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Abstract

The anisotropy in the deformational behavior of blocky rock masses has been comprehensively investigated.
The uniaxial deformation modulus was selected as the key parameter. This modulus is generally anisotropic
and depends on the loading direction, as well as on the properties of the intact rock, joints, and joint setting.
Representative volumes of blocky rock masses were numerically simulated using the discrete element method
and were loaded uniaxially in various directions. Subsequently, the failure mode and the deformation modulus
were studied for different loading directions and various relative joint settings. A new nonlinear, stress-
dependent stiffness matrix for joints was introduced, incorporating the surface conditions of the joints in
terms of the Joint Roughness Coefficient (JRC) and the properties of the intact rock materials in terms of
the Uniaxial Compressive Strength (UCS). The results of the assessments are presented in the form of rose
diagrams, showing variations in the deformation modulus of the blocky rock mass that depend on the joint’s
JRC, the intact rock’s UCS, and the structure of the rock mass in term of the relative joint angle. Also, the
expected degree of anisotropy for various joint surface conditions and uniaxial compressive strengths of intact
rock were introduced. In the Geological Strength Index (GSI) table, results are classified such that assigning a
value to the JRC for each class of joint surface conditions allows for the corresponding deformation modulus
and degree of anisotropy. According to this chart, it is deduced that the effect of joint roughness on the
deformation modulus of blocky rock masses is greater than that of the intact rock UCS. The results support
the hypothesis that a blocky rock mass has a critical strain that is independent of the loading angle (6) and the
orientation of the third joint set (a).
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AHHOTauus

BcecTropoHHe u3yueHa aHM30TPOMUsS NePOpPMAIMOHHOTO TOBEJEeHNSI GIOYHBIX MACCUBOB TOPHBIX TOPO/I.
B KauecTBe K/IIOYEBOTO MapaMeTpa BbIGpaH MOMY/Ib OMHOOCHO medopmManyy. B 1ieJloM OH SIB/ISIETCS aHU-
30TPOITHBIM U 3aBUCUT OT HAIIPAaBJIeHMSI HAarPy>KeHMs], @ TAKKe OT CBOJMCTB HeHapylleHHO NTOPOAbl, TPeLuH
Y 9JIEMEHTOB UX 3ajieraHust. [IpeicTaBuTeIbHbIE 00bEMbI GJIOYHBIX MACCHMBOB FOPHBIX TIOPOA, ObUTM YMCIEHHO
CMOJe/IMPOBAaHbI METOAOM JUCKPETHBIX 3/IEMEHTOB M OLHOOCHO HAarpy>kKeHbl B Pa3/IMUHbIX HAIIpaBAeHUSIX. 3a-
TeM OBLIM M3YUeHbl PeKUM Pa3pyIIeHUsT M MOLY/Ib AedopMaluy Ijisl pa3INUHbIX HAIIPaBIeHUIT HATPYsKeHUS
Y Pa3JIMYHBIX OTHOCUTEIbHBIX JIeMEeHTOB 3ajleraHys TpellyH. BHepeHa U 1CIIo/b30BaHa HOBas HeJIMHelHas
MaTpuLa JXeCTKOCTU TPELIVH B 3aBUCMMOCTHU OT HaIIPSIKEHMS, B KOTOPOW YUYUTBIBAIOTCSI COCTOSIHME ITOBEPX-
HOCTY TpelyH B Buae Ko3hduimenTta mepoxopatocty (JRC) 1 HeHapyIIeHHOTO MacCHBa ITOPO, B BUIE IIpe-
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Jesa MpoYHocTH rpu ogHoocHOM ckatvy (UCS). Pe3ynbTaThl OLIEHOK MPEICTaBIeHbI B BUE PO3-IMarpamm,
JIeMOHCTPUPYIOIIUX 3MeHeHre MOIYIs fedopMaiuu 610YHOTO MacCHBa TOPHBIX TIOPOJT B 3aBUCUMOCTH OT
K03 bUIMEHTa IEPOXOBATOCTY IIBOB, IPOYHOCTY ITPY OZHOOCHOM CKaTUM HEHAPYIIIEHHOH ITOPOIbI U CTPYK-
TYPbI MACCHBA TOPHBIX ITOPOJ, [0 OTHOCUTETbHOMY YIJTY TpelluHbl. Takke MpeICcTaBIeHa OXK1IaeMast CTeleHb
aQHM3O0TPOIIMM JIS1 PA3JIMUHBIX YCIIOBUIA TOBEPXHOCTHBIX TPEUIVH Y TIPOYHOCTYU TP OTHOOCHOM CKaTUM He-
HapyLIeHHO MOpobl. B Tabmuiie reonornueckoro nuaekca npouyHoctu (GSI) pesynbraTsl Kinaccuumposa-
HBI TAKMM 06pa3oM, UTo, MpUCBOUB 3HaueHue JRC KaXKIOMY KIacCy COCTOSIHYSI TOBEPXHOCTY TPEIIVH, MOXHO
OTIpefenuTh MOAY/Ib AedopMaluy U CTeleHb aHU30TPOIIMM, COOTBETCTBYIOIIMe 3HaueHnsIM GSI. CormacHo
3TOI CXeMe MOKHO C/IeJIaTh BBIBOJ, UTO BJIMSIHME IIEPOXOBATOCTY TPEIIMH Ha MOMY/b AedopMaluy 6;I04HbIX
MacCHBOB FOPHBIX TIOPOJ, 6OJIbIlE, UeM BIIMSIHME MPEAesa MTPOYHOCTU MPU OJHOOCHOM CKaTUM HEHapyIIeH-
HOI1 Topoabl. [ToyueHHbIe pe3yIbTaThl MOATBEPKAAIOT U0 O TOM, UYTO GJIOUHBINI MacCUB UMEET KpPUTHUYE-
CKyI0 iedopMallnio, KOTOpast He 3aBUCUT OT YIVIa HAarpy>XeHust O 1 HalpaBJIeHUsI TPEThe CUCTEMBI TPEIIMH .
KnioueBble cnoBa

MopyJib Aedhopmaium, 6;I0YHbIN MaCCUB TOPHBIX MTOPOJ, AaHU30TPOTINS, MATPUILIA JKECTKOCTU TPEIIVH, CTEITIeHb
aQHM3O0TPOIIMHU, PEKUM pa3pylIeHNs

Ansa umtupoBaHus

Ahrami O., Javaheri Koupaei H., Ahangari K. Determination of deformation modulus and characterization
of anisotropic behavior of blocky rock masses. Mining Science and Technology (Russia). 2024;9(2):116-133.

elSSN 2500-0632

https://mst.misis.ru/

Ahrami O. et al. Determination of deformation modulus and characterization of anisotropic behavior of blocky rock...

https://doi.org/10.17073/2500-0632-2023-08-143

Highlights

e New nonlinear stress — dependent relations for
both normal and shear stiffness of joints have been
introduced

e Blocky rock masses are classified based on their
joint surface condition and the strength of the intact
rock.

e Results are organized in manner analogous to
the GSI chart, allowing for the determination of the
range of deformation modulus and degree of aniso-
tropy for a specified blocky rock mass with an eva-
luated GSI.

