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Effect of discontinuity roughness and
orientation on the parameters of the
rock failure criterion under triaxial
compressive stress

F. Aminpure! and H. Moomivand'

Synopsis

Discontinuity roughness is one of the most important parameters for understanding the mechanical
characteristics of jointed rock under triaxial compressive stress. Discontinuity roughness can vary in
a wide range and can play an important role in the failure mechanism of rock under triaxial stress,
particularly with varying joint orientation angles and confining pressure. In this work, the effects of
discontinuity roughness on rock strength under triaxial compressive stress were investigated. Different
methods were applied to create cylindrical specimens with a wide range of discontinuity roughness and
orientation angles. Fifteen groups of specimens with three different types of discontinuities roughness:
tooth-shaped asperity (TSA), rough undulating (RU), and smooth and planar (SP) and five orientation
angles (0, 30, 45 60, and 90 degrees) were tested, and in total 255 triaxial compression tests were carried
out on jointed specimens. For specimens having different roughness and orientation angles of 45 and 60
degrees, failure took place in the direction of the discontinuity. Tooth-shaped asperities were interlocked
and broken along the discontinuities, particularly under high confining pressures. For specimens having
TSA discontinuity and an orientation angle of 60 degree, sliding occurred at one side of the teeth planes
under uniaxial loading. Greater discontinuity interlocking and axial strength (c1) were observed with
increasing roughness and confining pressure. The results show that the roughness and orientation angle
of discontinuities have a major effect on the parameters of jointed rock failure criteria. New relationships
between the failure criteria parameters, roughness, orientation angle, and uniaxial compressive strength
of jointed specimens have been derived.

Keywords
jointing discontinuity, roughness, orientation, failure criterion.

Introduction

Discontinuities constitute planes of weakness that control the strength and mechanical behaviour of
rock under triaxial stress. Roughness is one of the important parameters of discontinuities. Previous
investigations on the effect of roughness have focused on the shear strength in direct shear tests (Jiang
and Tanabashia, 2006; Saneie et al., 2013; Amanloo and Hosseinitoudeshki, 2013; Zhang et al., 2014;
Hencher and Richards, 2015; Sivanathan Thirukumaran, and Indraratn, 2016). Direct shear tests have
been conducted.under two boundary conditions: constant normal load/stress (CNL) and constant normal
stiffness (CNS). Under CNL boundary conditions, the normal stress remains constant and the surface of
the joint dilates freely during shearing. However, in a CNS condition, dilation of the joint is constrained
by the confined environment formed across the interface. The CNS condition shows higher values of
peak shear strength, friction angle, and cohesive strength than the CNL condition, thus CNL test results
lead to underestimated shear strengths. The CNS condition shows the effect of rock joint roughness
more than the CNL condition, whereas there cannot be the complexity of CNL and CNS conditions for
testing the strength of a jointed specimen.under triaxial compressive stress. Furthermore, direct shear
test results cannot represent the effect of discontinuity orientation angles on the failure mechanism and
strength of jointed rock.

Sinha and Singh (2000) tested cylindrical specimens made of plastics, with undulating and planar
discontinuity surfaces with orientation angles from 5 to 50 degrees with respect to the minimum
principal stress. They used infill material (gouge) inside the discontinuities and, due to the 5 to 30
mm gouge thickness, the two sides of the discontinuities were not in contact under loading. Hence,
the strength and mechanical behaviour of the specimens were not influenced by the discontinuity
roughness, but were mainly controlled by the infill material. More attention has also been paid to
the effect of discontinuity orientation on jointed rock strength (Verma and Singh, 2010; Asadi and
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Bagheripour, 2014; Moomivand, 2014). However, the effect

of roughness of discontinuities with different orientations on

the failure criterion of jointed rock under triaxial stress is not
clear. The preparation of cylindrical specimens having different
discontinuity roughnesses and orientation angles is a difficult
task. A wide range of discontinuity surface roughness is also
necessary to investigate the effect of discontinuity roughness on
the failure criterion of rock (Ramamurthy, 2001; Hoek, Carranza-
Torres, and Corkum, 2002) under triaxial compressive stress.
This is important to show how the discontinuity roughness and
orientation angle affect the failure mechanism and the parameters
of jointed rock failure criterion.

The purpose of this research is to identify the effect of
discontinuity roughness on the parameters of jointed rock failure
criterion under triaxial compressive stress. Discontinuities can
have orientation angles from zero to 90 degrees with respect
to the minimum principal stress. Three types of discontinuity
roughness: tooth-shaped asperity (TSA), rough undulating (RU),
and smooth plane (SP), covering a wide range of discontinuity
roughness, were tested. However, TSA discontinuity is not
exactly the same as rock discontinuity. TSA discontinuity has
been used by many researchers for physical and numerical
modelling of rock discontinuities to indicate the effect of
discontinuity roughness on the strength and failure mechanism
of jointed rock (Patten, 1966; Bock, 1978; Tatone, 2014; Wei et
al., 2018; Wua et al., 2018). Specimens having TSA discontinuity
could not be made from actual rock samples because two sides of
the discontinuity could not be coupled to contact each other. In
this research, this type of discontinuity roughness was prepared
from a rock-like material using physical modelling. Physical
modelling is a useful tool for investigating the mechanical
behaviour of rock as a heterogeneous material for various
purposes. Its advantages include technical feasibility, and reduced
cost and time. Just as each rock type has its typical mechanical
properties, a rock-like material has its own typical behaviour.

