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Analysis of rainfall nowcasting for landfalling tropical cyclones using pySTEPS

Zhou Yanping' , Huang Yi', Yang Jian>’
(1. College of Mathematics and Physics, China Three Gorges University;
2. Key Laboratory of Geotechnical Mechanics and Engineering of the Minisiry of Water Resources, Changjiang River
Scientific Research Institute; 3. College of Civil Engineering & Architecture, China Three Gorges University)

Abstract: The predictive capabilities of three nowcasting models (S-PROG, Extrapolation, and ANVIL) for extreme rainfall induced
by tropical cyclones were evaluated using the 2017 Hurricane Harvey rainfall event as a case study. The results indicate that the ANVIL
model shows the best performance in simulating the spatial distribution of rainfall, but systematically overestimates heavy rainfall
intensity ; the S-PROG model shows a lag in tracking rainfall intensity variations; and the Extrapolation model achieves the highest
stability in short-term (0-2 h) nowcasting, accurately capturing the peak rainfall intensity and its temporal evolution. The fusion of
high-resolution meteorological data and multi-source data can significantly enhance model performance, and the combination of radar
extrapolation techniques and deep learning algorithms shows great potential.

Key words: rainfall nowcasting; tropical cyclone; Doppler radar data; extreme weather
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Table 1 Hurricane events affecting Houston during 2013-2023

5 WA TFAR 8] L5 ] IR R FEK B/ mm RN/ Kt
1 KAREN 2013-10-03T06:00:00 2013-10-06T06: 00 : 00 286 55
2 BILL 2015-06-16T00:00:00 2015-06-18T00:00:00 383 50
3 CINDY 2017-06-21T06:00 ;00 2017-06-23T00:00:00 474 50
4 HARVEY 2017-08-25T06 :00: 00 2017-08-31T12:00:00 1536 115
5 BARRY 2019-07-12T18:00:00 2019-07-15T06:00 : 00 598 65
6 IMELDA 2019-09-17T12:00:00 2019-09-19T00:00:00 1123 40
7 OLGA 2019-10-25T18:00:00 2019-10-26T06:00:00 260 40
8 CRISTOBAL 2020-06-08T06 : 00 : 00 2020-06-08T18:00:00 386 50
9 HANNA 2020-07-24T06 :00 ;00 2020-07-26T06:00 : 00 374 80

10 LAURA 2020-08-26T18:00:00 2020-08-27T18:00:00 298 130
11 BETA 2020-09-19T12:00:00 2020-09-24T06:00:00 400 55
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Comparison of different physical mechanism fusion schemes for groundwater
level prediction by graph neural networks

Liu Bo, Wang Jiabao, Li Zhiyong, Jiang Wei
(College of Hydrology and Water Resources, Hohai University)

Abstract; To reveal the influence of different physical mechanism fusion schemes on the groundwater level prediction accuracy of graph
neural network (GCN) , six graph convolutional network ( GCN) structures with different physical mechanism fusion schemes were
designed based on the daily groundwater level data from 114 monitoring stations in the Poyang Lake Basin by comprehensively
considering the physical factors such as spatial correlation of groundwater levels, surface water-groundwater connectivity, and rainfall
lag effect. The groundwater level prediction accuracies of the six schemes were compared. The results from the Poyang Lake Basin case
validation show that the GCN demonstrated excellent overall simulation capability and accuracy when predicting the dynamic changes of
groundwater levels; the R of all schemes exceeds 0. 9. The scheme fusing one-month-ahead rainfall and surface water-groundwater
connectivity attributes achieves the highest accuracy (with an MAE of 0. 060 1 m) , improving the accuracy by about 6. 8% compared
with the single distance matrix scheme. Taking rainfall lag into account characterizes better the delayed response of groundwater levels
to rainfall; moreover, the connectivity attribute matrix yields better RMSE improvements for phreatic well water-level predictions than
for confined wells.

Key words: groundwater level prediction; graph neural network; physical mechanism fusion; feature selection; graph structure; the
Poyang Lake Basin
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Table 2 Prediction accuracies of each scheme model

Wk T2 MAE/m RE/% RMSE/m R?
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D+P,_, 0.0626 0.20 0.1347 0.9786
GR+P_, 0.060 1 0.19 0.1306 0.9799
GR+P,_, 0.0618 0.20 0.1317 0.9795
D+P,_, 0.0644 0.21 0.1322 0.9794
D 0.0645 0.21 0.1318 0.9795

Ly Fr ) i DX P FONRS B, SR, A AR B I P il & (R B ZE R OF AR 2Ry, BRI R B b oK 5
R 2 (B AFAE 2 1 3 R, RIS A P, Bl AR A B | 1 5 A AR R 3 H [ 45080 A B A T B 5 |
ATHZTIGER AR TR, 251 ZEF00 B ARAS &1l R v, Se 86630 i 250 b s ali e sRoE5os &
PR 1 a0 B A ) T AR TR TR

UEAh  FEZS 18] b R YTl e | R 1L v 3 R AR U 22 A0 RMSE ¥EK (B S) , IRk
D+P_, FFZENH], iE—25 3B 2020 AR A 4F b R KA AR (] 6) o R 4 A3 X AL 1% T80 35 N B8 0
1, 520 RMSE K, il B R 4 A0l 7 F 3 it , AR sk s 5570, sl (NG 3 95 /0 i 5 HAth ol 5 AH 3 , 15
SRR, IR T B A X ST R Ak 15 SR A% 288 5 [R) I 4 >l s Ak P g 11X, bR 7K A 38 2l i BE AR, 93
&5 R 25 3 (0 5 S B (e R 22
3.3 SR AkSHTKEEERNEELTSRE

2 BB Hh K 5 T KB R AE BRI M RE RS IR, A SCEERE GR (I HE T A b 22 /K 5 1N K 4 (3 15k
F) N D( %l i 2 (R A RN ) BN 5 SR T 25 SR AT H A (T 7)o A T X M KA AR Ak i
SIRZL S 0 0l 5 B s, PRR O A RE TN 2 b T KA AR T A # H GR 7 RS D i R B AL
AR TREIN P4 B, XoF 48 W ¥ ) A I BE BT, D 5 SR A S B S JE B R 1, AR I B i 4 7% 407 5K 1 GR
J5 S MR A b 227K 55 1l T K 2 ] 14 G RNl 5 2 (B SR 00 R AT T ik Bt A . SRR I T S T RRIE R 1Y
T AR 2 Sy | B A b ) B A T AR, TR TR A T RE ), B 7 (b)) i e A T
T35 22 35 /MR T e 3 5 SE PR AR A R 22 05, AT e DR A2l 130 s QIR e 55, BIR ) 1 LA A% 3 iR %
RSB R AR TE A2 2T Bl M KA shAS B SR AR AR, ik AR L 27 =) B & SR RRAE

TE 114 A0 5 (RPN ) B3R ds b A 76 AN WE B U 25 5 RMSE R i A M 22 7K -Hb T 7K SC Ik
JE A BT, 5 L2 66. 67% 5 73 38 AWM (W T 25 5 RMSE 4 r R R, 7 He 249 33.33%, X —4idis
FEAT A, 0 A b K- H R 7K SCIR T 1 X 44 TR 40 W - 1) T ORG B AE B T AR . 7E 84 AT K M
b A5 61 AN TIMISE S RMSE 15238 T, & H0 2 72. 6% AL 23 NP TF I, (5 b2 27. 4% ; i 1E 30 PRI
AW TR SR RMSE $2TH89° 0 16 4, 5 Y 53.3% , FRERI N 14 4, 5 2 46. 7%, BIR KA
DN A B T A0 B A B 2 3o S et s K O 55 b 3 /K R P 10k 22 B Ry SR %, ol b 38 7K b T 7K S I S 1 1 g
SR TR H K W Fh T 5 R AR A IEE 3R R X A 2 | G2 S g P 14 i o, gl AN 40 1) A



CHRE]

