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‘ the blocks*df intact rock and the discontinuities comprising fn

Cm X

.- TABSYRACT’

An upproach to estimotinp the deformability of rock masses

\

- under the foundstidns of structures was surveyed, involvinp the use.

; of a Finite Element computing technique and laborntory measure-

ments of j01nt deformabilitv. "The purpose of this survey wes to

initinte a practical method of sttack and, through solving a

1imited number of problems, to assess its feasibility and the
difficulties arising from its use, o
~ Ar overview of literature is given, which deals with the

settlement tolerances of. structures, main methods of approach to

-the characterization of deformation of rock mnases, and the theory

. of, and ways of“meesuring the deformebility.of rock-doints.

"It was concluded from the literature.surveya that “two dis-

- tinet methods of ebnroach are being used to estimate settlement

~ of footings on rock. One. of tnese'is the "continous*approach

in which the rock maSs.is.considered to be.a continuous medium wikh
. e " t T

'un1Que elastic‘parameters determined by large scale "in situ"'

deformebility testing (plete—load test most widely used) The

other method may be called the "discontinubus" epproach,in which

. "

.rock mass are considerzd as separate structural elements.

of the t;74 the "continous" approech is more often used._

4
found thiat research is lacking in the area of interpre-

Iyw

tation of plate load tdsts and, particularly, in. deformability

_ testing of rock discontinuities. .

" A direct shear.testing machine capasple of testinggséhples up

to'sixfinches,in‘crossection was designed and built.

-
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& considerable error. In the case of a rock mass contrining a

" are made.,

- xi - o S ' J

Sampl¢s of’ nqturnl ond aaw-cut rock joints from three types of
rock weroe collected and tasted to obtqin the normn-1 and qhenr .
stiffness coefficicnts. The results were averaped‘usinm w_simplq

Vi

ropve031on nnnlysi,.- A method waosg demonstruied, by whiéh-the nor--

) hnl stiffno *o parnmoters for joints can be used to correlafe wlth

the res ulta of n nlntc 1ond testin" progr m,
f Us sinp » mnnuql technicue of field uamplinp, it was onky pos-
ulble to obt in .f:mmplec thrt were unuenthered and unfilled. |

It was found thr t for'ﬁﬁ% particulﬂr type of 301nts

te ted the sherr utifan)S coeffﬂc1ent depends on the mn pnltude

of both the normal And the shenr stress.‘-Therefore, using a single.
value of the unit shenr stiffness coefflcient, k y in computntions
mey be injuutlfled.

The off- dlagonnl stlffness coerfic1ent kgr Was determined

as-being oﬁ phe same order of magnitude as the shear stiffness

. ! - [ » . ! : ' v . - i
coefficient. . o _ : e

Finite element models qf'rock.subgrndes under a strip

'footing were created, cbntaining-a_singlé jdint and n . joint set,

’ horiZdntal_ﬁnd inelined. Comparisons:betwéen éhe finite element

. -~ . . . . .
settlement solutions and simplified annlytical solutions are pre-

sented. B (%ﬁl _ |
:  “\$¢a&s concluded that the simplified solutions ften contain )

——

. single joint set, a theoretical explanation.of this error is

suggested

Finnlly several recommendationu for further resea}cgy

* K L]
. . . N "i ,"“’5
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- .PHEFACE

The allowable bearing cnpecity of rock is limited meinlv bv
:} " the consideratlons of deformability due to jointing. Its values,
ns allowed by different building codes, vary_within n wide range
ifor.enample Nscc-7o-o,ﬁo 20 ksf, New York Building Code-16 to >
120 ksf, Chicnrgo Buildiné.Code-O'to 200 ksf), and experts sometimes
suggest that-much higher-valueslthsn_those'given by the building
codes con be used| -Conseouently,-it isjobvious that any contri-
—abution to the'methods'of predicting rock deformability_wouldlbe )
of positive practical importance; | ' |
: The purpose of the present research progrnm, documented by this
.Thesis, is to survey several nspects of the question of deforma--
‘ bility of. & ‘rock mass considered as a disconﬁlnous medium. The
“f‘word‘"survey" is used above, because the scope of the Thesis 15-'

too wide'to gllow concentrstion on nny. one.detail in a great depth,

-

-_ana at’ the same time too narrow to permit a thorough treatment of

.every aspect of this exceedingly oomplex problem. The aim of this
work was to’ try out some relatively new techniques of rock testing
.and numerical modelling and to assess, mainly qualitatively, their

i potencies, limitetions and difficulties in use.

SPBCIflc conclusions were drawn where possible, but thesef
should by no means be considered definite or final, nor ghould-

: they be taken as the most important product of this work. Rether,f
it is hoped by the author that his experiences and findings,re-
'ported on the follow1ng pages,might serve as.a springboard to a
future researcher, who will select a more narrowly defined subject
and carry his work to conclusive, pradtical results. Even the de-

t) ' sign of the direct shear testing ‘machine, described in Part 11 1s,

a

in the author's opinion, subject to improvements. Cos
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The Thesis is dividpd into threq'?grts,'deéiiﬁg:resﬁéc-
tiveiy with the sufvey‘of,the existing literature, teéting.of roc;
v diécontinuities for deformability,_nnd'finite element'queiling

fgimulation of certain configurntions'of rock masseé.>.Thefobje¢;

tives of each Part ﬁré stated in its opening pnfngfaph‘anﬁ.its
e mﬁtual interrelationShips“with the others should become cleér ‘

in .the course of reading the text.

el
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joints both in shear and compression.

PART I : o

'"Literature Survey

‘Objectives:  The purpose of this first part of the Thesis is to

roughly outline the present status of the problem of settlement
of rock foundations as well as the related problem of deforman
bility~o rock j01nts,as reflected by the published literature.

¥

The outline is d1v1ded 1nto two Ch*pters.

Chapter 1 deals with the general problem of the determinntion

of settlement of foundations on rock. It beglns by presenting some

data on settlement tolerances for structures, proceeds by descri—‘

bing the two basic approaches to the problem, e.g. the "continuous
'_and."discontinuous" approach and concludes by mentioning briefly ‘ T)
‘ the main tool of each of the above schools, e.g. the plate- 1oad

.test "in situ" and the Finite Element Method.

Chapter 2 is devoted to one of . the chief topics of the

-"discontinuous" approach, namely it surveys the available data and

- ideas connected with the deformability of planar rock discontinuities

(j01nts) ‘Perhaps as a result of the prevalent use of limit
equilibrium methods of analysis in Rock Mechanics, the 1iterature
of rock discontinuities deals mainly with strength of joints.'

Therefore the information on deformabillty behaviour collected in TR

'Chapter 2 is derived, with few exceptlons, Bs & byproduct of .

strength research and, consequently, useful quantitative conclusions

are scant. Instead emphasis is placed on the general qualitative :

.understanding of deformational behaviour of differeht types of :




-2 .—.' | ”

g

,Also, an overview is presented of "the currently used testing

&

methodslfor.joints'as well as the quantitative'parnmetens‘definedi
by some workers to describe deformational and streﬁgth behaviour

of_rock discontinuities.
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e .

peformstion of Rock Masses under Foundations of Structures

i a

Section'l.l - Settlement Criterie o

Most of the structures founded on rock, perhsps with the
R exception of those ceses where slope stebility or large hori-';_
| zontal forces are involved, are safe. with respect to beering e
feilure(lo) Consequently, the main problem recing ‘the deeigner
'of foundations on. rock is ‘the one of seftlement. Then‘agsin, the
o total settlement of such structures is: generelly ineignificant,
and therefore . the desizner is chiefly concerned with differential
" settlements end interection of the structure-and its foundation.
(}, : The two relevent criteria to be considered are the’ sefety against
structural failure end the required performence of the structure.
The criterion of sefety is encountered in rigid continuous )
_structures such.as arch and buttrees dams, continuous bridges
_end tell‘frame‘buildingsi The criterigm of performence must also:
be met in smaller buildings of frene or: rigid bearing wall design |

and in some special purpose structuree such’ as nuclear reectors

B ".or industrial halls.

g Several authors have attempted to’ present specific settle-

i ment criteria for buildings. Thus for example Skempton and '
'MecDonald(hS) define the~allowablehenguler'distortion coefficient
2671 a8 the ratio of the differentiel settlement between two '

'--columns divided by the 1ength of the: span. 0n the;basis of,a .

.i statietical treatment of a large number of perfornance observetions,

- . - .
- o ' . . . .
. . . .
- - . . .
. ) . . L . ) ‘ . 5
.t . .




. dltions of each case.

ST

they establish the 1im1ting valuesﬁof the coefficient the ex—
ceeding of which may result in structurnl damage. For the tra-
ditional type of beam and column frame structure they suggest

1[300 as fﬁgT;:;;ting value of the angular distortion coefficient,
byond which cracking of the panel walls may occur, Distortions

of the skeleton Trome, itself could, according to the authors,

.oceur nt 8/1 1arger than 1/150. ‘More rigid frames, however, may
show~much greater sensitivity'to_differential‘movement , For example‘
_buckling of‘diagonal brnceslin steel frames‘has been observed at
~«f§n qngular‘?distortion equal to 1/600. ' o - .
) It was pointed out (Ripley's dlscussion’ (ue) ) that the
statistical observations do not- include data on sensitivity of
e;uipment contained in the buildings and other data pertainlng to

‘use. Thus the above criteria can be taken only. as rough guidance,

while the design should take into con51deration the specific cone-

J,Feld (16) a1s0 gives a summery of general criteria and notesf
l'that the time-rate of settlement constitutes another important
‘factor for structural damage considerations, as the structure may'
"need time to adjust itself to new support conditions by plastic“‘.
flow. This remark may not be particularly relevant to foundations-
‘on rock because ‘in- rock usually a large part of the deformations'
'occurs 1nstantaneously. | : : ”1”_' .

' No similar studies ‘are available for bridges as obviously .
bridge designs are much more varied. Settlement criteria trust there-

fore be determined entirely on the basis of structural anelysis of

_—each particular case..
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A an example of a special purpose structure one mny
cite the project described bv Ward and Burlqnd (51), of housinp
for n<nug1eer reactor. ‘This. atructure occupies a 51te of seve al

acres and neross thls large area the allownble maximum diffefentinl
settlement is spe01f1ed as only a fPPCtlon of nn inch.

freh doms are especlally sensltlve to differentlel sett-

:1eﬁents. Yleldlng of' the foundation'?ock_mny.change entlrely the

stress distribution in both the ﬂbutments and’ the crown ahd may

create‘occurrence of intolerable tensiOnﬁl stresses. All theories
<

of "structural design for-arch. doms make use of foundntion stlffnees.

parnmeters. An experimental study on small scale physicnl models
hns been carrled out-ln Portugsl (hh),Which yielded the follow;ng

general résults;'

- 1. . The influence of th'e-Ef/Ec factor,nin.which En is‘ﬁhe

deformation modulus of the foundetion and E, thnt of the concrete,

on the state of stresses in thé dam is little important when-the

factor is greater'than‘%, important wﬁen it is between 1/8 and

% and very important when it is less than 1/8 Consequently the

stress state only becomes signlflcently pffected by foundqtlon

yieldlng when the deformation modulus"f the rock is about one
‘quarter of that of concrete. When the-fnctor Ep /E is 1/16, a

: vpriation in the magnltude of the foundmtlon modulus of 204 would

be tolerated by n conventionel de31gn. But it.is known that stan-

H

derd in situ testlng procedures may involve uncertainities greater."

"than 20%,30 that Ln the case of low quality rocks such variance

must ‘be taken 1nto sccount.

A .



settlemént problem of rock'foundstions is s.resllone. For

,one column being supported by solid rock with negligible setf-

rock,

2, Local vorintions of Ef along -the length of the foun-

dation may reach a factor'of 3.0 but they have only n local in-

fluence upon the state of stresses.

_3.'“The author considers#the influence of time‘on-deformstion

of rock foundations usdnlly quite smell nnd irrelevant. '

In conclusion of this Section if can be’'seen that the -

exsmple,'we may imhgine a frame structure spanning 30 £t with

-lement whereas the other rests on g feult zone. Using the 1imit-

ing value of the coefficient of angular deformatlon of 1/300

we find that a settlement of only 1 2 inches might produce

-o-.»-
struoturel damage. On the other hsnd, rock is not » readiiy

yielding meterial, and in most cases. the settlement criteris would
not be exceeded by & very large margin.- Consequently no large

precision is generslly requlred for settlement predictions in

-~
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Section 1.2 Statement of the Problem of Determination of Settlement
" ‘ ' oI’ Foundations on Rock. ‘

Rock is essentinlly nn elastic material, capnble of stor g and
transfering mechnnical energy. Consequently, settlement prob'lemsI o
on such mnterial have to be solved by using an elastic theory which
may or may not be nugmented by considerations of nonfinenr elastic -
or time dependent behnviour.

The first purpose of this, uection is to Jist those particulnr
characteristics inherent to rock messes, which complicete settlement
predictions. Secondly, the chief methods of obtaining such pre—
dictions will be outlined in general terms.

The majority of solutions of. stress strain problems avallable

from the theorylof elasticity is derived: under the assumptions of

: perfect elasticity, continuity,mhomogeneity and isotropy.‘ Rock in
"the mass, however, does not fulfillyzthese assumptions and conse-

: quently the following general properties have to be recognized (32)

anlinearlty and Hreidity of the rock substance are often ob-

served in compression, or other testing. Nonlinearity is character—

‘1zed by curved stress—strain diagrams, indicating a dependence of

the tangent modulus of deformation upon the level of stress. Some

-rock types, expecially basic igneous rocks, exhibit nearly lineer

. -

behaviour almost up to, the failure stress. In other cases,rnﬁ:- -

'11near behaviour needs to be taken into an account in calculat ons
be some method, for example such as that described in Fig. 1. l page 17t

‘Hany types of rock undergo a time dependent (rheidic) deformation

under a sustained stress.
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such behaviour is more difficult to account for in computation '

but in many instances it can be ncplected with sufficient accuracy in
foundation problems (Ll). Under the limited scope of this work,
,rock'substance.will be assumed as being a linearly elastic medium
“'in which strains nre directly.proportionalrto stresses’ and

;independent of time.

b

Heterogeneity is due to the variations in composition and

-structure.‘ Typically, more or less well defined quasihomogeneous il

zones maey be recognized, such as. single 1ayers, weathered zones,

dykes or 1nstrusions. Such zZones are described by their deformation )

{ e S

L parameters, which can often be regarded as cons ht-throughout,the
zone. ‘

"Discontimuity may be of primary origin, such as bedding: planes,

"voids and cavaties, or it may be cocused by previous réiiﬁ?é by frac-'
‘ture or shear. The latter type of discontinuities includes jdints
- and faults.' Crystal structure of rock substance may appear in the
'rform of. cleavage, schistosit% or foliation. The effects of dis-
continuity upon the stress-strain behaviour of tock are: '
1. Redistribution of stresees, where these ‘cannot he transfered
| .the ' scdntinuitj and
.2 Increaded deformability due to closure, opening or slip along
Qplanan; discontinuities.

InternaLESbresses occur in rock masses as a result of gravity

.and tectonic forces. ' Their effects may be simply superimposed on
tbe,effects of'the epplied loads, ashlong as the assunption.of |

linear elas;icity can be made on the entire area of the problem

4
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The'principle of"superposition cnnnot be appliéd; howeuer,;uhere
‘plestic behaviqur oxists such ns rock yielding or opening or
slippnge.ulong discontinuities.' In.the ;aterjcase"the deformed
state of the rock mnss under “the action of the internnl stresses
: must be teken as a starting point for the analysis of the imposed.
loadinr conflgurntlon. |

| .
' tnisotropy occurs frequently in rocks as a result of on or-

o

dered crystal structure ol ‘the 'substange or as a result of the
structure of the mass, for example thin layering, schistoeity nnd

follatlon..

With respect to the above cheracterlstics df g Tock mass it
r

is evident thet deformebillty problems in such media are difficult
‘to solye, Questions £nll in threee categories:
1. Determination of the mechnnibal pr0perties of the meterials.'

_2i. Exploration of the geometrical configuretion of . the rock
structure.. o R ‘?j

3. Prediction or‘the dg%ornetions under the.inrluence.orlthe'

| expecqed loading. .' o . \ | .

The answere to the'huestions which fall into the fist tw0' . -

categories are used in‘the third category,.end 1t is therefore

-

——

' 1ogica1 to begin the discussion from there. o ’ ;c:
| There are two besrc methods of dealing with the question of rock

| deformations (26). The first, %emetimes called the traditional method,
: considers rock to Qe a continuous ‘medium. - The advantage of ‘this

epproach is that use cen be made of the numerous analytical soiutions

-

obteined.rrom the,the '

%

sticity of 8- continpous body.
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: however, emains uith obtaining the data for such enalyses.

‘ --- 10 - .

Solutfons exist, which indlude the effects\of certeip'kinds of

. anisotropy nnd heter0geneitv. some of these will hefdiscussed

in the last part of this Thesis.
It is necessary for this eppronch to be realistic, to ‘define
th‘_"overallﬁ elastic purnmeters for ‘the’ rockéhass, that would

include the proporties of both the rock substance and the’ ‘Stru@s-. |

\

turdl discontinuities. Thus in fnet we seek to replece the discon% .

\
tinuous medium qy A steticallv equivalent continuum. . How successfur

would such’ replacement be dependB\‘Eon whether it will be possible
to sscertein correctly the mngnitude of the overall .elastic para-
meters. The ‘mo'st - esteblished way to measure these parameters i: s
by in %itu deformnbility tests. Of these the most widely used

the piste#loed test will be discussed briefly in ‘section 1. 3.

Other methods include flatjack testing, radical jacking ih\Eore-

'hole.or adit and hydrnulic chamber tests.

The second npproach consists of treating the rock mngs di-

| rectlv es a discontinuum. The means of doing this consist of the

~specfal theory of ﬁ&hﬂﬁﬁios of discontinus developed by Trollope

(L8), H‘Byeshi (22) and others, small scale physical modelling

g

“(for example Krsmenovic end Milic (23) Y and finally mumer-

o

ical modelling based on the Finite Element Method (Goodman et

al (19), Zienkiewicz et al (58)). of these three methods, the

last, one will be utilized and discussed in the final pert of -

4

P
’ The theory of the discontinuous epproech has made much pro-:

.'_ gress in recent years. With n sufficient smount of expendliture
+ and. effort it msy be'possible to account theoretically for slmost

. any configuration of 1oeding and rock structure. Difficulty, .

. . -
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STt is'necessary.to_know the detailed geometrical configurat{on

of.tne roch structure. For.this purpose a "joint survey progrnm“
} C (12) has to be conducted in which the rock mnss 1s explored by
.-: N number of boreholes, adits, or, where avnileble, outcrops.

" . The amount.of work can be reduced by applyinp structurnl peolo-
gical knowledge; In the words of N.Duncan (12) "The engineer's
eim'is to express, or have expressed for him, in a quantitative

‘way; the present and future sub-eurfnce conditons on the site,

within the context of whnt is geologically feasible." Specialized.

1iterature exists (for example Price (41)),that can. provide.
the engineer with quite a deep insightjinto the occurence and
character of rock discontinuities.
The 1ast and perhaps most formidable problem facing the
 designer who uses the discontinuous approach is the determine-
tion of the mechnnicnl properties'of all.structursl elements ofu
w | the rock moss, e.g. the rock substance and the discontinuitiesi_
| This is usually done by leborntory testing. For the rock sub-'
stance alone the testing procedures hrve been well developed and
_. standardized. Teéts on discontinuities, on the other hand, have
oeen‘conductedhonlj recentlj, and in this fleld there are many
uncertainties. ‘One Chepter of the first pert of this Thesis as‘
well as the whole of the second pert will discuss the deformation

¥

behaviour of. discontinuities. L
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Section 1.3 Plate Load‘Testing in Situ.

The purpose of.plete load testing is to subject the rock
mass to compression on 1 scale S0 large, thnt the local effects
-of the discontinuous and heterogeneous‘features WOuld become
negligible. The interpretation of these tests with the assump- .
tion of continuity yields overall elastic paraheters of the mass.
In an inversg procedure, such parameters can then be used to pre-
dict settlements of the proposed’ structure.

* The test load is applied onto the foundation surface througb.

a loading plate, circular or sgunre in'shnpe. Plate sizes of up"

to three feet in diameter have been used. It is difficult, with-.

. out previous knowledge of the deformation moduli of-, the founda-'
-tion rock,. to teke the stiffness of the plate into account in the
interpretation formules. For this reason investigators attempt
to utilize plates that are either very rigid or very flexible.
d(1o) Rigid plates have only been used in smaller scale testing
”and have proven unsatisfactory due to plastlc yielding of the i,
' pock material under the edges of the plate, which makes inter-
pretation diffidult 510) Flexible plates, on the other hand,
have been used exteneively, their flexibility being provided by
‘wood, rubber or hydraulic cushions (49). The load on the plate
“can be obtnined by & dead weight (for example,e large tank filled
with water, (51) ), 7 hydraulic jacks. With the ‘1stter

method, obtaining 8 suitsble reaction becomes quite a difficult

"problem. The most comm%? solution is conducting the plate load -

| test‘in_an exploratory adit, yhcre the force is created by jacking

.against the opposite wall. If it is,more'desirable tovconduct,the

A

.test ‘

Ry
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on the surface,‘rock anchors mayxbe used‘to provide.the-requiredﬂ
A reaction (55). | | |

Instrumentntion of n plate load test may'include measure-'
ments of both surfnce and subsurfnce deflections. In the crnse .,
of an anchor test the anchor drill hole mny be instrumented by
extensometers, in which cose the point of anchoring serves ‘as the
reference datum (55) Alternatively, the" surface displacements
may be measured by levelling from distant reference point (51}
In the tunnel jacking test the diametral deformation of the tunnel
:mnyfbe measured by & wire’ extensometer equipped with an electri-
cal or mechanical gauge. It is also recommended that a hole be
drilled into the wall behind the plate and again 1nstrumented with
extensometers s0 that the deflection may be measured at several
depths (50). ' .
| . Loading is applied in several cycles, the ‘meaximum load . in”
each cycle being held until further creep deformation: becomes smnll. '
By cycling the 1oad, it is possible to distinguish the elastic,
'i'viscous and permanent deformion (7). Long-term tests have been
conducted, in whichlthe 1oad had been, held for as long as one year,
But the creep deformation over such a long period does not appear
“to- be 31gnificant (Sl) Due to the Yack of more refined procedures,
"the ma jority of" investigators use the simple Boussinesq theory for
. interpretation of the test results, integrating for the particular
shape of the loaded surface ahd assumed'rigidity of the plate.’ It
is known,‘however, that the inherent assumptions of the Boussinesq's
solutiOns are never. fulfilled in a natural rock mass. If. the tests
.are'performed on the surface, the modulus of elasticity is- of ten
found to increase with the depth due to surface weathering and -

A

stress relief cracking (13)*-
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values -of subsurface settlement by trial and error.