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,
was determined to be between 1.6 and 2.3, with an
average value of 1.88.

Equation Symbols
o,: Normal stress;
o.: Uniaxial Compressive Strength;
o, Uniaxial Compressive Strength of intact rock;
o,,: Uniaxial Compressive Strength of rock mass;
1,: Shear stress;
1. Peak shear stress;
1,.- Ultimate shear stress;
¢: Friction angle of intact rock;
;- Friction angle of joint;
o,: Base friction angle of joint;
a: Empirical constant;
C: Cohesion parameter of intact rock;
C:: Cohesion parameter of joint;
K: Bulk modulus of intact rock;
G: Shear modulus of intact rock;
T: Tensile strength of intact rock;
T;: Tensile strength of joint;

E;: Intact rock elastic modulus;

E,: Deformation modulus of rock mass;

E. ... Maximum deformation modulus of rock
mass;

E_..: Minimum deformation modulus of rock
mass;

GSI: Geological strength index;

JRC: Joint roughness coefficient;

JCS: Compressive strength of the joint wall;

UCS: Uniaxial compressive strength;

K,: Joint normal stiffness;

K: Joint shear stiffness;

K.,: Coupling effects of the shear and normal be-
havior of the joint;

K,,: Coupling effects of the normal and shear be-
havior of the joint;

K Initial joint normal stiffness;

K: Initial joint shear stiffness;

R Failure ratio;

R;: Degree of anisotropy deformation;

U,: Normal join relative displacement;

U,: Shear joint relative displacement;

U,.: Maximum joint vertical displacement;

U: Joint aperture at the beginning of loading;

U’ Shear displacement at peak strength;

D: Disturbance factor.

.

Introduction

The deformation modulus of rock mass is a fun-
damental parameter in the geomechanics of tunnels,
mining, and other geotechnical rock-supported facili-
ties. The mechanical properties of a rock mass, seen as
a fractured medium, are determined by the intact rock,
the pattern of relative joint-sets, the geometrical ar-
rangement of the joints, and their mechanical proper-
ties. Joint sets, acting as planar discontinuities, confer
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scale and direction-dependent mechanical properties.
Each joint set introduces anisotropy in the direction
of its normal vector. When a rock mass is heavily frac-
tured, the individually imposed anisotropy by the joints
in any direction can considered uniformly distributed,
resulting in an isotropic rock mass. Otherwise, even in
dimensions larger than the representative elementary
volume (REV), where the rock mass can be treated as
a continuum, its directional dependence persists.

For rock masses with simple joint settings, ana-
lytical relations, such as those proposed by Singh [1],
Gerrard [2], Oda [3] and Amadei and Savage [4], are
available to evaluate the deformation modulus. An
example of such type of relations is the three-di-
mensional equivalent continuous model presented
by Kulhawy [5] for a rock mass with three orthogo-
nal joint sets that displays orthotropic behavior. Ho-
wever, it is impossible to find a closed-form solu-
tion for the deformation modulus of rock masses
with numerous joint sets or when considering more
advanced constitutive behavior for intact rock and
joints. It is noteworthy that empirical methods com-
monly used in rock engineering to evaluate rock mass
deformability, such as those presented by Serafim &
Pereira [6], Gokceoglu et al. [7], Hoek & Diederichs
[8], overlook the effect of rock mass anisotropy and
there is a lack of a mathematical platform for creating
a behavioral model.

In experimental methods, as the mechanical
properties of the rock mass are scale-dependent,
the scales of rock samples and test probes seldom
correspond proportionally to the actual rock mas-
ses. Heuze [9] concluded that the rock mass defor-
mation modulus measured in the field ranges wide-
ly between 20 and 60% of the intact rock modulus
measured in the laboratory. In-situ tests are costly,
time-consuming, and challenging to interpret due
to the presence of undefined joints and uncertain
boundary conditions. They are often used cautiously
as a representative of the extent of the affected rock
mass. Furthermore, multiple tests in various direc-
tions are necessary to characterize the inherent ani-
sotropy of the rock mass.

Numerical simulations of rock masses as frac-
tured discontinue generally employ two metho-
dologies. One is the continuum approach, where
the impact of discontinuities is implicitly consi-
dered through equivalent mechanical properties, as
per Singh [1], Agharazi et al. [10]. The other involves
numerical solution techniques such as discrete
element, finite element, or finite difference meth-
ods, in which discontinuities are explicitly simula-
ted. The discrete element method (DEM), introduced
by Cundall [11] and further developed by subsequent
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researchers [12, 13], is highly regarded for its ability
to describe the geometric configurations and consti-
tutive relations of joints and intact rock. Many stu-
dies on the mechanical behavior of rock masses have
employed discrete element method [14-16].

The present study investigates the anisotropic
deformation modulus of blocky rock masses formed
by three intersecting joint sets, including two or-
thogonal sets. This was achieved through discrete
element simulations of representative volumes of
blocky rock masses.

The critical factor influencing the deformational
behavior of a rock mass is the stiffness of its frac-
tures and discontinuities. The stiffness of planar dis-
continuities, expressed through the normal (K,) and
shear (K,) components, is crucial for evaluating the
stiffness of the rock masses. Definitions that close-
ly reflect actual conditions improve the accuracy
of the calculated rock mass deformation modulus.
Therefore, efficient relationships that accurately
represent nonlinear joint behavior are essential for
calculating the rock mass deformation modulus. To
this end, a newly inferred nonlinear stress-depend-
ent stiffness matrix for joints has been introduced
for the simulations. This matrix accounts for the real
nonlinear behavior of joints through their basic pa-
rameters, eliminating the need for multiple tests.
This study is unique in that directly incorporates the
fundamental joint parameters into the calculation of
rock mass modulus, enhancing the precision and ap-
plicability of the results.