X)W, AE PR 0 2 T KA TN A AN Te] 49 BEATL A il 45 T 58 e AR

15

Ho R 7K AV /m

ﬂﬁ"F7Mﬁ/ m

(b)D+P_,

[&145]
— R
baN
W
RMSE/m

e <0.1

e >0.1~0.2
@ >02~03

@03

(a)D+P_,

(¢)D

5 HABFRMTKUBNIRE

Fig. 5 Groundwater level prediction errors for typical schemes

—SEE
140

138
136
134

132

130
01-01

03-04 05-01 07-01 09-01 11-01 01-01
H5
(a) FEYLEL
54

48

46 1 1 L 1 1 J

01-01 03-04 05-01 07-01 09-01 11-01 01-01
H 1

() Bl

— T {E

R KA /m

HF KA /m

204

203

202

201

200 . . I . . )
01-01 03-04 05-01 07-01 09-01 11-01 01-01

H i
(b) Jerguf

49
48
47
46
45

44
43 L L L L L )
01-01 03-04 05-01 07-01 09-01 11-01 01-01
H 39
(d) ez

6 2020 £ERKIF D+P,_, FRET M TKATIEL

Fig. 6 Processes of groundwater level under D+P,_, scheme at representative stations in 2020



16 WK E el (AR RS R ) 55 54 &

TE DT ER) TME(GRITE) SENE

137 200.4
£ 136 N\ g 20037\
B35rNG/) N = 200.1
< 134 X/ % 200.1 e §
= 133 = 200.0 NTAN AN e
2 132 H 1999 7
131 s s s s s = ; 199.8 s s s s s s :
06-30 07-05 07-10 07-15 07-20 07-25 07-30 08-04 06-30 07-05 07-10 07-15 07-20 07-25 07-30 08-04
H 11 H#
(a) FEHLHG (b) Jerauk
51 7 49
£ 50 g =
= [ \\ = 47 /
2 N / \ 2 46 %
= Y = a5t =L AN
2 47 2 s ~— e~
46 s s s - - — ; 43 - . - - - . ;
06-30 07-05 07-10 07-15 07-20 07-25 07-30 08-04 06-30 07-05 07-10 07-15 07-20 07-25 07-30 08-04
H 11 H#
(e) HpgLLiG (d) FaELesh

BE7 2020 FRKW7 A DGR FEMTRAIEL
Fig.7 Processes of groundwater level under D and GR schemes at representative stations in July 2020

4 % i

=A

a. GCN TEFN b /KA 3 258 A e L T € ) PR ASEAELRE 0 AR B . GON 3 5 3k I 5 AR T 26
6 A HIFOK 5T OK BB R (5 R, A A 1A R s R K AR A, 3 R T TR T X
Reg W0 i o P 1 BB T, 3 — B i — 25 B0 IR T AR 1) e R 1

b 5 PEE [ R Xl T K AL SRR R A A AR T R R AR RE R | REGE GCN BT 5870 )
FHIE PP RRAIE , $ TSR0 i Jm B G i P BE J7 , (L T SR B TR se 0 45 A e Bl i 7 52, lik 1
3 BRI P 38 TR A R X A R 0 41 i 1) o

c. JETHL T RALAG MK AFAE B DI S H R | 41 HAG A 3 2 K -l R 7K OGHK B P SR 40 [ 1Y 7 4%, T
YRR K R PRI 28 B R AR (A8 A, TN 2 5 5 T 2 35 D0 T Bl T B B ) AR F AR R T 4%

d. A K -#0 T 7K SCIR a8 P X 3 T KA FHEIN F Fi THA5 R AT ULIN ) 3t T 7K SR TG 5 - 45 b K AR
B AR I BINRG B2 BT 2 S U T A P SR IR A X2 T P SR TR R A R A R K
I R TR I , A2 i PR A B, PO ACRAR T80 . eAh, SI AW BUS , GON B MAE .35 T
% , {5 RMSE JoH 2 ks, Ul RS R0 A din fEL ) S0P A A A2, e SRR A5 40 . RIS, iy T 32 e
HAHuGORHR ] AR AL 1 T R S b 2 /K -4 R 7K Wy IR ZR P RP AL, oK 85 S e R 55 A2 i)
R A Sl A FEAH O e 1 LAE— 2P S TSR B SR B

SE .

[ 1] Hdet BEIRAR A, 45, =YL P JE A X[ 7K 5 4t T 7K K i ag 4 R i 2 AR AR B A0 BT [ ] . K R4, 2021,52( 10)
1151-1162. ( Shu Longcang, Yin Xiaoran, Yuan Yajie, et al. Temporal and spatial variation of water quantity exchange between
surface water and groundwater in typical district of Sanjiang Plain[ J]. Journal of Hydraulic Engineering,2021,52(10) :1151-
1162. (in Chinese) )

(2] HIe G, ARmEn , 202, 45, =YLV 5 A Dl R K 3% 28 B 252 ma R 3R 404 [0 ] AK R4 ,2022,53(6) : 644-654.
(Shu Longcang, Xu Lili, Yuan Yajie, et al. Analysis on variation of groundwater flow field and its main influencing factors in the
typical district of Sanjiang Plain[ J]. Journal of Hydraulic Engineering,2022,53(6) :644-654. (in Chinese) )

[ 3] wfmnal, Bath, A A 2. A8 R e iie /N Rk I T A2 0 3 T K B AM R e T (1] AR S BRBE22 412, 2011,20(8/9) : 1259-
1267. (Xie Lichun,Chen Jianyao,Fu Congsheng, et al. Observation and analyses of groundwater recharge from rainfall infiltration
in a coastal watershed,South China[ J]. Ecology and Environment Sciences,2011,20(8/9) :1259-1267. (in Chinese) )

[ 4] Jalsni, ARH AR 5208, BT AU E AU s K A0S 3T 7K I8 M 52 iR 9F 52 < DA o s M X O [0 . 3l 3 J5, 2020, 15
(4) :388-393. ( Zhou Ruijing, Song Wei, Ni Baofeng. Study on influence of surface water on groundwater source based on
numerical simulation; taking Tongzhou district of Beijing as an example [ J ]. Urban Geology, 2020, 15 (4 ) ; 388-393. (in



55 5 1 X)W, AE PR 0 2 T KA TN A AN Te] 49 BEATL A il 45 T 58 e AR 17

Chinese) )
[ 5] RT28 BRE, S, 5. 2009—2019 4530 PG R b T /K AL A 43 43 A5 B A8 e 34 [ ] /K BE PR 57,2023 ,39(2) : 160-
167. (Song Ziyi,Lu Chengpeng, Wu Chengcheng, et al. Spatiotemporal Distribution and evolution trend of ground water level in
Hexi Corridor from 2009 to 2019[ J]. Water Resources Protection,2023,39(2) :160-167. (in Chinese) )
XEE KR AR, A BT UR DX R R 5 R KK (L i s AR A R i R [ ] KRR LR R i, 2024, 44

(3) :27-33. (Liu Zixuan, Zhou Bingyu, Li Zhiwei, et al. Spatiotemporal change of groundwater level and discharge process in a

[ 6

[

typical peatland watershed in Source Region of Yellow River[ J]. Advances in Science and Technology of Water Resources,2024,
44(3) :27-33. (in Chinese) )
[ 7 ] Wang Wang, Chen Jiaqi, Chen Jiansheng, et al. External groundwater recharge of Tianchi Lake in Changbai Mountain|[ J]. Water
Science and Engineering,2026,19(1) ; 47-55.
[ 8 1 JFAR, SKRVTIT, XU, 5. KL K P B RO AL IR AR R X1 K BE B2 H AR IR ) ], KB IR AR, 2025, 41
(2) :184-192. (Jing Miao,Zhang Jiangjiang, Liu Jin,et al. Multi-objective optimization of water-saving irrigation in groundwater
over-exploitation area of the North China Plain under joint control of water level, water volume, and crop yield [ J]. Water
Resources Protection,2025,41(2) ;:184-192. (in Chinese) )
BTG , FEZA A0 T 7K R GEEUB AU R BIE 58 AR AN R SR 3 [ 3. KR K R IE J 2006, 26 (1) : 77-81. (Hao Zhifu,
Kang Shaozhong. Current situation and development trend of numerical simulation of groundwater system[ J ]. Advances in Science

and Technology of Water Resources,2006,26( 1) :77-81. (in Chinese) )

[9

[

[10] Tao Hai,Hameed M M, Marhoon H A, et al. Groundwater level prediction using machine learning models; a comprehensive
review[ J ] . Neurocomputing ,2022,489 . 271-308.

[11] Azad A S,Islam N,Nabi M N, et al. Developments and trends in water level forecasting using machine learning models; a review
[J].IEEE Access,2025,13:63048-63065.

