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Abstract: Rock masses exhibit significant strain-softening characteristics under high-stress conditions. During
excavation, surrounding rock may undergo plastic shear failure with strain-softening. Under high internal pressure,
the primary stress sequence of surrounding rock changes, leading to strain-softening in another direction, known as
bidirectional strain-softening. Accordingly, an analytical method for calculating rock stress and displacement—

considering the biaxial strain-softening characteristics—has been proposed from a stress path perspective. For rock
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masses of superior quality (e.g., Grade III and above), the effects of bidirectional strain-softening can be overlooked
in the structural design calculations for caverns. However, for lower-quality rock masses (e.g., Grade V), the
calculated rock displacements during high-pressure gas storage can differ significantly—by more than a multiple—
when accounting for strain-softening versus neglecting it. For rock masses classified as Grade IV, this discrepancy
is approximately 14%. Therefore, the strain-softening characteristics of medium-to-soft rock strata must be
considered in the structural design of compressed air energy storage caverns. These findings offer valuable insights
for the design of cavern structures within medium-to-soft rock formations.
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strain-softening; analytical method

First author: XU Chen(1991 - ), associate researcher fellow, is engaged in research on deep underground energy
storage. E-mail: tjxuchen@126.com

*Corresponding author: XIA Caichu(1963 -), professor, is engaged in research on deep underground energy

storage. E-mail: tjxiaccb@126.com

1 5] §

Bl 2 TR AU e T == 2R ) 40N R
SARREIR BRI 2T B, Bl N RS AE
FEREZER EIFZN B, BERR N — AR
ANFERLSY, RN IR N D) T % 52 A
ARG, AR N BRI N KRN Ty, R a8
MG Jy e/ NER R, T ZERE NI PREE S, B
BRI HEWRE I E 5N IR Z S50 B,
RIRNSE RN o0f A AT AR UK, HE 2K
AR TR R TR A . R, IERIA IR
BRI N RS AR TH 5 BELE AR TN T v N R %
& f Bt B oCE

FE % 5y W RIS AT B B, L PR R R MR IR
A NS RAMESR, 15 H N ) 57 AR
Tl 23847 B Bl B PR 12 AT B B 12747 9
AR, Fik, HARENEXE NEERES
SCHP VAR B A FH 0 2508 S 4R WY TR PR I s 2 7 5 i
%o 1. Zhao F1 G. WangPHiid 7 Hb R~ == [l & 75 0
EEAA TN 1884, IR EFFZ 8 G, BAE R
AT IMARTE, RS ESIE IR ER AR, B
BB AELE i35 (AR AR N R AR A TR M. C. Xu 25D
KR 645 53 AT 771255 T Mohr-Coulomb(M-C) i
FEHENN 25 7 e P I VI 2 1 B D A AT
ZAG AR 1 o P W 25 R S e R A R TR =
FELA M2 B = Rt v BBl 1 S ) A%, B ELSE
M § s S A RETIR S S R B AR TR A o TR
T2 R AR TRV Jeb A ) PR e A2 VR 25 vy W e ds AT
I 2 RIS DT PB I E Y B SR g B BORN 28 1
ok Bt . TE SR Y. Xu U WA F A R

R HEAAERE I N %= LA R AT, ga T
= FBIA AT AR . SR AR SEEI R 77 #% 4% F FE T 72
T RS RET E B A i T A s T M B RS
TEAHAE LA FKIE IS, At 78Uk
H B AR RN, R = N I 4T M Bl BE b
LA 2 R AR, 5 0TREE b2 K AE BT UIRIA .
ISR E I EE L B AR SR IV R
FBRAREIGE A, 72 SRR TR =k bk sy, B
RERFRER . BaEBEERESR N T4
8 11 ZOVE RS EShE, (BSEbr TRE R MEE 2]
Mo i SR A AR I s 2 . b st 1 Skim Fe i
AfERETH BlE RSSO ~1V 9 PU)IET 3
LA RE I H Bl RS IV H. FEE R
Bk 22 19 S A Re I H g AN S R 1R
F, HEZHERERRET RS ZE . R ECE
PRPITSE N 1I8 BIEAE R R T, Hoad B 2l A BB 1 B
AR RGN E B, BRI . Rk S —
MRS RE . £ TN, N TR R, @
T AR AN ) - AR IR R A S = BgE A,
B B BRI BN B M RS 10, 7
IPEIAC B, BRE R FH W NBE SN2
K5 SRV B AR B2 e RN, TS R AR AR
RIS T s R e, BW RESESRETET
B BISR iR Y. K. Lee A1 S. Pietruszezak!"*I% FH ${H
ZE T EAES 1 JE T AN 5] Je IR D) 255 e 2 Ak v AR
BAGRIELS D150, R IR et 1R
. W. Jing SEU1IA R F AN 7 VEFF J& T 1 IR
FEEE R IF 0. BAVFESIGERT GZZ =4
FARREEAENIT R T BN IR T IS 7122
PEREFT . SR, 10 5G T 2 [l I AR A A ot P
TR FLIE) R AE 2 B AN A F R 2 Ak B m) B AR AR