A number of researchers have investigated the applicability
of various model materials to simulate rock (Stimpson, 1970;
Hobbs, 1966; Saucier, 1967; Rosenblad, 1968; Johnston and
Choi, 1986; Indraratna, 1990; Gu and Mostyn, 1992; Gu, Jafari
and Mostyn, 1993; Vutukuri and Moomivand, 1996). Many
materials and combinations of materials have been used for
various types of modelling works. A good classification of model
materials was given by Stimpson (1970) based on differences
in the components and applications for different purposes.

The materials used include Portland cement mortar, plaster,
concrete, pumice, and cork. The materials used most frequently
are either plaster or cement with various filler materials (Hobbs,
1966; Saucier, 1967; Rosenblad, 1968; Johnston and Choi,
1986; Indraratna, 1990; Gu and Mostyn, 1992; Gu, Jafari and
Mostyn, 1993). Plaster and filler materials were found to be the
most practical and feasible materials for modelling brittle rocks

(Saucier, 1967). The constituents of materials greatly affect the
technique of modelling and the mechanical properties of the
specimens (Moomivand, 1996; Vutukuri and Moomivand, 1996).

In this investigation, TSA discontinuities were made using
a rock-like material consisting of plaster and sand filler. The
specimens with RU and SP discontinuities were prepared
successfully using Naghdeh limestone. Naqadeh is located in 23
km south of Lake Urmia in the West Azerbaijan Province of Iran.
Limestone has a uniform texture and is suitable for cutting to
create proper jointed specimens.

Because of the complexity of rock mass discontinuities, a very
limited number of rock mass failure criteria have been developed.
In practice, the failure criteria of Hoek, Carranza-Torres, and
Corkum (2002) and Ramamurthy (2001) represent better the
strength of rock with discontinuities, particularly under triaxial
compressive stress. The failure criteria of Ramamurthy (2001)
and Hoek, Carranza-Torres, and Corkum (2002) were applied to
analyse the test results in this investigation.

Specimen preparation

Three techniques were used to prepare cylindrical specimens with
TSA, RU, and SP discontinuities. The TSA discontinuities were
made in a brittle rocklike material consisting of plaster and sand
filling material, borax, and water. Specimens with RU and SP
discontinuity surfaces were prepared using Naghdeh limestone,
which has a uniform texture and it is suitable for cutting to create
proper jointed specimens.

The constituents of materials greatly affect the modelling
technique and the mechanical properties of the specimens.

Sand with a grain size between 0.09 mm and 1.2 mm was used
as filler in the model material, based on previous experience
(Moomivand, 1996; Vutukuri and Moomivand, 1996). The
proportions by weight of the constituents were plaster to plaster
plus sand equal to 50%, water to plaster plus sand equal to 24%,
and borax to water equal to 5%. (Table 1), based on previous
experience (Moomivand, 1996; Vutukuri and Moomivand,
1996) and the experimental design. The selected water content
depends on the weight of plaster in the mixture, workability of
the mixture, and mechanical properties of specimens required
to simulate rock (Moomivand, 1996; Vutukuri and Moomivand,
1996). Borax was used as a retarder to slow down the rate of
setting of the plaster.

Ten hollow cylindrical moulds of PVC pipe with an internal
diameter of 54.5 mm (equal to the internal diameter of the Hoek
and Franklin (1968) triaxial cell), length of 15 cm, and wrapped
with hose clamps were designed. Homogeneous cylindrical
specimens without discontinuities 54.5 mm in diameter and
approximately 109 mm in length (length-to-diameter ratio about
2) were made as suggested in the standard (ASTM, 1997). For
creating TSA discontinuity surfaces using the model material,
the surface was first moulded by polystyrene foam. Cylindrical

Table |

The weight ratio of the model material components

Material Sand (S, Plaster (P,) Water (W) Borax (B,
Ratio by weight
S, P. w. B
£ —=0.50 £ =0.50 £ =0.24 € =0.05
R‘ + SL' P( + Sc' R + St‘ WC
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polystyrene foam cores 54.5 mm in diameter were prepared by
core drilling. The orientation angles of 0, 30, 45, 60, and 90
degrees were made by the core cutter machine, using cylindrical
foam moulds, in the rock mechanics laboratory. The TSA was
created on each side of foam moulds with a particular plane
orientation angle. The cylindrical foam mould and the process of
preparing a specimen with a TSA discontinuity with orientation
angle of 30 degree is shown in Figure 1.

