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Deformation safety monitoring model of concrete gravity dam based on interpretable machine learning//CHENG
Lin"?, YUAN Xina'?, MA Chunhui'*, JIA Dongyan'?, XU Xiaoyan'?( 1. State Key Laboratory of Water Engineering
Ecology and Environment in Arid Area, Xi’ an University of Technology, Xi’ an 710048, China; 2. Institute of Water
Resources and Hydro-eleciric Engineering, Xi’ an University of Technology, Xi’ an 710048, China)

Abstract: In order to solve the problem that current machine learning-based dam safety monitoring models cannot give the
explanation of the model prediction, the Shapley additive explanations (SHAP) value theory was introduced, and combined
with the light gradient boosting machine (LightGBM) model, an interpretable safety monitoring model for concrete gravity
dam deformation was established. The model can quantify the specific contribution of each impact factor. The verification
results of an engineering example show that the model considers the complex nonlinear relationship between deformation and
the environmental quantities, which is closer to the real situation, and it not only has good fitting accuracy and prediction
accuracy, but also can interpret the model globally and locally.

Key words: concrete gravity dam; deformation safety monitoring; interpretable machine learning; SHAP value theory;

LightGBM model

TREBE T I BEE IR B RS th BN RIFR S O | WG Bds i AT AR ) AR T HLAR 2 I 1
BB s T R ) B, AT RAR A TR ORI e AU B Tz R AN Mata
TR e W st o B A RIREE L A T4 R % (artificial neural network, ANN) %
WU S PERS I ER G e, T @80 i b BRSSPI S 4R T T ORI 4 A ANN 5
BN GBI T KR IR R R0 7 A ) Kang 50 SR A AR B 2% 2 L (extreme learning
RYOL BRI, KIS S HE N R Z A7 7EE 2% machine , ELM ) 532 X6 =F 79 75 7 004 400 T3 7K S 432 8%
AR R R, B2 K FAOCHE TE, S80 3T TR, JF 5 2 R e B R 1T 1% He, uE
TR 14 TS B s LAt — 247 ELM A58 B A 0T 47 i 7000 M 8 5 I 25 B2 45 R

Bl a] DK s P s A 1 Wang S5 VRN T —FE IR & 2R BRI BIEN
S Z RIS A, A A 3% BREN SRS, R HTIR & AR ) S 03 B i
SEHRHIE o DRI BHR AL TR B, AR AT T HTRIIN ; B MG A X AL A S AR Y

E&UWE : HEARFIERESTH (52479133) ; B 5 A AR =5 S-S K RHEIFRE G L 0T H (U2443230)
1EE BN FEHR( 1986—) , 8 | B2 % , t s F TN RING BRE W BT AR A TSI B AR 5% E-mail ; chenglin@ xaut. edu. c¢n
BIEIEE  DEE(1993—) , 55 UFI, 14, T2 NG RIZ 2 RE I

WA FSY . E-mail : machunhui@ xaut. edu. cn

KA R A B ,2025,45(3)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn  hitp ://jour. hhu. edu. cn <77 -



TE P 0] L, %k B #E WUAR 1] 457 B8 ] S 1] & AL
( support vector machine , SVM)  JCHK [a] 4L [ELM 1
Z TN 43 0 S T IR I AT TR
tlﬁﬁ*ﬁ;Tﬁ%“ﬂ%tﬂ T —Fh 3T XGBoost 7K EE
It A AU PEAS T i, A HLER 2= T 7
TRBE - UM P A i) T 1o EL AR AR 34, (H
HATRYBETE R 220 R 7 AL, RIAT DUAR 4fs A
o5 M 0y TR, H) TG ¥k g5 o B B I Y A
gle

AR a7 > SR AR R N A RE S A R ke
RN F RIS Ty ], R R T X R R B A O
PLARFE T RRLE AL TR B EH 3 AR
SR TN AL Y vp Y TR R A R R LR AT T ) A0 R
Ko BN BRI BP di e 4 S T Ak
IV i 5 PR R OC R A 22 I A5 AR I E T K
{37 R A ek o RN R A L) Paliwal 450 $24
T VYA ] B R i R o 2 X 24 v AR R AR G
o RS B 3 L R i A N S WL A ]
PEVL T A Olden 55" $EH T —FhBEHLAL )7 12,
AT AP H 0 T A {23 DOk ) A8 ) ATy e 2
PIZg AL T PR R A . BT R g
AR ARSI R E Y E
FROIEEEANE 2R R AR SHAP {3,
SHAP {E¥Hi8 & Lundberg %> R FHZE R Y
— b T i BEMILRS 22 2] J7 vk, A Shapley B 3k
AL R BAK TTRR, H AT T SHAP B RS
] iR 7 ] CAEDURR PR 55 2 s
TR, BN, DS AEPT B T — R T LA
27 2] Y BOKFIE P RE AN 5 %, JF A SHAP {H
HRYE X T (A HEAT T A B ; Ekanayake S5 |
JH SHAP (B FIE 14 AT it P X0 52 0w YR 5 B i J32
(1025 () (R R A R R T T A 5 BAR /N R A5 4
T—Fl A XGBoost 5 SHAP {EHHIE A1 7809 Tl
R IARFE ST BT A R figf oo 1 A58 1 B8 T 12 6 A2 i IR
ISR B = T R R R, BRI R,
SHAP {E IS A X g I\ 1A Ff B2 245 YRR AIE 179 B 21
HERP LSRR B A2 i R 30 7T LLAREAS Y £ J32
S5 ARFIE B 52 RIS R Y TE AP A S — T AL
i 2 7 YA SRy AR AT AR PRI AT L2430
H TR EE 1 8 IR B2 A A A

ARSCHRH T — BT A A B L 7 > TR B 1
HIWARTE 2 A Wi AL B SHAP (IS A 5 1Y
FEPE SUNGRIF AR B 45 G ok | v ik i LB L& 2 >
Tk BT A IF R FHOK B E ) TR 22
IR HZA A AT T B0k

1 =B

1.1 BRLtEHNMTRLEMIEEER

AR R i R L S R B+ O ST T
REYPEZ - EANARERY RE RS
N A% F2 232 7K F | T B8 R 208 55 DR 3% 1) 52
I, WUARNI RS & MG B KR it 5,
T Sy 12 8, FIBIRo 1 8, 4k .

