[ Downloaded from mcej.modares.ac.ir on 2025-07-19 ]

[ DOI: 10.22034/23.4.199 ]

i (sole dbre
oyde Olyes (poige
VY Jlo oF o)lous VY 090
YAY 514 cleias

o (S0l TSl 9369999 5591 P (GOus axtliao

Ogwsild wloyT 4o

*=Y

N \ -
o Jedeml )l (g A6 Aoee

ooode oo 5 o (s Laes 5 Ol e nlige 0dSCEIs (Al sl S (g gmiils =)

U»)..LA g;f]? o@‘: s ) .IQ:>=A 9 Q‘JA& d"""\"'e" oSSl ¢ slwl =Y

Email: A.fakhimi@modares.ac.ir

VEYAYTN dy

EARVARVAS RRCHISAIE

©

e

S s ol gl c‘)'ji)\ajajb_gf;wja e S5 e Sy Jis w4 o) sen O Kias s « K ;M:})w@ SOl s
Sl ALK W 5 Camts 53 (653 G e 055 a5 Sl gl LSSl ol sl el oS oy B o s ge a0 oS Llesp Selys
JLAJ«‘ L LA rbul 42..\‘..5 QLAJ‘J S 9de QLA.“ L;‘:SJ:' \_,ri'.ﬁ) v<l )‘ salazul L QMQLA ‘_”'.‘J'LA)I S ngl.wd.).d E3) u.‘:'\ J\l G| LS)J]’”
e S e xS bt O jae 4 RS S Sl b gae 55 S s ol il i L;u-os 55 5 sl slag 1380
ol S5 glag s s sl @j)."‘)bj».l bezjfde S5 Gl Wy e (55 S Bl L K Salus cuslis
Liles ade S cpl egdle lodd Sy cedd (gilaand 4 sel CeSd 5l ey 0 SKE5 glaes 5 (S A OoRIA L S A el oL

.s)ladb;'-da{béwlﬁ'cjjQaﬁsﬁ&ﬂdu&lsbpaj\x\ (o s G S s e 0L AT gl s

3 3omn Olall chinS 0Ll (Sealys I estutils L3 god e piSole (2le3T (10800 35 31 e b s 855 IS 1SS O3l

3 K 3 i sl b s T sl sk
S sbEs p Se Sl Slosar LS
s & OLes 5 515 [1] cul ho 5 e ooslie
Al e Glasl 53 (S o3le G s 3 se la i
3ok Bl Sl sz Skl s bls b s

[2] sl oo 2 5 315 Ol 1 ol (Sialus (650

Oliudsed doxso HU 9 dovdo -
Lo ey sbele 0585, arwy 4 g L
S, e axs CEbd 0 L Gres glagls 8
el a8l 5 il Glasl js Kiw b S
23 wllpr Bd 4 8 la5iS s Lo gase ¢
ok el Faa) e Lledd Sl ks S (sleilane


mailto:A.fakhimi@modares.ac.ir
http://dx.doi.org/10.22034/23.4.199
https://mcej.modares.ac.ir/article-16-67501-fa.html

[ Downloaded from mcej.modares.ac.ir on 2025-07-19 ]

[ DOI: 10.22034/23.4.199 ]

Lf"ﬁ’é L}GJ&}\})L.J L;.JSG Ao

e S Salis S 8355 855 ge anlllas

(Soalis 5 Solial Ll i s Lol 5 5 08 K €5ed 52
S S (551 45 Loy 4 ol 0 0L 5 KI5
Sl S 5l e s LB S Sl 1050 s
EFonlBl b e G Gl e 5 Sl S
S5 g S e asdllas (il 5 e i (SO
el s kALl S AS o ki 3005 S5 4 P
[11] sl o Soalus e 53 Sl op) O3
Gy dw G55 2 OLKen 5 Kb &S (ol Ssd sla el
Gt 8 slag i s SlS 5 Sal S (Ko ke
B 5 e 65 il sl OLES sy plosil 45l Voo
OLE e (i ol 20l S (S 2 3 gl
Ll Gledal, S s Brae 351 S sl
[12] 5,05 ol Seeles Cglie

