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ABSTRACT: Joint shear behavior is rediscussed on the basis of a 2D statistical characterization and a 3D
modelling of a joint roughness morphology. The shear processes and progressive degradation phenomena on
the joint surfaces are analyzed in relation with normal stress and shear displacement. These discussion and
analysis are based on the results of an experimental study on the shear behavior of unfilled natural rock joint

replicas.

1 INTRODUCTION

The behavior of single, irregular joints submitted to
direct shear conditions, under either constant normal
stress or constant normal stiffness, is very complex.
Scholtz (1990) stated that there is no constitutive law
for friction quantitatively built upon micro-mechanical
framework because of the complexity of shear con-
tacts, the topography of contacting surfaces and the
evolving surfaces topography during sliding. Even if
a numberless research works were done in the last
three decades, to solve various problems in relation
with joint shear behavior, on which the ISRM
Commission on Rock Joints organized three sympo-
sium (Stephansson 1985; Barton & Stephansson
1990; Goodman & Myer 1992), a recent review of
the literature (Stephansson & Jinq 1995) pointed out
that there is still a large number of problems to solve
before an overall understanding of the phenomenon.
Over this period, a large number of models were for-
mulated to predict rock joint shear strength (Patton
1966; Ladanyi & Archambault 1969; Barton 1973;
Swan & Zonggi 1985; Haberfield & Johnston 1994;
to cite a few), several of which were compared on the
basis of appropriate physical constraints for empirical
relations and their ability to satisfy the principles of
mechanics (Gerrard 1986). Other models were pro-
posed for the deformability of rock joints (Goodman
1976; Bandis et al. 1981; Gentier 1986; Saeb &
Amadei 1992). While these models of joints have
substantially improved our understanding of rock
joint behavior, their limitations must also been
recognized.

The mechanical properties of rock joints depend
essentially on the degree of matching between the
joint walls; on the surface of contact between them;
on their morphological characteristics; on the magni-
tude of normal stress (or load) acting on them as well
as the rock material properties of the joint walls and

the presence of infilling materials. The dominant
factor, influencing practically all these aspects of the
mechanical behavior or rock joints, is the roughness
morphology and the difficulty is its characterization
and modelling (Stephansson & Jing 1995).

Joint roughness profiles provide an incomplete
and biased characterization of the surface morphology
(Riss & Gentier 1990). Very few works account for
joint walls asperity angularity distribution in
modelling the mechanics of rock joint shear behavior
and particularly none has done an attempt to integrate
a 3D representation of the surfaces morphology. Few
works have been dedicated to the progressive degra-
dation of the joint surface asperities with shear dis-
placement (except for cyclic shear) and normal stress.
Regarding the geometrical description of joint sur-
faces morphology, an approach is proposed on the
basis of a 3D statistical modelling. Up to the present,
studies on prediction of rock joint behavior under
shear conditions were mainly limited to apply 2D sta-
tistical parameters to empirical model of joint shear
strength with more or less success.

These observations and the basic concepts for
modelling joint shear process on irregular surfaces are
discussed on the basis of 3D statistical description of
joint surfaces morphology in relation with direct shear
test results from natural joint replicas submitted to
constant normal stress loading conditions for given
shear displacements.

2 CHARACTERIZATION OF JOINT SURFACES
ROUGHNESS AND 3D MODELLING

The 3D geometry of asperities on the joint wall sur-
faces affects both the stress distribution and the zones
of degradation on them, during shear displacement.
Knowing the joint wall surfaces morphology, means
here that a 3D quantitative description of their initial
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state and their evolution is done during direct shear
tests. To do so, a series of identical replicas from the
walls of a natural fracture sample, drilled perpendicu-
lar to the fracture plane, in the Gueret Granite
(France), were realized. The characterization of this
fracture surface morphology has been studied in detail
(Gentier 1986; Riss & Gentier 1989, 1990) while the
replicas preparation and cement mortar characteristics
may be found in Flamand et al. (1994). These repli-
cas were submitted to direct shear tests under three
different normal stress and each shear test was
stopped at defined shear displacement for five (5)
displacements. This procedure permits a good con-
trol on the evolution of the joint wall surfaces mor-
phology.

