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Research progress on application of machine learning in field of aquatic ecological environment//Hou Jun', Zhou
Ningyuan', Zhang Yue', Li Yongnian®, Ding Wei', Wu Jun'( 1. College of Environment, Hohai University; 2. Daging
Oilfield Water Affairs and Environmental Protection Company)

Abstract; Aiming at the problems of sparse data, strong nonlinearity and insufficient mechanism characterization in aquatic
ecological environment research, this paper uses literature published between 2014 and 2024 retrieved from the China
National Knowledge Infrastructure ( CNKI) and the Web of Science Core Collection. On the basis of sorting out the basic
principles of classical machine learning, deep learning, ensemble learning and automated machine learning, this paper
reviews the application progress of machine learning in the field of aquatic ecological environment from four research
scenarios, including water quality prediction and management, water pollutant analysis, eutrophication and cyanobacterial
bloom research, and aquatic ecosystem protection. Furthermore, a comparative analysis is carried out based on data
characteristics, task objectives and model performance, and problem-oriented suggestions for algorithm selection are
proposed. The results indicate that ensemble learning algorithms such as random forest and XGBoost have good applicability
for small- and medium-sized samples, the mining of multi-factor nonlinear relationships and the identification of variable
importance. Models including LSTM and GRU are more applicable to multi-site and multi-temporal scale sequence
prediction. CNN, Transformer and other models show considerable application potential in remote sensing recognition and
algal biological image analysis. At present, the application of machine learning still faces several challenges, including
inconsistent data quality, insufficient model interpretability, high computational cost, and inadequate collaboration with
mechanistic models. In the future, by leveraging data-sharing systems, the application scope of machine learning in the
aquatic ecological environment field can be further expanded.

Key words: machine learning; aquatic ecological environment; water quality prediction; cyanobacterial bloom; ecological

protection
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Technological bottlenecks and development trends for shipboard domestic wastewater management under stringent
discharge standards//Cheng Yuhang'**, Hu Kai'*, Xu Hang"?>, Chen Wei'?( 1. Key Laboratory of Iniegrated Regulation
and Resource Development on Shallow Lakes, Ministry of Education; 2. College of Environment, Hohai University)

Abstract: To clarify the research and development direction of shipboard domestic wastewater treatment technology under
the background of upgraded discharge standards and differences between domestic and international standards, identify
technological bottlenecks, and promote the sustainable development of the industry, this paper systematically analyzes
China’ s discharge standards for shipboard domestic wastewater, the current application status of treatment equipment, and
technological research progress. First, by comparing previous and current discharge standards as well as the indicators of
domestic and international discharge standards for seagoing and inland waterway vessels, the core characteristics of
increasingly stringent standards and their higher requirements for treatment processes are clarified. Second, through
literature review and statistical analysis of discharge data, mainstream treatment processes and the current status of
equipment installation are reviewed, and their technical applicability and limitations are analyzed. Third, by combining
field surveys and case analyses of typical treatment equipment in the Yangtze River Basin, key technological bottlenecks
affecting shipboard application are identified, and the main directions for technological breakthroughs are pointed out. The
results show that China’ s discharge standards are more stringent than foreign standards in terms of both the number and
values of indicators, imposing higher requirements on the multi-objective synergistic removal capacity and operational
stability of treatment processes, while conventional biochemical/physicochemical treatment processes can hardly guarantee
satisfactory treatment performance. For small vessels below 400 gross tonnage, the installation rate of treatment equipment
is extremely low due to space constraints and limited technical adaptability. Membrane bioreactors and electrochemical
coupling processes have become mainstream technological directions, but they still face challenges such as insufficient
shock-loading resistance, shipboard environmental constraints, and insufficient capacity for digital operation and

maintenance as well as supervision. Therefore, a systematic approach should be adopted for the treatment of shipboard
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domestic wastewater to establish a technical pathway featuring spatial adaptability, stable operation, and simultaneous

treatment of blackwater and graywater. Efforts should focus on three directions: synergistic treatment of blackwater and

graywater, development of shock-resistant processes, and ship-shore digital operation, maintenance, and supervision. In

addition, source-separated reuse and zero-discharge technologies should be taken as important breakthrough directions, so

as to promote the coordinated energy conservation, pollution reduction, and carbon reduction in shipboard domestic

wastewater treatment.

Key words: shipboard domestic wastewater; wastewater treatment; shipboard sewage treatment equipment; technical

bottleneck ; development trend
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Research on fracture damage evolution of concrete under cyclic loading//Zheng Dan', Chen Yongqiang', Qin
Zhangchen® , Fu Guangchuan®, Li Xinxin' ( 1. School of River and Ocean Engineering, Chongging Jiaotong University;
2. School of Civil Engineering, Chongqing University; 3. Chongging Water Conservancy Port and Shipping Construction
Group Co. , Lid. )

Abstract: To quantitatively characterize the fracture damage evolution mechanism inside concrete under cyclic loading, this
paper systematically investigates the evolution laws of crack length, displacement gradient, and residual strain in the
fracture process zone (FPZ) of concrete through three-point bending beam tests. A Tikhonov regularization-based cohesive
stress inversion method is employed to invert the cohesive stress distribution, and the cohesive stress softening curve is
obtained. The results indicate that under constant-amplitude loading, the crack length exhibits a two-stage characteristic of
a rapid increase followed by nearly linear slow growth. The FPZ displacement gradient undergoes a two-stage attenuation
process consisting of a steep decline followed by a gradual decline, with the attenuation magnitude at low load levels
significantly higher than that at high load levels. Under envelope loading, the crack length continues to increase with the
number of loading cycles and then tends to stabilize, whereas the FPZ displacement gradient decreases monotonically. The
crack propagation rate lags behind the increase in crack mouth opening displacement, resulting in an increase in the width
of the fracture process zone and a decrease in its length. Owing to the synergistic development of cohesive stress
degradation, material damage, and plastic deformation induced by cyclic loading, the residual strain in the FPZ
accumulates continuously over loading cycles at an accelerating rate. Based on the assumption of a linear distribution of FPZ
opening displacement, the Tikhonov regularization method was used to invert the cohesive stress distribution. The resulting
softening curve approximately follows a power-law form, and the inverted displacement field agrees well with the
experimental data, thereby verifying the reliability of the inversion method.

Key words: cyclic loading; concrete; fracture process zone; adhesive softening model ; crack propagation
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HECC Wi A b e HH R 0F 58
ERE EEAKFNLE WP

(1. =R 2 R S HA 2 B s 2. KITRR A Be b RS 25 F B9 )

PR B T AR | DA AR IR IE Bt 45 AT ) IX 30 A BORAL RGR I8 BT R T K TRIRA 64
#(HECC) 89 F-HA T4 5t oM T RABR S AR KA (PCA-1) JE BRI A R 28 3 b e R K
F(PCA-2) A= F-3% A B2 A4 B2 5 M AR B K 71 (PCA-3) 3+ HECC A T 45 eyl R, 2R AW,
HECC HAMe A TGS ZREEE L ERE A fefE YA R E Rk m¥E K, AR HE
T, 3 AR ARF R AR RANE ALK B R0 EALA S £ 5, Bl — X A 18] W45 PCA-3 #9364
JER L 7 For el o K5 BN TR ) S M A 64 A e A A B R) A B SRR AE K 3~4h fe 5~6h,
MG TN EFE TN A E G 45 R F A o454 PCA-2 F= PCA-3 ) 364 oy 30 ok
SARATT 1.93h A= 1.77h, Rt #F /235 PCA-2 BBV T 1.366)/g, %4 PCA-3 &3 T
0.998 J/ g ; T 3% A s /K 7 18 i AL 3 KA B P42 HECC %97 T 450, do JE AR AL IR K 5] 38 i3 %5 ve) S
AR 69 R AR R R AERIEAE R

KHEIA R TRRILFE S AAH(HECC) ;i T4 B 22 BRI K A 5 AR AL e, 4 45 B 1)
FESES.TV432".9 M ERFR SRS A MEHS 1006 - 7647(2026)05 - 0027 - 07

Study on early-age rheological properties of HECC and their control//Li Jiazheng'”, Tang Weijie'">, Zhang
Xiuzhen®, Shi Yan® (1. College of Civil Engineering & Architecture, China Three Gorges University; 2. Department of
Material and Structure, Changjiang River Scientific Research Institute)

Abstract: The early-age rheological properties of hydraulic engineered cementitious composites (HECC) were investigated
through rheological tests, workability tests, setting time tests, and hydration heat tests. The effects of three
superplasticizers, a high-performance polycarboxylate superplasticizer (PCA-1), a non-slump-retaining high-performance
polycarboxylate superplasticizer (PCA-2), and an early-strength high-performance polycarboxylate superplasticizer ( PCA-
3), on the rheological characteristics of HECC were evaluated. The results showed that the rheological behavior of fresh
HECC followed the Bingham model, with both yield stress and viscosity increasing over time. At the same dosage, the three
superplasticizers exhibited similar water-reducing effects but differed in slump retention. At a given testing time, mixtures
containing PCA-3 exhibited slightly higher yield stress and viscosity. The initial and final setting times determined by the
penetration resistance method were 3—4 h and 5-6 h longer, respectively, than those determined by the Vicat method.

Field construction observations confirmed that the penetration resistance method provided more accurate results. The heat
release peaks of mixtures containing PCA-2 and PCA-3 occurred 1. 93 h and 1. 77 h earlier, respectively. Cumulative heat
release decreased by 1.366 J/g with PCA-2 and increased by 0. 998 J/g with PCA-3. The early-strength superplasticizer
regulated the rheological characteristics of HECC by promoting hydration, whereas the non-slump-retaining superplasticizer
exerted its effect by affecting interparticle adsorption.