This study aims to present a realistic portrayal
of the anisotropic behavior of blocky rock masses by
combining numerical simulation with a mathema-
tically- empirical relationship for joint stiffness in
a practical manner. It addresses the deformation mo-
dulus, failure mechanism, and post-failure behavior
for different loading directions, along with summari-
zing the degree of anisotropy. The deformation mo-
duli are depicted through rose diagrams, illustrating
the variability of the blocky rock mass deformation
modulus in various directions as a function of the rock
mass’s intrinsic parameters along. These parameters
include the joints JRC, the intact rock’s UCS, and the
structure of the rock mass in terms of relative joint
angle. These diagrams allow for the estimation of the
blocky rock mass deformation modulus in different
directions without relying on laboratory and in-si-
tu tests or empirical relationships. Furthermore, by
consolidating the analysis results into the GSI table,
the data were categorized such that assigning a JRC
value to each class of joint surface conditions enables
the determination of the corresponding deformation
modulus and degree of anisotropy for GSI values.
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1. Modeling strategy

To examine the state of anisotropy in blocky rock
masses, representative volumes were simulated using
the discrete element method (via 3DEC software, Itas-
ca 2013') and subjected to uniaxial loading in various
directions.

For different relative joint settings — representing
various blocky rock masses — the failure modes and
the deformation moduli were ascertained for different
loading directions. The modeling procedure includes:
a) defining the geometric configuration of the blocky
rock masses; b) applying uniaxial loading to the se-
lected rock mass in various directions; c) specifying
the mechanical constitutive behavior of joints and in-
tact rock in a parametric manner; and d) identifying
a representative volume for the rock masses. These
steps are elaborated on in the subsequent subsections.

1.1. Geometric setting
of studied blocky rock masses

The term 'blocky rock mass' usually refers to
a rock mass that encompasses three joint sets [17].
In this study, we consider blocky rock masses that in-
clude two orthogonal joint sets intersected by a third
set, as shown in Fig. 1. In Fig. 1, the third joint set
forms an angle (o) with the second joint set, and its
strike is perpendicular to the strike of the joint set 1.
This study examines rock masses formed by values of
a=5°,15°,30°,45° 60°, 75° and 90°.
1.2. Loading scheme
To evaluate the anisotropic behavior of the mo-
dels, a representative volume element of the mass was
subjected to uniaxial loading in different directions.
This load is applied perpendicular to a plane with

! Ttasca Consulting Group Inc., 2013. 3DEC 5.00, User’s
Guide, Itasca Consulting Group, Inc.
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Fig. 1. A blocky rock mass with two orthogonal joint sets
intersected by a third joint set forming an angle (o)
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a strike parallel to the ‘X’ axis, deviating from the -7’
axis by an angle 6.

Fig. 2 depicts the directions of uniaxial loadings
on a blocky rock mass with a = 45°. As another exam-
ple, Fig. 3, a illustrates a model of a blocky rock mass
with a = 90° and 6 = 0, and Fig. 3, b shows a model of
a blocky rock mass with a. = 90° and 6 = 45°.

The 3DEC models are made as cubes with axes
aligned with the global coordinates of the software
environment, and uniaxial load is consistently ap-
plied in the direction of the global vertical axis. To
load the mass at an angle 0 for each set of joints, the
joint planes are rotated around the global x axis by
angle 0, as shown in Fig. 1.

1.3. Mechanical properties of joint
A general constitutive equation for the deforma-
tion of joints can be expressed as:

O, _ Kn Ksn Un
Tn - KHS KS US ’ (1)

where o, is the normal stress, t, is the shear stress,
U, is the normal relative displacement, and U; is the
shear relative displacement of the joint. K, and K, are
the normal and shear stiffnesses of the joint, respec-
tively, and K, and K, are the coupling effects of the
shear and normal behaviors of the joint, which have
been neglected in this study. To account for a realis-
tic behavior of joint stiffness in the models, new non-
linear stress-dependent expressions for the diagonal
components of the joint stiffness matrix are intro-
duced in the following subsections. These expressions
define the stiffness matrix components as a function
of the normal stress to the joint (c,) the joint surface
condition in terms of the Joint Roughness Coefficient
(JRC), and the intact rock material in terms of the
Uniaxial Compressive Strength of intact rock (o).

10 /‘1950 T180° \ 165°

Fig. 2. Directions of Uniaxial Loadings on a blocky rock
mass with o = 45 degrees
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a
Fig. 3. A blocky rock mass with: a — a = 90° and loading angle 6 = 0; b — a. = 90° and loading angle by 6 = 45°

1.3.1. Normal stiffness
The normal behavior of a joint can be described
by the hyperbolic model proposed by Goodman et al.
[18] and Bandis et al. [19] as:

j— aUn
! Unc _Un ’ (2)
where U, is the joint vertical displacement, U  is
the maximum joint vertical displacement, and “a” is

an empirical constant. Fig. 4 shows a typical normal
behavior of joints. From the definition of K, and

Eq. (2):

(¢

do, aU,,
K, = = P 3
au, U, -U))
Thus, the initial joint normal stiffness K, at the
onset of loading, when U, = 0, is:

a

K=o “)

nc

By solving Eq. (4) for “a” in terms of U, and K,
and substituting in Eq. (2) for U, and then into Eq. (3),
K, becomes:
2
K =K, + n + 20,

o, U, ol )

K"i (e} —K U Gn _KniUn
Eq. (5) expresses the normal joint stiffness in a
specified state of stress and deformation relative to
its initial value, K,; which can be evaluated as follow:

Bandis et al. [19] proposed the initial normal stiff-
ness of joints as:

K, =-7.15+1.75]RC +0.02 {%} (6)

Here, JRC is the Joint Roughness Coefficient of the
joint surface and JCS is the compressive strength of
the joint wall expressed in MPa, which can be equated
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with the compressive strength of the intact rock (o).
The joint aperture U, mm, at the beginning of loading
can be estimated by Bandis et al. [19]:

0.040, 02}‘ o

By substituting U from Eq. (7) into Eq. (6), an ex-
pression for estimating K, is derived.