At the end of each shear test (the shear stress,
shear displacement, normal stress and normal dis-
placement being available), a morphological analysis
was performed using profiles z = f(x,y) recorded on
the joint wall surfaces by means of a laboratory pro-
filometer developed by the BRGM research division.
The profiles were recorded at the same positions on
each wall surfaces of the fracture replica and kept
constant from one shear test to the other and this for
each normal stress and shear displacement tested,
following a prescribed procedure (Flamand et al.
1994), so that they can be compared on a qualitative
and quantitative basis. This procedure permits, for
the first time, simultaneous recording in an overall
data set the mechanical shear test results and surface
characteristics of the morphology evolution for
various normal stress and shear displacements. The
analysis of these data consists in the deduction of
parameters characterizing the whole set of recorded
points i.e. the joint wall surface expanding in a 3D
space, and in detailed distribution analysis of the 6,
angles, between a reference plane and a line segment
linking two successive points on the recorded pro-
files. This analysis is fundamental to restore the 3D
colatitude 63 distribution of elementary plane facets
composing the joint wall surfaces before and after
testing (Riss et al. 1995). Geometric definitions of
2D angularity 8, on profiles and 3D angularity 63 on
facets in 3D space are shown in Fig. 1A, while Fig.
IB illustrates the bias introduced by the profiles on
2D angularity 6, when they do not pass by the peak
of asperities, situation that has a low probability to
occur in systematic profiling. This may be corrected
in choosing profiles through peaks (a difficult task) or
restoring 3D colatitude 63 distribution of the elemen-
tary plane facets.

The overall analysis of the joint wall surfaces
gives a global view of their morphology and depends
on whether we are interested in the 3D spatial reality
of each joint wall surface or to each joint wall surface
recording directions related respectively to:

a) the total variance of all profiles set of points, the
residual variance and correlation coefficient after
linear regression of the altitudes z in function of the

- LS Section
S A > (profile)

Facet

Line of AN
reference 3
True angle

Mean plane Apparen% angle

B) Cone-shape

asperity Apparent asperity angle

I True asperity angle

Figure 1. A) Definitions of 6, and 63 and stereographic projection
showing the dependance of 6, on 65 the direction of the vertical
section plane (From Riss & Gentier, 1989). B) lllustration of the bias
2d apparent asperity angle 6, relatively to the true asperity angle
given by 63.

coordinates (x,y) on the reference plane, the azimuth
and colatitude in a given reference system of the
regression plane and of the principal plane resulting
from the diagonalization of variance and covariance
matrices of the whole set of points; or

b) the linear roughness coefficients (Ry, the zy, z3
and z4 and the linear re;ression parameters (Oregression
and residual variance S; ).

The analysis performed on the joint wall surfaces
under study permits to establish that the local mean
plane dips slightly (5°) in a direction perpendicular to
the shear direction, the upper wall dips slightly more
than the lower one and the lower wall is rougher than
the upper one; while the computation of the linear
roughness coefficients measured on profiles parallel
to the shear direction are tabulated in Table 1. The
details of these analyses and computations appear in
Riss et al. (1995) and profiles are illustrated in Fig. 2.

The detailed analysis is based on the colatitudes
distributions evaluation. On a descriptive point of
view, histograms and classic characteristics of angu-
lar distributions (mean, variance,...) are computed
and the obtained distributions after each test are com-
pared to the distribution before testing (the Chi-square
test). Inference permits to estimate the colatitudes 653
distribution and a theoretical model is adjusted on it.
The colatitudes 63 distribution modelling is a neces-
sary prerequisite condition to compute the parameters
characterizing the surface roughness before and after
shear testing. These parameters are the surface
roughness coefficient R and the position (directional
mean) and dispersion (variance) characteristics of the
distribution F(63). All this is easily done through a
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Table 1. Classical linear roughness coefficients measured on profiles parallel to the shear direction.