The cylindrical foam moulds were put inside the PVC pipe
moulds for casting one side (first side) of the TSA discontinuities
using the model material. After the model material had set, the
TSA foam moulds were removed from the PVC pipe moulds. A
very thin layer of plaster powder was spread over the first side of
TSA discontinuity to prevent the second part from sticking onto
the first part. The second part of the specimens was completed
by casting the model material in the second side of the TSA
discontinuity in place of the foam mould. After the second part
of the model material had set, the jointed cylindrical specimen
was easily removed from PVC pipe mould by opening the clamps.
Five groups of specimens with TSA discontinuities oriented at
0, 30, 45, 60, and 90 degrees were dried in the open air at room
temperature for two weeks. One series of specimens is shown in
Figure 2.

Specimens with RU and SP discontinuity surfaces were
prepared from limestone. Several methods were used to create
RU discontinuities with different orientation angles. For these
specimens, first a fracture was created in a limestone block.

The block was then put in a box and fixed by plaster, with
respect to the discontinuity orientation angle relative to the
horizontal direction. Finally, the cylindrical specimen having
RU discontinuity surface with the desired orientation angle
was created by a drilling a core. This method of creating RU
discontinuities was difficult and time-consuming. Nevertheless,
five groups of specimens with discontinuities at 0, 30, 45, 60,
and 90 degrees were prepared successfully. A series of such
specimens is shown in Figure 3.

Specimens with smooth and planar (SP) discontinuities
were prepared by cutting cylindrical limestone specimens at
angles of 0, 30, 45, and 60 degrees using a core cutter machine.
Preparation of these specimens was much easier in comparison to
the specimens with TSA and RU discontinuity surfaces.

Test work
Uniaxial compressive strength (o) and tensile strength (c,)

using the Brazilian test were measured for model material
and Naghadeh limestone according to ASTM (1994a, 1994b)
standards. All specimens were tested in an ELE testing machine

Figure 2—One series of specimens with tooth-shaped asperity
discontinuities with different orientation angles

Figure 3—One series of limestone specimens with rough undulating (RU)
discontinuities with different orientation angles

Mould 1l |
Casting the first side the || Removing the foam from Casting the second part &wlmd:;vmm
discontnuity using mside the cybndencal of the specamen by ving tooth-shaped
model matenal mould R ol ametl aspenty discontinuity

B C B
0.5 em 0.5 em
J; /_/" LS
1.5¢m 1.5¢m
> X
30°
A B C
Polystyrene foam

Figure 1—Preparation of a specimen with a tooth-shaped asperity (TSA) discontinuity with orientation angle of 30 degrees
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at a loading rate of 0.5 to 1 MPa/s. The average uniaxial
compressive strength (o,,,) of the model material was found

to be 19.7 +2.38 MPa, and the average tensile strength (o,,)
1.64 +0.32 MPa. For Naghadeh limestone, the average uniaxial
compressive strength (o,,,) was 28.81 £1.38 MPa and the
average tensile strength (o,,,) 2.30 £0.40 MPa. Uniaxial and
triaxial compressive strength tests on fifteen groups of cylindrical
specimens with the three types of discontinuity roughness (TSA,
RU, and SP) and five orientation angles (0, 30, 45, 60, and 90
degrees) were performed by the testing machine and Hoek and
Franklin (1968) triaxial cell according to standard (ASTM, 1997).
The ELE testing machine, confining pressure system. and triaxial
cell are shown in Figure 4. In the triaxial test, an initial confining
pressure (0.1 MPa) was applied for setting the specimen inside
the cell and between the two platens of the testing machine. The
confining pressure, as well as the axial stress, were then applied
slowly until the predetermined value of confining pressure was
reached. The axial load was subsequently increased continuously
at a constant rate of 0.5 MPa/s until the specimen failed under
triaxial compressive stress. After reaching the peak strength, the
axial stress was reduced and the testing machine automatically
saved the peak strength value. Discontinuity sliding inside the
cell could not be observed during the triaxial tests. The Hoek cell
sleeves were ruptured several times or the specimens became
stuck inside the cell, especially those with discontinuities
orientated at 45 and 60 degrees.

The specimens with TSA discontinuities were tested under

confining pressures of 2.5, 5, 7, and 10 MPa, as the model
material behaved in a brittle fashion at confining pressures less
than about 10 MPa. The limestone specimens with RU and SP
discontinuities were tested at confining pressures of 5, 7, 10,
14, and 20 MPa. These specimens were brittle up to a confining
pressure of about 20 MPa or less because, under this confining
pressure, after peak strength the axial stress decreased, but not
for a greater confining pressure under high axial loading.

In specimens with SP discontinuities, sliding occurred freely
during shearing along the discontinuity. Sliding also occurred
freely for TSA and RU discontinuities under uniaxial compressive
stress. Effectively, for specimens with a TSA discontinuity and
orientation angle of 60 degrees, sliding freely took place at

1) Digital gauge

one side of the teeth planes under uniaxial compressive stress.
However, this could not occur with increases of confining
pressure, as the asperities were interlocked until they broke along
the discontinuities.