GIELL s K s aileyl andlas (ol 5
Gl onls slgeiy syl sy 4w ISRM( (Salss
Sralesl olSaws Sl eslizal b b ts, cpl 5l plas s [13]
Spde pll Ol
e Glaosd w5 Siasy pdir by 0Kl
W g e Lo 3 o bsludde ol ol s (’k’-‘.’l

J’;il.nj $3ke giledoe

OLes 5 . dilods ol S SO Jaes 3 s
— S Jle 5l Seelys enslie LIl e sl
s o ol 53 [14] ws S eslizal o SUT 55 ST,
(Bonded Particle e waa o3 5 4 13|
V- s 1 Kl il o llas IS 4 Method)
bl oy JIE ke goleans (Selus 5 (Sl
25 S S S gileand ¢ln L S
51T s Sils s ,Ses e s [15] 5 ane s S
S Sanlys Sl (S3luand l aBlianw 5 4S5
Sl sl (2gs nl b oS sl OLES LT S o g
Lol 355 o0 3luand (J 53 LB [0 a0 45 2 5 4 4l
2> S CaSlE uklls 13y Gileand 4 3B o w

[16] asb o AT i b alis

i by 57 sl Cwplis a5 Wilesls VLA (gols Olallas
Dl ol GRS 5 Dk 4 Gl S 3 5l 55
3 e obnil dile Sy (ML Co slge g5 ol
355 5l (Soll (8L L alie 5o osline ), W35
I SL & G L 0T Caaglie 5 das e 0L
Rl Lol plil O 5 J &S ol 5o [3] 1t
s 4 el el Sudjsame [l 4l Cuslie
sl A edte JA] sl s o ml S
dpe Sl S b SVl S Slo s
e GG 5 S 0T 355 0 el SST 455
Sl S S ki goy 2 4S50 ganlllas s [B] st
I 5 SKelys (5lis Cowglie a5 S esls QLA (S el
AU e Salys caslie ol 8 el ziy O Kol

[6] st S il 5 J&

il S5 5 S g K S g
sy Joli ) Sow Slopat (Shy sl 55
el S Lol 5 bS5 mis Bld 5l S exg s
O3 aadllas 3550 AEL 0 S 5 Al adlaie js Cans sl
ol 53 &S ol Solen Slo gart s aasiie 3,8
o 53 3,8 o N3 s 2050 GNISLL £ Al
LI EGIE VAP Y S uf.l,.i;];'} Seales oS s
by S S = 7] ol wosls Jole 53 ol
DS Rl e Sled 4 655 Sae byl
S5 ok (Ko (Sss 2 05l (3l ST s s
Sis i ey b OLSes 5 08 sa [8] wils b as
rge J33 YA BN s (655 easdoe 53 il S S
i W1 s 508 e S 3lpe 5 Iy s1ye oS
5 Sop b3 ol eSS Sis 2 lade glls el
PRC SNV TSR [°] R NP S S PR
5SSl el S S S s L OLes
Sl Sl S35 Ol w0555 S5 S sl
b gad 3 B ae 5531 48 Al Lol s gl nd S

S s b [10] b IS E S


http://dx.doi.org/10.22034/23.4.199
https://mcej.modares.ac.ir/article-16-67501-fa.html

[ Downloaded from mcej.modares.ac.ir on 2025-07-19 ]

[ DOI: 10.22034/23.4.199 ]

VeY Jb/ie)w/r}w}%wji

oot Ol e wdige agh —  ode ale

BB syt royare SN S bl Lol laake
Loy (ER) Kl 5 (g) sl sbapse 5l L
SN 6 S 5 olal a4y bl e S S
S Wl e Sy S ke (B7) JET £