1.3.2. Shear stiffness
The relationship between the relative shear dis-
placement (U,) and shear stress (t) can be described
by a hyperbolic function [19-21] as:

-1

R

re| T ®)
KU, T

where Kj; is the initial shear stiffness, 1, is the shear
strength of the joint, R, is the failure ratio (t,/7,,), and
1, 1S the ultimate shear stress. Consequently:

U=]RC[

-2
R K .U
Ks:£=Ksi [ A e 9)
dau, T,
K RK.|
Uszl:_si_g} . (10)
T T
6
s
£
z 1
0 : T :
0 0.1 0.2 0.3 0.4

Normal deformation (mm)

Fig. 4. Typical normal stress-deformation behavior of joints
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Table 1
Correlation selection between uniaxial compressive
strength and friction angle for intact rock

o, MPa ¢, degree
;<50 25
50 <o, <100 30
100 < o, < 250 35

At the shear strength of a joint, using t = t; and
U, =U"" from Eq. (10), we get:
T
f

K 'Upeak . (11)

st s

R =1-

Following Barton and Choubey [22], the shear dis-
placement at peak strength along a joint is considered
to be 0.01 times the length of the joint or fault block;
hence, the relative shear displacement, U”* is 0.01.
From Eq. (11):

T

0.01K_. " (12)

Substituting Egs. (10) and (12) into Eq. (9), we
obtain:

R =1-

172

S 0.01 . (13)

s J k_k.[l_o'glfk‘fJ

K, =K, 1+(
Tr

According to Bandis et al. [19]:
K, =(-17.19+3.86JRC)(c,)""™® (14)
and following [23-25]:

T, =Gntan{]RC10g]:—S+(pb}. (15)

n

1.4. Mechanical properties of intact rock

The intact rock is assumed to behave as an iso-
tropic elastic-perfectly plastic material, and the
Mohr-Coulomb criterion was adopted as the yield or
failure model. The relationship between the elastic
modulus, E; and the uniaxial compressive strength,
o, of intact rock was selected from the relationships
proposed by Deere & Miller [26]. They proposed cor-
relations between o, and Schmidt hammer rebound

number (R, ), and between E; and R, as:
6. =6.9-10 %P0 19 Npy; (16)
E, =0.6005pR, , —2.0276, GPa, (17)
which yields:

E, =69.02310g(0.1455,)-13.07, GPa, ~ (18)
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where o, is in MPa. Egs. (16) and (17) have been pro-
posed based on experimental results from 28 litholo-
gical units and 3 types of rocks [26].
Poisons’ ratio is selected as 0.25.
The cohesion parameter of intact rock, C, is deter-
mined as [27]:
C=0.16c,. (19)

For the friction angle of intact rock, a value is se-
lected as representative for each group variation of o,
as presented in Table 1, based on typical values of ¢
for various rocks in [28] and Barton & Choubey [22].

1.5. Representative Elementary Volume
of the rock masses

It is recognized that the mechanical behavior
of rock masses with a systematic pattern of joints is
scale-dependent. Depending on the relative block size
(ratio of block size to a characteristic size of the rock
mass, e.g. S/Lin Fig. 1), rock mass behavior can range
from that of intact rock to an asymptotic value at
a large scale where the rock mass may be considered
a continuum. Cuba [29] suggested that a certain scale,
known as the “Representative Elementary Volume”
(REV), can be chosen above which the characteris-
tics of the domain remain basically constant. Empir-
ically based relations can be employed to estimating
this scale. Schultz [30] recommended a scale of 5 to
10 times the block size or fracture spacing (relative
block size = 0.2 to 0.1).

For a cubic volume containing three uniform
joint sets with spacing S and dimension L, the mini-
mum relative dimension (L/S) of the REV can be de-
termined through successive analyses of the cube’s
uniaxial behavior. The chosen volume consists of
two orthogonal joint sets intersected by a third set at
o = 45°, as illustrated in Fig. 1. The results for peak
uniaxial strength and uniaxial secant stiffness corre-
sponding to 50 percent of the peak strength E, are
presented in Fig. 5. From this figure, L/S = 10 was
selected as the REV scale.

2. Validation of the modeling strategy

The validation of the implemented modeling
procedure has been conducted through a series of
comparisons between existing results and nume-
rical modeling predictions. This includes compari-
son for: a) simulated variation of uniaxial compres-
sive strength UCS of a rock mass with a single joint
set with closed-form solution results (Section 2.1),
b) predicted mode of failure of jointed rock masses
with experimental modeling results (Section 2.2),
and c) predicted anisotropic modulus of rock with
a single joint set with experimental modeling results
(Section 2.3).
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2.1. Simulation of UCS of a rock mass
with a single set of joints

Jaeger proposed a closed-form solution for pre-
dicting the variation of uniaxial compressive strength
of a rock mass with a single joint set in various direc-
tions [31]. Fig. 6 compares the UCS from the numerical
model of a cylindrical specimen with a single joint set
to the solution proposed by Jaeger et al. [31]. The an-
gle of the joints relative to the vertical axis varies from
0° to 90°. In the numerical solution, a cylindrical rock
mass sample with a diameter of 2 m and a length of 4 m
was loaded to failure. The UCS values are compared in
Fig. 6. As shown in Fig. 6, the results closely align with
the solution by Jaeger et al. [31]. Details of the intact
rock and the joints are provided in the caption of Fig. 6.

2.2. Simulation of experiments on failure modes
of jointed rocks

Yang et al. (1998) [32] performed a series of phy-
sical model tests to investigate the failure mode and
anisotropy of jointed rocks. These models included
simulated rock specimens (composed by cement and
sand) with one or two non-orthogonal joint sets, as
presented in Table 2. Table 2 also provides a compari-
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son between the failure states observed in test results
reported by Yang et al. (1998) [32] and the outcomes
of numerical simulations of these models, which were
found to be consistent.

2.3. Simulation of experiments on deformation modulus
of jointed rocks
Fig. 7 present a comparison between the experi-
mental deformation modulus from Yang et al. [32] and
the results of numerical simulation for a rock mass
with a single joint set. The consistency between expe-
rimental results and numerical simulation is evident.

3. Results of Simulations
3.1. Anisotropy in rock mass stress-strain behavior
and failure mechanism

When a rock mass is subjected to uniaxial loading,
the possible failure mechanisms include intact rock
failure, failure due to sliding on the joints, and a com-
bination of these two modes. In the analyses, stress-
strain curves and modes of failures have been exam-
ined. The mechanisms of failure and the post-failure
behavior for each loading direction are summarized in
Tables 3 and 4.

