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Softening Effect and Control Measures of Surrounding Rock in Deep Buried
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[ Abstract] Under the action of groundwater, the surrounding rock of a loess tunnel will undergo varying degrees of softening,
greatly weakening its strength, which brings many difficulties to the design and construction of the tunnel. Based on a loess tunnel in
Longdong, different degrees of softening were set up, and finite element numerical simulation software was used to calculate and ana-
lyze the deformation of the tunnel surrounding rock and the stress changes of lining structure under different degrees of rock softening.
At the same time, a comparative analysis was conducted on the on-site reinforcement measures after the softening of the surrounding
rock and the lining structure of the enlarged arch foot. The results show that after the strong softening of the deeply buried loess tunnel,
the settlement of the arch top increased by 271%, the uplift of the arch bottom increased by 283%, the horizontal convergence in-
creased by 205%, and the maximum principal stress of the initial support increased by 107%. The most unfavorable stress position ap-
peared at the arch shoulder. After adopting two reinforcement measures and expanding the arch foot, the vertical displacement of the
surrounding rock decreases by 5.1% to 77.81%, and the maximum principal stress of the initial support decreases by 17.7% to 46.5%.
From the reinforcement effect, it can be seen that the locking foot steel pipe pile reinforcement only improves the deformation of the
arch foot surrounding rock and the stress on the lining, but the effect is not significant. Using enlarged arch feet in the lining structure
can effectively control the deformation and stress of the lining structure, and the construction difficulty is small and the cost is low. The
curtain grouting reinforcement has the best effect on improving the deformation and supporting structure stress of saturated loess tun-
nel surrounding rock after softening.
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0 318 ASARR B, (HIL -+ UAFR, PH AL X B - BR 3 )
TEH R REIE TR, Y8 A TR BN, SR U A+ F Ao,
IR, 25+ BB B AR E Ve LS a2 eIk T R A T BRI B 25 K 3, 4 iseit

EE R A L 3CH, B, 1996 47 A4z, DU, Hd @ vg A, i1, B3 TREE, 2 NS0 BB A 19 303t 5 RHF TAE . E-mail:
2390034792(@qq.com


https://doi.org/10.3969/j.issn.1007-2993.2024.06.008
https://doi.org/10.3969/j.issn.1007-2993.2024.06.008
https://doi.org/10.3969/j.issn.1007-2993.2024.06.008
mailto:2390034792@qq.com

LA DRIRARL RN B - BRI R A RO, S il et 693

Jit T AHZ B SR s 2 R

H T, 52 & R 2E 800 & KR B+ RRE i F
2 KA HEEAT TR, EEBEAED R 2 Rk
DU T3 VTS B8 N BRI 6 EA T T 10, ()R %
BIFESE TR R, IR HEE R RE B R
FRAT G FBA A YRR BIZ5 40 52 SRS AT T 408073
TIRREES i A FRITH A3 HT 5 X B+ B ik
T 4 PSR 00 A0 5 SR AT AT, & BN L
HED Hb LR FH AR AR ATE 15 A 1 7 7 v T D4R o i
TE L AIMATRE )5 BRI B SE 58 5 X IRl s 1A T H
FEREIN, T BAE B /K A B - s SR AN A [
Ik S 0 2 A PR, T L KRR 25, TR
IR A6 S o 6 g e, R W T/, 3K AN
T R A RCR BT A R SAMG S AR PG Rk
- PRI, S B WA 3 T R W A Ao
B 1 2 BRI KR Y FEAS U B D £ X TR
TR 2 B K B b2 B A R 2, SR T
ARSI R, 38 i AR A T B L &
BRARIEA T AT A0ATT, R AT R 1 4 AR AE R 1 2
U KB 1 M2 AR TP IS T R AR

25 b, H AR A R S 2 R R A R
X % T AT R4 48 27 AR T R M BRI R 22 D
PRI AS SC B AR SR 7K o i oy TR 5,
I EAE AU R, BFIE T A TR R AR B
T E L RRTE A RS RA AR, [ B X B
AT TS, 2SI B 1 pRE T AR 1Y
SHFMEL,
1 TiEHR

MHE TR M B 7R B R HE B+ BRTE, Bs N A2 A
1B 0GR e . BRE 22 A TREHE S 21 ~ 38 m.
BRI SRR 112 mo MR RS T S 80, bk
T T A, M2 A ORI R S
Qe B 28 4 PG (Q) A B+, FlAH
SRV S, BEAEXH N KR T, FEE USRS
BRIEIK, M S KK FREE M DL . B IR
Bl THHZ R = B b %O L3k 2. BRiE
P MR B F R E T T, SR A A A e i