[12] A-JRAR , B REMS , AR, 5. AILAS 7 T AORLTE T 7K B RS ADL o B W A A [ ] T 2274 ( F AR B R L 2022,
50(4) :74-82. (Niu Xinyi,Lu Chengpeng,Lu Jiayun,et al. Adaptability analysis of machine learning model in groundwater depth
simulation[ J ]. Journal of Hohai University ( Natural Sciences) ,2022,50(4) ;74-82. (in Chinese) )

[13] Yang Xingyu,Zhang Zhongrong. A CNN-LSTM model based on a meta-learning algorithm to predict groundwater level in the
Middle and Lower reaches of the Heihe River,Chinal J]. Water,2022,14( 15) :2377.

[14] EMEE, INEI, T, 4. 5 T 228 & LSTM £t 28 45 1 M R /KK L TR [ J7. 3 AROR 2 2 4 (B3R BF2#4 hi) |, 2020, 50
(1) .:208-216. ( Yan Baizhong,Sun Jian, Wang Xinzhou, et al. Multivariable LSTM neural network model for groundwater levels
prediction[ J ]. Journal of Jilin University ( Earth Science Edition) ,2020,50( 1) ;208-216. (in Chinese) )

[15] BR3Che , Mz, sk 48, 45, 56 T K M b IA] 55 TR B2~ ~J B9 DXt R R (2D [ 7 ] VTR BeBie 4l , 2023,40 (7 ) : 88-95.
(Chen Wenlong, Yang Yunli,Zhang Yu,et al. Simulation of groundwater level in irrigation area based on sky-earth cooperation
and deep learning[ J]. Journal of Yangtze River Scientific Research Institute,2023,40(7) :88-95. (in Chinese) )

[16] Cao Hongye,Han Ling,Li Liangzhi. A deep learning method for cyanobacterial harmful algae blooms prediction in Taihu Lake,
China[ J]. Harmful Algae,2022,113:102189.

[17] Yu Bing, Yin Haoteng, Zhu Zhanxing. Spatio-temporal graph convolutional networks: a deep learning framework for traffic
forecasting[ C ]//Proceedings of the 27th International Joint Conference on Artificial Intelligence ( IJCAT). Stockholm: IJCAI,
2018.

[ 18] Chen Chong,Zhang Hui, Shi Wenxuan, et al. A novel paradigm for integrating physics-based numerical and machine learning
models; a case study of eco-hydrological model[ J |. Environmental Modelling & Software 2023, 163 ;105669.

[19] Gao Yushan,Zhong Zhirong, Ma Meng, et al. Physics-embedded recurrent graph neural network for fault diagnosis of complex
systems[ J]. IEEE Access,2024,12; 122426-122436.

[20] Zhou Yu, Zheng Haixia, Huang Xin, et al. Graph neural networks: taxonomy, advances, and trends[ J]. ACM Transactions on
Intelligent Systems and Technology,2022,13(1) .15.

[21] WHATE, S, BB MG L5R [ T]. BEPT I R 2k ( A SRFHE ML) ,2024,52(2) :89-101. ( Xie Juanying, Zhang
Janyu. The review of the graph convolutional neural networks [ J]. Journal of Shaanxi Normal University ( Natural Science
Edition) ,2024,52(2) :89-101. (in Chinese) )

[22] Bai Tao,Tahmasebi P. Graph neural network for groundwater level forecasting[ J ]. Journal of Hydrology,2023,616;128792.

(F#% 28 W)



554 F5 5 W WO R AR (H SRR ) Vol. 54 No. 5
2026 49 H Journal of Hohai University ( Natural Sciences) Sep. 2026

DOI: 10. 3876/j. issn. 1000 - 1980. 2026. 05. 003

ETHEH-REAERENWEZNE
g, e A RIS F
(1. PRI A AT T 2. k2 KRB )

HE . AFsTE GG T AR 2Rk B35 Ok # 3 eR LN 2B AR 2 T A TRALR
SRFFARILFOREG MR EMIER  BIMESREREEY, FAILT B35 L RIE
5 M E 35 OSBRGS0 = R MK EADIE AL, R R R B R L BB R E T MALEH S
EREGHETRFBER RBRBAEEA, SREAV MRS RE L FRIFGE R EMH
BELE5MESTHERAMERBEERTEZEMEA AMAETHR EMNGHENIE S HE T 2T
e EM PR TR 20 8, BTIEE S FIE E 80% ;5xS5 A IE M T3 F AR £ B 60% , B %
T PR R IAT v REH & MO B REART D EH TN S HE(A 1kmBR) 55 A4
TERE A T B AR ANANAE, A SCBAEH K TR AR B BERARET —F Ty A
AR5 AT R R AR

K. ME YA AUE 3 R A s S T B R B AR A BAR TR

FES5 RS . P412. 13 XEERERS A M EHS 1000 - 1980(2026)05 - 0018 - 11

Study on rainfall field construction based on rain gauge-microwave data fusion

Ou Sicheng', Shi Xiaowei', Liu Daojun', Xu Weili', Yang Tao’
(1. China Yangize Power Co. , Lid. ; 2. Institute of Water Science and Technology, Hohai University)

Abstract: To address the problem that traditional interpolation methods are difficult to effectively fuse rain gauge and microwave link
rainfall observation data, a collaborative reconstruction framework for rainfall fields based on a stochastic hybrid Whittaker-Shannon
algorithm was proposed. By constructing a synthetic rainfall reference field, the two-dimensional precipitation reconstruction
performance of single-source interpolation of rain gauges and dual-source fusion of rain gauges and microwave data was systematically
compared. At the same time, an image smoothing technique was used to mitigate the problems of excessive mnoise and lack of
smoothness of the stochastic reconstruction method in rainfall field construction. The results show that the spatial reconstruction
accuracy of the stochastic hybrid Whittaker-Shannon algorithm is significantly positively correlated with the rain gauge density and
microwave link coverage. Moreover, as the number of possible reconstructed fields increases, the accuracy is better; however, when
the number of possible reconstructed fields exceeds 20, the overestimation rate of rainfall extent increases to 80%. The 5X5 mean filter
can reduce the root mean square error by 60% , which is significantly superior to the median filter and other window scale schemes.
Microwave link data have complementary value in enhancing the spatial resolution (up to the 1 km scale) and dynamic representation
capability of rainfall fields, providing a scalable and highly promising technical pathway for real-time data assimilation of urban
hydrological models under the 5G communication context.

Key words: rainfall field construction; stochastic algorithm; microwave link; microwave rainfall attenuation; data fusion; image
smoothing
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HIZ 1 AT0,2015 4E 8 A 23 H 1222, 3T RG $dli (9 5o —FAY I 51 37 19 - iR 22 B0 7 iR 25 8¢
KA REERAR(<0.5) AA P RE G (>0.7) , IS g i, TS ¥4 KF 0.5,BS #F4r#EiE 1 HKF
1, R EM W BN TE B LS AG T, M IET RG A —EM W 7, 3T RG+MWL (AW 83745
THHE AR AT B BEAR O ELAE 3, 2015 4 8 A 23 H 14,22, 3T RG Bl 0 s — EA W IR 28K, ar
ZARE (>0.95) RIS T 0, TS TE4F AT 0. 85, BS PEA M fintain 1 H AT 1, R S I 7ERE G
Rl WS A i), AH LT RG WP — BRI 4, 2T RG+MWL (1) FE 44 W £ 4 45 T 48 A R By AR
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Table 1 Accuracy of reconstructed rainfall field based on RM algorithm

G ERikie VR/mm Sim/mm TR /mm LR/ mm B TR /mm HDGRE
2015-08-23 RG 0.653 0.748 0.095 0.834 2.01 0.382
Ti2; 22 RG+MWL 0.653 0.712 0. 060 0.798 1.86 0.469
2015-08-23 RG 1.773 2.116 0.343 1.219 2.01 0.576
T14: 22 RG+MWL 0.653 2.069 0.296 1.070 1.742 0.657
i %1 A Ay UTEIFES R TS P43 BS 143
2015-08-23 RG 0.737 0.263 0.340 0.534 1.116
T12: 22 RG+MWL 0.776 0.224 0.308 0.577 1.122
2015-08-23 RG 0.951 0.049 0.071 0.886 1.024
T14:22 RG+MWL 0.970 0.030 0.072 0.902 1.046

