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SUNMARY .

Tension fractures generated in different strengths of a weak, brittle model material
are taken to represent joint surfaces of different dimensions. Direct shear tests
performed on these surfaces suggest that, as far as peak shear strength is concerned,
no appreciable strength-scale effect exists.

Analysis of the experimental results for a large number of shear tests on model
joints reveals theat a linear relationship exists between the peak dilation angle and
the peak stress ratio. It is also found that a simple relationship exists between
the peak dilation angle and the ratio of the normal stress to the compressive
strengthe.

A simple method is developed for statistically analysing the roughness profiles
recorded for joints of varying degrees of roughness. This involves the computation
of ineclination angles for asperities of different base lengths. It is found that
these quantities are analogous to the change of peak dilation angles for different
normel stresses.

The practical application of this shearing analogy to slope stability problems is
summarised, and a typicel example enumerated. Photogrammetric recording of the
roughness of joints exposed on rock faces, and a statistical analysis of the data,
provides an estimate of the peak shear strength for any range of normal stress.
RESTME,
Des fissures de tension différentcs provoquées dans un matériau d'essai faible et
fregile sont choisies pour représenter des surfaces de fissures de différentes
dimensions. Des essais directs de cisaillement effectués sur ces surfaces font
penser, en ce qui concerne la résistance limite au cisaillement, qu'il n'existe
aucun effet résistance-échelle de valeur notable,

L'analyse des résultats expérimentaux obtenus & 1l'aide d'un grand nombre
d'essais de cisaillement sur des fissures sous forme de modéles, montre qu'il
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existe une relation linéaire entre 1'angle maximum de dilatation et le rapport des
contraintes maximum. On a révélé également 1'existance d'une relation simple entre
1'angle maximum de dilatation et le rapport tension normale / force de compression.

Une méthode simple est développée destinbe & servir dans 1'analyse statistique
des profils de rugosité enregistrés pour les différents degrés de rugosité. A ce
sujet, 11 faut calculer les angles de pente des aspérités de longueurs de base dif=-
férentes. On a constaté que ces valeurs sont analogues a la variation des angles
maximum de dilatation pour différentes tensions normales.

Compte est rendu sommairement de 1'application pratique, aux problémes posés par
la stabilité des talus, de cette analogie de cisaillement, et un exemple typique est
étudié. L'enregistrement photogrammétrique de la rugosité de fissures exposées
(fissures de surface de rochers), et une analyse statistique des données, permettent

d'obtenir une appréciation de la résistance limite au cisaillement pour toutes
tensions normales,

ZUSAMMENFASSUNG »

Zugrisse, die verschiedentlich in einem schlechten und spréden Material hervorge-
rufen werden, wurden als Fugenflichen von verschiedenen Gréssen betrachtet. Direkte
Scherversuche an diesen Flichen zeigten, dass, soweit der Gr¥sstwert der Scherfestig-
keit betroffen ist, keine unterschiedlichen Festigsskaleneffekte existieren.

Die Auswertung der experimentellen Ergebnisse einer grossen Anzahl von Scherver-
suchen an Modellfugen hat gezeigt, dass eine lineare Relation zwischen dem Grisst—
volumenvergrdsserungswinkel und dem Gr8sstspannungsverhdltnis existiert. Es wurde
ausserdem festgestellt, dass eine einfache Relation zwischen dem Grdsstvolumenver-
grisserungswinkel und dem Verh#ltnis der normalen Spannung zur Zylinderdruckfestig-
keit besteht.

Eine einfache Methode, um die Rauheitsprofile fiir Fugen von verschiedenen Rau-
nigkeiten statistisch zu analysieren, wurde entwickelt. Man muss die Steigung der
Unebenheiten fiir verschiedene Seitenl¥ngen berechnen. Es wurde festgestellt, dass
diese Werte analog sind zu den wechselnden Grosstvolumenvergrésserungswinkeln fiir
verschiedene Normalspannungen.

Die praktische Andwendbarkeit dieser Sceheranalogie flir B¥schungsstabiliteitspro-
bleme ist zusammengefasst, und ein typisches Beispiel wurde durchgerechnet. Die
photogrammetrische Aufzeichnung der Fugenrauheit an den zutagetretenden Gesteins-
fl¥chen, und die statistische Analyse der Ergebnisse, l4sst die Grosstscherfestig=-
keit fir jeden Bereich der Normalspannung bestimmen.

INTRODUCTION.

It is generally acknowledged that the major difficulty in rock mechanics practice is
the reliable measurement of relevant field data. There appears to be an ever-widening
gap between the quality of this input data, and the numerical methods of analysis
currently available, This paper represents an attempt to narrow this gap in one
important field.

In the pas#,attempts have been made to relate the shear resistance of rock
joints to the observed dilatent behaviour of granular materials such as sand. From
considerations of statics, Newland and Alley (1) developed an equation of the
following type: Y o= O tan(+i)

to denote the maximum shear strength of a granular mass. The angle (i) was the
average angle of deviation of particle displacements from the direction of the
applied shear stress, and (41) was the angle of frictional sliding resistance be-
tween particles. Rowe, Barden and Lee (2) developed the same relationship for co-
hesionless sands from energy considerations., For the direct shear test the total
applied shear force was divided into three components., These took account of the ex-



ternal work done in dilating against the normal force, and the internal work done in
overcoming dilational friction which was differentiated from the "no volume change"
frictional component. The sum of these three components produced the above relation-
ship.