I8 K280+265 4h% 1B /KE N, L4k 4b
TR BRI B Kb TR i B 1 TR R B 7K B
Hu T, 2t S, TR B B KRR R 26%
LA, MR KR 2R 54 m, 2 6 1 % T R 2
k96 m, BRIEN T R 7KW, TF-E 8 R IR ARIRE.
2 BIESREEEIRR

RIS VORI, B 40 RN T BT o K e

FERIBEAS, FH B R R R T, 358 2.3 45, N
JEE AR BB AR A R, AU 1.2 4% 3% A X ) —
+o XHEE HRKE R EE SRR, DA ARG
ST RN ) 32 S R 0O

BE T 7 2 R 2 S5 435, F 2 A =2 4
SERIAL PR E 52 J1, B4 K280+265 Sy HiL I W if, 47
RE T BB AL 155 rp 2 2 A W AR T B
Wy AT . B BIRR ) o WS o 55
BORFRAEHD)Z R, B LI o M2 FLA S HCR AL
A HERAL, 5300 B RO R B B, AR AR B B
X TR B -, AR AR B B iy H i AR 2+,
SR I S PR B A5 A T BEEARAS, RO v +
2.1 AERE SR AH

BUERA R midas GTS NX A PR ICEUE L
B, ARG BRI PG 1E SR S AR A, AR HE 2
A e R, B T 425 S S M 91 B — 8 A 2 s
Ah 3~ 5 RS, IIE B LM B Tl LA AR 2 it
TR, AR AR A R ST R AR 100 m, 42
AHIHAH 100 m, BEEIEEE 96 m, AR A Hi A,
BUERSUIZ R = B i B0 ik, BUE
ARSI 53 ULIE] 1
**l‘ ,:T'::“:'ii

100 m

,,,,,,,,,,,,,,,,,,,

B 1 HEEREMNELS
Z W B OB AN (2 BB TE BT 25—

W 2T AEYITG 3370.1—2018)1Y, £5 BB {E # A
B S8, BAREE RS2 a5k S80I
=1, %2,

®1 BERESEE

LR TR SRR EE O M RS NEEA
8 » E/MPa wi% y(kKN-m?) u  ckPa  p/(°)

REALE L 180 15 16 0.32 50 28
hEfEE L 100 20 18 0.36 35 27
ML E L 20 26 20 0.4 20 26

22 HRH5H
(DT
TE SR Y 2035588 14 MRRIE S, FEH A ARtk



694 A+ T OB R 2024 45 6 1Y)
AL SREAL AN B R ) (S, 75 B ) 300 e R A
5 i 9 N HETRTI0 %
ARy B T T PRI 1 37 25 R L) 2, - et Lo 1o
T2 BEIZIPEHSER g E §
A — - — @200- fISOQ(E—SO 5
GEMATR BEARE/MPa TEEY/(KN-m®) T Hu iy f— = <
k3 28 23 0.2 §§15° T ‘2°°§§ 00 i;
- 30 23.5 0.2 100 1950 dao
ML 2.1x10° 78.5 0.2
50 1 1 i | 3{\[\ 20
st AL BRAAL
AR
—o— Rk B3 ARZAEETEAMBETIHE
—o—filKAL .
B AL,

8[E]

B2 ARRLEETREABRESEMABELL

SR AL T 00X o7 52 B B 25 T R A, B 5
25 LT TR 5 7K P84y 1 4 274.6 mm, 110.9
mm, B33 B LTI A 308 mm, 7K EL
1277 mm, 5EE RS R AR L, 1322250 5 R
10.8%, 13.2%, RZEFE ] B23Z M B N, 10 FH BB 4L
THASE R 5 IS0 LB ARAT

F L2 W, O [RGB B L R 1 S TR
BRI HH AR B SRR, 45 BB [ A Y R I
BETRTRE I, HUR O REAC AR TE ; Bl #r B2 A AL R
AN ISR, I Ji) B R 1l 5 B 34 & AR A TR R B G
BETITRE . HERREES | K ISSHE FL A B A b
KA 3, = A7 B AR AR (L A S L P b
K, BEIERPAIRE, BETIRESE K T 271%, #YE
PR KT 283%, /KIS KT 205%, 7 LIE H,
HEIRC A KRS R I, LU HETRTRE 5 7K
sk, WE 4 fis, B4 & AR, HaR R KRR
X, SEFE AL, it T, HETURHE & A
TERAY, SEUEBIIGE R ALY

