doing two analyses
which will be discussed in the following section.

Poisson's ratio and the unit weight of the concrete were
assumed to be 0.2 and 2.4 Tm/m3 respectively.

The crest gate area is expected to be more deformable than
the dam cody\itse]f. Since it does not reproduce in the third
dimension, a plane strain assumption for this section is not exact.
The plane stress solution can be obta%ned by changing the elastic

properties of the concrete, using the theory of elasticity. In

order to account for this, the modulus and Poisson's ratio for the

.crest gate area have been assumed to be 250,000 Kg7cm2 and 0.25

réspectively. However, the results proved to be insensitive to
that change. Fipally, since this area of the dam is more pcrousf
than its body, a wéight-of 2.0 Tm/m3 was assumed in the gnalysis.
Differeht analyses involving different cenditionsfdn the
life of Krasnoyarsk dam are pbeSented in the fo]]owing section.
The f1n1te element. mesh used through the study is shown in Fig.

3.3.1.



39

»

FIG. 3.3.1‘ FINITE ELEMENT MESH USED IN THE STUDY-OF KRASNOYARSK_DAM



- 360 000 Kg/cm2 was assumed in the following analyses.

3.3.3 Results of Predicted and Measured Displacements

As stated in the previous section, a study of the effect

of the stiffening of the concrete in tsme, onn the foundation dis- D)

- placements, was done. Two-analyses were performed assuming an E

value determined after 28 and 366 days. These values are given
in Table 3.3.1.

The results of‘the displacements of the foundation surfacen
for the two cases are given in Figures 3.3.2 and 3.3;3. It is
obvious that, in the range of vqriation considered here, the fact
that the concrete stiffens as it ages does not affect the deform-
ationslof the rock surface. In the case of a modulus equal to

360,000 Kg/cm2

, the average vertical displacement over the dam-
foundation contact is 21.1 mm. - The second analysis used E =
470,000 Kg/cm2 and an average d?sp]acement of 21.0 mm. was cal-

culated. Since the d1fference was 1ns1gn1f1cant the value of

i) Gravity Analyses )

Due to thelavai]ability of foundation displacements

1

.under the weight of the dam itse]f,;a gravity analysis was under-

taken. The mod@us of deformation used here was an average of the _
three values mentioned above, 1.e. 1.0 x 10° Kg/cn’. The dis-

placements are plotted and shown in Fig. 3.3.2. The vertical dis-

\

placements over the who]e dam-foundat1on contact averaged at 21.1 mm., '

with a max1mum value Qi\23 .7 mm. The settlement-measured under

.

section 22 of ‘the dam\was 10.2 mm.

P e L o -

U R—— ¥

It can be concluded from these results that, Ff the modulus
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INITIAL CONFIGURATION

FINAL CONFIGURATION
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of deformation of the rock ng:f below sectfon ?2 is taken astthe
average of the values determined in situ, the displacements pre-
dicted will be 2.3 timés the measured ones. This implies that,
to account for the measured movements of the foundation, its
modulus should be equal to 230,000 Kg/cmz.

Based on a linear elastic analysis, we will alwqxs find .
that noA;;:;;i which modulus is assumed, if we want to match the
measured settlements, a stiffness of 230,000 Kg/cm2 will be arrivéd

‘QE; The fact that the end result is always the same is rather
1ntérest1ng because the only variable involved here is the decision;
on the design modulus. ‘

K *.It 1s vBry unlikely that the designe;s of‘; dam will use

the maximum value of the modulus‘of deformation found from in situ
tggls. In the case of Krasnoyarsk dam, even if they had chosen
the highest value, 1.e. 1.6 x 105 Kg/cmz. a difference of about
fifty pércent would have still existed between their choice and

the stiffness afrived at earlier. This is shown on Fig. 3.3.4

which summarizes the résults of the gravity analyses.

1f) Gravity and Water Load Analysis
F111ing of the Krasnoyarsk reservoir began in Apri] 1€67.
The history of the impounding is shown on Fig. 3.3.5.
The available data on Krasnoyarsk dam for Section 22 of
’the spillway is presented for July 1969, right after a steeo risg,/
in thé water level. Readings of the uplift pressures on -the dam

base have shown that the grout curtain and the drains built in the

foundatian have been very efficient in reducing'them. Even -if the



45

|

_ {.mowrod
Jprodicud

1.0 _

L]

0.8 _| ’ ' ,
2 ’
E. =100,000kg/cm ,

\
——— e — — — e —

0.6 _|
‘ Eoverall= 230,000 kq/cm
|

” R
04

T T ]
05 1.0 1.5 2b 2.5

Emnrall/E.

FIG. 3 3. 4 DISPLACEMENT RATIO VERSUS MODULUS OF DEFORM‘TYON RATIO FOR
THE GRAVITY ANALYSES l

$ 5

A



46

6961

8961 |

-

WNYQ ASYYAONSYYA Y04 INIONNODWI 40 AHOLSIH G°€°€ "9I4

196|

}

\\

—

/

‘o¢

ov

09

(w ){&idog J010] JjOAINSEY

B “"D



47

uplift was very small, i.e. approximately one per cent of the
total head at thag-time, uplift forces on the dam base were in-
cluded in the finite element analysis.

The properties assigned to the crest gate area and the
“dam body were the same ones as for Ehe gravity analysis. The rock
deformation modulus was taken.as 100,000 Kg/cm2 with a Poisson's
ratio of 0.2 aqd no unit weiqht, |

The loads involved in this first analysis are then, the
dead weight of the d;m, the water bressure acting on the upstfeam
face of the structure and on the reservoir floor and lastly, the
up]ift‘pressures‘on the dam base,

. The total displacement vectors of the foundation are sShown

schematically on Fiq. 3.3.6. The maximum settlement calculated
was 40.8 mm. and the average over the dam-foundation contact was

37.1 mm.

-

If, for example, we assume that no hydrostatic pressure |

was transmitted to the grout curtain, which is very unlikely and

\
\
\

also inconsistent with uplift, we would find tha% to account for |
' \

a total displacement of 19.4 mm.. up to July 1969, the overall ~ ‘\
modulus of the fodndation rock should be 210,000 Kg/cmz; The

value of 19.4 mm. and others are given in Table 3.3.2., from the
beginning of impounding up to July 1969. The more reasonable
assumption of fuf] hydrostatic pressure being applied on the grout
éurta{h will be looked,at later: ' ] ..
. An interesting feature appears if we look at Table 3.3;2
 together with Fig. 3.3.5. Up to July 1969, the two severe loading

periods are from April to.August 1967 and from May to July 1969.
o [ ]
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INITIAL CONFIGURATION

FINAL CONFIGURATION
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TABLE 3.3.2

SETTLEMENTS MEASURED ON THE DAM

VERSUS TIME

Settlements at different times

. Section #22

Settlement before filling
reservoir (March 1967), mm.

Settlement in 1967 (mm.)
Settlement in 1968 (mm.)

Total settlement up to
July 1969, mm..

10, 2

(From Bochkin et al, 1971)

49
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The year 1968 could be qualified as one of constant loading; On

" the other hand, a displacement of 3,3 mm. is given for that period.
This could mean'that the rock in the foundation is creeping under
that'éonstant Toad. Since the analysis does not include any time-
dependent calculation of the deformaéions the 3.3 mm. could be
subtracted from 19.4 mm., which would bring the overall £ to
approximately 2.5 times the initjal assumption,

The creep effect.mentioned above versus the linear elastic
finite element analysis can be looked at from another point of view.
We seek a correlation between the numerical analysis and the actual
deformations measured on the structure. This correlation has to
embrace all the possiblé factors contributing to the deformations
of the dam such‘és discontinuities, anisotropy, time—qependency.

We therefore include the possible creep mentioned above in the |
tota]»diSplacement and keep the ratio of 2.1 between the overall

modulus and the one used in the study. -,

1i1) Gravity and Water Load plus Assumption \
of a Crack in_the Foundation Rock

The final aqalysis performed on Krasnoyarsk dam is‘q more
realistic oné. It considers the foundation,rock to be cracked to
a depth equal' to the heigﬁt ofkthe dam and having full hydrostatic
‘pressure applied on the grout curtain. The dam is then free to
move uhder the varyiﬁg water levels. It is separated from the .
. iy “ .

rock massjupstream of it by an area of zero rigidity.  Consideration

of the hydraulic aspects.of this was given by Casagrande (1961).
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The d15p1acements experienced by the dam upon 1mpound1ng
up to a reservoir depth of 105 meters are: thown on Fig. 3.3.7. The
max imum settlement is 31 mm. and the average over the dam width is
30 mm.  If we compare this displacement with the one mentioned
before 1.e. 19.} mm., we obtain a rath\‘of 1.6 between the predicted
and the measured. Therefore, if the conditions involved in the
analysis are realistic, an overall modu]us of 160,000 Kg/cm2 would
make the predicted settlements essentially equal to the measured
ones..

Finally, the Russian investigators have also found by con-
sidering fhe dam-foundation 1nc11nat1on dﬁe only to water loading,
that to account for the measured deformations of the rock at section
22, the overall modulus of deformation had to be equal to 2.54 x 10°
Kg/cm This modulus, with respect to our assumptions, gives us
a ratio of 2.54 which is in reasonable agreement with(the values we
have quoted all through the Krasnoyarsk study. Table 3.3.3 sum-
marizes the }esults of the finite element analyses and of the

actual behaviour.