Patton(3,4) and Goldstein et al. (5) used the same relationship to represent the
shear strength of irregular rock surfaces and broken rock when tested at low normal
stresses. At high normal stresses it was anticipated that most of the irregularities
would be sheared off, Consequently the Coulomb relation was introduced:

T=c+Cland
where the constants (c) and (¢ ) denote the Coulomb shear parsmeters relating to the
strength of the unjointed rock material. Thus Patton and Goldstein et al. proposed
the familiar bi-linear approximation to the anticipated curved strength envelope,

Patton's work provides a simple experimental basis for the development of more
fundamental failure models. He performed a series of laboratory shear tests on idea-
lized rock surfaces using kaolinite-plaster specimens having interlocking teeth.
Specimens with teeth inclined at 45°, 35° and 25° (of the same height) produced peak
strength envelopes which could be approximated to bilinear relationships. The initial
linear portions (representing low normal stress) were inclined at 759, 660 and 55°
respectively. The second linear portions were all inclined at 30°, which was the same
as the angle of residual friction (i.e.¢-'¢s in this instance)., The bilinear transi-
tion points varied between the three types of specimen, with the 45° toothed sur-
faces reaching the transition at lower normal stress than the 35° or 25° models. This
was obviously a function of the relative base area of the teeth. It was tanerefore
postulated that for a real joint surface the steepest asperities might be sheared off
at quite low normal stresses,

Effective (i) value.

Patton also studied a large number of unstable
.52 rock slopes in the Rocky Mountains. Photo-
graphic observation and measurement of joint
surface profiles, and a related series of re-
sidual shear tests on flat, sawn rock speci-
mens led him to the conclusion that first
order and second order irregularities of the
Joint surface had to be differentiated, if
realistic strength parameters were to be ob-
tained through back analysis. Figure 1(taken
from Patton (3)) demonstrates the significance
of the two scales of roughness., In essence nis
conclusion was that an "effective" (i) value
had {0 be used, rather than the absolute
roughness of the small asperities lying on the
slopes of the first order irregularities. As
far as the author is aware, no method has been
suggested for actuelly recognising the appro-
o  im priate effective (i) value for a given field
problen. (a)

- ] - Figure 2 (a) demonstrates the static con-
Fig, 1. First and second order irre- sideraizgns of sliding up an idealized smooth
gularities (after Patton (3)). inclined rock surface which exnibits a basic
Erste und zweite Ordnung Unebenheiten angle of friction (¢p ) the same 25 she resi-
(nach Patton (3)). dual angle, and also obtainable from shear
Irrégularités du premier et second tests of flat sand blasted or sawn surfaces

ordre (d'aprés Patton (3)). of the rock. Equating the resolved components

8) Secondeorder irreyularitles

») Viretearder irvegalaritiss




of H and N for the condition of limiting equilibrium the following familiar relation

is obtained:

H/W = tan (,+ 1)

This is obtained more directly as follows, Sliding is just initiated when the resul-
tant force is inclined at an angle ¢ from the normal to the inclined surface., There-
fore the tangent of the "total friction angle" is equal to the ratio of H and N,
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Fig. 2. Three diagrams of joint shear
behaviour.

Drei Diagramme iiber Fugenscherverhalten,

Trois graphiques représentant le com-
portement au cisaillement.

Peak dilation angle,

The real situation of shearing or sliding
along a rough joint is illustrated in dia-
gram ( b) of Figure 2. A multitude of (i)
values contribute to the peak shear strength,
and the effective (i) value will be depen=-
dent on the normal stress acting across the
Jjoint. It is suggested that at the instant
of failure (peak shear strength) the rock
mass lying above the joint will move at an
angle (d,) inclined to the mean plane. This
is the effective (i) value, but it will now
be termed the "peak-dilation angle"., It is
a very powerful phenomenological parameter
of shear strength, since for a given normal
stress it represents the minimum energy
path between a "sliding up" and a "shearing
through' mode of failure.

dn = maximum incremental dv
dh
where d, and d;, are the increments of per-
pendicular and tangential displacement res-—
pectively,

All the two hundred shear tests per-
formed on rough model tension fractures
(Barton (6)) demonstrated peak dilation
angles corresponding to the shear displace-
ment at which peak strength was mobilized.

Previous measurements of joint dilation.

Ripley and Lee (7) reported an interesting
series of direct shear tests on natural
discontinuities in sandstone, siltstone and

mudstone obtained from 6 inch diameter drill core. Dilation measurements were taken
during each test. When expressed in terms of an apparent friction angle, the in-
crease in sliding res1stance due to "riding up" on the rough joint projections was
found to be from 10° to 18° for the peak values at low strain, and from 2° to 13°
for higher strains. It is significant that their total angles of friction at higher
strains "corrected" to approximately the residual angle of friction, while the peak
values when corrected were somewhat higher than this. For instance for the sandstone

specimens:
MEASURED
peak ultimate

CORRECTED

peak ultimate

36° -



It was therefore apparent that the dilation "correction" proposed by Skempton and
Bishop (8) for direct shear tests on (conesionless) sands could not be applied to the
peak strength state of rock joints. :iven at low normal stresses some failure of in-
tact material was occurring at tne tips of asperities in contact.