Key words: hydraulic engineered cementitious composites ( HECC ) ; rheological characteristics; polycarboxylate
superplasticizer; hydration heat; setting time
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Dam deformation data denoising method based on modal decomposition and classification-based denoising//Zhang
1,3

Hongrui', Wen Lijuan®, Cao Xin'’, Sheng Jinbao'”, Jiang Chao'’, Zu Anjun'” (1. Dam Safety and Management
Department, Nanjing Hydraulic Research Institute; 2. Gaotai County Water Affairs Bureaw; 3. Dam Safety Management
Center, Ministry of Water Resources)

Abstract: To address the problem of data noise interference in dam deformation monitoring and improve the quality of
monitoring data, a dam deformation data cleaning method based on unsupervised learning is proposed by integrating the grey
wolf optimizer (GWO) algorithm, variational mode decomposition (VMD) , wavelet threshold denoising (WTD) , and the
Savitzky-Golay (S-G) filter. In this method, the decomposition parameters of VMD are adaptively optimized using the
GWO algorithm, and the optimized VMD is employed to decompose the deformation sequence into multiple intrinsic mode
functions (IMFs). Then, the IMFs are classified according to their sample entropy, and classification-based denoising is
applied to the high-frequency IMFs and the medium- and low-frequency IMFs. Finally, the processed IMFs are
reconstructed to obtain the cleaned deformation data. Case validation on an arch dam shows that the proposed method
effectively eliminates noise across multiple frequency bands while well preserving the statistical characteristics of the
deformation data, and exhibits robustness to different noise levels. The denoised sequence, when used as training samples,
can improve the accuracy of the point-interval prediction model. In addition, the method has good applicability to
monitoring sequences of different lengths.

Key words: dam deformation monitoring; data noise; modal decomposition; optimization algorithm; classification-based

denoising
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Stochastic finite element analysis of concrete-faced rockfill dam considering spatial variability of rockfill rheological
model parameters//He Linlin'>, Nie Weijie', Liu Xuan', Jin Yong', Liang Yue'?, Liu Yang’( 1. School of River and
Ocean Engineering, Chongqing Jiaotong University; 2. National Engineering Research Center for Inland Waterway
Regulation, Chongqing Jiaotong University; 3. School of Civil and Hydraulic Engineering, Chongqing University of Science
and Technology)

Abstract: To address the insufficient consideration of spatial variability of rockfill rheological model parameters in
stochastic finite element analysis, taking an actual concrete-faced rockfill dam ( CFRD) project as an example, a
deterministic finite element model considering the rheological effects of rockfill materials was established. The Cholesky
covariance decomposition method was employed to generate random fields of rheological model parameters. Through the
integrated interaction of ABAQUS, MATLAB, and Python, a non-intrusive stochastic finite element calculation accounting
for the spatial variability of material parameters was achieved. The Monte Carlo method was then used to perform statistical
analyses of the stress and deformation responses of the CFRD. The results show that, compared with the finite element
analysis based on a single set of deterministic material parameters, the stochastic finite element analysis considering
rheological properties yields more conservative stress and deformation estimates. The differences in the extreme values of
various indicators range from 2% to 6% , and the exceedance probabilities for all indicators are all greater than 50%. The
proposed stochastic finite element method incorporating the spatial variability of rockfill rheological model parameters is
more consistent with actual engineering conditions and can improve the reliability of deformation predictions for CFRDs.
Key words: concrete-faced rockfill dam; rockfill material; rheological model; parameter spatial variability; stochastic

finite element method

B TR A U R P T A X 2 A0 2 AN FERT B RIIVE TR, i 4k T RO
AVRHE e VERG o T AR DU TE I s o0 A Ak B EEHE BORIOR BE 25 AL AR IR, 23 R AR AR N ] 4K
FRPE L B AR S AN E N, G T R X AR i A F) 13 g R 3k —
WUSIB AT SRR BO e T Sis g h 20E PRAREL AR Z 2 RE, fLYyRE"

BE®WA : HEKAARREEA R [IUH (52379097) ; ST A SARF 5L 4 BIH & Ik G B4 85,5000 H ( CSTB2024NSCQ-LZX0114) ; 5 Kl
H SR B2 5418 0 H (CSTB2023NSCQ-MSX0873)
VEE BT BUMAR(1983—) , 2o, B0 1 RN 1R SOt TS IS 511507 5758 . E-mail : helinl@ 126. com
BEES NNEE1982—) 5B IEES P TR, 4, 2K TR TR R EF2WGE . E-mail ; liuyang99132@ 163. com
<42 . A KA 3R 2026,46(5)  Tel:025 - 83786335  E-mail :jz@ hhu. edu. en  hitp://jour. hhu. edu. cn



T U UL GRS 2 A e TR A A7 S0LC (L A
I, e B A 51 A Y R R DT ELIS 210 mm, 290
U 0. 16% AR ReE 8.3 . WRAE > dl it R AR
A5 — G AR A7 0L RS S B o A i A
TENE TS T I B2 B K R8Tl
AT VR BRI AL AR 2 AR TP S M 23 Ot B
ALY RN, ST B AET S e S R S
AT PR AT SR, I A B SR HE A1 A
ARAR L ARFPE I SIUA e TR k5 D UL ) B R HIT
WA ZE 1.5 m, 1025 R HE A1 ML A8 A8 I e 1k I
B R ORI 45 SR AT 5 B, BT AR A I )
WUATRE BA B E R,

HEAT PR B AS AR S A S BONAR 5 A2
BRI FEIFH 22— HT A IS Y
T 5 vk 2 P — A B 2 A gl
A 5 fh 2 UL D7 1 T AR AR IR ST HE AR
AR IR AL A, T oA PRS2 PR g
FERAR A W) EAEEAR A — E 1Y 22 5 Pk A 1
P T GE A BRIT A BT B A R AS R B S 8
Pt , 20 T RSB A RS SRR R, 2
AT IO 25 55 5 92 R WL I (A7 A — R ) 2%
WEHLA BROCES & TG ROTM T iRt 5 A B
BERLM BT Y AT | REAS 7575 JEATRL 2 Bas 1] 28 S+
PR FEA L X6 37 30050 25 R 728 W IO R 4T B Ay o
RTINS A B R VIR RS R
]34 AP AN 2 1, IR T BELA BROCIE BT
FARES B s 18] 28 S P X AR B 3 A8 9 820, 49
i AR A T [ BE AL G, F R T R
R AT IR BT R 2500 25 ) AR S PR, 4
KW H IR RIS Kz A e O REATLA FROGHT 5 45
SRR LE T8 2 A BROC T 53 45 3 42 A [ 7 58 b 3
K5 Chi 5512 BT 00 & 5 O Bl A7 LR 30 1 B 7
TR WD B N AR A R L T TR
JESXR 5K E-B BARS B KR BENL IR BF 5T
RUIH ES RS AL P A FRIT T4 2R 5 I
BRAUSSE Ry — 2, A B 1 2 i RV 35 1 e
B s PG S5 B TR B M A TR L
TR I 2 00 ) A SRR SR AT T
i B I BEALA FRIT /3BT, 5 2R 3R B it T BT e 5 1Y)
RN, 922 T3 5 R TIC 3 AR 5 7K ST S T e R A I A 32
(b 22 FEE bR BE SR B/ 300 A S5 B T s
UiV AL HE S AR ) 8 G 2 L AT T R ALY FR T
OIMT BETTE T 2803 18] 48 S M 0l T A A7 3G
WASIE B2

DL EWFSEIEN] T BEHL B TE ST S A b T
Ttk B B (R B 25 e R PR S T 2

Bz (B A8 SR BEAILAT FRIT /BT 22 A2 % A7 40145
¥ 3 Ty Ry UL S5 5 T ISR, B X HE AR
AR S 402 [ AR SV I 3 A 2000 A5 A8 T T A 5
MR | 2 B0 42 T 75 JE S 408 1R A8 S 1 5
Wi, SEF I ASCHE A WFSE A AL BT IR RS
VR XTI AR AR 2 B A T BRI S T, SR B O 25
O3 RS R S B BE L 3%, G 2 ABAQUS,
MATLAB Python =75 22 .52 3 A] LA % 1& b4 Kl 2 %4
23 [ A8 S AR R AL BT 38 B3, JE R
PSR B R AT AR AT 007 A% i B R A i B 11
YN, BRGE EAT R AR AR A S s () AR S M o T
M AT IR ], DA 5 A8 T TN 1) 45 B, Sk T4
YA SR SV 235 ) i L 22 4 T A R I o ST AL
2%,

1 FENIBERTSTTE

ARSI R R AR R AKX BEHLA FROC #7515,
HAZ O REAR SRR AL GE i . AT FROT /MM 55 BERIL B
AR B ERRE AR SCRE B | A A O pR S
FBON SR AU IT 22 R0 W 20 R IEAT BHE A8 2 Kb
WL, SR JE Rt B2 1 s 1) 28 S M ) 2 i 3 30 T
B A7 I G i A BROTRC IS rp 7 ff AT o3
FIE AR A )R] LR A P 5 A0 (i 1 B85
A TBULGA RT3 ks i -5 BEAL 7 A 22 i 17k
E/‘J /= AN

“H B o

1.1 HESHFENIFNEK

FEREHLA BR T A0 BT, o 2 500 I A% R 2
BOSSLIBENLA BRIC BT 0 520 B8, 255 2% AT
S BERLE 2 5 B 1T AR HE A 30064 L2 50045 1) B
LG PR A AT . 25 T X BUE S BN TR
IEAEAR R S80I ) A 3, AR SOHS S e £ 84 R
BRI E R X BIE 250 A BERL AR &1
SR A BEHLI7 7T 38 20 By 26 58 R 00 Al R AL
BB .

