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Abstract

Based on the background of the foundation pit engineering for environmental improvement at
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Haidian District’s First Organic Resource Center, this study systematically investigates the defor-
mation characteristics of deep foundation pits under extreme rainfall conditions during the July
2023 heavy rainstorm in Beijing. Employing combined methods of numerical simulation and field
monitoring, we employed FLAC3D numerical simulation software to analyze the evolution patterns
of surface settlement, horizontal slope displacement, and support pile crown displacement in two
distinct working conditions (pre-rainstorm design support state and post-extreme rainfall state).
Concurrent field monitoring documented essential deformation data before and after precipitation.
Analytical results demonstrate three primary manifestations of rainfall impact: amplified surface
settlement, significant lateral displacement of support piles, and pronounced horizontal displace-
ment at pile crowns. Validation shows good agreement between simulation results and field meas-
urements, serving as a foundation for subsequent management measures.
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. IS 21N TR A TRBUERRY, SR =4 A BRZE A BT K AT TR AT . KU (3]
RIC T SRR 25 AT T AT THZ S RE TP AR A . 22 JLAL[A IR BRI NS HEAT T — e AR ke, 75
AN SR EE A A 00T AR R N IBIREE U R L AL BRI PLAXIS A FRICTHSEER 0]
M5 BOFEGUREAT BTG5, 0 ATt o B SR AR B R GT Sma ATLEE , e5ed xo e  FHR  FR5TAR TE 2 (] 4
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2. TR
2.1. TEMBREDR

LN TR X BA % 65 5. YK N 46.1 m, %4 19.8~35.4 m, HHTHFIZHE N 12.3
m, SCHPEE R B FLREE AT A SCHESL R SO A &, BETHHEK 18.0m,  EL4E 800 mm, AT B i FE 55
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© Bk LRE L Bl %, R~ DR oA E, SRl DEEASE. WEEN
FIH A 0.70~2.50 m.

@ 1 BRI I, %~ MR, DIEREEL, A s, JOESE @M o £, Wik LI,
FI AR A FLIR TR, WBHRAEE N 140m. ZKEE 1.5~2.5m, BMgMEEE S 6. #%
B ECEER, B5EE, BARKIEHEE.

LU=

© BEET L wE e RRE; RE~ES SR SR, BRI R R 1. ZKE
JZJE 0.30~3.80 m.

@ 1 EMFEg L W, wEB~a; SRk, s

E BRI AY

® BiiH; hE~ES W R 2~4 cm, KRR 12 om, SPASEL N 65%; HRb. B
BR7RdE, SR . ZKEHE s RN 11.60 m.

@ JZU0fs Fefhs S RBSMER RWETE, —MRAE 3~5 om, KRR 16 em, SRS RY
i 70%; FORIRD . FIRRFSIE, IR, REEEA. ZKERE R KEEN 13.90 m.

® EUf; At ez WAL RWEE, —BRAR 4~6cm, HARAE 18em, JIA S &L 70%;
HOHED . RIBRFRIE, WAL, RESEA.

& LEME SN 1.

Table 1. Physical and mechanical parameters of rock and soil mass

® 1. ALEIELFESY

T EA 9/kN m™ c/kPa ) Es/MPa THRA L
FEHRE L 19 5 10 9 0.4
1 R4t 18 2 10 12 0.33
=% it i 17 16.1 25.3 43 0.3
@ 1 ZMmmE+ 18.9 20.7 13.2 3.1 0.31
=k 18 0 38 45 0.25
@A 17.5 0 42 50 0.24
=YK 17 0 45 60 0.22

2.2, FKICHEREBER

TN R WX A TREA R 2R /K o IR AL 3 18) R KL W3 W g2 & 30 1a), Ak 4R B Vu
WB5.0 m)IL—ZHFK, R AKERRE K, BARKAEIEHE LT 2.

Table 2. A summary table of groundwater level observation conditions

2. HTIKAIILME R — b

HiflLom s Yy CIRLEA Fa @ KAz = F8 K
K3# 16.6 46.08 JA®F
K18# 16.7 46.16 IA@E
K4# 16.3 46.34 IA®@Z
K14# 16.9 46.02 IWA®Z
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R 7K 32 BN SRIFON KA B KA R A2, FE By SO A [ A2, R KA B BEL
Hr T BT, 9 2 10 Ak B4 i m/KAL, FEEZEHT R, EIRER 6 Ak B 24 K AR K AL,
SPHJEANEZ] 1~3 mo