FasE FE3W

TR RS B EXR N AN I U RE IR = L ) W N AT T U <779 «

Ao BRI U RETR = B R R 2 N TR AR T 3
BRMAT R RTE M D, AL DR A S TR
I PIRZS AR B HT B VR RE S

ER(TEIE abur = S ks 7N ) VA PSR FNE Y
TMiARE R R ENERN 7. IR A 2R &
HBENIEVERT B, R 3k 381 e ] 5 P8 o ok N 7 38
BACH B TR v T i R T, B N
TIRFP RAEREAR IR BT 1 e A2 e/ 2 B 7T T AR
EINVAPE-FNE ANV I S PERE | 3 i N i b= R Y
UGENIVERN B, RA 7 — DI R RAS AL, H
SEREEARTITHZBr B s, ZRBRE JIE— P IR,
AL RERR Y “ XA AR 7o A R A X ] WA A
WA JR R AR PNk #08. $rinaid
FEF BN IR R AR, INTAEA R BOR A
()77 1 R B TSR AP o AR OR o 2 R A 22 ) B =
AR, AN R B A7 B 45N S A R R AR
ARRZESR, BERIEAME. TSR E
R 5 I RS 5 T SRS B X
A, WHZEIHZREET, BIAELTNER. . %
[ NG R 2 A AR AN R TT 1 R BT OISR, T A
A8 B BT AR 530 P2 S R HE N AL B B o PRIt
USRS R = S TP R R, B A B
ARV AN AT 2 1. K. Qiu SEPHR H 7 —Fil
8 18 AR BN A e s i SR = o 0 S R T
gt T BRI PRI A . (HAE TSN I
HR 75 B 5 S HORE 2L T R BB BT U
AR, BIECAFETHZR BN 2 R A SV EOR
MAEIB AT B BLA R AR R BIA, ASCHEH 2
AT BEANE 1% Lot

ASCNRE ST AR R, 5 BRI =8 AT
BB AN A AR SR A S, B 456 B DD B A R s B
R, JE2% R8I = I A2 S AT i AR o s S X
ML) LA AR, 3 IR = B e AT 2 3 A
J IS AT AR B BT RRL RS ST, R SRR RN
L& N ARG I B S AR S T T, R 2
ST v A S S e K 0 S T SR S A TR A
R R

2 RZEFEZEEENFmEAE B

T =T 2B BLE A J1 2 g i ik O B % o
FHIT RO T, B A IS 45 1 25 RS AZ B
PRI oS T o 3K HEL 7 0 SR figt RE s A0 2 2
LR

4l R LA B R A N RIS
Je L A B RS -
pe<<ccos@/(l—sing) (D
Kb oo @ HINEE RIRR I RN EES A p,
WIUEHR J]

BB Ry e Y )
0, =Py —(Py — Pis (R, /7y (2)
0, =Py +(Py — Pi)(R, /r)! 3)

X o, o, AR S Sy r AT
R RIREE SO, R NI EITZEAE: po N
AR
THZ G I A B A S Ar#e Ny
&, ==¢,= (P, = P;)R; / (2Gr?) “4)
u, ==(p, = py)R; / (2Gr) (5)
X G ABEBIUIRE. B, RAEUENIE,
FELEAR P u, LAIAN AN 5K A IE .
AR SRS ) R S BN 2 (1), R % T
2 e VIR BE B R A PT RE AL T B HIRAS o A =TT
Je s B X (> Rpo) S IR Jy L AR FIAL RS ik
RERQ)~(5)KM, HEA Q) ~5)T p, B
po—M, i Ro B He i Rpo RITT o HHt, M = p,sing+
ccosp; Ry NIBVEX A%,
BEIAYE X (Ro<r<<Rpo) & . /738 /& M-C 58
P
c,~0,N,-2c\N, =0 (6)
Hr,
N,=(+sing)/(1-singp)
F B HCE BN AR AR, 0 5 2 kAT I
Pilo MR M-C HE N H [ A 52 B2 S 4 e o B3R AL
P 5 Al DL AR P AR

X' =x .
1 - =yt (0<<y"<<y™)
(0= 7P (7)
" (r'=y>)

X P NIPERNAR, y° =eb &y NIk AR
PERREAZS, 4 1k BRI RS HF 46 N R ARAR
B y NEEREEZSE c Mtang ;s 2, ' 5A
o P 2 P WA R R AR

22 Y. K. Lee 1 S. Pietruszczak! 3 ${E 11
o7k, i MR ZE ke B A BB X R AR
R J) B AL # B A . i 18R, KRR X
FEL 5 B n ANMERR, HN BN s o 1, 2, -,

nt+lo



«780 EA TS TR

! [ 1
i Orpl | 1Ok,

0 G0= Py Glrtk) Owiry O
B s TE R BRSSP DR ikl 23018
Fig.1 Node division of the plastic zone of surrounding rock

during the excavation stage of cavern!'®!