6=8, +6, +9, (1)

K5 K E Tl KN 1~3 KA

P,

3 3
Oy = 2 [ali(Hi _Hio)] + Z [‘121(Hi1 - Him)J
i=1 i=1

(2)
SV LRy BN % | b RTINS I = RSP DIVA: IR 1 8
S, BUK AL 5 R S R Z 225 H, (H o 2050
I AR X R8T K Sk RIKALIE -5 U
PEZ 22 50, ay 7K B R %L
—JBCAE B0 1247 0 B4 A AR B A E i
YA, BRI R i 6, AR R OE

2 . .
2Tit tho)
6, = b .|sin—— - sin——| +
T ; [ ],(sm 365 Sin 365

bzi(cosm - cos 21TLt0) ] (3)
365 365

e AR MR B B GG A B R A A
BEGERHRFNEE — Wil B 2050 B i B KRG b,
F by, SRS PR 7 11 H R EL

K= A B R T () R R 4%, B4R G
IR SRR B 1 5 B 5 B AR AR I 8 DA K A 1 JoT )
WIEAR L ERNE, MBI &6, N

8, =¢c,(0 -6, +c,(Inf - Inbh) (4)

Hrp 6=1/100 6, =1,/100
SV AN S S R TV EY
1.2 SHAP {HIZig

SHAP B & — Ff i & DTk B2 1 6 4, B2 — 2
TP A AR AL R A R AE AR L DTER#, FH SHAP
(BT ELAR ) DT B, FT A REAE 1) BT ik (E 22 N
BV SRR fg s T )] LR R A

g(x') =@, + 21¢ix§ =f(x) (5)
Krfeg( - ) NEBBRITONAE ; £( - ) LR
Jr O s« R AT A BT A x £ AE B ¢
ZVBUEM 1 50,1 FR IR S A i B 4 h
PEARTF] 0 FRoRIZAFEEER K s @, LA 7 ik
FERE S F T SAE, R AN HE AT AT REAE , A
Ry 1 mT DA R o B s 2 B0~ 3800 5 o, S5

<78 - KA R A B ,2025,45(3)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn  hitp ://jour. hhu. edu. cn



i ANFAEAY STER(EL( BP SHAP {H) s M WHRFE A9 AL
1.3 LightGBM #% %Y

FEIN A B RPEA R 4 B R BE N A SRk
T BT I REAS 1 AR FE I TERCR AT Y
P ECANREE R TR, WL, Ke S50 H T — b
FREEBEFHESR , BIVEE 0 G B $ FH AL (light gradient
boosting machine , LightGBM )

X 5] 05 () A, LightGBM A A3 3 %o i A [ 1
R B SRR A7 AR 0ok A U A N 45 2R . % 145
SE REESE TR R — PR S | 2k T iR/ ME B FR e
B In—ERE R .

r, = ZIL[yi,&f‘“ +fi(x) ] +2f)  (6)
K. L, S HbR RSy, 58 @ A5 i 52
y U AT k-1 B BUAE ; £, (x, )
R T ABARAE S kBRI AR 25,0 - ) PR R
00 - ) FIEWEI ;0 AR,

B XFFEAR Z2 1 ) B, LightGBM A5 781 5% FH 356 46
£ 1 BRI SR AR 3% ( gradient-based one-side sampling,
GOSS) X HEAHEATHEIT , U8 BA B B KA REAS A5, 1%t
T B /INFRREAS g e LU SR A T BEATLRAE:

B HRRAE 22 4 1) B8, LightGBM 5 % 5% FH B e 4%
TERSBIE 15 (exclusive feature bundling, EFB) ; {1152
PIMRFIEIE AN 2 58 2 BT (R 2316 DL T AR AE#R
SEAEFAE) , W] LU — N R AR X R AE AN S R
it R e 5 L2, Y i AME B IN AT DLk
B 5E 4 1R A FRAE IR S

IEAh, LightGBM 455 Y34 5% I By BRI 440t
TARKEERFEITME, 5 XCBoost £ ALH I,
LightGBM #5815 A Il 25 38 B 1 PR fn 1 A7 T AR T /D
L
1.4 HEHESE

FIF LightGBM #RAI AT SHAP {5 PRS2 7 R Bt
- H VAT e A W DAY ) R DL R 1, A
BALBRATR

a. BCHRUSCAE o X SN BSCHE AT U —f Ak B L
Tk A B e B - B - B, ] - 1,

2t 21Tt
H - H\ H - B H - H, sin % ~ sin ?5"\
2t 2wty A o4, 4t
COS —— — cCOs S —— — Ssln \COS —— —
365 365 " 365 365 365
4t

