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SUMMARY. The use of a portable Imperial College type shear box for evaluating the relative sliding
tendency and shear strength of relatively smooth joint surfaces in rock prompted the present study.
It consisted of modelling the complex geometric and loading conditions considered to exist when this
shear box is used in testing jeint surfaces in rock mechanics investigations. The purpose of the
study was to determine the stress distribution along the sliding surface of the discontinuity and to
evaluate the method of testing employed. A mathematical model was set up using the finite element
method of analysis incorporating Goodman type of joint elements and a Coulomb-Navier type of failure
criterion. This method of analysis enabled the investigators to model the loading conditions and
testing procedures employed in the laboratory during direct shear tests. The information obtained
from the finite element analysis was used to compare the actual distribution of stresses with that
assumed to be present in the rock specimen when the laboratory test was carried out. On the basis
of this study, it was concluded that the technique could be used in the laboratory with confidence
since the experimental parameters obtained from the simulated test compare favourably with the true
shear properties of the discontinuity.

1 INTRODUCTION TABLE I

MATERIAL PROPERTIES OF MODEL
The direct shear test has been described by

Hoek (Ref. 1} as a means of evaluating the rela- Young's Poisson's
tive sliding tendency and shear strength of dis- Material Modulus MPa Ratio
continuities in rock. Goodman (Ref. 2) in dis-

cussing the problem of achieving a uniform stress Metal in Shear Box 205 x 103 0.25
distribution in the direct shear box, stated that

a thorough study by modern analytical metrhods had Patternstone U

not been attempted. The stress distribution Cement 14 x 103 0.25
along the sliding surface of the discontinuity

during testing had not been established so that Rock Specimen 34 x 103 0.25
the strength characteristics determined in the

tests were questiionable. A study has therefore
been undertaken by the authors using the F.E.M.
to simulate the laboratory direct shear testing
of discontinuities and to compare experimental
results with the strength characteristics of
the discontinuity. 1In this way the reliability
of the testing method might be gauged and the
effectiveness of gsimulation by the F.E.M. shown.

The Goodman type joint element incorperating
a Coulomb-Navier failure criterion was used to
simulate the horizontal joint MN in Figure 1.
The properties of the discontinuity, selected
on the basis of data obtained from laboratory
tests (Ref. 3) were as follows:

Shear Stiffness = 2.7 x 104 MPa/m
Residual Shear Stiffness = 0.8 MPa/m
Normal Stiffness = 2.7 x 106 MPa/m
Consolidated Normal Stiffness =

2.7 x 10% MPa/m,
Cohesion = 6.89 MPa
of Internal Friction =

Joint

Joint

Joint
2 THE MATHEMATICAL MODEL Joint
Joint
In order to carry out simulation of the dir- Angle 30 degrees.
ect shear test, a mathematical model must be set
up representing the testing equipment and the
specimen to be tested. The mathematical model
in this case was the finite element mesh of
Figure 1. The mesh outlines the upper and lower
halves of the metal shear box, the two cement
moulds and the rock specimen containing a fifty
millimetre horizontal discontinuity. The F.E.M.
analysis was carried out on a mesh of unit thick-

ness and under the assumptions of plane strain.

The F.E.M, analysis was executed using a
similar loading technique to that used in the
laboratory. WNormal loads were applied to the
upper half of the shear box at points H, I, J
of the mesh in Figure 1. Points along the line
KI. were restrained from moving in the vertical
direction. Shear loading was now commenced by
applying equal and opposite horizontal forces
to points B, C, D and E, F, G of Figure 1.

The shear load was increased in increments, keeping
the normal load constant, until failure of the

The properties of the various materials discontinuity occurred. The Coulomb-Navier fail-

simulated in the mesh by triangular elements are
given in Table I.
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ure criterion described by the joint cohesion and
joint internal friction was applied to the stress
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Fig. 1 Shear box finite element mesh
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Fig. 2 Shear stress versus displacement for
varying normal stress on discentinuity
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Fig. 3 Failure envelope for discontinuity

conditions in the joint finite elements after
each load increment., If the stress state was
not compatible with the mechanical properties
of the element, the properties were adjusted
for the next load cycle. Failure of the dis-
continuity was represented 1n the F.E.M. model
by a rapid increase in the horizontal displace~
ment of the peint A in Figure 1 and the com~
puted shear failure of the inner joint finite
elements.

3 SIMULATTION RESULTS

Similar to the laboratory direct shear
tests, the simulated mathematical model test
yvielded the results of horizontal jeint dis-
placement for imcreasing shear stress. The
test was carriled out at three levels of normal
stress. The results of the shear test simula-
tion are given in the following tables. Hori-
zontal displacement of the discontinuity was
obtained using the measuring technique employed
in the laboratory, i.e. by noting the horizon-
tal deformation of the point A in the mesh.
The elastic deformation of the metal box and
mould cement was neglected and the total hori-
zontal deformation of the point A was assumed
to be entirely due to the horizontal displace-
ment of the discontinuity being tested. The
shear stress was that assumed to be acting
across the -discontinuity and was obtained by
dividing the applied shear force on the box
by’ the bearing area of the discontinuity.