B, ABEHL TS A RIC R oT—8, K
BERIRI A3 A n, A HATT ARG BRI T A% BT AR
B, #IH MATLAB 354 550 0 s BR (L
z,), Ho i A BRICE TS ,i=1,2, - 0,

S22 SRR TS 7 RE A A ST bR o I
BEEHUREA TG A 5 285 n IRBEHLIIEE (n A BEHL
PLKE) , 7T LIAFE] m A5 i,

FB3 XRS5 (8] S50 A O R A
L,LTZRO BEA1T Cholesky ﬁj\ﬁﬁ_’:, H LILT =R, B3 =
FAFERE L, , SRR A AT, vl 1540 G Ar v 7 3
BEHL H, -

H, =LA (1)

KA K A, 2026,46(5)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn - 43 -



S|4 A FHRALETT R H, Fe A
FAERSTEENLY H
H =G '(9(H,)) (2)
A6 ) Al oA 3 2% SRR A B 0 PR
B0 - ) NbrmEIEZS A R AT R s 0
A, X Hy, PR B, 68 R 75 21 0 e 25 BE L
Y H,,:

H, =LAL} (3)
o =/ In(1 +(o/p,)”) (4)
M = I, = 07,/2 (5)

Kow, WIESEE i WIE; 0, NIESA R i 1955
WEZZ s, AVTBUEZSAE & Ini (9381E ;0 X EBUE
A Ini IOFRIE

FB|S DR T — KBRS LY
MEEST XA BR 2 TP m IR BEMLAM RS 3 2
PR3 FULHR 4 4T m WE A, RISEEL T X HOE A b
B m B S 2,
1.2 =AXEHNERITHEIMAE

T ABAQUS . MATLAB Al Python =75 %8 H.,
WA FEAL 3 J5 25 43 B 7 6 BRIe , T 52 BB PLA R
TCAHT . =7 28 HLSE BRI IR 3 A SR MATLAB JiE)
ATE S Python JAVAS 15 5 4 i IAVAS A= 780 HE A7 R AL
SRR SR A5 ) AR SRR AL W A S A e 24
IR AEL 25 A BRTTHR A T A TSR S 1 O JRe Bt LA
FROCEUERAU I 58 ISR R P BT

3T ABAQUS . MATLAB Al Python = 7% H.5¢
BRREALAT FRTCEAL 2P B AN . 2R A Python 1A
T E ABAQUS H A5 HRCIHT AR HE A7 DU 50 Mt A7 LR
MR A B B A inp SCPF; @R MATLAB
T Gl () BE LA 7 | MR A A AT s 5 B
FHOCHE B br o 22 VR G pR A BRI 1) 3+ ; Bid
B inp SCOFOCHES: B B AL ) 54 b kL 2
it ] ABAQUS 1A FRITCHLIT ; @ MATLAB it
HHEY inp XM, K Python IASTE ABAQUS Hlt
PRSI inp SO, RO TR 45 R . FEHLA R
JCIH AR LA 1,
1.3 EHFFEUAE

X AR Z SEBR TREI H kUi, 555~ B BT
BLHEAT R M BERLRAE | LA 3 4 hoks off 1) Bl 41145
A PR b . 5 8 BEHILAT FR TR 4D
Bf ] e TR 7R S PR 52 R B L R
T CRE A% AR 45 48 ) R R A, IR R AR
(83 Bl ~F- A B Sl 1 22 B UCEU A2 1k ith 2k
IRFN PR Z I BRI OB S S R 2 BE AL
PIREL

#FABAQUS. MATLABAIPython

=X EBHARICEH
l—{ ABAQUS@ﬁ%ﬁﬁﬁ@ﬁ*ﬁﬂ |

AT B AT ks | | R EATARE |
|MMLW%%$&%M&E|| A TR A Rinp X |
BRI RS AT

[ #tEERSBEH M |

| PythonMiA @I ZinpfE |

| Pythonfii At BHRBZE Rt |

B1 KENARTITERRE

14 SHAXRESBIRMERSN

TEZSMEAR A 1 J2 h b HE TE 25 231 1) o0 L0k
BEARAR FEAE A AR BB i b i 1
REABSE ) 7057 K555 L 73 SR AG 50 880 1) A1
ST IR IEZS 731 o A5 IE SR 70 1] r A B3l
AT RITHT — A% FLER A, U136 I X A 5 30 1k X2 1
oA, WA R IES A1

B BENLIIT AR B N AR AR S5 ENES
BOTAR BRI R IEAT OB, € CHENLS BT
A7 WAL AS AT R L A (P) 1 S LA i A 1
AP SRR A A B T E R TR BT A R oT
PR LU

2 ARTOMERREL

2.1 kIR

AR SCMRFERE— M AR TH AR HE A 300 TR T e 2% JE
AR AR S A2 (8] 28 S 1) TR HE A 30 AL A
FRICAHT, X TRESESCN T &R (1) AY, Pk
S SRy VR B A AR A 00, BT R R A 553,00 m,
WTGE EE S 10 m , F5e KRS 73 m, ST B 150 m,

Wik KR B LI 2,
TR - T AR v553.00
S e

S PEIX

S UGERIX L8

480,00
B2 FEREADHEDNIEREE(LA:m)
SRy e SRR R AR SO T T A A ALY S
B TRRRFOEHEA T R Ak, I #7 A R A EE AT
THE A R RS2 R T F 5 68 3 N7 )
YA TR, VAR K A A 9 7 i LT 1) 2 L DR 11 A
HRNZ 10 29 58, LA AARHR 10 SRR T, DA% 77

44 - KA K A, 2026,46(5)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



FURHEOE 19024 4, BT BT 18428 A4, HirbiiREE+
TATAREATT 1748 A, BRICIST R FH 75 T A/ \ 47 55 48 0
T (C3D8R) s HEA A RTT 16680 4>, BT
KSR\ S50 (C3D8) , WK 3 ffk, Wi
SHAZ 18 % Goodman By 7 SR FHA
HERA T B R T it T o R | 34 Gt i far
3R, WUAAR I 0 0 18 N fak b, B s 72
R A D 1~ 13 iAokt A B AR, i 8ib 14
Jita JIn oA U AR ) AT A T 40 15~ 17 AKEE
JKZ F R 537. 00 m (1E % KAL), g 18 1175

AR
FHEA X
m KA X
THIAR
m X
m X

B3 RS
TR MEADRH AR BEAL SR FIXR 5K E-B
Y RZIX BRI FHEA ORI A XA S 400
(HANZR 1 iR TRBE TR S R 1 S
Pt E=15GPa, JAMA L v=0. 18, %% p=2.4g/cm’ ,
1 NEEHEBPE K E-BERSEY

IrIX p/(g/cmz) @/ (°) c¢/kPa R; K
HRKX 2.20 48.4 0 0. 88 1496
P IX 2.14 52.3 0 0.88 1429

FHAX 2.12 43.1 0 0.78 1000
UWHEAIX 2,09 38.0 0 0. 63 556

SIX n K, m Ag K,
HZEX 0.29 412 0.21 5.2 2995
JEE X 0.29 433 0.23 8.9 2860

FHAIX 0.43 355 0.34 4.7 1975
WX 0.36 240 0.20 9.1 550

TE:o WA M c NERR IR NBIR L K NI 2
Bsn AYLARAEHG K, AR S m N IR BB RIEEG Ap
NS VEARAEL s K, VA IR i
2.2 tHHRTER

AR U A A R 45 = SRR T

Jot e T A Y | L 2 R RO B R L 2 R Y

SEROT b WGHEY-L SO [ 2

Y N7 1800, B T B b S DL I A e o [

PR, HOZR R B S 3 S RO B 1T

PRSP T2 o ASCRAT-E S B0 A8 2% &

WA ARV, BB A AR U A A i
TR A SR & FETY)ARTE AR & .

g, =mae(l —¢e,/e,) (6)

KA K AR 2026,46(5)

g, =ae(l -¢g,/e,) (7)
Krie, e, 50010 ¢ BF 212 28 2t 0y AR A2 A
SR AR e, HBARBRAS; e, HERAF D)
VAR s o P HEADRNSE — R 77 A U AR AR o R 2R
TSRS HE B ST A X 3R X XA
UHEATIX 3 AR I -E S B0 BRI S HUE S
UCHEAT BB RE Y . S W2 TR SEm |
MR A S0 25 S 0 B 2 - 2 B0 AR AR R S R
fHan% 2 Fi,
xR2 HEEAXESHRTERSHEE

X @107 b/107* /107 d/107 mp o omy mg
AKX 6 4 2.0 3.5 0.76 0.63 0.54
WHEAK 6 4 3.8 4.0 0.66 0.56 0.60

Wb R AE S ¢ IETVIIR B S H d RN I K-S 8
my HRTRI RIS H my BT YT B8 my )R IS4,

3 FENIARITEIRIEIE

3.1 EFEXKEHNRTRESHHRES T
L SHR A RL 7 S SEO AR A HUN )
AT A — 5 B > e SR AT AR B R
Ay MR, A PR AR R A I 52 3 56 9 o) 97 A A AR
SREAT T IEASTRIG , X S0 B fia) 57 B AR AE s, K
PIREARAE s, Rkl S AR s, HEATHEUBME 3T, IF
ARG R AN 3 Fzn 38 i W 25 0 B i v T
M A I AR I 09 5 B A R AT 0 AT, 5 SR DL
Bla, hE 4 0]HLb m, my XSO 22 HEK,
VR =B XA s (s, o5, MR E T a.c.d.m,
YIRS REM N TR b omy om, B FEREAL
Vs qil 2 5505 ) A8 S 3 B ) Ak
Fx3 EXHKEEEZEKTFE

HEKT /107 b/107* ¢/107* d/107°  my m, m;
1 5.4 3.6 1.8 3.15 0.684 0.567 0.486
2 6.0 4.0 2.0 3.50 0.760 0.630 0.540
3 6.6 4.4 2.2 3.85 0.836 0.693 0.59%

0.047
s,
0.03+ sy
. s

a b

m, my

e
E4 RGNS R
3.2 KEHSZSHESHFIFMTERE
FEHLIZ B R Bl RSB E T2 B
FHIC PREL L B F A S HE B ok ik 5 e 25 (Rl iy
AATEL . EFXFSEBENLY A A SR B, SRk [ 23-

Tel:025 - 83786335 E-mail ;jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn - 45 -