.—1Lf- A

In the case of a tunnel Jocking test 8 cracked zone‘disturbed

o by blnsting or stress relief is always found nround the peri-

meter of the tunnel. 1In nddition to these "systematio; heter-
ogeneous attributes of the rock masses, there exists an unlimited.

range of random features such ng layers, joints, faults, altered

zones or 1ntrus1ons which invalidate the above .assumptions.

The most common situstion is the variation of the deformation
modulus with depth such as in layered media, Several 1nvest1gators
have attempted to 1mprove their interpretation by accounting for

-the heterogeneity of . the ground in dealing with deformations,:

: while invariably making the assumption that the Boussinesq's stress

;distribution is valid. The problem is thus’ reduced to one of scale

(h3) ‘A plate load test is not a scale model of the prototype,

'foundation even if the differences in shape and design details'

were disregarded. This is: because it naturally is not possible to

‘i reduce the structurnl fabric of the tested ground to a corres- -

ponding scale. Waldorf et al (49) suggested a scaling technique

by which axzbreaks down the measured settlements of the plate into

' fractions proportionql to thickness and assumed average stress in
: horizontal 1ayers. (A similar approach was - shown in & paper on
-settlament in 1ayered soils by Fischer (17) Deere et al (10)

' advise computing variation of the elastic properties with depth

on the basis of subsurfece deformations measured by borehole exten-

someters installed under ‘the’ plate, using Boussinesq's formulas for_

:subsurfece settlements, Probably the. most correct approach was

.'7 "\‘vt

demonstrated by Benson et’ al (1), ‘who utilized a finite element

'program to fit a function of deformation modulus to the measured
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An important inprovement in the plate load test:interpretation.is
the use of solutions for transverse anisotropy (55, 21,) or solutions
which aknowledge ‘the nonlinear deformation behaviour ‘of the- rock
(13) ' Further‘discussion of  some details relevant to the inter-
pretation of the plate load tests will be presented in Part ITI.

In,respect to the 1arge amount of effort and expense_ involved

in conducting a plate load test, it is evident that, even for

1arge projects, the number of tests that can be economically carried

out is severely 1imited. On many sites, however, the ground

properties are extremely varied, and it is therefore necessary to’

| correlate the results with the findings of suitable subsurface

exploration programs | The exploration techniques used for such pur—i

pose include core logging, visual inspection of the rock features in

shafts or with the use of borehole cameras and sonic 1ogging.- With

B the exception of the Modified Core Recovery (RQD) and the sonic

velocity ‘ratio(10) no index has ‘as yet .been" accepted as a standard.

Good results have been reported (Sl 3 )‘byfauthors, who used verbal
classification systems ‘of rock disqgntinuities devised for the'
purposes of their particular projects._ This leads one to a conclusion
.that it would be highly desirable if a. universal, detailed system

of classification of joints and Joint systems could be developed

_ .and calibrated by general use.. Besides spacing and attitude,_this .

system would have to include, and measure quantitatively, such vital

v properties of Joints as thickness and degree of weathering.

\

In conclusion one finds, in the voluminous 1iterature on plate--
load testing, that the testing technique itself is well developed

and more or 1ess.standard.‘ On the other hand,.research is lacking

-
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‘in the field of interpretation, especially where dealing with
, heterogeneous and discontinuous attributes of the rock mass.
Also lacking is a reliable. and inclusive syetem of claseification :,

of rock discontimuities. ' : I

Lo

"Section"l.h"Finite Eﬂamﬂm'Modelling Techniques.

The Finite Element Method ie a numerical scheme, well adapted.
té automatic computation, which has recently found exteneive use ff.
in the field of applied mechanics. 1t utilizee the Rayleigh Ritz.
‘principle to define dieplacement functions on a number of’finite |
"subspaces (elements) into which the original domain ‘of the problem
. is divided (56) - The functions are ueually defined in the form
“of polynomials, their order being dependent upon the number of
';connecting pointe (nodé?) in each element and the number of degrees
- of freedom. The plane strain computer programs ueed for geotechnical
problems generally utilize linear displacement functions (6 ).
u.The size and number of the eleJents is’ arbitrary, their shape being‘
ueually triangular or quadrilateral. "’ i

-The fact that each dilplacement function is defined only on
Cits particular subspace,makes the method exceptionally suitable to
.iproblems involving complex boundary conditions and heterogeneity. -
.Tne method can include the effects of anisotropy, by ueing more |
:_general strees-strain relationshipe,and nonlinearity, utilizing'

.,an iterative procedure illustrated in Fig. 2.1.
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‘B, =initisl modulus of deformetion
EZ,EBL..=subsequent_moduli :

stress-strain curve expressed aszamathematicel'relatiOn

strain .

‘Approximation of 'a nonlinear stress strain curve by an iterative
procedure.- (Tangent modulus of deformation. calculated on the -

) “basis of strain obtained in the previous step. )

The iterative procedure can also be used to account for the

J\\_ﬁ\:ric:\tension“ behaviour (57). Residual stresses may be included
g 54.‘- in™~the solution as a,boundary condition or directly as a body

- ‘force inside each element (6 Yo

Of special interest to rock mechanics has been the develop-

ment of a one dimensional element simulating the behaviour of

planar discontinuities such as faults or joints (19) The. stiffness

'aquation for the element 1s derived in the same way es thst of an

ordinary quadrilateral element, the only exceptions being thst it

is considered of zero width and the usual stress strain relation—
J

.!ships for continuum are replaced by joint stiffness equations (19)

”
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‘whereil 5; is the.normsl displscement scross the joint
A;.is the tangential displacement across the joint
G, is the normal stress acting on the Joint -
‘ZE is the shear stress acting on the joint
knn.end kss. are:the normal snd shear unit joint stiffness
coefricients defined ss stresses required to-ceuse an unit dis-
placement across the Joint. |
A more rigorous consideratibn of the stress-deformation
'relationships in a rock Jolnt brings to one's sttention the fact,
p thst the normel displacement also depends on the normal stress,
athrough the phenomenon of - diletancy to: be disoussed in the following'
.Chapter. The complete stress displacement equetion for a joint

element then tskes the following matrix form

;nn"-‘l"ls‘ | ,Cg\n
(. = P . A 7 Ean. 1.3

'Lksn .‘kss | f"l 3}‘," J.~"

"
x

To the author's knowledge, there hss been only one published
_.report on using this more rigo;bus spproach, the chief difficulty
-E'being thet of obtsining suitsble data. |
The one-dimensionel element .can be used in- conjunction with
ell types of 1inesr displacement -continum elements. _ T
o Nonlineer attributes of joints can: be sccounted fbr by a similar:‘
‘iterative procedure as mentioned asbove (19): If the normal stress

in any joint element becomes kensile in the first approximstion, -

‘both knn and ks' are set to zero and the calculetion is repeated._

A
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Similarly, if the ghear stress on the joint exceeds the shear

strength given by the Coulomb's strength envelope, ﬁss is set to

. a residual value as indicated in Fig. 2.24 T

_experimental stress-displacement -
curve for the joint |

..dv
Fig. 1..2 ’

. Idealization of the sliding behaviour of joints in a Finite
. Element Solution (19).

Another nonlinear phenomenon, the joint closure, may be taken 1

into an’ account by increaeing the magnitude of "the- coefficient
'kﬁn by a certain amount whenever the normel displacement across
:the joint element exceeds a specified value- (thick?ess of ' aperture)
”Thus, the parameters required for each joint are k nn? kss’ kss : r-.
"residual, c (cohesion), ¢ (anguaof friction), and [1h (aperture :
-thickness) The iterative procedure is ccntinued until a stable
| solution is found.: - . | SR

' The use of the Finite Element Method extended by the joint.
elements may prove to be the most pcwerful means yet of approaching
"stress- deformation problems in rock masses while aknowledging their
discontinuous nature. The main obstacle to such use however remains

" in the difficulty of obtaining suitable data concerning the behaviour

df joints, such as the above mentioned stiffness parameters.

T e
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' CHAPTER II o o

,

- Deformahility and‘Strength Of'Joints;

éection 2.1\ Classificstion.-‘

Joints, in geologicel terminology, are cracks in rock,
distinct from bedding planes, which occur in spacing of at least
“several inches; and along which there has been no relative
| tangential movement in the geological history (2 ). This _
!definition is 8 result of geolcgical classification of discontinu-'

; N
lless relevant (20) and the term joint‘uill therefore be used in

“‘;ities by origin. In rock mechanics such elassific&tion becomes .
this work to describe sll discontinuities in which two dimensions
prevail over the thickness. Consequently, -under the term joint

; we may imagine fractures, partings, bedding planes and thin faultsg

: . Practical qualitative engineering parameters which can be
_'5epplied to rielﬁ classification of joints and joint systems, based
"lon their external features were suggested by D.U. Deere (9 ).

e attitude: Strike and dip

- spacing: .. < 2" very close
/T amoar close 3
;[:_. SR A . 1t - 3! moderately close
. 7 30 210t . wide o
. :>10' .'very'wide
- tightness. tight (core can be fitted together Txactigsae
: open : ‘

' ' - irregularity' L
_E§:> C . plane ~ slick
’ o B o L icurved o _smocth :

- irregular rough
- filling material distinguished by thickness, type and

hardness’ : e ‘.‘n -
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1oy | s alteretion‘: fresh B _
o altered by discoloration
-severely altered .

Another method of classification is besed on the internal
properties of joints, rather than externel feetures., R.E. Goodman.
(20) d&vides joints into four types according to their shear de-
formation behayiour. This is depicted by the typical T- 4
.diagrams for each joint type in Fig 2. 1 (20) |

Type 1 1ncludes healed joints and incipient rractures.

| Fig.‘ 2. 1 - - |
Different types of sheer beheviour‘of-joints (20).

Coe
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It is_chnrncterized by & ohurp dron in strength ns ‘'soon ng
~ the high initiel oeak is.exceeded. Int et rock would also
.bchwve in s similqr‘ﬁey} 'Smooth snd polished diecontlnuities
©are repreuented as types 2a rnd 2b respectively in Fim.'éllt ‘
.Semplcs of this type do not. exhibit » very lerge differehce bet-
vieen the peak and residuwl strenmths. pctunlly, for many
smooth frnctures the residunl strenth 1s hlgher due to the
development of ploughing (39) Type U4 represents rough, clean
_fr1ctures which show eecondnry peaks dup to repeated 1nterlock—
ing of the nsperltleg after the initial failure. Considerabie
;:amount 'of ylelding mny- be requlred for such behav1our to nppear.-
IWith very smrll dlsplecement the sh"pe of the curve for these
. ‘samples mry £all between those of.Type 1 and 2. Under Type_u
- are described filled joints; sheared zomes end shale oartihgs
whlch are. sensitlve to m01sture content. o
Classification u51ng ‘relative magnltudes of the numerical
"stiffness paramete?s,<dev1sed by Goodman, Taylor and Brekke (12)

fwill be described ip‘Section 2.5. =~ ' o [f

The qualitative clessification of joints proﬁides:

1.. A tool for fleld surveys, whlch helps to define limits

to generalization of test results, and

e2. ‘A means for grouping nnd.consequent1§ better gnderstening

of_test.resultsi“
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In every ceep euch claseification must be supplemented by quanti-

~tative intormation in the. orm of numerical parameters) which will

be discussed in Section 2.5. L S

'.‘ ' . . )
Sectien 2.2 Teeting.Methode.

- . o

a

N Shear tests on.rock disoontinuities may be carried out in the ﬁ
laboratOjF and in situ. Three, hpeic arrangements of labqratory
tests ave. ehown schematicelif in Fig. ‘2.2 Fig. 2.28 represente
a triextel teet on a rock core, drilled at a sharp angle across
a joint, or .an originelly intact core purposely rrectured or sewn.'_“

\\\ deThis test ie ueually applied to 1nveetigetion of the strength
properties rather than deformability and it ‘is orﬁg;\conducted ) o
} ' in the form of "multietage trlaxial“ (Heuze and Goodman,(23))

.1.

The confining preeeure ie eet to a predetermined value and the

-

vertica17preseure is graduelly increased to cause an incipient feilure

3 . ’ Lo
.

Load . .
P o |
- incipient .
failures -
' () - . * . Displacement

Methode of Sheer*Testing.
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" 1imited because:,

I

" a) and ¢) of the triaxiel test but retains the interdependencj”

, . .. ( - 2,4. -

" Jhenthe confining, prossurce is raised by .n step and the process

repcated, evory time producinp fi sinpulnr Mohr's circle. The

" presulting lord deformntion curve 1is shown in Pig. 2.2Db. While
__this test is very effitient for obtaining fnilure envelopes of

" clean, tight joints,‘its‘usability-for deformnbility tlesting is

a) Normal and tangeritial deformations are difficult to measure’,:

. b} "It is difficult to keep the normaliforce independent of the
. : N ‘ . . I

tangentiel'force and

c) Large displacements cause tilting of the sample which in-

valid&tes the results.

_Goodman (20) advises on the basis of =a finite element"annlysis,

thnt f& wider 301nts of hipher compressibility than the surrounding

_rock there ex sts in Y. trisxial test a very uneven distrihﬂﬁio;\of

stresses and the stress concentrvtions are different in the ,upper

. and 1ower walls of the 301nt.;

The test arrengement in Fig, 2.2¢ eliminates disadvantnges
of-the normnl and tengential,stress wnicn ngninmakes it impossible
to measure the separate influence of the two on deformations.

The most convenient arrangement for deformability testing is'
the direct shear test depicted by Fig.2.2d. The test equires
separete sources of loed in the vertical and tangentisl'direction.
A specimen, which may either be a core or & block, is encased in
concrete or epoxy with e suitable 1?., O'ne of the cesings is
usunlly fixed, whereas the'tsngent W mobility of the other is.;

provideﬁ by = slip_bearing.




[) - of ehear testing equipment will be - discussed, together with problems;

.-l25- | o .. | k

-The shearing plane is usually horizontal but may also be vertical,

the na?mal force being applied horizontally.l The tangential force

~acts either parallel to the shearing plane or has a slight

inclination. The source of the tangenilial load should be flexibly .

attached to allow free normal displacement (Fig. 2 3). Both

-tangential and. nonnal displacements are measured. The normal disj'

placements are sometimes measured in all rour corners of the casing,,

to register any unusual tilting.

Table 2. h presents parameters or soﬁe testing machines

in use throughout the world. Of these, one of the. most sophisticated

' is the testing machine of-the Institute of Soil and Rock.Mechanics

of the Fredericen University in'Karlsruhe, Germany, described by’
X. Rangers, Fig. 2. 3 (h3) A

that have'to_be overcome..

e Lateral conrinement is elther provided ror (plane strain test)

| lateral direction to measure the lateral rorce {Pig. ?_3).

or. not provided ror (plane stress test).‘ The reason for excluding

:flaterel conrinement is, that certain irregularities of the tested

surrace may act as a4 pivot around which horizontal rotation of the
I !

upper. ‘half of the specimen may tend to occur.. Such rotation intro-

'Bucesllateral stresses of unknown magnitude and dietribution. It
is the author's opinion, that siich etresses must also otcur in. the
field, where the lateral conrinement does exist. Host machines

apply the plane strain concept. Possibly the best solution to this

problam is the arrangement by Rengers (L43), who conrines his spe-'

cimens, but provides an “almost no derormation“ load cell in the

~ =

In the following paragraphs eome or the more important aspeots ‘

S
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- Fig 2.3

Shear testing machine
of the Institute of Soil
and Rock Mechanics of |

‘the Frederican University
in Karlsruhe,Germany (L43)

" (a) Top view

~(b) side view

Legendf

| I, II-shear boxes
NN ~r .‘\\!\ N T . .
> 1 A B- 50t hydraulic ]
- : ,jacka
-21 3 ¢,D,E-load cells
- iz e o :
1 gsample Ej—- 1,2,3,4 = normal
/ B '
o - ¥ - ;/ = S disﬁlacement gauges
| ~Joint- MK | L;:::, ‘ Sﬁ-shear'displ.'
' et gauge .
11 .
7 (c) crossection -
N NN NS "4 o ‘ | ‘
R AN N s L. -.;h“\‘\\‘ NI N lf
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-, Distrihution of the normal - stress.- Because the tangential \\\

' pressure is- applied by the casing to the upper and f'ront surraces‘
I of the sample ;whereas the resistance is developed.along-the “joint
plane.itselr; there 1s.also a possibility or overtur'ing moments
acting in the vertical-plane. Theoreticallj,-such moments ‘should
be eliminated by aligning the. directiOn oY the tangential force
inté the center ot the 1oaded aree, but experience shows that this
sometimes does not help(aq The probable reason is, that - the‘whole
- system of sample, inrilling and casing is not suxriciently rigid

‘ and misalignment occurs by deformation or this system. The dis-

j'tribution or the normal and shearing stresses along the. discon-'

tinuity will then be nbnuniiorm To prevent this as far es possible, -

it is necessary to _ _ '
l. Align the- applied forces precisely into the center of
the tested surrace o
2 Choose specimens without anomalous reatures or ‘surface

* irregularity and 3: L T L

.

3. Prov{de as rigid and complete conrinement of the sample a8

possible.

Size of the specimens. The influence of the size'of the spe-

cimens is inverse to that in uniaxial compression tests. The. lar-'
,'gerthe plane tested, the higher the probability of occurrence or
more signiricant surface irregularities. This phenomenon was noted
'by Evdokimov and Sapegin (15), whO‘conducted'laboratorj tests on

" small samples (10 X, 10om) and. 1arge samples (cores 100cm diameter).

- They found increasing values’ or shear resistance in proportion to

_the size of the test. The magnitude of such proportionality will
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-xobviously depend on the particular characteristics of each rock,

so that correcting factors for small scale testing are not’ readily
available. It is possible that this effect may be diminished by
takinga]nrger numb er of,samples from each joint. Also one should

correctpfor any large scale curvature of the joint plane.

» -

Normal force. In most designs of testing machines the normal

‘force is kept constant during the test . o Usually this is

accomplished by using weight hangers or by regulating the oil

Ipressure in the vertical jack during the progress of sliding. In

& novel approach,the‘machine by_Rengers (u3) utilizes compressed

“air.. Pressure is applied by four circular bellows made of Hart

Rub’b“é:i,‘, such 'as are heing used for the suspension of railroad cars and

 trucks. Each of ‘the hellows develops a pressure of 10

this pressure rsmains constanJ allowing free vertical desplacement

‘}of several centimeters, or tilting. Some investigators (Lochner,

(.38) ) do not attempt to keep the normsl pressure constant but’

'rether measure its varim:ion during ‘the test Such an approach has

some advantage for tssting for strength and will be discussed further

"-in Section 2 3 in connection with dilatancy effects.

Fielleests iﬁ 31ts.‘

The purpose for conducting shear tests in situ is to test

'large surfsces, in order to eliminate the effects of scale. There

/
are, however, other factors which.make,this kind‘of tsst rnore

difficult to intsrpret. Very large test blocks inevitablj contain

'discontinuities or weaknesses other than the Joint being tested and
" these, being deprived of the naturalfconfinement may 1ead to dis-_

ruption of the block and uneven distribution of the stresses.




).

‘with large and importent projects.

faces.

5 . Fig. 2. 5 -
_ Direct shear tests 1n situ (13)

The . arrangement in Fig. 2. 5a is the one mosthommonly used. The

test block is encnsed in 1) frame ‘of reinforcsd concrete or struc-

. tural steel. Loads are applied by hydraulic jncks, but sometimes
“the normclllond_is provided by self-weight. One of the largest

.field testﬂ ever conducted was carried out in the-foundation ex-

cavation of the Bratsk Hydroelectric Project, USSR, where a block,;

7 x Tm of disbase rock was sheared off along a series of ‘dis-

'rcontinuities. The procedures and results of this test as. described
'_'by Evdoklmov and Sapegin (15) illustrate the complex instrumentetion

}and difficult 1nterpretation procedure required to obtain conclusive .

results from such B test. ‘The tehhnique is very expensive due to

the 1abor required and can usually only be ‘conducted in connection .

'Section 2.3 Behaviour in Shear nnd Sliding -

3Paregraph 2.3.1. Smooth Surfeces

The linear shear strength envelope is generally considered valid -
for smooth rock surfaces. For polished specimens the cohesion

is zero, but there is a small cohesion intercept for ssw-cut sur- :
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. The residunl stréngth of Qmooth_planeg is.usually of the saﬁé
' order, or largérﬂthan thé‘initial one. - No gen;ral‘friction
théofy'for rock hag as'ygt been.acceptéd. The‘ﬁcold_welding“
: theory ( uj ié ndt conéidefed universaly' valid. 6ne of the
' arguments against the theory is the fact, that most minerals. -
. (except some, for example quartz) do not exhibit -any 51gnificant"
:{differgnCe between static and kinetic friction (25). In metals,
on the .other hend, such'efféct'is 6bserved-énd is usunlly ex-

-plained by the above theory.