Nevertheless, the discontinuity interlocking was greater
with increasing roughness and confining pressure, especially
for TSA and RU discontinuities. For all specimens (TSA, RU,
and SP discontinuities) with orientation angles of zero and 90
degrees, failure occurred in the body of the specimens under all
confining pressures. However, specimens with discontinuities
orientated at 90 degrees underwent lateral expansion, during
which the discontinuity’s aperture was further opened under
increasing uniaxial compressive stress. As an example, the mode
of failure of the specimens with TSA discontinuities orientated
at 0, 30, 45, 60, and 90 degrees is shown in Figure 5. For some
SP discontinuities with an orientation angle of 30 degrees,
failure took place along the direction of the discontinuity but for
RU and TSA discontinuities, failure occurred in the body of the
specimens (Figures 5 and 6). For all specimens with TS, RU, and
SP discontinuities at orientation angles of 45 and 60 degrees,
failure took place along the discontinuities under uniaxial and
triaxial loading, except for some TSA discontinuities orientated at
45 degrees under a confining pressure of 7 MPa, in which failure
occurred in the body of the specimens. For specimens with a TSA
discontinuity and orientation angle of 60 degrees, sliding took
place on one side of the teeth planes under uniaxial compressive
stress (Figure 5), as the axial compressive strength had the
lowest value (1.76 MPa). The TSA discontinuity orientated at
60 degrees was interlocked as the teeth were broken along the
discontinuity at confining pressures of 2.5 MPa and above.

Effect of discontinuity roughness and orientation on the
strength and failure criteria

The presence of discontinuities increases the complexity of
defining a rock mass failure criterion that adequately captures
the rock mass behaviour. The results of this investigation are
analysed using two criteria that represent comprehensively

the strength of discontinuous rock under triaxial stresses: the
Ramamurthy (2001) and Hoek-Brown (Hoek, Carranza-Torres,
and Corkum, 2002) rock mass failure criteria.

5) Pace rate

Figure 4—ELE triaxial compression test apparatus: (A) Confining pressure, (B) adjustment of specimen and spherical spacers inside the triaxial cell and between

the platens of the testing machine

» 1050 DECEMBER 2019 VOLUME 119
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0°,TSA

30°, TSA

600, TSA

90°,TSA

Figure 5—Mode of failure of five specimens with TSA discontinuities at orientation angles of 0, 30, 45, 60, and 90 degrees under uniaxial loading

Figure 6—Mode of failure of five specimens with RU discontinuities at orientation angles of 0, 30, 45, 60, and 90 degrees under uniaxial loading

Ramamurthy rock mass failure criterion

Ramamurthy, Rao, and Rao (1985) proposed the initial version
of the intact rock failure criterion, which was later revised
*Ramamurthy, 1993, 2001; Ramamurthy and Aurora, 1994).
Ramamurthy’s revised intact rock failure criterion (Ramamurthy,
2001) is as follows:

c. i
0, =03+ Bic;{_‘n] [1]

O,

The Journal of the Southern African Institute of Mining and Metallurgy

where
0, =maximum principal stress (MPa)
o; =minimum principal stress (MPa)
= uniaxial compressive strength of intact rock (MPa)

Gci
o, = constant for intact rock
B, = triaxial compressive strength factor.

Ramamurthy, Rao, and Rao (1985) and Ramamurthy (2001)
proposed Bi values for some intact rocks. The failure criterion of
Ramamurthy (2001, 2008) for jointed rock mass under triaxial
stress is as follows:

VOLUME 119 DECEMBER 2019 1051 «
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o, =0, +Bj6;[zzj JGJ 2]
ZJ =exp(—0.008J; ) [3]
o [4]
G— = tan ¢y [5]
o, =, ;L [6]

B I B 1
a
{0.13exp{2.04jﬂ 0.13exp{2.04 /Gqﬂ [7]
(Xi Gci

0’5 = minimum principal stress (MPa)

o', = maximum principal stress (or axial strength) (MPa)
o, = uniaxial compressive strength of jointed rock (MPa)
B. = triaxial strength factor of jointed rock

a, = constant power for jointed rock

J.= frequency of joints, i.e. number of joints per metre
n= joint inclination coefficien

r= parameter of joint resistance (joint friction)

Jp= joint factor

v.= shear strength along the joint

o, = normal stress on the joint

¢';= friction angle of the joint

i subscript represents intact rock

j subscript represents jointed rock.

Ramamurthy’s joint factor (J) incorporates the effect of a
combination of three factors: orientation of the joints (n), the
frequency of joints (J,), and joint resistance (r). The parameter
n is determined from a table given by Ramamurthy (2008). The
joint resistance parameter (r) is determined using the ratio of
shear strength along a joint to the normal stress on the joint
(Equation [5]). The joint factor (J,) is zero for intact rock and can
be more than 500 per metre for a heavily jointed rock mass. A
larger value of J; indicates a weaker rock mass.