Ccos

65 \0 - 00 \lne - lnao ﬂzj?%‘ﬁ/\,ﬁ’%lﬁayﬂ LEEN
Xy Xy, , O TE WS B HEAE R

b. EHRER 7, W ECE G K 43 R )i 2 A A
AR, 2l He A5 — M 4331 B 709% 1 30%

B0 e
Flm RISy
{ )
|W%$| B2

R |
T 5 URHIE

LightGBM i %1

[ SHAP{H | HRIRIH |
B 1 E-TF LightGBM #REFn SHAP EIBICHBELTES
MEHRE MR ERE

c. HBIAY ) BEPE LightGBM BI7 | I )1 2k
AT SR 5 IR ] A% 48 R0 47 58 LSRR
Ty BRI AL

d. BERIPPAN . AU AR R T [ A [R]85 A Y
PEREVF AR bR — MO O GETTHHE bR, AL 4G 4 7 1R 2%
(MSE) | °F ¥ 4 X 1% 22 (MAE) | ¥ 77 i 22
(RMSE) ~FI48%1 H 53 iR 2 (MAPE) Filik e 25k
(R*) %

e. PRAIERE . K SHAP {8 FEi8 X pr g 7. 1Y
BAYBEAT IR . RS 2 A2 T . 4R 2w b /T
FIH] SHAP {BL53- A5 R R FRAE A BAA S e £
AHSCHE ; Ry b, AT B AR — R A Th RN R 1Y
HARTBTHR

£ BRSO, AACHTEE AT T

2 TIFHERBIEIE

2.1 TIiEHR

b B ) £ VAR 8% A R e
SRR E A AUE G ARSEERS AT B R ALK
FITAE, K C K EL S AR f R0 T A ] T
LA ESA AR, B — % TR — @i,
TR R IA R EE 1 8 330, e R IR 101 m, T3 4>
K 783 m, MU FE 74 m, KRIN A2 fE 45 340l
42 B, Ho 1~7 SO 78 P K B 8~ 21 &
K51 KB 523 ~ 35 5 Ay i T LB ; AN T KRR FL 43
SIAE 22 36 5 31B ;37 .38 5 A I Sz THAE HL |
] B L 539 ~ 42 5 AT R KL

IR R I T 5 | 5k 4 R 1R 2 45,2002 4%
2H 9 HZ G ¥ L 8,23 .32 5 301 B S A e s A
4 F% B DA B 1 AN, 38 40 AN A, G
54 EXO~ EX29 \EX31 ~ EX39 EX39-1, &2 KK
HUHTT 5 | 5k 4 0w A

AT A3 KIS T Y 1% i, B HR EX06 (7 %
WD) EX10( 11 3B ) (EX17(18 SHE:) (EX21
(22 SHE) EX27(29 5 HEL) EX31(33 5 H1E)

KA R A B ,2025,45(3)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn  hitp ://jour. hhu. edu. cn - 79 -



EX31 EX27

EX21

EX17 EX10 EX06

LOUUUUUOULD

i}
01,

BUERIVIRELIY

L—

|
{~

7

2 KAXRINTAS| KM =7 E

6 NS I RS HEA T 43 HT
2.2 HEGBUS S

AR 2006 4E 1 A 1 H % 2009 4 7 A 31
H3t 187 AU, #5608 7 - 3 M He R or s 48 | H:
Tl ZRdE 130 A5, 4 57 N B, DL EX06
WA, i A8 R e g an gk 1 s, Al
FH LightGBM FRIXT A 5 A 74U, 9 5220 [l H
PR R 2 SR A TR e, 45 SR LR 3, AR L0
Mriabr Lk 2,

H & 3 AT, LightGBM A48 A (H 5 B SL (T
P, HAU A RCRBGE A A RIEL Y 36 2 (AR
PEM FR PR EDUE T 3% — WAt

HH R 2 THRZE AL AT R I AL B AR
F,R? e K AH K 0. 939 9 (EX27 I &), fie /ME N
0.865 1(EX17 Jl #5) ,6 AW & A R* ¥J KT 0.85,
K Al LightGBM #2841l & B, R* Je KAE 4 0.9435
(EX27 W25, e /ME M 0. 8839 (EX17 M ) ,6 4>
MR R HRT 0,88, HLAEAR KT8 4 ] - 45

*£ 1 EX06 MAEKXMETRS R AESEIT
A B b s e/ ME H— o %k Hh s %k N PN IAS SN !
X 0.5418 0.2288 0 0.3570 0.5867 0.7202 1
% 0.5297 0.2290 0 0.3429 0.5718 0.7078 1
X 0.5177 0.2290 0 0.3290 0.5568 0.6952 1
X 0.2121 0.1881 0 0.0795 0.1297 0.3315 1
x5 0.1291 0.1502 0 0.0335 0.0587 0.1921 1
X 0.0775 0.1209 0 0.0125 0.0237 0.1026 1
X 0.4688 0.3529 0 0.1209 0.4399 0.8177 1
g 0.5293 0.3536 0 0.1806 0.5537 0.8777 1
%o 0.5114 0.3578 0 0.1565 0.5172 0.8720 1
X1 0.5007 0.3510 0 0.1549 0.5021 0.8482 1
. 0.5000 0.2910 0 0.2500 0.5000 0.7500 1
X 0.5287 0.2901 0 0.2844 0.5432 0.7807 1
y 2.1555 1.2291 -0.5300 1.2400 2.0900 3.0950 4.5900
—— LighGBMIERIIIE(H  —— BRIl — Seiify
5¢ 6 - 6 -
4t L
nl 4
£ 3} £ £
£ £ £ 2
R 2L ¥ o H B
& 1 =l & ot
0 -
ok “2r
-1 L I I L L ) -2 L 1 I L L . -4 L 1 1 L L .
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
FEAR FEAR S, FEAR
(a) EXO06I (b) EX100,5 () EX17I 4
10 - 8-
6 or
£ £ £ 4l
E £ £
B B 2] 2
2+ ol
-4 L L L L ! ) -6 L L L L L ' -2 L ! ! ! ! )
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
FEAR FEAR S, FEAR
(d) EX2190 5 (e) EX27i & (£) EX31 5,
3 BMEASNESESEFEE
- 80 - KA K A B, 2025,45(3)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