241 G2t 1 AR S B S B U IS B0, A 30
53 DR FH AT RHE B 240 b B A — e 22
S (R R 22 e dse /N, AR SCHR[ 25-27 ], HEAT 3
TRV BAHSCHE B — M B 30~ 150 m, B[] [ AHOC
B — A KRR B 1 1/3~1/20, ZE5 %08 BUE
AR SCHE A RN 1) FAHCHE RS 10 m 7K F ARG HE
BN 40 m,

BT SN 78 S 22850, AR A SCHR [ 28 ) 0
AU AR S SO 3 A A5 R E AR AR 2
B RBUNT 0. 25, TR HEARIT/NT 0.35, %
JE ) FHEAT DO IR IE i 3 22 X3, H 3 1A
it TBLR BN A%, 275 O SCIRIUE TS L, 3 B %
IR A S HE 5 2B 0. 1, HAR 3 X H
0.2, F UHEAXEBENLSEILZE 4,

F4 EORBARBEVSE

et my P b ¥{E m, ¥H AR RA
FHEA R 0.76 0.0004 0.63 0.1
YO A KR 0. 66 0.0004 0.56 0.2
1 1ty S
i IR AR e
FHfif X 10 40 SRR o A
YA R 10 40 Xt B E S A

FEREHLIA IR, — iRk BRI H A OC PREOR
FRHEATRHR]— 23 DR AN R 23 [l EAR S5
[V EARSCYE . T AR G s AR A B 1Y
SR AR SO FH R 0T 1 R DG SRR T RAE
3.3 ERHERDEBIARITNE LRSS

VAZ B m, 0], % 3 Ak A AR R 2 R B AL
Gy AT LB, — U BEALBL UL 2] i LS 807
LS I AT I T e Y IR L R 7R N

7

6

5 = AR TR
{41&1;( 4 — IEASEA
% 3
= 2

1

0

04 05 06 07 08 09 1.0

Rt LA M
3 (a) —IKHKEHLIZIELL
& 12 ;
j\i 1.1
K 1.0
§ 0.9
= 0.8
&« 0.7
= 06
= 05|
0.4 .
-5 0 5
FFBOE S A3 43 AL

(b) SEUES AR
5 BENSE m, MESITHE

M BOES A, R IR T4

Kl 6 N BEHLZS M — L B SEBLEE SR TR 7 D Bl
HUA FRITIHA5 2 975 FEE AR AL B A 2 BB 301
PRBRHEIRT 11 S ) 22 I8 1) — U AR TSR A5 SR, ] WL 2%
JEHEAT A A A 2 s () A S5 e TR AR A1 LAY
E S ARG A AT & — A, R T g
R ATEEE

A7
24
/ 0 g8
%, % :
s
x.o,t"'////////////;;/// //;;//////
W 0
s
v

)
l/////l/
g

6 FEHSH—RABTIRLER

—6.583e-01

+1.768e-01
+1.534e-01
+1.299e-01
+1.020e-01
+8.291e-02
+5.942e-02
+3.596e-02
+1.248e-02
-1.100e-02
—3.448e-02
—5.793e-02
-8.142e-02
—1.049e-02,

(a) PRl R A = & (B2 m)

(b) ARAEWTIH KRS = (B m)

+5.966e+00
+1.544e+02
+3.028e+02
+4.511e+02
+5.996e+02

+7.478e+02
+8.961e+02
+1.044e+03
+1.193e+03
+1.341e+03
+1.489e+03
+1.638e+03
+1.787e+03

(e ) FrEWTER LN S =& (L MPa)

+5.551e+01
+3.310e+00
-6.213e+01
—-1.209e+02
-1.798e+02
-2.386e+02
-2.974e+02
-3.562e+02
-4.150e+02
-4.738e+02
-5.327e+02
-5.915e+02
-6.503e+02

(d) pREWTIE /NN S = (B4 MPa)

7 HEMART—RMETEER
3.4 EEFFRIRENEE
SRR B 7 VR BN JEE T OB TR R A
FAYCKR 22 A B4 DR R AU 2 R B i it
Z R B 24 I+ 5 A, IR L AT A 46

- 46 - KA K A ,2026,46(5)  Tel:025 - 83786335 E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



RICSPERLES . LASEC m, b ], B A 1% i) 437
TR LR Ry 400 37 F, ef o J37 245 SR 1004 757 Xy b L
22 1) P 47 37 L P AR 0L R 7 Al 2t 8
N

HTP 8 Al UL, Bt 35 A ADL R 11 8 T UL A A7 %
B ZHTE TAE , H H AR BN T 100 K,
1t i) S R (L 14 140 (L8 P R JRE 5K, AU R
i 100 Y2 s, W Rz TR E . ik,
AT FE 200 WAL AR TR E, X AN R T
DLHEAT 200 WEENLIZ TS, LAORIERT A5 B A 25 2R B
A G B HERR R AT SENE

4 BHRTHMER

FT & ABAQUS \MATLAB Hl Python = 7758
IR JEMEARL I A AR R SRS )2 S M 1) T Al
AT YU I AETE A3 BT, PEAS U A8 AR R 2 450 () 72 5
PEXF AR AR T 52 e A 20

X T AR HE A S 4 A0 ] SRR 205 v 1 D AR AR
S8 m, b .m, RS HEATBENLA BR T 43 BT, 25 4L 4n

9 FIEl 10 B, B 10 H k4 35— S 8500 e 1
ABRTT A HTIEE R

H1 Pl 9 I T, 4% ] 1y {9 1E A5 AR o A T 1 i)
ST AR R W R IE S . et
— A5 2 W M R I A AR B B L N BRE A  A
BF, IR ) AR TR AR 53 A AR T R IE 5041, R W
RS HT S RGBT R

R 25 2L ] 7 {22 (R AE (9 BEHLAT FR T 115
S5 R 10 g R AR AR BT S8 s ) AR S
PR O A UK AR B A R g TR 5,
25 NI, P EME AR AR R SRS ) AR S Y
BEALA PR T 5345 320 A T A S A 3000 107 4% 1 247 Hb A
FETEA BRI 45 R g R, MRS SCHR [ 29 ] e it
O J AT A A 300000 50 ) 5 St 40 v 1% T A M A
Uit T AR Je K UTRE T LA 0. 24~ 0. 69 m, AR 3
BEALAT PRI 45 AR Bl AR s X (B 2 9, I 5
[) 5 3130 o P 3B 4 SR AR AR AT 0 v ]
PEREARAE K PALREARAR K SR SR A FR /N0 )
W AE B A (22 5 0 BN 5. 16% . 3. 86% . 2. 74% .

— B IE - BRI
0.640 2 0.640 21
0.640 0 06400
£ 06398 £
b o
06396 T 06398
& &
= 0.6394 =
e = 0.639 6
0.6392
o630 . . . . 06394 . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
[EDY € R L
B8 ZmBRERNHIERERRHENEL
0.570 - 0.195
= 0.190 ame
2 0565 P ﬁ 018 )
E 0.560 fﬂl_;l g}z;g
% ol .
& 0% = 0.170
& 0550 §§ 0.165|
= " & 0.160
wy 03451, 2 T 01ss)
0.540 - = 0.150 . .
3 2 1 0 1 2 3 3 2 1 0 1 2 3
FRUEIES 30 5304 FRUEIEZS 30 530k
(a) "Empif (b) Kk
2.05 0.80
o 2.00 . :
g s s g o
& 1.90 P iPs & e
=X 1.80 =X
E 1.75 '5 s
1= o 1=l
i R P H0.60f .
D Les| z P2
1.60 S 055
3 2 -1 0 1 2 3 3 2 -1 0 1 2 3
FRUEIES 310 5304 FRUEIE A3 53 5L

(e) RFENTS

(d) /NFERLTy

9 EFREAHNRTEBESHTETREHNERERINN N EHRREESBESHREER

KA K A R, 2026,46(5)

Tel ;025 - 83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn - 47 -



= R T — BRUME L

0.09 11.0
0.08
s 007 ¥ft.06730 108
& 0.06f PRHfEZE:0.061 8| ) o 4
ﬂpr;‘ 0.05} 0=
= 0.04} =
m
0.03} 0.640, 0.321)1 04 g¢
0.02} 0.2
0.01}
0 0
0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85
6 (i /m
(a) Bm{iF8
0.121 1.0
0.10 HJ{H:1.836 8
f:f 0,08k FrifE2£:0.074 %
= 0.6 2¥
= ool _(L787,0506) 106 g
=
= 0.04} 04 pg
0.02} 10-2
0

0

1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00
K AR AE/MPa
(e) RERS

0.091 1.0
0.08}
0.07} ¥{H:0.1828 10.8
- 0.06} PREZE00169 | | 3¢
= L . .
£ 005 0.176,0451) =
Z o004t WD W NBARBER Ba- - 4 B
< 0.03} B
0.021 0.2
0.01}
0 0
0.140.150.16 0.170.18 0.19.0.20 0.21 0.22 0.23
KA /m
(b) KA
0.08 1.0
0.07}+ H1{H:0.667
0.061 PRIfEZE:0.032 10.8
< : =
£ oot 650.0424) =
& 88; 0.4 B
0.01} i

0
0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74
JNFE R 1A/ MPa

(d) /NERNS

10 ZEREAGHATRASHZEEFENEREG NN S ERRERESH

®5 EREAHRERESHZEEREHREN

BRTITELER
ity WA 255/ % HBPRE/ %
e ) (B A A 5.16 67.9
IR A 3.86 54.9
pNE VAL g1 2.74 50. 4
/NN IR AE 2.61 57.6

2.61% ., 572 AR AR S 4007 (8] A8 S v Y
B A BRITAH L, BEAILA B T 0 1 77 48 T 45 5 f
KAE 2% ~6% Z 18], T E45 R T2 4, $ v 1 Ak
et WBARERITH AR AR B
W 33X ol A kAN i 5 Tk X 45 R AT A b, AT
67. 9% [T RE 1 23 AR Al LA 6 ) 5 B 1 {HL, 54. 9%
(] BETE 2 ARAl 1 i d KK 8, 50. 4% 1 Af
REPESRAR AR A 3 1 1 8 KA, 57. 6% 1) AT B
SARAG AN = e K AR, HH e T WL, 5 A
AL AR S KA 1) A8 S (AR T 2 A T AR i 401
AR A8 T T 1) T A R R AR R 22 4 R
T A S A T g 2 , b e 1 Al HE A7 300G
WRREtE R A EEE XL,