Fig. 2 ba shows a variation of the friction coefflclent with

'displacement obtained from triaxial tests on grenite contalnlng -

':.a planar, ground discontinuity (5) " As the graph shows, the

3shegring_resiStance would increase throughout a fair amount of

<

displacementi'

friction
coeff.

. '-'_L“r,.-

.‘0,.&_._ . |

O.hm_l - conf. pressure 0.7kb

L

0'1 f(cm) g.u, o | &
(a) - ' . L L (b) - |
Fig. 2.6 -

.Stress-diaplacement curves ror smooth rock surfaces.

(5) end (39) - -
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ISimilar behavior was observed on polished samples of limestone by
Petton (39), Fig. 2. 6b. Drawing from these results we could de-
scribe the characteristic shear behaviour of polished suriaoes
as iollows' Very small or- no displaceﬁent occurs until the
initial shearing strength is reached. After the first movement'
‘the shearing .force must be continually increased to effect further |

.movement but after ‘some displacement.a constant_residual value -

* of friction is obtained.l; ' | | | . |

Scratching and gouging is usually observed on the sheared ‘

. surfaces after the test,and it is thought that this phenomena
'explains the increase of’shearing resistance with displacement (39).

| Therefore,if a failure theory is sought for polished surraces, it |

“iwill probably‘have to contain: ‘some shearing -and ploughing terms,‘

such as developed by Bowden  and Tabor (u) for metals.

Stick-slip oscillations are observed on sane types of rocks
(quartz) and are generally explained by a mechanical theory utilizing

1_the difference between static and kinetic friction &nd the elastic

o i‘lexibility of the loading system.‘ _

|' .

Almost a11 natural rock surfaces are.more or less’ irregular,
: either by origin or’ due to weathering. Therefore polished surfaces
.‘will not commonly be encounteredawith the exception of slickensides y
-on fault walls. Smooth, unpolished surfaces dirfer rrom polished
-ones by having a residual strength of the saﬁ% order or ‘lower, than_:'
" the peak one . ; . Gouging of the surrace 18 again observed and is
'probably due to brittle rallure of asperities (5 Yo It is probable.

that rriction or saw-cut surraces dirfers from that ror irregular

suriaces only quantitativelynand ix will not, thererore, be given :

. -
9
-
"

separate discussion here.
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‘Paragrﬁph 2.3.2 Effects'of-water.

.t . B

.Horn ~nd Deere (25) have shown by their experimants on fric-

tion of minersals that m01sture h '8 difﬁerent influence on different
!
types of rocks. Whereas the friction of-softer minerals such ns

‘micas and tnle is decreased by the addition of -moisture, the frﬂc-_

" tion of the harder ones is 1ncreased.. The explanations ‘of this be-

hav1our are complex and not too well developed. An 1mportant fact.

e

is thnt the nntilubricating effect of -water on hard minerals di-

-mlnishes w1th roughness of the samples and finally becomes nebligi-

ble at certain "critical roughness" (25). 'As these. hnrder minerals

_usually form the contncts of clean, unfilled j01nts, we can conclude

“that for such joints the effect of moisture will be small, unless

they ire polished. On the other hand in jOints filled with soft

~and eltered minerals, moisture can plny a- significant role, espe-‘
cially where high eensitiv1ty is enoountered, In such cases the

-chnnge in shear deformation behBViour would ‘be similar to that. shown

in Fig. 2.7. Prnctices of soil mechenics apply to testing of these

'joints, e.g. it is 1mportant that the moisture content existing in

the field be retained in the sample. For this reason, samples are

often pscked in psrafin wax immediately after their excavation._

o
T
| Fig. 2.7

“dp E - Stress- displacement curves
y - - . for filled joints

 wet

ik e ena
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.Besides_the iquUence or'ﬁoisture on frictien of uinerels,.water F
also chen?ee the mechunienllcdnditions in n joint by‘creating pore
preseures.‘ ‘This phenomenogﬁ_ps studied on grnnite samples by
Bverlee (5), who -concluded that the theory of effective pressures
“was in ngreement with the behaviour observed. The Coulomb's Law for

clean joints under the-grbundwater‘level can'be stated:

’Z.‘-c+(6‘ -ultend  Eam.2.1 |
where u represents the pore pressure, | |
' ¢ 1s the cohesion, and

7> snd -, are the shear and normal stresses.'
respectivgly ' , :

.The important ebnciusieﬁ freﬁ this paragraph is thet; unless we
deal with filled joints or polished‘eurfaces; the def?rmatien |

. behavieur wili not be affected by the preeeﬁce-of water, except. _
" for the change intuormel-stress caused by ﬁore pressure. This

. can be accounted fer by using effective stresees.I

.TPeragreph 2.3.3 irreguier.Jbinte. :

‘A eimple explanation of the‘mechehisﬁ involved in shearing
of irregulnr rock surfaces was given by Petton {39 & uO) and
Goldstein et al- (18). ~Both conducted experiments on~p1nster of
Paris specimens, cast with geometrically simple 1rregularities or
‘_teeth. Fig. 2. 8 ehowe the results of.Patton (uO) in shearing such'
"spacimens under two different values of constant normel force N.
'The mode of . failure is seen .to be dependent on the magnitude of

2
the nermal strees. ‘'When thé normal. force, N, 1s low
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(ceee 1 }),the deformation.increesee eiaeticeliy'to eone talue,

.et which ‘sharp increeee in displacement occurs and .the top epecimen [
begins eliding up along the inclined eurracee of. the teeth. The o |

‘_movement continues with constant shearing force until a point is

.
reached,when the-etrength of the teeth-ie\exceededxand they fail

by'shear'or_bending feilure;r_The reeietence]to eliding then decreases

to a residusal value. - ’Zi res; ‘At'high N (bese- 2 ), on the other |
-'hand thy ehearing stress at the bese of the tooth attainsa critical
'.velue eooner than sliding up becomee poseible and the teeth feil
~in shear immediately efter reaching the peak etrength,of the

material. 'I‘huls,l except for ‘the curvature of theqr;cf’curve for

., case 1 , the _pre-pesk stifrneee of the joint (being defined as

the slope of thelz’é\curve) is beeically constant notwithetanding ‘ :

t

- the ultimate mode of failure.

L ‘1 o : o ‘lN a . 8- shear force. J
' S _f ‘ _ N- normal force ‘;
g B NNy BN 4 : ' o ¥
R N -~ | _|
' . . , " . . B i
2) )
S.max\_ s, res
- b
@ o
‘Slree;_
- (a) J R, () Ny N
Fig. 2.8 - 1 | -

Shearing behaviour of artificial joints (4L0).
\ With the aeeumption of ideelly interlocking teeth, the only
reaeon why there is any pre-failure movement at all muet be due to

| elaetic or plaetic deformation of the ereae or contect, (fig, 2.9),
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Pig. '.2.‘9 |

'Pre-sliding deformation of closed ’
Jointa (53).

elastic deformation

o = B ‘-
o T : . o - X
o ’ - l . . ‘ ) )

‘Withers (53) computed such deformation appronimately for the case .

~

~of sinusoidal teeth, using the Theory of Elasticity. He'does-not
'rgive any quantitative predictions of the pre-fsilure stiffness, .
' " but he shows by sn energy analysis that the bearing of these defor—.
;mations ‘upon. the msgnitude of the peak stress is negligib1e.,. | |
The sfter-failure shape of the?ﬁrJ'curve, on the other hand,
'is affected by the normel'’ stress. Fig. 2.10after Patton (39)
shows the shesr resistance envelopes at difnnent msgnitudes or
: L‘ post-failure displscement. It can be seen, thst while almost no
_resistance is lost with movement of 0 05 inches and less at low e
normal loads,alarge drog of_resistance occurs at 1erge normalllosds.

(vhere.tne_snearing,reilure prevalls. o

S . > ".: i-AZS.QS’QS'IS' ) ,. . ] /A\-/
g sl : 2.7/ .
w,;*f" - /|t / copesiopacross
: L eth
N trfction of
1, - 5" teeth
¥ L | I
. refidual friction
width of the teeth S : -
at base 0.28in o |
Fig. 2.10 - . Fig. 2.11.

Post-failure shear . strongth - Effects or asperities with different
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e Figure 2.1 ‘shows another result bj PattonfBQLThhis the result’
or experiments on samples, which contained teeth or two difzereat |
' inclinations, namely 25° and u5° The modes or tailure’ change at
difrerenf magnitudes of the normal load for the two kinds of teeth.
In the range between points-.l and 2 the resistance is derived— _
" from three components, as shown in Fig. 2 1. 'lt'is interesting,‘ ///
that the cohesion across the h5° teeth in this case is only about

'!
one half of thit measured on specimens with h5° teeth only._

-Patton explains this by: an experimental error , but it could also
belexplained as a result of'nonsimultaneous development of‘the |
peak'strengthrdn the two kinds'of‘teeth. In other words, by the
‘time the "95%teetn start sliding, the deformation may already have '
caused partial failure of the h5°teeth muia consequent decrease in -

_ . their strength.~Such results might be“useful for explaining the '
) | fact'thatgthe pre-peak portions of the T- J\curves for real rocks

’-‘ .
are often curved as in Fig. 2. 12 and not straight as in Fig. 2.8a.

The same consideration was used by Ladanyi and Archambault (33) to

derive a theoretical curved strength envelope for rock joints with

|h—

8 shape similar to that .often found from natural semples. f;_

Figure 2:11 shows a typical set of sheer stress-displacement

B

_ curves and ailure envelopes obtained by Krsmanovic et a1(31tfrom.tests
© on clean, gl regular limestone Joints. The railure envelopes are

curved,whic could be partially explained by Patton'S'results if one

i'assumed a large varietyégr dirferent inclinations. The 85(3332,————;§.

. displacement\graphs also exhibit coneiderable curvature.. .One _
' important feature of these graphs is the fact that the parameter 7

. ’C’max/ c’\s, where T

r'e

max

is therpeak strength and Jﬂs is the" '
corrbsponding displacement, remains apprdximately‘constant and in- ‘

-

dependentLor the normal torce. Thererore we»may.oonclude, that




the stiffnesstsrameter k may be independsnt of the msgnitude of

P “the normal force, bs 1ong as it iswcrudely approximated by o
)cdmax/ é'\s.' If we took irto nccount the. . ‘dirferent curvatures .

¥ of-the-pre-peak‘porfiohs ol the'ri-év curves, the stiffness would -

not be entirely independent:of’(,.

_  shesax
-1stress

peak di.spl&u:en'nent:“:s peak strength
-strength . i =

relation

displ_acenient d ! ~.normal stress &

Fig. 2.12
7? 5§curves for natural 301nts (31)
Byhrlee'(B) also found a strength displacement relation for'
'rough rractured samples of granite similar to- that ‘shown. in

Fig. 2 12. “The rrictional resistance was largest at a displacemsnt ‘

. ‘_" of 1 mm ‘and then rell steadily. He noted.by'microscopic studies,

_that at Jv= 1 mm some irregularities were shearéd off but others&mre-

'intact. At J‘:> 1 mm most 1rregu1arities were sheared oft and the

surface was covered b% angular particles. This suggests brittle '

failure of asperities. A notable fact is that some asperities

fail complotely berore the peak strength of the sample is reached. -

‘) This shows that dirferont types of asperitles have difrerent

” .

Kresidual strength



I

: '_-39-- . |
;@ f}‘ R . B
deiormational behaviour and it could explain” the curvature of the

: pre-peak portion of the zf Jv graphs. Byerlee also concluded, that
| maximum Irictional resistance occurs at closest contact of aeperities.-
Therefore the tangential éﬂj;fness of the joint ks will belgreatly
s decreased ir the joint -is not completely interlocked;' Consequently
ks will be dependent on the distrihution snd magnitude of the.joint

sperture.

~ Paragraph 2.3.0} Dilstsnc.j' and "Sliding Up";

.

Dilatency is -an effect, often observed beIorq shearing feilure -
in rocks, by. which the volume of the material subjected to shesring

'strain increases. It was explained by Mencl (37)by thefollgwing two

causes:

o1, Tangential stress caused'by

/ 3

the shearing force changes

the state of stress in the body,
2. At ‘high shesr strain a. change or the internal structure cr
] the msterial occurs. B _ |
Dense and strong rocks generally exhibit an increase In'volume
(dilstancy), whereas porous and Weak msterials, 1ike joint fillings,
hccntract (contractsncy) The volume change only occurs in the

”railure ﬁbne. An exsmple of dilatancy ror claystone smnpreeﬂis',
‘shcwn tn.Fig. 2. 13 (37)

R ) o

dilatancy ‘ o o
| Ah (mm)';_ - . ) | N\

0.2 : T Normal movements during shear -
Ot . of 'a claystone sample (37).

0.0 |« . , ' | o

| o

- ‘ . - shear ‘displacement
- —_ +1,0  80e8r Gisp

0.21 . § (rm) -
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The shearing zone contracts slightly at first, but’ then it

increases in volume.

Generally, shearing zones in fractures of “dilatant naterisl

| (nard rock) are relgtively thin, so that the amount of'dilstancy

is rarely significant. On tge other hand, -contractancy of soft | @

filling materials especially in wide joints mey be fairly large.-
Another phenomenon caumxg normal movements during shear

along discontinuities is sliding_up (or down) along.the .incli-

“nations of asperities. This behaviour is often also included
under'the term-diiatsncy. It is observed'right at the‘peak stress

" at low. normal 1oads, ‘but considcrably arter the: peak stress at high

nonmal loads (20). Tnis is consistent witp Patton's ébservations,
which-'show sliding up at failure tor low normsl stress.' According
tojthis,theory, the ‘amount of sliding up should equal to- |

Ab = J'x tan 1, corresponding to the direction of the .

movement up or down the inclinations (which is given by the difference,'

'_between disturbed and undisturbeufﬁsmples.).'

Fig. 2 b} shows plots of zrversus sgobtained by Locher (55)

on ssndstone. The machine used in these tests was not equipped ror

- keeping the normal load constant, so that any amount of dilatancy

causes an increase in normal mrgm The-change of the normal stress -

directions of movement.._— _
,,-—— SN .-“""--‘"{

- R, 2ty

Fig. 2 1L
. Streéess paths for dilatsnt (1) and
- contractant (2) movement along
. Joints (35)

trwa

R . Rt N
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..during the test is _recorded by curves .1 and 2 for the two . (;’“\-
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'It can be seen, that the "sliding up" eiiect begins at the moment |

of’ failure. The rigure also dsmonstrates the dirfeance in shearing

strength for the two directions of movement.

. 8§1ding up movement usually does not rollow exactly the curvedl_
surraces of the asperities. chgers (L3 & 42) surveyed Joint

‘surt'aces by stereomicroscope and devised a method by which he

geometricallj predicted amounts or sliding un,'assumin@ that

the surface or. the irregularities will be IOlloWed exactly. Tnen

"he conducted shearing tests on the samples which hed been surveyed{

The results of' both predictions and tests are shown in Fig. 2 15

I

maxi\gy ‘
inclidation y
-of asperities

Bre 1
. . 10__.
20|}
30,
4o,

kp/ c'mz

%‘,—range of predicted values

_""’H -

values obtained in tests

Fig"‘z' i E :

. Dependence of dilatancy on normal stress (u3)

_The actual amount ot sliding. up is always lower than the amount

predict;g and more 80 with increasing nonnal stress. This ia
%xplained by Rengers by tne fact, that some asperitfes are sheared

'through rather than slid over. In correspondence Wwith Patton's

Atheory, their\number increases with the value ol the ‘normal stress.

Tne errects‘or the normal movement.caused by shear upon the’

shearing process itself 1is described'by withers (53), who reetshss}

v

T s

[C PP T O S

Fd

wanis



o

Q

e 3 Fig. 2.16 S
L Stress—displacement curves for filled joints (31).

-'ua -

. Coulombt!s Law as:

'@_"7. .2,-2.:? (51+kAh)tan(¢+i). Eqn. 2.2
SaC - where 6‘ is*trhe initial normal stress and

k is the elastic constant of the confining mass.
The coef:icient k could be enumerated By E/l where E is the in situ

deformnbilitvrmﬁuhngd‘the mass and 1 is the effective leﬁgth\of

' free deformation. Near the surface, 1 is equal to iniinity and’
'k is- consequently zero. In cbnfinement 1 will be dependent on the
'total structure or the mess, tor example joint spacing. ,Inla_ |
| regularly Jointed mass where. all joints are subje:;bd to the same.

. sheaP, 1 would equal to the spacing. As’ most of the dilatant

erfects occur near or at the peak strength, the pre-peak stirrness

oi the joints will not be affected.

rarggraph 2,3.5 Filled Joints,:

A typical set of stress-deformation diagrams shown in'-.

Fig. 2.16° for a 6 em. wide joint in. limestone, filled with clay

was obtained by Krsmanovic et al(31) The deformation and strength

behaviour of such Joints is similar to that ot the £i1ling material. -

1one. With the thickness of ‘the filling decreasing, or the

_amplitude or the Joint irregularities increasing, however, the

shearing behaviour will change and will become more similar to‘-

kp/en’ 3o N |
| €+ 24.6 Rp]rf._.‘_".
S5— f= 180 :
6= 7.8 |
T |
5 10 15 & (om) -
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that for clean, irregulsr joints.“ This was shown'by Goodman (20)
who conducted experiments on artificial samples made of'plaster |
of Paris, with geFmetrically irreguler joints, filled with crushed
mica. He deiined percentage of’ joint filling as, the ratio of’
thickness of the filling (measured perpendioularly to. the mean
plane of the Joint) to the amplitude of - the irregularities times
100. The variation of the ehearing stiffness and. strength of the
Joint with the percentsge filling is shown in Fig. 2.17, . snd
compared with the prOperties or the filling material itself. .

g
NT
o
. =
) (]
o ’ -{3
(a) . “
’ 7]
L. ’ a
G ., @
- . g
* 4 H n
q ~filling
1 1 L1 ] L. | IR S U | R |
. l T — Y <! T T T 1
o 4 8 -0 o Lo . 80 120
% £1lling pigj 5,17 .. % filling

Shear stiffness and strength versus percentage £illing for

artiricial Joints (203

.
L

Both stifrness and strength are eppreciably higher than thcse of K
the filling msterial slone, for percentages up to well above 100% .
This indioates the inrluence of stress concentrations in the rilling

materiel, caused by the irregularities., The dependence of the .

_normal deformations on percentsge of joint filling is shown by the
":ideelized curve in Fig. 2.18. -The errects of s1liding up and
‘contractancy cancel each other at. 80% filling.

As is the case with clays in any other engineering situetion,
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0. % filling

Normal deformation versus percentage Joint filling for artificial
_ . © joints (20) . ' -

care must be taken of sensitivity. Shrinkage'or squeezing out.
of the aoft infilling material will only cauee normal dieplacements,

'.but ewelling may decrease the shearing reeistance of the Joint

- radically. The decreaee ie due partly to' the loee of the shearing

etrength of the filling material iteelf and pertly to the diminiehing
~ of the effective etrees on the rock aaperitiee. The concept of '
effective stresses could beSapplied, if .the pressures involved were

known.

Section 2.4 Joint Closure and the Concept of Contact Streeses.'

e

Walle of a natural joint are never in contact over their entire
._eurface4 Duncan and Hancock (ll) developed a method for. measuring
the actual contact ‘area. A eheet of pressurse eensitive paper ie

_ ineerted between the .two halvee of & eample, which is then sub jected
to compreeeion., Load is increaeed in etepe and the aeneitive paper

ie removed or replaced by a freeh eheet after each etep.‘ Tha contact

area appeare on the eensitive .paper a8 8 pattern, called an 1mpresso-.

| graph. The area can then be meaeuned hy a ‘planimeter or

by a special apparatus measuring the inteneity of 1light

A
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passing through the impressograph.. On the basis or'a large number

:} : o1 such experiments Duncan (12) arrived at the following conclusions'
| ,‘f‘“ "_ a) The real contact area is oiten only a traction of the
| apparent total area acrose the Joint,
| b) The contact area increases as a runction ot the applied
1oad, | o
. ci 'Induced‘ tensile fracture 'oit asperities may occur at
'  high loads, | | o
.d)"The stresses on the contacts of ten attain values consider-
ably in excess ‘of the uniaxial compressive strength of'
 the rock material. | '
With the help of these results, the process ot Joint closure is
- described by Duncan on three diagrams shown in Fig. 2 19 In ‘%
(:? L diagram (a), at 1ow load, the tips of the asperities are in thet %
' state o; . trianial stress.. ‘The pressures on the small contact.' "
'_area'are very high, and exceed the penetration strength of the .‘d “. %
material ‘(usuallj given as three times the uniaxial strength) | g
The asperity deiorms plastically as shown in diagram (b) " The 1... B -g
'contact area is increased ‘and the state of stresses changes
|
e
@ o P 2,19

Three stages in the process of Joint closure (12).,
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: exceeded.

asperities iss

. :
- Le -

gradually frcm triaxial to uniaxial. ‘Vertical-closure of the
-

joint is observed. When the contact surface is flattened out

o sufficiently,almostEltrueuniaxial stress cOndition exists and in-

' dacéd tensional fractures form, if the uniaxial strength is'

The above process may be described quantitatively with the
help of the following parameters (Duncan and Hancock (11) )« ‘
- average stress 5' 3——- 1s the stress induced on- the
whole apparent area of the sample jt y the load W.

' : - joint contact factor C = § /jt, whére o is the real area

i

-.thickness of the joint-Jt, defined as. the closure, which.

~of contact, determined from impressographs.