/ . '
3.3.4 Comparison of Actual Behaviour With Predicted

In the case of the Krasnoyarsk .dam, as in the case of any
other dam, a representatlon of the actual deformations of the found-
ation of the structure and of the structure 1tse]f will be faced
‘ w1th two major a]ternat1ves

1) either the rock mass on which the‘structure is sitting
is initially very éparse]y é;acked and has little tendéncy to open

in ,tension upon impounding of the reservoir. This is a function in



FIG. 3.3.7 DISPLACEMENTS OF THE DAM FOR GRAYITY AND WATER
* LOADING PLUS ASSUMPTION- OF A CRACK GOING' DOWN
- 1.0H INTO THE FOUNDATION ROCK

’
. i
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particular, of the initial state of stress, the E /E

concrete rock

ratio, of the tensile strength of ﬁhe rock and of the water pressure
distribution in the rock mass.

2) or the rock mass is initially highly cracked end/or
does not restrain the development of crack formatioh at the heel
of the dam.

fhe first case would make the dam body integral with’the_‘\
rock foundation” which in turn would contribute, by'its Stiffhess,
in reducing the deformations of the structure. The second case would
"d1sconnect“ the dam body from the ‘upstream rock, and make it very
much easier to deform and rotate.

If we refer to the results obtained in the analyses of
Krasnoyarsk dam and assume that, from the beginnfng of impounding
there is a full hydrostatic pressure»applied in the rock mass to a
depth equal to the height of the'dam, then,kup to a certain water
level in the reser;oir, the‘dam will rotate fn an anti-clockwise
manner. This feature is more evident ‘in the following case. study
of Alpe Gera dam. Dur1ng the 1mpound1ng of the reservoir the »
ppint of application of the resultant of the water 1oad'w31} become‘i
high enough so that the ‘effect of the water pressure on the structure
will be dom1nant and w1]] then make 1t rotate in a c]ockw1se d1rect1on
_ "If now, we assume that we do not have any crack, i.e. that
no full hydrostatlc pressure is transmitted in depth into ‘the rock
foundatlon, we see by looklng at Figures 3 3.2 and 3.3.6 that the
dam undergoes almost no rotation. h N “ ‘ I, A

In Fig. 3.3.8 are presented the resu]ts.df the measurements

o
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of the differefce’ in column elevat1ons for d1fferent sections of
the dam. It 1s ‘interesting to note that as soon as filling of the
reservoir started, a\b]ockwisevrotatiqn‘was measured. Having this

i) ,
1n\mind, we can imply that the conditions represented by Fig. 3.3.7

constitute an;uoper‘bound”in the prediction of the deformations of
Krasnoyarsk dami‘,In fact, to have a clockwise rotation of %ﬂe‘ﬁ
structure as imoounding increases, full hydrostatic pressure in the
foundation rock could only act along a small fraction of the length
of the grout curtain. '
9 Using the'#ésults.of the stresses computed in the grayity

plus water 1oad‘aha1ysis-and assoming.a K = 1 condition in the

réck mass pr1or to ]oad1ng, we have calcu]ated the variation of
"the total horizontal stress,(rhx, with depth, below the heel of the
. dam. The distribution of this streséﬁ¥§g%ther w;th the water .
pressure distxibution. U,;assumed in the calculatioh are shown‘on '
fig. 3.3L9. This figure also shows the result of the subtraction
" .of the water pressure from the total stress, i.e. the effective
horizonta] stress, a’a'.' The reoion of positive stress is the
tens11e zone, the negative stresses are/pompress1ve The depth on
‘which the above stresses are act1nq is equa1~to H the helght of

» / ' 6

the ‘dam. . oA

If we assume that the rock mass has no tensile strength,

\lt would then fai] down to about 50% of the length of the grout oy

a,

curta1n Therefqgs we see that, in the case of Krasnoyarsk dam,

i

the appl1cation of full hydrostat1c pressure down to-H into the
\ \ ‘
rock mass is far too conservatlve

Consequent]y,_1t is suggested'that the‘behayjour.of
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Krasnoyarsk dam is pef%@r represent

Fiaq. 3.3.6 than on Fiq. 3.3.7.

.'/7/ .

ed by the conditions shown on
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3.4 Analysis of Alpe Gera Dam

3.4.1  Introduction

Fhe' Alpe Gera dam is sttuated on the Mallero river in the
upper Valtellina valley in the Italian Rhaetian Alps. ft was built
to control the seasonal flowq of thé Scerscen and Cormor torrents
and to produce electricity.

The dam itself is a straight concrete gravity structure
with a triangular profile. [t is 178 meters high above the lowest
foundation point. The upstream face has a slope of 0.03 to one
and the downstream face, a slope of 0.70 to one. At the toe of
the dam, a concrete block was built to increase the area of contact
with the foundation rock. A g;ﬁgra] view of the structure is pre-
sented in Fiq. 3.4.1.

Alpe Gera dam is founded on metamorphic serpentine schist,

an intrusive volcanic rock.’

.

3.4.2 Method of Investigation and Values -
Assumed for the Study ™

The rock at the Alpe Gera site has been investigated by
two static methods: hydraulic chamber test and jacking tests. The

following is a short descriptioh of the methods used.

i) Hydraulic Chamber Test

This test;was performed  in a gallefy having a length of
> meters and an interior diameter of 1.7 meter. Water is pumped
into the chamber #hich when filled applies an all-around pressure
to the rock mass.§ Usually the deformations are measurgd at the mid-

section of the ch#mber. by recording the variations in length of

i
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four different diameters. Every test allows for the application of
five loading cycles, aradually increasing the load up to 20 to 30
Kg/cmz. . The total duration of the test ijs never less than three
hours. Fiqure 2.2.3 shows schematically the different features

of the hydraulic chamber test. #

1) Jackina Test
The jacking test also wal performed in a qallery. Very
fften, -as was the case for Alpe Gera,. the jacks are 1Hstalled in

hydraulic chamber test. The jack§ had

the same qallery used for t
a capacity of 200 tons distri tina thejr loads on plates having a
diameter of 250 mm. The déforfations were measured close to the

A

loading plates. The configuration of the jacking test is given in
Fig. 3.4.2.

*  The available data on the tests mentioned above are pre-
sented in Teble 3.4.1. We notice that all the static tests have
been done in the right bank at ele;ation 1977. -Thé modulus of
elasticity found vivies from 45,000 Kg/cm? to 256,000 Kg/ciZ. The
reasonvfor the latter value to be-so high with respect to the other
ones is praobably the fact that it has been obtained frgm a test
performed in the same gallery as the hydrau]ic chamber tests. The

»~

hysteretic compressiom of the rock mass due to the first loadings
has led to an increase in‘the stiffness va1ue.bpon reloading.

In the finite elemfnt aﬁa]yses‘of Alpe Gera dam, two
materials have been considered: the concrete of the daﬁ and the'
foundatiqn rock.

Gentile (1964) has elaborated on he different character-

istics of the concrete used in the construction of the dam. The
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TABLE 3.4.1

RESULTS OF MODULT OF DEFORMATION
MEASURED AT ALPE GERA DAM SITE

63

-

Type Over- « Max. Modulus Direction of Remarks
of burden Test E 2 Measurements
Test (m) Load Kg/cm at
Ka/cm Test Site
18 69,000 X Only F.G.
H.C.T. 36 45,000 X After C.6,
60
100 256,000 - Test perfornied
J.T. in same gallery
100 89,000 l as the H.C.T.
40 169,000, —_—,
J.T. 30
60 148,000 i
Abbreviations
H.C.T. Hydraulic chamber test Direction of deformation
' measurement
J. T, Jacking Test ________ Direction of maximum
deformation:
F.G. Filling Grouting . .. .. Direction of minimum
deformation
¢.a6. Consolidation Grouting
" (From Direction des Etudes et Reche~ches, ENEL, Rome, Italie,
"First Jnternational Condress on Roc

Paper

5

0, p. 603-615)

k Mechanics, V.2, Théme 8,
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concrete has a low cement coﬁtent with a médu]us of 300,000 Kq/c_m2
and a unit weight of 2.6 Tm/m3. Poisson's ratio %or this concrete
was assumed to be 0.18. | :

As was mentioned before, the choice of the assumption of a
modulus value for the rock will not influence the v;iue of the overall
calculated £. This is due to the inherent proportionality bethen
modu1u§ and displacements whea using a linear elastic analysis. Ffor
this reason the E used in the study of Alée Gera dam was chosen as
100,000 Ké/cmz. Poisson's ratio was assumed to be 0.2, ¢

The finite element mesh used in the study of Alpe Gera dam

is shown on Fig. 3.4.3.