5 4 it

a. MR e AR A7 300 = 4 A7 PR T8 i
SRR 3 3o TE AR S EUURE 43, B S0
ASASEARY P B LT X AR = e 57 % B I R R 1Y
3AALSEL, 5350 my b my,

b. X2 IEHE AR A K 2 R0 ) A8 S Pk Y T
i HE AT WU AT B AL AT BR T 3153, 75 3] O A2 455 Y
SR IALT B X EOE S0 A0 520 R ¥ e it

+ 48 - ARAY K AR 2026,46(5)

SIBTEE A TH AR HE A BEDLA R OT TS B
N AT 25 AT — M AR T HLE, BB &
200 YA, AR W AE R B ST RRE

c. 5 JEHEATRL I AR AR T S 802 () AR S 1 B
BUA BRITIHH RS R 5 o M FROCTT 3 45 SR A
AT VR o DB I8 118 8 o) (5 RS AR 25 57 R 5. 16% , 7K
AR 22 5 3. 86% , K E R I 22 5 N
2.74% /NERNSIRAEZE 7N 2. 61% , A5 TR bR bR
BRI 50% , t el UL, BEHLA FR OG5 45 5%
i T2 4, 25 SEHE AR AR 1SR S A0 25 [R) A2 5
AL AR T ) ]

S 3k

(1] fLYERE, E7-fd, E R0, 55, A Ak mR 41 90441 7
ASHEPE B oy A (1], K A K i B 3 I 2013, 33
(5) :26-30. ( Kong Weiyao, Wang Zijian, Wang Yujie, et
al. Back analysis of rheological deformation characteristics
of Gonghoxia concrete-faced Rockfill Dam [ J]. Advances
in Science and Technology of Water Resources, 2013, 33
(5) :26-30. (in Chinese) )

[ 2] WRREM. miREE LA A B SR [T]. A
TRE2A4R,2007,29 (8) : 1143-1150. (Li Nenghui. New
concept of design for high concrete face rockfill dams[ J].
Chinese Journal of Geotechnical Engineering, 2007, 29
(8) :1143-1150. (in Chinese) )

(3] TRPVED, i . A0 20 A8 T8 XF e T A7 300 T A A 2 1
Wy ()], 15, 2004, 25 (8) : 1179-1184.
(Zhang Bingyin, Shi Ruifeng. Influence of creeping on
separation between concrete slab and cushion layer in high

concrete face rock-fill dam[ J]. Rock and Soil Mechanics,

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



[4]

[5]

[6]

(7]

(8]

(9]

[10]

[11]

2004,25(8) :1179-1184. (in Chinese) )
BUEFR, ERE I, BT 06 HEATRHBURL A4 SE 38 % e 1 1)
WFFE (] H & TR 24, 2024, 46 (12) : 2602-2609.
( Chi Shichun, Wang Tengteng, Jia Yufeng. Delayed
crushing time for particles of rockfill materials [ J ].
Chinese Journal of Geotechnical Engineering, 2024, 46
(12) :2602-2609. (in Chinese) )

S W A SRAFT. BT LR SR T R 2
B AT IR AL LA [T ] PEILAK L, 2023(5) < 7-14.
(Wen Lifeng, Li Feng, Wu Li. Seepage-creep coupling
analysis of concrete face rockfill dam built on alluvium
foundation[ J ]. Northwest Hydropower, 2023 (5) : 7-14.
(in Chinese) )

Feng Wenquan, Chi Shichun, Jia Yufeng. Random finite
rockfill

considering three-dimensional conditional random fields of

element analysis of a clay-core-wall dam
soil parameters [ J ]. Computers and Geotechnics, 2023,
159.105437.

Chen Hui, Liu Donghai. Stochastic finite element analysis
of rockfill dam considering spatial variability of dam
material porosity[ J]. Engineering Computations, 2019, 36
(9) :2929-2959.

BORAL Tl FRARAN. MBS0 )4 S X 7k g
LR B B SR AR E MR T T [T ], b TR
i, 2018, 40 ( 11): 2078-2086. ( Zhang Rongjun, Yu
Tongsheng, Zheng Junjie. Influences of spatial variability
of material properties on stability of embankment filled
with cement-stabilized mud [ J]. Chinese Journal of
Geotechnical Engineering,2018,40( 11) :2078-2086. (in
Chinese) )

SRR KR, PARORE. 2 ) 22 SV U 75 TR BB O B 301
L3 AR B REALAT BRIT A4 [ ] VTR B B 4t
2019,36 (11) ; 140-146. ( Guo Qing, Liu Donghai, Chen
Hui. Stress and deformation of asphalt concrete core wall
dam in consideration of spatial difference ; stochastic finite
element analysis[ J ]. Journal of Yangtze River Scientific
Research Institute, 2019, 36 ( 11 ). 140-146.
Chinese) )

EAC ], IR R T, 46 5 IR T AR A A S 0 s ] AR
S s W 3p A T [ 9] I8 ) 22 4R, 2025, 42
(4): 850-859. ( Hu Changming, Tian Minghui, Zhu

Wuwei, et al. Deformation prediction of high sticking slope

(in

considering the spatial variability of creep model
parameters [ J ]. Chinese Journal of Applied Mechanics,
2025,42(4) :850-859. (in Chinese) )

AR, PRIR: . 75 T 23 [ BEALARF R A ME A1 IAE T 1o
JIpH L)) TR AR A AR (CH SRR R L 2021, 49
(6) :543-549. (Zhu Sheng, Lu Zhishi. Deformation and
of rockfill
randomness of gradation parameter[ J ]. Journal of Hohai
University ( Natural Sciences) ,2021,49(6) :543-549. (in

KA K A R, 2026,46(5)

stress  analysis dams considering spatial

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Chinese) )
Chi Shichun, Feng Wenquan, Jia Yufeng, et al. Application
of the soil parameter random field in the 3D random finite
element analysis of Guanyinyan composite dam[ J]. Case
Studies in Construction Materials,2022,17:e01329.

P B0, AR R, ik T AL 7 B A R LB R
BEHLATBRIC T[] AR, 2025,56(7) - 174-180.
(Bai Guowei, Jia Yufeng, Xiang Biao. Stochastic finite
element analysis on Nuozhadu core-wall rockfill dam based
on random field theory[ J]. Yangtze River,2025,56(7) :
174-180. (iin Chinese) )

HB e R BT . B2 b R SR ) AR e
Xof TR AR HE AT U AR T i s [ )] /K 97 & |, 2025, 51
(10) :22-30. ( Cai Xinhe,Zhou Heng, Li Kangping,et al.
Influence of spatial variability of overburden foundation
parameters on long-term deformation of face rockfill dams
[J]. Water Power,2025,51(10) :22-30. (in Chinese) )
RS, A . 75 FE L 2 Bl )28 S PR A 3 A7 30 BE AL
ARTTH T[], 7K I3 K, 2022, 48 (6) : 81-89. ( Lu
Xueni, Zhu Sheng. Stochastic finite element analysis of
rockfill dam considering spatial variability of gradation
parameters| J ]. Water Power, 2022,48 (6) : 81-89. (in
Chinese) )

RHFS SREEE JAIETE AR, B RS HU DI 0 Bk
AU RSB BT (D], 4 1%, 2017, 38 (4 1
1) 463-470.

Zhengjun, et al. Back analysis of material parameters of

( Yuan Yanling, Guo Qingin, Zhou
high core rockfill dam considering parameters correlation
[J]. Rock and Soil Mechanics,2017,38(S1) :463-470.
(in Chinese) )

el AT, H RIS A 25 R AR KK a0 Y
P TR AR 8 ) HEBE [ )], [A) 5 R 27 2 4l (A AR B2
fR) ,2025,53(8):1218-1228. ( Yang Ge, He Zhanguo,
Gan Longhou, et al. System reliability analysis of a high
concrete-faced rockfill dam considering creep effects and
hydro-mechanical coupling [ J ]. Journal of Tongji
University ( Natural Science) ,2025,53(8):1218-1228.
(in Chinese) )

KT TR, B S5 R AT 4R v TR A7 300
PRI (149 1, 7 5 72 T R0 ). KRR H Bk e
2020,40( 1) :48-55. (Zhu Anlong,Zhang Yin, Liao Jie, et
al. Research on stress and deformation law of dam body and
face slab of high concrete face rockfill dam with large angle
broken line [ J]. Advances in Science and Technology of
Water Resources,2020,40( 1) :48-55. (in Chinese) )
XA, 5K5 , B, JELHUIE G %08 - A7 045 4 L 25 52 i
BORS AT BROT AT [ D] I R4 ( A SRR
2019,47(6) :514-522. ( Liu Donghai, Zhang Zhao, Chen
Hui. Precise finite element analysis on influence of
construction appearances to earth-rock dam structural

behaviors [ J ]. Journal of Hohai University ( Natural

Tel ;025 - 83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn + 49 .



[20

[21

[22

[23

[ 24

[25

Sciences) ,2019,47(6) :514-522. (in Chinese) )

] EHR A, T e AR A AR SRR 2 A
OISR 35 % [ J]. KR 54 4f, 2016, 47 (2) » 245-252.
(Wang Ruijun, Li Yang, Ding Zhanfeng. The sensitivity
analysis of seven-parameter rockfill rheological model based
on the orthogonal test method [ J]. Journal of Hydraulic
Engineering,2016,47(2) :245-252. (in Chinese) )

1 BRAK TS sh A rb s A R v TR D R A7 54 22
S [ J]. A b TR, 2017, 39 (11) ; 1949-
1958. ( Chen Shengshui, Yan Zhikun, Fu Zhongzhi, et al.
Evaluation of safety performance of extremely high slab-
faced gravel dams[ J]. Chinese Journal of Geotechnical
Engineering,2017,39(11) :1949-1958. (in Chinese) )

] AR K T A A TR SR T TR A7 DU AR

AR AT ()], A 1%, 2004,25(11) £ 1712-

1716. ( Li Guoying, Mi Zhankuan, Fu Hua, et al.