118] &,

Wyas Bk gs o baakes gla 5 S Y IS
N N
=« I = |

Specimen
FM

Incident bar Strain gauges Transmission bar

Striker bar

Fig. 2. Strains of the bars at the two sides of the
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PoissON's Elastic Tensile Compressive
ratio modulus strength strength
(GPa) (MPa) (MPa)
0.33 28.9 5.8 79.5

Table 1. The macro-mechanical properties of Masjed-
Soleyman sandstone specimen
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Parameters Numerl_cal Experimental
simulation
Uniaxial compressive
strength (l\elPa) 88 795
Tensile strength (MPa) 6.1 5.8
Elastic modulus (GPa) 29 28.9
Poisson's ratio 0.32 0.33

Table 3. Comparison of macromechanical properties of
numerical and physical specimens
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R Radius of spherical particles (mm)  0.25-0.5
N Number of balls 48000
Kn Normal spring stiffness (MN/m) 16
Ks Shear spring stiffness (MN/m) 5.9
Ny Normal bond (N) 1.35
Sb Shear bond (N) 6.75
i Coefficient of f(lctlon at contact 05
points

p Density (Kg/m?3) 2700
Go Genesis pressure (GPa) 6.64

Table 2. The micro-mechanical parameters for the
numerical model
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Abstract:

In mechanics of rock fracture and comminution, researchers have always been looking for a relationship
between the consumed energy and the particle size distribution of the disintegrated rock specimen. This
relationship has important industrial applications considering the fact that comminution of rock is a very
energy demanding process and its efficiency is very low. Furthermore, investigating the damage evolution of
rock under different loading rates, helps to better understand and more accurately design rock structures such
as tunnels, rock slopes and foundations subjected to dynamic loading. In this work, a hybrid finite-discrete
element numerical model was used to simulate rock disintegration under different loading rates in the Split
Hopkinson Pressure Bar (SHPB) system. The rock and the steel bars in the SHPB apparatus were simulated
by the Bonded Particle Model (BPM) and finite element model, respectively. BPM is a simplified version of
the discrete element method in which the discrete particles are spherical in shape. Spherical particles or balls
in the BPM are very useful in reducing the computational time; the contact detection of the spherical
particles is computationally very fast. The computer program CA3, which is a 3D code for static, dynamic
and nonlinear simulation of geomaterials was used for the numerical analysis. To capture the rate dependent
behavior of rock, a micromechanical model was utilized in which the bond strength at a contact point
increases as a function of relative velocity of involved particles. The numerical model was calibrated to
mimic the mechanical behavior of Masjed Soleyman sandstone. To facilitate and expedite the calibration
process of the BPM system, the curves and dimensionless parameters introduced in the literature were used.
Input pulses with different intensities were applied to the specimen in the numerical modeling of the SHPB
system. The input energy and the energy consumed to disintegrate the numerical rock specimen were
evaluated by the numerical integration. Different particle sizes in the BPM system were used to investigate
the impact of combined particle size and input energy on the rock disintegration. The results suggest that the
energy consumption density for rock crushing changes linearly with the stress rate. Furthermore, it is shown
that the dynamic strength of the rock increases with the increase in the consumed energy density. The
disintegrated numerical specimen was carefully inspected and its particle size distribution was obtained. This
was achieved by using a searching algorithm to identify the clusters in the damaged specimen; each cluster
was made of one or several spherical particles. The volume of each cluster was calculated by finding the
volume of its constituent particles and the porosity of the specimen. This volume was used to obtain the
equivalent radius of the cluster; the cluster shape was imagined as a sphere to identify the equivalent particle
or cluster size. The mean particle size (D50) of the damaged numerical specimen shows a linear relationship
with the stress rate in a logarithmic coordinate system, which is consistent with the physical test results
reported in the literature.

Keywords:

Consumed energy density, Loading rate effect, Split Hopkinson Pressure Bar, Particle size distribution,
Dynamic loading, Discrete element method, Finite element method
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