3.4.3 Results of Predicted and Measured Displacements

i) GFhvigx Analysis

No data on displacements due to the weiaht of the dam alone
were available. Neverthe]egs, a gravity analysis was performed to
see what would be the initial configuration of the dam prior to
the water ]oadfng.' The deformation results are shown on Fig. 3.4.4.
we.can see that, based on the hypothesis that the rock mass stiff-
ness can be represented by a modulus of 100,000 Kg/@mz, there is
-an overall anti-clockwise rotaﬁivﬁﬁbf the dam body as was shown for
the case of Kfésnoyarsk! The r&tation of thefdampis caused by a
differential settlement of the ?oundatibn rock of approximately

*

9mm. - o ~ ‘ rae
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C TN

66



ii) Gravity plus Water Load Analysis (Assumption
of a Crack beTow the Heel of the Dam

The reference for the Eomparison of predicted and measured
displacements in the case of Alpe Gera dam was the rotation measured
in the foundation gallery:for the whole peridd of impounding up to
the normal reservoir level. The.two points” involved in the rotation
‘ — , ,

measurements are point 3c and 1c. They are situated at. the ex-'

tremeties of the foundation gallery, as shown on Fig. 3.4.1. \
l

:Figure 3.4.5 shows the reservoir level and temperature variatioﬁs

together with the levelling measurements on the dam crest and in
the foundation gallery. The measuring instruments were located in
block No. 10 of the dam. The period tqke? into- account in our |
ana]};es was the year 1966. This was the first year’when the
wa%er reached its normal level. Tﬁé initial condition considered
was with the water at level 2040 m. and the final one, at a level
of 2125 m. g |

The forces involved in these two éna]yses were the weight
of the concrete, the water forces applied on the uPstream face of
the daﬁ*, and onigﬁe reservoir bed, water forces in a Cﬁack at ‘
the heel of the d;m penetrating appré;imate}y to a depth equal to
the height .of the structure and fina]]y uplift forces applied on

the base of the dam. With respect to the last forces, a maximum

of 25% of the head was applied immediately downstream of qhe'gnputv

curtain with a linear variation decreasing to zero at mid-base.:

1Y
. The displacements of the.structure, with the water Tevel

~ Wy

© * The upstream face‘df pheldam wa§ covered by steel plates. “The >

modelling of the water pressure on this face is therefore very
close ‘to reality. SRR .
. . . .
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at 2040 m. are shown on Fig. 3.4.6(a). Under the loadings mentioned «

above, the dam has\ti]ted in an anti-clockwise direétion. The dif;

. [ 4
. ferential settlement in Qpe foundation rock has inc%eased to 34 mm.

. The last analysis performed on Alpe Gera dam.implied an
increase in the reserv&%r level to 2125 m. The/ corresponding dis-
placements are given on Fig. '3.4.6(b).

" It is qbv1ous that between.éhe initial and final condifion'
studied here came a time when the rotgtion of the structure cﬁanged

direction. This fact was mentioned in the study of Krésnoyarsk

dam. The whole‘stfucture ﬁas therefore rotated in a c]dckwise

direction bringing the differential sett]ements\between point 3c

-~

and lc back to 9 mm..
Consequently, increasing the water level in the reservoir
by. eightyAffve meters produced a net clockwise rotatiop cor-

résponding to a differential settlemeng of 25 mm.. During the period

considered Fig. 3.4.5 indicates to us a differential settlement

of about 7.5 mm. between pdint 3c and lc. Therefore; our assumption
of 100,000 Kg/cm2 for the~6yeral1 modulys.of the rockishould be |
increased‘to'élmost"33g,000 Kg/cm2 to”atcount for the measured'
rotation.

’Lookiné béck to Fig. 3.4.5, we see that 1eve1]%ng on. the -
dam‘crest betWeen the iow ahdAhigh 1evej of 1966 gaVe } net upward
moveﬁent of 7 mm..-The dﬁffgrent elevations caitulatéd for those '
§wo.cdhditions resultfinja.movement in the sdmg;direction but
having a value of,ZZ,mm. Conséquent]y, a ratio of 3.75 exis£$

between ‘the predicted and measured' displacements. - Naturally, the |

)

: ’ ]
"l'.“ L ’ . -
o ‘:' . . - . ’

§

: displacemehts'of'the dam crest are also influenced‘by the tehperature :
, o~ W \ . : ‘ ) . RN
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\
variations of the concrete. For Qhe\perioa studied the temperature
variations are éortatn]y not high enough’'to account for a sub-
stantial decrease of the end result quoted above. .

During the year 1968, the water level incrcased by the
same amount as in 1966, the 1n1tia1‘qnd final level being also the
same. The results obtained by the nhmerical analyéesyhould thep
remain constant. It is interesting {; note that the differential
settlement between po1ﬁt 3c and 1c 1n tg! foundation Qa]lery.has.
in 1968, decreased to 6 mm., therefore fincreasing the raﬁio

- Epred1cte

\ness of the rock foundation of Alpe Gera has increased between

d(Emeasured to 4.!5. Would this fact mean that the stiff-

1966 and 19687 [f we assume that, from 1966 the foundation
behaved elastically and, we evaluate what the differential settle-
‘ A
"ment between point 3c and lc has been, for an increase of 85 m.

in the water’ level we find fhat:

e

1) 1n 1966  Diff. Settlement = 7.5 mm.

1) 1in 1967 Diff. Seﬁﬁlement a 6.15 mm.
111) 1n 1968 - Diff. Settle$pt = 6.0 mm. _
This decrease in the differénliél settlement over that
period suggests that, indeed there has been a stiffehing of the

foundation rock.. Naturally, the improvement of the quality of the
' ~

. - [$8 .
foundation rock at+Alpe Gera does not constitute the critical

N

conditions for the analysis of foundation behayiour. But, ft is
of interest to- see that the competence of the rock has 1ncreased

over “the period of three years.

'

3.4.4 'ggmpaéisonigf Actual Behavipur with the Predicted

L ]

The overall modulus of elasticity obtained p?evi‘ousiy. for

b

] L
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Coan b 14
the conditions represented by Figqures 3.4.6(a) and (b) was based

on the comparisan of vertical movements of the dam. Fiqure 3.4.7
shows the measurements of the deflection of block No. 9. It fis
nssumvd here that the deflection of block No. 9 is representative
of tﬁv one which happened in block No. 10 due to tneir\prox1m1ty;
The éurvn of interest to us, is curve 'd', showinq the displace-
men;s measured in the foundation gallery, at point 3c. Between
truf)ow and high reservoir level of 1966, a horizontal movement
oij mm. has been measured. A displacement of 50 mm. is predi:zted
b& our analyses. Therefore, the ratio existing here would be equal
to 10, 1mply3nq a modulus of lO6 Kg/cm2 to account for the measured
horizontal mgvements. Obviously, such a high value for a serpentine
schist 1;‘ather unrealistic. Since this ratio had hegn obtained
assuming full hydrostatic pressure appljed down tO/é/zfpth equal
to the hefght of the dam into the foundation rock, we have inwest .
igated the effect of varying the‘depth of cracking on the rotation
and the horizontal displacements oMthe structure. Figures 3.4.8(a)
and 3.4.8(b) show the rotation and horizontal displaceménts res-
pectively. The movements of the whole structu}e are also shown
from Fig. 3.4.9 fo Fig. 3.4.11 for different depths of cracking.
Fiqure 5 4 é 1ndjﬁates‘that a decrease in- the depth of cracking
'H R

induces a def?éa exfﬁ‘fhd“ﬁotation and the horizontal d1sp1ace-
ments of the dam. r \

By careful examination of Table 3.4.1 we mote that for

- -

the hydraulic chamber tests the direction in which the displacements
) ‘ /

had been m1n1mud wad the horizontal one, and c;at the vertical N

direction had undergone the maximum displacements. Furthermore.'ue
; . ‘

-~
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FIG. 3.4.8 ga; ROTATION OF THE FOUNDATION -(VS) DEPTH OF CRACKING :
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' a
see that the Jack1ng tests have been performed in the horizontal

and vertical direction, g1v1ng a hlqher hor1zonta1 modulus than the
:vert1cal. Therefore, both in siﬁu tests agreed in 1nd1cat1ng that
the rock was anisotropic.
Let us define the anisotrop} facfSD'as AF. = E/Eys By
being the horizontal modulus and EY, the vertical one. Since the
jacking tests have been done in thd directions of concern to us
in the analysis of Alpe Gera dam, the-moduli.they have given were
the ones used to obtain the anisé%ropy factor of the rock. The
first test dave A.F. = 2.9, the seéond A.F. = 1114 averaging at
A-F. = 2.0, | '. .
" ' If we how go back to Fig. 3.4.8 and try to find the depth
of qracking that would make the ratio of 'the overall horizontal
“modulus gver the overall vertical moaulus become 2.0, we find that
this depth would have to be equal to F?3H . Table 3.4.2 summarizes ¢
the above paragraph.
As seen from the Tab]e an overall vert1ca1 modulus of
"- 244 000 Kg/cm2 would be necessary to account for the measured
Irotation whereas an overall horizonta]mddu]us'of'13921,000"1<g/cm2
would predict the correct horizontal dispiaééments.

- " If we compare the absve values w1tn the average of.the

°hor1zonta1 mddul1 and vert1ca1 modu11 obtf E:d from the Jack1ng

q§sts ‘we f1nd a rat1o of 2.06 for the vert1ca1 and a ratio of 2.3
for the hor1zonta1 That 1s to say. the Jjacking: tests have under— )

- e

est1mated by.a factor vary1nq from 2 0-to 2. 3 the stiffness of the =

i

foundat1on rock of Alpe Gera. .
"_’ ie It is therefore suggested that the
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dam corresponds to one for'which-a crack has developed down to a ,
| deoth of 0.3H into the foundation rock, the Yrock having a hor-

izontal modulus of defdrmation of 492,000 Kg/cm2 and a vertical

modulus of 244,000 Kq/cmz,

o/ |

4

LR
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3.5"Anqusis of Bhakra Dam

3.5.1 Introduction ' ' o f
Bhakra dam is situated about 120 mjles north-west of New
Delhi in India, in the outer foothills of the Himalayas. The dam

provides irrigation,,power and flood control by b]ocking the waters.

. of the Sut]ej river. ' .