'1_must occur for the joint surfaces to be perfectly in '»"
-:contact (Cc = 1. 0) It is the maximum aperture depth .
' ."along the joint. Its measurement is accomplished by
a precise feeler garge,_a ‘cast of thixotroPic material in

wider Joints or seimic velocity across fhe sample.

‘The last method.must be evaluated by correlation, but is advantageous,.

1, because measurement can be: conducted during loading of the sample.

Using the above parameters, the contact stress on the surface

.-

. The actual relationship between 6’ and c, recorded by Duncan(la)is

shown in Fig. 2 20. The curve is nonlinear, because P ‘decreases
with increasing contact area as described above. The ultimate

failure of the eample occurs approximately at

T F e }
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cf: T where U, 1s the uniaxial strength of the material. [
. c ‘ .

Reversing this relationship:

o 6; at failure =U, x C : - _Eqn. 2.l

'Because c is elweys smaller than 1.0, we can see, that a sample . -

in uniaxial compreesion, containing a horizontal discontinuity,

- will fail at lower stress than a continuous sampﬂe

DeformatiOn of the joint is described by the coefficient

of volume decrease: T . S : - ‘ ;

m =

change in unit volume

v *W'ghange'In pressure Eqn 2.5
1t is also given by an’ expression°

' th 1 | ',- - S |
m, = -‘rb—— X —-a—s.—t : L v , . Ean 2.6

© so that aJy = m I, ab, (3, is the original thickness of the. joint

t
and dJ, is the change 'in thickness)

 Suceh relﬁtionship is plotted in Fig. 2.2},obtained also by Duncan(lE),

Ly B o failure -
"0.61 (dimensionless) . : Fig 5. 20
| 'O-ll-"‘ A _ . . Joint contact factor versus
R _ ' ’ total normal stress (12).
Oa'&_... “ - , . . ’
| 15 ' . Ot g
s aJ, . . | e
-l R Fig. 2.21 |
‘ '(10- in) : / .~ .Chakge in joint thickness versus
51 total normel stress (12).
- 6% . s

It may be seen,, that that the relation to the applied stress of

' the joint thickness is similar to thet of the contact factor.

Figure Zéﬂectually represents a strcss-deformation curve for a

cleen Joint, .
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 Sectiorn - 2.5- Derormation Parameters:for Jbints, Summary.

Fh

At the end of this Chapter it is neceseary to review the‘para-
.meters which serve ﬁm-a quantitatiVe numerical description of the

; etrese'atrain behaviour-bf joints.

Goodman, Taylor, and Brekke (19) define three basic para-
i

.metere describing pre-failure dei‘ormability of jointa° |

. "k ", the. unit shearing stilfness along the’ joint hae already

- been introduced in Sections 1.!4 and 2.3. It has dimeneione of

3 ;E‘e:c'ce/length3 and repreaente the elope of the pre-peak portion . |

“of the T- 5' curve. In a rough. approximation it can ‘be evaluated '

as /C' /J\ where /D' is the peak ehear strength and gina
the corresponding dieplacement (Fig 2, 22) Anotherl, pxi-obablsr ,

'more realiatic method is to evaluate k as the tangent of the
eecant angle at the’ yield point, the later being defined as the

| point where the T—- S curve b omee nonlinear. .

cg\yield crmax

Two methods of evaluating L

{

Goodman (20) collected a 1arge number of reeulte from laboratory

| '. and in situ direct shear teete on different typee of’ Jointe. The

" values of k range between 0 05 x. 10"" and 12 x lOu' pei/in
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(luO and 3200 kp/cm Y. The.differencee between-k computed from
T! -"i the peak strength and that obtained from the yield point reach as
| _high as & factor of 10, although often they are much ‘smaller.
"kn", the unit normal stiffness across the joint has the
same dimeneions ae.k and represents the relationship of normal
1'etrees to normal dieplacement. ‘The relationehip is ueually nonlinear
iae shown in Fig.2 211. Numerical values oi thie coefficient are
virtually impose ble to find in the exieting literature as indeed
© are any accounte of normal compreesion teets ‘on roeck joints, with -
the exception of the work carried out by ‘N. Duncan (12 &1l )
/ '.ﬁ- "S". the ahearing strength of the joint,is given by @ shear
stragmh envelope.. The envelope is generally curved, but a Mohr-h
Coulomb strength envelope or some more complex function can be
fitted to the data.3 SR ' SR l . ) :‘>“.
(}‘ o A classification of jointe on thehbaeie of the magnitude of
o the three parametere has been euggested (19\ The parametere
could be rated as high, moderate or 1ou although the authore do. o
do not define precise numerical 1imits to such descriptione. o
- Another parameter, mentioned by.Ref 19, is hhs (force/lengthB)
‘.representing the tangential stress required to cauee a unit diepla-,
cement An the normal direction‘ This would deecribe dilatancy or
contractancy of the Joint and would be related to both k. and
‘6;. Similarly, kp would exprese the tengential movement (due
to sliding down the inclinatione of the asperities), which could
‘ ‘ accompany the application of the normal stress. . Although moet of .

. the workers who conducted direct 8hear teste meaeured normal

G

lmme slope of. the curve is given by m, §,, vut m_ is not a constant.
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_experiments have ever been. carried out to find the value of k

. nuities is needed.

fact that, during shear, different asperities are undergoing different

'perhaps bring one to conclusions on:

= of joint‘dai_-N:bility'measurements, but especially in:

g\ o .50 -

deformations, the published information from which the magnitude

’ of kKns could be derived is scant. .To the author's knowledge no

Literature related to the topic of shearing behaviour of rook

-discontinuities is extensive. As a result of the prevalent use of*

| 1imit equilibrium methods in rock mechanics problems, practically

all or this literature is preoccupied mainly with shear strength.

Any published inxormation on deformability of joints thus appears

1i<on1y as -a byproduct of the investigators' effort.‘ Hith increased '

use of both physical and mmerical modelling techniques, however,

it seems that specialized research on deformability of disconti-

On the theoretical\side such research may follow: the lines

pioneered by Ladanyi and Archanbault f33) Specifically, the

modes of failure simultaneously, it investigated further, could

wow sew

1. Whether, and to what extent, should the stress-deformation

LA

curves be linear, and

2. -Hhat kind of relation is- there between the unit shear -

£

-stiffness coefficient and the magnitude of the normal stresso

_Such conclusions would’ throw light on experimental results and might

possibly pave "the way to development of . methods of estimating shear

deformability parameters from the geometry of joint suzfaces.

On the experimental side, advances could be made in. all aspects
L~

1




1. ‘Developing suitable clas

g'and correlating them with e

- 51 -,

ation systems for joints

erimental results,

2. Proving relations among th difrerent parameters

'_and variables involved such”as. k, and 6/ k, and C

ax’
. l
‘ks and k o etc. ' £ |
3. Obtaining basic numerical values, eapecially for _ ‘1
o parametera kn, k  and: k tor diiierent types of joints.

these queations.

el N

. The Iollowing part of this Tnesis will be concerned with some of
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PART-II . - ,

-

L

Laboratory.Meaaurement of Deformability and Strength of'Planar'

. Diaeontinuitiea in Rock.

bjeotivee' Testing -of discontinuitiee a8 important elemente Lf

the structural system represented by a rock mass is becoming quite

widespread tool of rock mechanicq 'at least in connection with largel

o projecte (ef. Section 2.2) The purpose of thiapart of the present.

Y

L

reeearch program was to make. an attempt at developing a method
of sampling and testing rock Joints with a particular emphaeie

on determining the behaviour and quantitative parameters relating

to’ deformability rather than etrength. The following two chaptere - O

deecribe the sampling procedure, sample preparattn, teeting machine

- and, finally, the resulte of a teeting program involving jointe in

three types of rock. 1In .Chapter 5 the reeults are discueeed both
from quantitative and qualitative point of view with the aim of:
1. Presenting deformational parametere for the particular

typee of diecontinuitiea tested, and estimating thé eig-

nificance of these parameters in. reepect to the deformability.

»

ofa%hp rock mass,and o

2. Qualitative deeeription of the observed ‘beh in its

different aepecfe and relationehipe.

i_ - For convenienee in presentation, the bulk of the umerical and

/
other data hae been moved to Appendix A.

’ . : . L. . -
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CHAPTER III°

Sgﬂpling‘ | N o

“gection 3.1 Deecription of the Samples.
(3}

,Specimensﬁﬁor the preeent testing program were extracted from
the two most abundant rock formations in the Ottawa area, namely

the Ottawa Limestone and the Nepean Sandstone.

-Limestone; constiﬁuting a great of the Ottawa Formatlon,
occurs in the vicinity of the Capitael in jcknesses of at least

150 £t (52) and frequently it outcrops or lies iﬁg%diately

below the surfece_deposits. The samples were obtained at a quarry

of Francon Co. Ltd. on the eastern outskirts of the City, where

the’ horizontally 1ying strata are exposed to a helight of about

lDO ft. The rock is dark gray in color, fiae grained to crystallic,

: medium hard (hardness approximately 3 to W) containing fossils.

The- thickneee of beds at this 1ocation varies from a iew inches

; to about fiVe feet with no particular trend. Bedding planes are
) planar and horizontal, rether diversiried ighfoughness and degree
~of weathering. Most of these planes are tightly closed, although -

, occasicnally'some are found containing clay infilling in thickness

Yf up to 3/& of an inch. 1In addition to bedding planes, the rock

cohteinszakrge mumber of horizontal cracke which may be the result

" of the strong teﬂdency of tgﬁ rock to split parallel to the bedding. O

Shaley partings, often curved and of variable thickneea are also

common. Vertical joints are not quite systematic and rarely conti-

nUoUs Across more ‘than one or two beds. . 3

fi R e |
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‘The Nepean Sandstone Formation spreads, directly'under the

" surface, across the western vicinity of the City of Ottawa, reaching

A thickness of up to 500 £t (52) The samples were taken from a

-

| highway cut adjecent to the property of the Mines Branch on Moodie Y SRR

Drive.' The rock is composed of fine to medium-fine rounded par-
ticlee of quartz, cemented very 1ight1y with eiliceous material.
The \outcrop is approximately 130 ft high andxriveals planar, hori-

i zontal Jointing spaced L-6. inchee and more. Master vertical joints

-are Bpaced about 12 ft. Other vertical joints are’ discontinuous .
and irregular in spacing and etrike. Few of the joints are weathered
“and most, with the exception of the vertical master joints, are .

_ tightly’ closed. No filled Joints were noticed at the site.,

- The . third and smallest group of samples originates rrom e deep

mine at Wawa on the northern shore of Lake Superior. The rock is

<2 Toubiwa d

siderite, light green, very rine grained and waxy in appearance, X

P S

medium hard.. The specimens were cut from a 10 inch core of solid

rock and fractured. by triaxial testing. Although siderite typicallv

develope conchoidsl rracture, the cracke tested were planar and

. -
=

' J .smooth with the exception of etep-like ridges fractions of an inch
in height. The orientation of the fractures was about 60% to the
axls of the core (Shear cracks) | '

' Altogether ten samples sach were tested of limestone and
sandstOne, and six of siderite. In each group two specimene were
divided srtiricially by a fairly smooth saw cut, the rest were
‘natural joints. Table A, l, Appendix A, contains description of |
?ach sample using the classification or joints slightly modiried :

from that suggested by Deere ( 9) which was mentioned in Part I.

Q
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The recorded factors are:.

- " Tightness:

B ) ,/\ .
' . '

_— .
-
L

JASurfaee features:

Primary curvature.

N
-
*

Secondary curvature (irregularities with wavelength

-

. Surfece'reughness:

- Alteration: (i;—

Contact (observed af ter

-55 —.

bonded or ncipieht

'tightl(hair chack)

cloeeﬁ

open gr filled. :

(irregulérities with wavelength greater than &')

planer

slightly curved (emplitude'<:% inch across
_the width of the sample, e.g- 6"y

curved (amulitude,>-% inch across the .

width of the eample)

"given average approximate amplitude/wave-

iand72"‘Wavelength).

smobth‘
rough ian_sular- .

-rounded-

.(roughnees can be seen by naked eye)..

fresh

discoloured

weathered in depth **

test):

. well distributed

concentrated in one or two large spots’

' i1solated 'ih seversl small spots. ‘

A : . .
=~ . ' - . | ™,
-

smaller than
T M)y,

_1ength (example 0 5/2 means 0.5" amplitude _

EPAV T IO L
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| Contact area wae not‘measured, but it could be eetimated from the

extent of crushed zones which are visible on the photographe of

, sample eurfacee af ter testing (Plates 7 to 11).

As will be explained in the next Section, the sampling proceduref

- resulted in a rather eelective choice of jointe to ‘be tested.

Most of the samples were taken fPOm fresh, closed, unfilled
»

horizontal fractures;, This ie an unfortunate fact, hut it had to

‘be .accepted under the limitations of the present testing programr

rOnly/Samples No. 1 and No. 6 can be identified as containing ma jor

bedding planes. No open, . filled or heavily weathered jointe had
been eampled although such aamplee would have been highly desirable.

Section 3.2,'Sampling Technique.

The procees of obtaining the samples coneieted‘of the following

: eteps.. ‘ -

a) .Extracting blocke, divided by joints, from the outcrop
. .and transporting them into the 1ab;ratory. |
b) Cutting semples of appropriate size (6" x 6" x 5" max)
out of the blocki S
¢) Casting the eamplee in concrete
- da) Cementing the caste in the eteel boxes of the direct sheer ;

machine.-

Blocks were separated from the outcrop manually, with the help.

" of hammers, chieele and crowbars. Hith euch technique one cennot

in most caeee, remove blocks without opening tbe joint they contain,

unlese the leter ie well bonded. Clean, unfilled and’ nonweathered

jointe can eaeily be reaeeembled, as long as no more eerious die- d

'.turbance of the joint surface is allowed su h ae ehearing off or |

'lcrushing the aeperities. For this. reaeon the blocks were handled

fehiime d

IT T
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" with care-during‘their transport to the laboratory. :Heavily';

_Reassembling of such samples is impossible. S ‘ ‘:" j?

',separation such ‘a8 hand diamond sawing, 1arge diameter core drilling

' on both halves of the block assembled and clemped together. ~The

g7l

weathered, cpmpound or filled Joints, on the other hand, are irre-

parably disturbed when opened, as the filling gouge falls out.

Another dieadvantage of the manual technique ie that one can

only obtain blocke in ~such. parts of the outcrop where there is'

abundance of vertical fractures or, in other words, where the ‘rock

mass is sufficiently broken. In these arebe, however, the ma jor

joints are not likely to be preserved. On the whole it is-hardly

.<possible, by using the manual technique, to obtain samples from :

_other than clean, closed Joints._ To sample thick weathered or filled

Joints one would have to use more sophisticated methods of rock _

or wire saws (20)

In the laboratory’ the- samples were cut in euitable size out

of the blocks using a 36" diameter diamond “aaw. Cutting was. done

finished eample was bound tightly with wire (Plate 6""). The shape

of the crose section of the specimens was not kept exactly'rectangular

in order to save on.ﬁﬁe amount of. cutting.

Diamond saw cutting preeents another problem when sampling

»filled joints[because the cutting fluid would inevitably enter the

joint cﬁsi'ng 1eaching out or swelling the @uge.l -

The finished samples were cast in cement mortar in a three-
part plywood mold shown in section in Fig.,3 b which can also be B
seen ‘'on Plate 6 . The mortar was prepared of medium sand and

alumina cement ("Cement Fondu“) mixed in a ratic of 3 : 1. The

21y hour crushing_atrength of the mortar was measured as S 500 psi. -




V>3

- The size of the cast was % inch smaller than the inside of the{ :

';‘_58..

sample = . '. \I
Concrete ' |

~ sand

R  (a) | . Pig. 3.1" ,‘ .(b).‘-

Casting Yrocedure.

The casting pro '@ was as rollows: The bottom half of:

L4

the.mold was filled three quarters full of" low-slump mortar.'

The seample, assembled and bound with wire, was set into the mortar

- 80 that the'average plane of the Joint would be above and parallel -

with the edge of the torm. Then, the middle part of, the mold was

'put in place and filled with sand (Fig. 3 1b). Finally the top t

part of the mold was placed and filled with mortar (Fig. 3. .1a).

[

shear boxes. " '_,' ‘ , ‘.‘. o o B L
| _ On the day of the testing the samples were placed in the steel"

| boxes ot the direct shear testing machine and phe gaps between the

cement cast and the box were filled with molten sulphur capping

~ compound (2-hour crushing strength measured as 2 500 psi). . The

-:reason tfor choosing this method of" double casting was to utilize

the short hardening time of the sulphur compound in conjunction

- with "the superior,strength and workability of the cement mortar.

The casts could in. thps way be prepared in advance, and be cemented

in the boxes only_a couple of hours before comﬂencing the test.




'6 tons. This will produce a norma
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CHAPYER IV

Equipment'and Testing Procedure,

.

Section L.1 birect Shear Testing Apparatus.

' The following paragraphs will describe‘the_direct shear machine-

which has been'designed and built in the-soil mechanics leboratory

‘and the machine shop or he University of Ottaua.

The design rhilosqply was derived t'rom: the considerations

| listed in Section 2.2 of the Literature Survey. The basic.arran-
' gement as well as the siae ot the machine’ is very similar to the

. aesign by Kenty (27) as describea in‘Table 2.4. (Page27).

- The manimum.sizepof the samples was chosen to be 6" x 6"

hlocks-or 6"'diameter cores, This is approximately the 1argest

"size which wbuld allow ﬁhe use of - the relatively simple concepts

of” load application and restraints as described later in this

Section, ‘and to keep the cost of the equipment below 8 reasonable

‘limit.

Similar criteria apply to the me ximum loading capacity ot the

'.machine. Considering the parts available and the overall proportions

or the apparatus, ‘the maximum norh;)working load was chosen to be

stress of 330 ‘psi on the

'6" 6“ block or h20opsi on the 6" core. Higher stresses can, of'

course, be achieved ii‘ smaller semples are used: The chain of .

-'structural elements which transfers the}tangential load from its
“'source into the shear boxes is designed for a working load of

:‘10 tons. Thus, the ratio of the maximum tangential -to the maximum




- . shear s ., C __)w/_< asperity

. ‘movement joimt - < [ 7;—+ o : e

L

.
|

normal force is 2 ¢ 1, which should be euificient to bring to

\
, failure moet of the possible. types of jointe, including those.

.. that are bonded. = - 3 | L v

Provisions were made in the design to restrain the shear
boxes from tilting in the plane of the applied forces and to
prevent them from shifting laterally. Refer to a schematic

diagram (Fig. 4.1) of a natural joint plane in the field, con-

;taining a rock element which could potentially become a sample

for’ direct shear teating. The movement of the small element

due to the large- scale of the whole structure, will obviously

~ occur irrotationally and .in a pre-determined direction. ‘In a

shear box, on the other hand, the sample,may tend to rotate

around an axis perpendicular to the plane of the applied forces as

sho dxoin side view in Fig. h 2a, or ahift in an oblique direction
. _

as wn in top view in Fig. I 2b..

-prominent

direction

‘of
movement

' ' : (a) side view o

Fig. 4.1 . . ) : f _ (v) top view

o - Fig. 4.2 - '

Sample in a rock mass - : .
C . - Movements of a sample in direct.

?hear test
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Such behaviour 1s caused by the local irregular nature of the joint

asperitiee. I the sample 4is not restrainad from moving laterally :

.or tilting, some asperities, which would otherwise have been sheared
| through, will 'be simply ridden over, Then, as the_mode of fajlure
of the_asperities directlyrinrluences both the strength‘and

deformation properties of the tested.surface (uO), the measured

parameters may be unrealistic. It has to be noted that in the
.case of strength, the error will always remain on the safe side,
'e.g.‘the strenpth measured will be lower than that existing in the

field. In the case of deformability, the error will be indeterminate..

In order to aVOid the need for two loading jacks

| the design utilizes the TINIUS OLbEN SUPER L compression testing

't

machine ‘8 & sounce of the tangential load.. The shearing plane is"
‘therefore vertical, the normal load being applied horizontally.

‘Such arrangement has. been used elsewhere with apparent success

(27 & 35) _ The normal force is applied by[a rnbber pneumatic

'bellows similar to that used by . Rengers (h3) as mentioned earlier..'

hd -

The general side and top views of. the apparatus are shown in '

‘-_'Fig u 3 and L. u.- The tangential load T from the testing machine

is transmitted through the rigid shoes B into the boxes C which
contain the rock sample cast in cement mortar, with the joint plane
aligneo on the gap between the boxes. The normal load N is created

by the air bellows D, supported by the frame E of four U proriles

'and two tiebars. Normal movement 01 the boxes is facilitated by

‘a Teflon slip bearing F._ Two hardened steel pins G, bearing through |

spherical seats onto the bracfets H and I, provide restraint to

' 1atera1 movament.‘

'j

W T e e vt e a e
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'.applied rorces. L o |
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In the following paregraphs each part of the apparatus will

be discussed in more detail. For a better understerding of the

r_design, the reader is ref'erred to the photographs, Plates

1 to h.

'The shoes B are made of two parallel steel platesa%" thick,
connected by a atirfener plate of the same material. They are
sufriciently wide in contact with the table and head of the uni-
versal testing machine to provide restraint against tilting of the'

boxes in the plano of the forces: T and N, and to absorb any

: moments which could originate in this plane by miealignuent of “the

J

The slip bearing F consists of two 12" x. 9" X %" plates, one

'of which has one eide polished and the other one lined with Teflon _

sheet.“Fhe friction coeffioient of the bearing has been measured |

as 7% when dry and less than 5% when lubricated with machine oil.
Accordingly the movement along the bearing may be expected,to in-

troduce errors in the order of S% in the magnitude of the ncrmal

':force. Other types of bearings, such &s rollers or hydraulic

cushione, were coneidered but rejected.' - f [\' _
) The back- plates J are welded at their ends Eo the shoes and s0
;orm units with them. The boxes, on the other hand, ere separate
‘and are held in place by the pressing bolts K. and by other bolte

projecting from the shoe etiffeners. The bolts K are designed to

"-withstand overturning moments ‘which might tend to,rotate the boxes.
The boxes are cut from a standard 7' x7"x3/8" hollow structural.
' section, reinforced by-eteellstrips which are uelded at the sides.