(2) B 1538t

mE s Fros, i T s, B S AL
N Al o NE DR N[ NS | B )
BRI E AL, R Z L, HAERRA I B, it
JA MR N IR AEE A B K

B4 FHAZIPHIT T

WK 6 i, AR E T oISk, /b E
NSRBI R LR, W LAE H, ek /NN
J1E KA R AR BE AR A A — 3, 3R 5
PR, Z 58I, s B Br i K 320 ) 5
KAEIEF] 2.15 MPa, BARAREIE KT 107%,
il C25 VRBE I hrhiam B FRAE, &8RN, B
o 1 95 N N = 1 1 7 O N 7 O A
5+ KA RI B AE2A AR, i rp ]
VSYERLST, AR B Ty 2R o, BRI 4544,
fili 8 14 fk, 7k E T 2R %, R, BT HE T K2
AL HiA5 3%+ [ SR EER K, BRI S &4t
1RBR, H= R AETHE .

3 EAEMBEREESH
3.1 I e B FieAm ik

KB B 2, BEIE B R SRR AR AR
FEVERZE, by TR ARV SRR IR L RASIE | i3RI
SUERRIEIRE , A T AR K TR IR

BT T K AR, B, KR
Wiz th, TSR BN, (EAAHEER A7 Bl ik ™
L, ARSI, o Blg HA R BRI, B T
1S AR UL, B R T TR, XL UL, 887
KL ISR 48 e, QnlE 7 Fros, ZERER AN HE AL
RO BN ¢108x6 mm FNEHE, INE MR K R
6 m, ZA [ [B] HE 5 AR HE AR ] — 2, [R) s A O



T SC A PRUARLRTE - BR 1 R ARk S A e i 695

PLANE STRAIN STRESS

S-MAJOR PRIN/(kN/m?)

50, +1.041e+003
" 19.069¢-+002

2.7%
= /+7 729¢+002

45.048¢+002
14370764002
11 3+2.366e+002
33 00F1.0266+002
T vr3.149e+001
1077 1.656e+002
$3,2:996e+002

~4.337e+002

3.3%
—5.677e+002

(2) REACII AP I K 1 T

PLANE STRAIN STRESS
S-MAJOR PRIN/(kN/m?)
5, +1.670e+003
. +1.141e+003
. +7.417e+002
5, +5.070e+002
0, +3.557e+002
S F2.421e+002
(o107 1.470e+002
$30,76.745¢+001
+3.760e+000
— 73 993¢+001
~1.019¢+002
~2.614e+002
"5 711e+002

(b) "PARARII AP R 320 )

PLANE STRAIN STRESS

S-MAJOR PRIN/(kN/m?)

&, +2.150+003
" +1.569¢+003

L; 5, +1.098¢+003
5, 6.948+002
S o0, T4.851e+002
¢ 50, 13.246¢+002
= " 42.051e+002
330,71.043e+002
15 301.788e+001
1o 10,-3-877e+001
5550,1.042¢+002
450, 2855002
3 .- ~6.590e+002
(c) SRFAAI AP IR TR T
B 5 MHAZIPERRERHZE
24
1-1.2
22t
1-1.4
20
g 1-16 £
g ——RoKER) | g 2
=16+ —s—I/NER ) =
H 1-2.0 H
K 14
il 420 m#
L2t
1-2.4
Lot
1-2.6
0.8 1 1 1
Al iR fL SRERAL

AR
6 AREIERWIRE TR R AL i 2%

l 7 iJ;,ﬁ%MiﬂiN"é‘*Ei]ﬂlil

TRR I 1, AT i R

E‘EItF, 4> BT 1R 1B K AR R K, Tk
WK, E P AN RER, 5 S BRI s
By, Pl T2 A1 LR, TR T IE F T, g
XM KHEATCHE S , 65 A TSR e 1=+ 17
DI B S 47, 2 J5 % A R4 BT HEA TR v S [#],
Pl 8 S 5 BT B3R K o TSR A S8 7K e
IR DU R 32, 538 K VR PRI RO A, TR
BEATRTHER > B3t T, R4S 4 & B— 2y o
IFIHEAT, Jelh AL £, ZJ5He AN
B 2L (R RRBA L0 T AR, 3@ 2 E
TE Bl s 22 ) R AT e AR 200 Bt X s o 2
HEFT AN, JF RV AR A 73 Bt K L2, ##7)5
RSB