Profile RL b2) 23 Bregression Sf mm?2 24
2=f(x) :
A B A B A B A B A B A B
1 1.029 1.029 0.251 0.246 0.547 0.608 1°59 1°63 0.108 0.092 0.089 0.190
2 1.030 1.031 0.249 0.254 0.528 0.551 0°56 0°64 0.281 0.286 0.111 0.220
3 1.033 1.033 0.263 0.264 0.597 0.581 -0°74 -0°76 0.327 0.321 -0.018 0.024
4 1.041 1.036 0.300 0.283 0.611 0.521 0°05 0°02 0.585 0.552 0.057 0.101
5 1.022 1.030 0.212 0.254 0.448 0.561 -1°88 -1°68 0.702 0.637 -0.017 0.048
6 1.042 1.043 0.300 0.306 0.556  0.590 -0°34 -0°37 0.493 0.485 0.136 0.103

statistical PC computer programs package developed
for these purposes (Riss et al. 1995).

Figures 3 and 4 summarize this detailed analysis
for the joint wall surfaces studied with the computed
linear roughness coefficients (Table 1), dependent on
0, distributions, from which several observations,
important for the joint shear behavior, can be drawn.
Figure 3 indicates on the basis of the 2D colatitudes
distributions characteristics, that the probabilities for
positive 8, is a bit higher than for the negative 6,, but
the mean values of the later are smaller than the other
one. In average there are more aspirities in the posi-
tive direction than in the opposite one but the asperi-
ties are smoother at the recording scale. On the whole
repartitions of positive and negative angles can be
considered as identical for wall A and slightly more
dispersed for wall B. Also, from Table 1, the
parameters Opegression and Sf‘x indicate the trend of the
profiles to dip and the later measures the part of the
elevations z that are not explained by the global dip of
the fracture replica. This is illustrated in Fig. 2 in
which the dipping trend of profiles 1, 4 and 5 are
shown and can indicate probable zones where
asperities may be damaged, particularly for those on
profiles dipping towards the shear direction. But the
probability of damaging depends also on asperities
heights (CLA, RMS,...%, profiles roughness (Ry),
roughness dispersion (S; ) and the other roughness
coefficients. So, looking at one of them without
taking into account informations from the others can
introduce large errors and biased informations on the
morphology of the surfaces. Moreover, 2D
roughness parameters are insufficient to describe
adequately the joint wall surfaces morphology
changing from point to point as well as the stress dis-
tribution on them.

Digitized profiles looks like polygonal lines and,
in the same manner, a polygonal surface of a joint
wall results from its intersection with a set of con-
tiguous hexagonal prisms orthogonal to the mean
regional plane. Then the surface is subdivided into
small facets, small enough to be considered to be
planar (Fig. 1A). Angles between the normal to the
facets and z axis are called true colatitudes (83). As

-257
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Figure 2. Profiles No 1, 4, and 5 of the lower wall (direction 0°) with

their local regression lines in the vertical plane in which Gn and
shear direction (arrow) are located. Units on the axis are mm.
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Figure 3. Relative frequencies of experimental 2D colatitudes 62 for
gathered positive and negative 62 with some charateristics of the
colatitudes distributions.
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shear direction is parallel to the local mean plane
horizontal direction, it is assumed that 2D colatitudes,
measured in vertical planes in this direction, can
represent any colatitude measured in a plane
perpendicular to the local mean plane. Using classical
method of 3D colatitude reconstruction (Gentier
1986), inference of the experimental 3D colatitudes
distributions is done (Fig. 4). As the 2D distributions
are not strictly similar, so are the reconstructed
distributions. With these distributions, areal rough-
ness (Ra) can be computed in order to evaluate, by
comparison, the reconstructed distributions F(03)
using Ry values derived with a stereological method.
The F(83) distributions being acceptable then
theoretical models must be fit to them in order to have
an expression, useful for further developments.such
as a simulation of the fracture wall surfaces and for
estimating Ra. Theoretical distributions are inferred
either by fitting the 3D empirical distribution derived
from the 2D (6;) distribution to a model or by fitting
the 2D experimental (6,) to a 2D distribution from a
3D model (Riss & Gentier 1989 and 1990). The 3D
models used are generalized axial distributions:

F(e3)=—9*?x (Boosf) e
I} Exp(KiB)dt

Models derived from fitting are shown in Fig. 4
with the parameters used and the characteristics
deduced for Rp, the mode and the mean (03).

