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Abstract: To further investigate the unloading mechanical response and yield failure mechanism of tunnel surrounding rock, we
analyzed the strength law and failure mechanism of thick-walled cylinders using the Mohr-Coulomb yield criterion. Unloading
deformation and failure comparison tests were conducted on thick-walled cylindrical specimens made of natural sandstone and
cement mortar materials, aiming to explore the unloading deformation and failure mechanism of tunnel surrounding rock. The results
indicate: 1) Compared to loading and unloading experiments on rock core specimens, the surrounding rock at the most dangerous
point around the roadway in thick-walled cylinder unloading tests reached the material’s elastic limit more rapidly, making it more
susceptible to yielding and failure. 2) The unloading deformation of cement mortar specimens was consistent with that of natural
sandstone specimens. Unloading deformation was essentially complete when the unloading ratio reached approximately 95%. 3) Under
high initial stress conditions, failure occurred in the surrounding rock during unloading. The inner wall of the specimen first reached
an unfavorable stress state, leading to failure. 4) Unloading induced the surrounding rock to squeeze and expand toward the free
surface of the circular hole, producing extensive spalling of “fish-scale” rock flakes and rock blocks (characterized by thin edges and
thick middles) from the inner wall, resulting in localized damage. These findings provide theoretical support for stability control and
supporting design of tunnel surrounding rock in deep underground engineering.
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Fig.1 Strength law of loading test of core specimen

R 1, BEE o) IN3EIN, N7 REZEETE R,
B A5 A0 8RRt A . SR,
HHEENEANRE o, 2K, Ho BT /NER
71 (B o, MEESH c. o (AKX (1)),
2.2 AR EIR R R

HiF (950 mmx100 mm) FE a7 1R 56 55 B
B, wE 2 fos. BF, o « o'y ol BINHIE,
H bR I I I REANFI R TR o 91
R o RIS AR B R A AT e 0— Ny 22 J5EBE [ £
SEEE p, CHREL =8I o, =0,=0,=p,) -
M P fer B —RESME (Bl o, =0, < p, ) HHT,
#op BN, WIENT 2 0 B A A AR, A 2
MR EA O # p, 48 T HEIERIE, 15 EH 2
0 I A A NIGF iR, Wil 2 BRI RA@F 7R 4 p,
BOR, W 25— IRESME o, WA AR,
Bl 2 N ARG TR

L s
0 11 I 1l I
o3 0 0 o

B2 AR AR 5 R

Fig.2 Strength law of unloading test of core specimen

EIE W R AR (950 mmx100 mm) i
RS RERAE (200 mmx200 mmx200 mm) 47 ]
For i, AT 0T o S8 £ % A 10 B 36 PR B 150,
2.3 JELEE [ £ B A A e 5 P v

Y SRR TR R AR, R TS AR
I R, DA JEEEE (5] 5 7 1) 2 il xR A g ST A
AARR R, HLIGHR 6 AT 353 B B W S RE 5
fai A ) i 1. JERER RS A P A At

X Ry« RyPAVNEEERIFEIN A2, Sh4R: p
NEBEREANEE: o o, A0 RR RN )
[N AT s r AR AR

MHEC (2) A EEER & BRI 108

O-3zo-r:pl

_ (2]70 _pl)R52 _le(? (3
RS - R;

O, =0,

JELBE 5] 5] B A A (R 290 mm. AMEN
200 mm. 42N 40~150 mm) FED a7 156 50 5
Wl 3 . Bd, o oy RN I T
Bl . XFECIE 1~3 ATRVE H—NEBIILSR: 7K
1, BEE o 3G, HNEmAEKR: EE 2
i, BEE o, = o, BN, HRN R A AR /N TAE
Bl 3, BEE AR ST p, BI98)S B [ [R] f)
FAANEER R, BIE 1 ATE 2 H Ry a2
) ARAG T, T 3 H RS 15 XU m) AR o BT
58 FH JELRE [ 1] LS A A DL N for, B2 B 1A 2R Rk
PR BRIRES (RUE AR BUR) o aX —E0 AR,
X TR T RARFE L.