Experimental studies on rheological behaviors for rockfills

in concrete faced rockfill dam [ J ]. Rock and Soil

Mechanics,2004,25(11) :1712-1716. (in Chinese) )

Fookae 2RI JE RIS, A5 25 I8 A R O R O R A i1

WAl SR AT [ J]. A TR 23R, 2014, 36 (3) : 508-

518. (Jiang Shuihua, Li Dianging,Zhou Chuangbing,et al.

[

analysis  considering  effect  of
[J].
Geotechnical Engineering, 2014, 36 (3): 508-518. ( in
Chinese) )

] Tan Xiaohui, Wang Xue, Khoshnevisan S, et al. Seepage

Slope  reliability

autocorrelation  functions Chinese Journal of

analysis of earth dams considering spatial variability of
hydraulic parameters [ J ]. Engineering Geology, 2017,
228:260-269.

] Zhu Bin, Pei Huafu, Yang Qing. Reliability analysis of

submarine slope considering the spatial variability of the

[26]

(27]

[28]

[29]

[30]

[31]

sediment strength using random fields[ J]. Applied Ocean
Research,2019, 86 ;340-350.

25 o T, ORI A W 4R An BRE B 7 ¥R 4
[J]. /K J1 % H1,2010,36(5) : 64-67. (Li Zhanchao, Hou
Huijing. Theory and methods on dam safety monitoring
indexes [ J |. Water Power, 2010, 36 (5): 64-67. (in
Chinese) )

Chen Jianyun, Liu Pengfei, Xu Qiang, et al. Seismic
analysis of hardfill dams considering spatial variability of
material parameters [ J ]. Engineering Structures, 2020,
211:110439.

THFRWE. R T B WO Y AR LS 08 BB S 4 Hr
BILTRRRWEFE [ D] VU2 P42 TR, 2020.
AT SR g VRO, B AR MEASIUPRIR A0 2P e
M [T]. B+ TR, 2017,39(7) : 1312-1320.
(Wen Lifeng, Chai

Preliminary statistical analysis of behavior of concrete face

Junrui, Xu Zengguang, et al.

rockfill dams [ J ]. Chinese Journal of Geotechnical
Engineering,2017,39(7) ;1312-1320. (in Chinese) )
AR 2= E g IR EE T AR ME AT SN 7 AR TR 43 A
[T]. & + T3, 2001, 23 (2): 243-246. ( Xie
Xiaohua, Li Guoying. Stress-deformation analysis of
Chengping concrete-faced rockfill dam [ J ]. Chinese
Journal of Geotechnical Engineering, 2001, 23 (2) . 243-
246. (in Chinese) )
ARAURE  FEAObR T 1] W6 S A6 TR BB A T A A A 300
MR M [T]. K J1 % H, 2000 (4): 49-52. ( Zhu
Chunxiang, Liang Linlin, Tang Guofeng. Analysis on the
observation results of Lianhua concrete facing rockfill dam
[J]. Water Power,2000(4) :49-52. (in Chinese) )

(ki H 39:2025 - 05 - 20

S S G GG S G S G G G GO G GO S GO S G SO G GO P G GO W G G S S G WY WP G Wy

(L% 41 W)

[29

[30]

[31

[32

- 50 -

] Li Chengjun,Wu Yacen, Lin Haijun,et al. ECG denoising
method based on an improved VMD algorithm [ J ]. IEEE
Sensors Journal ,2022,22(23) :22725-22733.

Xu Deming, Wang Yuan, Huang Jingqi, et al. Multi-step

prediction model enhanced by adaptive denoising and

encoder-decoder for shield machine cutterhead torque in
complex conditions [ J ]. Tunnelling and Underground
Space Technology,2025,158:106398.

]Sk T LB AR, . BE T ITL-WELM (R % +
VAT [ 3 R TN 5 1 [ 1] K FIK 8 TR 24, 2026
(3): 128-137. ( Zhang Hongrui, Jiang Chao, Sheng
Jinbao, et al. Adaptive method for predicting concrete dam
deformation based on IJITL-WELM [ J ]. Hydro-Science
and Engineering,2026(3) :128-137. (in Chinese) )

] Zhu Qiannan, Chang Pengxia, Zhu Tian, et al. Daily

KA K A R, 2026,46(5)

[33]

[34]

streamflow interval predictions up to 30 days ahead based
on multi-timescale nested strategy and multi-objective
walrus optimizer [ J]. Journal of Hydrology, 2025, 652
132646.
Wang Shaowei, Gu Chongshi, Liu Yi, et al. Displacement
observation data-based structural health monitoring of
concrete dams:a state-of-art review[ J ]. Structures, 2024,
68:107072.
Wil fs, B R, AR 77, 45, BT OVMD B RIS 2
WEECHE AL B 70k [ 0], K RIKGE TR 24 4, 2025
(3):139-147. ( Chen Siyu,Sheng Jinbao,Lin Chaoning, et
al. A preprocessing method for dam deformation monitoring
OVvMD [ ] ].
Engineering,2025(3) :139-147. (in Chinese) )

(Wicki H 12025 -06 - 17 gkt fr = )

data based on Hydro-Science  and

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



5 46 B4 5 1] KR KR BE R 2026 £ 9 H
Vol. 46 No. 5 Advances in Science and Technology of Water Resources Sep. 2026

DOI; 10. 3880/j. issn. 1006 - 7647. 2026. 05. 007

mm#ﬁﬁéﬁmm@ﬁ@%ﬁm
% U ;;]3 £ZE ‘J,# Jzip:2 |3,7j%\ B4
(MR RS TR )

T AT xd B AT 2R SRR AT K L 2 A2 4 R R GG P A, 32 R T 45 6T AL = 4 0 42
P REREIN T R VAT R KR AR A ) T A SWAT AR A F 7R 3 A2 B IR A AW
# tri-SWAT-Transformer B A | F 4242 &5 SWAT A S xf AR ¢ 12 A 4 Rt i rbdR, 4
R FZ R tri-SWAT-Transformer BEA ¢ A BENK EL R RN L, R 2 P AT X E R H
F4 0.95.0. 89,8 SWAT A 5 3138 T 90.0% .107. 0% ; £ &R 54 T, tri-SWAT-Transformer
ARG BB R T, o R R B SWAT AR F T 200. 0%, B 2 Wtk £ 35 5 Ak £ 48
SWAT A7 2 H FEAK T 89.6% .68. 8%, il iL = A28 5 5 2 A 4L 48 % P o A7 f % T ri-SWAT-
Transformer BE A A% T HAAEA 69 )& B | IA A tri-SWAT-Transformer B2 438 i3 Transformer ¥ % ki
%ﬁﬁﬁl R HAE K IR K LAy AL B 2 55T AR 3 RS BB o A A AR ) R AR 3

T H A BALAY
KA . 4:\:/1%7]‘73\?% /I/;)u SWAT 7}‘%& Transformer 7?7‘%& TR F IR,
FE5SES.P338".2 XHERRERD. A X EHS.1006 - 7647(2026)05 - 0051 - 07

Intelligent streamflow simulation incorporating spatiotemporal distribution of watershed runoff generation//Guan
Zejian, Guo Yuxue, Xu Yueping, Chen Siwei( College of Civil Engineering and Architecture, Zhejiang University)
Abstract: To address the insufficient consideration of hydrological physical processes in current intelligent streamflow
simulation, an intelligent streamflow simulation method incorporating the spatiotemporal distribution of watershed runoff
generation was proposed. Taking the Yong” anxi River Basin in Zhejiang Province as a case study, a tri-SWAT-Transformer
model was developed using the three daily runoff generation components simulated by the SWAT model for each sub-basin
as model inputs. The simulation performance of the proposed model was compared with that of the SWAT model and other
comparative models. The results show that the tri-SWAT-Transformer model achieves the best streamflow simulation
performance, with Nash-Sutcliffe efficiency (NSE) values of 0. 95 and 0. 89 during the calibration and validation periods,
representing improvements of 90. 0% and 107. 0%, respectively, over the SWAT model. Under high-flow conditions, the
proposed model also performs best, with the NSE increased by 200. 0% , and the percent bias and root mean square error
reduced by 89.6% and 68. 8%, respectively, compared with the SWAT model. Furthermore, correlation analysis between
runoff generation components and streamflow components explains why the tri-SWAT-Transformer model outperforms the
other models. The results indicate that the tri-SWAT-Transformer model can fully capture the spatiotemporal distribution
characteristics of various runoff generation hydrological physical processes through the multi-head attention mechanism of
Transformer, and makes better use of the spatiotemporal distribution of runoff generation information than other reference
models.