Iwo further references should be cited from the smell amount of rocl: mechanics
literature reporting dilation measurements: Ruiz, Camergo, liidea end Mieble (9) and
Isytovich, Ukhov and Burlakov (10). Both papers refer to in situ tests of concrete-
rock interTfaces. However, uiz et al. also report dilation measurements irom a large
(375 42 area) in situ sicar test of a basalt-breccia contact at a normal stress of
only 24 lof/in“, Peak dilation angles as nigh as 39° and 32° were obtained for the
undisturbed and first sliding tests.

Component of asperity strengthe.

‘he theoretical maximum inclination of a smooth faced asperity whica is to remain un-
sheared when tested at zero normal stress is as follows:

(L)max = 40-¢b

This is apparent from inspection of the function tan (QPp+i), and was referred to by
Ripley and Lee (7), Witners (11) and Patton (3).

The large amount of experimental data reported in the literature suggests thai
nore or less all rocks have basic angles of sliding friction (¢b) the same as the
residual angle, and lying between approximately 25° and 35° (see tor instance zipley
and Lee (7), Patton (3), Rosengren (12), Hoss Brown and Barton (13)). sor this reason
smooth asperities inclined at between 55° and 65° to the mean plane may be sheared
through even when the test is conducted at a theoretical zero normal stress. iteal,
rough faced asperities might therefore limit the meximum possible dilation angle %o
300 or 40° for this theoretical zero normal siress.

Ladanyi and Archambault (14) proposed a failure model in which the small area of
sneared asperity was given a strength component corresponding to the Coulomb relation
for shear through unjointed rock. They suggested that over the remaining area of the
joint surface, only the frictional and dilational components were acting., This con-
cept is no dount a velid one, but unfortunately the number of unknown paremeters in
their relationship was impractically large.

Diagram (c) of figure 2 illustrates the problem posed by this shear compornent.
Peak strength is reacned when the ratio of the shear and normal forces is equal 1o
the tangent of the sum of ¢y, d, and s. The shear component (s) appears to be stress
dependent, just as the peak dilation angle (dp) is inversely,

It will be apparent from this review of joint shear failure concents that no
practical method existed for predicting the peak shear strength envelopes of rock
joints. The proolem is complicated by an additional unknown; the question of possible
scale effects,

Deere, Hendron, Patton and Cording (15) suggested that the sirength of labora-
tory (6 inch), in situ (3 feet) and failure surface (10 to 100's of feet) "speci-
mens" would be mutually different for a wide range of surlace profiles. It was
thought that because the small specimens could only semple the second and third order
scales of roughness, tney could not be representative semples of the total failure
surface problem, This scale effect was thought to be particularly true of rough un-
dulating tension joint surfaces, and to a lesser degree of smoother surfaced undu-
lating joints or bedding planes. By implication smooth, planar joint surfaces were
not expected to exhibit any strength-scale effect,

In direct contrast to these hypoteses snould be mentioned the review of in situ
shear test experiences by Seraphim and Guerreiro (16). Test areas ranging from
10 £12 to 375 £t2 were considered not to have confirmed any strength-scale effect.




SCALE EFFECTS CF MODEL TIENSION JOINTS.

The very weak, brittle model material (Barton (17)) developed during reduced scale
(1:500) model studies of the behaviour of excavated rock slopes (Barton (6)) pre-
sented an ideal opportunity for studying possible scale effects. This problem had %o
be assessed before any general strength criterion for rock joints could be formulated.
1, Strength-scale effect.

Four model materials having widely different compressive strengths were used in the
investigation. These materials; €2, C4, C9 and C25 were obtained from cured combina-
tions of red lead-sand/ballotini-plaster-water. Different aquantities of tiie cementing
component were used to obtain the different strengtns.

~

It was intended to verform all direct shear itests on the same dimension of model
tension joint, namely 2.3 inches by 1.0 inch. These were develonea by tensile
splitting on a specially developed guillotine, If all four model materizls were taken
to represent the same strength of prototype rock, tien by a simple diaensionless re-
lationship, the four model joint tyves would be simulating four different dimensions
of prototype joint surface. The table below summarizes the model-prototype scaling of
tne Iour model materials.

Table 1., Model-prototype scaling of four materials.

Model e e A Protoiype Prototype
material (1bf/in2) (Lbf/£13) b (feet) Ge

02 10.2 120.7 500 566 96.0%x42.0 54300
c4 5642 120.8 91 121 | 17.5x7.5 (1o:/in®)
c9 88.8 11744 56 i 10.7x4.7 (ATL)
c25 119.0 108.7 38,6 57 T odx3.2 -

wnere: 0. is the unconfined compressive strengtn
Q is the density
A is the geometric scale
{ is the stress scale
A full discussion of model similtude is given by Barton (6).

Each of the four model types was tested at a different range of nornal siress
(G,) such that, when these were converted to prototype stresses, tne range for all
four was the same and approximately O to 1600 lbf/inz. rigure 3 shows tihe surfaces of
the specimens after shearing. Quite large =mounts of damage were noticed on those sur-
faces wnich were tested at the highest normal stresses.