The shape of the boxes is square, ‘and the,bolts projocting from the

[



-'frompthe‘boxes and recast it., - J

for use in pneumatic suspension of trucks. They are cepeble.of

hardened eteel ‘Pins is dnly effective for the first quarter of

H_'65.:.- | .i | ‘ o

" stiffeners use the seme arrangement of holes as needed for the'

o ' v

'lateral-restraintabrackets, so that the boxes can be attached "
‘ to the shoes:by any of.their'four sides. This makes it possibie to

‘test a sample in all four directions, without having to remove it

’

The air bei}ows are manufactured by the Firestone Tire Co. o

: creating :} force of 1% 000 lb with a pressure of 120 psi. “The -

air preseure is supplied from. the central compressed air system in
the 1aboratory and reguleted by a- precise pressure relief valve.

The lateral restraint provided by the spherically seated

[

_an inch of the shearing displacement. After that, as. shown in-

Fig. u 5, the tilt of the pins pecomes 80 1arge, thet ‘the 1atera1

l&{i;_;r component of the movement they allow bemanes 1erger than 0 01"

2‘5n

‘ bearing“seat"

P

'

<«t—pin

| T —
o . 0.1 ;0,2 '_0;3‘dmi
‘ S ‘§:-=2.5-J6.2_'5-5'2 _
(a) | ¢ R 1)
L Fig, 1.5 |
Effectiveness of the lateral restraint.

e) Pin in the original position, b). Pin.after move?e : e
‘e) Relationship between shegr displacement and the eteral movement.

-~
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It is considered, however, that after such e'displacement the peak

etrondh of the Joint is exceeded most of the prominent asporities
of the snmple are sheared off and the rock does not exhibit much"
of a prererred direction of eheuring any more. Such behaviour
has actually been observed during the present experimental program.
The bolts attaching the brackets to the boxes‘are placed-in ovel |
holes, so that the .gap between the boxes can be varied betueen ' ;j
3/8" and 7/8" uepending on the unevenness of the teeted joint
while keeping the proper alignment of the pins. The pins are
instrumented by etrain'geugee, so that the mngnitude'or the 1atere1 .
force can be eetineted. _ p ) m |

"The structurai ohein or\the pins and brackets 1is designeo for

the maximum working load of 3 tgns. The netio between the epgaied

: tangential load and the reeulting latgral force 1isa indeterminate

and no' record of\itsﬁmeesurement can be found inqﬁoj‘!5rﬂturmﬁenﬂers

. (43) designed his machine. for ‘the eame_ratio 2:.1 af is used here,

“¥< tiometer connected to a Moseley XY recorder. The necordﬁr is

and he does not report any problems.

The tangential displecement is measured by one linear poten-
edjueted so that 0.1" of displacement appears as 5.6" on the plot.
but it was only round practical to meaaure displacements lorger thah

0. 001" The reason for this -limited precision is not in the in-

'etrumentation itself but it lies in the overall precieion of the

test.” An nllowance was mnde. for the deformation of the system

. of. the box, W& eﬁ:d cast, as will be described below, but thim

/

R

couid only be done on the basis or an. estimate and the margin of

\\‘_ poseible veriatione ‘could well reach close to- O 001" Consequently,
. \ .

- ettempting to meaeure with higher preoision would prebably b:‘ )

. irrelevant. The normal displaesment 1s‘meaeured at two points by

~ . L I ' ’ . ’ S

- o . H P I - . . . . .«
s A
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" mechanical gmiges with a sensitipity of 0.001", placed as shown
The procedure for running a single test 1s as lolloys:

l, Set the\pressure in the bellows to a predetermined value, which

Eo

will be kept constant automatically duringrthe test by the
pressureirelief valve. -
' \

2. iIncrease\the .shearing load by'the controls of the universal

' testing machine in steps of 500 or 1000 1b, taking readings -
" after each ;gpgabn the two normal displacement gauges, and

“ . the strain eadings on the pins.

The shear*load-displacement diagram is drawn automatically by

the XY recorder.

F‘ /:C;ZSection L. 2 Teeting Program. o “ i%;g
The testing program consisted of two parts 8.8 the joint
'_ closure teats determining the stiffness of the‘ﬁéia}s under normal
loading only and’ the direct shear tests aimed at observing the
: behaviour of the Joints under combined normal and shear 1oed.
Twenty'six samples ot three types of rock were tested (Section 2.1).
After placing.each‘semple into the direct sheer apparetus,-the
L closure test was conducted first. Before commencing‘the test, the
| ( ) safnple was stressed to approximetely 150 p;i of normal pressure, in
Jder to allow the two halves to "set" together without exqgssive
crushing of the asperities.. After this, the normal pressuro was
:relieved to’ slightly above zero\Tﬂust S0 that tﬂg aperture would

™" ~ rot reopen) and the two nornal‘displacement‘gauges were peroed.

- .o

. - - : ’
. : . - - ' d ’ o
’ - ' R ' . ’ , . i3




Then the preseure in the bellows was slowly inéreased in'steps'of‘
10 psi of'air pressure and readingslon the.gauges were taken after
each step. This nas carried ta the maximum air pressure of 90 psi,
'(Thie corresponds to the actual normal‘pressurp of about 350 psi
across-the Joint, 'depending on the size of‘the sample) Finally,
the normal pressure was relieved back close to zero and the'
-rebound reading WAS taken. ‘With the closure test thue completed,
the sample was then subjected to the direct shear teat.
In order to obtain more results, each sample was tested in

‘shear at four different valuee of normal stress, ccrresponding to
. 20, hO, 60 and 80 psi ot air pressure in the bellows. Thus each
Tmple was 1o aded in four cycles, etarting with the lowest normal

pressure and finishlng with the higheet. In the first three

cycles, shear loading was increased only to such 8 point, where the '

.1oad-disp1acement curve started indicating signs of yielding. On
reaching'this point the tangential»load’was imhediatelﬁirem0ve o
.the pressure in the bellows ralised and a new cycle was started.

In this way data were obtained only for the pre- failure portion

of' the strees—strain curve in the first three cycles. In the last
cycle'(Bd psi).lOading was continued-past the peak and as far as
_the range of the recorddr would allow (this was about. 0.2"). . The
reason for removal. of the.tangentialiload on reaching the maximunf"
strength was not to disturb the shearing plane exceaeively in a
‘single cycle. to nttempt was mndc to return the Fample into its

original osition after the completion of a.cycle. The aseumption
behind susﬁksprocedure is that the pre-peak dieplacement is 8o

"

: N
sma%%y that few of the prominent aeperities are overriden , and

consequently, the surface damage suffered by the sample after t\is

L3
s displacement hae a negligible effect on the/shearing_properties
t : ' ' '

a.
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in, the followinﬁ.qyclee, under a}hiéher normnl gtress. ‘Thelvalid;ty
of this ussumption will be discussed further with the prescntntioﬁ
‘of the reeults. Arter completion of the four ecycles, the normul

lond was compIwtely removed, thé,éample wuy returned into 1@5
oripinul pO'lilon and then broupht to an ultimnte failure at

.20, 30 and 60 pai bellows prossure without recordinp the displacement
These fnmiﬁre loade were then designuted as res;dual for the first
threee-yclesT Curves thde obtained would look typically ns shown
inlﬁig. h.6. |

Shear

force cycle L

feeiduel L

¢ residual 1

displacement (f
Pig. 4.6 -

Plot resultlng from » direct shear test
The high depree of approy1mnt10n in this espect of' the procedure
is obvious. Thus for. example the re51duel strength at - e load of
2000 1b wes measured on.o surface -damaged by undergoing B 1ong -
displacement under 8000 1b. Also the displacement needed to attain
-the reqidunl !Erenpﬁ1W1e not measured But the procedure was
.éccepted, because observation of the poet failure behnviouy/;;; ol

-lx‘

not the main pdrpose of this work.
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Uhe influence of the rate of 1oading was also considered.
Sumple No. 9,wh1chmJ| - limestone saw-cut was tasted with a loading
: rete of -approximately 70 psi/min and re-tested with a rate of 1500 .
| psi/min. The resulting stress- displacement curves were almost
equal as they would be if the loading rate was constant.: This is
_an indicution that, within f practical range, the loading rate hns ..
1ittle influence on the results. The actual loading rate used in

the tests. was roughly 100 psi/min.




-cHAPTER,v | o . :f. o \‘j

'Results and Conclusionst

Section 5.1 Computer Simulation of a Direct Shear Test. e \\~”

- . ‘ Ry

" In order to uhed more light on the influence ot the deeign

ol the direct shear machine upon the state of stresses on the tested

_surfdces, a simple analysis was carried out using a plane strain

finite element computer program.- .
The basic arrangemfnt and input paremeters of the problem are

shown in Fig. '5.,1. The sample and its concrete. cast are simulated

by rectangular elements having the properties of rock,,and the tested

joint is created by onedimensional joint elements with typical

~stiffness (Bgzameters. The influence or the steel casing of the Phear

boxis simulated by assumed boundary conditions. The formal stress
ied uniformly on the top of the upper half of the semple.

6" : ‘ . "\ Figo 5-1 B . ' "7" . -
. - o . Normal pressure p « 100psi
B BTN AN NER T : | E = 500 000 psi ‘
3 - i I I M= 0.2
| 11 - k= 2 000 1b7in’
. k = 6 000 1b/in’ i
! t ¢ = 0.0 § '

N . @ w50

SRR My UE Lt -
) T T maximm amount of

| o - Joint ‘closure = 0. 01"

5" 7 ' _ - R ‘tensional. strength - 300 psi
Rl o A ... tension limit across .
: . _ . :

'J \ g —_— ‘ the jJoint = 0.0




_ the resulting distributions of the normal and shearing stresses o

' half of the sample as on a rigid body. The shear stress is

.couple results from the action of the lever through which the

--Itangential load is applied.

s

Four different modes of application of the shearing 1oad and

'on the Jjoint plane are shown in Fig. 5 2a, b, c, and d.

In cose (a) iteds assumed that the’ tangential load is transferred

pfrom the casing uniform]sr onto the side of the upper half of the -

sample. The resulting normal stress distribution is close to “that,
e

which would be predicted by considering the reactions on the upper

: proportional to the normal stress. As could be expected, both of

the stresses are highly nonuniform and partisl opening of the joint

| is produced by tension._j

Case (b) simulates the application of an inclined loads Again,'
the resulting stress distributions correspond almost exactly to'

those that would be pradicted by‘the rigid ‘body consideration and

" are uniform. Nafurally the hormal stress is dependent en the mag-

- nitude of the shear load. - S -

|

In case (c) a- couple is acting on the side of the sample,

~ba1anced in such a wsyh that the moment about the average’ plane of .

‘the joint is zero.’ This would, w1th a great amount of - simplification,

represent the design illustrsted in Fig. 5. 2e,_which is the most

'commonly used design of the direct shear testing machines. The

-
~

, b
In case (d) a uniform, irrotational displacement of the lert

. side of the upper half of the sample is input.: This is the case

which corresponds to the design of our testing machine as described

Win Section h.l.
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The resulting normnl stress 1is uniform,'wheress the shenr stess

~increases with lenpth elonp the joint by nbout 60%, due to the
compressibility of the mnterisl. In the aotuel situntion this
vurlntion may be smaller, because of the edded stiffness con-

tributed by'the sides of the casing.

Section 5.2 Results of the Joint Closure-fests,

.

w~Fhe results of the closure tests are summarized by the

[ -
- stress displacement plots, obtained from the deta recorded by the

normnl pressure geuges as shown in.Appendix Ao -
The method of conducting these tests was deséribed in

Section u 2, Page 67. At eﬂch value of the air pressure epplied

.in .the bellows, two readings wers obteined from the mechanical

gauges recording the normal deformation across the Joint.

These were then nVeraged to obtsain the resulting.emount of

\
joint closuredh Similarly as in the case of the sheer tests

(see pege 77) n check was mede on the deformntlon of the whole

. ?
system of boxes snd crsts by stressing ] sample of solid con-

crete by the maximum lond. The deformetion of the system, how;
ever, proved to be nepligible 50. thnt no  correction needed to
be spplied -

In most cases the resdings on the two gauges were quite
different, indicsting rotltion of the free box sround n vertical
axis. This rotation may be due simply to the nonuniform stjff-. ?

ness slong the tested joints but there is also reason to suspect

]
_thxt it ﬁay be caused by & certain amount or misalignment in the-

normnl 1oeding system, resulting in an uneven dlstribution of

stress.elong,
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' fcomputed by the rormula:
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b
the joint in n horizontal’ direction. Further experience In using ‘/

'.the mechine woula be necessary in order to clear this point.

The resulting relatienship between normal stress and joint
_alosure was roughly. linear as shownrin two sample plots in Fig.
5.3.Such & result may be expeé%ed due to the relstively low'

stresses which were applied (12)

c osure B - closure
h(in) ‘ | . | 4n(in)
L 0.005 | | Fo.005
_ 0.003 0,003 |

~+ T+

. |

16'n(psi)

‘ Two samples ol the measured relationship‘between normal stress :
and joint closures ‘u) Limestone sample, b) Sandstone sample.uf"-

The normsl'unit stirrness coeéfficient, k, (page];7),'was
»n

A11 ) (lh/in ) ‘-‘ - Eqn. 5 1

. in,which 6' is the maximm normal streas applied and.‘Ah 1§ the

correspending closure, inrerred from graphs similar to these '

~ shown in Fig. 5 3 by iitting a straight 1line epproximately to ‘

- the measured deta% The" resulting values Of the coeffieient tor

thirteen of the samples are shown in Table 5. h The test was net
‘conducibd with any of the siderite samplee, as these cOnteined enly

',perfectly clean, ritting fractures whieh would obvieusly have a _very
. high stiffness.. |, |
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'Ne correlation between field descniption of the'joints

_(Table A. 1, App A ) and the value of k could be round, because .

all the tested Joints with the exception of'No S fall into a single '

class in respect to- opening, and consequently exhibit stiffness

of the same order. Sample No.5, which was a bonded, very thig

)

.Joint, has the highest stiffness value.

Table 5.4 Results of the cleeure‘testsq

/

- 6,-:::- A-r};--:e. kn' | 6 A;-z.- .,
'saﬁgfe g§§f'?§§' 10%1b/1n3 | ?aﬁg%e_ ot i 10t 1b/in3 f |
1 | 277 0.007 4.0 1T 364 0,005 7.3
2 | T TS 393 0.007 5.6
3 322 '0.066' 5.4 "_ - 13 364  0.00L 9.1
oo L ';' o | '1u-.'3u2 | oroou,l.a.e
5 340 0.002 17.0 15 372 0.004 9.3 |
6 _3&6 e;eeu 8.7 17w o
7 329 0.005 6.6 . 18 293  0.005 5.9
8 not performed | 20 293 0.006 4.9 -

3 Result invalidated by excessive’ rotetion
\5* For é%finition see page 75" '

The mean value of the coefficient k was obtained by eimpie '

averaging . and is equal to 8. 35 x 10lL nsi/in for the limestone

-aemples and 7. 25 x 10u4psi/in for sandstone. The range of the

. measured values is 4.0 x 10“ and 17.0 x 10h ror-the former and
.9 x iok and 9.3 x 10“7b6r the 1et@m tyne of rock.

4 - - L o » : ‘.-‘B

"r‘.r -"'ii 'f i;/’ | i. gi'!.ﬁ;
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 Section 5.3 .Interpretation of the.Loed-Displecement Plots. .

=TT -

A typical sheer lozd-displacement curve that could be ob—_
tained from the direct shear. tests is shown in Fig. 5.5. A
correction muet be mede because this curve contains the displace-
ment due to. thd:§brormation of theé whole system of the boxes and
the cest in eddition to thet which occurekglong the joint itselr.

To find the magnitude of the correction, a block if concrete

: dwas prepared, which did not contein s rock sample and Glthout A 'i;
| dieconti:iitykf*fnirblock was cemented in the shear boxes and eub-
:jected t6 1oad In the usual nny; The resulting load-deformation
-relation eppeered a3 a straight 1ine inclined at a smell engle

(10 9')to the 1oad axis (Fig.5. 5) It is reasonable to assume,

thnt this 1ine represents the inherent deformability of the system.
In interpretation of" the load—deformation grephs the line was

ueed to subtract the system deformation from the measured values
of the displecement. No correction was made’ for the chenged area
of the- sample because the range of the measured displacements -;

was very smhll.

: P
. (lb) iy Yy 7 . T ——
‘system i ] yieid-
. deform. - ' ) oad
-1ine """*--7
' ' . ]
| max.load
. . -
! 0.5/ | . ;L
. maxi , s L :
- : . ) ) Fig, 5.5 ‘ J‘(in) ) . .

'..Interpretation of a shear load-deformation curve. (The’ angle
 between the verticai axis and the system defornation line;r_‘
.48 exaggerated hera.) IR .o - o

. .3:-'.
~T%



‘snd displecement at this point are designated by’tz and J‘ res-

.designated as K q. SP and k

- 78 -

As can be ‘seen in Fig. 5. 5, the pre-peak portion of _the load-

'displecement curve is nonlgneag, Te record the actual shape of

'the curve, three characteristic points were used. First is the

peak point P, defined as the point in which the. curve ettains

zero or very flat, constant slope for the first time. The stress

o

pectively. The secondfcharacteristic point, 0. 5?, is the point
corresponding to 50% of the peak load. This point was defined
arbitrarily to account for the stiffness of the joint in the first

- half of the loading ra ge. The third point Y, called tﬁe’yield
_point, is the point ofntﬁhxme;imnm cyrvature of the plot. This

vy

. point islen upper limit of’ load, up, to which the curVe could

still be approximated by a straight line with some degree of vali-

-dity. In some cases Y‘mergee with P.

. The stiffness coeffid&ent k, (pageh&ﬂ is determined at 11

'three points using the reletions

T; load 3

Eqn. ‘5.2
where. Tris the shear strese, d the corresponding displacement

. [N

and A the sample area.

In ceses, where the displacement , .was 8o smqﬁl as to be

unmeasursble, an erbitrary value of 0. 001 inohes wes essigned in’ \S;_L

_,order to avoid inrinite stirrness velues..

The coefficients obteined from the points 0. SP snd I are

8y respectiVely and fhey are considered

as limits of values _that could reasonably be assigned to the par~

ticuler-joint with the given normel-stress. Tnenstiffness‘at

peak is recorded under the aymbol Ty pdp ».end 1t would, in’
!

. . N . . - . .
. - Co . . . - N
T om o w7 , - - Y . k
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.'were conducted in the 5 nner déscribed in Section [y

imum strength. This point of nonlineari"

" as for example for: samples 1l and

"be seen in the case sample 25

.t

o 79 -

meny cnses, be quite unrealistic to interpret the value of k

'from”this, due tqﬂth% large amount of yielding which preceded.'

[ ‘ . : i
The valuesof'nprmel displacem ,An, were also recorded at

each of the above points. - The "“off-diagonal" -stiffness coerficfent

. kn (page 19) was ‘then computed as:

T

3y . .
Koo A (lb/in) .- Eaqnq 5.3

L'The reghlting three values of the coerficient were designated as
'..knsp for point P, k

nsy

ror point Y and kq 0.5p for point 0. SP.
In addition to the above data, the applied normal stress 6V

sn& the residuel stress,ﬂ?'es, were reéorded for each losding

r *
cycle. . o S S L
| : B ) ' ' '. | ' .. _‘/ : e . : ~
- Section 5;h 'Discussion of the.ﬁesults of the Direct Sheal Tests. - AV,
Tlts of\the direzjé;ﬁhji}tests ere represented by the -
shear _ orceldisplecemen lots included in ﬂppendix A, - S

Fig. 5 6*presents typical plots for six specimens. The tests

RS

General .nmr stress displacementWiour of the H:ested

- =

'.samples may be described as follows; - AR R o
. .o

.‘ At low stress, the discontinuity deform more or less linearly

but a gradual yielding begins at s certa percentage\bﬁ the max— -

‘may lie quite high, .

ig. 5. 6), or the curve

sometimes may not exhibit,any initisl linear portion at pll,

i su%h as that of ssmple 5. The extent of ‘linear behaviour may b

also be dependent on. thg magnitude of the normal stress as can

- \ ';07-.' hé‘-@h' .._1 a .‘.k | - d <
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Fig, 5.6 continued' |
The yielding continues at an increasing rate, 80 that point . sg
% mpf ria xinum curvature is reached, defined as the yield point in ' ° B

;E‘Section 5. 3. After this the curve rlettens at a decreasing rate,.' V: §
until it becomes more or less a etreight line, horizontal or _y,‘;;
‘rising at a flat cnglef This occurs at a point defined ae "peak“ | _-;f
in Section 5.3 | - | |
.' All teeted aamples behaved elesto-plastically. This iezan:"
indication’"that ‘the re-assembling pro proce o was successful, since
in the oppoeite case plasto-elastic behav ur would occur . as a
';result of the initial cloeure of the apertnre (6). '
_ In general, although not without exceptions, the limestone
eemples exhibited slow yielding with rounded curves of & similar’
' ehape for all four 1oading‘cyc1ee.(samp1e 1, Fig. 5.6). The
eandetone eanples; on the other hend,'railed'atruptiy after reaching
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' _ﬁa sharply derined yield point with high normal stress, whereae )

o at low normal stress they had- often gone through slow, gradual
'yielding (sample 1k, Fig. 5.6). This . dirferent yielding behaviour'
auggests differences in the modes of railure between the two N
types of rock. Limestone apparently fails by progressive shear
railure, which quages dirferent types of’ asPerities in turn,.

crushing ‘them partially before moving to others.By such a process

- -the: efrective area of shear is progressively increased. The

contact area, appearing as white’ spots on the photographs of the C
sample surfaces after testing (Plates No.? to 11) werv studied |
;Iunder a. stereo-microscope and showed very fine pulverizing and
1ittle movement of material during shear. In ‘the case of sandstor°
samples, microscopic ‘§tudies revealed relatively 1arge particles
being broken off the points of contact and rolled into the
‘depressions of the joint surface.' Thus eandstqne apparently ':. '_ﬁv
rails by a brittle railure of the most prominent asperities, the Y
islow yielding at low normal stress being probablylthe result of 1_‘i it
';?rolling friction of the broken fragments. N |
All samples had some amount of recoverable derormation,
:illuetrated by the slightly inclined unloeding 1inee in Fig. S. 6.‘.
The angle of inclination or these 1ines was aLmost always equal i
to the initial tangent angle of the loading ‘curves. This shows
j-that there is, "in ract, some truly elastic deformation of joints
loaded in ‘shear, although it is usually very amall in magnitude._ |
Amajor part < joint rlexibility, especially under stresses whicb ,,f”
exceed about 504 of the peak strength, must therefore be coneidered
irrecoverable. “ o e _ -
;' Table A.a, Appendlx«A, summarizes the numerickl data obtained _

' l‘

from the measurements of the Unit.Shear Stiffness Coefficient ko |
' J . S _ o
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" Column 2 of the table represents‘ the constant normal stress G'n
acting across the Joint during each loading cycle., Columns
’ 3, L and 5 contain the three charactrristic shear stresses'

:‘the yield stress 17' peak stress ?f', and the residual stress .

