ARMA 15-536

Parametric study of smooth joint parameters on the et
behavior of inherently anisotropic rock under urahgompression
condition

Duan, K. and Kwok, C.Y.
Department of Civil Engineering, The University of Hong Kong, Hong Kong

Copyright 2015 ARMA, American Rock Mechanics Association

This paper was prepared for presentation at the 49" US Rock Mechanics / Geomechanics Symposium held in San Francisco, CA, USA, 28 June-
1 July 2015.

This paper was selected for presentation at the symposium by an ARMA Technical Program Committee based on a technical and critical review of
the paper by a minimum of two technical reviewers. The material, as presented, does not necessarily reflect any position of ARMA, its officers, or
members. Electronic reproduction, distribution, or storage of any part of this paper for commercial purposes without the written consent of ARMA
is prohibited. Permission to reproduce in print is restricted to an abstract of not more than 200 words; illustrations may not be copied. The
abstract must contain conspicuous acknowledgement of where and by whom the paper was presented.

ABSTRACT: Inherently anisotropic rocks are modeled with tee af two-dimensional Discrete Element Methods (DEM the
simulated anisotropic rock sample, the rock magimodeled as an assembly of rigid particles apdettistence of weak layers is
directly represented by imposing individual smojoint (SJ) contacts with same orientation into tbek matrix. The properties of
a SJ contact include normal and shear stiffnessnalostrength, cohesion, and friction angle. A eysitic study is conducted to
investigate the influence of these parameters emihcro behaviors of anisotropic rocks with differanisotropy angles under
uniaxial compression condition. The Young's modukigound to increase significantly with the SJmal stiffness when the
anisotropy angle is low {0°). The USC increases with the SJ normal strengtiigit anisotropy angle3$60°) while cohesion
raises the UCS at medium anisotropy anglé-@0). The influence of friction angle is not signifitaUnderstanding the influence
of each parameter is of great importance for thibredion of micro parameters to represent certgire of rock. A general process
for the calibration of micro parameters to repraeltite strength and deformation behaviors of diffetgpes of anisotropic rocks
is proposed.

anisotropic rocks on the micro-scale through latmoya
1. INTRODUTION testing [7, 8]. However, it is very difficult to phore the
Anisotropy is everywhere while isotropy is rare.[1] micro-scale mechanisms from laboratory testing twhic
Many rocks are characterized by a structural inftere leads to a lack of a thorough understanding of the
anisotropy which is due to the existence of rodiita  underlying failure mechanisms.

elements such as bedding, layering, foliation and . .
lamination planes [2]. Such rocks are said to beNumerlcal tools which are able to reproduce the

. . . : . . observed failure mechanisms are required. The etiscr
inherently anisotropic as their physical, mechdnical X

hydraulicy propert?es vary 5wt¥1 direction. Rock eIement method (DEM) offers unique advgntage of
anisotropy affects many rock related projects e.g.bemg at_)le to epr|C|tIy_ model the _format|on and
borehole stability [3], propagation of hydraulic propagation of fractures in rocks. I_Dartl_cle—basdi_ND
fracturing [2], and deviation of drilling. Therefar a model' has be_en suc_:cessfully applied n modeling the
complete understanding of the behaviors of anipatro behavior of isotropic rocks under different stress

. " . conditions [9-11]. The anisotropic behaviors ofnjed
irr(])qclzoli)srtaunr;der different stress conditions is extrgmel rock mass have been studied based on the smoath joi

contact model [12, 13]. Most recently, the behaviof

In the past several decades, many investigatore havanisotropic rock was simulated by inserting a sedg
performed compression tests on various anisotropicontinuous smooth joint contacts [14]. However,sthe
rocks, e.g., Niandou et al. [4] on shale, Nassedil 5] structures are more like those of induced fractures
on schists, Tien et al. [6] on artificial materials normally encountered in jointed rock masses.

general, the variation of failure strength with the
anisotropy angle is characterized by a U-shapedecur
with the minimum strength obtained when the
anisotropy anglep) is around 60 In fact, the geometry
of the curves as well as the failure modes witfedkint
anisotropy angles vary for different types of ro¢ks
Attempts have also been made aiming to investitegte
effect of weak planes orientation on the behavifrs

For the intact anisotropic rocks, the bedding ptaat
micro-scale may not be necessarily straight and
continuous, as shown in Fig. 1 (a) [15]. Thereftihere

is a need to develop a more realistic numericatagmh

to explicitly represent the weak layers in micradsc In
this study, existence of inherently anisotropy are
explicitly represented by imposing individual sntoot



joint (SJ) contacts [16] into the bonded-particledel r =g +otang, (1)
(BPM) with the same orientation. The effects of stho

joint parameters on the macroscopic properties (UCSvhereo is the normal stress acting at the contagtis
and Young’'s modulus) under uniaxial compressioh tes

are systematically investigated. the cohesiong, is the friction angle. These parameters

cannot be measured directly in the laboratory. Tlus

major challenge is to calibrate these micro pararset
2. GENESIS OF NUMERICAL MODEL correctly to match the experimental data.