To analyse the relationship between o,/0, and J, J; was
first determined from the test results, as a function of the joint
orientation coefficient (n) and the frequency of joints (J,), using
the method given by Ramamurthy (2008). The joint resistance
coefficient (r) was determined by carrying out direct shear tests
on smooth and planar joints. The joint resistance coefficient (r)
for the TSA and RU discontinuities could not be assessed using
direct shear tests. That is because the normal stress on the joint
increases with increasing shear stress in the direct shear test
system for rough discontinuity surfaces. In order to determine
the joint resistance coefficient (r) for TSA and RU discontinuities,
indirect shear and normal stresses from the maximum principal
stress (o,) and minimum principal stress (o) in triaxial strength
test results for an orientation angle of 60 degrees were used. That
is because under all confining pressures, failure occurred along
TSA and RU discontinuities at 60 degrees. A series of paired

» 1052 DECEMBER 2019 VOLUME 119

data of the shear strength along the joint and normal stress on
the joint was first determined by stress transformation equations
using o, and o, from the test results for an orientation angle
(transformation angle) of 60 degrees as follows:

Gl

T, = 1795 Gin2a [8]
: 2

G,+0, O, —

G, = 5 +

Then, the joint resistance parameter (r) was determined by
Equation [5] using the obtained pair results of the indirect values
of shear strength (v) and normal stress (o,). Joint resistance
coefficients (r) of 0.818, 0.730, and 0.631 were obtained for TSA,
RU, and SP discontinuities respectively.

The joint factor (J;) was determined using the results for three
parameters: the joint inclination coefficient (n), the frequency of
joints (J,), and the joint resistance coefficient (r). As an example,
for the RU4 group at an orientation angle of 60 degrees, J; is as
follows:

Jo=], /n x1) = 10/(0.06 x 0.73) = 228.3

The calculated ratio of the uniaxial compressive strength of
jointed rock to that of intact rock (o,/o,) obtained using Equation
[3] is equal to 0.66, whereas the ratio evaluated from the results
for this group is 0.06. The ratio of o/, was determined for
fifteen groups of test results. The obtained relationship between
the o,/0, ratio and J; for the test results is as follows:

%3 cos2a [9]

G—q:exp(— 0.016J,) [10]

The ratio of o,/c, was also assessed using J; based on
Equation [3] proposed by Ramamurthy (2008). The relationship
between o/0,; and the joint factor (J;) from the test results was
compared with the relationship estimated by Ramamurthy’s
equation (Figure 7).

The coefficient of J; is -0.008 in Ramamurthy’s equation
(Equation [3], whereas this coefficient is -0.016 for the results of
this research (Equation [10]). Coefficients of J,.between -0.00123
and -0.025 were also obtained from extensive experimentation
on different patterns of jointed blocks under uniaxial compression
(Singh, Rao, and Ramamurthy, 2002). The /0, ratio has the
greatest value for the lowest joint factor, rapidly decreases with
increasing joint factor (J;), and approaches zero at higher joint
factor values. However, when using J; for the assessment of o,/
o4 o, and B, not only are the uniaxial and triaxial test results
not used, but also different relationships between the o/, ratio
and J; have been reported. Hence, the values for the o,/o; ratio,
a;, and B; may not be reliable.

To analyse the results by Ramamurthy’s failure criterion, two
procedures were used.

> Determine o using the o,/0, ratio and o from the results
with Equation [6], and then assess B; by analysing the
triaxial test results with the DataFit computer program
(Datafit, 1992). In this case, the obtained failure criterion
can be a more reliable representation of the uniaxial and
triaxial test results.

> Determine o using the o /o, ratio and o from the results
with Equation [6], and then calculate B; with the o,/0;, ratio
from the test results using Equation [7]. In this case, the
triaxial test results are not used to determine B;.

The Journal of the Southern African Institute of Mining and Metallurgy
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1.2

0.8

Q_ 064 \\
&

0.4 - \

\
\N 0
0.2 -
. -
0

O Drawing Ramamurthy's

@ The results of this research

\ O j/C =€ 0167 —— The best fit to the results of

-
———— e

relation using joint factor of
the results

this research

0 100 200 300

500 600 700 800 900 1000

Figure 7—Comparison of the relationship between ¢_/0_ and joint factor (J)) from test results in this research with Ramamurthy’s relationship

cj’ Yei

Table Il

Parameters o, a, and B, determined using DataFit for all groups of test results, with correlation
coefficient (R) and standard deviation (S)