3. FLAC3D &)l
3.1, REEBIREH

TR FLAC3D B =445 PROCTF SR A 1), MR R i R e 1 e -+ LR B Bl
o, BARSTHE T ZAR

BRSHER (1) JUTERESH: BORBEEARSRERK x % < & =120m x 120 m x 30 m, i%
H 4 mm x 4 mm x 4 mm FEE N A RS BT RIS

(2) AMIBALGE R BT HARAE R 28 N PIRES TR RIRFIE, RAE IEEER - BEARRRE R EEAT 1540, 1%
B © Af et BRI SR TERR M @ &N KNSR ER; @) HAA R M BUE I S 258
#

b R L0 T ARG R, SR DU R AR % O MRS BTG MR & ) [F) 1 A 5T
@ BRPERE: FEGUTZONBEN SR, BN ABERBESBRITE; @ Foox MR TR RA /N
WHTG, B HE—Pile oG, WX SR —Beam HG; @ U FHNALEL:  ZBE AL FAL i TR .

(3) BhAHE LA MRIFLFRE T LR, 1% = FIF2 i rE st i B

« Stage I: FFHZIREZE 2.9 m, [RS8 08 L E R

« Stage II: IRFFH25 8 m bnmr, ZRWEE TEMN I RS

« Stage Ill: IRAFIZREEIRbR G, S8R 1.

WAL G P EE” Sudy “ RFE TARNE T, RSP IS S B S E R I A A
fF, SEBLT I - SR R RS S E .

Table 3. Physical and mechanical parameters of each soil layer in the model

3. BRERITEVIENFSY

TRAFR y/kN m> c/kPa @ Es/MPa FEL/N=A
)5+ &= 19 5 10 9 0.4
@© 1 B+ 18 2 10 12 0.33
Q@EF vk L 17 16.1 253 43 0.3
@ 1 ZHmE L 18.9 20.7 13.2 3.1 0.31
@)= Fe 18 0 38 45 0.25
@A 17.5 0 42 50 0.24
@A 17 0 45 60 0.22

Table 4. Main physical parameters of supporting structures

4. TEIPLEINESH

TS 2R Ly v st JRF(mm)  #PERCE (Gpa) THAREE 25 5 (kN/m?)
1 S Pile #.70 H1% 800 30 0.2 25
2 S Beam 0 1% 800 200 0.3 78
3 e Beam #5C  1000 * 800 28 0.2 20
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Figure 1. Foundation pit model diagram
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Figure 2. Layout of supporting structures for foundation pit
2. BEEIPEMHERE
3.2. EHFZEEBRERIL T
N T IRUE R T S 5 B TSR, A PR O AR v oK B W IR AR 472 T 000 5 oA e ) i g S 0
PEBEAT XS EL, 0F EE I 73l B ZRUTRE  SCHP AT B 2 A% 3K I A 7T DA SRS AR T B M 8 - 151 3 0
THZBRUERMR AR Z I, [ 4 RTHZ 58 UG INE S G088 = I o KA SR Sk T 2 B 3 5 45 21 n 15
5 FE 6 Fros:
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Figure 3. Ground displacement cloud map after excavation
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Figure 4. Comparison chart of measured and simulated surface subsidence

4. HFIFESIN SRR IURT L E

Xt b T B S 45 RS UL S A5 SR AT UKL, BHME S AT AT A BONARL, R Ak
A, BEERGUTZIEAT, FhRNUIFEERD R, HE RN TSeE. Rk
(R 5 S AR 22 5 KB 1.84 mm, AHZER/MEN 0.25 mm.

BERTHE A A2 5 R TR (K BB AR D5 S e x L mT A DA AL 45 i

(1) FRAEAE B AL A% 0 LB B (5] 6), BB 5 Sl wh 2 3 S M S T oA, A iRIE T2 5]
EHAEXT AR A RS o KA 22 SR T AERE T A 15 m iR E XL, bR 22 (E 2375079 1.84 mm Al 0.25 mm.
AT, SR BREEREHT (20 10 m TR RIRAMZE S (7.3%), BILGRS Tk rERE 14 Lk it
FEPRRFAEAA R o
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(2) HRYTAEA W Z: AR TR H A B itk T L2 B S8, S SUR I 5 sei g
12%.