In this study, the transverse anisotropy, which &&®t  Taple 1. Parameters for the isotropic model [9].
of parallel planes of weakness, is modeled. The

generated anisotropic rock model with horizontabkve pfjggftlis Value prggggies Value
layers p=0°) is illustrated in Fig. 1(b). The first step is to

create an isotropic model based on the bondedclearti E. 62 GPa EC 62 GPa
model (BPM) to represent the rock matrix [9]. To o

introduce horizontal anisotropy, any sub-horizontal K, /K, 25 /K 2.5
parallel bonds (those dipping within <28-2¢°, for u 05 — 157436 MPa
instance) are removed and replaced by horizontal Oc

smooth-joint contacts (dipping®0 The smooth-joint R/ R 1.66 }C 157436 MPa
model simulates the behavior of an interface rdgasd _

of the local particle contact orientations along th Rin 0.2 mm ) 10
interface. These individual smooth joints represiet D 3169 kg/mi

discontinuous weak beddings in inherently anisatrop
rocks as illustrated in Fig. 1(a). Rocks with diffiet
degrees of anisotropy can be modeled by includin
different amounts and properties of smooth joints.

n this paper, numerical models with different atigpy
angles g=0°, 15, 3¢, 45, 60, 75, and 90) are
generated and uniaxial compression tests are pezfbr

L A NG ok 2y e S S on these models. Micro parameters for the Lac du
*ﬁrl%;ii@*\gl@# XEA\ Bonnet Granite [9] are selected to generate theoisic
XA@\(%:fié’;;j////Li/;?%/ model (Table 1). The parameters of smooth joint lwan
T{j*/ f;ﬂl/;_iﬁ«ﬁ fi \/2\%/%\ inherited from parallel bond based on a series of
fﬁ 7 %\T{ﬁ&q@#ﬁ% NN equations [17]. The values of smooth joint paransete
LT LD /X NEGA (A h N . .
P iy Tﬁﬂ«] inherited from parallel bonds are listed in Tabld Bese
e Se i g parameters are adopted as the control test asgikey
5\'#\”;»—\* ) X#j\/\/«\ﬂ B : :
Aj% 5 i/f\/# ri@% 5 responses closest to an isotropic model.
g&*ﬁi}:ﬁ& $§/2/ /w Z Table 2. Micro parameters for smooth joint modéieirited
(@) (b) from parallel bond.

Fig 1. (a) Thin-section image of Bossier Shale [16]) Normal stiffnessRn (GPa/m) ~~250000

Proposed DEM model. Shear stiffnessks (GPa/m) ~100000

The macro properties of bonded particle model doks Friction coefficient, L/ 0.5

are determined by the micro parameters of BPM,  pjation angle / (degree) 0

including the size distribution of particles, siyéms of 157

parallel bonds @. and r.), stiffnesses of particles Tensile strength@, (MPa) i

(k"andk®), stiffnesses of parallel bondk (and k), Cohesion.G, (MPe) o

and friction coefficient between particlesyf ).The Friction angle.d), (degree)

recommended calibration procedure for bonded partic

model can be found in [17]. 3. PARAMETRIC STUDY

Smooth joint parameters have a dominant effecthen t |, this Section, the micro parameters of smoothtgoi
macro behaviors of the proposed anisotropic rocleho  4re reduced systematically to evaluate their effert
The smooth joint parameters include normal stiines the deformability and strength of anisotropic medet
(kn), shear stiffnessks), bond normal strengthc.), is worth emphasizing that in this parametric studg,
and bond shear strengthz(). 7 is determined as &€ not trying to reproduce the elastic response of

- certain rock type and the responses are normabzed
following: . .

the results obtained in the control test (UCS=&04Pa,



E= 74.5 GPa) as a dimensionless analysis. Thicisger
provides a fundamental understanding of how theanic
scale properties control the macro mechanical bhetgav
of rocks with different degrees of anisotropy.
Understanding the influence of each parametersis af
great importance for the calibration of micro paesens
to represent certain type of rock

3.1. Effect of smooth joint strength

The effect of smooth joint strength is investigated
reducing the normal strengtlwy) and cohesiond,) of
smooth joint simultaneously with a factor of 1,,0052,

0.1 and 0.06. Other parameters are inherited fromdnisotropy angles pe45)

parallel bonds and kept constant.