T{\

PN

TPET 1 I m
0 o' oy Oy o o o' oo

B3 /NRURR A T A R P 9 R AR
Fig.3 Strength law of unloading test of small surrounding
rock specimen

2.4 JEEER ) Bl A R E0 R B AR

18 J5BE 5 £ LA AU T A2 e R
AT . ) E 43 A ] e B i A DX R g i B
HIRBIMRHE R LA PR, 7= A AN AT () BB T
Jee B DX N A BE TR A6 T [l BB R . A 1 HIT L S
RHIERERRES, FTEIINERAEN . BT
Mohr-Coulomb  #E JJ4fE 5 J5 B 5] 124 6] 25 A4 1) Jee T
I, FX 3 AR (1) B2ERTE A 2|5



I

%59 RV TR o Al 0 Jst BT 2 380 4 AR T AR R 2679

P AR PRIRZS T 1) Jee AR v D) C e B v D)) -
p, =Mp, — Nccos (4)

e pf DR A Jo S A B 3 AR RIS ) PAY fs 4
FEIE7) O m s, HA

_ Rising-R;

(5
Rlsinp—R:

= M (6)
R:-R}sing

JFE B (51 15 BBl e RO ER P s D i 51 R 1R B
AR YRS, 24 R 5 R P LR p, S
2T pl IF, MR A BE LS R UG N B IERES,
BwIas AR E By B pidt— DIk, IR ASh
BEP R . WM S RS s DI, KPR
BEBI AR IE L (R/R,) 43 5 35 56 0 [l 4 1) st AR
A7, 43 5 B e LA 1 T B 4RI T p) R
N, BUMEEEL (RPFEERE D RI4R ) ARG 7 P
JE pl > SESRPUEIGIINGE T 2 ERE R A 2R L
— R, T RE R £ BBl A R A S AR I b L 2
U, WTRURI: OMHEE p, K, H1E
JE 10k B BROIR A B AR A R 4EFF R T p) 2
LRI N, v R AT DAL 4R e L U IR A
@M EAMIE RS ¢ BRI, 518 JH 035 BIALFRAR
AR W) TR T p B/

T80 3 AL R B K i I g py s 3B Y
BRSSP EAR S KPR . BT, p &
B CHEAT+U R AN+ s SR e ), — A
1 MPal%. X h S HLI B8R T B RTERE
O 776 28 e DA 10 S R AN AR 1 R R
2.5 TR EBE [ i 0 £ 5 R vEE

G PR B [ e A L R B B B o 3 A0 R
A LAME R R

2 D)
%=A)H;;—A
0

X o NEHEIN T p, L.
WRAE (7)) ABTE LA RIFEE

O-3=O-r=p]
0,=0,=2p,— P, (8
O-Zzo-z:pz

L (8) A (1) 7IfF, JobRJEBE [ A A

T e, T8 ] 12008 2] 5 A PR TR 2 B A e R A D1 € B
DR FEHET]D A
P, = p,(l-sinp)—ccosp D)

X (9) HEEERGE AR (4) - Xt
e BATHHE, FERKKX (9 XokT, B

Dl =—D,Cos@+csing 1o

M (10D \T%1, Y4 @ = arctan(p,/c) B, JERE
B & N R p BEE o I 8 KiK. 34
@ <arctan(p,/c) i, p, BiEE o W3RN =,
FARNEREAEEEL T AEY 45°. 8%, =5
MR SEIL T pyle =1, Z55AF T FA BN BEEE A
R, TARTE AL 1) 75 E 4R p kDN, LA B P EE
Bk, MIARTE AL 0] 75 ZE4EHF p K.

AR, o PR SRR [F] AT AR AR 15 1 5 TO R 4E
i, TR, HAESEPRN Y (AndRiE R
FEPNRED FER RS RARK . BT R %A
e, BRSO AR T Re 2 i il LA R 2 E R
FEPI G R LA v T B IR
ARRRSAEAT A, FTRMBIEEMH . BT
BFFEART: OFINARLFEZM: @FINRT
BN @BERFRIR R R UHE E. &5
& IE & Y 4 e % B -t s Al S o 386 18 B %8 Y K
B i oA

3 JHZET B R gt M e T

3.1 JFEZETERAEAR R g vt B R

e 6 S 56 25 ARSI T T2 0 R A SR
M, —HEEMER. FEMNERBNT, 7%
JEBE % 2t R B SIS B L U, e
RIUAAE T73, BETHZ R SEELARRE “ AT
PR B RS, R A BE B AR 1 S I )
WA 0, AU A R B RE B A A L py e B
JIEIERE 0 I RE, Wl 4 Fo.