FHRREORT 0. 65, A3k 0. 970, T HAR

i b T REYIR A AL R A I i, 76 2270 e 2SR 30 v B TR 1 9 1 B 20 9 1 2 AR G /0N, AR
K FRBHARE R, 7F 12.22 H B RIONFIA S, HLIF PR ] B8 2 R TR DX I3 B A /DN, 76 TR DX %) T 6t 0l 0 e
BEAR R Mo/ (B 6) , R FHBEHLIR A S B 2 SR A5 et /b (8145 Rt 37 TR R i 0 TC 0k S 30, B A e T X
T B AR KA SC R B W K, SRR RS I ST LR & 502 W A W A A B s A
TR SRR TR R A2 H R R R A ARG AR T B2 T DX 3 T e R A SR A, U A 14:22,
AR E] 0.9 DL b 7E TS PP B A B A RIR S5 18 ZE WA 20 A TR 3 1% BS TF 20 AR JAE
FEEF 1 HEKT 1, Ul AR 2 S Al f s 00, PRI, 25 W DX PN I sl 0 ol e i 2 0% 22 BsF, R FH B AL
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Fig. 6 Observed rainfall field and distribution of rain gauge stations
BN EET RG+MWL 1Y H A Y 1237 45 TR B Al B hy SHLAEL DAL e 4k 25 o) il 5 Fliple 000 1) B — ] RE EE A 375
5 ANEAIGIE 20 DS EAGSG B AR L HEATXS He o b 25 R W 2 i3k 2 ATHN,2015 4E 8 J] 23 H 1222,
B 75 SBCAE FAG S 55 i (3G 22 ) S 2810 22 16 K, 1 389 400 X 15 2 RN 34 7 R 5 2 S T el /N, A DG R BT
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FasE , BS PFr KT 1 BB Wrsin , R W HAG B R S 7ERE I Y B Al g e, 2015 4 8 4 23 H 1422,
BE A U (B AR S B 3 22 & 0T 22 B W/, AR DG PE R B 78 20 S EH A (K B 0. 847, i
HR T 7 20 D EASGIERHEIT 1, Ied s HoB @ m 0, TS ¥R THRE , BS WA KT 1, B m,
FWE A R I L L s A LR A A IR, 25T RG+MWL 1y P I 2 () F A R 2 7, FE i 2 o
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Table 2 Accuracy of mean rainfall field based on microwave fusion data

i ZI SRR i ADIRrS VR/mm Sim/mm IR ZE/mm EHEXTIREE/mm I TRIRZE /mm AHIEEREL
2015.08.23 B 0. 653 0.712 0. 060 0.798 1. 860 0. 469
T12. 2 S AEMIIE 0.653 0.819 0.167 0.554 1.080 0.676
’ 20 A FH A 0.653 0.784 0.131 0. 504 0.944 0.725
2015.08.23 H—F 1.773 2.069 0.296 1.070 1.742 0. 657
T14.22 5 ANE A EIE 1.773 2.029 0.256 0.770 1.213 0. 804
) 20 HEAE I 1.773 2.024 0. 250 0. 684 1. 062 0. 847
Bt %1 Y 3 AL ik CILEES R & HF TS PF4 BS P43
HB—HY 0.776 0.224 0.308 0.577 1.122
20;?'20_82_223 5 AN E A EIE 0. 944 0. 056 0.410 0.570 1.599
’ 20 A HEH A IE 0.977 0.023 0. 461 0.532 1.813
2015.08.23 B 0.970 0.030 0.072 0.902 1.046
T14.92 5 ANE A E 0.999 0.001 0. 099 0. 900 1.108
’ 20 A EH A E 0.999 0.001 0. 097 0.903 1. 106

FTF RG+MWL W EAG TR i b7, B A A5 1S 22 2 B8 hn B 2 IR B0 i 45 2 (R R B B
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Fig.7 Linear fitting
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HFE bR TARE , JUHR 2SN BS 3753 I BeAT oE— 2B B 5 W AE e 248 1 A 0 v | 1R 22 29 /N i
FEAER, AH 2 AR BN /IR BEAR 7, T A PRI 507 125 O A T sl 7 10 /N, 55 A AL 0 3 A B A 1 3
AL P, ASSCRLZead 5x5 A RMENE 0LV A FILUS 19 20 D E A IO A EE T RG+MWL BT H %
R A EA Y,

x3 HIETELEWNEFBESN

Table 3 Accuracy analysis of rainfall field for data smoothing

W VR/mm Sim/mm SEHIR 22/ mm AT IRZE/mm R IR 2/ mm AHIRREL
HI Tk 12,22 14.22 12.22 14.22 12.22 14.22 12.22 14.22 12.22 14.22 12.22 14.22

20 EMASIE 0.653 1.773 0.784  2.024  0.131 0.250  0.504  0.684  0.944 1.062  0.725  0.847
WIEEDE (3x3)  0.653 1.773  0.779  2.012  0.126  0.239  0.487  0.664  0.905 1.040  0.747  0.853
PIEIEDE (5x5)  0.653 1.773  0.775  2.003  0.123  0.230  0.483  0.655  0.894  1.031  0.754  0.855
FPEDEN (3%3)  0.653 1.773  0.764  2.015  0.111  0.241 0. 481 0.670  0.909  1.044  0.744  0.852
TFEIEN (5%5)  0.653 1.773  0.755 2.006  0.103  0.233  0.472  0.662  0.895 1.036  0.752  0.854

WY iy R TR g e TS P43 BS £
it/ WiRiN 12.22 14.22 12.22 14.22 12.22 14.22 12.22 14.22 12:22 14.22

20 N EMIME 0.977 0.999  0.023 0. 001 0.461 0. 097 0.532  0.903 1.813 1. 106
YfHuED (3x3)  0.986  0.999  0.014  0.001  0.470  0.097  0.526  0.903 1.860  1.107
PIEDENE (5%5)  0.988 1.000  0.012 0 0.473  0.096  0.524  0.903 1.875 1.106
FPEIEIE(3x3)  0.982  0.999  0.018  0.001 0.457  0.096  0.537  0.903 1.811 1. 106
PEDEDE (5%5) 0.983  0.999  0.017  0.001  0.457  0.096  0.538  0.904  1.81 1.105

4 % E
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ET&iEr&M/KE WRF-Hydro &8 7£ da /s
AR AR A& AT
BRE W R BER EEE ALT, ERE, £HhA

(1 PR 2R SOKBEIREBE 5 2. R SR SR K SCRR TP SRS % 3. b A K SCE B s
4. KRR B o ORSOKBEE R dR 0 ) 5 5. WAL BRECABRA ;6. LRUEE /K SUR)

W, A TR S SRR S S VORI SRR FIRIENG LR EABRA
BRI, M T R TORERIEMH L B0kt 3 RIEKRRSF ik, oM ESEZMNELHEL IMERG 2
B R B, £ R AL B B R 5 PR 0 Bk A TR | STV % Rk & T /K 248 3K 3) WRF-Hydro 7K
SRR AR R IRFEAT R IRAENL FRAE L PN TIRBEAR TR P E AL, SR AW AT T
KM K Ay AR TR KA AE A R R EIRAE KR IR Bk A R 09 Bt
FEARAR T R %5 IMERG T 2 /K #3E ; Rk & T /R 2B I8 5 WRF-Hydro 2 A}k IMERG T 2 M /K 44 3%
A F AT AL R R AT AR BAR A AR IR AR A 1 R TR TR IR AR,

KEEW . LR ARATEK; T E KK, WRF-Hydro BEA ; WP /NFT 7 AR AR DL 5030 K 3 K 3%,
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Applicability evaluation of WRF-Hydro model based on multi-source merged precipitation
for runoff simulation in small and medium-sized rivers

Li Zhenxin', Yao Cheng'~’, Yang Fengyuan’, Hou Aizhong', Sun Yuanyuan’, Li Jingbing’, Gong Junchao'
(1. College of Hydrology and Water Resources, Hohai University;
2. Key Laboratory of Hydro-Meteorology China Meteorological Administration
3. Hydrological Survey and Research Center of Hebei Province;
4. Information Center, Ministry of Water Resources ( Hydrology Monitor and Forecast Center) ;
5. Hubei Yangize River Zhongxing Technology Co. , Lid. ; 6. Anhui Provincial Bureau of Hydrology)

Abstract: To meet the needs of hydrological models for high-precision precipitation data, with the humid Tunxi Basin and the semi-
humid Zijingguan Basin as the study areas, a multi-source precipitation merging algorithm based on external drift kriging was
constructed to merge the measured precipitation data at stations and the IMERG satellite precipitation data, generating merged
precipitation data with high precision and high spatiotemporal resolution. The WRF-Hydro hydrological model was driven by the merged
precipitation data to conduct runoff simulations in the study areas, and its applicability in flood forecasting for small and medium-sized
rivers was evaluated. The results show that taking the measured precipitation data at stations as the benchmark, the satellite
precipitation data exhibits a serious underestimation of precipitation intensity in the Zijingguan Basin, and the evaluation indicators of
the merged precipitation data are better than those of the original IMERG satellite precipitation data. Furthermore, the WRF-Hydro
model driven by the merged precipitation data can better simulate the flood process than that driven by the IMERG satellite precipitation
data, and the model shows stronger applicability in the humid basin than in the semi-humid basin.