(3) AN R 2 . BB AL b AR N B ATl T ARSI, R SR AT JE Ak e 52 S0 g = AR 1 B 12
PERAR . D37 M 2 R 2 B (bR 8.2 m £2-9.5 m) SE BRI i s BB 1.3 %, TERUR & R R
TR FH . BeA, SN i [ R 240 R SR AR A Ak P A B B AR T B AR 18%

(4) BIRAAERAZHUR 2 , B I EEE R BAME S SSIE 1) Pearson AHIE & %X 0.92 (P<0.01),
F W Bt KA A% 22 ¥ R I TREE 1) 23% (IRYE FVT 30%), EBZE A S BEUE R 3K, THHEER
HA W EEME.
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Figure 5. Cloud map of pile displacement after excavation completion
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Figure 6. Comparison diagram of pile displacement measurement and simulation
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3.3. iEPEMNELRIRME RS

AT I EUA B T I A BE BT IE 5 42 L S5 B 58 N 50 mm/d, BERTETHE N 12 h BT T A 2 i
BT L, AR T IR A R 20 IE 3 T2 R A FE I3 RR L 5

3.3.1. SBEMBIARhRAB S

K 7 BT FIEGUFFE 5E i BB R R N G R AL o B AR RIS, R AT E P K
W KA B A2 5 R 1) 1.92 mm 308 2 FE G 12.03 mm, H§HEIL 526%, 2% BRI b 79 400t
T b T R T ) N 3 R

SRS A A [t T B R A TEARAIE, RIS 14 50 m Y6 Py SGHE AT R 2 2 et
Rt B G AR (1] 8).
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Figure 7. Cloud map of surface displacement of foundation pit after rainfall
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Figure 8. Comparison of surface subsidence before and after heavy rainfall
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e B

BRI ATATEAME: EEFIHZ TR, HIFRUIE ZIFIES AL, DT 3 m &b/ AU IR 1.92
mm HEE A AL, TUREE R IR EOE &S, AT 20 m A7 BIIFFFRELE 0.4 mm B2

BERN R T AN AL AT h 26 SR IR 25 () 2 VBl AL, S KUTFE L AZ MG 5 12.03 mm (+526%) 2%
TEREMATE Y 22 50 m AN A, FEFEEGT 30 m AL IS —UiREIEE 4.5 mm.

XA Z IR T K OE AR : B e, LB S IR SR an H ARG H T, 51 AR R
ROBEs Hk, BUKIEIITEBIKIIREEEY ), (R AEABURLT 78 IF 18 K A58 R 8k M 1 x 107° TR 3 x
1075 em/s),  —F WpFEAEF TP A4S B R R AT HERSA

3.3.2. SEFEMBIE TP S
Ul 9 RN JE AIMEARAL RS 25 Pl 4 55 B8 BRI FXOATE (A7 A% Bt R EBCHE R R ) i 2R 1 dn 1) 10 e
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Figure 9. Cloud map of pile displacement after heavy rainfall

9. BEMEHEFLEEE

AR W B s (] 10 25 R ARAR T W it 2R), 3 5 R O B SR A S RS 38R /K i J R EE T DL
FETRAL A A T 2.81 mm ZEH 5 19.8 mm, IIEIA 16.99 mm, [ RIEATEN 604%. BRI N #4% & 5
R =T AREAE, FEAETI 12 m ARBRR AL EA R TR 5%, %R T W& 42 5y e S 45
) LR AR T AN

AEEMEAT I KL LS SN TR EEH: B4k, mEKEELEEK=1.2x10* cm/s)fEF N
I AR S8 EIE, BN A NS &E 3.5 mm/h. FLISUK FE 308 H AR A B 65% 38 TH 2 92%,
BN PG R BUE L Z 24 3.2 A FE GBI AR T . B EER = R H H 18.5 kN/m’ A+ & 21.3 kN/m’,
WA 28 AR Aok A T A B AR T o

B B IRFFEL R, ARMRIE IR 121X (3~8 m %) DR 2 0 W ) 3 et N BB MRS, $UBT R E S8 o (i3
TRIL 37%, o EFEIEIL 9.8°0 BEETEBAZ BRI R:  EIEFUK RS EF K E ) (R ik 24 kPa) 5
NEBEERESIOKIIHE 1= 0.85) L FEH, 5IREEGRLEIES M.

EARE RIS, HEumikE B(12 m DUR)BE =8N AR R, BB R] 87%, HA#IE
VKT #AMEAL R R VEE 3% (A < 0.5 mm).
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Figure 10. Comparison of pile displacement before and after heavy rainfall
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Figure 11. Comparison of horizontal displacement of pile top before and after heavy rainfall
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HTPE 11 AT LA H 58 e 1 Al S AR TOUK LR A 2R T BORAR A, B RS AT (R KL B 8.33 mm, 5
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BRI R B K2 T 21.6 mm, 0T 13.27 mm, ZERE 2.6 £F, M- FEOXMARR) EEZ R, 7L
BERIE AR, RELREERASIERT, SARERRN, JUormErE, A, [#e LR
giky sz 2 THSMOMIA S T, & SECP ST .