B4 BElERAAYIERR

Fig.4 Initial stress of surrounding rock specimen



2680 et +

VAl ¥ 2025 4

Xof JE R [ fe L5 A (0 P &) 2 B e it o
FHIFERN p, = p, = p, » B —IREREE BV 4G
Rty CA=1, A RMESRED RE, b EEER
T AN PRI JAEL B TR N FT o R Ao 2R PR — B
MZEFGE S, REFINEE p, MEE p, fHE, KW
Bl K p, 4% HE— 58 F S A ol SR AT BRI, SR R RE ]
IR BN 0. EIRRA IS EkE, dRERfris
A BB AN AR A2, SIHIF 7T BBl E TF 2 S i 251
NHIIIE R

P, WEHE EMR T HEE (BRE) BEI
SENRAEIRIG RSE (B 5), KB I s T
SEIE R RECY . I RGURH A RERIEAR, B
3000 kN FJs KRl ) in# g 771 100 MPa K T
PEM . P A s B BRI T, 1T
I3 ST R A s L S A LT« YL RS
1 150 mmx510 mm, PR 526 mm*350 mm.
[FI, KA TDS530 AU MARSCR A RIS FE
(R ARHE , AR EERE N 0.1, B RAEATR N
1 Hz,

It
EVSICEAE

Bs #HiE (BE FZEmlRRgEs

Fig.5 Tunnel test system of excavation unloading!®!!

3.2 RAEERI%

RLADLEN e 18R FH (2 =8 290 mm. AMEA
200 mm. WAEA 100 mm F7KJERP I J RIRED 2 5
R [5] 57 [B  aA CRRTR FB A ) o A T e ) 2 )
REE (B 6) FEFUKIKEL N 0.4 HRIKIBRD R, Bei
U IR B AR IR N (2043) C {EE N 90% LA
AR ETR YRR RS 28 d, B HLAKS 0 Tk
IR YRR JERE 5 e L i o g DY | S 25 3
BB R AR 5 RN ARG I LR IR 5 [ B [
[GIEEE=R7 NG

[F, A7 R R S, W& T
IK VD I Je R SR 25 VA b kL I A 1 25 285 ik A
(¢50 mmx=100 mm), FK1F [ /KJeRbI G RIRIDE
PRI 12255 S5, AR 1.

Blo MMEHEARERE
Fig.6 Plastic molds and sandstone blocks

K1 KERDEKEDENMENFESH
Table 1 Physico-mechanical parameters of mortar
materials and sandstone

N PURSRAL WEER BRI WMEEUR AR ABdloR  wmE

/MPa  f4/(°) /MPa /GPa i /(m s /(geem?)
7J<fl2:: 25.0 23.6 9.20 7.9 0.19 2384 1.97
i3
RER
it 48.0 29.0 12.03 10.1 0.25 2976 2.35
[F=

3.3 WELHAAR

KA T i R R A D) AR T A, 7ER
B [ 127 B 5 4k A o 0 R B S 85 mum 57 B AL A
ANEE ERENG 2 2 (1%, 2F) NIAR Ry, WAL E AL
BRI S A, AN AMUEHTIX 5y, i 7
B

2%y 2%k
— 1" 14k

85 mm60 mm 145 mm
U T 1

B7 BEEAMEARFENEATE
Fig.7 Thick-walled cylindrical specimens and strain
gauges layout position

34 REHFE

DNPRAEEIf RS OR,  ARAE D A KoK D A
M T 5 R Ve N . D ERE [
BRI AR B fur B0 B T B T N 20 MPa, 7K JeRD
I V5 RE 5 fa R o R 0 ey B B N
10 MPa. Efuf iR 36K R A3 77 5, I /)
PEAE DL 8, HEARIS T R U

(1) JERMBE: A7 B 1k B R A R TR I
TEF T RAREN, B JeTE Bl (1 i a5 b 2 MPa
R (04 BY); LPLO0.1 MPa/s [ In#k e,
TE Bl R A 0 P i e S ELE I 2 MPa ()14 (AB
Bo; LL0.1 MPa/s INEGE R, fERFmHA . i
Jis S A Bt 0 Auf 2, FRIK BIWILE R F17KF (BC B



I

%59 RV TR o Al 0 Jst BT 2 380 4 AR T AR R 2681

=

(2) 4ERFMTBE: A iR IE IR S137, il
Al P S A ERLIN 3 2 1 e IR N H K s, AR
PR AR Y RE— B TR (5 O

(3) EIfaf BB 7EORIE ) A &M 17 AN AR 11
AT, EERAMATE (CD BO.

