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Abstract: To address the challenges of massive data management and delayed risk warning in automated foundation pit
monitoring, this paper proposes an adaptive safety early warning model for foundation pits based on a hybrid data—driven
approach that integrates monitoring and prediction data. The model combines real -time monitoring data with prediction data
generated by a CNN-GRU model, enabling a transition from passive post—event assessment to proactive forward—looking early
warning. To accommodate the dynamic variations of monitoring items across different foundation pit projects, a weight adaptive
matrix was proposed and combined with the entropy weight—analytic hierarchy process (AHP) to achieve dynamic and adaptive
adjustment of evaluation indicator weights. On this basis, fuzzy comprehensive evaluation was applied separately to monitoring
data and prediction data to quantitatively assess the stability of the foundation pit. Taking a deep foundation pit project of a
subway station as the application and validation case, the results show that the comprehensive evaluation score based on hybrid
data is 85.34, which is higher than the score of 85.23 based solely on monitoring data, indicating that the foundation pit is in a

safe state with a trend toward even greater safety. The early warning results are in good agreement with the actual engineering
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conditions. The study verifies the superiority of the proposed model in terms of accuracy and practicality, providing a new

method for safety early warning and intelligent decision—making in deep foundation pit engineering.

Key words: deep foundation pit; hybrid data—driven; adaptive matrix; CNN-GRU; fuzzy comprehensive evaluation;

automated monitoring
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Table 2 Comparison of performance of different
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Fig. 3 Comprehensive evaluation index system for deep foundation pits
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Table 5 Content of foundation pit monitoring
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Table 6 Stability grading table for foundation pit

indicators
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Table 7 Real-time data fusion results of overall
foundation pit deformation
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Table 8 Data fusion results of overall foundation pit

deformation prediction on 28 Oct. 2024
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Bl 55 T0UK -5 5% 4.74 0.05
PP 535 TO08 i) (5 5% 1.12 0.02
RIZKEAH 34.81 0.30

HF KA 3.59 0.32
JAl i b 2 et ) 5 A 31.87 0.16
JE B SE m 6.34 0.11
SRR R 16.22 0.08
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Fig.4 Comparison of predicted horizontal displacement values at wall top

Sk 6 UE B G R, DASBS TBK S RS
S, KA TSR A 2024 4F 10 H 28 HA5
I H 5 524 B SR ECE AT X L, P
SEIAINTR2E R 4.2%, 2 BTN 45 5 2 R )

AIEEE, AIENIR A BRI S A SR A
33 RAREKRRATRE
331 HEITTN e A R FIPTELE

KGRI YUK AR LN R R, [FIHAR 5 36
S ST RS AT PEE N V= (ZeRE
(—4), BERE(ZY), fBRRE(=R)), W7
SYIXEIANER 9 s .

F9 HEEIHREE

Table 9 Rating scale and scoring range table

PiESE PE43 X [ W3 RlME
BRRE 100~80 90
TR 80~50 65
WEIRZS 50~0 25

3.32  HIENHEUZR I RACE
D A-JZR I AL A A
I G | T ) A e A ) SRS 3
WIRELRE , FESTASR B FIWTRE M4 Qi 10 i
R 10 B LA H W E R
Table 10 Foundation pit body judgment matrix

IR G| G | G| G| G | G | G | G | AUH

G 1 | 6/5|1/5 ] 1/5|1/5 35| 1 |3/5100485

C, 5/6 1/6 | 1/6 | 1/6 | 1/2 | 5/6 | 1/2 |0.040 4

Cs 5 1 1 1 3 5 3 10.229 2

Cs 5 1 1731 1 3 5 3 10.2070

1
6
Cy 5 6 1 1 3 3 5 3 10.2812
6
2

Cs 5/3 173 113 (1/3] 1 [53] 1 (00761

Cy 1 6/5 | 1/5 | 1/5 | 1/5)3/5 1 | 3/51]0.048 5

Cs 5/3 | 2 173 | 1/3 | 1/3 1 |53 1 10.076 1

A, FRPRHEME A,.=8.124, CI=0.017 7,
CR=0.012 6<0.1, it —&ER. HFBIEEN
AHP U, AR e, Mo, KULIH—
IR o), TTELERMT .
e,=[0.7242, 0.724 2, 0.724 2, 0.693 6, 0.585 4,

0.7242, 0.724 2, 0.724 2]
w,=[0.1161, 0.116 1, 0.116 1, 0.129 0, 0.174 5,

0.1161, 0.116 1, 0.116 1]
w;=[0.0427, 0.035 6, 0.201 8, 0.275 3,0.274 2,

0.067 0, 0.042 7, 0.067 0]

2) FH I AE

FEGUAAR W F6 bR A P 5% T KA A5 55
53, T ASSUARIALEE F IS N AR M
M,=diag(1,1,1,0,0,0,1,1)