®2 REWSTMIER

5 R MSE MAE RSME MAPE R?
£X06 LightGBM 0.0904 0.2253 0.3007 0.3088 0.9328
ZA I 0.1726 0.3475 0.4154 0.4280 0.8722
EX10 LightGBM 0.1790 0.3304 0.4231 0.4205 0.9131
ZHAMIT 0.2556 0.4112 0.5056 0.3361 0.8759
LightGBM 0.2921 0.4065 0.5404 1.1419 0.8839
EX17 .
B 0.3412 0.4583 0.5841 1.6443 0.8651
_— LightGBM 0.3973 0.5192 0.6303 0.4611 0.9270
BRI 0.4773 0.5712 0.6909 0.5096 0.9123
LightGBM 0.4725 0.5614 0.6874 0.6037 0.9435
EX27 7
ZA I 0.5028 0.5719 0.7091 1.6638 0.9399
EX31 LightGBM 0.3407 0.4822 0.5837 1.4136 0.9268
ZAEIT 0.4072 0.5465 1.1506 0.6381 0.9124

RIRYZER . Ui LightGBM BLHU L T4% 5t (143 4 [l
AR 7 A AR ) 5
2.3 1RBEVERE

ARICAR ] SHAP {HFRIE X} LightGBM BRI 17
NS LIS 5=
2.3.1 &2ER#B%F

Bl 4 45T LightGBM A5 54 4 Jay J2 1 1Y) fiff B
I Y AVE S & o N N T EA R = N S R (£
ANEIR, B 4(a) v, BRI E R, HE
FES— A, FURRAE (BB 57, SHAP fH B/, /R IR
S X VT % 5 0] S 114 R, L5 T 7 % 5t 17
ORI ZR . XA R I o5, R 14 HE 5 It AN
—H (HRRRE  GRIEEE R I F 2, v g
%10 B IR BRI AR B | SR WU B2 XL #% 1Y BT AR K

D G S oo

X7 = tae

Sae eefesent . WnEEl

HYRRER BT 2y, 2y, , TR AKESS
W T 2, ~xg ST/

KRN RHELE T A AEAS 1Y) SHAP {17
PR, nr LA A s ) R i B Tk, AR
EX06 M 5 (545 | x, (SF- 44 46 %) SHAP {H hy
0. 85, X 45 AR B K ), oy xg Xy g %y BT
¥y %) SHAP {H 43 %1 4 0. 45,0. 14 0. 06, 0. 05,
0.03.0.01;x,, \xg x5 x5 %, BISFIILE%F SHAP (K
0, X &5 51 5 ma 55 /N, o] DL R, 2% 3 R A
LightGBM 1285 [ U= 19 A% 78 45 3] 1) X -k 5 25
BB MARRIEEA FRIBRI R %, x, %, a0 52T
K, 17 LightGBM #ERI X AE iR FEAE - HIBR T 5%
ANHURREY x5 x, PRI, 0] 0wy a0y g A2 X
IUTGUAE S 5 M 5 /N 4 R, (ELAR [R5 194 5 il L7
HER,

4 JEPPELAL A 43 BTER Y 5 L LightGBM
BEFRK B0 48 5 ol 15, 64% ~24.25% , 1% 7 &
it A 56. 41% ~ 70. 97%, B R 4y & b el
9.75%~27.95% ., % AR KR 46 5 b
H19.76% ~ 35. 57% , ik BE 3 5 o7 LR 57. 22% ~
68. 17% , 53485 He ol 0% ~20. 54% , 3% KAk
FARZEAK, B SR FH LightGBM A58 HE 47 K304 5%
P ATATRY . BVAORE , PR RL T R A i
FE38 LK R A3t R A3 o o LG, 100 B R A2 4k
MR E - T LIRS % 1452 M) /KA A 208k
Xof YRR IE 1 i 7 TG0 B A5 0 K

|

X7 ooem Q= e

X+ wohd dam
1

1
ahe
X1k ceetie | mEe X+ '“"‘|L"‘"
Xk . epppid.. Xk s o o Xt T T8
Xg | ..+ X4 b . _',JT_ X; +.
Xy | - X3 - Xg | I
ﬁ X9 e M xo - N xo o
K xpof 4 Xiof 4 Xiof |
X2 | Xi2f | X2 f |
Xe - Xo - | Xs |
X5 | X5 | X5
X3 F X3 X3 F
X2 F I X2 F X2
1 1 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 1 ]
-20-1.5-10-05 0 05 10 15 -3 -2 -1 0 1 2 -3 -2 -1 0 1 2 3
SHAP{i SHAP{i SHAP{i
(a) EXO06 14 (b) EX10J A (¢) EXI7i 5
X7 [ tfeten e e o 2 : tebe  Am§efle X7 [ oBele s - ;_..'.. s X7 r Akt e 1‘ R
X ..,.......:J.nm. Xg :..:4= Xg ~ """"1"“’
Xip P, X o s X b woliha .
X1 wifgacs X1 - . x b <o
X4 b . X4 = X3 b .
H_" X9 | o N> X t N> o "L
K xjof 4 Xi0 X0 b
Xiof Xi2 X2 f I
Xo [ X6 X [
X5 X5 X5 ‘
X3 F I X3+ X3+
X2 F X2 I X2 F l
1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 ] 1 1 1 1 1L 1 ]
4 -3 2 -1 0 1 2 3 5-4-3-2-1 01 2 3 4 4 -3 2 -1 0 1 2 3
SHAP{i SHAP{i SHAP(i
(d) EX2190 5 (e) EX27i 55, (f) EX313 45
El 4 4% SHAP EH T
ARA AR A B R 2025 ,45(3)  Tel ;025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn - 81 -