The model shear strength envelopes displayed widely different strengths, as
would be anticipated from the range of unconfined compression strengths. However, the
prototype envelopes shown in Figure 4, show 2 remarkably smell scatter in overall
results, (Each plotted voint is the mean of two shear tests 2t the same normal
stress). Note in particular the absence of a true "cohesion intercept', even for
joints as rough as those tested. The curved shape of the peak envelopes is typical of
results of direct shear tests on joints in rock,see for instance Xrsmanoviec, Tufo
and Langof (18).

The closeness of the peak strength results leads one to the conclusion that there
may not be a significant strength-size effect for rough tension joints of this type.
The apparently more planar profiles of the 7.4 and 10.7 feet simulated joints belie
the fact That for many different joint dimensions there is probably a roughness
"world within a world". As will be seen later the small steep asperities seem to con-
trol the peak strength to a greater degree than the larger amplitude low inclination
first order asperities. These only become dominant at normal stress levels consider-
acly higher than encountered in near-surface excavations, or for shear displacements
larger than those required to develop peak strengtn. However, tnese comments are not
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Table 2. Prototype displacements extranolated from four model materials.

KOTMAL STRESS DISPLACTMENT
Cn (1bf/in®) dp, peak (ins) dv peak (ins)
g2 C4 c9 G25 C2 C4 C9 c25 g2 C4 of°] c25
29 Sed 3.4 2.51 3,35 0.54|0.35 |0.34 - - - -
112 1 115 110 1 109 5.12 [ 1.40 | 0.71 |0.55 || 2.30[0.15]0.11 | 0.06
190 | 196 | 184 | 207 5.32 | 1.04 | 0.66 {0.70 | 1.65|0.13 | 0.06 | 0.06
318 | 288 316 wed 8.46 | 1.40| 0.71 | 0.46 0.75 | 0.09 | 0.06 | 0.03
445 | 439 | 449 | 535 %.45 [ 1.36 | 0.71 {0.93 || 0.25|0.17 | 0.04 | 0.07
€35 | 611 726 658 11.611.36| 0.75 | 1.05 0.45 [ 0.13 | 0.09 | 0.08
1079 (1140 11058  [1026 9.65 | 2.37|0.91|0.79 | <0.05|0.25|0.15| 0.17
1588 | 1661 |1551 [1640 8.85|1.40| 0.64 | 1.03 || -c.10 | 0.16 | 0.07] 0.05

The symbols used in tne tabulation represent the following:
peak: is the tangential displacement at peak shear strength
dv peak: is the perpendicular displacement at peak shear strength.

It would appear from the results that there mey be a merked displacement-scale
erfect for rough tension joints of this type. The peax strengtis were reached after
tangential displacements approximately 1% of the lengths of the joints tested,

nether these simulated 96 feet or only 7.4 feet at full scale.

The ultinate tangential displacements were the same For ez2ch model and represen-
ted 7.T% of tne length of each simulated test dimension. From an examination of the
drop from peak ‘strength towards residual strength, it would appear tnat a displace-

1ent oI approximately 10jz would reduce the shear strength of similar rough joints to
close to the residual strength.

DBSERVATICNS CF ASPERITY FAILURE DURING SHEAR.

Figure 5 is a photogrann of tweniy model joint surfaces representing seven tyves of
joint. “ach specimen is one of a mating pair rhotographed before snear testing and
later aligned in the shearbox in = lmown direction. The roughness proliles (ele-
vations) superimrposed on tnese photographs were obtained Irom z photograrmetric anz-
lysis of the surface (see Wickens and Barton (20)). Approximately 70 spot neight co-
ordinates were computcr nplotted for each of the two profiles per surface. These were
telzen longitudinally along the two tnird points of the 2.3 inches by 1.0 inch model
joints.

As a preliminary to deteiled analysis of the rougimness profiles, some of the,
shear tests performed on itn: joints shown in Figure 5 were "reconstructed", so that
The cI ect of normal stress on asperity f allure coula be assescsed. rigures 6 and 7
show the exvperimental shearing paths measured during the relevan:t tests, superim-
vosed on the related pairs of roughness profiles For tne tTw o-“us concerned. Both
the joints chosen Ior tais example were in model material C2(Z), represeniing a pro-
otyve unconfined compression strength of 6,800 lb‘f/in2 and a joint lengtih of 96 feet.

Jetailed observations of these sequences were given by Barton (o) For the presem
tbe following conclaolons can be drawn. (Note that sequence Yo. 2 represents nesk

strength in each case).

H

1. The test representing a low normal stress (112 1bf/in2, Pigure 6) showed face to
face joint contact at only the sieepest points of the asperity $ins, wita very little
asverity shear (black overlapned zones)

: ez v fi 2 o5 2 5
2. Tnhe test representing a higi: normal stress (639 lbi/in®, figure 7) showed aporeci-

able areas ol contact due to tue lower inclination of asverity taat was being sheared
through at the higher stress,



fig. €. Recconsiructed shear test: low
normal stress.

Rekonstruierier Scherversuch: niedri-~e

Photogrammetrische Rauneitsprofile. Hormalspannung.
Représentation photogrammétrique de profils Issal de cisaillement reconstruit:
de rugosité. faiole tension normale.

IWO ZXPERIMENTAL RESULTS FOR MODEL TENSION JOINTS.