RPE(17) X L5 B BE o) AT, 1553
mﬁwﬁ%EHMQﬁﬁﬂﬁ AT IH— 4k Ak

AR EIRE wi -
we,=[0.109 5, 0.091 3, 0.5177, 0, 0, 0, 0.109 5,

0.171 9]

3.3.3  MEARIROC R M R AIZE AT

W3R 7 LRHEARIRA K (18), IRIRIFATIZIR
HHEF FZ ST, MR EEGTA R A OC &R
SR -

1 0 0

1 0 0

0.6561 0.3439 0

Ry = 1 0 0
1 0 0

1 0 0

1 0 0

0.6035 0.3965 0
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BT, A IRAEEEIR S R REDT A 150 % A BUE AR5 K0 3R UE - 33 -

FEYUAKBIER m B, R
B,=[0.749 4, 0.250 6, 0]

DGR IRR BT & S O -
$=[0.809 2, 0.190 8, 0]

R f5 R SR T B T D) T ) R B A R 7
AR FE bR AR AAE T2 2R3, RIS AR
b T2 AR o AR 2 (21) 75 31 5L T SR 1Y
IS R TE AR, sk 11 fis.

x11 RENZEMETFNER
Table 11 Evaluation results of safety early warning for
deep foundation pits

gl W48 5y WAREFR
SN 83.73 —4
JSREZS 89.72 —5%
IRESUEIR 85.23 —%

3.34 WEZFEIED

AR T M DB B0 L TN 540 B D, AR
TRAEAR Ay« M I S e o W 214 T 14 L 5
R, ATEEVES, R ATPM ARG FEE
WA, (A2 AR B RIS A 1 5 M5
Wi, AR EERAR T IS . N, TSRS
W Rerd, WA AAER w,, > FUI A3k AU AL
How,e HS5MNEARBEZEIS - TRY RN
FE/RAEL AT 2 B, BREAHHE w,=0.6, w,=
0.4, MEF(22)73 BIRILTT L 2 TVELES VN 45
R, W12 FR.

x 12 RENMZEMEESTENER

Table 12 Comprehensive evaluation results of safety early

warning for deep foundation pits

W etk | mum | waetk | A | ZBeRk
IR | ASEEG | UGy | R | 8| R
JLYAAR | 8373 | —%% | 84.02 | —%% | 8385 | —%
JEAEE | 89.72 | —%% | 90.00 | —%% | 89.83 | —%
WRILIH R 8523 | —%%¢ | 8551 | —%% | 8534 | —#%

DL ESE R R, IR R R LA 5
R 85.34 4y, HAMAESHIREE R 08137,
P de ISR B IR, PRI ST ARAL T R A
SETUARIRZEG 80l 83.85 4, KT BB 42
Hr80(89.83 43 ), ULHHTRIZ KA A% i i 341 b
FRE B 1 R AR Ak L A P R, S g
HoAPRRS e M BE K AR, PR R X
W BT SR USRI T S i g b 3, 28
5 SEPRIG O H, & BT 45 S 5 ST S PR AR

25

PRIRESEEAR —F, R Tz kA =

4 4HiE

ASCHR T — PR A R IK B A BT A 3SR
G TREARAY I DL MR 4 3 PRI BT TR M
FHERUEXT S, EELESUT .

D & T HIE A S TR I R AU
G55 B G AR R V. T IRERIA -2 IR
ST b, SEEL T PRI S bR AR Bl ELAR TR
WD R TR S5 A (ETURBE . Hb TS AY | S
KA BT, ARUFRIE 1558 T B o5
7L Al i R S TR A ) TR R, 32 O )
FREK.

2) FET CNN-GRU 44 AY , FH i
5 GRU B | LSTM 71 | CNN-LSTM A7 () Xf
FLil 5 B, CNN-GRU #HYFE MAE. RMSE Fl
MAPE =548 r 134 R &L (73504 0.95 mm .
1.52 mm 1 5.61% ), HiE T HAE LS AR ARk 1
RURSRRIOR i 5 o eSO S TR 5 & RS AR € A=
o, SEELT N EE R IPAL T ) T R AR
TR T KU PPAS B AR

3) IRA IR AF504 85.34 43, BLIR
— W RO SR B A5 43 (85.23 43 )41 0.11 43,
H A E YT TR RE(—), HIREE
PRS2 R s ) L RS R R, 5
TSRV & RAF o AR T A% G A AR W) i
M, AR FVE ARGy T HAT I A3

4) ASFERYYIE G R FEBTR BE 12~35 m;
bEi R o T T N U e N =9 & S =
H A ESL A s AN B R S A5 T TR
24 W IR Bl Ak R I 15% sk BUI AE KT 7 d
INF, RO B R TR, BIRIRCRZ IR, A
IO T LA ECR R 32 . s Rl o
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