The structure’is a straight qravity, dam‘having a, height
of 225.6 meters and a base width of about 180 meters between the
dam axis and the sp111way apron sectlon The upstream Yace of
the sp1l]way sect1on is vert1ca1 from the top at EL 518 m.'te

EL 395 m. Below that point; it s]opes at 1:0.35 for a height 4f

26 m., tgen slopes at 1:0.88 and 1:2.0 to reach EL. 328 m. The |

. ' .
d{)wnstream face of the dam has a s]ope of 1‘0 8. Figure 3, ’.]

“shaws the different character1st1cs of the sp11]way sect1on

' 4Tm ma1n mater1a] encountered 1n “the foundat1on of Bhakra
dam’}s'sandstone. This sandstone i$ interbedded w1th mudstone.

In the vicinity of the dam there are three major c]aystohe/511t—
{ - . 4 :

stone bands: o AR | »
[ I 6 ‘ - \\ ———h Tt A /

1) the heel claystone band ]ocated about 30 meters upstream'_

of the dam axis and dippfina at an anq]e of about 70“ tQ 75° degrees

P t

thick was extended from the dam to the clay band

1

downstreh It§1w1dth varies from.30 to 45 met%af -A concrete
r

to transfer the 1oads to the upstream sandstone

N “A-;t, \

11) the m1ddle c]aystone band having a w1dth varying from

<
L
-

Q ta 9Ameters T .
111) the downstream claysto?e band s1trated under the last
‘ ‘ / . . : ,

¢ o . . . 1
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we f1nd a.

’

" 55 meters of the spillway apron. This band does not affect .the

stability of the dam but could influence the behaviour of the left

't
power plant since this last one is founded partly on sandstone and

part]y on the claystone band )

[N
A

The position of these thrée major bandsjwith respect to
the dam is shown on Fig. 3.5.1. Several shear -zones are also
I "

present in the foundation.

.
.

L 3.5, 2 Method of Invest1gat1on and Values

" Assumed for the Study k : 1“,-f~“””

The deformab111ty of the foundatlon rock at the Bhakra dam
e

’”s1te was stud1ed by Jack1ng tests performed on the r1ght and Teft

‘\bank of the r1ver ~ The Jack of.a hydrau]1c type had a capacity

of 200 long tons and d1str1buted its Toad on an area of 920 e

The d1sp1acements were measured between the two faces of the .o

gaTTery us1ng "extensometers capab]e of ‘a prec1slon of 0025 mm..

The d1fferent features of the Jack1no test are presented 1n F1g

3.5.2. \ - / A \"\“_,\_ Y T
. . N - .’J,h

Table 3.5.1 shows 'the redu]ts of the Jack1nq tests " The -

initial te;ts done gave re]attvely Tow vaTues The resuTts of those

] .
tests are shown 1n the Table under ungrouted cond1t1ons On the .

‘basis of the tr1a1 load analys1s wh1ch was the method of des1gn

far the Bhakra - prOJect a max1mum stress,. in the rotk, of 460 psi

(32 3 Kg/cm ) had been ca]cufated In. the Tab]e under item 3 and

‘4 for a stress range correspond1ng to the max i mum predicted value,

dulus of deformat1on rang1nq from 498 000 ps1 (35 000

‘ Kg/cm ) to 788,000 psi* (55, 375 Kg/cm ) and averag1ng at 620, 000

si (43 570 Kg/cm ) for the rock in a natura] stéte. Ttwe now,

! \'.A’\' ' |
, 4 . .

A )
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Item Type of 1ok

[}

10

IR

12,

13,

Good sandstone
wngronted

.

Good sindstone
ungrouted

[}

I .ocntion

1eft
Hversum
] unnel

‘Left
Diversion
~ Tunnel

('lny\tnnv‘ungxnu'wl . Rught

Inverson
Twnnel

Claystone ungronted, Right

Crushed claystone
ungrouted

Crushed cliystone

ungrouwted .

Phversion
Tunncl

l.eft
Diversion
Tunnel ,

[.eft
Diversion
Tunnel

Shattered sandstone Jlight

wet ungrouted

Crushed ~andstone
ungrouted |

Crusfied ~ahdatone
(After grouting but
Jwashing done wath
water only)

Crushed sandstone
(After grouting bug
washing done with
air and water) ||
Good sandstone
(Before geouting)

Good sandstone
(After grouting) . .

Diversion
Tunnel

Right
Diversion
Tunnel

brift
Lo

Drift
2018

Drift in
El 1428
Grouting
& Irainage
+ Tunnel
loading
parallel .
to the
bedding
plancs

—lo—

]

(*) Observations not rehable |

TABLE 3:5.1

1

Cycle

st
ndd

1t
2nd

‘\hl

iIst
I
\ld

st
nd
yrd

1at
2l

d

15t
2nd
o
Ist
2nd
3rd

15t
2l

1at
1st
2l
3rd

2ml
3rd

4th

18t
nd

4th

Streaa
range pw

270-841
270 841

279 841
Jdo
Ao

1791840
279-15840
279 1840

279 B3R
270 1524
27()-813
179 1424

27\),“;(; N
179-520
,:7\) .'\ 20

)7<)~78()
:7(;»71"()
279-780

279-520
279-520
279-520

279 784

“279-789

279-78q

4198348
419-838

2637520
203-1052
263-5¢0
263-1052

525-1050
525-1050
525-1050
525-1050
$25-1050
525-1050

525-1050
$25-1050

=
&

~E opm

(O !
o283 . et
072 ot

051 < 10t

0408 ~ 10*
.

0402 10t

0,564 ~ 10*
a bR N 10*
0680 ~ 10

042y N a0t
0.9y - 10t
103G+ a0t
1y oA 0t

ofz21 < 10
o208 | 1ot 4
0740 < ot

0417 7 10°
0,549 ~ 10*

0504 ~ 10* "
594 , ¢

0074 ~ 10°*
o169y ~ 10*
ol <~ 10*

0132 ~ a0t - -
0224 %, 10
o237 X +d*

0545 < 1ot
0 508 A 10°

353
7 10
792
437

L SR 4
Q
>

291 x lo*
184 N 10° N
431 x 10

§.14 X 10

6.0~ 10*

21.9 X 10* (*) .
201 x 10% (°)
219 x 10* (*) ra

RESULTS OF MODLII OF DEFORMATION MEASURED
BY THE JACKING TEST

(FROM P.S. BHATNAGAR, S.R. SHAH, 1964)

(CONTINUED)



Stresa

Item Type of rock, lLocation, Cycle range pi T pai.
A . ' '
1y Good sandstone buaft in . )
(Befote growtnrg)y .o 1) 1428 13t 32} rioa 415 x 100

* Groatimg
& Duningge 2 5242100 4 13 % 10
Tunnel :

foading yred 32%-2100 390 x 10*
! paratel
t the 4th 525 oo 3.31. X 10*
Ledding
plancs sth 525-2100 0 4y X 10*
16 Gowd sandstone o 15t 525-2100  4.58 < 10%
(After groutmg) md 525 2100 14.84 < 10* (%)
3rd 525 2100 13 32 X 10* (%)
17. Good sandstane ' do 15t 5253150 209 x 108
(Before grouting) ' md 525 3150 2,30 % 10*
) yrd 525-3150  21.94 > 10%
18 Good sandstone do 1st C 525-3150  4.65 x 10*
" (After grouting) .. md  525-3150  §5.29 X 10*
! 3rd 525.3150 538 X 10°
— 33 5.
t 4th 525-3150 2,45 X 10*
19, Shattered sandstone  Drft in ‘
(Before groutingh . 11 1548
Grouting ~ 1st’ 525 1050 2 .08 X 10%
& Diajnage
. Tunncl] md 525 1050 4 01 x 10%
loading
parallel yrd 525-1050 536 x 1o0*
’ to bedding !
plancs .
20, Shattered sandstone ~d 1at 525-1050 2 uyy x.10°
(After grouting), .| 2nd 525-1050 300 X 10°
: rd | §25.1050 2 59 x 10°
21, ., Shattered sinddstone  inft in \ '
“ (After groutmg) . Fl 1448 4 .
Grouting 15t 525-1050 226 x 10*
& Drainague s
: Tunnel md §25-1090  2.3) x 10°
. loading .
pcrrfn(llculal jrd  s25-1050 2,34 x 10°
to bedding .
. : plancs ~
22, Shattered sandstone drift in
(Before grouting) .. . Fl 1448 -
. Grouting 15t 525-2100 1,085 X 10°*

& Dramage
Tunnel | znd“ $25-2100 1242 X 10%

’ . lpading .

-0 sarallel to  3rd  s25-2100 2.16 x 10%
xdding N

. plancs 4th 5252100  2.515 X 10°
3. Shattered sandstone —do-. " st 525-J100  2.01 x 10*
(After grouting).. ... ind  §25-2100 211 X 10

ard  s525-2100: 1.964 x 10°
24. Shattered sandstone —do— 15t $2%-3180 , 1.98 X 10°*
(After grouting).... . and  $25-3150 2.07 X 10°

a 3rd  325-3150 2.095 X 10*

(*) Observations not rehiable.

S

7
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and averaging at 3. 95 x 106 psi (277,580 Kg/cm?).