3.5+
QN /oc on / Oc
3.0 Mode A e
2 | Syafistical
E55. *b+¥/ \ Experimental
% | On=Onp 1-0.75
820, : \ B
2 A\
z N ONY
@15 Sliding on | ks
& aperities \
8 Rrkes
1.0 N
e t-0.25
osdfi  YeudEpeca
éoN =ONg !
0.0 : : - Lo
0.0 10 20 30 40 50 60
3D Colatitudes
| T
K B Ry | Mode | 63
Wall A | 16.58 | 1.10 |1.0634 13° | 16°11
Wall B 15.08 | 1.25 |1.0625 13° | 15°96
A+B 12.06 | 1.65 |1.0632 13° | 15°88

Figure 4. 3D reconstructed distributions and models for colatitudes
63 with characteristics of the fitted models for 3D distribution.

They are quite close one from the other, but the most
important result is that the 3D elementary facets dip in
any direction with a mean angle of 16° and this angle
is obviously greater than the 2D mean angle of indi-
vidual segments (Riss et al. 1995).

The previous global and detailed analyses permit
to establish that a perfect matching of the joint wall
surfaces is highly improbable with the differential
variation between walls dipping and roughness as
well as between 2D colatitudes (8,) distributions of
asperities on both walls. Moreover, Gentier (1986)
in its evaluation of voids between the joint walls has
illustrated a series of profiles of both walls adjusted
together which show large void spaces and few con-
tact areas between them. The same was illustrated by
Flamand et al. (1994) for a single profile of the joint
replicas under study. Most of the contacts are located
on the slopes of asperities and it may happen that on a
particular profile no contact can be seen. Of course,
the contact areas are varying with applied normal and
shear loads on the joint walls and also during shear
displacement, so that, it is extremely difficult to eval-
uate areas of contact between both walls and more
with displacements. The only way to do it, is to
observe directly the damaged zones at various shear
displacement from the pre-peak to the residual post-
peak phases. This was the method used and dis-
cussed in another paper in this session (Riss et al.).

Anisotropic joint shear behavior in relation with
shear direction and sense could be deduced from the
previous morphological analyses on the joint wall
surfaces. The slight dip (5°) of the tested joint local
mean plane perpendicular to the used shear direction,
the variations of the profiles with recorded direction,
the dissymetry between the positive and negative
colatitudes and the variability in attitudes of the pro-
files in the same direction (backward and forward
dipping) are all causes for an anisotropic behavior
with direction and sense of shear displacement.

Even with all these quantitative analyses (global
probabilities, roughness parameters and coefficients)
and the more sophisticated 3D statistical modelling
and characterization of joint roughness angularities,
giving a more realistic view than the 2D statistical
evaluation, no spatial structural information is given
for an adequate modelling of shear deformation and
strength on joints. Asperities spatial distribution and
shapes on joint wall surfaces are not completely at
random, the presence of superposed structures (as
waviness, jogs and others) can not be detected by the
previous analyses. Various methods can be used to
do it like spectral, fractal and/or geostatistical analy-
sis; the later being a powerful tool to do this quantita-
tive evaluation of asperities structures. Variograms
and variographic analysis of profiles permit to
characterize the size of asperities structures (range)
while kriging modelling and simulation can restitute
the topographic surfaces of the joint (Gentier 1986
Gentier & Riss 1990).

1226



3 JOINT SHEAR BEHAVIOR FROM DIRECT
SHEAR TESTS

The direct shear test results were obtained from a
shear test program (Flamand et al. 1994) on joint
replicas submitted to three different constant normal
stress (7, 14 and 21 MPa). The shear tests were per-
formed and stopped, at various shear displacements
(0.35, 0.55, 1.0, 2.0 and 5.0 mm) totalizing 15 shear
tests. The test results are summarized in Fig. 5.