9000 1.2E+10 250
~ 8000 -
g -1E + 10 200
E 7000 - -
o £ 150 -
5 6000 - AN -8E + 09 g =
5 g 3 100 w
@ 5000 ~\0—0—0—0 & T p
e “6E+09 7 = 4
£ 4000+ 50 -
[s+]
% 30007 -4E +09
[s+]
‘E 0 T 1
> 2000 A 0 50 100
-2E + 09 B (Degree)
1000 ~ === Proposed model
0 0 = Closed from solution jeager
0 2 4 6 8 10 12 14 Fig. 6. UCS variation in a rock mass
L/s with a single joint set and varied joint
—@— Peak strength E,, inclination. Intact rock parameters:

Fig. 5. Variation in uniaxial peak strength and E., for a blocky rock mass
(o =45°in Fig. 1) with L/ S ratio (intact rock shear modulus G = 4 GPa,
intact rock bulk modulus K = 6.66 GPa; ¢ = 25, v = 0,25, c = 2.4 GPa)

G =4.28 GPa; K= 1.75 GPa; ¢ = 40;
T =200 kPa; Joint parameters: ¢; = 10 kPa;
@;=30; T; = 20 kPa; K, = 15 GPa/m;
K,=12GPa/m

Table 2

Comparison of failure modes in physical and numerical models

Proposed model

Test result

Rock mass with one joint set

Intact rock failure
Intact rock failure

Test result

Rock mass with two joint sets

dip=0 Intact rock failure

dip =90 Intact rock failure
Proposed model

dip = 0/90 Intact rock failure

dip = 60/-60 (60/120) Joint sliding

dip = 40/-40 (40/140)

Mixed failure (joint sliding + intact rock)

Intact rock failure
Joint sliding
Mixed failure
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Deformation modulus (MPa)

= Measured from physical tests Yang et al.
— Predicted proposed model

Fig. 7. Experimental vs. numerical simulation deformation
modulus comparison from Yang et al. [32] for a rock mass
with a single joint set. Fundamental material properties:

G=1.913 GPa; K = 2.448 GPa;
JCS =17.63 MPa; ¢ = 31; 5,=1.05 MPa; v=0.19;
UW. =1.05 g/cm®; 6. =7.63 MPa

Table 3
Failure mechanisms for the blocky rock masses shown
in Fig. 1
o

5 15 30 45 60 75 90

0° |IRF+]JS|IRF+]JS|\IRF+]S| ]S JS |IRF+]S| IRF

15° |IRF+]JS|IRF+]S| ]S JS |IRF +JS|IRF + JS|IRF +]S

30° JS JS JS JS JS JS JS

45° JS JS JS JS JS JS JS

60° JS JS JS JS JS JS JS

75° |IRF+]JS|IRF+]S| ]S JS JS |IRF+]JS|IRF+]S

90° |IRF + JS|IRF + JS|IRF +]S| ]S JS |IRF+]S| IRF

Note: IRF: Intact rock failure; JS: Joint sliding

Table 4
Post-failure behavior of blocky rock masses shown
in Fig. 1
o

6
5 15 30 45 60 75 90

0° | P&B|P&B|S&B|P&S|P&S |P&B|P&B

15°¢ |P&B|P&S S S |S&B|S&B|S&B

30° | P&S S S S P&S | P&S S
45° | P &S S S S S S P&S
60° |P&S S P&S S S S S
75° |P&B | P&B S S S |P&B|P&B

90° |P&B|P&B|S&B|P&S | P&S|P&B|P&B

Note: P: Perfect plastic; S: Softening; B: Brittle
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For instance, in the case of poor rock (0 < JRC< 4
and o, < 25 MPa) by selecting o, = 15 and JRC = 2 as
mean values, Fig. 8 shows how axial stress-strain
curves vary with the relative uniaxial loading direc-
tion a. o, represents the UCS of the intact rock. For
each curve, the mode of failure has also been indica-
ted in the Figure.

When the loading direction is perpendicular to or
parallel with the planes of the joints, (0 =0 or 6 = 90) and
(o =0 or a = 90), failure of the blocky rock mass occurs
due to the failure in the rock material. In other cases,
failure of the rock mass occurs due to the sliding on the
joints or as a combination of sliding on the joints and
failure of the intact rock. When the direction of loading
varies from 15 to 75° (15 < 0 £75), failure in the blocky
rock mass occurs due to the sliding on the joints. In
this case, the uniaxial strength of the rock mass, o,,,
is between 0.35 to 0.45MPa (o, < 0,03c,). When 6
varies from 0° to 15° or from 75° to 90° (0 < 6 < 15 or
75 < 0 < 90), failure occurs as a combination of the fai-
lure of the intact rock and sliding on the joints. In this
case, ¢, varies from 0.8 to 1.4MPa (c,, < 0.1c,,). For the
case of fair-quality blocky rock mass (4 < JRC < 8 and
50 < o,;<100), when the failure occurs due to the sliding
on the joints, o, < 0.050,; and when failure occurs as
a combination of failure of the intact rock and sliding
on the joints, ¢, < 0.16c,,. For good-quality blocky rock
masses (8 < JRC < 12 and 100 < o, < 250), when failure
occurs due to the sliding on the joints, o, < 0.14c,; and
when it occurs as a combination of the failure of the
intact rock and sliding on the joints, ¢, < 0.46,,. Fig. 9
shows a subset of these results for brevity.

It is important to note that when failure in the
blocky rock mass occurs due to sliding on the joints
(at 6 = 30, 6 = 45, and 6 = 60), the yield strain ran-
ges from 0.2 to 0.4 and is independent of the loading
angle (0) and the direction of the third joint set (o).
When samples undergo softening after peak stress,
phenomena such as block rotation within the mass
and the formation of a zigzag pattern on the fracture
surface are observed.