87

1ook at items 13 15- and 17, for stress ranges higher than the
expected max1ﬁuh we find a modulus of deformation ranging from

N

2.30 x 10° psi (161,630 Ka/cm 2) 10 5.14 x 105 psi (361,210 Kg/en®)
0f concern to the designers, were the low values found
for the anticipated stress range. Investigations were then carr1ed
out to see what re]at]ve 1mprovement could be ach1eveq by g-outing
the rock. In doing so, it was found that to reach an,acceptable
increase in the competence of the rock, grouting had to be done
after washing of a certain area with air and water. The results of
the tests performed after. grouting are a]sd shown in Table 3.5.1.
The moduli of deformation obtained after grouting ranged from
1.98 x 105 bsi (139,140 Kg/em®) to 8.53 x 20° psi (599,440 kg/cn?)
and averaged at 3.81 x 106 psi (267,745 Kg/cm ). This increase in
the modulus value’a]lowed’the designers’ to use a design modulus of
deformation of 2.5 x 10° psi (175,685 kg/cn?). It is to be noted
that the foundat1on rock at Bhakra was grouted up \to about 1?

meters upstream of the heel, 20 meters downstream of the toe, and

down to a depth of 15.2 petefs in between .\

In the analysis of Bhakra dam two materials were taken

“into account, the concrete of the dam and the foundation rock. 'As

measured by the constructors of the structure, the following

) ‘ -
characteristics of the concrete witre entered in the numerical

analysis: ;)
Unit Weight 2.44 Tm/m3

Poisson's Ratio = 0.17
Modulus of Elasticity = 267,000 Kg/cmz‘

) 1Y et -



‘ ‘;" CEE “T 88
With respect to the rock, the same assumotions'as for' the
studies of krasnoyarsk and Alpe .Gera dam were made i.e.
Unit Weight = - 0.0
) Poisson's Ratio = 0.2 ‘ .
" Modulus of ‘Elasticity = 100,000 Kg/cn’ -,

The finite element mesh used in the study of Bhakra dam is

* shown in Fig. 3.5.3, ~Fhe maximum spillway sectiog, at the center of

the dam, was the one which was analyzed. This section, is sectiop

#20.

»

3.5.3 Results of Predjcted and Measured Displacements

i) Gravitx,Analysis L

A gravity analysis of the structure was undertaken to see

-

_ what would be {ts configuration prior to water loading. The displace-

ments of the dam are shown in Fig. 3 5.4.

ii) Grav1txmplus Watér Load Analys1s (Assumption ,
of a Crack below the Heel of the Dam) . |

-

‘ The observation of the behaviour of Bhakra dam consisted of*
measuring'the deflections of the structure, recorded by plumb lines,
and tq measure settlements of benchmarks fixed in a gallery at

. ) . :
EL. 373.4 m.. The horizontal deflections were measured'relative to

a point 1n'a gallery at EL. 336.8 m. which was assumed to be fixed. *
Due to ‘this fact. horizontal movements of the structure were not taken
into account in the present study. Permanent settl&mbnt readings were
started 1n\aécember 1963 and continued ever since. Impounding had
started in 1958 which means that up to 1963 the foundation rock has

been subJected‘to cyclic loading and unloading by the reservoir water.

Figure 3.5.5° shows the settlements of six benchmarks together with the

variation of the reservodr4rater level from December 1963. In the ’;
. ~ “‘\ . .

*
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fol]owimg éna]yses we will {nuestigete the vdriation in settlement
from Tow water level, EL. 443.5 m. (1455 feet) to the high water
level OF 1964 at EL. 506 m. (1660 feet).

'Up to August 1963, the dam.behaved normally. In the period .
ipcluding September and October 1963, extensive leakage was measured
through cracksvin the transyerse strut gallery. 'Tw0‘pipes had
beeniinstalled for uplift pressure measurement at the Roncrete-rock
contact at the upstream extremity of the strut. These two pipes
started registering full hydrostatic pressure on August 30, fQ63.

The observation of cracks in the trahsverse'strut.gallery and the :
leakage indicated that separation of the strut from the dam had .
“occurred at or near the longitudinal joint plane, 23 meters up-
stream of‘the dam axis, in a direction normal to the strut surface
sTope. In our analyses, since the strut was separated comp]etely
from the dam body, a crack was assumed through it where ful] hydro-
static pressure was deve]Oped Also, full reserv 1r head was app]ied
around the strut on the rock, dp to approximate y the heel of the
dam, figure 3.5.6 shows the 1oad1ng conditions Zn the structure

As mentioned above, the dam was loaded with the low and high™
reservoir level of 1964. The water'reached.elevation 306 m. (1660
.feet) -at the end of September 1964. Table 3.5.2 shows the measure- -
ments of up11ft pressures, expressed as a pefcentage of net head,
for different sections of the dam. As we'can see, the uplift at
section #20 was practica]ly non—ex1stent. tor this reason,'Uplitt
1bad1ng on the base of the.dam was neglected in the analyses.

At this stage, considerat1on has to be given to. the fact

that the ana]yses assumed p]ane strain cond1tions even,if Bhakra dam
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is 10Eated in a na'now gorge. At’section #ZOM a deflection para]]ei'
to the dam axis of \the ordér of 2. 5 mm was ‘measured. This diSpfece—
ment was d1rected towards the 1eft bank It 1s not fe]t that such a
smd]],d1sp1acement is enough to abandon the plane strain assumption.

By looking at the mode of vertical displacement \shown on

[

‘ ‘F1g 3.5.5, 1t was expected'that at the'most, a shallow drack, below

the hee] of thé dam could deve]op We see that for the water level
var1at10n‘to which the structure was subjected, settlements increase
as the water level increases and vice-versa. In the past experience,

the studies of Krasnoyarsk and Alpe Gera dams, we saw that. for

a w?ter Tevel range going from about 50% to 90% of the dam he1ght

sett]ements changed direction. This was based on the assumption of

xé crack in the foundation rock, betow the'heel of ‘the dam. Bhakra

/ dam departs from this ‘behaviour. Cracking was therefore assumed

down to a depth of 0.35H as a starting assumption. Figure 3.5.7(a)

and (b) show the settlement of the structure under the specified

|

loading. At low TeVe] the d1sp1acement correspond1ng to bench-

marks B 7 and B- 8} situated in the plane of the dam axis, was 13f

| Ra1s1ng,the reservoir level gave us a disp]acement of 131 mm.

Therefoﬂg the dam has moved up by 4 mm. ’ -5

lltxthe second analy$1s assumed a crack.- down to 0.15H in the
i

foundation The. d1splace;§hts are shown on F1g. 3. 5.8(a) -and (b) N

The 10% Pevel gave a vert1Cal d1sp1acement of 131 mm. and the h1gh5 i

te N 4
Tevel atdﬁsplacement of 136 mm._\On ‘the basis of this assumpt1on

)
we had an increase af 5 mm. in the sett]ement valuet ’ 'a';

C AT

1The fina] analys1s 1ooked at the ebnditions where no crack.’

was pres nt in the fBundat1on rock 'The disp]acements cqrres"nding g

SEaIE LT
.
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to this sitdatioh are shown bn Fiq. 3.5.9(a) and.(b). Under -th
low reservoir level, a vertical displacomeﬁt of 128 mm. ;;s pré— SN
dicted. Increasina the reservoir level to EL 506 m. qave a final
settlement of 142 ym. Under the conditions of no crack, we find
that the dam is subjected to an increase in settlement of 14 mm,

¢ ,For benchmarks B-7 and B-8 which were situated in the
middle o>'the dam, Fig. }fS.Sigiygz\us an increase of 4 mm. in
the vertical displacement. Cqﬁparinq this value io the variation a
of settlement obtained for the second analysis (Depth of Crack =
0.154) we find a ratio of 1.25 between the predicted and the
measured. f we now compgre the measured settlement to the one
obtained in the final analysis (No Crack), we find a ratio of 3.5
between the predicted and the measuré;. The ratios of 1.25 and
3.5 qive an overall valué for the modulus of elasticity of ]25,000’
Kq/cm2 and 350,000 Kg/cmz respectively. Comparisan has now to be
made with the in situ measured values. In Section 3.5.2 we have
quoted a value of 43,570 Kg/lcm2 for the modulus of deformation of
the rock in'g'natural state. Consequently Eoverall/Emeasured =
2.87 for a depth of cracking equal to.O.ISH and € o 11/ Ereasured -
8.0 for the no-crack analysis. |

: _ o —

Comparison of the same moduli with the ones measured after

grouting .and averaging at 267.74S.Kg/cm2 gives the following ratios: "(}

£ veﬁh1l =.0.47 for crqck = 0.15H
Emveasured
~and "
Eoverall = 1.30 for the no-crack analysis
- measured : ,
Ve

Table 3.5.3 summarizes the above results.

N
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3.5.4 Comparison of Actual Behaviour with the Pred%cted

As we have underlined in Section 3.5.2 extensive con-

solidation grouting was done in the fqundation of Bhakra dam.

Measurements of uplift pressure an October 3, 1964 showed that no
~ . | '

uplift had been recorded in the foundation rock, downstream of
the heel. [t is belfeved that the.quality on the consolidation

‘blanket was high enough to prevent cracking and subsequent prop-"

\

agation of uplift pres;Lre in the rock. |

Based on these facts, it is suggested thae'the conditions
representeq by the fipal anaiysjs, in which the presence of a crack
was ignored, are more likely toirepresent the actual behaviour of

Bhakra dam. The E i/E

measured

overal ratio, based<n1rq average £

after grouting, therefore gives us a value of 1.30.