A detailed analysis of these results was done in
Flamand et al. (1994) and Archambault et al. (1995)
and can be summarized in the following phases (Fig.
5A):

* phase I: elastic mobilization of shear stress by
friction with more or less contractancy (negative dila-
tancy) on the joint plane and increasing area of contact
already observed and called "junction growth" (Tabor
1959);

* phase II: non-linear dilatancy hardening phase
mobilization to peak shear stress with increasing dila-
tancy rate and decreasing area of contact on the joint

$71 m
| (1 v v
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£
% :
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I
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&
10
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5
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60 111
I 11, 1% \' OnN1 (7 MPa)
& ¥ ‘
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£
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> A
o
S 20
s
a
0"1 T T T = [ 1
0 1 2 3 4 5

Shear displacement (mm)

plane depending on oy;

* phase III: peak shear stress (or shear strength)
phase, following a behavior between constant peak
displacement and constant stiffness models
(Goodman 1976) in relation with oy, at maximum
dilatancy rate with more or less asperities failure and
reincreasing contact areas with oy;

» phase IV: progressive softening phase (or unsta-
ble yielding) with a progressive degradation of the
joint surfaces (by asperities micro-fracturing,
crushing, ploughing, indentation or failure at the base
for high o), decreasing shear stress towards residual
strength under a given shear stress gradient (or
softening modulus) with decreasing contact normal
stresses on the joint in relation with an increasing area
of contact, dilatancy still increasing at reduced rate for
low to moderate oy value;

» phase V: residual strength (or stable sliding)
phase in which shear and normal stresses are rela-
tively stable but degradation on the joint surfaces is
still operating with shear displacements by friction
and wear of asperities as well as grinding of particles

B

35 Fairhurst

Ladar (i = 30)

gt Ladar (i = 15)
Barton (JRC = 14)

-+ Barton (JRC = 10)

7 ) Basic friction

30

25

20
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T T 1
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Normal stress (MPa)

dn

dnf at peak
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------- .NQi_splacemem

T 1
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Normal stress (MPa)

Figure 5. Direct shear test results: A) shear stress-displacement-dilatancy relationships and B) calculated peak strength envelopes and
dilatancy variation with normal stress according to models and test results
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to produce gouge material filling valleys and
throughs, so that area of contact trends toward mean
shear plane area, while dilatancy may still be present
but at a very reduced rate (for low to very low o).

The direct shear test results are plotted in a Mohr
diagram (upper part, Fig. 5B) while the bottom
diagram illustrates the dilatancy rate (or angle)
behavior with normal stress (o). These results are
compared with LADAR model (Ladanyi &
Archambault 1969) for iy values of 15° and 30°
respectively and with Barton's model (Barton 1973)
for JRC values of 10 and 14, limits determined with
the z; coefficient in Table 1 (Tse & Cruden 1979). A
good agreement between experimental results and i
values of LADAR model between 15° and 17° cor-
responding relatively well to the mean 83 value of 16°
(Fig. 4). The same observation regarding dilatancy
rate (or angle) behavior with the normal stress where
dif vary between 14.1° and 10.4° for low oy values
and this is in better agreement with the reconstructed
3D distribution of asperity angularity discussed in
detail in Archambault et al. (1995). A compilation of
peak dilation angles and t/oy values from direct shear
test results performed on various rock joints by
different workers (Barton 1973) including Barton's
own results and a lot more in the last decade confirm
a certain trend for ig values to be between 15° and 35°
limits and for dfi; varying between 0° and 25°.

The shear process of a joint with irregular surfaces
may be summarized in the following scenario:

i) Application of the normal load concentrates the
normal stress on very few points or contact areas with
simultaneous closure of the joint depending on nor-
mal load magnitude and joint surfaces asperities mor-
phology (Gentier 1986; Bandis et al. 1984). This
part is not shown (Fig. SA).

ii) Shear load gradual application from zero level
results in a near closure (negative dilatancy), with an
increase of the real contact area until gross slippage is
imminent and it may reach three times the initial static
area without change in the normal load. However,
for any two surfaces, the final area is a numerical
constant times the initial area developed without shear
forces, so that the proportionality between both forces
(shear and normal) at the point of slipping is main-
tained, and this increase in contact area was described
and termed "junction growth" by Tabor (1959). This
phase of increasing shear load give rise to a transfer
of the stresses on asperities positive slopes defined by
their angularity and constitute phase I of linear elastic
mobilization of the shear stress in friction on the
inclined plane of asperities accompanied by their
deformation.

