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Fig.1 Rock mechanics experimental equipment and wave velocity decline characteristics of damaged sandstone
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Table 1 Basic information and damage degree

of specimens
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Fig.2 Schematic diagram of stress path of damaged

sandstone specimen
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Fig. 3 Strength weakening characteristics of sandstone

specimens with different damage degrees
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Fig.4 Stress—strain curves of damaged sandstone

specimens

23 MpRbEREEEREN

S PSSR S TR AT B T T SRR IR 1 BE
TE—E B bl RAE A A MBUR T S FRE
Jorvay 228 men 137 L 2 AR A 107 AR B A ok FRAE 1R 5
i) —Fh S48, Hit 537745 (Ran et al ,2023) 41°F

. AR Ae 1
Y=l AP a0 E v

=X TUE TR, (2)

e Y g s 2 e B L 5 X A I e N i AR Ol
M) o7 A% Ak St 5 AP SR far 2 A8 Akt 5 X, FX_ 43 51 R
22 B R 2 B 1 i O A 5 B E 43 ) Sk in 22k B A
1B SR I (GPa) s Ae AR ARARfL i s Aoy
N F178 Ak (MPa)

P15 FF 7 Ry S [ 45 47 A 5 ) A o e 7 A 20
TR 9y B3 1% SO AR e 5 0 2 28 e 7 L BT B Uk 5K
PG AL R . BV 25 1 URE i L A 7 )
JURAE IR 57 3 B4 A R B0 A 2 Ak B o 288 P A
SRR T, SR AR R R R, 2 R AR
T B IR TR 5 S e N LY TR A e o Bt K
WR T B2 Bl 5 2 AARRT -2 (i A A o X i R
BGPTSR B B3,
A NI BE K e B TORE T R 2 B 5 ELR 5 71 3F
UECBGI, 2480™ i 20 TP, A4 g 2]
7 TR o AR TR R B D5 R DS—1 11
DS-2, i A B 0 e 1 b iR DS-3 Rl DS-4 7R A2
E B B st AR B AT AT /N D B o 3 3R B A i
FREER  Ab il N A e Ak SRR AR T R
J, KR S R DI R R A1) 5 M R

BEAR AN TR 0 B A bl A0 B i 2 By
B 7 5 s A B ) AL N B 6 s . tHET6
AL, AN [RI A0 A B P R T 2 B A 2 43
$97.530 ,7.191,6.422,6.655 GPa, #&IkKFE it
AR EE (3G I, 0 5 R - 34 S PR AR o 5 T
B X RGN A 59 R FE
HI 55 T 10 25 iR 0 2R B 42, 5 SO R IR NI
REAR

3 A5 R B A R A VE b KM R AR AE
3.1 METEEEMN

N T PRI TTRA R a RE R FERUIE 0, %0

2025 12 B % 33%-% 6

1171



1172

B4t

0 IZREEREA R L8
* S 4 i)
85 K —— a7
801 —o— IMENEMINLL {1.6
g 75l asu\l /-!-!'l-n»&l-ravl-l-g.g.'!,.\& . 11.5 g
18 7.0} N R
4 ]
ﬁ 6.5} 1.3 g
% ool 12 =
{11.1
55}
i oo N-0-00-0 0~0-Qro-o-\‘l-o-o-ora-oro~ar°-o—o-e»o-o 41.0
50}
L . L —10.9
20 25 30
ﬁ%b\%ﬁ
(a) DS-1
9.0 - —1.8
—— g |
851 —— SRR |
80f 1 —o— NI LE 1.6
] A3
=% 415 ==
o * E
g@ 7.0 %g\b 11.4 %
{1.3 1
315'_" 6.5 53&5"@&-!!:!:!:a»--m&.:é:g:g:g:g:s:»s:!:g,:!_-a %
& oot 2=
{11.1
55}
E“‘0—0~°’0~0\°»D‘a_O,g-0-a,°,oro,0‘0,0~°_O—9~B—0-°-0-i~0-o p 10
50}
. . : : - . 0.9
0 5 10 15 20 25 30
PEPRIREL
(c) DS-3

9.0— 18
85} —e— RGP AR -
' —— g L
| —o— HNERER N L {1.6
< 7.5F L' R I ] .
E1 NS el e 15
sl L4 =
% 6'0 - 113 &
# 55 !
500 L, . . {11
45F ° N N00d X A < Jio
() S—— oo
0 5 10 20 25 30
ﬁi/T D\ﬁ
(b) DS—2
9.0 1
8.5 e SR |
' —— G A |
gar e IR {16
?;5 75 1.5 g
18 7.0 1.4 é
% 6.5 E&E:-"'we’aaﬁ'ﬂ'a'ﬂ‘g"*?'kﬂ{s,!”!sqn 1.3 ?:EE
£ 6.0 12 2
55 o
5.0F 0’“‘“‘“’0\“"'0'0’0""o'a“"°\g/°»a-o\o-o»wa—“\o/a-‘o—o 11.0
0.9
4.5 0 5 10 15 20 25 30
PERRREL
(d) DS—4