3.2. Anisotropy in deformation modulus of blocky
rock masses

The deformation modulus is considered a func-
tion of the characteristics of the joints and intact
rock, 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
(o4 < 25 MPa, 25 < 6, < 50 MPa, 50 < o, < 100 MPa,
100 < o, < 250 MPa). The deformation modulus for
each group is calculated for different o directions.
Results of these calculations are presented in a polar
coordinate system introduced in Fig. 10.
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In this system, angle 6 (defined in Fig. 1) is mea-
sured in the positive trigonometric direction from 0°
to 90°, and the value of the deformation modulus is
indicated in the radial direction from the center. In
these charts, the deformation modulus is expressed
in GPa. In Fig. 10, the curve represents the range
16 < JRC < 20 and 50 < o, <100 MPa at o = 30°. Each
point on this curve, which attributes a modulus va-
lue E to 0 in 5° increments, is calculated as follows:

— for a specific value of 0;

— for o, ranging from 50 to 100MPa in 5 steps (60,
70, 80, 90, 100MPa);

— for JRC from 16 to 20 in 4 steps (17, 18, 19, 20);

1600 |
1400 |
= 12001

Intact rock + joint sliding

o
o
(=)

Intact rock + joint sliding
800
600 1 Joint sliding failure

o f—c

200 1

O T T T 1
0 1 2 3 4
Axial strain, 1073
0=0°

Axial stress (K

500+
450
400
350+ N
300+
250+
200
150+
100+
50+

Joint sliding failure

Axial stress (KPa)

T

0 0.5 1 15 2 2.5
Axial strain, 1073
0=30°

T 1

500+
450 1
400
3501
3001 Joint sliding failure
2501
200
1501
100
50 1
0 T T T
0 05 1 15 2 25
Axial strain, 1073
6 =60°
a=15

Axial stress (KPa)

T 1

—oa=5 —a =30 o =45

—a=60
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—an E is calculated for each pair of JRC and o,
and their mean value is attributed to the 6 value.

Figs. 11 to 14 display the results. In these figures,
each curve corresponds to a specific value of o. From
these figures, by knowing the rock mass structure (a),
joint conditions (based on JRC), and intact rock pro-
perties (represented by o), the deformation modulus
of the rock mass can be extracted from the curves for
different loading directions. For example, in Fig. 10,
for a rock mass with two orthogonal joint sets and
a third joint set at o = 30, if the condition of joint is
very good, (16 < JRC < 20), and 50 < o, < 100 MPa, the
deformation modulus at 6 = 15° is 39 GPa.

1000
900
800
700 A

600 - /\@ Intact rock + joint sliding
500 - /

400 [ e . .1 .

2004 | \@ Joint sliding failure

200+
100
0

Intact rock + joint sliding

Axial stress (KPa)

0 05 1 15 2 25
Axial strain, 1073
0=15°

500
450 ~._Joint sliding failure
400
350 1

300

2501
200 -
150

100
50

Axial stress (KPa)

T 1

0 0.5 1 1.5
Axial strain, 1073
0 =45°

Intact rock + joint sliding

400+ Joint sliding failure

Axial stress
(o))
o
(e

0 1 2 3 4
Axial strain, 1073
0="75°

a=75 —a=90

Fig. 8. Stress-strain curve comparison for different directions of third joint set (a) at different loading angles (6) for poor
quality blocky rock mass (JRC = 2 and ;= 15 MPa)
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Fig. 9. Stress-strain curve comparison for different directions of the third joint set () at different loading angles (0):
a, b, ¢, for fair quality blocky rock mass (JRC = 8 and ;= 80 MPa);
d, e, f, for good quality blocky rock mass (JRC = 12 and o, =150 MPa)

90° 60 Gpa

60°

Rose graph for o = 30°

40 Gpa

Deformation

modulus value @ A 0= 150
0
@ Rotation angle

Fig. 10. Polar coordinate representation of blocky rock mass deformation modulus as a function of angle 6
(curve shown for 16 < JRC < 20, 50 < o, < 100 MPa, and o = 30°)
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3.3. Indexing anisotropy in blocky rock masses

An anisotropy index (R;), defined as the ratio of the
maximum deformation modulus (E,,,) to the minimum
deformation modulus (E_ ), can be expressed as:

E
R, =—max 20
} Emin ( )
R; has been calculated for each curve in Figs. 11 to
14, and the results are presented in Fig. 15. For exam-

90° 2 GPa 90° 5GPa

60°

elSSN 2500-0632

https://mst.misis.ru/

Ahrami O. et al. Determination of deformation modulus and characterization of anisotropic behavior of blocky rock...

ple, in Fig. 15, a, the first column shows that R, = 1.64
corresponds to the anisotropy of a blocky rock mass
with o = 5°,0 < JRC < 4 and o, < 25 MPa. This is the
mean value of R, ’s calculated for pairs of (JRC, o)
as JRC=1,2,3,4and o, =5, 10, 15, 20, 25 MPa. For
each column, the values are displayed as bars above
it. The magnitude of anisotropy index for a blocky
rock mass can be expected to be between 1.6 and 2.3
(1.6 < R_ < 2.3), with an average value of 1.88.

90° 10 GPa

30°
f, - 1GPa Sﬁ
=0° , 0=0° =0°
0<JRC< 4 4<JRC< 8 8§<JRC< 12
90° 20 GPa 90° 25 GPa
60°
—a=5°
—a=15°
o =30°
0 30° —a =45°
—a =60°
a=75°
E, = 5 GPa o = 90°
\ 0=0° =(°
12<JRC< 16 16 < JRC< 20
Fig. 11. Deformation modulus of blocky rock masses for o, < 25
90° 6GPa 90° 15GPa

0<JRC<4

90° 30 GPa 90°

30°

\ 0=0°

4<JRC

40 GPa

<8 8<JRC< 12

—a=5°
——a=15°
o = 30°
— o = 45°
—a = 60°
o=75°
—a =90°

12<JRC< 16

16 <JRC< 20
Fig. 12. Deformation modulus of blocky rock masses for 25 < ¢,; < 50
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3.4. Comparison of results
with empirical relationships

For further evaluation of the results presented in
Figs. 11 to 14, the range of variation of the deforma-
tion modulus for each class of blocky rock masses is
presented and compared with corresponding results
from empirical relationships in Tables 5. In this ta-
ble, the classification of blocky rock masses is based

90° ¢ GPa 90° 10 GPa

60°

30°
2 GPa

£, - 16Pa \)\

0<JRC< 4

90° 40 GPa 90° 60 GPa

30°

\ ezoo
12<JRC< 16

1
4<JRC<8

elSSN 2500-0632

https://mst.misis.ru/

Ahrami O. et al. Determination of deformation modulus and characterization of anisotropic behavior of blocky rock...

on the surface condition of the joints, similar to the
GSI table by Hoek [17]. For each class of rock mass
(with specified range of JRC), E,, values calculated for
different ranges of ¢, were compared, and maximum
and minimum values are presented in the table.