iii) A non-linear shear stress — shear displacement
— dilatancy hardening phase follows until peak shear
strength is reached, resulting from the mobilization of
dilatancy in addition to friction on the facet slopes of
asperities involved in areas of contact, with a gradual
reduction of contact area and increasing normal stress

on it, till failure occurs (phases IT and III). Asperities
within a restricted domain of angularity, depending
on the joint surfaces morphological structures and
applied normal stress, in the contact areas are mobi-
lized in friction on the irregular joint plane and control
the rate (or angle) of dilatancy in the shear process on
the joint plane (Fig. 4). Asperities with higher angu-
larity than the range of those mobilized in friction are
deformed and sheared off for very small shear dis-
placement and show frictional behavior thereafter;
while asperities with lower angularity are creating
voids by separation of the two surfaces of the joints
in these areas and the increase in void spaces depends
on the dilatancy rate. The selection process of asperi-
ties angularity in friction on the distribution is done
by the normal stress magnitude, as illustrated alterna-
tively by oNa <ONb <ONe <ONg in Fig. 4, and depends
on angularity density of probabilities, on angularity
statistical distribution model applied and on asperities
structures at different scales.

iv) In the post-peak degradation phases (IV and V)
of asperities on the joint surfaces, the contact area is
rapidly increased in the unstable phase releasing pro-
gressively the concentrated contact normal stresses,
towards the joint mean normal stress, with a
decreasing shear strength. Finally a large surface of
contact in the stable residual strength phase is reached
with shear displacement, where degradation is still
operating by ploughing, wear and grinding of asperi-
ties and particles on the joint shear plane to produce
gouge material filling throughs and valleys on it.
Dilatancy may still be present at decreasing rate for
low oy values but will disapear with shear displace-
ment. Like for the other phases, on and asperities
morphology on the joint surfaces, and for this phase
shear displacement, play a major role.

4 IMPLICATIONS ON ROCK JOINT SHEAR
BEHAVIOR AND SRENGTH MODELLING

The previous scenario demonstrates how the normal
stress magnitude (on) selects asperities angularity
intervening in the simultaneous friction and failure
mechanisms on the joint plane during the shear pro-
cess (Fig. 4). The 3D distribution of colatitudes (63)
show for 63 = 30° a very low density of asperities
having these angularities and their failure will occur at
extremely low normal stress. Normal stress as low
as on < 0.1 o, (~ 7 MPa) already show shear strength
corresponding to ip values near 63 mean = 16°, cor-
roborated by dilatancy angle diif = 14.1 (Fig. 5B).
So, to mobilize 83 value (or ip) beyong the mean (83
> 16°) in friction (without asperities failure) need very
low normal stress (N < 0.05 o) i.e. less than 4
MPa. These low oy values are almost the rule in
experimental results from direct shear test on joint in
the literature and this corresponds to a wide range of
stress level observed in the design of workings in
jointed rock masses.
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Under such conditions, it is difficult to observe all
the mechanisms related to rock joints shear behavior.
This means that at a given very low normal stress (on
< 0.01 o), ip values selected in friction will be
around 63 = 30°, almost no asperities will be sheared
off, friction and dilation will be essentially the inter-
vening mechanisms. Shear strength will be given by
Patton's model (1966), on = tan (¢ + i), or
LADAR's model (Ladanyi & Archambault 1969) in
which the sheared area ratio as = 0 and i = ig cor-
responding to the 03 colatitudes selected. Increasing
on to higher values (oN > 0.05 o, to oy = 0.3 6¢), in
which the values tested are, mobilize in friction lower
ip values near 63 mean = 16° with normally an
increasing proportion of asperities sheared off at
peak, usually proportional to (OnN/O¢)k ratio. Further
increments of on > 0.5 6. must lower to iy values
mobilized in friction below mean (16°) and mode
(13°) progressively with ox/0, increasing towards 1.0
or transition stress (Fig. 4). This behavior is for
asperities distributed at random on the mean joint
plane without the presence of major structures such as
jogs or steps with high angularity 83 not detected in
the distribution, then all the shear process will be
controlled by these structures even if their colatitude
03 > 40°. The limits given by the LADAR model of
ip value between 15° and 30° are only indicative
because the model was developed for regular
sawtooth planar asperities for one or multiple distri-
bution of angularity on the mean joint plane. There is
major differences in behavior between this type of
joint plane and irregular randomly distributed asperi-
ties on joint surfaces, with or without the presence of
irregular structures, in relation with shear displace-
ment and applied normal stress or load. One of these
is the mobilized contact area and its evolution with
shear area ratio (a), even if there is direct relationship
between both ratio, the first being characterized by
friction and sheared area of contact before peak shear
strength but both ratio are identical after peak.