LT

res: o
indicates the measured displacement at peak point J\ The

respectively, as defined in Section 5. 3 Column 7

:displacements corresponding to the yleld point ‘and to stress '

| at 50% of the peak are not shoun in the’ table._-;f | |

| 001umns 8,9 and 10 represent the values of the unit shear
'fstiirness coeliicient computeu rPOm displacements at 50’ of the ' ?- -

- and the peak point,’Z//év ’
: 'respectively. S o 7'_l o //

. . Vi .
As was stated.in Section 5 3, only the to er/two values

~peak, ko Lp? at the yield point x

- of k were considered representative of the true unit shear stiif-‘-

‘ness and they are presented here as practical limiting values ‘ J"h .

PR

of the parameter. Thus, for each sample ée have eight dirferent - f‘n
' values of the parameter'k ’ varying/in’dependence on the o L lu
. magnitude of the normal stress,and the. nonlinearity of the stress-l' 1ﬁ

strain curve.‘ Given -the liﬁi:ations oi the present computing ‘
'techniques, however}/the coeriicient k is only practically B
'usable as a single value. Therefore the measured quantities, which

'vary within/a wide range, st be subjected to & suitable aVera ing'
pnocedure. . '
- In searching ror a representative average or the coefficient
__it is necessary to bear in mind, that each quantity in columns

8 and 9 of the table represents one point on the stress-displapement

.‘curve. Therefore, the best statistical approach £o this problem

appears to- be a linear regressional analysis, such as the least

-

squares method. By this method one can , at first, rind u best
ritting line ror the tio pairs of data represented by points '
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. 0. SP and Y for each loading cycle. Since tho line must, of course,

pass through the origin, the’ regression coefficient.b (28)
18 equal to. ' '

’b.' vy B J? . ' " Eqn. 5.4 .
-Also, becauss the regression coefficient'is_ty”definition the
--slopepof the regression line, we have:. |

kg average‘F‘b

3 The average values thus obtained for each loading cycle are N

-given in column 11 of Table As 2. -They may bP considered an . :_

':indication of the variability of the coefficient in dependence

on the normel stress, I o _ll.js'

Further treatment of the measured data consisted of obtaining -

the average values of kao Sp and k over the four loading

8y -
, cycles of each sample. . The same'method of analysis was used as -
_above so that the averages ‘were Lomputed as follows:
Z .o 5T, . o
é' | ' Eqn. 5.5 .
0.5p s

keo;sp averagei

-’.-15 key avéraae -'3b . Edn.'5.6f

N\aph\g_aw\ga
el «ﬁ

(W)

BTSN . R o _A'”y T |
The reeulting numbers are given as "range k " in column

iz of Table A.2 and they'may be considered an overall easurerof‘_

‘the variation or the secant k, due to nonlinearity of th -stress-

displacement curves “for each samplo. Apparently, this var ation
. _ o




a is quite substantiel for some of" the samples and it seems to

T indicate need for eventual introduction of‘bilinear or completel;,

Lo g\ﬁeral treatment of the stress displacement relationship in the
'computing technique._

Finnlly, olumn 13 of" the Seme. table represents the overall -

e

average of | the- oefficient,.computed by fitting a 'straight line

to*all the eight representative points of each experiment by the

-

"_,'_e»rornmla_:- '. - ‘% 0 5@’ z’ Ce | |
' o . ks everege = 2%? . . Eqn. 567:_:

) ¥ --.cS" v

As stated above, the coefficients k sp-and ky

" the. stirfness of the joint within the range of shear stress mag—

represent

*nitudes bounded by O. 51:’ and ZY In order to express the
later limit, 173, in terms or the peak streqnm a plot was made
Ao ‘Z;/ 1f' for a11 limestone and Sandstone ‘samples against
the magnitude or the normal stress CF The plot is .shown in :

Fig. 5.7. Apparently, there 1s no functional relationship between'

the two quantities and. thus the yield etress 15' may simply be

sexpressed as a rraction of the peak strength independent of fr
The magnitude of this rraction lies hetween 0.8 and 1.0. Thus,'.
the above average unit shear stirrness coefficient is represen-fr

‘tative of the shear behaviour of the samples up. to ‘about, 80% of

the peak stress. Lo » .

- Among dirrerent samples, the velue of k also vmries consi-
derably, ranging between 1. 56 x 10h and 9.18 x 10h for the
limestone samples, 2.45 x 10“ and 18, 87 x 10“ for sandstone '
and 2,17 x 104 and 10 61, lx 10t for siderite. B o
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, Table 5 8 summarizes the aVerage values of the coefficient |
k.. for each’ type of rock, both for natural joints and saw euts. . -~ §
}The averages have again been obtained by ‘the same. regression I ...E

_ formula as ehown above, the characteristic points being now from .'/\“g
»g'all four cycles of a11 samples of each” type of rock.- All statis— ‘ . K]
' tical treatment of the data, as well as all the other computations_- -
“were carried out by a simple WATFIV computer program, the 1isting
of which is included in Appendix A. o | _ i '
. Table. 5.8 shows. the unit shear stf&tness coefficﬂxﬁ to.be
-of the. same order of magnitude, but slightly lower than the

normal stiffness coefficient for the same type of rock.

The signifia&négfo} the measured values of the coefficients ft
may be depicted by using the formulas ror the erfective deformation‘ ]
parameters of a jointed rock mass, stated as Equations 7 1 and

7.5 (page111) in Section 7.2 of the last Part: of this_,ﬁ'hesis‘.“ e
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Table 5.8 0verall Average Values of the stiffness coefficlents

4'.
o 2 S ok k.
e : o - n_ - 8 ns
. Sample type — : : -
. " “lyp.‘ BN B xloupsi/in
l ab%mestOne T o 6.58 2,76 6.38
'-Limeatone saw cut | R B,BQ__ - -
Sandstone ] -6.85 '5.25 .f 15.57'
iSandatone saﬂ.cut N - f .158.59 '. ) ; _ K l.L;;;\
_ Siderite e - o367 - 17.M2 o4 .
]-.S;der;te sgw;éut . _'Jh-. .jl‘gﬁ;oil“ A

| JJ Let aqnypical deformation modulua E be 7 0 x 1O6psi |
f‘ror limestone and 4.0 x 10 psfwror sandstone, ‘and a Poiason'sf
‘ ratio equal to 0 2 for both types:of rock. . The typical
horizontal Joint spaping S, for the 1ocations where the

nsamples were recovered may be taken as 12" Using the averggel

valuas of k from Table 5 8 ~obtain:

;,#J»Eféff. 11mestone = (E g__;

0x106 12x6 58::104") & 9-71. x 107psi-

and ’ o .','.f,' o .

B err. sandstone = (E-U-—ﬂs 12%6 Bg*loh;). —.‘f ';i"'

= 0 68 x 106 psi E ~ o ' ."Jf
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v o

_ Therefore the 12“ spaced Joints will cause the effective'
N deformational modulus of limestone and ssndstone to be roughly
-O 1 end 0.2 of the respective rock substance deformation modulus.

The modu1u§ of rigidity G of the intact rock. mey be computed

-“fand

6=_E . /.0x10 . 2.0 x 100504 1 o
T-ETI:ETT-" ETT?Q-ZT_ _ .-9_x'10‘psi for limestone.
' 6 * :. ‘ . . ) . | ) . | . e
¢ = % 0:10 - = 1 5 X 106 psi for sandstone | R

'3 ..
d

Substituting the average unit shear stiffness coefficients from :

_,TableSBinto theform{xle- _ I R
G effective -_(— '4" 1‘)‘1 ) . o B
S _ - kn : -t :

Fthe effective modulus of rigidity is equal to 0. 30 X 1o6
and 0 Lh x 106psi for limestone and sendstone respectively, so
that the modulus of rigidity is multiplied approximstely by

factors or 0.1 and. 0.25

~ In the following, 8 comparison is made of some of the above dmzi<

with the results of a well known plate load testing prOgrmn.
The generally accepted parameter describing the difference between
the. deformation modulus ot the rock substance as determined by

' leboratory tests, E, end the field modulus E s is the modulus

f
"reduction rector (Ref lf?) given as:
. f - gr/E :
‘ Figure 5.9a, reproduced from Ref u7,fpresents a correlstion LN

between the reduction factor . and the Rock Quality Designstion
(RQD), mentioned previously in. Chapter I. The same reference also

presentsra.correlation between RQQ.and frecture‘frequency, which

o : . v 2 2 L '
. . . . ' . - ’ J\-. 5‘ . . ' , .
. ‘ . : .o : Rt L : . S

Pt
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1is given ag-fne'nunoer'or naturel ;oi5£9'pqr }oot of dépth
t_of the roch nass.(Fig 5. 9a).i Both of these figufes were/ﬂevelopea'
rrom subsurface exploration and extensive plate loead teeting on
, nonweathered granite gneies (Dworshak Dam site, Ideho) '
- The correlation‘in Fig. 5 Qb, stmpliried by the- diagonal |
i'line, can be used to convert the rock quality scale 1n Fig. b Sa
* . from RQD to rracture frequency. Thid new scale is shown below .
'nthe—horizontal axis of. the figure and 1ts valuee are, of

course, invereely proportional to the average joint spaoing S. .“

reductioh -]:" : ,‘-——— Iim stone T .
‘ -factor.Eeff[Q o _--n-reandstone LT
10 ' |
: o Suned gougr: Cabon'Pu mﬂ'n . '
. s Sudoct gouges-Ames diol gouge - oo
0.8' 3 L o : e .
- ' ' ” . 0. 5.
0.6} L E
0.!_'_ ? ' ’ - . . ° ° ) 3.
. _ PRI
‘ 0.2 .. . '. . . .- ./
- . _ . . o, -
. - _______0 :"g- .
0.0 —
| 20 40 d0 80

T
6. 5 t!; 3 2 .1

fracture rrequency (jointe/rt) _ :
| (a) - R L

. . Flg, 5.9 | meas
‘ Gomparieon between a plate load testing program reaults and

the effective moduli of derormation estimated from test resulte(h?)

/ .
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e
. .
For each.given S, an estimate can be mnde of the, value of ﬂqe re-
duction iactorgsi:

- - ﬁ , '=' Eeff .
. o \ r=g= o

“with the ‘use of the k values from Table 5 8, in the same ‘Wway &s
was done mxwe a qxwing of 12", The vaiues thus computed for
both limestone and sandstone define ‘the two hyperbolic curves
- superimposed on Fig. 5.9a. In this way, F: relationship was. .

' obtained between the fracture frequency or RQD and the reduction

"factor T, similar to that given by &ef h?: on the basis of joint
testing only.

’ v

The fundamenta1 assumption behind the validity of the curves

' -~
in Fig. 5.7= is that the joint proper ies would be the same in "

c-rock zones of different zracture spacing. In future testing,
ithis could.be ascertained by a proper selection of samples.

The curves indicate a much greater influence of the joints
_ upon the magnitude of t;ELreduction factor than that’ shown by the'
. values of reference u7. This could perhaps be expected in view
of the superior hardness of the metamorphic rock tested by the -
latter. Ir substantiated by plate load testing or full scale

settlement observatipns, the relationships represented by'Fig 5 9ar.

- could be used in practical problems for estimating the reduction
; factore for local rock formations. Similar relationships could,
‘of course, be readily developed for the reduction factor of the

modulus of rigidity G, with the use of the average values of k .
' PFigures 510 and S. 10b represent an attempt at finding a

relation between the magnitude of k (tbe unit shear stiffness
_coefficient ‘at yield_point),and.the normal stress. The resulting

YT T ]

e A Y L
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,

‘lcurves divide the tested sampﬁes roughly into two categories..

In the first category are
more or less linearly with the

'representing these samples are

quite reasonably be replaced by a. single line.

ﬂslightly higher in case ofy the

kﬂ?}' - o o
(xlpsisin) © -

COrrelation between

In the second category are samples which’ at low normal stress .
(orten only in the first loading cycle) exhibit very high stiﬂrness.
‘At ‘a higher value of 6T thelr stirrness rapidly decreases and the .

16

samples

normal stress. The curves

T

remarkably systematic an& could

sandstone samples.-

koo -

sﬂ . _ A
10%psi/in) -~ - 0

vy .
1l H'?‘. .i Sandstone

k and EY

whose stiffness increases -

Their tangent 1s
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/-

Carfirmed by the plots of the strength envelopes, 1? vs. 6U

' orten almost‘straight. Strengthwenvelopes'orrjoints in.similar'
' rocks that can be found in 1iterature (for example Krsmanovic,-" I

'-Ref.29) ‘have similar shapes. Their curvature is explained by .3'7_ :,'"

, ‘ - 92 _' R . o
N E . ‘ ' o
curVe becomes similar to that of the 1irst category.

4« . .
The quttm now arises,"how much ot this behaviour is due to .

the experimental procedure of cycling the load anq testing

-‘eaoh sample in iour stages*" It has been stated above (Section L. 2),w

that the testing procedure was basen on the assumption, that the

surface damage caused by the preceding loaging cycles would L i

have negligible eriect on the behaviour of the sample in any

: rollowing stage.' The validity ol this assumption seems ' to be oot

n

the loading

'””shown in FigL‘%JJ. Ir the shearing ot theﬁaspsrities in uny of

ycles had any eubstantial.edfect on the iollowing .

"stagee of the experiment, the strength envelopes would probably
.. I'latten down with increasing normal stress at an unusually fast

;rate.. The‘curves shown in Fig.5.ll are only'slightly\curved-and' : e

the changing modes of railure acoording to Patton's (W0) or R .ﬁ
. < S E
Ladanyi's (33) theory. The single exception is curve No. 25,

‘-Fig 5.11c which showsatiOp of strength in the lest cycle evidently

‘. due to the gzrface damage suffered in the previous cycle. None

'pereentage of asperities being eheered ofi, in contrast to those

of the remaining curves exhibits a similar phenomenon.j S . -fl.”’

I we agsume’ that the erfect of the cycling. of the load is
small, the variation of the unit shear etirrness with the normal

stress must be explained by the changing modes of failure‘of the -
joint asperities.‘ From the Patton's theory'it is known, that the

A

that are merely being slid over) increaees with increasing normal

stress. ‘ 1 ‘ S R o S | (
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Consequently, i‘rom‘ curves of the first category, it may be com]uded .
% that longer diepllacermente are required to develop full resistance
= in eliding over aeperitiee ‘than in sheering them oi‘I‘.. The high
initiel stiffness of the- samples. belonging %0 the second’ category
-can be explained b'y the ection of relatively emall ‘but sharp
u.: T .‘angled asperities whioh are etrong enough to ini‘luence the stiff-

. mess at low normal etrese, but whose influence decreaees as -
' : etronger asperities beoome engaged and eheered at higher 3’

The above—mentined diri‘erences in deformational behaviour

‘oonneét_g with dfrferent modes of failure provide further ergument |

for the need of the development oi‘ a more refined theory as

: 'mentioned in Section be 3. )

. \ ' - The perameter kso 51', was aleo plotted againet 6' but theee
plots did not provide eyetematic results, probably due to the

Q' ‘lack of precision or the experimenta_l- procedure.-with very srmll
dieplacements. . | - | “

b
| .
‘

o ‘ .

- L
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: Returning to the abovementioned strength envelopes,-
Fig. S.9,it cmnteseauthat the effective angle of inclinetion
+of the asperities i, as defined by Patton (h3) varies between
o° and 30 for the limestone samples, 7 and 25 for thq sand-
- stone samples ‘and 6° and 27°'for the siderite samples. The
sliding frictio'

angle g for all three types of rocks is equal t//,’//
B approximately to\

- 0° and is shown roughly by the lines re resenting
_ the failure enveloges for sawcut samples. _//);///,//’”Tp SR

Again, an attemp has been made to orrelate the, tangent
‘ of the. strength envelopes dth the fiemddescription of the samples,‘
nemely with the estimated incl Lation of the secondnry aspe- |
rities ‘as shown in Column 5 of Table Al, Appendix A. The |
" result of this attempt was completely negative and,it can be essmned'
| ‘consequently, that’ 'the‘ shearing behaviour of joints, at least o

" with fest loading rates. depends mainly on: the. configuration of RS

“the third order asperities e.g. surface roughness. This opinion' 4

was further substantiated by the fact that the average shear

‘stiffness coefficients for‘the/n;tural joint planes are of the
I‘ same order and only slightly higher than;those for the saw_c
surfaces (see Table . 5.8, page 87). |

The summar; of the results of measurements of he offdiagonsl -

_ stiffness coefficient kf ,‘representing the-normal movement '

- during shear, is given in Table AS‘“Kppendix A. All computations
.in this table were carried out in the same way as those described
" above for.the-valuesrin Table A2. ‘The overall:sverages_of the
coefficient knglare presented in Tadble 5.8, page 87.-"Their
magnitude'is of'the same order and not much higher‘than that

..of the corresponding coefficients k 5? which seems to indicate

'that at least in problems where significent confinement exists,{' ’ﬂ
ﬁFor JeTIn Ition see page 55. 4 - L

A l
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the ofﬁdiagonsl stirfness coefricients should be taken into

account by'-the computing technique. ' x

An attempt at finding 8 runctional relationship between

.‘kns’ k g? ang . 6' . Wwas made qy plotting the ratios presented in

Column 9 of table Aa against the normal stress. However, this

Joint in.semple 5 exhibits a k value which is actuelly lpwer

Section 5.5 SummerzgdflConclusions-from'the Testing'of”doints.

fsix ssmples of three types of rock are presented in fppendix A

The results of closure tests andg direct shear tests on twenty—rf B

' attempt was unsuccessfull.

Some of the tested joints, such as.No. 3, B end 13 .are

: .contractant as indiceted by the negative Value of k . Another

- interesting feature of Table AJ is the fact, that the bonded

- than the corresponding k . This indicates, that for some bonded.

L

"discontinuities the magnitude of dilatancy may exceed the ‘amount

of tengentiel movement. Lo K 2

. and discussed in the preceding sections.

The general conclusions derived from these tests may be

stated as follows'

Obtaining undisturbed samples of* joints for 1aboratory
testing is difricult.. Manual sempling results in a tendency

to select Joints that are unweathered and unfilled More so-'
'phisticeted techniques will heve to be develped for sampling

.other joints.'

Laboratory testing for deformability in shear imposes more

rigorous-requirements on the design_or‘the testing machine

than testing ror.strength.l. o : N -
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“Multi stage method of conducting the direct shear test ap-

| pears to be Valid with the particulnr type of joints tested

,as long ns the sample is not allowed to yield excessivelv in

"nny but the last stage.

For the particular type of" joints tested tHe-shear stiffness_

: varies greatly with the level of both normnrl stress and sherr

StrBSSw Consequently, usinp,a single value of ks in.compu-

. tations mny-be. injustified.

The oi‘f die.gonsl stiffness coefficient k is of the sa.me'or-

_der of magnitude as the shenr stiffness coefficient’k‘.

Therefore, it should be introduced into the computations,'et i

1east in ceses where significa t confinement exists.\
Yo satisfactory correlation between k or the shear strength
lnnd the field description was found, suggesting thst both are

idependent msinly on the surface roughness.,

,‘Tne unit shesar stirfness'coefficient sppears'generslly.to'

o incresse”,uith " the normal stress,»foilowing n roughly.linear

relationship. L
‘The ‘failure of 1imestone joints seems to occur by shearing '
" of the asperities, whereas thet of sandstone joints appears

' “to be-caused by‘brittle fracture of the- asperities.

g
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PART ITI

Application of the Finite Element Method to Certain Problems of °
Deformability‘of Rock Masses Under Surface'Loading.