The variations of normalized UCS and E are illustla
in Figure 2(a) and (b), respectively. The decreasih

The effect of smooth joint stiffness is investightiey

reducingk» and ks with a factor of 1, 0.6, 0.4, 0.2, 0.1,
and 0.05 while keeping them equal. The strength of
smooth joint is 1/5 of parallel bond. The simulatio
results are presented in Figure 3. It can be cdeduthat
the stiffness plays an important role at low amgog
angles f<45) where both the UCS and E decrease with
the decreasing of smooth joint stiffness. When the
smooth joint stiffness is reduced to 0.05 of patdbnd,

the minimum UCS is obtained whef=0°, which
deviates from the general U-shaped curve of UCS.
Therefore, this value cannot be extremely low. Ahh
the effect of stiffness
becomes weak. Further study is conducted in Se8ton

to investigate the effect of normal and shear retgt
separately.

smooth joint strength reduces the UCS and E at high

anisotropy anglesfg30°). No significant effect can be
found at low anisotropy angles as the weak layees a
under compression at these directions and failuee a
mainly formed as crack of parallel bonds. Another
phenomenon worth noting is that the effect of réuyic
smooth joint strength become stable when the fastor
low enough (0.2 for UCS and 0.1 for Young's modylus
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Fig 2. Effect of smooth joint strength.
3.2. Effect of smooth joint stiffness
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Fig. 3. Effect of smooth joint stiffness.

3.3. Effect of ratio between normal strength and
cohesion
As demonstrated in Eq. (1), the shear strengthmaiosh

joint is determined by the combination of cohegjay),

normal strength ¢_ ), friction angle (@,), and the

compression stress acting on the smooth joint.€feet
of ratio between normal strength and cohesionuidiasd
in this section and the effect of the friction angs
discussed in the Section 3.4.



In Fig. 4, the cohesion of smooth joint,() is kept
constant as 1/5 of parallel bond and the normehgth
(o,) is varied by a factor of 0.5, 1, 2 and 4. As ban

observed in Figure 4(a) and (b), the UCS at high

anisotropy angle (P20 increases with the increase of
normal strength. At low and medium anisotropy asgle
(B<60), this effect becomes negligible.
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Fig. 4. Effect of ratio between normal strength antdesion of
smooth joint contact.
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Fig.5. Effect of ratio between normal strength antiesion of
smooth joint contact

In Fig 5, the effect of cohesion is investigated by
increasing the cohesion of smooth joint while kagpi
the normal strength constant as 1/5 of paralledbés
expected, increasing the cohesion of smooth joint
significantly increase the UCS at intermediate @nipy
angles (300-750). Meanwhile, the Young's modulus
when >300 increase. As the shear strength of smooth
joint increase, shear failure of smooth joint beedmard

to develop at this direction. When the cohesion of
smooth joint reaches 4 times of normal strengtle, th
UCS curve turns out to be flatten which means that
numerical model becomes almost isotropic.

3.4. Effect of friction angle

Different friction angles ¢=0°, 1&, 2¢f, 3¢, and 40)
are assigned to the smooth joint while other patarae
are kept constant. The simulation results aretittsd

in Fig. 6. As expected, increasing the friction lang
affects the behaviors at intermediate anisotropyiesn
(30°-60°). Both the UCS and the Young's modulus
increase with the increasing of friction angle la¢se
directions. These results are consistent with fran
Section 3.3 which is due to the increasing of simoot
joint shear strength.
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Fig. 6 Effect of friction angle.

3.5. Effect of ratio between normal and shear

stiffness
The effect of smooth joint stiffness is further maed
by looking at the effect of either normal or shear
stiffness separately. Two scenarios are considdeszh
one of them constant and vary the other gradu@liiger
parameters stay constant for all these cases. Th
simulation results are presented in Fig. 7 and Big.
respectively.
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Fig. 7 Effect of ratio between normal and shedifngss of
smooth joint (normal stiffness is constant).

In Fig. 7, the normal stiffnesslzg) is constant (1/5 of

parallel bond) and shear stiffnesks() is varied by
different ratios. The simulated results reveal that
changing the shear stiffness does not affect the
macroscopic properties much.