(4) YEFFBY B : AIRTFEIfr J B 1 AR AL,
TE il ) S AN ar AR R ARFE 10~12 min (55
D),

WRIGIE R, R RS2 H BRI 03l
P S A B N F1 284k TR, AR S SRAE I
DU pst A L X A P A B A ) 2 AR AR A

B8 MR
Fig.8 Stress path

4 JSEE] i Bl R SE T AR PR

4.1 BEEEHETRENE

K 9 N RART 4 KoK YR b AR B B [ 12 R
TR S ey X B o R P B L) 1) I A8 i R [ (12
TRl 2. Hor, IENARRIRZ S, FNARRZIE.

FARND 5 Bl AR A 1) 1) 92 A% o B 1) 2% 4 155 0
R, E 2 FE PR AR, L BEE A
RS, AR INE B4R, T RR
Wo MRS T v, 6 R I6 AT = i kit FE
W TP S IR RGP~ R AT, WO faf T =
TE8) TR A BB S A8 — i ) 28 (R 7K T

E7 5 V) AR T 2B B AR TG
BB AR R T g B . 7RSI BR N B i R
A TR Fe b, 5 0 T 5 B s A i 2Rt B
FEPT 0, ARTLR T H A B PR . R — Wi,
AR BB A A 07 A i U ) 7 28 4 2 v 4
i, 2k 2 %, [F—#k b, 170085 N A &
e 28, I 1R SR S, &2
ST RIS S N ) B IR, SR TR
PR

| . A —a— P
ST AT
- Dﬁ/%fl . —e— 1¥AMI
0 TR 2Py
-1

—v— 24l

b MAR/1073
&

E=5

=5 HYELT ENTEEL AR S5 AR B
-6 M ! L 1 ' 1 Lt
0 200 400 600 800 1000 120014001600
e [E)/s
(a) RARWE

ENT LIRS

— EIRLE R A

IS R Y T

E
’:g —o— 174Nl !
= 3 a2t
= ol —v— 274 '
o
-5 b dEEEBVEL BB EIRE R
e e e——
76 1 1 : 1 : 1 1 1 fl
0 200 400 600 800 1000 1200 1400
i [ /s

(b) /KWK
B9 BRI R AR A R AR Ak fh 4R

Fig.9 Tangential strain-time change curves of two
materials

KRR 3K TRl o A S0 A 3o 2 ) i) 92 A R e
5 RAIRRD S E Ay AR AR — 5, AR R
FITIX o AKBRDJ BB AR E = Rl mr B AR R =4
TRUNE, AAFRAEAEEB AR . 5KR
WA BT, KRR BRI R o 3R 2
SRS, fE S NG RET, SRS A
AR o AH P RAERL R AR AT A I U R AR
SIHAE (B 9): BRRPGER I B, AF R
FETERREN B AT, AR A Mg & R
AR, A P FLBE = AR ) ) AR e B v T bR
TG RGN o A Y ) B A7 B AR R0
RAVIFENAS, 3 S S R R AR N AR
42 FEHR
N T B e Rl ) S R N AR i 3 47 EL
ARk, XoF R AT LA T T
R=££Ziixum% (11)

0 s

P — D

A: RAERTLL: pf WYIIENEE: pf i id
FEFPIE IS Z) ¢ KN BERAE:  py DS 452 i g P



2682 b +

71 & 2025 4F

. VERE, R H]ERE B f] FEla A h AT i E0
g, WHIEHERE 0, Hip =0.