Group no. Orientation angle (degree) o, (MPa) a; B, R S
Intact-M - 19.07 0.80 2.94 0.96 217
TSA1 0 17.35 0.76 225 0.93 3.37
TSA2 30 15.45 0.72 2.49 0.95 2.83
TSA3 45 12.97 0.66 2.88 0.96 250
TSA4 60 5.34 0.42 4.65 0.90 3.65
TSA5 90 16.97 0.75 2.25 0.96 2.18
Intact-L . 28.81 0.80 2.35 0.94 6.80
RU1 0 28.23 0.79 2.32 0.92 6.33
RU2 30 21.32 0.69 2.90 0.96 4.60
RU3 45 14.69 0.57 3.69 0.97 3.56
RU4 60 1.73 0.20 5.59 0.89 7.33
RUS 90 23.62 0.72 3.04 0.99 3.69
SP1 0 22.18 0.70 258 0.99 5.60
SP2 30 19.30 0.66 3.09 0.99 276
SP3 45 2,02 0.21 5.62 0.59 5.62
SP4 60 0.86 0.14 5.22 0.77 10.76
SP5 2 20.17 0.67 3.35 0.98 4.80

First, the value of the triaxial compressive strength factor (B)
in Ramamurthy’s failure criterion was obtained from the triaxial
compressive strength test results for intact model material and
limestone using DataFit. Values of 2.94 and 2.35 were obtained
for model material and intact limestone respectively. Then, fifteen
groups of test results conducted on specimens with different
discontinuity roughness and orientations were analysed using
Ramamurthy’s failure criterion for jointed rock (Equation [2]).
The power constant for jointed rock (a;) was determined by the o,
and o,/ ratio of the test results.

The triaxial compressive strength factor of jointed rock (B))
was determined using o; and o,; in Ramamurthy’s failure criterion
(Equation [2]) by fitting the test results using DataFit (Datafit,
1992). The values of o, and the assessed parameters of B, and

G?

The Journal of the Southern African Institute of Mining and Metallurgy

o;, with the correlation coefficient (R) and standard deviation
(S) of the best fit failure criterion, are shown in Table II. The
relationship between axial strength (c,) and confining pressure
(o) for test results from the intact model material (Intact-M) and
from specimens with TSA discontinuities oriented at 0, 30, 45,
60, and 90 degrees is shown in Figure 8. The axial strength (o,)
of the intact model material is higher than for specimens with
TSA discontinuities. The axial strength of the TSA specimens
decreased with increasing orientation angle, with the minimum
strength occurring at 60 degrees. The axial strengths (o,) for
the specimens with discontinuity orientation angles of zero and
90 degrees are approximately equal. The effect of roughness
and orientation on the axial strength decreases with increasing
confining pressure and becomes negligible at higher confining

VOLUME 119 DECEMBER 2019 1053 «
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Figure 8—Relationship between the axial strength (g,) and confining pressure (o) for intact model material (Intact-M) and five groups of specimens made from

model material with TSA discontinuities at different orientation angles

pressure. Effectively, the axial strength of specimens with a TSA
discontinuity angled at 60 degree is closer to the axial strength
of the intact model material under high confining pressure. TSA
discontinuities are interlocked better than SP discontinuities
under loading, particularly under high confining pressure.

The relationships between o, and o; for the test results for
intact limestone (Intact-L) and for specimens with RU and SP
discontinuities are shown in Figures 9 and 10 respectively.
Limestone specimens with SP discontinuities have lower axial
strength than specimens with RU discontinuities. The RU
discontinuities are locked better than the SP discontinuities under
loading. The axial strength of limestone specimens with RU and
SP discontinuities decreases with increasing orientation angle,
reaching a minimum at 60 degrees and then increase.

The differences between the axial strength of the limestone
specimens with RU and SP discontinuities oriented at 0, 90,

30, and 45 degrees and the axial strength of the specimens
with discontinuities oriented at 60 degrees decreases with
increasing confining pressure. As shown in Figures 8 to 10, the
axial strength of the specimens with a discontinuity orientation
angle of 60 degrees approaches that of intact limestone under
high confining pressure. For all groups of test results, the axial
strength and discontinuity interlocking was greater with higher
roughness and confining pressure.

The parameter o; was determined from the test results
using Equation [6]. Figure 11 shows that o; decreases with
increasing roughness of discontinuities at all orientation angles.
The parameter o is highest for an orientation angle of zero
degrees. 1t decreases slightly as the angle increases from zero
» 1054
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to 30 degrees, then more sharply, reaching a minimum at 60
degrees, then increase again to 90 degrees, to a value just less
than that at zero degrees (Figure 11). Figure 12 shows that the
discontinuity orientation has the opposite effect on the parameter
B, in comparison with a.

The parameter B; in Ramamurthy’s failure criterion was
calculated using Equation [7] and the o/o,, ratio from test
results, without considering triaxial test results. These values for
B, were compared with the test results using DataFit. Figure 12
shows that the B; parameters obtained with DataFit have higher
values than those from the test results.

The relationship between the triaxial strength factor (B))
and the o,/0, ratio from the test results was analysed. A better
correlation between B; and o/, was obtained for each individual
discontinuity type (TSA, RU, and SP) than for the combination
of all results. Therefore, the relationships between B; and o,/

o, ratio from test results for specimens with TSA, RU, and
SP discontinuities at different orientations are obtained from
Equations [11] and [12].