x3 BETFEERER

55 s X X3 X3 X4 Xs e X7 Xg Xo Y10 X1 Y12
EX06 LightGBM Vv X x Vv x x vV vV vV vV VvV X
ZA A Vv X x vV vV 4 Vv Vv Vv Vv Y4 Vv
EX10 LightGBM Vv x x Vv X X Vv Vv Vv vV vV x
pe A mlE x vV vV VvV v vV v vV v % vV Y
X1 LightGBM Vv x x Vv x x VvV vV Vv Vv Vv x
AT X vV VvV VvV v 2 vV v 2 vV 2 v
— LightGBM \ x x VvV x x vV vV 2 vV 2 x
’ e AulE v x vV vV vV x vV vV vV vV vV vV
- LightGBM Vv x x VvV x x VvV Vv VvV % Vv x
P AAnlE 2 x x vV vV x vV vV vV v 2 v
X3 LightGBM 2 x x VvV x x vV vV 2 vV vV x
) A A x x 4 Vv Y% x VvV v Vv VvV vV Vv
F4 BEHETMALL IEFISZIR J7, o SHAP {E28 0. 17; 58 AL B
. - KHAMEE REEAR SO, B A B 45 N - 0. 720 mm, 42 3T B S AE
i b/ % ik % i /%
-0.721 mm,
EX06 LightGBM 15. 64 56. 41 27.95
B ) 22.24 57.22 20. 54 F(x) HoEfl
EX10 LightGBM 19.90 68.39 11.71 -0.72 2.159
B A 35.57 61.21 3.22 -3 -2 -1 0 1 2 3
EX17 LightGBM 24.25 65.09 10. 66 I
sz AnE 30.53 58.73 10. 74 x11=0.16 x=0.16 x4=0.17 x=-3.31
_— LightGBM 18.57 67.16 14.27 (a) MiRE (K H32.9°C, KN K62.03m)
ZA A 21. 66 68.17 10.16 prata fx)
EX27 LightGBM 19.28 70.97 9.75 | 22.159 \ y 4.74 S ]
eS| 32.38 67.62 0.00 . . . . . .
LightGBM 16.33 70.09 13.58 p ||
EX31 .
BA A 19.76 65. 86 14.38 xi=0.17 x4=0.47 x,=2.07 x=-0.14

Bl 5 SR 43 i FOK 43 SHAP B/ 43 B 45
TG LR A3t AR 2388 40 5l R %ok g PR 1)
SHAP {H=Z F1, MIE S ol LA H IR 75 1Y SHAP
{ER TR 51 SHAP {8 ; B g sz 71 52 Z4350 4
) SHAP {E K, Bl ) SHAP {EAHXTE/N

SO kRS _
250 DS [
201
<
< 15¢
jan)
© 1.0r
0-5 _ /_l—‘
OJ. CH [

EX06 EX10 EX17 EX21 EX27 EX31
A5,

ES5 RESEMKESNRESHAP BHHBLER
2.3.2 B3

R T XA B AR R AT 42 )R il B 22 A1, SHAP
{EFRIE I R B R AR J= T A B, R JRi R i)
SHAP i AT L5k B — IR 000 {25 A 7y i 81 A o1 A
P06 S EX31 ik LY ) ff B2k 0, #E R 6(a)
1, LightGBM 57 X0} 3 A~ E50 48 P2 118 ~F- 347 1o I 8, B
FEMEMELA 2. 159 mm ;x, & d5e B R 52 0 IR 7, X o7
A 520 J1 , HE SHAP {5 -3, 31, x, S HBA

- 82 - KA A A R 2025,45(3)

(b) fRIRH (R A2.8C, /KA H61.14m)

J) HEfE
0.06 2.159
-2 -1 0 1 2

10 e
x1=0.08 x4=0.15 x=0.42 X,=—2.66
(e) BANEA (KHEH63.57 m, <@ h23.5C)
f(x) B SliHIE]
1.07 2.159
0 0.5 1.0 15 20 25 3.5
I Y N
x7=0.73 x=-1.00  x=-0.55 x;=—0.16
(d) EAKALA (K569 m, Sl H24.9C)

4.0

6 EX31=m#BAMBER

6 (a) FE 6 (b) A& 5 AT & i B AR E H
MIREREAS I o XEEC AT AT AT 0 o, BV B BRL - %o 7
A ARG NI S N N il P e =3 Y = ) A
XPASE R 77 HE A ) S0 T REESE A6 A 5 ) 58— K Y
S PR 2 7 AR TE 1] 500 g B K R R o 5 TR
W H S, x, XS ™ A TE W] 5200 7, %57 B 5% ) 5
RIS R AR R KRR 2, WS
(R SEIA HESS =17

B 6(c) FE 6(d) 2l 5 AkF & 7K A7 H FIRK
A H AR RESE SR o X e 3 A AT R0 R R PR 7 2 0t
LRSS d K2 W (K5, AN R Y2, FE s K A H

Tel:025 - 83786335 E-mail ;jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn



, 5 W] e R 1 52 M PR 42 77 26 0 [ 5 0 ) Y
VB S R ) S M R 2 7 A T ] 5 7 7K
FERF o, s TAEAR KA H T 5% 0 5 K 118 52 i R 1
FEA AR RSN T 1 g, 5 M0 EF R M R 4 2 T
JER -, KRR T x, SRS S MAHESS =17,

