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Effect of Joint Stiffness on the Rock Block
Behavior in the Distinct Element Analysis

Chang-Ha Ryu, Byung-Hee Choi

Abstract Distinct element method is a powerful numerical tool for modelling the jointed rock masses. It is
also a useful tool for modelling of later stage of blasting requiring large displacement. The distinct element
method utilizes a rigid block idea in which the interacting force between distinct elements is calculated
from contact displacement as elements penetrate slightly. The properties of joints defined as the boundaries
of distinct elements are critical parameters to determine the block behavior, and affect the deformation and
failure mode. However, regardless of real joint properties, joint stiffnesses have sometimes been selected
without special concern just to prevent eclements from penetrating too far into each other in some
quasi-static problems. Depending on whether the main interest in the analysis is the prediction of the
deformation with high precision, or the prediction of the block behaviour after failure, the input data such
as joint stiffness may or may not have a significant effect on the results. The purpose of this study is to
provide a sound understanding of the effect of the joint stiffness on the distinct element analysis results,
and to help guide the selection of input data.

Key words Numerical analysis, Distinct element method, Hertzian contact model, Joint stiffness ratio
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CBLOCKY| =919 E& 84 PF(QPartice Flow
Code) W} Zke- tA=nt SLo] ey} ope} tizt
3 faolug 7 AtoAe] taa P E52 807N
O ME 7 ozl o= A=

v1’ (after impact)
-
V1 =3 misec v2=0

(a) Normal impact problem

v1' (after impact)
V1 =3 m/sec *
v2=0 v2' (after Iimpact)

(b) Oblique impact problem

Fig. 1. Simulation of two block impact.
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Table 1. Results of CBLOCK Calculations (No Mass or Stiffness Damping)

Joint stiffness, MPa/cm Block shape Velocity after collision, cm/s
7.5 80 sided polygon 300.039
10 80 sided polygon 300.039
50 80 sided polygon 300.039
100 80 sided polygon 300.039
22 Square 300.004
150 Square 300.004

Table 2. CBLOCK calculations of two-block impact (no mass or stiffness damping, x =0)

Joint normal Joint shear Velocity after collision, ml Velocity after collision, m2
stiffness (Kn) stiffness (Ks) A%l Vyl’ vitl’ Vx2’ Vy2’ vt2’
GPa/cm GPa/cm cm/s cm/s rad/s cm/s cm/s rad/s
10 10 162.14 149.12 1.54 137.86 -149.12 1.56
10 1 162.14 149.12 1.54 137.86 -149.12 1.56
10 0.1 162.14 149.12 1.54 137.86 -149.12 1.56
1 0.1 162.11 149.15 1.42 137.88 -149.12 1.56
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Table 3. Linear momentum and kinetic energy (No mass or stiffness damping, x =0)

Kn, GPa/cm Ks, GPa/cm (Emv’-Zmv)/Zmv x 100 (%) AEx/Ex x 100 (%)*
10 10 0.00 0.0085
10 1 0.00 0.0085
10 0.1 0.00 0.0085
1 0.1 0.00 0.0085

*/ Ex = kinetic energy before collision; AEx = change of kinetic energy after collision

3.2 Hertz ®& DY|(Hertzian contact model)t2|
H|maHAd
T =2AE ASSHA =HH 2419 dEHa R
off g=o] WASHA = o] 3= =5 (contact
stress)ol2fal FEt} Hertz= & ©HIAVE HET of
Wshs WgT A5 S sMdoR AN 4
QL= o2 AABIITHHertz, 1881). F EA|Q] 2%
Asol thet ZAIE 7E 8RS o83t e A
o} Hertz % male ol84h 44 ARt Zug
wlislo] molek Herz 4% welola] & 2o %
S0l ¥k Al WAL TRt o] 3EAJECE ml,
mL F BEo] Yoln, RI, R2: 2t BEo] 28
HEgolal vl, v2&= Poisson H], El, E2+= Young’s
moduluso]th

U-aU”=0 )

a = n*R"**4/(3Ks)

n = ~(ml+m2)(ml*m2)

R = (RI*R2)(R1+R2)

Ks = (1-vI*/El + (1-v22/E2

U = distance of approach of the centers of mass

A (oAl oA &4 e wqdet theTt 2
o] gk

U-bU-alU?=0 )

b = n*Ky

K4 = - Kgp*(ml+m2)/(ml*m2)

Kgn = parameter related to energy loss
U= rate of approach

A1 ()T} )% Glauz and Adams ZEHPH| o}
22|a)A14] v o SE 18 4= QIriGlauz, 1970).
Artell A = 7R oAI(Ex] R Ex2)9) &4
Table 49} At}

Table 4. Input parameters for analytic contact model

Mass (m) 62832 g
Young’s modulus (E) ((;X);l)) 11000 1\1<I/[I;aa
Poisson’s ratio (V) 0.25
Radius of curvature (R) 10.0 cm
Velocity at impact (Vo) 300 cm/s
Energy loss parameter (Kan) 0.0