1. Relationshio between peak siress ratio and peak dils
Peak dilation angles and corresponding ratios of CT/G}) at peak strengin were calcu-
lated for eight different types of model joint. Tnese ranged from the rough inter-
locking "secondary" joints C3(S) (specimens by 7 and 8 of Figure 5}, down to tie
more regular "primary" joints of C25(P). (C25. 1 to 14 of Iigure 3, specimens 12, 13
and 14 of Figure 5). In addition, some experimental data for tension fractures in
Blackstone granite were kindly supplied by De Freitas (21).
The distribution of data for arctan (T/G;}O Versus (d )o is shown in Xigure 8.
‘ach model result is the mean of two tests at the same normal stress. A leas
Squares analysis was carried out, and grzdients andé intercepts calculzted Tor tae
best fit straight lines to each of tne eignt model joint tyves, and 2lso to the total

-
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PEAK DILATION ANGLE d
. 8. Linear variation of peak delation
le witin peslz stress ratio.

e des Grdsstvolumenver-
i'ige. 7. Reconstructed shear test: high 8s mit dem 3r8sstsnann-
normal stress. sver
Rexonstruierter Scherversuch: nohe Normal- i gle naximum de dilatation
spannung. en fonction du rapnort de contraintes

” & s 2 X . . > maxXimum.
Essal de cisaillement reconstruit: tension j s

nornale élevée,

semple, The model results were doubly weighted compared to the single tests on gra-
nite, and the peak dilation angle (4 ) was taxen as tae dependent variable, Th
following table gives the result of Thnis analysis:
doint type |Gradient (M) | Intercent (C)| The following result was obtained for the
33(52 1.16 44.4 total weighted sample:
A3(P 5 42.7
sy | x| s Vo, - san (1,78 6, - 32.68)
c3(?) 1.28 40.6° Three important observeitions should be
c3(Pad) 1.34 41.00 noted:
c4(r) 1.21 30-02 T. The tabulation is arranged in decending
29(P) 2.04 26.2 order of joint roughness, as far as this is
c25(?) 1.94 26.,2° vossible from a visual examination of the

surlaces.



2. If (d,) is put equal to the intercept (C) in the above equation the function
(MC+C) is equal to 89.6°.

3, I this is done for al1 the model joint types presented in tne table, a mean value
of (1C+C) equal to 91.3° ig obtained.

Bearing in mind the variety of joint surfaces, and the experimental scatter of
results, it was felt that the least squares fit to the wnole test sample renresentea
the most reliable basis for any general strengtn criterion. The intercent of 32. g
was Lortultously close to tne basic angle of iriction of the model materials (range
28 to 320), and this suggested the following peak strength criterion:

T, = ton( "°¢¢“)d + 9 | s 1]
when ¢bls JO this reduces to the simple form: ’
V. = tan [2d,+30°] — {8

2, The relationship between normal stress and peak dilation angle.
The model joints were tested at a

variety of normal stress levels, de-
i ¥ " pending upon the relative compressive
1 t 3 pd v strengtihs of the materials concerned.
023 o ci s . lutual comparison was therefore only
\. cz2 » . possible when the normal stresses were
\| A3 B e normalized (see for instance Hoelk (22))
\ ce » 0 by dividing by the apnropriate uncon-
g 020 I \ ey ° fined comrression strengtns. The di-
% cs » e mensionless nlot of (Gn/0.) versus neszi:
B'stna.Gite. o] - . -
° . \ dilation angle (d ) could then be com-
: 018 \ ° o, nared with data for rock. (Yone =zpvears
" » “ | %o have been reported to date).
< \ \ ‘ Figure 9 shows the curved trend of
5 - ‘ this experimental data. A linear re-
g o1 ‘ s \\ : lationshin was obtained when the data
z ‘ *) 5 was replotted with the dimensionless
o - 8 | retio (Ga/Q.) on a logaritbmic scale
% [%® PR | Figure 10). A least squares fit to the
008 NI <] total weignted sample gave tne Tollow-
v e N ing equation:
s ¥ - i-\.
N s ovle 0T log, . (Ga/GQ) = -0.1056 d_+0.1184
S~ v Af p W iy 10 n
s =y ™ 20 28 It wes noticed that only a very
PEAK DILATION ANGLE d. small rotation was required to vroduce

o C v e the sim»le form:
rig. 9. Variation of peak dilation angle

with ratio of normal stress to com=- logqg (Gn/@) = -0.100d,
oressive strength. o d =10 log,, G/T,) —— (3)

Enderung des Gr8sstvolumenvergrdsserungs-
winkels mit dem Verh#ltnis der Normal=-

The simplieity of this

spannung zur Zylinderdruckfestigkeit. G./G, dn relationship suggests

Variation de 1l'angle meximum de dilatation 1.0 0° that the result may be

en fonction du rapnort contrainte normale / 10 1o° most significant to an

force de compression. 100 20° understanding of tension
1000 3o° joint behaviour:




GENERAL CRITERION OF PEAK STRENGTH
FOR ROUGH JOINTS.