2.4 EBTN SR

DIBCHE 45 B B 5 10 A s AV A 000 0, R
LightGBM 128 A5 [l I 9 Ffud 78 1547 0, JH S 0 41
STHUMAE X EL ] 7 BT AR T T4 8 B L
%5, MIE 7 AT LUE ), LightGBM F1iZ 45 [l ) 45
U (4 1 5 55 S A R AR AR — 3, =3 A F
SERES AR . 2 5 AL RAT A R E A
[l 3 452 780 150300 B, R S KAE R 0. 8550 (EX27
J) L B/ME R 0.8226(EX17 M A5) | BN A ) R?
YIRTF 0.80, KM LightGBM 5 R F5i i i | R* # K
B4 0. 8714 (EX27 M) , 5/ ME K 0. 8627 (EX17
D) NI ) R BIKRTF 0.85, & BIATL
R A KA i b R A 7 5000 {H B4R | LightGBM
R (18 T 0 25 SR LA 328 2 [T U A AR ) 0] 45

—— S —— LightGBM A7 T F
—— A [ P AR TR

g Ir
£
32\
E 4L
-1 L 1 L 1 L )
0 2 4 6 8 10 12
FEAR 1
(a) EX17i 8
2_
1_
£
E
B 0r
i>_]
“1F
-2 L L L 1 1 )
0 2 4 6 8 10 12
FEAR 13

(b) EX279 5
7 W SENME S BERT
x5 EEFWIEMNIERR

M MSE MAE RSME MAPE R?

LightGBM 0.0768 0.2611 0.2772 0.6385 0.8627
EX17 .

ZAEIT 0.1028 0.2727 0.3207 0.7811  0.8226

LightGBM 0.1404 0.3517 0.3746 1.2805 0.8714
EX27 .

ZHAEIH 0.1721 0.3750 0.4148 2.6596 0.8550
3 &% iE

AR SCHRYE LightGBM FBIEIFT SHAP {H3E 2

T — I F ] R A 2T R TR £ i AR I
WA JF K D p AT T8k, Seiikg
WRE 5% AR AUA EL, LightGBM #5571 () 48]
ARG Iz AL Re g P I A A LightGBM
BEHI IS ] AR YRS A WA Hh 25 1 T 45 5%, (A L {Ak
I LightGBM A5 Y {14 75 0 2% S AR T 38 2 ] U5 455 A1
SHAP A ] IXHERIE 4 Jm g kg, 7E3T 5345 7 =
BTk b7 AN R T PR 5 T, LightGBM AU i1z A [m]
VAR A HLA — R AR, 0 LightGBM A 2% 51
AIHE 0 AR IR] 3R R A IR FI A5 &
(R G R AR B LU A A, A% B0 14932 A ] A A5 7R e
Z AR 2k M R GK SF ) R, R DI RE R 52 A%, T
LightGBM R AT #00R I AR R P LG 8 ), B R
FLSLAE B0, i B 25 LS vl . SHAP {H i8R &4
ANMAREA BRI J5 5 i Bk, BIVJR)30 AY SHAP {i AT 2L o
B — R OE A A B AR A B . SHAP B IR X
AR RRHIL A 2 > O 1k A0 4 e A e e v b AT T
Gi— , HAAT Z N HRTR,

SE

[ 1] S, 5 RK TR BE 4 4546 99 3 4G DI 5 4k B 12 1
(ML U5 @ 4530 L, 2005,

[ 2] B0 b JREE T DU M A (@ 2 Wi 52
WIE[T]. K H R H 2R, 2021,40(5) :22-34. (ZHAO
Erfeng, GU Chongshi. Review on health diagnosis of long-
term service behaviors for concrete dams[ J]. Journal of
Hydroelectric  Engineering, 2021, 40 (5): 22-34. (in
Chinese) )

[ 3] S=rbin, Bril. RV MGt m A el [ )] . B
% .2016,39(5) :1-3. (WU Zhongru, CHEN Bo. A review
on development of dam safety monitoring models [ J ].
Modern Surveying and Mapping, 2016,39 (5):1-3. (in
Chinese) )

[ 47 XUARZR, XU/NA: 3RO . 5 T° A5 43 M PN IR 2
> B RINASTE WA A [ T, KRR R ke | 2024,
44(3) :101-106. (LIU Xiangjie, LIU Xiaosheng, ZHANG
Longwei. Dam deformation prediction model based on
quadratic modal decomposition and deep learning [ J ].
Advances in Science and Technology of Water Resources,
2024,44(3) :101-106. (in Chinese) )

[ 5] SU Huanzhi, CHEN Zhexin, WEN Zhiping. Performance
improvement method of support vector machine-based
model monitoring dam safety [ J ]. Structural Control and
Health Monitoring,2016,23(2) :252-266.

[ 6 ] LI Yanlong, YIN Qiaogang,ZHANG Ye,et al. Deformation
prediction model of concrete face rockfill dams based on
an improved random forest model [ J ]. Water Science and
Engineering,2023,16(4) :390-398.

[ 7] W AR LB, 45, 22 A QIR 2T 1 K3l

KA R A B ,2025,45(3)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn  hitp ://jour. hhu. edu. cn - 83 -



AN By 25 S TN A3 AT 1], KA 2 4, 2019, 50
(6) :687-698. ( LI Mingchao, REN Qiubing, KONG Rui,
et al. Dynamic modeling and prediction analysis of dam
deformation under multidimensional complex relevance
[J]. Journal of Hydraulic Engineering,2019,50(6) ;687-
698. (in Chinese) )

[ 8 ] WOk, KA %t , BRpEns , 5. 2 Tft EMD-LSTM [kt

T IVRIE A Y [ )], KK e Bl L R, 2024, 44
(6):93-99. (OU Bin,ZHANG Caiyi,CHEN Dehui, et al.
Deformation prediction model for concrete dams based on
improved EMD-LSTM [ J ]. Advances in Science and
Technology of Water Resources,2024,44(6) :93-99. (in
Chinese ) )