HEo] whAy wio] 4] (hozyE HE ARk
I H9(Umax)2te] HAS sfazle= Fshd
oheat gk

te = 2.94 Umax/Vo;
Umax = R¥{5v/2np(1-V)Vo/4E) ©)

Vo = relative velocity at contact = U(0)

A1 (3)9] sl Aol ofshd, Ex19] ¢ A=
5 2685 msofA 0.548 cme] FHof ¢ (maximum
diametral displacement)7} WH¥st= Aoz AALE|G)
31 Ex29] 9oz HE % 1.069 msof|4] 0.218 cm2]
o AL Yok A oE AAKE

Table 5= Ex29] o3l Glauz-Adams ZEHH
(GAIM) °.& HFEF olgsto] HF Alztel wat ¥
slel= W9, A9, &5 AR oE Akt
Ae] o E HojErk A4 Al Auk= AS
& 1.055 ms2} 1.075 msoj|A] 021838 cm2} 0.21843
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Table 5. Numerical solution by Glauz-Adams integration
method (Ex2)

Time, ms F(t), dynes/cm® | U(t), cm | V(t), cm/s
0.0175 0.604869E+06 0.00525 300.0
1.0152 0.161462E+09 0.217653 28.3625
1.0552 0.162267E+09 0.218376 7.7436
1.0752 0.162324E+09 0.218427 -2.5897
1.0852 0.162253E+09 0.218364 -7.7559
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Table 6. CBLOCK model corresponding to analytic model

Analytic model Distinct element model

Young’s modulus* Joint stiffness

Ex1 (107 Pa) 80 sided polygon | 7.5 MPa/cm
Ex2 (10° Pa) 80 sided polygon 50 MPa/cm
8e+7 400
~ 6e+7 I 200
g —a— F 2
E — V(1) 2
2 5
5 o7 Fo =
= =
2047 I -200
Oe+0 T T T T T -400
0.0 1.0 2.0 3.0 4.0 5.0 6.0

TIME (ms)

Fig. 2. Impact history (Ex1).

400

V(t), cm/sec

-200 -

-400 T T T T

TIME (ms)

Fig. 3. Impact velocity histories calculated by analytic model
(GAIM) and DEM model.
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Fig.. 4. Impact history (Ex2).
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Fig. 5. Displacement histories calculated by GAIM and DEM
model.
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Table 7. CBLOCK calculations of two-block impact (no mass or stiffness damping, x =0.85)

Joint normal Joint shear Velocity after collision, ml Velocity after collision, m2
stiffness (Kn) stiffness (Ks) vx1’ Vyl’ Vi1’ Vx2’ Vy2’ Vit2’
GPa/cm GPa/cm cm/s cm/s rad/s cm/s cm/s rad/s
10 10 127.06 127.73 -6.45 172.94 -127.73 -6.42
10 1 129.93 122.38 -6.80 170.07 -122.38 -6.78
10 0.1 157.97 145.60 0.45 142.03 -145.60 0.48
1 0.1 130.01 122.37 -6.88 169.99 -122.37 -6.78

Table 8. Linear momentum and kinetic energy (no mass or stiffness damping, x

=0.85)

Kn, GPa/cm JSR* Emv-Smv)/Emv x 100 (%) AEx/Ex x 100 (%)
10 1 0.00 10.25
10 1/10 0.00 10.71
10 1/100 0.00 2.73
1 1/10 0.00 10.66

*/ Joint stiffhess Ratio (= joint shear stiffness/joint normal stiffness)
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a) Stable arch tunnel (P1) b) Unstable arch tunnel (P2)
Fig. 6. Examples of arch tunnel.
Table 9. Model parameters
Common parameters | Density (p) = 2.0 g/cm?®; Friction coefficient(u) = 0.5; Gravity (Gy)= 1,000 cm/s
Case J1: Kn / Ks = 320
Normal stiffness (Kn)= 32 GPa/cm; Shear stiffness (Ks)= 0.1 GPa/cm
Case J2: Kn / Ks =
) ) Normal stiffness (Kn) = 320 MPa/cm; Shear stiffness (Ks) = 1.0 MPa/cm
Joint properties
Case J3: Kn / Ks = 1
Normal stiffness (Kn) = 32 GPa/cm; Shear stiffness (Ks) =32 GPa/cm
Case J4: Kn / Ks = 1
Normal stiffness (Kn) = 320 MPa/cm; Shear stiffness (Ks) = 320 MPa/cm
Case L1: Two abutments are fixed in all direction
Loading condition - - -
Case L2: Left abutment is fixed and load is applied to the other: Fx = 1.6 Gdynes
Table 10. Effects of joint properties
Loadi dition &
oacing condition Ll & P2 Ll & Pl
joint configuration
Joint property J1 J2 J3 J4
Explicit Sliding No sliding No sliding Sliding Sliding
calculation | Tension No tensile failure No tensile failure Local tensile failure Local tensile failure
Implicit Sliding No sliding(2.88)* No sliding(2.88) Sliding(0.01) Sliding(0.01)
calculation | Tension Local tensile failure Local tensile failure Local tensile failure Local tensile failure

* The number indicates factor of safety defined as the ratio of given friction coefficient to calculated friction coefficient to prevent sliding.
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