Key words: multi-source merged precipitation; satellite precipitation; WRF-Hydro model; small and medium-sized river; runoff
simulation; the Zijingguan Basin; the Tunxi Basin
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HOAE L , 53 A 2K SO REAS 25 8K SCSHIGT ARG 43 T8 19 25 ) S e, 38 FH = v /T G b K e
FH 3 [ [ K AEFE 0 (NCAR) W& 1 WRF-Hydro #8235 — X434 XK SCRERY | 72 AR H00RS B2 4 e
5 /N R IR P BT A A

EE 7K e 7K SRR R 1) o o B AR o, ORGP (R B i T R AU 48 SR ARG B S g ) 3k
B 7R 1) 25 B A A 5 R S 3l ORI A0 52 TR 3 S TR T 3 Je S O T S AR R R R, (s
) A R HLAR 5] R R 1k 5 TR IR IS I B e 25 i e Mo, (R 22 5 K™ B Kl A 4 R G 3ot
PR IIN] B AR TR /K 50 1 D0 32, T A et B0 5 38 /K 3 B O M 25 i3 82 A A D Bt ATL
FRMGE SRR 5 B4 (Kriging with external drift, KED) #1" BUAIAS (19 3%1) 45 Jerf KED i
PV 23 (IR DGR 38 40 R T Z2 R B800E (9 43 1R 40 A R AF , 7T 4R TR R A T R i S mT ekt
Jewell %51 R Z2 P (B )7 ZE il & T ik B /K 55 TR0 SR K, % B0 KED T 76 T8 TRy 28 ok B 4 v
EEVERR . PRI, R /K Rl G B2 0 T8 o B K Rl 5 7 i, AR Bl K SCREAY | i A R A4
KiRE , EIZES SR B HLARPREE R 5 DR 5 B Al 5 ) ik, A GPM T2 B /K 00l -5 T 3l S 0 4
FFBR IR SCRERY | R B 7= oA B 3 R T, 2B AR T T K SRS (g A8 AR, SRR 45T
CMORPH T2 RE/KEHE 5 Wl S a5, 979K 3l WRF-Hydro #5586 0 0] it Btk A 7 42 I A 4L, & 3
il KK AE /NI KB B AR T 5 ah TR B . (B IUA BIFFE R 25T X e X It A 7 22 IRl & oK
VRS T PR TR I8 SO R K BAE AR A [ S X R 22 R TEAS (] Rl B Kk B8 70 A [ A S 3 14 vh /N il
AR IS AL P )3 P R A e A DA

AR SCHE BT VR A k5 SRR S e R A 5T XA, L IMERG ( Integrated Multi-satellitE Retrievals for GPM) T
SRR 5 W LI S A B U, SR KED 34 1l 22 TRl 5 B K, DA 358 T 22 U5 5 e /K B0 80 7
WRF-Hydro A5 AULE 11 Yt 45 5 = R0 i s ) v/ N A= AT ACR, , AR Bl il G H R 5 WRF-Hydro #%
RYAE e/ INRL I P K TR b (4 7 FH B IR AR5 5 2 %5

1 R SHIE

1.1 HREXHER

R, TR 227 i, 28 4R FE VG N 29. 5°N ~30. 0°N (117. 6°E ~ 118. 5°E, B i F2 4y 2 670 km?,
VR I ) P, SV S ARGE S, W S T K LB N LK, K BERKBE , doiE s Tt
S A R M R R, AR R 15~ 17°C, ZAFF- 3B K 5 2928 1 600 mm 2 B {4 9 3 /N ik
SR IR T IIE T S S HE ] i, 2R A VSR R 39. 2°N ~39. 7°N (114, 5°E ~ 115. 2°E, i d i f1
1760 km* , [ TE K 81. 5 km, GBI 5. 5%0, Z 11X, JEK T2 7= {7 2, 2 5k 7%, Wi op it 48 1k
BER KA R RATRAE . SRR T bl 2 1R i 2 KU AR X SR 2 13.8°C, Z4E T 1
Rk T2 682 mm , J& PR 50 /N, A DI P R el R K S A an gl 1 R,

RO

; 15 y
0 510km baIg 0 510km — P (EIITJXH
w99 — bl — — Wl A
(a) HEHH (b)) SISk

E1 fFRREER

Fig.1 Overview of study areas
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1.2 WRE#IE

IMERG £4i /2 423K K I 3140 GPM 1y s — 10 2 10 AL 42 il /K 85l 7= o, L2 HE58 2 VOTB iR
ARIEOT CIMERG BUE R A A BEE R 0. 10, /N AR3ER 0 0. 5 b, 23 1) 26 4Bk, AR SO A v Ak 1
TR S KA A1 432E IMERG 045 1T 3 A3 S B 7= iy IMERG-Early , IMERG-Late DA K J5 40 B 7 iy IMERG-
Final, IMERG-Early 7EMI)5 4 h % 75 ,IMERG-Late 7E W5 14 h K AT | Wi R JE A ZATAn] v 5040 42 1E 1)
afi TR S B 7K 7 i s IMERG-Final 7EWGI S 4 A %A, 20 7 RUBE T WL A 98 42 0, 2 PR - i H Rl G
R Al H R IMERG-Final 72 5oRE BE AR A, IMERG-Late 7= /i YK 2, IMERG-Early 7= i ¥ % £
2%, AR TERETE I AE SR N A, AR SCR T IMERG-Late 7= i fE 4 TR £ R

WRE-Hydro #7842y A\ B Ay b 3R S 4008 5 G ot Bd . b 3 S 58 5 20 )P 54 |+
T eSS R i 1 AR 0SB0 A VR T 3 TR LT 35 A 22 R K SCBUHE i 14
(HydroSHEDS) , i1 WRF-Hydro ArcGIS Pre-processor Rij &b B T EL b 3 A= 1, 32 B4 35 25 A% 0] I 0 1) 25 4%
P 5 H Ay b B ER S B8 )R R T WRF ( weather research and forecasting model ) 455 2 fij 4b B 2 4t WPS ( WRF
preprocessing system ) E/‘Jﬂﬁfﬂﬁ?ﬁ?ﬁﬁgﬁ, H WPS FiAb P RS A R, A58 B & 26 A ST I R
S HR SR M FRARE R RGE K, o KB R IMERG T 2L R /K 5 TR o 3 S T 8 /K i 45 A=
LA R R K B, I 28 43 BECA 1 h 1 km; HEAR SR 5838 4048 1 GLDAS ( global land data assimilation
system ) HCHE 723 1] L XUER PR 1o )1 2R MR A ), SRR MU 25 A0 1 h 1k O350 5500
TIF 55 B BRSO Ak g v V& S b 15 55 9 56 T ok ) S0 A8 -5 1 1 OB v %) S0 3 2, 32 1 K SCAR S
2 WMRFAE
2.1 WRF-Hydro #%!