The principal difference in contact area between
sawtooth planar asperities and irregular asperities
joint plane types is that in the first case there is full
contact after normal loading and phase I of friction
mobilization with shear loading, while in the second
case the proportion of contact areas on the samples
surfaces is quite small in regards with the total area
after normal loading (Gentier/1986). In this second
case, friction linear mobilization of phase I increase
the contact area, as stated earlier, while mobilization
of dilatancy in phase II will reduce the contact area till
reaching the peak shear strength, corresponding to
around 0.55 mm of shear displacement where the
contact area proportion remains extremely low,
between 2.0 and 3.0% for three oy values tested: 7,
14 and 21 MPa (Fig. 6). In addition to roughness,
the progressive degradation of the asperities and the
evolution of contact (or sheared) areas were studied
(Fig. 6) and are discused in detail in Riss et al. (this

symposium). Paradoxically, it is shown that at peak
shear strength the contact or sheared area is extremely
low and seems the same for the three normal stress
tested as if normal stress had no influence in this
range.

It is shown (Fig. 6) that almost the totality of
asperity degradation resulting in sheared area occurs
between peak and a 3 mm of shear displacement cor-
responding to the progressive softening phase IV.
Also, it is clearly demonstrated that asperity degrada-
tion depends not only on the magnitude or normal
stress but mainly on shear displacement. Thus, at
peak shear strength, the normal stress on contact
areas is much higher than the mean applied normal
stress, but despite this fact for the three relatively low
normal stresses very few asperities were sheared off
at peak strength. If the contact area is equal to the
sheared area than for oy =7 MPa and a contact area
of 3% it means a contact normal stress of around 250
MPa which is three times G.. A more appropriate
value related to 6. means a contact area around 8.5%
so the difference must be in friction giving no
damaged area at failure. Nevertheless, it may be
assumed that for low oy to values as high as 0.3 o,
most of the resisting shear force comes from friction
on the sliding areas and from the work done by dila-
tancy against normal stress. But for higher oy values
(on > 0.5 6¢) an increasing proportion of asperities
must failed with increasing sheared areas and a failure
component must be part of a shear-dilatancy model.

50+
40+ 21 Mpa ’,»’/
A s~ 14Mpa
30- of g e
"f/”
S/ 7 Mpa
20 '/, _ P -
104 1 ,-»"'1’ ~ walls |
¥y . % Area sheared |
Wom o Upper: |
z |Lower: ----- |
0 T T T T 1
0 1 2 3 4 5

Displacement (mm)

Figure 6. Proportion of damaged area evaluated on upper and lower
joint walls for on = 7, 14, 21 MPa in relation with shear
displacement.

5 CONCLUSION

In the modelling approach, the 3D colatitudes (03)
must be used to characterize roughness angularities
on the iregular joint surface instead of the usual 2D
characterization. It must also integrate these charac-
teristics in modelling peak shear srength taking into
account simultaneous sliding on mobilized asperities
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angularity and failure for higher asperity angularities.
The shear behavior modelling must also integrate the
degradation process on the joint wall surfaces as a
function of the normal stress magnitude and shear
displacement. Equally, these relationships must deal
with the fundamental shear process on irregular joint
surfaces, in which contact areas on the surface are
limited and dependent on the normal stress magnitude
in the pre-peak loading phase where the stresses are
highly concentrated on these reduced areas. In the
post-peak degradation phase of the joint surfaces the
contact surface increases progressively as to release
the stresses concentration, to reach finally a large
surface of contact in the residual strength phase, as a
function of shear displacement, where degradation is
still operating on the joint shear plane to produce
gouge material.
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