When equation 3 is combined with equ-
ation 2 to eliminate (d ), a very
useful general crlterlon of peak
strength is obtained:

'T/q-n= tan[ZO Losw(g‘:) .,300] ()

This would seem to have application
in situations where the joint surface
was statistically unkmown, but suifi-
ciently rough to bear comparison witn
the model tension joints. It can be
aprplied to practical situations in
two ways:

v . : 1. Unweathered tension joints.
010 : The peak shear strength (v) for un-
e, 5 B - weathered tension joints in rock can
‘ o \\7 =0 be estimated from a knowledge of the
Daiad I unconfined compression strength of
-ww;\\\ the rock concerned.
—_—t— N For example: the design chart
shown in Figure 11 indicates <that 2
rock of 10,000 1bf/in? in unconfined
compression, when shear tested at a
008 . - = - = normal stress or 200 lbf/in? (G /G,
PEAK DILATION ANGLE 4 = 50) would give a ratio of peak
(Y/6p) of apprcximately 2.06. Thus
for a range of normal stresses the
desired peak strength envelope could
be estimated.

DIMENSIONLESS

0023

7ig. 10. Linear variation of peak dilation
angle with logarithmic ratio of normal stress
to compressive strength.
2. Weathered tension joints.
Weathered temnsion joints in rock pre-
sent a more difficult problem since
the unconfined compression strength
Variation linéaire de 1l'angle maximum de dila- of the sound rock cannot be easily
tation en fonction du rapprort logaritmmigue related to tne "effective joint wall
contrainte normale / force de compression. comoressive strength' (JCs) of the
weathered materia*. Consequently the
best approach here would be to perform a limited series of shear tests (1n situ if
noscible) all at the same normal stress. The mean value of peak (Y/Ga) obtained from
these tests could then be used in the design chart.

For example: sunsose the mean value of peak (V/Tn) was 1.27 for a mean normal
stress of 200 1bf/in®. Figure 11 indicates that the ratio gf (Gc/G,) would be
approximately 12i;. This implies a JCS value of 2500 1lbf/in 3y a quarter of the ore-
vious value. This value could then be used to estimate the peax strength envelope
for the normal stress range required.

The shape of the dimensionless relationship between (Y/G.) and (G,/(.) is shown
in Figure 12. Practical application of the above methods to slope stability problems
is reported under Theme 2 of this symposium. (Barton (23)).

Lineare Anderung des Gr¥sstvolumenvergrésser-
ungswinkels mit dem logarithmischem VerhZlinis
von Normalspannung zur Zylinderdruckfestigkeit.
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terion of peak shear strength. terion in dimensionless
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Tableau du critére général de la La forme du critére
résistance maximum au cisaillement. sition non dimensionnelle,

MODIFIED PEA¥ STRINGTH CRITZRICH ¥0 JOINTS OF FIOWN Z0UGHIZ:

Equation 4 has been briefly demonstrated as a general criterion for pezir sirength of
rough tension joinits. However, it is inllexible in that no account ccn be talkzen of
joints of different degrees of roughness, should these be known.

The gradients and intercepts of tne function:
arctan (T/G,) = 4 +C
were presented earlier for all eight different model joints. These values were ob-
tained from least sguares analyses, and were tabulated as far as rvossible in de-
cending order of joint rougnness. It will be recalled tnat the mean value of the re-
lation (IC+C% for individual model joints was 91.3°, and for the whole weighted
sanple; 89.6°. This implies that the gradient M has the vzlue given in Figure 13,

Thus:
mesc = £99=6) ¢ 4 ¢ - gc®
c
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fig. 13. The relationship of gradients and
intercepts.

Die Relation der Gradienten und Abschnitte.
Relation entre gradients et sections.

By implication, the maximum possible di-
lation angle occurs.when arctan (7V/G,) is
equal to 90°, and its value is equal to
the intercept C. Figure 10 shows that the
"maximum" dilation angle (29.6°) occurs
when the normal stress is extremely low
(Ga/Gc = 0.001), and that the intcrcent C
represents the value of arctan (7T/Q,)
wnen the normal stress is extremely high
(/T = 1.0,. 4, = 09).

Least squares analyses were performed
on the logaritimic-linear data of I'igure
10 for the eight individual model joint
types. The intercepts of "maximum'" di-
lation angle (d,°) for extremely low
normal stress (Gn/0,= 0.001) showed a re-
markable similarity to the C intercept
values obtained previously. The best
five pairs of results are given below,
once again in decending order of rough-
ness:

Joint | ¢° doo Thus for the range
RE} (S) 44.4 | 43.1 of normal stress:
02 §P 42.6 | 41.5 | G,> G, > 07,/1000

c4 (P) | 30.0 [30.9

c9 éP 26.2 [ 26.3 and assuming the
C25(P) | 26.2 [27.3 | intercept (C°) is

very nearly identi-
cal to (d %) for a given surface, the
following modified criterion of peak
shear strength is indicated:

/g, = tenl 2 o)a, + 4] ——(5)
ao

It now remains to statistically analyse

the roughness profiles of the model joints,
and attenpt to find a method for estimating the

"maximun" dilation engle (4,°) of a

Joint surface, and the stress dependent peak dilation angle (dno).

A STATISTICAL ANALOGY FOR SHEAR BEHAVIOUR OF JOINTS.