FEEE R, AR A B N AR 5 ) 5]
AR A2 2
e+ e =0 (®)
Kb CABIKRE, U =10, RREABEMERE
MNAE . & HEIIKA w BIR R A2
_ i*—sylvf(72) ©)
—siny (y")

BRIETFZ S5, VLA Roos BB X BRI A PR B
Jiol) s oy NA D &y, BBIERBAL 0,
R ) TR AR 1, BEA L B AL 3R S 4
) @) KIKMITET S Y. K Lee M S.
Pietruszczak! P 7. FiRPIELE A AR “(0)”
FORTFZR B A RN 2], BhR “()” FoRBIEX H
FEREDSE TR

3 REEITHERBNES NN

USRS R B R AR, 1R E BT B
Rl B R A SR BY IR . B TR = N R IR 3 K,
TRV X PN [ 5 B T ARAS AR IR 8 [ B M D B B
SHPE AN BORB VRS TR B B

TESBPE I E BV TR B, B IE gk g
AEIEVERIAS . WK 2 B, ZRBL AB RFFIZFRIERY
BGRB8 4%, BC BONTTAZ BB B ) 4%
WIRAETFZ M B IR O A PR R A TR, AE
IBATHY B L B A PR R s T 5, R AR
Bl 2(a) HIZi Bt CD1Dy BT o W SRAEFFHZ B B F it
FERA FEAR IR AR TRIE, MIAEIZATHY B A 5 B s
B A E R AR, HN A 2(b)+
B CD\D2Ds FIT7R o

Op

o

(ORIRACE L S (b) FFH2Jm ol e A B 22 AR AR SR B
(a) Rock strength has decreased to  (b) Rock strength has not decreased to

residual strength after excavation
2 ARG ORI R A N B AR R
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during the increase of internal pressure in the cavern
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Vi 1.3 0.35 0.20 0 27 23 0.010 3
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Fig.7 Evolution of surrounding rock stress distribution with internal pressure considering strain-softening

Bl 8 At T ARG LA 2t T T = Py R
Jor sk 2 T B Ak DA B VR LA B AT B 4. 4 BRLE
R (a0 100 %), TRl SR Bk 212
T B, A AR B, T A A 15 MPa

I AT R P A AR, A R B R
EXT Vi R, TREEAE RIS RI5E AR T 2R B
PR . A= NIRRT, A N TR
JUF-H AR SR LA 5, HRBEE S NIR PR



Fa5E H3W TR RS B EXR N AN I U RE IR = L ) W N AT T U - 785«

151 151 14r  I&{H: = , @P=138°
WEff: ¢ =1.5MPa, @"=48° WEff: =10 MPa, @7=32° #{H: "=0.6MPa, 97=38
/ & T r o 12 -
12+ ,L/ljﬁﬁ c¢'=1.0MPa, ¢'=32 12+ K Shde e . Be4r: ¢'=0MPa, @'=30°
i 'I‘/ R: ¢"=04MPa, ¢'=32 10+ I/" N
; —o— r = 5 m(EE) S e = sm(E) F —e—r=5m(IfE)
g o —o—r=506m e TN/ —e—r=51m s st —e—r=34m
= 2 |4 —4—r=52m = —4—r=57m
S 6 & 6l e r=53m g6 —o—r=6m
PR NN
3 3 T g
o 2
- YK/
0 X 0 el I 0 5
0 3 6 9 12 15 0 3 9 12 15 0 2 4 6 8 10 12 14
o./MPa o,/MPa o,/MPa
(a) 1L, A (b) I, 22L& (o) IV
(a) Grade III; (b) Grade 111, (c) Grade IV,
14 151 15 Wgffi, = P_p7°
Weff: c®=0.4 MPa, "= 33° WfH: =02 MPa, ¢P=27° WefH: 702 MPa, ¢7=27
12F
BA: ¢"=0MPa, ¢"'=28° 12+ BAx: ¢"=0MPa, ¢'=23° 12+ B4 ¢'=0MPa, ¢'=23°
10 " e = S mE) e =5 m(EE it
, / r=5 m(ifiEE) ) —o— r=5m(EE)
< gl I —o—r=61m < 9f / —o—r=86m < 9F [/ —e—r=93m
S ——r=69m < )/ —s—r=110m % —+—r=131m
S 6 —o—r=75m EQG —o—pr=128m & 6 —o—r=15"7m
. BRARDRIELL oo
2l 3 3 2 "f:’::‘
B2 ¥ VA B P 28
0 L L L ! 0 = 1 1 1 1 | 0 1 1 |
0 2 4 6 8 10 12 14 0 3 6 9 12 15 0 3 6 9 12 15
o,/MPa o,/MPa o,/MPa
d) IV, A (e) IV L& OV ZHE
(d) Grade IV, (e) Grade IV; (f) Grade V,

K8 BN AR AN A I A i A
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Fig.9 Comparison of displacement distribution of surrounding rock with and without considering strain-softening
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