WRF-Hydro #1J2: iy 92 6 [ K KRS8 OB &, focb) 2 F DA BSGHE WRE B 1) i K S AR 38 12
PERE AR SO R 5 RSB RS, B L R WRF-Hydro B0 B 28 Ji o HA Wy BRIERE | v i 25 4
B Al LS RS & BB LB 17 19 40 A5 sOK SRR WRF-Hydro A8 3 %24 75 fili v 4 2 R 7 455
B AR A HE R AR B AT AR | MR KRR R T K R P WREF-Hydro A5 1 4 i i
TR R e (R HAGE B TG & YR ) SOKE GEZEE TS BB ) (19 1 E R R R
TIE2 B R BRI B AR e T S [ g8 P it AT ST AR U M T AR AL, 45 B A 114 b
K3k HUR K Sk R R4 SR (] i 2 A R R TR — B 20 A9 . WREF-Hydro 57 (4 4 #1 i
A ZFh T R E , A SRR Noah-MP ( noah multi-parameterization ) #5317 3B Y 3 R FH T #0E , Hb
TNARTR M K RS AR (30 Bl TS A 20 B R R 1 ke, ST E] 25K 60 s, TSR B o A
PERUEE N 250 m, HALWHE K 15 s BT A ka2 K 1h,

2.2 BhEFZE

KED 75— R i g4 05, T U LAk I — Rl 20 12 el — A s A s L2 5
B AR 2 [ R 4 i BE AR S R BV AE B/ R 75 S5 B B ARAR B EA T4 (L, #eidiad KED ihalb AT TR REK FE
IR B I, TR K ME— (Y AR S, 3l L S K oA B RR AR

RN v, ARG BEAKMETHE AT

P = 2 w0P,. (1)
AP, g AT MK 0, T3 o X4 955 L AR ; P, SRR o O SEIMREAK 3, o
P o P B ARAR sn R T sl A5
H 0 (1) AT KED @il B9 OB 2 R W &l 1 v L AR, e LA i 3 2R e

dw, =1 (2)

a=1

S wb., =P, (3)
a=1

a 70

D0yt TP =y, (@=1,2,000) (4)
B=1



32 WK E el (AR RS R ) 55 54 &

AP, IR o (R TURBEKE P, IR xy A TR K E sy, TS, o 8 5 R
Ul BAE xp ZITr 2 5y, AOTE x, 5 xg ZIVIIET 22 0, g, BRI H T

H T IMERG T AEZHEIT 43120 0.5 h, 25 [0 53 HFE 0 0. 10, SRS G008 E s i 25 43 B R T
Bt , BRI SEKE 0. 5 h 19 IMERG J5L4A TR 55 SN 1 h, 38 5o WU 1 47 {7 A XL Z8 A 200 [ A | 5 3] 1) 2% 43
 1h 1 km WRERE IMERG TR BB R TR B AE R 2s R P A &, 45 & S0 oK H ARAE &, N
KED 153617 Z U5 A, e 2 T2 0 3R 0 1 h 1 km 1 =0 B2 Rl K ™
2.3 BEHAR

U5F WRF-Hydro 58U fir 75 20405 5 K s 47 I [, 2 PR 58 A [R) 8, A SC7E i 188 i ki B 2016—
2017 4FAE KR E W, 2019—2020 4EVE N EGIEI , Horb 2018 435040 T & ol PRl gk | il 25 5 % 890 6 0
B, 52 FRT R UL BERHR /D PEER 2012—2023 AEAE A 4608 91,2024 AEVE S0l 0, 4808 1015 96 E 3 R 4 K3
¥ 18 70% R 5E W 30% 55 UEIA K 43, Herh i iR s el T 2018 4F 020 BB G | DL 2018 4 R AR 4y e 5
YUEI , B BOK M S 2R (R 1) AR TIR 2020 4RSI SE <23 - 77 K, B G
5 RFM: Je BT A T KA YR A 1 il i S R KBS | 3 U TR R /K S 5 il R /K S RO B 5 SR 43 i)
LT R A /K B 5 il R K B 9K B WREF-Hydro AR | X6 R 58 W45 37 R b /K iR A7 AR AR 481, I DA SCan 52
DN Ry e ST A TR S B0R 0 | AR5 45 B A BN AHE 0 ) AR BE S AR s B 430 A T L e Kk 23l
55 Rl W K B B AR OL AT 16 2 B S TR Bl 7K SO TR | o 6 IE 3014 T /K S R AT AR AL, LSS 37 Het A0
Fofr B2 7K Bt A A2 AL

F1 FTERKEHSIT

Table 1 Statistics of major flood events

T ek F FEUf 1] ZETR ] R/ (m®/s) K 2K K FF7K B/ mm
20160618 2016-06-18T09:00  2016-06-25T08 ;00 4280 th 246.52
20160702 2016-07-02T09:00  2016-07-10T08 ;00 1980 N 152. 08
20160715 2016-07-15T09:00  2016-07-20T08 ;00 1220 N 86.91
20170611 2017-06-11T09:00  2017-06-17T08 ;00 1730 S 150. 00
- 20170623 2017-06-23T09:00  2017-06-29T08 ;00 4210 h 217.50
i 20190618 2019-06-18T09:00  2019-06-26T08 ;00 2960 /h 217.37
20190702 2019-07-02T09:00  2019-07-09T08 ; 00 1900 /h 160. 45
20190712 2019-07-12T09:00  2019-07-16T08:00 4270 h 181. 60
20200618 2020-06-18T09:00  2020-06-24T08 ;00 2010 N 201. 49
20200702 2020-07-02T09:00  2020-07-11T08 ;00 5040 523.42
20120720 2012-07-20T09:00  2012-07-26T08 :00 2130 LEN 171.37
i 20200717 2020-07-17T09:00  2020-07-23T08 ;00 161 N 79.57
20230730 2023-07-30T09:00  2023-08-03T08 ;00 1980 x 328.57
20240825 2024-08-25T09:00  2024-08-30T08 ;00 330 i 102. 20

2.4 EMNIEER

AV RHCCR) AR (RB) BT 292 (RMSE) 3 A4 bR MR 10 A A K B0
FAHE P R B K SR S0 4 S KRR ) —SCPE | RB 2R K BRI T35 S K
ORI S PR 2R RMSE 2 T A K0 530 4 S B K B 2 T 0%

SRAIEHIXTIRIE (E,) SRR 22 (By) AR RO NSE) SN 22 (ET) 4 M RIFA
FARBEIUR ™, S5 KBELEE FA WM ATREIR 221 T 200 I, IS WERTDLA e e BRI /0 T
20760t} UG BGHDA He s WEBU 02/ T 3 b i, RUSE BT BERL A A ) 55 KA 9 NSE
KT 0..50 I UK BRI B AL A AR T 2 ) NSE KT 0,70 B, R LK i 4L
SCHE. — VORI MG Rt DU SRS U AR L, 5 R BV 5 L
TSP B £ (QR) A 2 U B 24 AT

3 GRE5SH

3.1 BMAZERSW
A2 2 AT R A T K SR A IMERG TR R /KBUE ) R JEHE R 0.51~0. 78 ,F) 4 0. 63;RB
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JEEN-19. 1% ~30. 9% , 48 XHE T340 12. 7% ; RMSE {5 2. 24~4. 43 mm/h,*F3°8 2. 93 mm/h, #ll& K%
TKELAE) R J5 A 0. 88~0. 97,314 0. 93; RB JulFh 0. 0% ~ 0. 8% , 48 WHE -1 4 0. 35% ; RMSE 5 [l 4
0.94~2.50 mm/h, P24 1. 47 mm/h, 10 itk GilA BEK B 1) R 5 RMSE S48 F LR B K B8 ; B
20190702 ,20200702 Wizt Kk oh , HiAy 8 Stk fi A oK RB 4a X E /N T TLREREK

%2 FTERKEHDERKSRAREAKITENER

Table 2 Evaluation indicators of satellite precipitation and merged precipitation for major flood events

ok HEKTEE R _ RB/ % _ RMSE/ ( mmili)
TBEREK il B K TBRREK il A R K TRREK A R K
20160618 0. 66 0.92 16. 1 0.5 3.37 1.82
20160702 0.57 0.92 20.7 0.4 2.39 1. 11
20160715 0. 60 0.93 3.5 0.1 2.27 1.03
20170611 0.62 0.94 30.9 0.0 2.24 0.94
. 20170623 0.78 0.97 25.4 0.2 3.00 1.24
e 20190618 0.72 0.93 -5.9 0.8 2.96 1.61
20190702 0.51 0. 88 0.1 0.3 3.16 1.79
20190712 0.77 0.94 -19.1 0.3 2.76 1.53
20200618 0.55 0.94 -5.2 0.4 2.73 1.13
20200702 0.56 0. 89 0.3 0.5 4.43 2.50
20120720 0.72 0.92 -58.8 0.7 4.25 2.12
s 20200717 0.76 0.93 =73.2 -0.3 2.18 0.94
20230730 0.46 0.91 -8.8 0.4 5.85 2.51
20240825 0.85 0.98 -2.4 0.0 1.29 0.42