8 PUFMRTFRMEZNR

3.2 B LT

Bt AR LA HE A T A R T
12, XA IERE T AP AL 3Z 1 R, e A5
eI, 7RIS R, AN BB BIAR G 9 SCHEAE AT, A
P9 Jrzi, 7 RSB iy S AP H AR A LI Ak 18] B
TN FZE—RE RST, [ MR AR LB OK
TR, SR e SRR BE - S0 SC AR B — AR, 3
RS R T8/ T2 AR A - AR
STIEEAR TR, 5 —T5 i, A M T LSS T
R BEIAITE P 65 B T 42 i s B S R AT 1
H BRI



696 Fa)

+ T

oK 2024 45 6 1Y)

9 I RHEEME

i o AR, LSRR A BB R Dy R, X6F
BN FE R T RERAUT 3, X B [ iy 4k va
ROR VA LA KBTS SR BEA TS LA . B
IR PR ST 2R B CREA TS AL e T T [
OUS S 3 4 R ] 3 m YR A R RS TGS
I R, SR SR 3.

®3 MESEHSHER
AR R AR BRI NEEA

LER S TR
SR EJ/MPa p/(kN'm?) u c/kPa /()
A2 1000 22 0.22 120 32
BHNERE  2.1x10° 18 0.30

3.3 fE# TS HT

BRI DL KA R R A L 5 44 I 1] L
Rl v AL AR AL UL IR 10, 763K BEE BN RS, B
FHERUTE A 260.12 mm, J/N T 14.52 mm, #EJERE
A 248.69 mm, U /N T 49.19 mm, 7K - U SN
101.4 mm, /N T 9.5 mm; FFRIZEFR B RHUHS,
Bl A L TR TR g 211.18 mm, 8/ T 63.46 mm, HLJE
BEL M 210.32 mm, W/ T 87.56 mm, KU S H
81.24 mm, /N T 29.66 mm; MEFE T INIE 5, B4
HETRUTRE A 90.48 mm, W/ T 184.16 mm, LIRS
g 98.71 mm, ¥/N T 199.17 mm, 7K F U &K 30.4
mm, /N T 80.5 mm,

[
4001 2 —r— YL
—o— BB
e P
—v— W

12 L/

8 ,
10 SAEAREEELBEL L

VBRI LT, S | SL . SO DDA F S

B A LA BRSPS, 5 BLE AR R AT L, 15

B &AL EAL R AER, Ik 4 FTR, 4545151 10 AT LA

B, BE SN, SERRLI A A8 43 5 e
/NT 28.08%, 16.26%, FEHAWA E /N L E i, U
HH A AV A AT AL SRS B AT — 8 e, (ER
A7 B AR TN IR — e A RIE XS g K HEA S,
H T4 D285 R HERRSARASE 52 0 T R K, BBl Ak )
AP EERPEEAR N OISR BIA R, PG T
BRI, WA 1A A Z0] LU, T JE L2 B
A — R, AL AN T 62.95%, il
ANEREE B R, AT R A R T ], F BBl A8 T 41D
TSR B MR R SRN ), 45007 5 B A B
FREEETE 61.19% ~ 77.81%, 1 J&| Bl ‘A A #4531 T %%
FORRE AN, AR T LA AL YA T e, i R ey
BH S, b SR 5 T B S, Rl T DA 2]
HKAITER, DR 5 DL B B RO A, H
Xof B AR TR SR 13 3

®4 UBTAE

MRS/ %
Jin it
HEI HUs  #HUE HUR JKPRRSK
WSS 510 10.07 28.08 1626 8.41

TR 29.64 2025 6295  19.08 26.27
= RE) 66.82  61.19 7781  66.65 71.31

3.4 MBI EA

FlA Bk e, 8 B3 i DA R A PR A
Ji, OIS R R SR R S B TS A AR ), Ho
ARHNZ 307 B A HE R b, R 240, $EH =
Pt it N 030 S ek /N T, AU G
T B3 S R AE AR (L 1), AT LR
W WS R /N N AR AR — S, #i BE
R A T > A A — W 5 3 ) I 3 S 00N
e R TR 153 BN T 17.7%, 29.1%, 46.5%, ME%E
TR0 R A A k2, TN 58 U Bk 320
K 1.15 MPa, e 25 T 13 2 5 e 3 2 el 5 1)