[ 9] JE22pE , BB, i, 48, 3LF SSA-LSTM-GF (iR

B IWURIET 5 vk [T ], W R 2% 2= i (A SR B2
Ji), 2023, 51 (2): 73-80. ( ZHOU Lanting, DENG
Siyuan, LIU Zhikun, et al. Deformation prediction method
of concrete dam based on SSA-LSTM-GF [ J]. Journal of
Hohai University ( Natural Sciences) ,2023,51(2):73-
80. (in Chinese) )

[10] B8 %8, X Obk , 188k 2. 28 ik B BE AT 5 f [l JBT 15 g 22

[J]. LR, 2016,39 (1) :212-222. (ZENG Yi,
LIU Chenglin, TAN Tieniu. Retrospect and outlook of
Brain-inspired intelligence research [ J]. Chinese Journal

of Computers,2016,39( 1) ;212-222. (in Chinese) )

[11] MATA J. Interpretation of concrete dam behaviour with

artificial neural network and multiple linear regression
models [ J ]. Engineering Structures, 2011, 33 (3) ; 903-
910.

[12] KANG Fei, LIU Jia, LI Junjie, et al. Concrete dam

deformation prediction model for health monitoring based
on extreme learning machine [ J]. Structural Control and
Health Monitoring,2017,24(10) ;:e1997.

[13] WANG Xiaoyu, YANG Kan, SHEN Changsong. Study on

MPGA-BP of gravity dam deformation prediction [ ] ].
Mathematical Problems in Engineering, 2017, 2017.

2586107.

[14] BB, M R, 55 AN TR BILE 7 ) R X R 35k

LIRS N PERER SR T K HLRE TR, 2022, 40
(1): 107-111. ( SUI Xupeng, WANG Shaowei, ZHU
Shenghui, et al. Performance evaluation of different
machine learning models on predicting displacement of
concrete dams| J ]. Water Resources and Power, 2022, 40
(1):107-111. (in Chinese) )

[15] Tk, &F 4,5k H ,%. 3T XGBoost [ 7K JEE K I L Al

BEMGETETE KU PEA BN [ 0] NIRRT, 2023,54(4)
241-246. ( DING Wei, JIN Youjie, ZHANG Ri, et al.
Evaluation and prediction of potential risks of reservoir
dam infrastructures based on XGBoost[ J]. Yangtze River,
2023,54(4) :241-246. (in Chinese) )

[16] T8, G %, TR, 5. 2 TR G T HLH AR

22 2 W RIS I SO AR B [ ] ] KR K Bk ik e |
-84 - KA A A R 2025,45(3)

[17]

[18]

[19]

[20]

(21]

(22]

[23]

[24]

[25]

[26]

2023,43(2) :96-101. (XIANG Zhenyang, BAO Tengfei,
BAI Yanli,et al. Dam deformation prediction model based
on mixed attention mechanism and deep learning [ J ].
Advances in Science and Technology of Water Resources,
2023,43(2) :96-101. (in Chinese) )
TEEL, X T SRR, T AT M Tk
FRP BRI EE 1 Wi 240 5080 B [ ) 1. By J s T 7
Z 4R, 2023, 43 (3): 626-636. ( FAN Xianggian, LIU
Jueding, SHI Chenyu, et al. Innovative idea on fracture
analysis of FRP reinforced concrete using artificial neural
network [ J]. Journal of Disaster Prevention and Mitigation
Engineering,2023,43(3) :626-636. (in Chinese) )
ANJOMSHOAE S, NAJJAR A, CALVARESI D, et al.
Explainable agents and robots: results from a systematic
18th
Agents and

literature review [ C ]//Proceedings of the
International Conference on Autonomous
Multiagent Systems. Montréal ; International Foundation for
Autonomous Agents and Multiagent Systems, 2019 1078-
1088.

TRt e Rban w55 5 E IO oy LG Y
MM TELT]. KR 54,2003 (6) : 111-114. (XU
Hongzhong, WU Zhongru, SHI Bin, et al. Neural network
method for determining the component proportion of dam
effect-variable[ J ]. Journal of Hydraulic Engineering,2003
(6):111-114. (in Chinese) )

PALIWAL M,KUMAR U A. Assessing the contribution of
variables in feed forward neural network[ J]. Applied Soft
Computing,2011,11(4) :3690-3696.

OLDEN J D, JACKSON D A. Iluminating the “black
box” ;a randomization approach for understanding variable
contributions in artificial neural networks [ J]. Ecological
Modelling,2002,154(1/2) . 135-150.

SR FE TR o B SR S AT R [ D] VY
L R, 2021.

ZHOU Jinying, PETROSIAN O L. Explainable Al using
Shapley value to explain complex anomaly detection ML-
based systems| C]//Proceedings of the Machine Learning
and Artificial Intelligence. Virtual Event:10S Press,2020.
152-164.

BBt iitean , ka2, 4. AN BT R B S e A
DB EANT B EE R 20 [ )] R KA 24l ( A 2R
2FRR) , 2022, 50 (11) ; 1637-1646. ( ZHAO Xiaohua,
YANG Haiyi, YAO Ying, et al. Traffic safety evaluation
and feature analysis of freeway bridge sections[ J]. Journal
of Tongji University ( Natural Science),2022,50(11):
1637-1646. (in Chinese) )

LUNDBERG S M, LEE S I. A unified approach to
interpreting model predictions [ C ]//Proceedings of the
31st International Conference on Neural Information
Processing Systems. Long Beach : Curran Associates Inc. ,
2017 .4768-47717.