3.4. SEPEMINELT TR AR MmHLH

ST P T NIE B o T R DA R I ) 2 8] (R AN T AR AT R — A sh &S i AR i AR . AR — 1 e,
TR E . PER RIS ). B RTGREE L b A M R B DR I N VB THI B R 5 R 3 S e e )
NB R AR UA R NN SRR BAT T TR, R LR 0 N A FIR B, B3R BN B
WITFaGIN, 723X — 3], JEGTIASCRE AN A T KRB BT AR B &, A3 AR T
MK B A R, ST R BRI RO K AT DL A NS B TIL 3 Ak b, 3038 i B K/ sl
RRMASEGUIAS B NSRS 5 I BRI I Rt — BUN (8 2 )5, RS MK AR TR A BE N,
SR E KR ARG, AR AR ZETE TR, BRI B AE RN, A3 AR TR
B g R Y], AR R AWIE R, ST SR B R A R AR B B R, BRTia
R MBBUKILR . FrlA, FERIRPEEmTE]. BERSRAZ . EARAIAIAG & AR DL R R B 5 S 408 7
YUE T YT PR A B &

TARIBEVERE B T AR SR (5] RTRE R 55 B A R M SRR E M1 2 AR P I B E . X TR
BRETEOR AR AN AR, FER O AR B B N T R AR RN R, AR
Bt B KN ORE AR BT NIBRET, BERE MR RFEEHEAT, EOTI R S K EIZHTRE N, HE S
IKEHAREANRE A BIRERES, RMEALIRES . PR RPaRmt A, TSR BB, il B
MEAT EARMAKNBRGRE, B AR EKERDNRSPORTENAZER, FEEENAZER
FIANWT AR, FEGTAB R S M BIBUKEE R R . B AR, ey LERAE
WA, ERABE. KRS,

MR ANZEBWRRARE, OGN, SREKE LRRERR) . & aPERELL P
R RFEEI ()45 . FERERIAI, BERI ISR E S, B M S TR AN, AR AR B ) BEAR, &
EKESE R, BERABERSZBEHEK Sl TRENANER, MESLH KNS EIER] R
SEMINBIRES . B B RE AR SE3EAT, ST H AR EREZAIE N, B RAR BB R R A
e, AR BRI R KR 8N, A BERE A AR AL A, SRR (R U o AR ST M BT SR
it TRLREr, SIS R AT RE S AR EE, FERT AT T KT REERNSESTIA Y, S BRI
MIPTIRE S T B JF HBEAE BT I RraE, 3 B S K E R e LA B E B3, S BEESTA
g A K P AR 52 (i E sh R R

4. &

AW TG A HE X — A HLBT IR P R R T H 5T TR S, SRAJ FLAC3D BUBEBI %, &
T T B TOLAAT T IRFESTAS AR AERT 7T (I i 573 OR AL =4 SRR, xof BUREDL A SR 55
Bt St BRI T SEE, R nk A N AR DO IR IR ST T K R AL . BT S5RnT

(1) @S WG L HCEE ARG SEIEEE 0T LEAIE: MR RE A B A &(X=15.6m, R#% <
0.5 m), KRR REOL 0.89; ST HEMF A MWZEDy 3.2 mm (L SEIMERKT 12%), RT3 Ai%E
L2 IS F RN, & IR R ZE L RIS TR VSR (<15%) N, IEMEA SR R L&
.,

(2) B - NG IR, BRI T O MRIIED KA REY R, SRTIRFERBRAR
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TN 526%%E 12.03 mm, FZMERIZMA 5.8 m; @ LI A RABALAEIRK 41%, FEHE S &AM
15 19.8 mm (K 16.99 mm), ZIHIRURFERFAE; @ MK FEUEAE R 21.6 mm, FEERILAT R
ZRTEAE(Q20 mm), ALFE KRR A 1.8 mm/h,

(3) EZEEGUEBI S IT R, BRI AT S BT A 1) & UL A% B KB S A8 A e 350 o U A
EHUb TARREIRES, 752 R R il e -

SE K

[17  #MR%e, ZEMH), F20, Aluelé. BT SRR AR BURS 3800 K Re M A fe e M s i 7S (0], TREENER, 2021,
49(11): 6-12+47.

21 F&IE, B, R, % Rk RIS OK BUE RS TORZ R[], a1 TR AR, 2011, 33(12):

1950-1956.
3] HERUR. BEERIE T R BREREE R R VS AR f R W TE[D): [ 22008 30). bt o B LR E (R,
2016.

(4] FUJL. BRI S S AR T AR E PRI MA[D]: [t 22Ar i3], KA REERE, 2018.
[5] k. smF R s LR IR IS UR E ERC MBI ST [D]: [+ A 4018 30]. P2 Y& Tl Ko7, 2022.
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