[
1.095[—°1J
(e}

B; =6.2395% i) TsA discontinuities [11]
o -
~0.895 cﬂ] [12]
B, =5.8317 " RU and SP discontinuities

For all groups of test results, the triaxial strength factor (B;)
decreases exponentially with increasing o,/o ratio, becoming

The Journal of the Southern African Institute of Mining and Metallurgy



Effect of discontinuity roughness and orientation on the parameters of the rock failure

o, (MPa)

RU 0°
RU 30°

RU 45°

RU 60°

RU 90°
——RU 0°, R=0.92
—RU 30°, R=0.96
= =RU 45° R=0.97
— - RU 60°, R=0.89
= « RU 90° R=0.99

omepr e

Figure 9—Relationship between o, and g, for five groups of specimens made from limestone with RU discontinuities at different orientation angles

0, (MPa)

14 16 18 20 22

100

o, (MPa)
2

= *SP 30°, R=0.99
e*+e+ SP 45° R=0.59

.

[ ]
/‘.
3

® Intact- L
A SPO°

¢ SP30°
B SP45°
A SP60°
O SP90°
Intact- L, R=094
—SP 0°, R=0.99

— 8P 60° R=0.77
— —SP 90°% R=0.98

8 10 12
63 (MPa)

14 16 18 20 22 24

Figure 10—Relationship between o, and o, for intact limestone (Intact-L) and five groups of limestone specimens with SP discontinuities at different orientation

angles

The Journal of the Southern African Institute of Mining and Metallurgy

VOLUME 119

DECEMBER 2019

1055 «



Effect of discontinuity roughness and orientation on the parameters of the rock failure

1.0

0.8

0.6 -

(=]
0.4 -

0.2

—8—TSA discontinuity tests

—&— RU discontinuity tests

—&—SP discontinuity tests

0.0 T T T T T T T
0 10 2

60

30 40 50 60 70 80 90 100
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Figure 12—Relationship between B, and orientation angle (6) for TSA, RU, and SP discontinuities obtained using the tests results and Ramamurthy’s method

equal to B, for a o,/oc ratio of unity. The relationship between B,
and o,/ obtained from the test results is significantly different
from that using the B, value estimated by Ramamurthy’s method.
Many other factors, such as infill material, discontinuity spacing,
and number of discontinuity sets, can affect the parameters of
the jointed rock failure criterion. Therefore, more results are
necessary to better justify the relationships (Equations [11]

and [12]).

Generalized Hoek-Brown.criterion

Parameters of the Hoek, Carranza-Torres, and Corkum (2002)
rock mass failure criterion (the generalized Hoek-Brown
criterion) were also analysed according to the roughness and
orientation of discontinuities. The generalized Hoek-Brown rock
mass failure criterion is as follows:

, a
r _ !_I_ G3+
6, =0;+t0,| m,—+s

13
o, [13]

moem e [GSIIOO]
S ST [14]
s axf GSI-100 5
A9 [15]
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-GSI -20
a=%+%{e 5o’ }

[16]
where
o, = unconfined compressive strength of intact rock (MPa)
m, = triaxial compressive strength factor of rock mass
(MPa)
m, = material constant for the intact rock

GSI = Geological Strength Index

D  =disturbance factor (account for blast damage and
stress relaxation)

s and a are constants.

The material constant for the intact rock (m,) was obtained by
conducting statistical analysis using DataFit. Values of 8.05 and
4.51 were obtained for limestone (Intact-L) and model material
(Intact-M) respectively. The rock mass material constants m,, s,
and a were also determined by statistical analysis of 15 groups
of test results from specimens having different discontinuity
roughness and orientations (Table II). To clarify the effect of
TSA, RU, and SP discontinuities and orientation angle on the
axial strength, the dimensionless relationships between o,/

o, and o,/c,; were compared for each individual orientation
angle. The results are shown in Figures 13-17. The rock mass
material constant (a) varies from 0.5 to 0.636, corresponding
to intact rock (GSI = 100) and very low quality rock mass (GSI
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Table Ill
Values of the ratio ¢./0_, m,, s, and a with correlation coefficients (R) and standard deviations (s) for
all groups of test results
Group no. o (degree) 0yl Og m, s a R S
Intact-M - 1.00 4.51 1.000 0.50 0.98 6.60
TSA1 0 0.91 4.49 0.792 0.57 0.98 2.36
TSA2 30 0.81 4.46 0.648 0.59 0.99 1.74
TSA3 45 0.68 4.41 0.536 0.60 0.98 2.01
TSA4 60 0.28 4.40 0.245 0.64 0.97 3.19
TSA5 90 0.89 4.51 0.900 0.62 0.99 0.99
Intact-L - 1.00 8.05 1.000 0.50 0.98 6.50
RU1 0 0.98 6.41 0.960 0.50 0.99 3.29
RU2 30 0.74 6.36 0.548 0.50 0.99 3.10
RU3 45 0.51 6.43 0.260 0.55 0.98 4.53
RU4 60 0.06 5.93 0.006 0.50 0.99 2.69
RU5 90 0.82 8.37 0.672 0.50 0.98 3.99
SP1 0 0.77 6.38 0.593 0.50 0.98 3.41
SP2 30 0.68 6.09 0.449 0.50 0.99 3.14
SP3 45 0.07 6.97 0.005 0.50 0.98 4.23
SP4 60 0.03 5.85 0.002 0.55 0.98 4.30
SP5 90 0.70 7.90 0.490 0.50 0.96 6.12
35
3.0 A g
2.5 A
2 207
;C 15 @® TSAOQ
= ¢ RUO
L0 A SPO°
—— TSA 0°, R=0.98
0.5 3 - = RU0°, R=0.99
— - SP0°, R=0.98
0.0 ‘ . . . . ‘ .
00 01 02 03 04 05 06 07 08
G3/G 4 ratio