‘It is'of frterest to discuss the value of E d which

groute

is used here for comparison purposek. Grouting was carried down

1

15.2 meters into the foundetion ro ‘. The change in stress'caused
by the dam itself and the water leadingxis respoﬁsib]e for the
deformatfon of fhe rock.. Tﬁie change in stress does not affect
only a layer of 15 meters but is felt down to great depths. The

- ‘ , ’
mod:Tbs of deformation of the rock immediately below the consolidation

blanket is likely to be smaller than E - That 1s to say, that

grouted.

the in situ E we compare our overall modulus obtained by the
LY

" numerical analysis to should include the composite effect of a stiff -

layer and of a region of expected lower modulus. "This composite E.

would be smal]er than E but higher than E There=<

grouted ungrouted

fore, it wou]d be legitimate to expect an Eovera11/E1n situ ratio

higher than 1.30. . -

-]
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For the Bhakra project a modulus of deformation of 175,685
K"q/cm2 was used far desiqn. We then see that the decision of the
designers brought a factor of safety of 2.0 on the.déformab111ty of

the rock mass at Bhakra dam site.

3.5.5 Influence'of Poisson's Ratio
on the Final Result

In the available data on Bhakra dam, values of Poisson's ratio
for the different materials encountered in the foundation had been
measured The results of those m asurements are shown in Table 3.5.4.
In the petrographic classification withinlthe table, calcareous
sobgreywacke corresponds to Qhat was called sandstone in the field.
Since this material was, asvmentioned before, the main material under
the dam, it is the one we wil] refer to in the -following.

As we can see in Table 3.5.4, Poisson's ratio was measured 5
for air dry,and‘mojst conditioos, for different stress ranges going /
from 0 to 200 psi (0 - 14 Kg/coz) to'0 to iOOO bsi (0 -70 Kg/cmz)
for the air dry conditions and foom 0 to 500 psi (0 - '35 Kg/cm ) to
0 to 4000 psi (0 - 280 Kg/cm ) for the moist conditions. For the
tests performed under air dry conditiops, Poisson's ratio»fokes a

minimum and a maximum value of 0.0 and 0.17 respectiLg)@. Under
/7

mofst conditions the minimum Poisson's ratio founq;ﬁﬁs-0.003 and

" . ) 2 o . ' //
the maximum, 0.13. Co ’ S e
. _ p
Obviously, rock under a dam will _have a water content
/
) greater than zero. The values given/fbr a 75% moisture condition
~ s

are therefOre m0re ‘realistic wifh respect to the field conditions. |
In the finitg/eTément analysis, the effect af varying

Poisson' s ratio;” on the final result of the previous section, was

-
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stud%éd. A‘Poisson‘s?ratio of 0.1 and 0.4 were input to the analysi§:
Table 3:5.5 summarizes the reSu]ts‘obtaingd. iqure 3.5.]0£a) shoWs ‘
the variation of the ovefall modulus of deférma ion needed Eb account

fgr the meaered'disp1quﬁents as a function of Boisson'shratio.

Fiq: 3.5.10(b) shows the influence of. Poisson's r?tio on the E \.ra11/
5 . -
Emeasured ratio.

For.the range of values measured on samples taken from the
field, we see that there is no appreciable differénce i the qverall

]/T d ratio. In fact,

.modylus and consequentlx in the E “measure

overal v
with the assumption of a Poisson's ratfo equal to 0.2 in our analyses,

we are on the conservative side.
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Eov. :
(kg/(;mz) ) ' (a)
400,000.__ ‘
-
{
300,000_ a
200‘000._.
' 100,000_|
0. ; I ——
0.0 0. 0.2 0.3 0.4 b
' ‘ Poisson’s Ratio
ANY
Eoverall |
Emeosured : (b)
1.5 _ > " .
1.0 _
0.5 _]
0.0 ' H I ',;’-
0.0 0.1 0.2 0.3 0.4

Poisson’s Ratio :

'FIG. 3.5.10 INFLUENCE OF POISSON'S RATIO (a) ON THE'
OVERALL MODULUS OF DEFORMATION

(b) ON THE Eqyeoni 1 /Epeasurep RATIO

‘v.
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3. 6 Analysis of Underground Powerhouses 4

The only powerhouse that will be analysed is the one excavated
at the 0rovi]1e dam site, in Northern California. This underground
. opening has a]ready been studied by Professors J. M. Raphael and
R. W. Clough at the University of California. -Results of its oehaviour
have been presented by Kruse (1971). One reason for redoing the
analysis of the Oroville powerplant is to see if the procedure which

will be used here will reproduce the results a]readyﬁtamed

The boundary conditians used in, the analysis of 0rov111e power-

3.6.1 Boupdary Conditions

plant are as shown on Flg, 3.6.1(a) and (b). Further explanation of

those boundary conditions are given in a subsequent section.

.

The top. of the mesh was sloping, modeling the flank of a
\nyunta1n. Its average height and width were about ten times the

width of the underground openjng.

R

3"*0n the vertical sides df the mesh movgpdhts were allowed in

any d1rect1on The bottom boundary ‘of the @Esh wgs comp]ete]y fixed.

.

" Simulation of the excavation, which Coast‘tdgez the loading of

the finite element mesh, will be described in the §01lowing section.
&

row -‘ . I
. o

3.6. 2 Procedure Used in an Ana]ys1s

In the analysis of an underground opening. know]edge of the
inltial state of stress in the rock mass is of primary importance.
If from 1ts determination it is fOUnd that the horizonta] stress N
is related to the vertical by Poisson s ratlo, a gravity ana]ysis.

in which the hor1zonta1 d1sp1acements of the s1de boundar1es are

L fixed, wil1‘g1ve the measured state of" stress. On the other hand,

BN . . L
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j pend on the earth's crust activity. o | o

l

+ Therefore, know]edqe of the initial state of stress a]lows
‘ r/ \
. /ﬂ‘us to ]oad the lateral vertical sides of the mesh in order to generate

o [
';j~ the stress§§i1n the finite element model. Natura]ly, if this.is

o :;ﬁ‘ done, movements of the 1atera1lboundaries must be allowed in any
fKJA direction. S . ‘
;;,- . »r- ;In thelstudy of the Oroville powerplant two analyses:will be
H‘ ‘ berformed‘ As explained above, the first one consists of inducfng;

' . the initial state of stress in the model. In the same analysts,
y '; :the -forces which will simulate the excavation of the. rock mass can
- be calculated by applying the following finite element equation, .

YW (Zienkiewicz, 1971):

1 , ‘
: 0 dele T
N A H : J[B] frop av )
? v .

3 “‘\Where <F}e = is the matrix corresponding to the nodal

J‘”\‘fQ - . forces for one element, '

T T

p \w; o Dﬂ = is the matrix repreSenting the geometry
‘ﬂ "‘ “' p \ ) -

oy A ‘ ~of an éhement L s .
‘;‘\ ' ﬂ‘; )
‘?‘& ) ‘{02} ='js the matFix corresponding to theinitial
| \So‘ jt L | stresses in one element, .
N - :
SRR V. = 1s the volume of one element

3
If the caloulation 1n§oiVed in'this equation is done for all

ﬁhe elements inside the outline of the opening and hav1ng a s1de in:

6

.f fcommon with this outline, nodal forces will be calcu]ated all around

s . \

-\tbb opening.

4o ‘ T PR
T i
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- N

It is important to note that the state of deformation the
finite element mode1‘i§§jn, at the end of this analysis, is assumed
to represent the state of equilibrium in the rock"mass; before starting

[

In the second analys\s the following items are applied:

the excavation.

i) the same boundary condN{&#ons all-atound the mesh are kept

but no side forces are applied, \

ii) for‘g1] the elements included insidelihe outline of the
opening, propeéties of air (E~o0) aré given, *

ii1) the weight of the materfal surrounding éhé opening is set
equal to zero, )

iv) the forces found in the first analysis are applied to their

y

Ry " . .
respective nodes, around the outline of the opening.

¥

Performance ofﬁthis second analysis will give the d1§p1a¢emenfs

y
caused by the excavation itself. The analysis being a linear elastic
oné, the final state of stress around the opening is' obtained by

adding the states of stress of the two analyses.

- )
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3.7 Analysis of Orovjlle Underground Powerhouse

3.7.1 Introduction '

Oroville underground powerblant is situated in the state of

California, in V. S. A, about 85 m1}es north of the City of Sacramento
Oroville

m and powerplant are part of the State Water PrOJect in

X California, which has the objective of distributing water from

en

northern regions to the southe;p regions.
The powerplant itself contains six éenerating units;rrlts

length is ahproximate;}~§i0\mx (550 feet). I'ts maximum width and

" height are 21 meters (70 feet) and 42 meters (140 feet) respecti&ely.

