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Abstract

The anisotropy in the deformational behavior of blocky rock masses has been comprehensively
investigated. Uniaxial deformation modulus was selected as the key parameter. It is generally anisotropic and
depends on the loading direction as well as intact rock and joint properties and joint setting. Representative
volumes of blocky rock masses were numerically simulated by the discrete element method and loaded
uniaxially in various directions. Then the failure mode and the deformation modulus were studied for
different loading directions and for various relative joint settings. A new nonlinear stress-dependent stiffness
matrix for joints was introduced and used in wich surface conditions of the joints in terms of the joint
roughness coefficient (JRC) and the intact rock materials in terms of the uniaxial compressive strength
(UCS) were considered. The results of the assessments are presented in the form of rose diagrams showing
variations of the blocky rock mass deformation modulus that are depend on joints JRC, intact rock UCS, and
the rock mass structure in term of relative joint angle. Also, the expected degree of anisotropy for various
surface joint conditions and uniaxial compressive strengths of intact rock were introduced. In the geological
strength index (GSI) table, results are classified such that by assigning a value to JRC for each class of the
joint surface conditions, deformation modulus and degree of anisotropy corresponding to GSI values can be
determined.
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Highlights

e A new nonlinear stress-dependent relationship for normal and shear stiffness on joints of blocky
rock mass was introduced.

e Rose diagrams present variations of the blocky rock mass deformation modulus. Based on intact
rock and joint roughness properties, it is possible to estimate the mass deformation modulus with
any set of joints for different directions.

e In the GSI chart, results were classified by the GSI classification system such that by assigning a
value to JRC for each class of the joint surface conditions, deformation modulus and degree of
anisotropy corresponding to a GSI value for a specified blocky rock mass can be determined.

e The degree of anisotropy in the deformation modulus of blocky rock masses, defined as the ratio
of the maximum deformation modulus to the minimum deformation modulus, was deduced as
1.6 < RE < 2.3 with an average value of 1.88.

e It was revealed that the effect of joint quality and condition on the deformation modulus of the
blocky rock mass is more than the UCS of intact rock and about three times.

e |t was revealed that the effect of normal stiffness on the rock mass deformation modulus is about
twice that of the shear stiffness.

e The results support the idea that a blocky rock mass has a critical failure strain independent of
the loading angle (0) and the direction of the third joint set («).

1- Introduction

Rock mass deformation modulus is a fundamental parameter in the geomechanics of tunnels,
mining, and other geotechnical rock-supported facilities. The mechanical properties of a rock mass
as a fractured medium are figured by the intact rock, relative joint-set pattern, geometrical setting of
the joints, and their mechanical properties. Joint sets as planar discontinuities impose mechanical
properties that are scale- and direction-dependent. Each joint set imposes anisotropy in the direction
of its normal vector. When a rock mass is heavily fractured, individual imposed anisotropy by the
joints in any direction can be assumed to be evenly distributed so that the rock mass possesses
isotropy. Otherwise, even in dimensions more significant than the representative elementary volume
(REV), in which the rock mass can be considered as a continuum, its directional dependence will
not fade.

The current study examines the anisotropic deformation modulus of blocky rock masses formed
by three joint sets, which include two orthogonal joint sets intersected by a third joint set. Discrete
element simulations of representative volumes of blocky rock masses have carried this out.

The most important issue influencing the deformational behavior of a rock mass is the stiffness
of its fractures and discontinuities. Expressing the stiffness of planar discontinuities by the normal
(K,) and the shear (K) Defining these components is one of the most important parts in the
evaluation of the stiffness of the rock masses. The closer the definition of these to the real
conditions, the better accuracy of the rock mass deformation modulus would be attained. So,
efficient relations that can express accurately nonlinear joint behavior are necessary to calculate
rock mass deformation modulus. To deal with this, a new inferred nonlinear stress-dependent
stiffness matrix for joints has been introduced and used for the simulations. This considers joints'
real nonlinear behavior through their basic parameters without requiring multiple tests. As we
know, this study is the only one that directly considers the joint basic parameters in the calculation
of rock mass modulus, which makes the accuracy and applicability of the results unique.
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This study aims to present realistic anisotropic behavior of blocky rock masses by combining
numerical simulation and a mathematical-empirical relationship for joint stiffness in a practically
applicable manner. The results deal with deformation modulus, failure mechanism, post-failure
behavior for different loading directions, and the degree of anisotropy as a summarization.
Deformation modules are presented as rose diagrams showing variations of the blocky rock mass
deformation modulus in various directions as a function of solely the rock mass intrinsic
parameters. These are the joints JRC, the intact rock UCS, and the rock mass structure relative to
the joint angle. These diagrams make it possible to estimate the blocky rock mass deformation
modulus in different directions without needing laboratory and in-situ tests or empirical relations.
Also, by summarizing the results of the analyses in the GSI table, results were classified such that
by assigning a value to JRC for each class of the joint surface conditions, deformation modulus and
degree of anisotropy corresponding to a GSI value can be determined.