Key words: streamflow simulation; runoff generation; SWAT model; Transformer model; the Yong’ anxi River Basin
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FE . AT InVEST B 547 T 2010—2022 53R R % BT =K E 5 sk 2 69 0F = 78 LAF4E, 5 F) )
W B AR e AR (GTWR) 52 18] AAB A SRR T F KRB L 3442 Hm B F 60 2 18 5 R 4F
AER T H TR TR, EREW . FRELHMETOEZIHIEH 0.351, 2A5H 5 KE-H#
12 5K R F IR Z R RAAE; S5 P KRFHKA 27965 m’ , F IRz 2H, £ 2%+
WA B A ERBAE AR n Ak 2R A, B 2010 F49 11,566 12t 3K £ 2022 F4y
11.949 12 t, £ &% L 3uA) | £ B Fo F KBRS0,

K K E 452 InVEST AR ,GTWR AR, = 6] g A8 % 547, 3R R Z A
FESES.TV213.4 XERARERD A XEHS 1006 - 7647(2026)05 - 0058 - 09

Spatiotemporal evolution and correlation analysis of water yield and carbon storage in Ordos City//Liu Ruihua',
Zuo Qiting"*, Yang Zhikai' ( 1. School of Water Conservancy and Transportation, Zhengzhou University; 2. Yellow River
Institute for Ecological Protection and Regional Coordinated Development, Zhengzhou University )

Abstract: The spatiotemporal evolution characteristics of water yield and carbon storage in Ordos City from 2010 to 2022
were analyzed using the InVEST model. The geographically and temporally weighted regression (GTWR) model and spatial
autocorrelation analysis were used to investigate the spatial clustering characteristics of influencing factors and the spatial
heterogeneity between water yield and carbon storage. The results show that the mean Moran’ s index of water yield and
carbon storage was 0. 351, exhibiting high water yield-high carbon storage and low water yield-low carbon storage clustering
patterns. The multi-year average water yield was 2.7965 billion m® with significant interannual fluctuations, and it was
primarily influenced by land use type, evapotranspiration, and carbon storage. Carbon storage showed an increasing trend ,
rising from 1. 1566 billion tons in 2010 to 1. 1949 billion tons in 2022, and was mainly affected by land use type and water
yield.

Key words: water yield; carbon storage; InVEST model; GTWR model; spatial autocorrelation analysis; Ordos City
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. AR KE b sk Xt/ th R o R BB K E A B oK Ak 5h T AR M Xt/ ik K
AR AT R A/ R B RERTORRT R AR 7 ZK T AERRKE L I #E K
JEZ e Xt/ bk a K hdshey @, SREN S THALL, MERERKAEL K&K
JEZ PRy 3g K SLE G AR 24 B SL o p B SRR K 2 3L v R AR A SLE T AR | 2R
12 E TR R, PIAAILEZFMBT @ AR R ZEZ AR B RGEHS S AERKE
AP R KN S0%0F, Z T M @Rk RO A8, EE M E A R AR, TR,
H/ER TG ETRKAFEARERAR LR KE TG Ha, Bt Z3/ B R EKERTGE
DUTF, B AR KE AT HEK AN 50%0T, 3t/ K 2 &K A #5473 A8 55 FAL

KEIR  FRE A b M Kb/ Bk & BB B AR ) A A

RESES.TVI3S kARG A X EHES 1006 - 7647(2026)05 - 0067 - 07

Optimization of adjustment-section length for side inlet/outlet of pumped storage power plants//Gao Xueping',
Lian Xiang', Zhu Hongtao', Chen Peilun®, Wang Weina®, Liu Yinzhu'( 1. State Key Laboratory of Hydraulic Engineering
Intelligent Construction and Operation, Tianjin University; 2. POWERCHINA Beijing Engineering Corporation Limited)
Abstract: To optimize the adjustment-section length for the side inlet/outlet of a pumped storage power station, this paper
takes the side inlet/outlet of the lower reservoir of the Yabuli Pumped Storage Power Station as its research object, and uses
the numerical simulation method to discuss the influence of the ratio of the adjustment-section length to the diffusion-section
length on the hydraulic characteristics of the side inlet/outlet, while keeping the total length of the inlet/outlet fixed. Under
the outflow condition, the results show that as the ratio of adjustment-section to diffusion-section length rises, the
mainstream position at the trash rack section of the middle channel gradually shifts from the upper-middle part of the orifice
to the bottom of the orifice, while that of the side channel does not change significantly. The velocity non-uniformity
coefficients at the trash rack section of both the middle and side channels first decrease and then increase. When the
adjustment-section length is 50% of the diffusion-section length, the velocity non-uniformity coefficient at the trash rack
section reaches its minimum, and there is no negative velocity at the trash rack section. Under the inflow condition, the
hydraulic indices of the inlet/outlet are essentially unaffected by variations in adjustment-section length. Therefore, with the
total length of the inlet/outlet fixed, all hydraulic indices of the inlet/outlet are relatively better when the adjustment-section
length is 50% of the diffusion-section length.

Key words: pumped storage power plant; side inlet/outlet; adjustment section; diffusion section ; hydraulic characteristics ;

numerical simulation
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WE. EReTEREAMAER BATHEF A E AEE TR L sih T2k &
MR R M BRI R e EATE R 5 AT AT MAET G RIFI  ZHRKAE Hk
BN EAMER 0 L F 20 MEAFH R AR R TR ZAIFMIRARA R, SIANF X E 5T
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R EFMEA T M, R AHAEABRAE PINRATEMAM AL TERATARER TS
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Safety evaluation of large-scale irrigation district projects based on Pythagorean fuzzy cloud model//Cen Weijun',
Wang Xiaoxin®, Li Ziyang®, Zhai Laizheng®, Wei Shuqing*, Chang Dongming® ( 1. College of Water Conservancy and
Hydropower Engineering, Hohai University; 2. Changjiang Water Resources and Hydropower Development Group Co. , Lid. ;
3. Nanjing Hydraulic Research Institute; 4. Construction Management Bureau of the Phase Il Project of Zhaokou Yellow River
Diversion Irrigation District, Henan Province)

Abstract: Based on a comprehensive analysis of the structure composition and operational characteristics of irrigation
districts, a safety evaluation indicator system for large-scale irrigation district projects was constructed from five aspects:
channel engineering risk, risk of other structures, rainstorm and flood risk, earthquake and frost risk, and operation and
management risk. The system includes 20 indicators, such as canal slope landslide, main structure instability, energy
dissipation failure, structural seismic damage, and historical hazard events. The order relation analysis method and the
coefficient of variation method were employed to calculate the subjective and objective weights of the evaluation indicators,
respectively, and combined weighting was determined based on game theory, which effectively improved the accuracy and
reliability of the indicator weighting. Furthermore, the Pythagorean fuzzy number was introduced into the traditional cloud
model, and a Pythagorean fuzzy cloud model suitable for the safety evaluation of complex irrigation districts was
established. Finally, the model was used to evaluate the safety of a large-scale irrigation district in Henan Province. The
results show that the comprehensive safety index of the irrigation district is 0. 857, classifying it as “safe”. The safety
evaluation results derived from the Pythagorean fuzzy cloud model exhibit high stability, providing a novel method for safety
evaluation of large-scale irrigation districts.

Key words: large-scale irrigation district; safety evaluation; cloud model; Pythagorean fuzzy number; combined weighting
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800 MW ik i KB WL/ 2l 28 ok FEF 58
OB RSB BERC, REE L REE T XA

(1 RFRHBRARARBI B A R A5 2. ZIRGVPTL A N IF R AT BR Rl SRS )5 3. DU IR 2B )

WE . AR T REAIRE DR s T AT KB ALK A rabuh] | KR — f-= 4455
7 ik, 2t 3k 800 MW 2B IAL X KA AU §i T ANBA E o) 569 55.6% LFH £ 61. 2% 9B R R R T 4
MBI, FESHT Frb AT B R DR R KE RN A R IEHES E RS
M, EREW EF AN e AT TR e A BRRER Y S ERE B2 FHAT
W%k, 2L A GRS AR D At (A2 0@ A PR 2 K TAE B4 T IL) ;R R #r g m | 2540wt
8RR BTR S R AT AT F 61. 2%, vHE R A, BB RN T KRR
LM BB AKE P ST IR IR AT IS e AR A MU % B K AR RS MR A B T R
Fgb 0w, AT 0.11f,.0. 211, .0. 85/, 15/, 5 St ey 4 & m o,

KR IR KR DNk S B R AR e T8 WG BRI R AR

RESES.TV734. 1;TK79  HEERERD.A XEHS 1006 - 7647(2026)05 - 0081 - 07

Study on small fluctuation transient process in an 800 MW-class Francis turbine//Geng Qinghua', Deng Weiqi',
Liao Xiangbo®, Zhang Haiku', Chen Yuejia’, Wang Wenquan®( 1. Datang Hydropower Science and Technology Research
Institute Co. , Lid. ; 2. Luquan Wudongde Power Plant, Three Gorges Jinsha River Yunchuan Hydropower Development Co. ,
Lid. ; 3. College of Water Resources and Hydropower, Sichuan University)

Abstract: To reveal the influence mechanism of frequent small-fluctuation transient processes on the hydraulic stability of
hydroelectric units, a 1D-3D coupling method was adopted to conduct a full-passage numerical simulation of the transient
process of an 800 MW-class Francis turbine when its load increased from 55. 6% to 61.2% of the rated power. This study
focused on the guide vane regulation transient process, the vortex evolution laws in the runner and draft tube regions, and
the pressure pulsation characteristics. The results show that as the guide vane opening increases, the discharge grows
steadily, the axial force undergoes a sudden change due to the water hammer effect, and the radial force, affected by the
guide vane regulation disturbance, exhibits typical low-amplitude pulsation characteristics, though its amplitude is
significantly larger than that under steady operating conditions. As the load increases, the scale of the inter-blade vortex
gradually decreases. When the load reaches 61.2% of the rated power, the inter-blade vortex basically dissipates, and the
draft tube vortex rope evolves from a single vortex rope structure into a stable double vortex rope structure at the center of
the draft tube. During the load-increasing process, the unit is affected by the coupling of water hammer, vortex structure
evolution, and rotor-stator interaction frequency, generating high-amplitude frequency components such as 0. 11f, , 0. 21f,

0.85f,, and 15f,.