B 10 9Rb i JeK YRR AR A D) 1R B AR
T A th 2, MR LAE P RRRDEHE
HR R EIAT U 1) AR HS S I — S A A AR
W ET AOIEAT, DI NARHE AR S BRI A N
o BLAh, TERREKIERD HIE A RIRED 2 5 1P
FEENT LR B 95% e A5, ENFT I B AR T AR 56 il o
BEGER, fEEATJa4ERpT B, ARSI,

T 2.0
B
2 30
—o— 1"1)
—4.0 F —a—2¢N1)
—— 2]
7540 1 1 1 1 ]
0 20 40 60 80 100

Wb EA E%

(a) RINIE

MNAR/1073

I —— 205

1 1 1
0 20 40 60 80 100
IKYERD IR ENFT L%

(b) KIERH
B 10 Ep7 R ARRE I EL AR S

Fig.10 Variation trends of unloading strain with
unloading ratio

WHFEas RARW],  Efr kie thoK e SRR L
BRI AT S AR AR AR — 2,
HSCAT DA R B8R P R A A P e [ ] Lo 1Ko L4
TKVERD AT RERAT RAF AR E T S ATt mT AR
Yo SR ECH SR, I AT BLSEEUAE B N A I
Jeff, IXFE T SRAGAE R BAR IR I B dE,  BETTAT AT
THYZENAT 26T T LA 1 = AR T A .

5 e Je AR B R LAR o3 B

5.0 B ST JE AR A AR AR AE
W FOEE B 0 e A S BB RFALE s ASURT A%

R A BIANLE], AT LU SC 3R T
FRALIISIRAE . PRI, ASCIEHAT 1T — R A EfT
WEIRRE, R 1E SRR S AR S T8
FELA R SR RN, b2 LA ) A e R W B
40 MPa, KW KB A XV GEREEXRE RN
18 MPa.

TRIGWILETE B R AE P A LA B 1 [ B e
ik, (EIXPRE AN IPIRE Tl 1 &AM # 2
TR N IVER, BRI AR AT 5], FEAE
PFFFZEfF I R, B PN B far 2T B,
FRLE N S PIRASHAT R, FEEE N E A0,
0 22 ARAR PR S AT, ST P FLEE AR R 2 R A
SRR, FTF 0 (4 R BRIRES 8T, T
1B R IR 25 R YB RS JEA AL FBLA R 1 P4 B A A
BB AR SRARAS T T ] s R 1ME p) 7308 1447
4.98 MPa. 1XEH, b Bl AR Jens % H
FRPE P R 53 B 22 14,47 4.98 MPa B,
PN B R R A S IR Al RSB PEAR T . Bt PN s A
it — DIk, BHERERR, FEERICEY &,
Tl RRIRER AT S Bk SR 2 ik, R N PIRAS
FRe R AL, ATRe S i —0 SO XN
SR AR, RINFEA R MIREBISEIR . Tk
K, PO MIGEEIZ 5 EIFR 4 0 MPa, AHLL
Z FRY A RIS 2 BE ™

M 11 HaT LR Y, RIS A KK JERb 3K A
AR SR AR TR . W0 BlA R e N BE b=k
DX (2 F )2 S ORI, BOIRBRIA ) s N
31, T ELAE PEE A IR 7 R 1 X300 B (1) 41 B
PR TR, ROREA AR ) b AR IR IR B A A
BT HMEE, T PYEE AR BRI IX S, AP RESERE
AR IKYRRS IR AW DT Ja B A
b T A P S T e S A i A A BE R AR TR,
FEAET AR ARG, IR H vk 2EUH G 20
A R R i, s R m R T — iR
IR, (RREIREA A 2R E, R haE e
BB TN . IS 25 R 5 IR ER S 7
Mrah A BT —30E.

52 BEAEBEYHSIT

FEFFFZEAT IR0, il o V5 [ F2 P 0 A 285 1
W (R p i HTIR/N D, A A 0K i e AR TR
B RFRIERBDRES, TR IB I BTRES . 24 p 1B
RN 0 1, H1E (3) 45N S AR A B A e
B2 B, R s=RI/(R:-R)=1. B, 186
T JE 32 A A B AN B RS



%59 RV TR o Al 0 Jst BT 2 380 4 AR T AR R 2683

9

(a) RIRWA R

(b) KIS SRR
B 1 EEREER

Fig.11 Fractures of surrounding rock specimens
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Fig.14 Variation law of stress field solved by Kastner
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