STRUMBELJ E, KONONENKO I. Explaining prediction

Tel:025 - 83786335 E-mail ;jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn



[27]

(28]

(29]

models and  individual predictions with  feature

contributions [ J ]. Knowledge and Information Systems,
2014,41(3) :647-665.

ook, AR M 28300, 5. BT T BRIl &8 5 > 1K
S RE TN 5 VE [ ] VU RS A7 IR R (A AR
f2) ,2022,44(4) :81-90. ( MA Xianlin, ZHOU Desheng,
CAI Wenbin, et al. An interpretable machine learning
approach to prediction horizontal well productivity [ J].
Journal of Southwest Petroleum University ( Science &
Technology Edition) ,2022,44(4) :81-90. (in Chinese) )
EKANAYAKE 1 U, MEDDAGE D P P, RATHNAYAKE
U. A novel approach to explain the black-box nature of
machine learning in compressive strength predictions of
concrete using Shapley additive explanations ( SHAP )
[J]. Case Studies in Construction Materials, 2022, 16
€01059.

WR/NES  Ze il A , 45, Rl & XGBoost 15 SHAP 156
O T e FCRRAE 3 AT AL AL [ 0] T HSEHL 5T,
2022,39(6) :1796-1804. (CHEN Xiaokun,ZUO Hangxu,
LIAO Bin, et al. Coronary artery disease prediction and
feature analysis model based on XGBoost and SHAP[ J].
Application Research of Computers, 2022,39(6) ; 1796-

[30]

[31]

(32]

1804. (in Chinese) )

K, FHIKAE. FET Inception HH 52 GRU 1) 1R Bt
T IVISIE S AL RS [ 3], KA K R R R, 2024, 44
(6):100-105. ( SONG Lei, LEI Zhaoxing. Concrete dam
deformation prediction model based on Inception module
and improved GRU [ J ].
Technology of Water Resources, 2024,44 (6) : 100-105.
(in Chinese) )

RS 205 /N HEUN ) R B[] ARAE K
FDKHL R 242241 ( H SR B2 AR ,2014,35(4) :31-34.
(ZHANG Shibao, LI Fang. Analysis of siress monitoring

data of Xiaowan arch dam [ J]. Journal of North China

Advances in Science and

University of Water Resources and Electric Power
( Natural Science Edition), 2014, 35 (4) . 31-34. (in
Chinese) )

KE Guolin, MENG Qi, FINLEY T, et al. LightGBM: a
highly efficient gradient boosting decision tree [ C]//
Proceedings of the 31st International Conference on Neural
Information Processing Systems. Long Beach: Curran

Associates Inc. ,2017:3149-3157.
(ks H91:2024 -02-24 St o))

(LB% 54 W)

[13]

[14]

[15]

[16]

(17]

[18]

[19]

HALASZ ,GABOR B. Higher order corrections for shallow-
solitary

water waves: elementary  derivation and
experiments [ J |. European Journal of Physics, 2009, 30
(6):1311-1323.

KOSHIZUKA S, OKA Y. Moving-particle semi-implicit
method for fragmentation of incompressible fluid [ J].
Nuclear Science and Engineering, 1996, 123 (3) . 421-
434.

CHIKAZAWA Y, KOSHIZUKA S, OKA Y. A particle
method for elastic and visco-plastic structures and fluid-
structure interactions [ J ]. Computational Mechanics-
International Journal Then Research Journal, 2001, 27
(2):97-106.

KIM K H,LEE D Y,KIM Y S. Experimental study of
water impact loads on symmetric and asymmetric wedges
[J]. Journal of Ocean Engineering and Technology,2014,
28(3) :209-217.

OGER G, DORING M, ALESSANDRINI B, et al. Two-
dimensional SPH simulations of wedge water entries[ J].
Journal of Computational Physics, 2006, 213 (2) : 803-
822.

ZHANG Youlin, TANG Zhenyuan, WAN Decheng.
Simulation of water entry of a free-falling wedge by
improved MPS method[ C]//The 26th International Ocean
and Polar Engineering Conference. Rhodes : International

Society of Offshore and Polar Engineers,2016:220-227.
TANG Zhenyuan, CHEN Xiang, WAN Decheng.

KA K A R, 2025,45(3)

Tel :025 - 83786335

[20]

(21]

(22]

(23]

Application of IMPS method in a ship bow section entering
water problems [ C ]//The Twenty-Sixth International
Ocean and Polar Engineering Conference. Rhodes:
International Society of Offshore and Polar Engineers,
2016:213-219.

TANG Zhenyuan, WAN Decheng, CHEN Gang, et al.
Numerical simulation of 3D violent free-surface flows by
multi-resolution MPS method [ J ]. Journal of Ocean
Engineering and Marine Energy,2016,2(3) :355-364.
YOKOYAMA M, KUBOTA Y, KIKUCHI K, et al. Some
remarks on surface conditions of solid body plunging into
water with particle method [ J]. Advanced Modeling and
Simulation in Engineering Sciences, 2014, 1 (1): 9.
(DOI;10. 1186/2213-7467-1-9)

SUN Zhe, DJIDJELI K, XING J T, et al. Coupled MPS-
modal superposition method for 2D nonlinear {luid-
structure interaction problems with free surface [ J ].
Journal of Fluids and Structures,2016,61:29. ( DOI. 10.
1016/j. jfluidstructs. 2015. 12. 002)

ARIMEE X2 ek 7Kl KA i TR
PRI FH AR 5 0 R [T ] 7K R K HL R It R, 2015, 35
(5) :36-46. (LIN Pengzhi, LIU Xin. Recent advances of
application of smoothed particle hydrodynamics in
hydraulic and ocean engineering[ J]. Advances in Science
and Technology of Water Resources,2015,35(5) ;36-46.
(in Chinese) )

(W HH.2024 -04 - 07 4. fEAKORE)

E-mail ;jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn -85 -