‘Objectives. As mentioned:n the Preface, the objectives of

the finite element work 1n this investigation had, to be limited to

only a few basic questions in order to £it the scope or the Thqsis.

| Besides the questions posed by the use of the method in ‘this:

class of problem itself, such as configuration and size of the

: meshes and preparation of the input data, the - other particular

objectives are as follows...' _
"L 'Evaluate the influence of a single joint existing in a
“foundation subgrade upon the- distribution of stresses |

'and displacements caused by the imposed load and compare

) the results with analytical solutions obtained on the basis'

- of an assumed stress distribution (Boussinesq's theory)._

2 Evaluate the influence of a single joint set -on the same

-,

assumption of anisotropic continuity.',”

Under the scope of the prGSent work it was not possible to .

examine any of' these problems in the form of a parametric study

, which would require numerous computer runs and time consuming trial

_ and ‘error procedures. Consequently the conclusions presented

below are rather qualitative than quantitative in character and
et
their usefulness is limited to comparison and -eve ation or.the

dirrerent approaches to the problem in questio .

s a

« P ANAYIFIETY | 3

. problem and compare the. results with solutions based on an‘;‘“JV

~ i .

- T




' Section 6.1 Finite Elgment:Programs ﬁsed; :

. 99.. .

* CHAPTER VI

Computing Techniques'and Input Data. . _*”5:1

-

Two Finite Element programs were made available to, the |

writer by the wonkers of the Hining Research Centre, Department of

' in Section 1. h This program was used for all problams in this
'1work involving discontinuities. “In addition to the joint elements,

”:the program utilizes standard triangular linear displacement con-

_thia work are linear-elastic; only a single iterative step was

Energy, Mines and Resources. ‘Both. of these are modifications of

}programs developed originally at. the Department of Civil Engineering,
| 'University of California in Berkeley.

The first of these prOgrams incorp0rates a facility for

iterative simulation of "no tension behaviour“ (56) and it has ‘a

subroutine for forming the one-dimensional joint elements described

Fiva §

VPmensrvrop  gr—ra

At » m e & i

tinuum elements in plane strain.i Since the problems solved in S

.

f,used-u

'.program which again utilizes linear displacement elements. This

. The second.program, identified as WILAX (5h) is 8 muitipurpose

PrE—

program is capable of solving pLoblems in plane strain .under the

conditions of. transverse anisotropy and was therefore used to

obtain orthotropic solutione described in Section Te 2. The-other-

}options of the WILAX, - plane stress and axisymmetric gcometry,
' bilinear yielding and internal streases,were not utilized in this

work.

: Input into the above programs consisted of a complete geometry

of the given mesh, zero displacement and line pressure boundary
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conditibns,'ieotropic or anisotropic?material properties; joint -

stiffness properties ana ngsorted control pﬂrnmeters. The output

included displacements -of' each node,‘stresses in X and z directions,
A

sheﬁr stresses, principnl stresses and the anrle of pr1nc1pnl plwnes’

.in the center of gravity of each- element

*

section 6.2 Finite‘Element Models of'Jointed Subgrndes.'

. With the existing computntional technology, it is possible to N

simulnte jointed subgrnde rock by . two methods.,

First, whieh will clso be refered to as the “discontinuous“

method, aknowledges the existence_of joints-by utilizing the 301nt

elements mentioned in Section l.u; “In the work reported herein, the
Joint Element meshes described in. the following sre, in their peo-

metric configprstion,l cale models of hypothetical rock masses. :

\anent to those corresponding to actunl joints. In a practical

situation, they would be-obtained by-conducting”a euitsbly]lsrge

number ofrtests and averaging'the results;_'ForFthe purpose of this

'werk” hjpothetical.values'of the parameters wene-selected..

It is possible that closely spaced Joint systems might be simu- -

lated by meehes with.a 1arger spacing than that corresponding to the

-

, scale of the model. For such approuch it would be necessary to

7

.. derive. "combined" stiffness parameters, incorpornting the flexibi- '
.lity of several actual joints into n single value. To confirm the
validity of this simplification, however, would require a trial

-study.

Second method of eimulating a jointed rock mass relies on

. deriving “effective deformation parameters" by the formulas given

&

‘ The input joint stiffness parameters are in such ease equi- "



' continuous but cross anisotropic, with n exis of elastic svmmetrv

'-‘long"strip foundstion plrced o

A simple finite element mesh
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as equutions ?‘1 to 7.6 (Pnge 113) The resulting models are

which is perpendicul o to the jolnt pln nes.

As steted ebove, one of the purposes of this pert of the
1. .

'Thesis is to compere results obtnined by the two methods.

f“"

Section 6.3 Mesh Configurstiong

& ,The‘basic_problem investigated in this uork-is thrt of a
theﬂsurfece of a flet subgrnde..
umbered 1, representinp this

situ tion Wlth the assumption_ b continuitv and isotropy is shown

in Fig. B, 1, ﬁppendiy B. The‘problem is halved by n plnne of.

symmetry pnssing through the axis of the footinp. Roth trisnpulsr

. and-qusdrilaterel elements are used. Directly underneath the loeded

Jsree. smaller elements are utilized to account for the steepness

of the stress. gradient. * Th contact pressure from the" footing is

'represented by o uniform ine stress ecting acrosstwo elements. Uni-

form distribution of the ontect pressure was chosen in view of the
essumed high rigidity of the subgrnde rock and elso for simplicity.

‘The boundnry conditions. include restricted horizontnl dis--

' placements along the vertical boundnries of the problem and restriﬂ

ted vertical displacements along the 1ower boundery.,
Choosing an ndequate size of . the mesh in order to. eliminate

the - influence of the assumed boundsry conditions, required some

deliberation. Figure 6.1 shows the results of three experimental
runs with ‘mesh l with three different megnitudes of the ratio hetween .

{ the total width of the mesh and the width B of the . footing.

LS el e d ar—s
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"._fB to g half. The comparison of the resulting settlement curves

34
W
5
6 |
74 7
(T
X107 o . L
4§/B Fig. 6.1 _ ' e
Influence of the extent of the finite element mesh on the .
. ‘ settlement curve. '

width = 3B
“width = 3,75B

. The variations 'in the size of the. ratio were achieved by changing

s the width of the extreme right column of elemente and by reducing

.. . [ . l Jqu
‘ShOWB that the width of the mesh has two effects: RRE A

_ ,i.. The curve shifts laterally downwards when ‘the mesh is i . d

;widenedl Thie fact is not detrimental to the interpretability of - A

the results since the curves can be corrected by using a eingle R

_reference datum sufficiently distant from the 1oaded area. It is

.necessary to remember that emsn in anelytical eolutions ;n arbitrary

reference datum is required, aince surface loading on a. semiin- _

. rinite elaatic body would theoretically yield infinite displacements.

— 2. The curve ie rlattened by the presence of the boundary.

' This derormetion, however, affects only that part of the curve

which is quite close'to the boundary, say within ‘2B, and it is due_' '

-to the lack of vertical restraint at the boundery. To eliminate |

-

thia problmnthe cormon reference can be chosen to be at the distance
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~ .of 2B from the right hand boundary af the mesh. If-brought‘
ﬁ.under this common reference dstum, the three curves are inhgerfect
iagreement as shown in Fig. 6. 2 For comparison, Fig. 6.2 also
shOWs a settlement curve computed analytically by an integrated
Boussineeq equation using the same meterial properties.. Evidently
' the egreement betweeen the Tinite element end enalytical solution
is very.good even for_the.emaller size of the mesh. For our' purposes .

“we chose the width of 7.5 B as a‘minimun.

. 1 : )
;2;_  ,/
3 \\ Boussinesq! solution
b width - 7.6B - ‘
R width - 3.5B
'. J" 5_ . . 7 -. ' E ) »
' i 6_ - . - o
7 . <
48] v
‘xiO -
/B
Fig. 6.2

Settlement curves brought under ‘the common reference detum end

' compared with an analytical solution. :
Two ‘other meshes, including horizontal joints, were developed
ﬁby slight modification of . mesh 1. Mesh 2, not shown- here, conteins_
a sirdgle horizontal Joint located beneath the first row of full-size .
- elements.' This mesh. was. used to solve severel problems involving
a single Joint located at different depths below surface. " The
depth conld be varied by chenging the width of the loeded area which ’
was equivalent to changing the overall scele of . the probﬁem. This «
'is a velid procedure with nondimensional perameters.. Thus for o
_example,-refering to Fig. le,if the half-width of the loaded aree.d

.
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' entendsfover.two of the small elemente, as shown‘in the.Figure.
" the depth of the joint s equal to B. If, on the other hand, the -
floaded area entends over.lfourelements;fthe depthlis decreased:
.t'o B/E.@ ' | | " S
' : o , c . ~ LI

But since it was.stipuloted, as stated above, thnt the minimum
width oT'the mesh should'be equal to 7.5 B, pit nds decided not to
-use ‘this method of changing the depth of the joint by modifying
| the overall size of the problem. Therefore another. mesh was
created, also similar to mesh 1, in which a'single horizontal ‘
~ Joint was located within the depth of B/2. f °,.i he , S.
| esh 3, shown in Fig.B 2, Appendix:B, contains a single hori-
zontal-joint set Spacing of ‘the joints can again be varied by |
using the same procedure as described above. '

Another method was used here to obtain different spacings.
In this method every odd: Joint of the set was assigned a very :
high value oi the stiifness paramegers k and k . Thus the det'or- .Ei f :
'_mations across these Joints became negligible and the mesh behaved |
. 88 one with double spacing of discontinuities.’ The procedure was. : ., 7
tested by "eliminating" all joints oi the set,.which resulted in
practically equal values of stressee and displacements as those
;obtained from the continuous mesh No. 1. By using the same proce ’
‘the spacing cduld be tripled or quadrupled as well, without chanpShc-
-the scale of the problem. ' |

Mesh h, depicted in Fig.B 3, represents a single joint set,
| dipping at hS | Naturally, symmetry does not exist here and the
Viproblem must therefore’ be run on a rull meeh. ‘The size and boundary
conditions for this mesh were the same as for mesh- 1. SCaling '

| - e T

,ractors ‘were incorporated into the input mechanism of’ the program e

.

to enable proportional increasing of either all the vertical or

S \ i
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'horizontal'cocrdinates. In. this way i1t would be possible to
.change the dip angle of the Joint set within the range of epproxi-r
mately 30 to 60°. Butthis reeture was uniortunately never used ’
in the present, work. |

All of .the meshes,as‘well as the two programs;were stcred on

1c5?d‘deoks. The geometrical setup of the meshes was checked by 'ﬁﬂi.

using a plotting program._ | ' ‘ .

: el N
¥

. } o . ‘ R 'C..ﬂ.‘-( ‘ .

Section'b.u"lnput Parameters,,. R S SR

Since, as stated in the Objecﬂives, the purpose of this inveeti- ,
-gation was neither & parametric study, nor a quantitatiVe analysis |
of a speciric problem, the choice of the input properties was ‘made
rather arbitrarily. S A ‘_ :  HendE
. In order to keep the besic input paremeters in the proper |
proportions, the following dimensiondl input values were used- I e
" width of the i‘ooting B = 100" o | - o B
'contact stress q. = 1 000 psi . .,', o ‘ i:'f ."'” i
'-Ybung's modulus of the intact rock 'E = 3 x 106 Psi K rd -_.ﬂ
Poisson's ratlo of "the intact rock ak = o 2 ‘_Q | :. o

Shear and normal stifrness coefficients .
~of_the Joints k_'= k_ =} x 103 psi/in

) oL e -—;.u

B}vadOp%?%g the parameters B and q as units, the following nondi-

mensionel igput parameters were obtained from the ebove quantities{' .

.-'::s;;-'" »
S X 3x103 :
. g . i
'k'n‘B‘iksB_ | e
3 R hOQ_ S o o

0.2
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. These parameters were theh input.as'.mat.eniai ’br'operties into the.

. program, lwith'non'diménaional‘variables béing the coordinates

x Tz .S D o
5 and - and joint spading or depth - °r —§ - The

' rasulting output quantities were also nondimensiohal, being the

)

stresses —— ond :g—, and deformations _ch_ and-_ff_x_ .. The

_-advantage of this nondimensional input and output rrom the program ' '

was in a read'_gr comparison of' the results oi‘ dirferent runs and the

possibility of alwaya‘ changing .only one variable at a time_.
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Discontinuity Ugon the Stresses and Displacements

»

L gﬁneath a Strip Footing. . | :
. N . L] -. . b . ' N . l '-,‘_" “\—
',,ﬂig\T7.F shows the comparisen of three"ennfsce‘settlement,‘f e
‘curves for the strip footing problem as ‘described in the pretioﬁs
Lo S - o L
. ~ " Chapter. The first oﬁrvg:is that a contihuous, homogeneons
-suhgrade._ The sgecond and thﬁrd curVes represent a subgrade con-
. L -
taining a single horizontal joint 1ocated &t a depth equal ‘to the N
width of the rooting B and-: B/2 respectively. ' '
" . ' B o .
B TP S SN N S

- | ..'7', K. : Y, ) o . ‘ . -
SRS 1] (YT | 1 SR R S R NS CELT S

| '2.01 s
x1002 "+ g
S/m L ' -

‘  Pig. T.l '
Influence of a single horizontal Joint upon the settlement curve
' underneath a strip footing. ' - : .

.The 1nput parameters used in these three solutions were . those
given in Section 6. 3 and_the curves were brought_under a common
/ ."_

lj-)'..'.reference datum as described in Section 6 2. B
A WEvidently,-the presence .of the joint in ‘the subgrade has 8

) o . ..
oo . i

e
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pronounced effect.upon the dietribution and magnitude of the
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eettlement. ‘We will use the above reeulte to-teet-two-nypotheeee,;"
which might be used in practice in order to eolve.tnie particuler
problem without the use of a computer. . | .' . . .

o Hypotheeis l: The presence of the joint affects 1arge1y the
deformations but its effect upon the stress distribution is relatively
emaIl° Therefore it Jould be possible to account for the additionl

settlement due to the discontinuity by essuming‘that the Boussinesq

stress distribution'remaine valid. #he total settlement couldfthen

be computed by eetimeting the ampunt of the joint closure by :

n,and eimply adding thie to the settlements obtained ror the

continuoue case,

Table 7.2 ShOWS the valuee of vertical etresees computed in

' nine pointe along the horizontal plane 1ooated at D = B/2 with the

aseumption of continuity. The eecond line of the table gives the
amounts of joint*cloeure.corresponding to these streeses.' In
Figure 7,3, the values of joint cloeure are euperimpoeed upon the
ettlement curve, for the continuous case.: In the same Figure, the'
settlement curve obtained from the finite element eolution with the
joint.is also shown. |
.

Teble 7.2 Joint closures corresponding to-an assumed Bouesinesq's
stress distribution on a joint located at.D = B/2 '

Point-Nof." 1 2 3 4 85 .6 7 '8 9
_v?§§;a§§f?ss 0.774 0.605 0.353 0:152 0.055.0.02) 0.009 0.001 0.0005

Joint Closure

e iryeure 31 1593 1.51 0.88 0.38 0.14 0.06 0.02 0.00 0.00
‘K, B | ‘ S A
g

L]

= uOO-'

dividing the verticel Bouesinesq's etresees et the level of the joint byl

e

FAdvsareT
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j 1 2 3 by 3i 5 x/B /
o b .[7' \ b . I L1
. — "8 9 o
et =
) discontinuous solution
l.0 |
1 g
1.5 simplified solution

;3 - " - ; _. -. o '. ..:.1p ?,. ; Z.‘filf‘ :
| x10'3 2. ° |

. 2.5

'.Comparison of . settlement curvzigco;pated by alfinite element progran'
| o and analytically.'

It may be seen form this comparison, that the simplified
'procedure resulte in an .overestimate of the. settlements directly
7below.the loaded areaq\ Ihis,is caused by the fact, that the sim-
plified apprcachfdisregardsdthe'additional bending stiffness-cr the
‘layer of' intact material above the joint, which acts as 8 beam on

" .an’ elastic suﬁgrade. But it is also true, that ir there were some
o 'vertical joints in the abovementioned 1ayer, its bending rigidity :
'would in reality be reduced and the actual settlement curve would
L probably come & bit closer to the one predicted by the simplified
" method. In conclusion it can be stated that the-above approach
'would, in iact yield 3 reasonably good estimate of the settlement
”:which would in any case be Pn the safe side. For such approach to,
rbe useful, however, it is necessary to know the value of the unit -

normal stirfness coerricient k .
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'f Another'precticel queation conneoted'with.this problen.conrigu; .
| .;"retion'hae heen ooneidered-byIWaldorf.(u9) and maj be stated as
- follows: o : " ._ .
."gypothesie'é:_ Alplete.load‘teet ie‘conducted'on a rock mass
Which contains a major h‘oriz.ontal,_diecontinuity located at a certain
".d.epth.- S - | |
The purpose of thie teet is to predigt settlements of a proto.
type,'whioh loade an area- several timee wider than the area of the
plate. Obviously the effect of the discontinuity upon the settlement' -
'of the prototype will be muoh greater than upon that of the plate .
. ' ‘since, due to the 1arger width of the loeded area, the joint will be
.”,dplaced higher on the vertioal stress diagrem ae shown in Fig. 7 h

S FETEEEENRREEIE

P_'

" (b)

'pprototype '
footing -

The etrees acting upon a eingiightotontel joint. underneath a test
. : plate and a prototype foundatdon.‘ :
Waldorf ho) euggeeted the following ecaling procednre to obtain :
-.the eettlement of the prototype, baeed upon the knowledge of the h.'
'.modulue of deformation of the intact rock. Firetly, the theoretical
. settlement of the plate is oamputed by the Bouseineeq'a theory
CP | ;laeeuming that there is no diecontinuity. 1m1e value is then eubf
tracted from the observed eettlement and the resulting difference |
Ab is attributed to the closure of the joint. - vertical stress 6y -
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acting on the joint is estimated from the elastic continuous theory

and the “unit normal stiffness coefficient" can then be computed

as . ‘
k.- Gv . f

Turning to the prototype, the 1nverse procedure carn now bw used toe

obtain- the predicted settlement. Agein, the vertical stress at

the Joint is estimated, then it is divided by the ebove stiffness

coefficient and the resulting value of the joint closure is added

to the computed "continuous" settlement.

. of course, the above procedure egain disregards the stress

'iredistribution ceused by the presence of the joint. With the N

=resu1ts of the finite element enelysis presented at “the beginning
- of this Section we can again test the magnitude of the error involved

“in such. procedure. To do this, we will .attempt to’ predict the

settlement of a strip footing with a width 2B, from that of a. 1ong

"plate" which has a width B. . L "; - o

. A1l necessery numericel values may be obteined by scaling from
Fig. 7 1. The nondimensional settlement under the middle of the
"plate" is. equal to 1. hl x 10 3..-The continuous solution would
give. theé same settlement as 0. 6h x 10 -3, The “joint closure" |

‘; would then be equal to 1. El - O 6l = 0 77 >3 10 3 . At a depth

.equal to B, the nondimensional vertical stress is obteined frOm a-

”Boussinesq's chart for a strip footing as O. 55 The nondimensional

“"unit normel stiffness coefficient" gB is therefore equal to-"

0. 55/0 77 x 10” -3z 0. 71 x. 103 'For comperison we. mey note, that s

‘the‘“real“ stiff ess coefficient used in the computer solution is

0.l x 10> as stated in Section 6.3. o -

L Tpwsenionts e

e d
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"continuities than in the perpendicular direction. Equations ex-

f“’pressing,this.phenomenon.in a quantitativelwa#.may be glven as

'-.112— ‘ : ’"
o . N
i In the prototype, the joint 1s locatea at the depth or B/2.

The Boussinesq's chart gives a value ot the vertical stress or 0 80

' for this depth.' The "joint_closure" under the prototype would

then be equal to' 0.80/0.71 .x 103 = 1.13 x‘10'3' The nondimensional

"continuous" settlement for the prototype is again 0. 6u x 10 3

" Thus ‘the- predicted nondimensional total settlement underneath the

center or the prototype ﬁooting would be equal to 0.64 % 1 13 -

= 1. 27 x 10° 3 But the same settlement, computed rigorously by

-the finite element program may be read rrom Fig 7 1 as 1.9%. Thus,
'the above procedure yields a predicted settlement which is in error 7
by roughly 10% on the unsafe side for a prototype to model ratio .

-oi_only 2.0, The error is again due to. the disregarding or the

o v

'bending‘rigidity of the layer overlying the joint, which results“

" in anoverestimite of the joint stiffness coefficient in the first

step of ‘the procedure. 'It‘is obvious, that the magnitude of _the -

error would increase with increasing rrototype to model ratio.

" An extreme case of the same error is such, ‘where the width of the .

loading plate is so small, that the discontinuity is hardly stressed '
Catlall. - .-':f.- S

LY

The above conclusion seems to c‘st doubt on the validity of

. using similar procedures for interpretation of plate loading tests.
- It also seems to make & point for- using more refined analyses based

'on numerical methods.

'.Section 7.2_3Examples'of a Single.Joint Set.'

NOt unlike a layered material, jointed rock behaves anisotro-‘
pically, being more rigid in the direction parallel to the dis-A--

RS R T U Fie B o T TN R




. where: . - E

'fellows {6):

Fan 10

G '2tr“") is the modulus of rigidity of the intact rock

s .

ns

enhfs the same in the plane parallel to the - joints.