Different results are obtained when change the abrm
stiffness of smooth joint, as shown in Fig. 8. Btk
UCS and Young's modulus increase with the incredise
smooth joint normal stiffness. Therefore, the ndrma
stiffness of smooth joint plays a dominant role the
macroscopic response at low anisotropy angles.
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Fig. 8 Effect of ratio between normal and shedffrgtss of

smooth joint contact (shear stiffness is constant).

3.6. Effect of anglerange

The angle range determines the amount of paralted®

being replaced by smooth joint contacts, which
ultimately affects the degree of anisotropy of the
numerical model. In this section, samples withed#ht
angle ranges (xf0 +2¢°, +3(°, x4, and #50) are
generated and tested. As expected, the degree of
anisotropy increases with the increasing of angtege.

As illustrated in Fig. 9, the anisotropy ratio ofC8B

(UCS{UCS,n) increases from 1.23 to 2.86 when the
angle range increases from 210 +5¢. At the same

time, the normalized Young's modulus whei¥0°

decreases from 0.82 to 0.6. Therefore, this paemean



be tuned to represent rocks with different degreles If the anisotropy ratio cannot be reproduced, it is

anisotropy. necessary to increase the angle range and thedorese

12 between (i)-(v) should be repeated.
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4. CALIBRATION Fig. 10. Comparison of simulated and experimenésiults
[from an Outcrop Shale [18].

Based on the parametric study results discussed in _ _
Section 3, the following procedures are proposedte Table 3. Micro parameters calibrated for an OutcBiale

calibration of micro parameters for anisotropicksc [18].
(i) The angle range of parallel bonds being reglaise  Particle E. (GPa) 23
first selected. A reasonable value to start with-i50°. E 23

c (GPa)
(i) The stiffness of parallel bond can be calibcatto Parallel bond &, (wpa) 60+13.5
match the Young’s modulus wh@r90° as the effect of _ 60+13.5
smooth joint stiffness is minimum at this direction Tc(MPa) -
. S . Angl +30
(iii) The stiffness of smooth joint is calibratea match naie rang
the Y(_)_ung’s modulus whepr0°. The valu_es rn_atched in Normal stiffness Kn (GPa/m) 17,500
step (i) may also be decreased. Thus, iteratietsden — 17 500
step (i) and (iii) might be required to match thetire Smooth-ioint Shear stiffnessks (GPa/m) ’
curve of Young’'s modulus. ) Tensile strength(, 30
(iv) The strength of parallel bond can be calibdate Cohesion,C, 22
match the UCS whep=0°. This direction is selected as Friction angel ) 0

weak layers are under compression and the strasfgth
smooth joint does not affect the UCS much.

Following the guidelines described above, the nigakr
model is calibrated to represent an Outcrop SHegé [
The comparison between experimental and simulated

(v) The strength of smooth joint can be calibrated
match the UCS whef=90°.



results in terms of UCS and Young's modulus is3.
presented in Figure 10 (a) and (b), respectivelye T
calibrated micro parameters are listed in Tabl&&od
agreement can be found between the simulated and
experimental results. 4

5. CONCLUSIONS

This study proposes a numerical approach to represe
the micro structure of anisotropic rocks by insejti
smooth joint models into bonded particle model. dghas

on this numerical approach, parametric studies are
conducted to evaluate the effect of weak layer @rigs

on the macroscopic behaviors of anisotropic rootenn g
uniaxial compression test.

The simulation results reveal that the Young’'s ntasiu
significantly increases with the smooth joint nofma
stiffness when the anisotropy angle is IoR-30°). The
normal stiffness of smooth joint plays a dominasier 7
while the effect of shear stiffness is found to be
negligible. USC increases with the smooth jointnmair
strength at high anisotropy ang[&>60°). The cohesion
and friction angle of smooth joint controls the ahe
strength of smooth joint which ultimately deternsiribe
failure strength and stiffness at medium anisotropy®-
angles (3660°). The angle range of parallel bonds being
replaced affects the anisotropy ratio which canuned

to represent rocks with different degree of ansmjr

Understanding the effect of each parameter is @aten

for the calibration of numerical model. A detailed ©-
guideline for the calibration of micro parametess i
provided. The numerical model can reproduce both th
strength and stiffness of anisotropic rock quatiniedy.
Moreover, parametric studied provide some innoeativ
understanding about the microscopic mechanism of
different anisotropic rocks with different loading
directions.
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