5 FEHGG TR ERIRD SRR AR S T n SED A 7 bR

Fig.5 Evolution of elastic modulus and loading—unloading response ratio of sandstone specimens with different damage degrees

8.5
[Pt &
8.0}
7.530
o 75 \
5 7.191
g@ 701
6.655
%‘ 6.5 6.422
x
H 6ol
55
20%UCS 20%UCS  60%UCS 80%UCS
(DS-1) (DS-2) (DS-3) (DS-4)
AR (FUNZL L))
6 AREBHGREENTEXFEELBEEES

Fig.6 Average elastic modulus of sandstone specimens

with different damage degrees

— PR RAEEAT IR AL B (BB i e
AR AN B R A RS e InIELT B DR
T 28 £ 475 BE A B A RE L, B A BE U9 AB B

Vol. 33 No.6 Dec., 2025

5 x i TR, SRR RE U, R BC Bt 5 « Tl R B 1Y
E*/\,*%jﬁiﬁ U j‘:’ABC E*\o T+%:/A\\J((fé:\$J 4:?
2019)40°F

UFFHO'Lds (3)
U=[ o de (4)
U,=U,-U, (5)
Ko AINEBER 750, FEIRE 152, .6, Fl
e A B C = N AR
m@wwuxmamﬁ (D 5 R ZE DR B

T A A A VAR BE T A 2 S B R 2 A
—Ja B ETRRE " H EAE  H R R S e sh
W B A5 £ R B AN TR T A7 AR 28 50 B 5, TR JLIR
PaEh b, A IR A A BE X HH B 2 iR A . X
JE TR P B Gl SR SR A 0 M 4 i e v e
B K P BB, BE B RS A O T
ZU. FHE PR ORI, R B H A TR AR
VAR E A TRE . U — 2 EBOAN A



XA AR 2T BOIRD 12247 o B Uik

it B A

E7 RMEEHTEREEGRSE,2019)
Fig.7 Schematic map of strain energy calculation
(Xu et al,2019)

P0IBT LR B T R B AN
(> 7 kE DS-1 F1 DS-2, 78k A [ BE e, He
IO 725 RE PR AR AR X 458 i ELAR A I 7K SF-, 156 B P 6
PLUCH R D5 N ER S8 A8 R AR PRI, X I AR fiE
SR 5 X T4 5 B A K B b 5 R DS-3 A
DS—4, FCA T 0% 1 A5 R I Bl B K, #E A RRUE B B i

0.024 = = 120
—=—RE —~ERE ——FEHLRE
0.020f , T EMERENEE - FEHRE L 100
o PR i e o
g 0.016 e g0 ®
S 3
E 'y E»E-a-ﬂ'!*f SR R 17
E’ 0.012F N-eﬁﬁ°‘e-ee-eﬁ-e-eeee-e@»e-ee-ee/s e 160 %:ng
m 5
I 0.008 40 15
0.004 | e 120
wiaInissivaininacsiazizenies
ol— . - L L L —1()
0 5 100 15 20 25 30
PERRIREL
(a) DS-1
0.024 T = —120
—=—HRE —-TRPkRE —~—FEEEE
0.020 - SRR NLL  ——FEEBES L {100
e /t\k’g-ﬁ—-z\*,ﬁrﬁ~ﬁ-!\*,ﬁ-ﬁm&rﬁvﬁ-x-&-i’ﬂ‘lrﬁﬁ-&»ﬁ-k‘*,t &,
= 0.016 e 80 ¥
;B/ 0.012 E-!:i:;%,oe-&&eﬁ-eae-ee-e’e seosee,, 460 ;l]g
= o I
E"( 0.008 {40
0.004 . 120
ieineasivessecessceneely
(e . L L . . 10
0 5 10 15 20 25 30
TR
(c) DS-3

T G BR B &2, HL e 2 Y 0 AR BE 7K S AH X6 T
K X R B B R FE (b i e N R o A A T 2
2L, FAEE AN SIVE R T 3 5 R AR T R i &2
T 20, DAL B8 2 9 i A7 E T AR X R A1, e FE
TR T AN 2 o A, NFRE B B 0 10 7% B AR A I
ST OCHEWT, = AR B D 5 N BRI S Sk A1 B
I P BB R A vy, 7 Sy S B 28 AR A, i 55 A
RINLEEM T, S T & 220 Be Gt i AL AR A