[ R eNE ]
B 5/ 0

R J1/MPa
S

11 FHASTIA R AL AR E



LA DR RN B 4 BRI

BRARBRS, HA Hhl 697

LA 3 ) 2R BT, K EE T R R R T, e — s
JE 1T DA Ry e i 2 fm 131 P kg PR 425 i 0 3 8 K 2k
LK, DRI T2 42, MUE R I8 52 )

4 #ig

(1) R s FlL A AL, T J8 4567 2 LA RS
KA FIFREERG A, Hor bR g KGR o W i,
YIRS, 5 KIS W32 ok 3200 )
[ REL RS K, Hr it b 38 a3 s A Bk, 7RI
TH T, M2 BT 450 T R ) S AL Ak Y32
Tt BT B E A,

(2)FEEIR ) oAt A &, >R FH AV RAN 48 o i1 f=
POSHHERAN R 28 A ek, (R SCRAN I 2., T LA
Ao 77 28 A R AR BE R/ N B 5 7R A 2
BT

GORITYZEFIE AN LA AR S S 45832 T3
RS, e KIS, B 18 R J 2507 i Lo
T R SAP A5 H 52 T RS ekt , b THE IR 1Y
FlA B IO ol B2, B RHYEA 4544

FIEE - B E RIS HTE b i AL

(4) R FHMRERE TE SR I 11 i, 31 Jo1 447 5 Bl e 3 7%
K S APy 52 3 W sl s, X TR A - BRGE, B
BPMERS TE N B AT A R g 18 LS, oGE
SCPEH 32 JPRES, BRI IR St T2 4 KSR 5 R Y
TR

2 % X #

L1 XUGRAE, 2R b, miali e, 2. MR T i /K s 3+

(2]

[3]

[4]

[5]

[6]

[7]

[8]

(9]

[10]

[11]

[12]

B A AR B R At (9], AR, 2017, 33(8):
203-207.

Wi 8, Fe&d. B K E BRI RI ST i A R AT
[7]. VEHE TR, 2003(1): 105-106.

X PP A VR K B RS T S S D U it T
HAR [J]. BB AR, 2012(3): 24-29.

BNy € N [N]SR R e Y8
2 [J]. BB HER, 2018, 58(5): 59-61.

TEBE, SRR, ZAAR. B 20 B R R B ]
WEFE (7], LAEHLBTA40, 2008(4): 557-562.

TIRR, Mibeke. Bk 4 BRIE W F IR R 434 B AL TR 1S
Jis [J]. TREHLSR2E4], 2009, 17(1): 138-144.

PRI, AR IR, w5 K L R T 3R K 42 S B I 4K
FE T B AR —LIAR VY = 2R T T —5 g S 441 ).
REE I (FPIE30), 2021, 41(6): 1015-1023.

KL, TR MG, PR, S 5 K B A R T R
FKAF TR RIS (7. H A B4, 2023, 36(1):
150-161.

BEIENE, K 22 oS BE T8 /K 8 - 2 T s T
FARBEFE [3]. V6 B K54 (F AR R D, 2016,
38(6): 180-187.

RICEE TRFE TR+ TR R (M]. PU%C: PR
R AL, 1992.

JTG 3370.1—2018 A PEBEE BTG 55— Lt
AR [S]. dbat: ANRASH At A FRA R, 2018.
XUBEAS. & 7K B 4 R 18 B 5 A TR AR S P AR B 5T
[D]. 22 M 22 MHAZ K2, 2022.

ek H #4: 2023-09-07


https://doi.org/10.3969/j.issn.1674-6082.2017.08.064
https://doi.org/10.3969/j.issn.1004-5716.2003.01.050
https://doi.org/10.3969/j.issn.1009-4539.2012.03.007
https://doi.org/10.3969/j.issn.1004-9665.2008.04.021
https://doi.org/10.3969/j.issn.1004-9665.2009.01.021
https://doi.org/10.3969/j.issn.1001-7372.2023.01.013
https://doi.org/10.13718/j.cnki.xdzk.2016.06.029
https://doi.org/10.13718/j.cnki.xdzk.2016.06.029
https://doi.org/10.13718/j.cnki.xdzk.2016.06.029
https://doi.org/10.13718/j.cnki.xdzk.2016.06.029
https://doi.org/10.13718/j.cnki.xdzk.2016.06.029

	0 引言
	1 工程概况
	2 围岩软化数值模拟研究
	2.1 模型建立及参数
	2.2 结果分析

	3 围岩加固措施分析
	3.1 现场加固措施概述
	3.2 加固措施对比分析
	3.3 位移变化分析
	3.4 初期支护应力

	4 结论
	参考文献