Table 5 assigns range of GSI values for each class
of rock mass based of JRC values, in analogy with the
GSI table by Hoek [17].

90° 20 GPa
60°

10 30°

8<JRC< 12

60°

—a=5°

—a=15°
a = 30°

— o = 45°

30°
—o = 60°

/ -

16 <JRC< 20

Fig. 13. Deformation modulus of blocky rock masses for 50 < c,; <100

90° 15 GPa
60°
\
/\ 30°
5G
E,=
N\
- 0° »? 6=0° - 0°
0<JRC< 4 4<JRC<8 8<JRC< 12
90° 60 GPa 90° 80 GPa
—a=5°
——oa=15°
o = 30°
—a =45°
—oa = 60°
- a=75°
En —oa =90°

12<JRC< 16

16 <JRC< 20
Fig. 14. Deformation modulus of blocky rock masses for 100 < o,; < 250
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A comparison in Table 5 shows that the relation
proposed by Hoek and Diederichs [8] with a disturbance
factor (D) of 0 (“D” is zero for an undisturbed state, 0.5
for partially disturbed, and 1for fully disturbed states)
shows the best match with the numerical simulation
results. This is graphically presented in Fig. 16. The
modulus values obtained from the relation proposed
by Serafim & Pereira [6] are higher than those in the
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current study, but the values from Gokceoglu et al. [7]
are lower compared to the results of the current simu-
lations. Also, the deformation modules from Sonmez
[36] and Carvalho [35] are high when compared to the
results of the current research for blocky rock mass
with weak joints. However, for strong joints, the modu-
lus values are lower, indicating a very high safety factor
for weak joints and a very low one for strong joints.

3.0 3.0
2.5 2.5
N 2.0 2.0
< 1.5 < 1.5
1.0 1.0
0.5 0.5
0 0
o 5 15 30 45 60 75 90 a 5 15 30 45 60 75 90
0 <25 1.64 2.47 2.46 1.71 244 241 1.5 6,;<25 1.53 246 2.17 1.8 2.07 242 1.5
W 25<06,;<50 1.3 1.59 1.56 1.34 1.52 1.57 1.24 W 25<06,;<50 1.37 197 1.77 1.52 1.72 1.9 1.38
W 50<06,;<100 1.37 1.84 1.73 1.5 1.68 1.82 1.35 M50<0,;<100 1.32 1.77 1.59 142 1.55 1.73 1.31
100<o6,;<250 1.29 1.62 1.52 1.37 149 1.6 1.28 100<o0,;<250 1.32 1.88 1.59 1.42 1.55 1.7 1.31
Il average 14 1.88 1.81 1.48 1.78 1.85 1.34 I average 1.38 2.02 1.78 1.54 1.72 19 1.37
M total average  1.65 1.65 1.65 1.65 1.65 1.65 1.65 M total average 1.68 1.68 1.68 1.68 1.68 1.68 1.68
Ryfor0<JRC< 4 Ryfor4<JRC<8
3.0 3.5
2.5 3.0
2.0 2.5
& 15 S
1.0 1:0
0.5 0.5
0 0
a 5 15 30 45 60 75 90 a 5 15 30 45 60 75 90
0 <25 1.27 2.38 2.06 1.49 2.03 2.42 1.22 ;<25 1.25 248 2.33 2.11 2.5 246 1.04
M 25<0,<50 1.15 2.38 2.06 1.66 1.91 2.25 1.21 W25<0,;,<50 1.51 249 233 211 23 246 1.04
M 50<0,<100 1.18 2.25 194 1.54 1.8 2.11 1.19 M50<0,<100 1.6 3.19 3.02 2.36 298 3.16 1.02
100<0,<250 1.14 247 2.08 1.59 1.99 2.37 1.22 100<oc,;<250 1.58 3.16 2.98 2.34 2.95 3.14 1.03
Il average 1.8 2.3 2 1.57 193 2.25 1.21 Il average 148 2.8 2.64 2.22 2.67 2.77 1.03
M total average 1.86 1.86 1.86 1.86 1.86 1.86 1.86 M total average 2.23 2.23 2.23 2.23 2.23 2.23 2.23
Ry for 8 <JRC< 12 Refor 12<JRC< 16
3.0
2.5
2.0
g 1.5
1.0
0.5
0
a 5 15 30 45 60 75 90
6;<25 1.65 2.84 2.52 2.008 2.52 2.82 1.34
W 25<0,;<50 1.5 2.59 2.25 1.89 2.16 2.53 1.31
M 50<06,;<100 1.56 2.64 2.21 1.76 2.1 2.64 1.31
100<o0,<250 1.43 2.77 2.42 1.88 229 2.76 1.34
M average 1.52 2.6 23 1.86 2.26 2.66 1.32
I total average  2.07 2.07 2.07 2.07 2.07 2.07 2.07

Rifor 16 < JRC < 20
Fig. 15. Anisotropy index, R, in blocky rock masses
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3.5. Deformation modulus and anisotropy index
of blocky rock masses as a function of GSI

The results of the calculation of deformation
modulus, E,, and the anisotropy index, R;, of blocky
rock masses can be summarized in a GSI table as
shown in Fig. 17. The JRC values relate to the surface
quality of the joints in this table.

Figs. 11 to 14 show that when JRC is assumed
to be constant in each column of the GSI table, an
increase in one interval in o, results in an average
eight-fold increase E,,. On the other hand, for a spe-
cific value of ¢, an increase in JRC by one interval
causes an average 24-fold increase in the deforma-
tion modulus.

It can be inferred that the effect of the quality
of the joints is greater than the strength of the in-
tact rock on the deformation modulus of blocky rock
masses.

For example, according to Table 6, at a fixed in-
terval of 50 < 6, <100, an increase in the JRC from 0
to 20 results in the deformation modulus increas-
ing from an average of 2.5GPa to 50GPa, which is
a 20-fold increase. For 8 < JRC < 12, an increase in
o, from o, < 25 MPa to o, < 250 MPa results in the
average deformation modulus for the rock mass in-
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creasing from 4 GPa to 27.5 GPa. This represents an

approximate 6.8-fold increase. Based on this ob-

servation, joint roughness affects the deformation
modulus about three times more than the intact
rock’s UCS.