" E and

- 113 -
= ( él- 2t " Eqh. 7.1
. n | .
=JE | Eqn;.?QE'
- mE. . P .
] £1§2~_ . Eane 7.3
= Vi " S . ‘Eqn. 7.4
a - SES . . Eqn. 705
L
- Eqn. 7.6

u
R

1s the effective modulus of deformation in the

direction perpendicular to the jointe =',' o ,'

is: the eame in the direction parallel with the

- ' ~.

is the effective Poiseon's ratio relating strains

in the perpendicular direction to those in the R

;parallel direction

.;f. -'.d -f. f“ne'

s the same’ relating strains in the parallel direction o

to thoee 1n the perpendicular direction

is the modulus of rigidity in the plane perpendiculer

to the jointe e

are the deformation modnlue and Poiseon'e retio of

-
LY

the 1ntact rock

is the averege spacing of the jointe

s

o B aesigee)}
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:kn and ka . are the unit normel and shear stiffness coefficients_

L3

¥ ' o of ‘the rock joints. |
IR The above equatione were derived by considering the deformations
of a block of" jointed media urider stresses acting perpendicularly
‘and in parallel to the layers and equating the deformations with
‘lthose of a block of a hypothetical anisotropic material. Upon
'f, " .obtaining the necessary effective deformation coefficients ane .
- loan solve stress- strain problems in the jointed rock mass by utilizing
the theory of elasticity of a transversally anisotropic body.
The solution of a relevant problem in transverse anisotropf}L'
that of a 1ine load acting on plane surface with an axis of elastic
- symmetry being perpendicular to the plane2 was obtained by Michelu38)

~ and may be stated a8 follows' | - c

‘_ ‘.;.' | -' S, W, = WX K l R X ‘sqﬁ5t7.7 ' d ~ﬂ.f ‘.;
C) o f\jehqai R W, is;the‘vertical settlement on the,transversally '
R o 'anisotrOPic‘sround S e R

W 1s the settlement on. an isotropic material with

:properties E andfa R P
S o _ = ) '
| L ! AC + L F +L ]
Bnd ot LK e mtwr'\lf' . )ﬂ é — R .
| (nondimensional) | Eqn. 7. 8

From the form of ‘the equation 7 ? we may see, that the effect

of" the transverse anisotrOpy 18 only a,proportional increase in the
P . L . . ~

' settlements computed by the Bouseinesq‘s theory}' Thereforelany

'.solution, obtained in plane strain from an ordinary elastic theory

.may readily be extended for the cond ion of transverse anisotropy;
‘simply by multiplying the.settlements y the constant K. - -

' (

2 In other words the elastic properties of the material being
different in vertical and horizontal directions.
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The coefficients in equetion 7 8 are- obtained ‘as followe-'

=3
(1 - n/ﬁ ) .
‘9”-‘_3— (1 Juen
F,'.‘.'..T.ﬂ-.nsl(l "ﬂs’n.)
L T ‘. G . -,
e -
—_ U _ n " _‘ S .u,,,;,i_:.,,,,,,,';"i,, ._'L_.._A_.__‘,‘_u.w;,;,-‘ I
where - 4= (1 +ﬂsn’ (1= M- 2 M0 M) o
; -Bg L t . B
n.s ~——— . . . y '
‘ Ent- < L

We may now. uselthe finite element eolution of the problem of

7. a foundetion. on a rock mass containing a single horizontal joint

set to teet the validity of the approximation represented by

nondimeneionel input paremetere as given in Section 6. 3. The

continuous ani otropic eolution to the eeme problém iz obtained

':by two meene, which include computer runs by Wilax progrem using
_ meeh No. 1, and analytical eolutione utilizing the integrated o

: Boueeineeq'e equetion and’ the Michell's coefficient obtained from

equation “Te 8 Teble 7 6 eummarizee a11 the neceeeary deta.

l The solutione of two probleme, with average joint‘epecing
equal to B,' and B/2,' ere'shown in’ Fig. 7.5, which‘peummerizes
the reeulte of all three methods. The'eettlement 'curvee in the
figure have egain been brought under a common reference datum as

diecueeed in Section 6 2.

'and all the other conetante are ee defined by equetione ? 1 to 7 6.'

fequetione 7 1 to Te 6. For this purpoee, mesh No.3 is ueed}with B -

.

———— = = 4




'-’(‘ :

Neontinuous

isotropic.

+

Jointed Bubérade'

‘ Legend‘ S
analytic |

:::orthotropic :

\____-r———-computer

__;-__A-'-_'—-‘dirscdntinupuﬁ o

Settlement curves for a. strip

footing on'horizontaIIY'
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Table 7 6 Gonetants for tranevereal anisotropy obtained by means

S . "_ b equatione 7.1 to 7 and 7.8.
] .ﬁondimeneional;nput-Va;uee (eee_Section.o.B);
.-: -_'E/.q."' : QOOI _‘ L R
lomeoz N
xB kB . ’ R .
G = q " o0 ' 'lﬁf .
bpgﬁ%ng .Fn f -TEE‘f"ff‘ﬁe,d 6“8n ”f "- :“Geﬁ‘*”f‘“‘x 'TJ:" T
1.0 353 3000 0.0235 0.2 3e3_' 1250 Cosdbor .
% | 187, ujqoo ,_0.0125;bo,2- 172 1250 16,351;
% 97 3000 0.065 0,2 92, 1250 18.96}

. \ -
uw

Tbe'enelytioel'eo;utione are in pergeét,agpeement'with the

ahiaoﬁropio coﬁputer solutions which is a check of the correctness o

g

"of the 1ater. .
| The discontinuoue aolutions, on the other hang, diﬂfer by .
approximately LOF underneeth the axis of the footing. - ‘ .; ';}
S An- investigatlon cnn now be made 1nto the ce?gp of such difference.‘
It may be argued that the . equatione 7. t_,? 6, derrved on the
~ assumption of & constent stréss, are not valid under a stress‘c
(gr&d{eht. e'ﬁili,'thererore; re-derive equation 7.1 for the case
'77 of a constent stress gradient C. " | | |
5 Consider a block of material consisting of n layers separated
by n joints as shown i'n -F‘ig. TaTa 'I'he height of the block is-h, ) &
‘and the epacing of the joints is S = h/n.- 'The block 187,- ’
'acted upon by a vertical stress 6 such as self-weight proportional

:)% 27 o the distance z from the top.
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B N V= = ‘ ‘6f'C2'- uerticel-Stress5
s S o ‘C. = coefficient
=-_.—"-'_——_-_;,*’ . ' .
" n-th layer o
- .. hC

pna .-:n-th ioint . .
Ldil : Fig. 7 7

Derivation of effective deformation modulus for the ‘cAse of a' M
o constant stress gradient -

b

If the layers were repleced,by gn “equivalent" orthotropic-s
continuum, the displacement oI the top. could be computed as:

: 2
. ch
.Jb?tho . c x —2— x h x E_- —2—‘

where of'coufse'c x %‘represents‘the average stress acting on the -

G s

i_block.

More precisely, the displacement or the top of the jointed

‘block may be computed as follows.

no gs
15 i
JJOinted Zi =1 ——-E-- + -E;I- o

:where';G’n; C (i - %) S is the average stress in the i-th layer.

i
'and 6" = C-1+S i3 the. stress in the 1/th joint

’ 'e

Substituting into the above, rearanging end Lsing the relation"'

i-‘n(“‘“l)'u' btain: ‘
‘J\Jointed-zl on® '[1-:*1:—5 (1 +-)] | -Eqn'.'_"f.io

Comparing Equations 7.9 and 7 lOcne conclude& that the absolute

error involved in using the orthotropic epproximation is equal to'

-

-

4
{



. =219 - . -
} ‘;jcinted - Jortho = %1:1 _- Cg S_
| » JIC P 4 D £

€., for a given h the error is directly proportionel to the| '
magnitude of. ‘the joint spacing S. . T '

| By refering to Fig. 75 -however,it is found thntltne relntive
error of the orthotropic‘solution does‘not, in fact, decrease

with'smeller joint spacing‘as would be indicated by the above

result?ﬂ- "'_i |

L4
BI‘I‘ or.

Therefore,one must look for another possible source of
W g o

Equetions 7.1 to 7. 6 heve been derived on the assumption of

unidirectional stress. The stress field underneath a. roundation is,
on the other hand, completely general and multidirectional. There
are certein expressions(inveriants)for the elestic constents of
3 an anisctroPic continuous body, which should remain constant when
:) <' ' the'reference axes are rotated. Two of such invariants are given
by Lekhnitski (3h) as follows. | s p
11=%11 —i—a- —2—“%2;— .~ Eamv 7.11
S B - BV |
I, =_1G -

ne TR

where E; M and G are elastic constants and the indices 1 and 2
represent two mutuelly perpendicular directions, say vertical
end honizqgtel.,

‘1’3 substituting the “effective meterial properties" for
jointed mees into. equations 7. 11. and Te 12 we can test their

|
velidity for problems involving general stress fields such as ‘the
problem in question.

To do so,the equatlons ? 1t07 6 need to be

re-derlved for the case of an oblique stress which is/neither
perallel nor perpendicular-to the Jointing.

“ -
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Refex(ng to Fig. 7 l8 we wi’ll compute displeoements- ﬁnder' tne
6 I vertical unirform stress 6 and horizontal stress 6' ecting across

a eingle 1eyer and a. single ;]oin't: inclined et the engle A to the

-

vertical.

- . z 6»L“". -
S A )
displacements - g s d‘isj;,lacement‘s -
[ L C ] . . )

. Figo 7 8 ' ‘ . . i ':
Derivetion of the effective material, properties I‘or_ the case of an
}, : | ' . oblique stress. e S :

F‘or the vertical direction (see Fig. 7 _.Ba_l)' o B

. . id\ coé-
s . (S\ Esind\+in_ ks)

L .where E, s, k and k  are as defined above.

. The same displacement using an "effective" modulus of deformetion E,

wo_uld be: o > :
| 618 ~
SRS e sind >
! .

Combining the two equations

E.I. [E + sin A (sin 24 E cos d )] ~ Eaqn. 113
| -Similar],y from F'ig. -'?"Sb the rollowing can be derived-

o 2
() - | PR 24 . sin d) Eqn. .'Z lll
. Ep [_‘g’ + cos (—r— Sk, ] N




=)

A

3

-1 -

- --62_11*31'.\' o
5&142.— 61 -"'E‘ . . : ﬁqn. 7.15:

4

Substituting ‘Prom equations Te13, 7. 14 and 7. 15 into equations

I 11 and 7 121t i“ found thnt:

T.a 24 (sin’d + cosd) -s——l + (sindcos®d + 'cosdsinzd\) 12
1 E T Pk, o : . o Sks"@ ’
SRS S u'm - :

, . Ean. 7.16

The elastic 1nvsrinnts are now".‘expreed as functions of

‘the properties of the jointed‘materiairand-the"angle A between

\

the layers and the axes of reference. Arbitrary rotation of the

. reference axes in now effected by changing-the angle d\"?But-the

® terms& and I2 represented by equations 7.16 and 7.17 are not

> ¢

., of - the spacing S." The apparent concluaion then is, that the

Meffective" parameters of equationa 7.1 to. 7 6 represent only. a rough ‘

independent ot/ the angleci3 and conseJuently'are not&inv{rients.

it mayfurumr bermuﬁ that this is so without respect to .thé magnitude SRR

' approximation of the actual elastic behaviour of the discontinuous

mass, “which does not improve with decreasing spacing. The error,

:however, again appears to be_on the conservative side,end therefore

the'above‘simPlification ﬁilI ¢ertainly.still be useful in'many
practical problems, especially eince it affords simple analytieal

solutions to be found with .the help of equation. TeTe

-

Q .

3 In cagse of Equation 7.17 this is because G1 o which has not been
expreased in terms of o\ .obviously is rot a conetant. o, 1
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appears to be strong end is more difficult to correct.. This'is

x',ﬁbgqsuse the ssymetry or the problem tends to produce relatively

‘.This,_however, was not done in the present work and the curves

- 122 -

_ The last problem which has been examined with the help of the
“two programs is thst of a foundstion on a subgrade containing a

single joint set dipping u5

-
“framn

Surface settlement curves resulting from two runs, with Joint

spscing‘equel to B and B/2 are shown in Fig. 7.9. ﬁlso in the same

"figure are superimposed settlement curves irom the" corresponding

'oontinuous - isotropic solution and from an orthotropic solution.

" using the "effective" material properties for spacing S = B/2. - Jf

The influence of'the'essumed boundsry-conditions on these solutions

A

lerge horizontal movements. It would be necessary to try using

: modified boundsry conditions for this problem in order to | determine

the exact shepe of the settlement curves cloee to the boundary..

in Fig. 7 9 are presented without correction._ Still,.some qualitetive

'conclusions mey be drewn from the figure.'

— A

The inclined joint set has a much smaller effect on the :
settlement of the footing than a corresponding horizontal set
(ef. Fig. 7. 5). The ch;a‘difrerence between the discontinuous and
orthotroPic solution is in ihe fact ‘that the orthotropic solution
is symmetrical, whereas the discontinuous solution is not. In.fact,

- the rboting tilts on the. lsyered subgrsde in the sense which is

-Opposite to the dip of the joints. The same phenomenon has actually

been observed by the authors of Ref. 1h who conducted plste Joad
tests on steeply dipping, layered shale. They observed tilting ‘
.of the loading plate uhich, when trenslated to the scale or the pro—l
'totype bridge, would emount to severel inches of displacement at

1
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"the top -of the pier. The authors of the above reference.ulSO'
conducted inclined plate load tests to measure elastic prOper-
ties of the 1uyered mncs in the directions pnrnllel and perpen-

: diculnr to the joints. Mhieir conclusion we s thnt the resulting

deformation moduli would not give an elliptical form of the dia- -

grom of anisotropy which is d& consequence of the discontinuous'
nnture of the medium.

“.fSection 7.3 Summery of the Genersl Conclusions from the Finite
: Element Modelling btudJ. .

The following conclusions result from the’ work reported in

thls Chnpter., 4_ | | _ -

_ - The choice.of‘a minimum width of the finite element model |
crentes a probl which eppeers more serious 1n jointed or
anisoteric models., .

- The sssumption of the Boussinesq‘s stress distribution in"

,j01ntcd rock masses leeds to conservative although fairly

‘.srealistic estimates."

‘= A scaling procedure bnsed on Boussinesq's stress distribution

'1n j01nted rock, ir used to interpret a: plate load test, will _

result in an Optimistic settlement estimnte.‘
‘—_'h jointed medium pennot be exactly represented by trnnsverse-
anisotropic continum, the error of such‘representntion does not
"decrease with closer joint spscing. .7 | '
-" L. footing pluaced on o rcck subgrude containing = dipping
j01nt set W1ll tilt in n sense opposite to the direction of the?
Jdip. This would not be predicted by o transverse anisotropic

“representation.
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From the previous it ie found th t the existing annlyti-
_cul methods of treatment of jointed subprndes involve relatively
CO | 1nrpe amounts of - imprec151on. However, glven the difficulty
. of obteining reliable dete on the configuration of rock struc-
tures nnd on the elastic propertles of the different eiements,
the uso of the simplifled methods will probnblq elunys remain
_. justifled and their 1mprecision will' be & minor factor in the
total error of the actual practicnl uolutions. The nore pre-
'e:cise computer bnsed methods, on the other hnnd "heve an advnn-
tege in. providing n deeper understanding of the nature of each

' problem in the whole nnd 1n detalls.

Q
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.prectice of foundntion engineering‘
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. ,4_._..,_,, ‘
Suggestions for'FurtherLResearch;

. The appronch to -the problem of deformebility of . rock msss

which was discussed in this Thesis is based on some quite re-

cent trends both in the.testing techniques-end_computgtionnl

technology utilized'by the science of Rock Mechnnics. Therefore,

" the field in which original research could be carried out is

extremely wide. The suggestions hemawill be 1imited to only two

Spelelc points, where succesrull research endeavour could pro-

~duce design ‘guidelines such as are strongly needed by the generel

N,

1. Joint deformabilityltesting: If the average joint de- - //
fornébilitﬁ prrrmeters wWere reliably known for certein types, of '

rock masses, perh‘ps particulnr fonmations, relationships simi-

iler to that - shown in Fig S.7, Page .89 could possibly be used
| directly for estimeting ‘settlements. The parnmeters would hnve :
to be'obtsined by carefully conducted sempling and'testingr Ju-

) diciel clessirication and statistical treatment or the results,

the design relationships -would. heve to be checked by lnrge scele
field 1oed testing or performance observations. Most important
in the author's opinion, is testihg for stiffness under normal.
load,- which is only merginnlly covered by the published literature

and yet is_most Televant to problems of horizontally jointed '

.masses. The testing program should ~lso include examinations of

compresSibility of infilling mnterial of thick Joints. ‘Intnct’ :

samples< of such material can sometimes

- o .




-

in the'previous chapters of this Thesis.-

fe 127 -

quite ‘easily be recovered from test pits or other excavations.

--2.‘7 Computer parametric studies- Gomputer programs could

be used to establish relationships between the many different

. variables involved in a rock mass deformation problem such as

stiffness parameters, spacing, and attitude of joints.

L oem

‘Lspeniallvanortant'would be an investigation of the influence of .
. vertical joints upon a horizontally ‘bedded rock mass, which would

' throw more 1ight upon the question of the representative approximete;

nE

stress _distribution as "discussed in Chapter 7 of this Thesis.

It is undérstood, that computer‘studies‘by themselves, even.

.“if their results were quantitetive in nature, could not provide_d
directly design oriteria. The relations obtained from such studies,.

'~on the other hand, could help in. oorrect interpretation of results

'obtained by other means,'as partly illustrated by the hypothetical

'exmAple :Qf. a plate load test interpretation given in Section T.1l.

Several additionel suggestions -for future research were given

.

O
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- Plpte 2.
. Side view of the assembled direct shear teét_ﬁing- machine. -
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Plate 5. S .
Typical profile of a 1imestone bedding plane (Sample 1)
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_Plate 6. . o o
Casting mould, sa.mple cast in concrete, sample after cutting,
* ~ the empty shear boxes. .
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‘Plate 7.
1, 2, 3 and 4 after testing.
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Plate 9.

Samples. 11, 12, 13 and 1l | a,'fter-te_si:_ihg'._
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S&mples;lS; 17, 18.;and 20 after testiﬁg;
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' Table'.A.3‘.-_ Results of thé Meas_ﬁrerde_nta‘pr Xy g ®
v 1 2 | -3 b s | "6 . 7 . |- 8 9
- |Semple § ., | ° : : | S . Range. | =~ |
: .ﬂg;a&:‘ : 6}1- -.anO.Sp kng ¥y Z;/Ah. . fns av. | ¥ns | 1_{1'1'5 -kné/ks
8q, in.| : psif. . 10“'»pai/ih- . . -
L 65 . 3. 1.0 e - 1.l 2.16 : '
1 136 86.0 1.l - 2.1 to 3,11 1.99
30.1 - 207 23.0 2.5 2.3 3,67 18.19 S
278 153.0 | L.7 2.3 Tl .
- 92 49.0 1.1 1.1, 1.6 2,75
o2 0 19 9.1 2.5 2.5 3.3 to  3.80
fa.2. 296 18.0 2.8 2.8 4.0 16.
© . 398 21.0. 6.0 6.0 7.9 ‘ "
N L6.0 86.0 92.0 66.0. - =20.7 . S
3 158 -7.7 . 15-0 "15-0 11-0 ! ) to —1702.-3-06_
26 0 21.].1 .‘"50’-‘ [Bad 10-0 -1’-].00- -~ 709 ’ "1300 l '
- 325 132.0 - 53.0 -53.0 99.0 .
80 29.0 51.0 59.0 40.0 - TU43.4
ol 167 50.0.- - 17.0 -20.0 - 34.0 to. 87.7
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"Sone'Additionsl‘Notes on;the Desién of the DirectﬂSheer Testing
- < - : ) X

'Machine. T . C ;;

’ ' ‘ - ) &
Figures C 1 and C IT represent the shop drawings of the shear -
. bexes,;loading shoes and leteral restraint breckets. Lo 1. .

) In Figure C.I the slip bearing plates are shown to, be inclined
-at 2° .' The. purpose of this vas to even .furter reduce the frietion

-‘along the bearing during a normal movement of .tBe box. The\degzgn
o Hes, howeVer,-later revised to exclude this feature siﬁce, for con-']

. tractant joints, the inclinetion of the hearing would add to the | \
| ﬂ"angle of rriction and thereby increase the error, rather than - ° |
-decre?se it, S ,f. S = . f o "f: ‘ i,fﬁ

The etruetural design of the. welde and bolts in the shoe in-
:cluded consideretion or a moment, caused by the maximum design shear -
' force (10 ton) ecting throqgh an arm of about 25 inches ('estimeted),-
iland tending to rotate the”box out of its srip with the shoe. .

o The purpose or the circular hole in the side of the shoe is "-'J
-'-mainly to relieve;some weight and racilitete the handling of the

' piece. It is also considered benericial in decreasing the stirfness.7

of the pert or the shoe which is in direct contact with the. box |
end so aiding in ehirting the trensrerred load -closer therds the
gap between the boxes.':. . B ; '

A single type of holt, high.tension 5/16 in..diameter, ‘was

ueed throughout the- deeign. All ot the parts, with the exception
.of -the boxes and the- loading rreme, were menufectured from the same-'i
size of rlet'etock. Thus, the variety of meteriel ordered was

- reduced ‘to a Linimum.. | :.' - | ‘”’ Lo



ey

‘*.Arpaunxx c

;diameter carbon drill rod and hardened by heat treatment.

:*9 000 lbs.

‘than that presently used.

°rrame on the bellows side needa to be safely supported against la rel

L) ’ ) .
The lateral restraint pina were fabricated from a 3/8 in.
A spare‘:l

sbt of" these waa made and tested to failure in a compresaion testinz

machine.- The resulting yield loads were rccorded as. 8 6 S 1lbs and .

' The loading frame or the machine was d aigned to withstand

'maximum normal force of 10 tons. The reason for this was to enableu

ifposaible future replacement of the bellows for one of higher eapacl.

..\.. \_./l ' -

T

During the operation of the machine the end of the loading

' inetability. This was achieved by plaoing the frame on timber pPro:s

“(see Plates 1 and 2) and tying it down securely with 8. yoke, con- o

1
aiating of a. strong wire tightened by turnbuckles.' A note of

Y N3
.cauti n is attached to the frame,since the failure of the operator

ok

'."'--‘...7 .o
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