Key words: Francis turbine; small fluctuation transient process; inter-blade vortex; vortex rope in draft tube; pressure
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(1 IRNBHR R BT RL 2 5 TR B s 2. g RS KR K AL 2 B
3R AR MR GRS K 3 ) RGE IR A 5 4. TR A RIS 20 O R AT TE B 5
5. PRSI A A T R SR A5 6. SN T BN BE TR TS e AT FR 23 WD)

HE . AR T T E AN LUK R K A H e B duh) | A TN K T = R AR K 7] 4]
M = YRS A BAEAER AR BIE AT T 30°.45° .60° 75N A L F 69 19 BT i 3 45 M KA T AL
MAE RS T HJENRA B o a8 A R F A EH a4 N R KR R E 2 ECT AN
Ko, BREP YRR WE DN BWER G RAFAEENRL A EGE R E T E NRAES
30°~75°0F FiE v B @ Wy Yy F ik £ & B P 3 ik e s 16. 5% R 33 £ 84.3% ; RRLA
FHATH@IRAREMANRAZGTNAGELF; TR @ RE ZWE G b RIS
ST ONGRR JE A 30° ~T50BE W R oK AL £ b B E T ¥ kA e bl dy 1. 3% R 338 £ 30. 7%, KR
TR M X ZR AL 69 B A T N A 3 K M 1K E R4 T, K R 22852 R BENGR A B 3
I BB RPN IEERE LA AARAFENALE RIREG-FHMATIEEHA 2.01%,
BHAT R F

FER . EILKIF AN KSR A AN T

hE4%ES.TVI31. 4 X ERAREAD A X EHS 1006 - 7647(2026)05 - 0088 - 08

Effect of oblique inflow at bends on hydraulic characteristics of a single-orifice sluice//Zhang Taotao'”, Xu
Linwan®, Xiao Yang'?**° Gao Jie*, Yuan Kang®, Tian Shuai®( 1. School of Environmenial Science and Engineering,
Suzhou University of Science and Technology; 2. College of Water Conservancy and Hydropower Engineering, Hohai
University; 3. Key Laboratory of Water Cycle and Hydrodynamic System, Ministry of Water Resources, Hohai University;
4. Yangize Institute for Conservation and Development, Hohai University; 5. State Key Laboratory of Water Disaster
Prevention, Hohai University; 6. Yangzhou Survey and Design Institute Co. , Lid. )

Abstract: To reveal the mechanism by which oblique inflow at bends affects the hydraulic characteristics of a single-orifice
sluice, a three-dimensional hydrodynamic numerical model is constructed using the Erhe Hub Sluice on the Huaihe River
Seaward Waterway as a case study. The flow field structure and water level variation patterns upstream of the sluice are
simulated and analyzed under inflow angles of 30°, 45°, 60°, and 75°. A formula for calculating the comprehensive
discharge coefficient of the sluice under oblique inflow conditions is established, considering factors such as inflow angle,
Froude number, and width-to-depth ratio. The results indicate that the longitudinal velocity distribution pattern of lower
velocities on the concave bank and higher velocities on the convex bank intensifies with increasing inflow angle. When the
inflow angle ranges from 30° to 75°, the ratio of the velocity difference between the concave and convex banks to the mean
cross-sectional velocity at the bend outlet increases from 16. 5% to a maximum of 84.3%. The variation of cross-sectional
circulation intensity with inflow angle differs under different discharge conditions. The water level at the bend outlet cross-
section exhibits a lateral distribution with higher levels on the concave bank and lower levels on the convex bank. When the
inflow angle ranges from 30° to 75°, the ratio of the water level difference between the concave and convex banks to the
mean cross-sectional water level increases from 1.3% to a maximum of 30. 7%, and the inhibitory effect of flow inertia on
circulation decreases with increasing inflow angle. Under identical discharge conditions, the comprehensive discharge
coefficient of the sluice decreases with increasing inflow angle. The average relative error between the actual values and the
values calculated from the established formula for the comprehensive discharge coefficient of the sluice is 2. 01%,
demonstrating generally high accuracy.

Key words: single-orifice sluice; oblique inflow; hydraulic characteristics; flow coefficients; bends
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Experimental study on causes of cavitation erosion damage in flow passage downstream of a radial service gate in a
sediment flushing tunnel of a project//Xiang Pinyu', Song Tantao’, Deng Jun®( 1. College of Water Resources and
Hydropower, Sichuan University; 2. State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan
University)

Abstract: Based on a case of cavitation erosion damage on the sidewalls at the outlet of a radial gate during the operation of
a sediment flushing tunnel in a domestic hydraulic project, hydraulic model tests were conducted to study the flow
characteristics and wall pressure characteristics in the outlet region of the radial gate under different opening conditions, and
the causes of cavitation erosion damage were thoroughly analyzed. The results show that when the radial gate is fully open,
the aeration facility operates well and cavitation erosion damage is unlikely to occur. When the radial gate is partially open,
the lateral diffusion angle of the outlet flow increases, the length of the side cavity shortens rapidly, and the pressure
downstream of the flow impingement zone drops rapidly, resulting in a relatively small cavitation number in this region and
the presence of a clear-water zone on the sidewall, which intensifies the risk of cavitation erosion damage. The extent of the
clear-water zone is basically consistent with that of the damage zone.

Key words: high-speed flow; radial gate; sudden expansion and drop aeration facility; cavitation damage; pressure; flow
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Virtual-real augmented inspection method for deep foundation pit construction quality based on BIM and
knowledge base//Liu Han'? Li Xin', Wang Dong’, Yi Chuanbin®( 1. State Key Laboratory of Hydraulic
Engineering Intelligent Construction and Operation, Tianjin University; 2. China Three Gorges Construction Engineering
Lid. )

Abstract: To address the limitations of traditional manual inspection in construction quality control of deep foundation pits,

, Liu Donghai'

Corporation; 3. Sichuan Chuanjiao Construction Group Co. ,

including poor timeliness, limited visualization, and excessive reliance on inspectors’ experience, a construction quality

inspection method integrating augmented reality ( AR ), building information modeling ( BIM ), and knowledge base
technologies is proposed. Image-assisted localization and point cloud registration techniques are employed to achieve high-
precision registration between the BIM model and the construction site in an AR environment, thereby enabling accurate
alignment of the virtual model with the real-world scene. A semantically enriched BIM model for deep excavations is
established and used as the information carrier to construct a BIM-integrated knowledge base for quality inspection. An

intelligent virtual-real augmented construction quality inspection system is developed, providing inspection assistance

)

through virtual-real scene integration,

engineering case study demonstrates that the proposed method is effective and practical,

multi-source knowledge retrieval ,

and visual feedback. Validation through an
providing a reliable technical

approach for intelligent and refined quality management of deep excavation construction.

Key words: deep foundation pit construction; quality inspection; augmented reality; BIM ; knowledge base
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ZIEAL -2 bt B AR i A T 5 AR TR K -HE -
MR AL R 5% H AU VAP0 58
AXE, EHE FER " BRE RFE, mEE
(1. RV TR S TR ; 2. TREWKSREEIA T 5 4515 WP 4 T S0 %)

HE. @t F R RMRACE RIRZH R E LI IR, AT FARA R, L8B3 A
AT, AT NSGA-M ik M T ROBAL R 2205 | & S8R 69 ILIRF BALR K- Ak R R
A% % BARKACKEAR | 8L IEAUE-TOPSIS 42 A3 ik 7 i RFl K LS50 RAEBL B 5 &,
IR B IRA A R IR AAFR S XL E BT, EREAN . IKRFBREZHRI 1% TR
LA HIE K 3.875% ~T. 650% , i it B B AT ML LM 5 KR B o B, TSR R E R S5E S AL
R, SFIALR (22T R A AU A9 PR 3G R ALK P Rl AP A 2 AR AL S KSR B o B, A
AR F TR 928.85 77 t, A A AR 24% , B BF COD Bk & F I 9. 8% ; &K F Til it B4 &
AN AP AL B AR AR R A BUE, F AR T AR A ARE 12. 9% BB S 25 7 &, F K
RIBARH, mAEKFRFEP, SR FHRAMERASHE ZF XX BTGB ENBEW
5%, H P KR AR AR IS L TR B B AN 6 Y R AF R SRR TR R B AR R R 9 R AL
KEEIAE KRB R A, $ B ARAL TR ELE AP AE 4 M AL B AR T R RR
RESES . TV213.4;F326. 11  XHEIRERD A X EHE 1006 - 7647(2026)05-0110 - 13

Study on multi-objective optimization and regulation of water-energy-food nexus system in the Hengyang-Shaoyang
Arid Corridor considering social, economic, and ecological benefits//Zhou Guangqing', Wang Xinkui'?, Jiang
2

Changbo'*, Long Yuannan'?, Song Xinyi'?, Huang Chunfu' (1. School of Hydraulic and Ocean Engineering, Changsha
University of Science & Technology; 2. Key Laboratory of Dongting Lake Aquatic Eco-Environmental Control and Restoration
of Hunan Province)

Abstract: Facing the severe challenges of synergistic resource optimization and regional high-quality development, a multi-
objective optimization model for the water-energy-food nexus system at the county scale was developed for the Hengyang-
Shaoyang Arid Corridor. The model was constructed based on the NSGA-IIl algorithm by considering social, economic, and
ecological benefits under current and future scenarios. The optimal allocation schemes under different hydrological years
were identified using the entropy weight-TOPSIS method, and key drivers affecting regional benefits were explored using the
Geodetector. The results showed that a 1% increase in water supply could increase the comprehensive benefits by 3. 875%
to 7. 650% in the current scenario. By optimizing crop structures and reallocating water resources, competition among
sectors was alleviated, achieving synergistic improvements in social, economic, and ecological benefits. Under the future
normal-flow scenario, crop structure optimization and water redistribution increased annual grain production to 9. 2885
million tons, exceeding the per capita standard by 24% , while reducing COD emissions by 9. 8%. Under the dry-year
scenario, the food security threshold can be maintained by reducing the planting area of high-water-consumption crops, with
annual grain production exceeding the standard by 12. 9%. Regarding driving effects, influencing factors were more
dispersed in normal-flow years but became significantly concentrated in dry years. The explanatory power of multi-factor
synergistic effects on social, economic, and ecological benefit variations was substantially enhanced, indicating that the
synergistic effect between water supply security and resource allocation equity was the key mechanism driving the evolution
of target benefits in the Hengyang-Shaoyang Arid Corridor.

Key words: water-energy-food nexus; multi-objective optimization; resource allocation; crop planting structure

optimization ; the Hengyang-Shaoyang Arid Corridor
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