100 000
90 000 1 D=0
80000 -
70 000
60 000 -
50 000 A
40 000
30 000 -
20 000 -
10 000 -

0 - 2 g _: K . .
0 20 40 60 80 100 120

Rock mass modulus (MPa)

X Hoek & Diederichs
® Bie niawski
Serafim & Pereira
Fig. 16. Comparative analysis of rock mass deformation
modulus from empirical formulas versus numerical
simulation

Stephans & Banks
® Simulated Model

Table 5
Comparative evaluation of deformation modulus for blocky rock masses (E,,)
using empirical formulas and numerical simulation
Joint surface condition Poor Very poor Very good Good Fair
Reference
JRC 0<<4 4<<8 8<<12 12<< 16 16 < <20
Deformation modulus (GPa)
Numerical simulation 0.79-6.2 1.6-11.5 4-217.5 7-54.2 8-75.5 -
GSI 25-45 35-55 45-65 55-75 65-85 -
1QRMR - 10)/40 3.16-10 5.6-17.7 10-31.6 17.7-56.2 31.6-100 [6]
2RMR - 100 - - - 0-60 40-80 [33]
0.1451¢065468I 0.744-2.752 1.43-5.29 2.75-10.18 5.29-19.58 10.18-37.66 [7]
0.0736€"75>RMR 0.7-3.2 1.5-6.8 3.2-14.5 6.8-30.9 4.5-65.7 [7]
0.33g0064Gs! 1.63-5.87 3.1-11.14 5.87-21.14 11.14-40.1 21.14-76.04 [34]
ES'Y* 6.22-10.85 8.21-14.32 10.85-18.91 14.32-24.96 18.91-32.96 [35]
E,(S%)0 8.61-14.49 | 11.37-18.38 14.49-22.95 18.38-28.76 22.95-35.85 [36]
( 1-D/2
D=0;10 T 1.05-6.13 2.56-13.96 6.13-28.73 13.96-50 28.73-71.42 [8]
l+e "
; 1-D/2
D=05;10"| ——(———— 0.254-1.54 0.629-3.71 1.54-8.59 3.71-18.23 8.59-33.27 [8]
1+ e(7 +25D-GST) /11
; 1-D/2
D=1;10 PR e vy 0.055-0.334 0.135-0.823 0.334-1.96 0.823-4.68 1.96-10.21 [8]
1 te +25D-GSI') /11

GSI = RMR-5, s- exp(GSI;wOj
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Structure Decreasing surface quality —
Intact / Massive — intact rock specimens
or massive in-situ rock masses with very few 90
/ widely spaced discontinuities N/A N/A
Blocky - very well interlocked undisturbed 80
rock mass consisting of cubical blocks formed
by three orthogonal discontinuity sets 70
GSI
65-85 55-75 45-65 35-55 25-45
JRC
16-20 12-16 8-12 4-8 0-4
EHI
8-75.5 7-54.2 4-27.5 1.6-11.5 0.79-6,2
R
2.1 2.2 1.8 1.6 1.6

Fig. 17. Deformation modulus, E,,, anisotropy index, R, and JRC for blocky rock masses in the GSI chart

Table 6
Rock mass deformation modulus as a function of JRC and o
GSI 25-45 35-55 45-65 55-75 65-85
JRC 0-4 4-8 8-12 12-16 16-20 g :,?
o, Deformation of modulus (GPa) § -'-g 2 8:9
G,< 25 0.79-1.75 1.6-4 4-10 7-19 8-23 E é E §
25< 6, <50 1.75-2.8 2.75-6 7-14.5 8-29 17-40 E § g g
50< c,<100 2.5-5 5.2-10 8-19.5 15-38 20-50 0 k=
100< 6,,<250 3.7-6.2 6.7-11.5 12-27.5 18-54.2 22-75.5 4

\/

24-fold increase in deformability modulus on average

Conclusion

A systematic investigation of anisotropy in the
deformation behavior of blocky rock masses is car-
ried out using discrete element simulations. The rock
mass consists of two orthogonal joint sets intersected
by a third. The third joint set forms a variable angle
with the second joint set, and its strike is perpendicu-
lar to that of joint set 1. Elements with representative
volumes of the masses were uniaxially loaded in dif-
ferent directions.

New nonlinear stress-dependent relations for
the normal and shear stiffness of joints have been
introduced and used in the simulations. JRC and in-
tact rock UCS serve as independent variables in these
relations. It was determined that joint normal and
shear stiffness coefficients significantly influence
the overall deformation behavior of the rock mass.
Notably, the effect of normal stiffness on the rock
mass deformation modulus is approximately twice
that of shear stiffness. Additionally, it was observed
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that the roughness of the joints has a much greater
impact on the deformation modulus than the UCS of
the intact rock.

An important consideration is the potential pres-
ence of thin layers on the joints. In this research, the
effects of joint fillers are reflected in the JRC as illus-
trated in the first row of Table 6. However, the ad-
hesion and friction coefficient on the joint surfaces,
which can significantly influence simulation results
due to the presence of thin layers, are not detailed. In
this context, Voznesenskii et al. [37], conducted com-
prehensive research discussing the significant impact
of thin layers of carbonaceous clays on the contact
cracking resistance between different rocks.

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

The deformation modulus, failure mode, and
post-failure behavior of the blocky rock masses were
evaluated for various relative loading and joint an-
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gles. The degree of anisotropy for the deformation
modulus (due to the fracture systems), represented by
the anisotropy index R;, was deduced as 1.6 € R, < 2.3,
with an average value of 1.88 in blocky rock masses.

When the mode of failure is characterized by
“slipping on the joints”, the yield strain ranges from
0.2 to 0.4, independent of the loading angle and the
direction of the third joint set.

Results are presented in the form of polar curves
showing variations in the blocky rock mass deforma-
tion modulus, which depend on the joints’ JRC, the in-
tact rock’s UCS, and the rock mass structure in terms
of the relative joint angle. These curves facilitate the
estimation of the blocky rock mass deformation mo-
dulus in different directions without the need for la-
boratory and in-situ tests or empirical relationships.

In the GSI table, results are categorized such
that assigning a JRC value to each class of joint sur-
face conditions allows for the determination of corre-
sponding deformation modulus and degree of anisot-
ropy for GSI values.
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