Figure 13—The dimensionless form relationships between 0,/0_; and 6,/0_ with the best function fit using the Hoek, Carranza-Torres, and Corkum (2002) failure
criterion for TSA, RU, and SP discontinuities at an orientation angle of zero degrees

= 5) respectively, according the generalized Hoek-Brown rock
mass failure criterion. For orientation angles of zero and 90
degrees, the two parameters m, and s are approximately equal
to m, and unity, particularly for TSA and RU discontinuities. As
shown in Figures 13 and 17, the failure criterion for jointed rock
is similar to that for intact rock. For all groups of test results,
the parameters m, and s decrease with increasing orientation
angle from zero to a minimum at 60 degrees, increasing again
at 90 degrees (Figure 18). Furthermore, the parameters m,

and s are greater with increasing discontinuity roughness. The
relationships between parameters m,, s, and a and the o/, ratio

The Journal of the Southern African Institute of Mining and Metallurgy

from the test results were also analysed (Figure 19). Parameter s
increase with an increase in /0 ratio, but has an average value
of approximately 0.534. A lower correlation (i.e. lower value of
R) between m, and the o,/ ratio was obtained (Figure 19).
Other factors than discontinuity roughness and orientation angle
can affect the parameters of the jointed rock failure criterion, e.g.
infill material, discontinuity spacing, and number of discontinuity
sets. However, a higher correlation may be achieved using
additional data such as triaxial test results on specimens
with infill material, different discontinuity spacing, and
discontinuity sets.
VOLUME 119
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Figure 14—The dimensionless form relationships between 0,/0_; and 6,/0_ with the best function fit using the Hoek, Carranza-Torres, and Corkum (2002) failure
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Figure 15—The dimensionless form relationships between 0,/0_; and a,/0; with the best function fit using the Hoek, Carranza-Torres, and Corkum (2002) failure
criterion for TSA, RU, and SP discontinuities at an orientation angle of 45 degrees

Conclusions compressive strength had the lowest value.

» The effect of discontinuity roughness on the mode of failure
was more significant for orientation angles of 30, 45, and
60 degrees.

The effect of roughness and orientation on the axial
strength decreases with increasing confining pressure

and becomes negligible under higher confining pressures.

» Discontinuity interlocking becomes more significant
with increasing roughness and confining pressure. The
joint resistance parameter (r) increases with increasing >
roughness.

» For specimens with TSA, RU, and SP discontinuities

» 1058

orientated at zero and 90 degrees, failure occurred in

the body of the specimens under all confining pressures.
For some SP discontinuities with an orientation angle of
30 degrees, failure was observed along the direction of

the discontinuity. For all specimens having discontinuity
orientation angles from 45 to 60 degrees, failure took
place in the direction of the discontinuity and tooth-shaped
asperities were broken along the discontinuities, particularly
under high confining pressures. However, for specimens
with a TSA discontinuity angled at 60 degrees, sliding
occurred at one side of teeth planes of the discontinuities
under zero confining pressure as in this case the axial

DECEMBER 2019 VOLUME 119

The axial strength of specimens with a TSA discontinuity
oriented at 60 degrees approaches the axial strength of the
model material under high confining pressure.

The discontinuity roughness and orientation angle have a
great effect on the o; and B; parameters in Ramamurthy’s
failure criterion.

The new relationships obtained between the o /o, ratio
and joint factor (J), and B, for fifteen groups of specimens
with different discontinuity roughness and orientations are
considerably different from the relationship proposed by
Ramamurthy.

The rock mass material constant (m,) of specimens with
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Figure 16—The dimensionless form relationships between 0,/0,; and 6,/0_ with the best function fit using the Hoek, Carranza-Torres, and Corkum (2002) failure
criterion for TSA, RU, and SP discontinuities at an orientation angle of 60 degrees
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Figure 17 - The dimensionless form relationships between o,/0_, and o,/0_; with the best function fit using the Hoek, Carranza-Torres, and Corkum (2002) failure
criterion for TSA, RU, and SP discontinuities at an orientation angle of 90 degrees

TSA discontinuities at different orientation angles is nearly
equal to the m, value for intact specimens.

» The effect of orientation angle on the failure mechanism and
strength of jointed specimens depends on the discontinuity
roughness.
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