2- Modeling strategy

To study the state of anisotropy in blocky rock masses, representative volumes of rock masses
were simulated by the discrete element method and loaded uniaxially in various directions. The
failure mode and deformation modulus were then determined for loading directions and relative
joint settings. The modeling includes defining the geometric setting of blocky rock masses and
selecting a loading scheme, mechanical constitutive behavior of joints and the intact rock, and
representative volume of the rock Masses.

In the current study, blocky rock masses, which include two orthogonal joint sets intersected by a
third one, as shown in Fig. 1, are considered. In Fig. 1, joint set 3 forms an angle (a) with the
second joint set, and its strike is normal to the strike of the joint set 1. Various rock masses which
are formed by values of a =5°, 15°, 30°, 45°, 60°, 75°, and 90° were examined.
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Figure 1. The blocky rock mass with two orthogonal joint sets intersected by a third to form an angle (a).

To evaluate the models' anisotropic behavior, an element with a representative volume of the
mass was loaded uniaxially in different directions. This load is normal to a plane with the strike
parallel to the "X" axis, and its direction deviates from the '-Z" axis by 6.

3- Mechanical properties of joints

A general constitutive expression for the deformation of joints can be written as:

) =[] () ®

on 1S normal stress, 7, is shear stress, U, is normal relative displacement, and U is the shear
relative displacement of the joint. K, and K are the normal and shear stiffness of the joint,
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respectively, and Ks» and Ky are the coupling effects of the shear and normal behavior of the joint,
which have been neglected in this study.

3-1- Normal stiffness

The normal behavior of a joint can be described by the hyperbolic model proposed by Goodman
et al. (1968) and Bandis et al. (1983) as:

_alUy
On =g U. )

U is the joint vertical displacement, Unc is the maximum joint vertical displacement, and "a" is
an empirical constant. Variable K, is defined as:

_ dﬂ _ aUpc
Kn = 0y = WneUn)? )

Thus, initial joint normal stiffness Kni at Un = 0 is:
Kni = Uinc (4)

Substituting Eq. (2) into Eq. (4) produces:

2
K, =K, + In 4 2on (5)

AT Ay (X T
" \ g —KpiUn on=KpiUn

Bandis et al. (1983) suggested the initial normal stiffness of joints as:

Kui = —7.15 + 1.75 JRC + 0.02 [] (6)

JRC is the joint roughness coefficient of the discontinuity surface (Bandis et al. 1983), and JCS
is the compressive strength of the joint wall in terms of MPa, which can be equalized by the
compressive strength of the intact rock (ac). U is the discontinuity aperture (in millimeters) at the
beginning of loading. U can be estimated as (Bandis et al. 1983):

0.040,
JCS

U =JRC [22% — 0,02 @)
3-2- Shear stiffness

Relation between the relative shear displacement (Us) and the shear stress (7) can be expressed
by a hyperbolic function (Duncan et al., 1970; Bandis et al., 1983; Priest, 1993) as:

- ®

Tt

where Ksi is the initial shear stiffness, tr is the shear strength of the discontinuity, Ry is the failure
ratio (:—f) and T is the ultimate shear stress. Thus:
ult

-2
d Rf Kgi Us
Ko= om= Ky |14 2] ©)
-1
_ |Ksi _ RrKsi
U, = [ - A (10
At the shear strength of a joint, using T = t; and Us = UP***From Eq. (10):
T
R = 1 - KSiUSgeak (11)

Following Barton and Choubey (1977), the shear displacement at peak strength along a joint can
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be considered to be 0.01 times the length of the joint or fault block; thus, U?°** = 0.01And:
1 Y
Rp =1 0.01Kg; (12)

Substituting Egs. (10) and (12) into Eq. (9) gives:

o -
(ksi ofgl)(%_kg(l_:fm—fkg ))