Yne reconstructed shear tests illustrated in Tigures 6 and 7 indicated the following:
1. At low normal stress only the steep tips of asperities were sheared through. Thus
only a small asperity base length (area) was involved.,

2. A% higher normal stress less steep asperities with longer base lengths were

sheared througl. :

3. The higher the normal stress the smaller the angle of peak dilation.,
The forty roughness profiles illustrated in Figure 5 were available in the fom
of large scale computer plots (four are shown in Figure 14) and also as spot height

coordinates recorded on punch tape. It was appreciated tha% the positive (and ne

tive)
(i) values. However,

ga~

angles between consecutive coordinates represented extremely steep effective
the positive (or negative) angles between every second or third



Fig. 15. Typical computer output

from statistical analysis.
Typischer Computer Output der sta-

tistischen Auswertung,

Résultat typique d'une analyse
statistique par ordinateur.

the shearing path of joints was simu-
length the lower the effective (i)
corresponding to shear

coordinate represented appreciably
smaller values. Thus in a crude way
lated by (i) values of different

base lengths. The longer the base

value,

T STEPS |

N=10 n=2
N-n=8

. 14. The analysis of computer drawn

roughness profiles.
Auswertung der komputergeézeichneten

28

A
1e

Analyse de profils de rugosité établis

75
Nna

v
Rauneitsprofile.

|

t higner

1eS a

teure.

ar oralna

D

through larger asperit
normal stiresses.

A logical relationship was required between the two pairs of parameters

(1) values.

2. asperity base length
effective roughness

dilation angle

norinal stress

Te

v data.

Invu

llowing computations were required (see Figure 14)

ne fo

m

A

one step at a time. N coordi-

inclination between sucessive coordinates shifting

(a)

/

N-1 data points.

tes,

\

Fo
/

one step at a time. N coordi-

lination between every n th. coordinate, shifting

nates, N-n data points.

(0) inc

(v=65).
n/N was

y 65 coordinates.

n=1 to 10)

The ratio

(

% (A

A similar technique was used by Rengers (24). His "stepsize"

The majority of profiles were composed of approximatel
above asperity base.

steps were taken at coordinate intervals from 1 to 10

ined as follows

aef

%)

B

n/N x 100% = asperity base

was .equivalent to the
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STANDARD DEVIATION OF (1) VALUES Fige 17. A statistical shearing analogy.
Fig. 16. The results from seven types of  Tin statistisches Scheranalog.

model joints. R g e

Une analogie statistique de cisaillement.
Die Brgebnisse von sieben Typen von
Jlodellfugen. Output data.
The forty available profiles with approxi-
mately 65 coordinates each, represented
a very large number of computations.
Consequently a computer programme was developed (Cundall (25)) to produce the followw
ing output in the form of histograms:
1. No. of observations for a particular effective (i) value. (Positive and negative
angles within the range 0° to 55° for intervals of 2.5°).
2. The same data for different asperity bases. (Steps of 1 %o 10).

A typical compound histogram is shown in Figure 15. (It relates to the lower of
the pair of profiles shown in Figure 6). For each histogram at each asperity base,
the statistical mean, median and standard deviation were computed. This output was
divided into positive, negative and average values.

Résultats de sept types de modeles de
fissures.

Relationship between asperity base (A.B.%) and standard deviation of (i) values.
{s-D-io?o )

Figure 16 illustrates the distribution of average S.D.(i)evalues for the lower range
of asperity bases. The squares representing material C3 (S)-were,widely separated
irom the main body of the results because of the offset, stepped nature of secondary
joints compared to the continuous primary joints denoted by suffix (P).




Shearing analogy.

The standard deviation of the (i) values is the position on a histogram for a parti-
cular asperity base, such that 67% of the observations lie below the 5.D.(i) value,
and 3%% above it. Viewed as a shearing analogy, the 33% of observations of steeper
(1) values are "sheared" through, while the 67% of shallower angles remain "un-
sheared".

The distribution of data shown in Figure 16 was found to be very similar to that
of (Gn/0) versus'(dn) given in Figure 9. Figure 17 shows these two plots overlapped,
but slightly offset, for visual comparison. It should be noted that the ordinate
AB.% is exactly half the scale of the ordinate @L/G}), when the latter is converted
into = percentage. The scales of the two abscissa; peak dilation angle (4 ) and
standard deviation of (i) values are identical. ’ &

The angle S.D.(1i)° and the base length A.B.% represent only the up-slope of an
imaginary controlling "asperity", which just remains unsheared at the normal stress
simulated. By doubling this base length the whole controlling "asperity" is simulated.
In other words asperity base (A.B.%) is really a misnomer since, as calculated, it is
only half a real asperity base. It can be concluded from Figure 17 that the following
are useful aporoximations:

1. (Gn/T) x 100 (%) = 2 x A.B. (%)
2. 4 =3.D. (1)°

-

(6)

The statistical data shown in Figure 16 was analysed in the same way as the experi-
mental data given in Figure 10. The logarithmic-linear relationship for A.B. (%)
versus S.D.(i) for 2ll seven model joint tyves gave the following intercepts:

1. A.3.(%) equal to 50% (antilog. 1.7) for S.D.(i)° equal zero.
2. 5.0.(1)° intercept of 27.3° for A.B.(%) equal to 0.05% (antilog 2.70).
These should be comnared with the experimental intercepts given previously:
1. (Gn/Gc) equal to 1.0 (1007 for (dn)o equal zero.
2. Maximum" dilation angle doo equal to 29.6° for (Ga/C:) equal to 0.001 (0.17).