-

—

The underground chamber has been excavated in metamorphic rock
high.in amph1bo]e m1nerals The rock was called amphibolite. At

the excavat1on s1te three joint sets charaterlze the rock mass

Shears and schistoze zones are‘also present. A more: detaned descr1p—
tion of the site geo]ogy is given in Kruse (1971)
Excavation of the openinq started in March 1964 and was 90%

completed by May 1965. »

3.7,2 Methods of Investigation Used and Values
‘Assumed_for the Study .

i) Deformab1]1ty CharacteriStics . ‘_ ,‘lg . g
. 4“’\;,‘*

A pub11cat1on by Kruse (]969) d1scusses the dffferent methods ;

used in the determ1nat1on of the modulus of de?ormat1on of the rock

at Oroville dam site. Table 3 7. 1 summar1zes those results. As can
be seen- a very extens1ve test1ng program was undertaken The,results
We are concerned with here are those of the flatJack tests, the
p]ate bearinq tfsts (or plate Jacking tests) and the tunne] relaxat1on

method ﬂ_;‘



112

(6961 3SNYY WOY4)

(Ctxel O o ((0L¥2" 1-80) :
goL X 571 gOLX8 (-2 L S bujJeag ajeld
(Gixg (] ((0(x€"5-770)
oaﬁ g2 ] - o_xm (=970 22 . uotiexe(ay {(auunj
PGS A (OLX§ (1=0" L) . .
@mh X G/ IR TR of . woefyeiy
(oL : A 0(X6°0L-¥"€) A3}s0taA
$01 ¢ 276l F0XE 516" d(wsias - (edrsAgdodn, -
i o . f.i. ] ... K J‘Ci
L 0BT )™ = _ (¢ oﬁxm (-v"0() ‘ .
JOLX-9L e gULXCL-8" L
- <, - j =
(CLx76) oo b (0Mx9ro(=97 L) ’
JOLX 6721 oo g0LX2"5(-8°01 (2 mmtou.go 5159 u,awqm -
= e i ,
: . ( Eo\cx ‘
I-FEY - ﬁma ouey SUIWIUNS 2K
.,.mﬂm,coz. {20y 40 Jaquny 1534 40 3dA[ -

An

L1707 3neve

TLISWYE 3TTIA0H0 LY OTYOSYIN 11NAOW XD0Y 40 AYVWWAS



n#

T _ | 3
"The, primary objective of tﬁe flatjack tests performed was the
determination of the initial state of &tress in the rock mass. How-
ever/\the flatjack test can also qive an estimate of the modulus of
defS;mation knowing the stress transmitted and the displacement under-
gone by the grouted pins., Thiﬁty measurements with the flatjack

test gave moduli ranging from ]06.000 Kq/cm2 (1.4 x 106 psi) to
1,150,000 Kq/cm2 (16.4 x 10° psi) and averaqing at 530,000 Kd/cm2
(7.3:X 106 psi). )

'Five plate jackihg tests were done. Their orfentation Beinq
mainly perpendicular to the surface of the rock in a gallery, they
are likely to be more influenced B} the destressed zone around the
opening. Low valués of the modulus of deformation would then be
expected. Table 3.7.1 aives values ranging from 85,000 Kg/cm2
(1.2 x ]06 psi) to 125,000 Kq/cm2 (1.8 «x ]06Fpsi) and‘averaqing at

6

105,000 Kg/cm® (1.5 x 108 psi) .

The tunnel relaxation method consists of - computing analytically
the displacem®nts around an openina and to compare these displacements

to the actual measuréd ones. The position of the measuring device
LN

being known, w1th respect to the Openinq, displacements can be cal-

I

culated and plotted for a ranae\of,values of the modulus of deform—
ation. Upon excavééing, the measured displacements are also plotted
on the same graph and a best-fit line,can give the modulus of -deform-

ation based on the measured disp.acements. This method has the

advantage of considering a very large volume of rock in the comparison.

Hoﬂtxgxivjt is 1imited with respect to the shape of opening that it
+has been derfved for. More details are given fn Kruse'(1969).

Twenty-two tunnel relaxation comparisons were made and qave

[}

/
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in: from; 42,000 Ka/em® (0.6 x 10° psi) to 530,000 Kg/cn’

o

24
i?f~#he averagelmodu]us of deformation was 180,000
3 ‘ {,.{ ; 1_'7‘\‘ .

.’ S S ,ng
{$i§om:>ﬁétabove data, it is seen that a considerable scatter

A

" & 4
exists ih the mgdulus value. However, since the tunnel relaxation

method and the plate jack}ng test load large masses of{rdck; tneif
. results were thought\to be more q?presentqtive. For thg‘0r0v111e
underground chamber a design modulus of 105,000 Kq/cm2 (1.5 x 106
psi) had been usedain the previous anafyses. The same value was used
/ in our analysis. L T .
No data was available for the value of Poisson's ratio of
the rock at the Oroville site. It was assuméd.equa] to 0.25.
~The wéight of Qhe material was taken equal to 2.9 Tm{@?.

i) In Situ Initial Stresses

The determination of in situ initial stresses at the site
of the powerhouse was done by twp methods (Merril et al., 1964):
the flatjagk and borehole deformation methods.

The flatjack method performed at the Oroville site was
;1milar to th one already described. The reference for displace-

ment measurements was an assémbly of eight pins, fqyr grouted on

each side of the flatjack.

Ekd

The borehole deformation test used an overcoring tééhnique,
Méasurement oflaeformations upon overcoring was made by a gage
inserted in a drilled hole. ‘The dgformation coRSisted'of a change in
diameter at a spécific orientation. Therefore consecutive measure-
ments at three different depths from the rock surface needed to be

_done in order to obtain a complete state of stress.

®
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In spite of the disadvantages of each method, their agree-
ment was relatively qood. From the measyrémentstit was concluded
. y
that the stré;s field was essentially hydrdspatic and equal to

35 Kq/cm? (500 psi). This stress corresponded quite well with the
weight of the overburden. In our analysis the horizontal stress
was then made equal to the vertical stress determined from the
weight of ;he overburden.

3.7.3 Results of Predicted and Measured Disblacements

s
In the analyses performed on the Oroville powerplant, only

the rock overlying the opening has been considered. The powerpiant
was built under the upstream shoulder of the dam. As was mentioned
sgr]ier, the excavation was almost completed in May 1965. At that :
time there was not a considerable thickness of material direcgiy
on top of the chamber. The finite element mesh' used 1h }he study of
Oroville powerplant is depicted in Fig. 3.7.1.

Complete results of the deformations measured around the
;hamber are given by Kruse (1969) and Kruse (1971). Extensometers
had been installed in the arch and the walls of the opening. They
were approximately 6m (20 feet) long in the arch and 12m. (40 feet)
: long in the walls. ‘Figure 3.7.2 shéws their relative position.

I; the arch of the opening, thirty-nine deformation measurements
were made;ranging'from .05 mm. (.Oézyinches) to 1.5 mm. (.059 inches)

and averaqing at 0.30 mm.jz.OIZ inches). For a depth of six meters

from the ;ock‘Surface our analysis gives a relative displacemént of

1.33 mm. (0.52 inches). Therefore to account foy the measured dis-
. o ‘

placement of the arch the modulus used should ife multiplied by a

f deformation equal

.
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FIG. 3.7.1

FINITE ELEMENT MESH USE&?N THE STUDY OF OROVILLE
, UNDERGROUND POWERPLANT. .

1
1 9
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FIG. 3.7.2 .RELATIVE POSITION OF EXTENSOMETERS FOR WHICH o
: DISPLACEMENTS ARE QUOTED. :

-
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Eo-470,000 Kg/cm2 (6.5 x 106 psi) for the arch portfon., The finite
element analys;s performed'at the University of Californ%a gave a ‘
relative displacement 6f 1.65 mm. for the arch of the opehing. This
last displacement would result in a modulus equal to 586,000 Kg/cm2
(8.2 x 106 psi) for the arch portion.

At thé end of the excavation the displacements measured by,
the hortzonta] extensometerS'ranged from 1.38 mm. (0.054 inches) to
6.3 mm. (0.247 inches). The average was 2.9 mm. (0.114 1nches.)i
The reiative displacement for a distance of 12 meters and calculated
by the numerical analysis was the same for the right and 1eft wall.
It was equal to 2.7 mm. Almost no difference exists between the
calcu]ated and measured displacement . For all practical purposes

6 psi)

it can be said that a modulus of 105,000 Kg/cm (1. 5 x 10
correctly represents the nalls'deformation behaviour. The re]ative
displacement calculated at the Undversity of Caﬂifornia was equal '
to 3.55 mm. (0.140 inches)." Althodgh reSultiné in a higher modulus
than the one we have calcu]ated, this relative displacement is forther
from the actual measured one. A]] of the above results are summarized
in Table 3.7. 2 The abso]ute deformation of the rock surface, cal-
culated in our analysis, is also given in Fig 3.7.3

The fact that such a big difference exists between the modu]i
of deformation needed to account for the measured-arch‘and wall move- a
lmentsjis of particu]arvimportance vSome'poFsible reasons, were sug—
gested. in Kruse (1971, The one which wds considered as the most |
p]ausible nas the follow1ng "The difference 1n bolt _spacing and
instal]ation specwfication may account for the apparent difference

" in crown modulus and wa11 modulus 2

I -

. .
2
. . 4
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? f

'-Indeedvthe rock bolts of the arch were installed in a four feet
center to center péttern whereas the bolts™of the wa]]s were six feet
awéy from each other.

To summarize, our analysis of Oroville powerplant grossly
agrees with the one'perférméd at the Universjty of California. |
Howeve’r, our results show a c]osemagreeméno the actual be’havibur‘.‘

! . 3

!