Ks= Ky |1+ (13)
Tf
Following Bandis et al. (1983):
Ky = (=17.19 + 3.86 JRC) (0,,)°783 (14)
and following (Barton, 1973; 1976; Barton and Bandis, 1990):
T; = optan []RC log (%) + <pb] (15)

4- Anisotropy in deformation modulus of blocky rock masses

As the deformation modulus is supposed to be a function of joints and intact rock characteristics
as well as the direction, blocky rock masses were classified based on the joints condition by JRC as
(0<JRC<4, 4<JRC<8, 8<JRC<12, 12<JRC<16, 16<JRC<20) and, the UCS of the intact rock as
(0¢i<25MPa, 25<0.i<50MPa, 50<0<100MPa, 100<0.:<250MPa). The deformation modulus of
each group is calculated for different a directions. The results of these calculations are presented in
a polar coordinate system. In this system, angle 6 (defined in Figure 1) is in the positive
trigonometric direction from 0° to 90°, and the value of the deformation modulus is measured in the
radial direction from the center. In these drawings, the deformation modulus is in GPa.

Fig. 2 shows parts of the results. In this figure, each curve corresponds to a specific value of a.
By knowing the rock mass structure (a), joint conditions (based on JRC), and intact rock materials
(represented by o), the deformation modulus of the rock mass can be extracted from the curves for
different loading directions.
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Figure 2. Deformation modulus of blocky rock masses for (oi<25).
5- Conclusion

A systematic investigation of anisotropy in the deformation behavior of blocky rock masses is
carried out using discrete element simulations. The rock mass includes two orthogonal joint sets
intersected by a third one. Joint set 3 forms a varied angle with the second joint set, and its strike is
normal to the strike of joint set 1. An element with a representative mass volume was loaded
uniaxially in different directions.
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New nonlinear stress-dependent relations for normal and shear stiffness of joints were introduced
and used in simulations. JRC and intact rock UCS are independent variables of these relations. Joint
normal and shear stiffness coefficients are essential in controlling the overall deformation behavior
of the rock mass. The effect of normal stiffness on the rock mass deformation modulus was found to
be about twice that of the shear stiffness. It was also found that in the evaluation of the deformation
modulus, the relative importance of the quality and condition of the joints is much greater than the
UCS of the intact rock.

Numerical investigations indicated that a mass with L/S>10 can be assumed as REV for a blocky
rock mass in evaluating the deformation modulus and failure modes.

Deformation modulus, failure mode, and post-failure behavior of the blocky rock masses were
evaluated for various relative loading and joint angles. The degree of anisotropy for deformation
modulus, which anisotropy index RE represents, was deduced as 1.6 < RE < 2.3 with an average
value of 1.88 in blocky rock masses.

When the mode of failure of a blocky rock mass is "slipping on the joints,” the yield strain is
about 0.2 to 0.4. This is independent of the loading angle and the direction of the third joint set.

Calculations results are presented in the form of polar curves of variation of the blocky rock
mass deformation modulus that depend on the joints JRC, the intact rock UCS, and the rock mass
structure in terms of relative joint angle. These curves make it possible to estimate the blocky rock
mass deformation modulus in different directions without needing laboratory and in-situ tests or
empirical relations.

In the GSI table, results were classified so that a value for JRC for each class of the joint surface
conditions, deformation modulus, and degree of anisotropy corresponding to GSI values can be
determined.
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Geological Strength Index (GSI)

From the description of structure and
surface conditions of the rock mass, pick
an appropriate box in this chart. Estimate
the average value of GSI from the
contours, Do not attempt to be too
precise. Quoting a range of GS1 from 36
to 42 is more realistic than stating that
G5l = 34,

Structure

Surface conditions

compact coatings with fillngs of angular fragments

Slickensided amd highly weathered surfaces

Rough, maybe slightly weathered or iron stained
Slickensided or highly weathered surfaces or
with soft clay coatings or fillings

Very rough and Iresh unweathered surfaces
Smooth and’or moderately weathered and

) 5
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BEE(s8E |5 e
- 5] = |5 [F]
Dedlwmd= & =
Decreasing surface quality =3

Intact/Massive ~ intact rock
SpECcimens or massive in-situ rock
masses wilh very few widely
spaced discontinuities

1
il

\ Very good
5
=

x@-
g

MiA NA

Blocky — very well interlocked
uidisturbed fock mass consisting
of cubical blocks formed by three
Fa orthogonal discontinuity sets
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