SR FEEPOK FHAF ) IMERG T2 FEK 504 R Y5 H 0. 46 ~ 0. 85, °F- 34 0. 70; RB {E[H A
~73.2% ~=2. 4% , 4 WHE -39 K 35. 8% ; RMSE JuE 4 1.29~5. 85 mm/h, -394 3. 39 mm/h, Bl & 5 K Kt
1) R JEFI 0.91~0.98, 54 0. 94; RB L FI N -0. 3% ~0. 7% , A X HEF-1°4 0. 35% ; RMSE {5l K 0. 42~
2.51 mm/h,FHH 150 mm/h, 4 oK mil G REKEdE R R RB 5 RMSE ¥ W2 00 T TLEREK

IMERG 352 R /K B8 7 ol V& Dt $ul R 58 50) S i 3585 0l o SN B8 A Bl 1 8 R G I AH DG 1 IMERG L 22
R KB 7E TR U R G 2238/, RB X P 34(E R 12. 7% , (A 7E £850) S it bl s B ™ 36 () R e I 22, RB 4
XEYI{E I8 35. 8%, Hir 20120720 37k /K A (8] RB &5 ik - 58. 8%, 20200717 3k it /K 1 [6] RB & ik
-73.2% , " HARAGRE KSR . X — IR SEA MRS, AW w A IMERG T R 7K £ it )
TGSz PRIK B R AR R X X AT RS s IE A O¢  IMERG TR P 7K B8 78 S 18 b I w5 1)
Frfb oK 782 e I 500 T B0 A R A BB LI | 17 2030 DG T i 22 2 2= 1L b, 50 IMERG L2
R K BRI 78 580 S I 3 A K I 22

T R RB RMSE [ H o] 1, A% F IMERG T2 R KB | il G 98 7K B0 7 8 I 380 R 48 90 G It 5k
K B AT R T
3.2 WRF-Hydro iREIXBSHEE

2 e B v 1 S R K B OB , 5 WRE-Hydro #5750 T3 1) I 46 Ak S 52 1R 30 B0 AR DE T, 4% Ak
FESTIABRIRZE FOR R, JR22{0 5B 105 R KRB0 5 il A B /K 508 70 9T 5 I 3 A0 42 SRS FURR |
I RA 45 SR A T, TR R K AR R 22 3K, S Rl A oK B IR 2R E A — 30, S IR s AR
Xof TR B K B 5 il R K B 43 AT WRF-Hydro BRI SRR E | IR L 3 AR AL AR

WRF-Hydro RIS HANZL , % [ESHY LR L S5 05T, S R BRSO TR 2, MIEFEERK
P RYRESY , WREF-Hydro A1) F ZHURS N T . +BIEE R T+ 21815 RZE I RSR I T 0 Uk S
B AR ARSI BUR S, RS Te 7 h D AR UR S, B IEREITE A R F3hi3 L8 i i) &
FHPURS RO AT RE ) e BRI IR U BB I, 76 A B B SS 1B PN AT 4 28 KA s S B0+ 9K 3
BIAY DL NSE 5 BEIEAR X2 22 PN H8 b, 02 S8R AME . 20 0K TL R B K B8l 5 il & B K B A
WRF-Hydro #5254 15 A | % sS4 25 R L% 3,

3.3 ZERERERST
TR I P K S AR AL S SR WL 4 BT 2 Sy SRS BB NI K R LS . NI R,
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&3 WRF-Hydro RETESHREELER
Table 3 Main parameters and calibration results of WRF-Hydro model

BTG Bl +IREERT +IEBIERE T R T T TR RS H HhFAE I T
_ TEREK 1.0 2.0 2.0 5 0.9
VZ 75 18
B RlA K 1.0 2.0 1.6 4 0.8
TAREK 0.5 3.0 1.8 4 0.9
L3 5 25 4l
FRIRII A Rk 0.5 1.2 1.2 5 0.9

®4 WEREBFRELIEN ISR

Table 4 Evaluation indicators for runoff simulation in Tunxi Basin

. TEREAK Al E Rk
PR - = -
Ep/% Eo/% NSE ET/h Ev/% Eo/% NSE ET/h
20160618 15.3 33.1 0.86 3.0 3.7 6.9 0.98 -5.0
20160702 9.2 29.9 0. 68 2.0 -9.1 9.4 0.96 1.0
20160715 9.4 23.0 0. 65 5.0 25.8 24.0 0.83 2.0
20170611 58.2 24.6 0.34 2.0 0.5 -3.2 0.94 1.0
20170623 13.4 35.8 0.83 1.0 -4.3 -0.2 0.98 0.0
20190618 -0.4 45.5 0. 66 -3.0 11.1 2.2 0.89 0.0
20190702 4.0 21.7 0.76 8.0 3.8 14.9 0.85 -3.0
20190712 -29.8 -17.6 0. 85 1.0 -5.1 -1.0 0.98 0.0
20200618 -29.1 -0.6 0.19 42.0 3.6 13.5 0.88 -2.0
20200702 1.1 7.7 0. 69 8.0 6.0 5.3 0.93 -1.0
YR 17.0 23.95 0. 65 7.5 7.3 8.1 0.92 1.5
HAE 0% 80%
1E:E, (E ET RZUCEN 4 XHER 3, T,
— SR — TR KR Bl AR KA — KR
7 400 T FO 7200
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B2 dRFREHREAGGHKTRETES
Fig.2 Discharge hydrographs of typical flood events in Tunxi Basin
BT TR RBKEIR AR B X AE, E, XA 17. 0%, o 20170611 ,20190712,20200618 51K
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NSE F-HIE R 0. 65, BRI A RCR AT 432 0 20170611 ,20200618 K 1Y NSE 435124 0. 34.,0. 19, LA &R
RZE S ET ZXHEF79 7.5 0, Ho 20200618 R 221K 42. 0 h, BURIRZEHOK TRl E WK B A9 0
RO TR KB A R KAR T E, ZaxH BV 7. 3% B, 40 TR 8. 1% ;4 3R /K NSE ¥
KT 0.80,NSE FHEHART 2 0. 92, i bt 1 FRAUERT A £ w7 B T e /KF  ET 48X E-FH 8 5 1.5 h, SR
FAMOK R, TR BKERTE 20160618 5 20170623 37 /K o Al B/ S5 8 | 5 S0t e U ek 5 1 o i 125, 17
T 20190712 SR BEKARAY T KoK 5 B2, S Sk et it 5 Bt i 9K s 4 Stk 56 T T2 e/ el O A2 DA A0
IR K BRI B2 , Rl A B K il 7 4 S SURNBONCFORS BER , AR TRADL A ki i S L AR AR T oy
7.

SOk S B UK BB LR 5, ) 3 S A OK A 7/ NI K R e B R, T LR K
B R TS B 4 B, XHE T35k 52. 8% , E, 45X HE -3k 64. 6% , HHh 20120720 ,20200717 351Kk
WKL 2R E, 5 Ey #IZIT 100. 0% , 3% 25 T TR R K Bl i)™ B R4, 20120720 20200717
Gy ik 1] TLR B S RB 43910 -58. 8% ~73. 2% . 3T il & F K B AR AR I 25 IR 2 T 1
BV B,y LEXEFIN 12. 6% , B, ZEXHEF0 27. 3% 0 T 4 K AR TRALLL, @l & K Bdia e

R5 EHEFHSRELTNIER

Table 5 Evaluation indicators for runoff simulation in Zijingguan Basin

TR BilA %)
—— =Y T il Rk
Ep/% Ey/% NSE ET/h Ep/% Eq/% NSE ET/h
20120720 -100.0 -100.0 -0.18 -36.0 3.8 -21.2 0.70 -1.0
20200717 -98.4 -96.8 -1.24 -21.0 24.1 -54.2 0.15 2.0
20230730 4.7 11.8 0. 64 6.0 18.0 9.5 0.73 2.0
20240825 -7.9 49.7 -0.03 8.0 -4.6 -24.4 0.58 7.0
S| 52.8 64.6 0.20 17.8 12.6 27.3 0.54 3.0
HARH 0% 25%
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Simulation of soil temperature in the Huaibei Plain using machine learning models
considering lag effects