CHAPTER IV .
CONCLUDING REMARKS

4.1 The Deformability of Rock Masses

In thisﬁstudy we have tried to prove thatt the'overall stiff-
ness 6f a rock mass subgected to the loading of a dam and adjacent
reserv01r, for examp]e, 1s h1gher than‘%he stiffness arrived at by ;
an in situ static test It is Important‘to note that for the three
cases analysed, different moduli (modulus of deformation or modulus
of elasticity) have been used to. obtain the final- ratios.. In the
case of Krasnoyarsk dam the in situ modulus was found by’subJecting
a plate to vertical 1oad1nq The modulus obta1ned,from such an in
situ test could be regarded as a deformation modulus. In the
| analys1s of Krasnoyarsk dam the measured displacements used for
comparison purposes were given with respect to the beginning of the |
construction of the dam. Therefore these disp]aeements included the °
effeet of gravity, water loading, creep- of the rock mass eto. ‘The .
Aana]yticaT'overall'moduius obtatned'after ¢ampérison'is therefore
an overél] modulus of deformation. Care hasito be‘taken so that the -
overall analytital modulus obtained aﬁh the one determined from the -
:’in situ test are of the same type. For Krasnoyarsk dam an overall
modu]us of:deformat1on was then compared to an ip situ modu]us of
deformation N | o . P

| The study of- Krasnoyarsk ‘dam led us to the conc]usion that

,an overall modulus of deformation of 210 000 Kg/cm 1s representat1ve

¢ .
3

122 S
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of’ the measured structure behaviour The averageain.

- of deformation was equa] to 100 000 Kq/cm

The case of, A]pe Gera dam.was different“than Krasnpyarsk
] \
dam. Here, the dispTacements used for the comparison had been measured

.long after the first impounding of the reservoir. The structure had
beem subjected to cyclic loading. Therefore the anaTytiCaT‘overaTT
modu]us‘Obtained‘was'an oJeraT] modulus 5% elasticity. Consequently
thigﬁmoduTus has been comoared.to ah in situ(modulus of eTasticityt
. In the analysis of Alpe Gera dam, we found that the overall
moduli of elasticity of 492,000 kg/cm® and 244,000 Ke/cn? would
account for the measured horizontal andivertical displacements res-
pectiueiy. These moduli average at 368,000 Kg/cm®. The hydraulic
chamber test performed at the dam site gave an in $itu modulus of
69, 000 Kg/cm2 The plate' jacking test taken to a stress Teye] of
| 100 Kq/cm averaqed at 175 000 Kq/cm ‘ ' |
Finally, the case of Bhakra dam 1s.\51m1}a~t’i\L to /\Tpe Gera dam .
in the sense that the structure has been sub;ected to many cyc]es l
of impoundinq The analytica] overall modu]us, w1th respect to our
terminology would then be an overa]] modu]us of’ elastiCity In the

[

section on'Bhakra dam the modu]i determined ‘by the static’ tests were

— ®

called modul1 of deformation. The overall modulus of elasticity,

obtained from the ‘analysis, was - compared to a moduTus ea§ured after

-
I3

groutinq had been performed The very high values obtained after

W .

" -,i.vgrouting suggest that the modulus’ qﬁ e]ast1c1ty of a test wou]d be = ¢
\ -

very c]ose, if not equat to the quoted modu]us of deformation

. In the study of Bhakra dam an overall modulus of elast1c1ty

of 350 000 Kg/cm was found to account for the'measured dispTacementsV/,/,i-

'ﬂ\

L L. . i -, - v N - . AR E
f o - . . 4
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The averaqe of the in situ tests modulw, measured after grouting, .
'l

was 267 745 Kg/cm . “

»

Q

In this work onlyvone"underground opening was'ana]ysed The
study of Oroville underground powerhouse revea]ed that moduli of

470,000 Kg/cm and 105,000 Kg/cm were necessary to account for dis-

placements of the arch and wa]]s respect1ve1y The average of the
moduli determined by the p]ate jacking ftest is ]05,000ng/cm2:

e

Figure 4.1.1 summarizes the resu¥ys obtained all through this

study. The data of Fig. 2.3.2 is also{incjuded.
From Fig.‘4.1.] t can be concludgd that Jarge in situ static
. 9

tests will underestimate the value of

*

e modulus of deformation or

elasticity of rock masses. Th1§ can readily be unders tood:

If we refer firstly to the case of(a dam, we find that large
’fin situ static tests are usually performed at shallow depths from the
surface. At that depth weathering has a more marked\inf]uence‘on the
rock; very often surface excauation of rock 4s undertaken which.
results ina stress release and subsequent opening or w1den1ng of
Jo1nts, in areas of severe cl1mat1c cond1t1ons, freez1ng of water |
in the winter p]ays a role in 1ncreas1ng the deformability of the
upper strata,/?h situ static tests“belng uSua}Iy performed in gal- N
leries, the surround1nquestressed zone. will” affect considerably the .
value of the modu]us obtained from the(}est On the other hand,
a structure like a dam wil] carry its load down to great depths in
the rock mass where the rock is. usual]y sounder

In the case of an unde‘ground openinq all of the above factors

'{f m1ght affect the va]ue of. the modu]us determined from a test But,~

vns1nce underground openings are often excavated déep w1thin the rock
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Modulus of. Deformonon—Computed from Displacement
. Observations of Structuré, psi x lO6 B
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FIG. .4.1.1" COMPARI&{\;V OF IN SITU TEST MODULUS AND NK)DULL!S |

. COMPUTED;‘FROM DISPLACEMENT OBSERVA{ION OF
STRUCTURES
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body, the last factor mentioned above is the bne that plays the
dominant rolv‘ Therefore, if provision is made for long buried qaqes,
| ,

to qo beyond the zone of disturbance in a test adit, it is likely

N

that the modulus obtained from a static test will be more represent-
‘ative of the rock mass. . ) .
From the studies of many dam sites Snow (1968) has evafuated,
{

)
from permeabilfity measurements in drill holes, the fracture spacing,

the sfze of fracture opening and fracture porosity of rock masses.

P
His conclusions are: ' *

i) the fracture porosity decreases logarithmically
with depth,
i1) fracture spacing increase with depth,
f11) fracture openings decrease with depth,
iv) neither spacinqgs por openings are notably Fifferent
fram one rock type to another, nor are parosities op”perme@biljties
which depend on the first two. ‘
A1 of these items are consistent with an increase of rigidity
of the rock with depth. ° éﬁ Viad
Rochi\(1969) has measured w!th the LNEC dflatometer an increase
of modulus with depth. His results are shown.in Table 4.1.1.
~ Burland and tard (1969) have ngasured, under fdeal conditions,
an increase of the modulus of e]astitity with depth. Their results are
shown {n Ffg. 4.1.2. - '
~ Many other invéstigators (Hast.i)@Gf; Voight, 1969; Li:'1970)

have measured an increase in-the horizontal stress with depth. Figure
. i L}

4.1.3 shows some results gathQred‘by Voight (i’69). This ;ncrease in

s

horizontal tonPinement with depth would also result in an ncrease of
. | - , s . - .

.
- -
..

»
N
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TABLE 4.1.1

'VARIATION OF THE MODULUS OF DEFORMATION
WITH DEPTH

‘ Modulus of
Depth, Deformability
(m) * (ka/cm?)
7.75 - 176(§;o
-~ 14.10 - 155,550
15.50 | ' 181,250
28.0 201,500
"29.00 ' 232,750 “
30.6 258,250
¥
.
(FROM ROCHA, 1969) —
— ’
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~modulus.

A1l of the above mentioned references c]arify the fact that a
higher modulus than the one measured by an in, situ static test 1s
needed to account foruthe measured deformations of a structure.

* It will certainly take many more analyses 11ike the ones which

" have been performed here, to be able to set a criteria regarding the
overall deformability of rock masses. But, at this stage, more
confidence may exist in the mind of the designers of large structures

kndging that the overall stiffness is likely to be better than that

based upon gommon in situ tests.

4.2 The Behaviour of Structures

Since this work has dealt mostlp with concrete dams, the
following observations are of. interest.

It has been recognised by many (Zienkiewicz, 1963} Neyerman,
1966; Serafim et al . 1967; Sabarly, 1968; Tizdel, 1970) that the
state of stress induced in rock foungations upon impounding is of
primary 1mportance in the evaluation of the subsequent deformation
behaviour of the structure. As %s mentioned in the references above,
a tens11e state of stress will exist at the heel of the dam when its
reservoir is f{lled. This tensile state of stress w1ll make the
natura].fractures of the rock open and ]et full hydrostat1c pressure
enter the foundation. bepending pnstly on the pre-existing stresses
in the rock mass, a crack will propagate until- these ‘fnitial stresses
counteract the effect of the water pressure.

C Very recently the barrage of Malpasset tn France has failed

In a report presented by. the Commission charqed to study the catastrophe.
(1965), it was concluded that tensile fajlure of the rock upstream of

¢ +



of a crack mey be tolerable without special treatment.
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the dam and subsequent propagation of (&11 hydrostat{c pressure in
the rock mass were responsible for the initiation of ‘the failure’
of the dam.

Although of extreme importance, with respect to the behaviour
of a structure, seepage forces and full hydrostatic pressure in a
crack at the heel of a dam have been rarely considered in its design.
Rocha(1970)has analysed the effect of.seepEQe pressure in the
foundation rock below a concrete deh. He has used the finite element
method and has also done model studies. His results show that water
pressure applied on the grout curtain of a dam has a significant
effect on the stresses and deformations of the struﬁture ‘

Throughout this stqu, the concept of 1ntr0duc1ng full hydro-
static pressure down to a certain depth, at the heeT of a dam, has
been explored. For-the three dams analysed, it has helped in under-
standing their behaviour. ’

. lAt Malpasset the conditions led to a catastrophe. ‘bne of the

recommendations of the Commission was to assure that propagation of

T ful hydrostatic pressure at the heel of a dam would not take place.

The Commission suggested that upstream grouting or, if necessary,

prestressing of the rock would orevent undesirable'effects '
The case of Bhakra dam, in this study. supports this view,

Extensive qtoutinq was performed in the foundation of Bhakra dam,

upstream and downstream of the structure. No crack was consistent

with the neasureo behaviour.. Howeuer,.in many cases the presence

)
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