The final point to be verified was whether this statistical shearing analogy was
sensitive to the different roughnesses of the joint surfaces. Best fit straight lines
to the data oi individual model joints were studied, and it was found that the inter-
cept values ol standard deviation of (i) values for an asperity base of 0.050 com~
pared very favourzbly with the "maximum" dilation angles for a ratio of normal stress
to compressive strength of 0.1%. Once again, as a concession to the inevitable
scatter of results only the best five pairs out of seven will be compared:

Jointg S.D.(i)o degrees dqo(=d0°) degrees| It can be seen that the shearing analogy
type |(at A.B.=0.05%) (;tﬁ'/0==0.1%) enables prediction of the "maximum"
23(s) 40.80 :3'10 - angle of dilation to be made to wi?hin
c3(2) o7 6° é8.8° one or two degrees at best. Real situ-
ca(?) 28.70 30.9° ations involving rock joints would ob-
~q ¢ 20 *Zo viously produce a wide scatter of re-
c9(?) 26.0 26.2 . ; ) :
c25(?) 24,4° 27'30 sults, and the only solution to th}s

: would be large numbers of observations

of roughness. A statistically viable
sample could then be znalysed on the basis of probabilities.

PRACTICAL APPLICATION TO SLOPL STABILITY.

Zxcavetion of slopes in a rock-mass which has relatively widely spaced joints, and
basically competent rock between the joints, can be expected to induce a trans-
lational type of failure if adversely dipping joints are present. The above shearing




analogy can be readily aprlied tc these situations, and the steps involved can be
summarized as follows:
1. Estimate the dimensions of the prooblem of concern (bench stability or complete
slope stability), and the consequent range of normal stresses acting across the ad-
versely orientated joints. The normal stress range would usually be calculated from
self weight stress assumptions.
2. Estimate the down-dip length of the potential shear surface, which is to be de-
signed against.
3., Estimate the effective joint wall compressive stirength (3cs value).

There are two test methods which could be used to obtain this mechanical property:
(@) Point load tests on cylindrical specimens cored through the weathered rock adjacent
to the joints. This is 2 quick and cheap method which can ve performed in the field,
It appears from a recent study that it may also be a more reliable test method than
unconfined compression (see Broch (26), and Franklin, Broch and Walton (27)). The
value of (G}) cai: be obtained from the point load strength index by a simple conver-
sion factor, which derends on tne diameter of the rock core.
(b) A limited number of direct shear tests on representative joint specimens, loading
all at the same normal stress. Application of the design chart (Figure 11) will then
give an approximate value of (G ) based on the general criterion for rough tension
joints (equation 4).

Suppose the following values were obtained for the above estimgtes:
1. Normal stress range of relevance to the problem O to 250 1lbf/in”.
2. Length of potential shnear surface: 400 feet.
3. ffective joint wall compressive strengtin: 5000 lbf/in2

Therefore (Ga/0c) range = 0 to 5%
and A.B. (%) range = 0 to 2.5)5 (0 to 10 feet)
(It is of interest that the range O to 10 feet required for statistical analysis in
this example corresponds %0 the range of dimensions generally employed in in situ
direct shear tests).
The "meximum" dilation angle 4 ° (see equation 5) for a particular joint surface
is estimated from the following re?ationship:

do° = 5.D.(1) for A.B.% of 0.05%

In the numerical example, 0.05% of 400 feet is 0.2 feet. Therefore it can be seen
that statistical analyses of (1) values are required for asperity base steos of:
1. O to 10 feet to obtain a range of dy values.
2. 0.2 feet for a specific value of 4 ©.

Evaluation of (Y/Ga) for a range 8¢ normel stresses is achieved by using equation
5 and the two identities given by equations 6. '

Field measurement of (i) values.

A stereogrammetric method of (i) value measurement is clearly the simplest and
cheapest technique. Wickens and Barton (20) discussed the phototheodolite survey
method in some detail, and this will not be described here. It can be seen that:
stereoscovic pairs of photographs will need to be exposed from two distances from the
rock face; firstly to obtain stereoscopic overlap for as many joint exposures larger
than 10 feet as possible (coarse survey), and secondly for a fine survey of small
scale joint features.

CONCLUSIONS.

1. The results of direct shear tests on model tension joints of different simulated
dimensions suggest that there may not be a significent peak-strength scale-effect for
tension joints in rock. However, a marked displacement scale-effect is indicated.

2. The general criterion of peak shear strength represents a useful method for esti-
mating the shear strength of a rough joint surface from a knowledze of the effective




joint wall compressive strength. It can also be usefully employed to extrapolate li-
mited shear test data, such as that obtained from the back analysis of rock slopne
failures (see Barton (23)).

3, A statistical shearing analogy has been discovered; the standard deviation of in-
clination angles fur asperities of different base lengths are analogous quantitites

to the experimental values of veak dilation angles for shear tests at different normal
stresses.

4. The modified criterion of peak shear strength represents a2 realistic equation which
is sensitive to joints of different degrees of roughness and weathering, dividing
rocks of different compressive strengths.

5. The recording and analysis of joint roughness profiles prior to shear testing
should ideally become standard procedure, both in the field and in the laboratory

(see 2engers {24)). Only then cen the potentiul of the above methods be evaluated, one
way or the other, '
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Figure 2.1.25 A statistical shearing analogy.

(See Fig. 17)