The shear stress versus displacement
curves for the three normal stress cases are
shown in Figure 2. Trom these results the
computed laboratory shear stiffness character-
istics may be obtained and compared to the
actual shear stiffness used in the npumeri-
cal analysis. Calculating the shear stiff-
ness at a displacement of 0.25 mm, Table III
was constructed.
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TABLE IT

SIMULATED SHEAR TEST RESULTS

Shear Horjizontal Displacement (mm)
Stress Normal Stress (MPa)
(MPa) 6.2 12.4 18.6
5.00 0.198 0.175 0.153
6.40 0,261 0.241 ¢.219
8.25 0.342 0.322 0.299
10.30 0.444 0.428 0.403
12.80 0,691 0.567 0.540
17.60 2.540 0.895 0,715
TABLE II1

COMPARTSON OF CALCULATED AND
ACTUAL. SHEAR STIFFNESS

Nominal Normal
Joint Stress | Shear Stiffness (MPa/m)
Test (MPa) Calculated Actual
A 6.2 2.39 x 102 2.7 x 102
B 12.4 2.60 x 10 2.7 x 10
c 18.6 2.82 x 104 2.7 x 10%

This table shows that the shear stiffnesses
calculated from the simulated shear tests on the
discontinuities agree with the actual shear charac~
teristics used in the numerical analysis. Agree-
ment 1s closer in the higher normal stress range
of 12 to 18 MPa than in the lower stress levels,
due to the shear failure of the two middle joiat
elements at lower confining pressures.

From the simulated laboratory tests, the
fallure envelope of the joint may be plotted.
Noting the shear strength values for the three
loading cases Figure 3 was comstructed. Tailure
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diseontinuity MN during test C.

of the joint was defined as the point when the
horizontal displacement of the point A increased
in large nom~linear steps for small linear in-
creases in the shear force, The nominal shear
stress and mormal stress on the joint at this
point were used in comstructing the failure
envelope. Although only three cases were con-
sidered, the consistent nature of the results
are shown.

From the failure envelope of Figure 3,
the calculated shear strength parameters may
be obtalned and compared to the actual values
used in the numexrical analysis, Table IV.

TABLE IV

COMPARISON OF CALCULATED AND- ACTUAL
SHEAR STRENGTH PARAMETERS

Actual Values
Calculated from Used in
Simulated Numerical
Parameter Test Data Analysis
Joint Cohesion 7.23 6.89
(MPa)
Angle of Internal
Friction {degrees) 29 30
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With a variation of less than 5%, the above
results show the accuracy of the direck shear
box technique in evaluating the engineering pro-
perties to describe the joint's failure envelope.

The problem of the stress distribution
achieved along the sliding surface of the dis-
continuity during testing may now be studied
by noting the normal and shear stresses in the
four joint elements of the mathematical model.
The elements are situated along the line MN
in Figure 1, joint one opposite N.

Figure 4 shows the actual normal stress
distribution along the discontinuity calculated
from the F.E.M. analysis. The assumed or nomi-
nal normal stress distribution is also showm
by the broken line. The assumed stress distri-
bution was constant across the discontinuity
for all normal stress levels and equaled the
applied normal forces on the shear box divided
by the bearing area of the discontinuity.

The actual normal stress distribution is
non-linear with peaks in joint elements one
and four, while the middle two joint elements
waere subjected to normal stresses 20% lower
than the assumed normal stress. This stress
state caused premature shear failure in the
centre of the discontinuity. However, the over-
all stiffness of the joint plane was maintained
due to the higher normal stresses near the edge
of the discontinuity, causing an increase in the
factor of safety for these two joint elements.

The actual shear stress distribution along
the discontinuity is showm in Tigure 5. These
plots represent the shear stress in the joint
elements during each of six shear force load
cycles during Test C, i.e., with a constant
nominal normal stress of 18.6 MPa. Oaly one
test is presented, but in all cases the varia-
tion between the actual shear stress across the
joint and the assumed shear stress was below
5% and negligible as shown by comparing the
shear stress levels in Figure 5 (actual) and
Table I1 (assumed).

4 CONCLUSIONS

The analyses described in this paper re-
veal that the stresses induced on joint surfaces

during direct shear tests using the portable
Imperial College type shear box, are satisfac-
tory for evaluating the true shear strength
parameters of discontinuities in rock. The
actual shear stress distribution was found to
be linear and in close agreement with the
assumed stress level while the actual mormal
stress distribution showed a non-linear varia-
tion across the joint plane which was neverthe-
less satisfactory compared to previously pess-—
imistic non-linear assumptions. Additionally
it was shown that the horizontal displacement
of the smooth joint surface may be satisfactor-
ily obtained by horizontal deformation measure-
ments taken on the top section of the shear

box relative to the bottom.

The technique can therefore be used in
the laboratory with confidence. Care must be
taken with specimen preparation, the alignment
of the discontinuity and horizontal displacement
readings. Nevertheless, the direct shear box
technique, for evaluating the relative sliding
tendency and shear strength of discontinuities
in rock, gives satisfactory experimental results
which compare favourably with the true shear
properties of the discomntinuity.

5 ACKNOWLEDGEMENTS

The study presented in this paper was
assisted by a grant from the National Coal Re~
search Advisory Council, and was carried out
while the first author was a Teaching Fellow of
Mining Engineering at the University of New
South Wales.

6  REFERENCES
1. HOEK,E. Estimating the Stability of

Excavated Slopes in Open Cast Mines.
Trans. Sect. A I.M.M., Vol, 79, 1970.

2. GOODMAN,R.E. The Deformability of
Joints. A.8.T.M,, STP477, 1970,
pp. 174-196.

3. LACKEY,S.F. Stress Distribution and
Rock Disgplacement in Discontinuous Rock

Masses Surrounding Sub-Surface Excavations,

Presented for a Thesis (Ph.D.), U.N.S.W.,
1974,

268