SRR U, W RS R G P A 5 R S 8L
RE TR I 200 5, WS A8 PR 2 rh S 80 A F e
A TR, D 1 A2 fig 18 Ak it 42 1
Foo BEAEBRERE AUBG R, A B AR AR 2 2R Bl
55, FEHRERE T REAL, FERE L RETE S 4, AT i il
B AR D S TR AR PR T B G 7 AR N AR R AN
FE TR B I o 1T Abaek 75 5 SO R Y s PR ASS S R
VA 0] LY S5 s 18 A8 A0 R AR B ERIE , Ay B
b a e SR SV TEES %
3.2 FEEIEE GER4FME

AN RN 2 B A b 2 R FE BB o LR AR AIE

0.024 - - 120
TR~ PIEAE — CIAE
0020F T RGN - FEHEENLL 100
& Vo Gilaale sl e il
5 0016F | - leo §
E . a’ﬂ-ﬂ'&a» !a»a-a-u-a-a-g,ﬂﬂ_&ﬂ'ﬂ_ f-&u-a-a.a -I-L-H\
5\;” 0.012 e 00”000 0000 Sooeee 460 %’n%
& 7,
2 i 140 -}::P(
B 0.008 N
0.004 . R . 120
AT IRTATIR2R22RATITIITeeLg
ol lp
0 5 10 15 20 25 30
TEERIREL
(b) DS-2
0.024 5 — — 120
—JRE —~ JHPERE — FERTE
0.020 ——PERE Y —— EEBREN L | 100
o * N etk etk
‘?E 0.016 - F S ¥ W W lao §
= |
~E‘E'E‘E~E-V-E-E-E.E\ < E(E.E-!.E-&E‘a- E(E-a-u -LH
= Qole P i e SR o 60 82
& 2
8 I 440 &
‘E'\J 0.008 5
0.004 oA o {20
RO AT AT A S A o]
o0
0 5 10 15 20 25 30
PRI EL
(d) DS—4

E8 AEIRAEENT SN TRERERLNE

Fig. 8 Strain energy evolution law of sandstone specimens with different damage degrees
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Mechanical Behavior and Damage Characteristics of Damaged Sandstone
Under Cyclic Loading

LIU Huizhi"?, YAN Guochao’
1. Shanxi Dibao Energy Co., Lid., Taiyuan 030045, Shanxi, China;
2. Taiyuan University of Technology, Taiyuan 030045, Shanxi, China

Abstract: To ensure the safety and stability of sandstone surrounding rock in deep metal mining environments,
this study systematically examined the mechanical behavior and energy evolution characteristics of sandstone
subjected to varying degrees of damage under cyclic loading and unloading conditions. Standard cylindrical
sandstone specimens underwent pre-loading treatment to induce different damage levels, which were
subsequently verified through ultrasonic P-wave velocity tests. Following this, cyclic loading tests were
performed under a consistent stress path to thoroughly assess the mechanical response and energy dissipation
behavior of the specimens. The findings reveal that as the degree of damage increases, the strength and stiffness
of the sandstone progressively diminish. Compared to the undamaged samples, the peak strength values of the
damaged specimens decreased by 3.648%, 7.116%, 19.921% and 28.492%, respectively. Furthermore, the stress-
strain curves demonstrated a transition from brittle to ductile failure modes. Furthermore, as the degree of
damage increased, the average elastic modulus of the sandstone specimens exhibited a significant decline. This
suggests that specimens with higher levels of damage are more susceptible to crack penetration and micro-
fracture propagation. An analysis of the energy dynamics revealed that both strain energy and dissipated energy
during cyclic loading generally followed a pattern characterized by an “initial drastic fluctuation followed by
subsequent stabilization”. For specimens exhibiting low damage levels, strain energy remained relatively high
during the stabilization phase, and the proportion of dissipated energy was low, indicating limited crack
development. Conversely, specimens with high levels of damage displayed well-developed cracks, with energy
distribution shifting predominantly towards dissipation. This shift renders them more vulnerable to internal
fracturing and deformation-induced instability, as evidenced by a higher proportion of dissipated energy. The
proportion of dissipated energy increased with the degree of damage, accompanied by a notable rise in both
damping energy and damage energy contributions. The energy damage ratios for sandstone specimens at varying
levels of damage were observed to be 15.030%, 15.978%, 17.508% and 23.899%, respectively. These findings
suggest that as the degree of damage increases, there is a corresponding rise in the proportion of irreversible
energy consumption attributable to microcrack propagation and plastic deformation. This results in heightened
vulnerability and an increased potential risk of instability during cyclic loading. The mechanical weakening
mechanism of damaged sandstone is primarily influenced by the interplay of local stress concentration induced
by microcrack propagation, cooperative crack networking, and irreversible energy dissipation. This degradation
process is characterized by distinct nonlinear and staged features. The outcomes of this study enhance the
understanding of the nonlinear weakening mechanisms of damaged sandstone under cyclic loading, and provide
essential theoretical insights and practical support for the design of support structures and the management of
rock mass stability in deep metal mining environments.

Key words: damaged sandstone; cyclic loading; mechanical behavior; damage characteristics; strain energy
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