Wang Di', Ju Qin', Mo Lijuan’, Lu Yiran’, He Ya’ nan'*, Mei Haipeng’, Hu Yongsheng®
(1. State Key Laboratory of Water Disaster Prevention, Hohai University;
2. Taihu Basin Hydrology and Water Resources Monitoring Center ( Taihu Basin Water Environment Monitoring Center) ;
3. Wuyt County Bureau of Water Resources
4. Wudaogou Hydrology and Water Resources Experimental Station, Water Resources Research Institute of Anhui Province)

Abstract: Based on the soil temperature and meteorological observation data from the Wudaogou Experimental Station in the Huaibei
Plain from 2000 to 2024, the correlation function feature ( CFF) method was adopted to systematically analyze the lag effects of
meteorological factors, such as air temperature and air pressure, at different soil depths (10, 20, 40, 80, 160, and 320 cm). Using
the lag-processed meteorological factors at each depth as inputs, the convolutional neural network ( CNN), long short-term memory
(LSTM) , and CNN-LSTM models were driven to simulate the evolution processes of soil temperature at the six depths, and the
applicability and accuracy of the three machine learning models at different depths were evaluated. The results indicate that the optimal
lag time of meteorological factors increases with the increase of soil depth. The lag time of shallow soil (10-20 ¢cm) is the shortest (0-
3 d) ; the lag time of middle soil (40-80 cm) is 8-29 d; the lag time of deep soil (160-320 ¢cm) extends to 44-89 d. The simulation
performance of the three machine learning models exhibits clear stratified differences at different depths, with the shallow layer
generally outperforming the deep layer. The CNN-LSTM model demonstrates higher accuracy and stability at all depths, and its
coefficient of determination (R*) is generally maintained above 0. 94, outperforming the single models. In the deep soil of 320 ¢cm, the
R® of the CNN-LSTM model is 0. 941, which improves by 17% compared with the LSTM model and 45% compared with the CNN
model. This reflects the advantages of coupling convolutional feature extraction with temporal memory capability.

Key words: soil temperature; meteorological factor; lag effect; machine learning; CNN-LSTM model; the Wudaogou Hydrology and

Water Resources Experimental Station
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Fig.4 Heat map of correlation coefficients between lag-processed meteorological factors and soil temperature at each depth
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Table 2 Prediction evaluation metrics of each model on test set at different soil depths
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Fig. 6 Comparison of prediction results of soil temperature at different soil depths on training set
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Fig.7 Comparison of prediction results of soil temperature at different depths on test set
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Underwater image restoration based on multi-channel polarization and
dual-branch Transformer

Xu Xinyue, Huo Guanying, Kong Weifeng, Peng Chao, Su Yong
(College of Information Science and Engineering, Hohai University)

Abstract: To address the problems of low image contrast, color distortion, and blurred details caused by turbid underwater
environments, an underwater image restoration network based on multi-channel polarization and a dual-branch Transformer was
proposed. A polarization feature adaptive fusion module based on the Stokes vector was used to extract the physical polarization features
of water. A spatial-polarization dual-branch architecture was constructed, and a dynamic gating mechanism was utilized to adaptively
fuse multi-source information, such as polarization intensity, degree of polarization, and polarization angle, with spatial features,
overcoming the limitation of incomplete representation by single-modality information. An encoder-decoder structure integrating multi-
scale feature interaction, channel attention, and multi-scale spatial Transformer modules was adopted for the network backbone to
enhance the capabilities of degradation representation and global detail restoration. The experimental results show that this method has
significant advantages in structure restoration, detail preservation, and color correction (SSIM: 0.8540, PSNR: 32.93 dB, perceptual
metric LPIPS; 0.3633), and can significantly improve the clarity, contrast, and color fidelity of the restored images.

Key words: underwater image restoration; multi-channel polarization; Transformer; adaptive fusion; gating mechanism; polarization
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Fig.9 Comparison of restoration performance of different methods on test set
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Table 2 Comparison of efficiency and visual quality evaluation metrics of different methods

et
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Analysis of unsteady flow and entropy generation in a water-jet pump under
cavitating conditions

Zhang Rui, Wang Zhengxin, Xing Jingyi, Xu Hui, Ding Xujie, Li Jianping, Chen Banghua, Li Sen
(College of Agricultural Science and Engineering, Hohai University )

Abstract . To investigate the impact of cavitation on the unsteady flow and energy loss characteristics in a water-jet pump, the unsteady
calculations of its internal cavitating flow field were carried out based on the unsteady Reynolds-averaged Navier-Stokes ( URANS)
equations, adopting the FBM-CC turbulence model and ZGB cavitation model. The unsteady flow and energy loss characteristics under
typical cavitation conditions were analyzed by combining the boundary vorticity flux diagnosis and entropy generation theory. The results
show: The adopted numerical simulation method has good accuracy for the calculation of cavitating flow in the water-jet pump; as the
net positive suction head decreases, cavitation develops from clearance cavitation to wedge-shaped cavitation; under the deep cavitation
condition (the net positive suction head is 11.32 m) , cavitation covers almost the entire blade suction surface, inducing the fracture of
the tip leakage vortex and the formation of cavitation-induced vortices that block the flow passage; a strong adverse pressure gradient
exists at the cavitation end, and streamline distortion and flow separation appear at the tip trailing edge; in the initial stage of
cavitation, the energy loss is dominated by wall friction; under the deep cavitation condition, turbulent dissipation becomes the main
contributor, and the entropy generation of turbulent dissipation increases by 5% compared to the initial cavitation; at this time, the flow
separation of the wake and the vortex caused by cavitation become the main sources of energy loss.

Key words: water-jet pump; cavitation; unsteady flow; entropy generation; numerical simulation
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Fig.1 Schematic diagram of three-dimensional geometric model and computational mesh for a water-jet pump
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Fig. 8 Distribution of boundary vorticity flux, pressure, and 7-w curves on suction surface of blades under

different cavitation conditions
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Fig. 10 Distribution of axial velocity v, under different cavitation conditions and blade height coefficients
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A comprehensive flow-sediment indicator to the lower Yellow River siltation
Sun Jiayue, Zhang Man, Zhou Jianjun
( Department of Hydraulic Engineering, Tsinghua University)

Abstract; Effective flood-sediment regulation is critical for the lower Yellow River (LYR) de-siltation. Owing to dams trapping and
natural changes, runoff, sediment and their relationship have changed dramatically, key role of the coarse sediment (CS) on the LYR
deposition has been emphasized in controlling erosion in the middle Yellow River (MYR) , however, it is still inadequate in trapping
the CS that is important for the LYR continuous siltation after operation of the Sanmenxia project in 1960. Based on the specific feature
called “more sediment in, more sediment out” and general fluvial dynamics, a revised Chien’ s formula is proposed to integrate size
factor of sediment into the flow-sediment index. After calibration with measured data from 1952 to 2020, the formula was demonstrated
capable of simulating erosion and deposition under changed conditions, particularly, in size gradations. It was indicated that trapping of
the CS by reservoirs can amplify sediment transport capacity significantly, thereby de-silt more in the LYR. Therefore, to optimize
regulation via trapping more CS with the fine fractions delivered down as much as possible can promote de-siltation and preservation of
the reservoirs’ flood control storage capacity.

Key words: sediment deposition; runoff-sediment relationship; transport capacity; de-siltation; lower Yellow River
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1.1 EEFKIE

AR SCR B AT R T AR B O AR S 1952—2020 4F3% H A2 S b sk [ (hae A RS ATE K
SCARSEY , =T A /NS AR B T ARTFERAE 355 19 1955 (1960 ) —2020 452 V4% Bl 5icH e % A B K 1| 25
B RV RLAR I i 7 T 1979 4 R AEAR T 1979 AF DLHTR FRLAR 711, 1980 4F JF IR MO H R 45
2, SEEE AR E R G2 R . BT ARIERAR (WA EERLAR ) oK B S 4 V7 # K v i) W B 28 B 4
B HXFJe v U AR VP RE 1 A2, 1A Yeviz sh e e A X2 ST AU AR SR -, PR AR SO A
MOE T B 1980 4R LISK I 4RiAR Gt — iR JF o RiAR RS  LIRSIERAE 7 91 10— 25t S5 P88 i

A AZ S BRI, AR SCR FH AR Y B D R AFRIZAE Oy NI LK (R VDL . R T BT R &
— A T K I ) A v o e X R, AR R R VD R 32 i K (R v e TR SR AT 38 8 VD ) i S AR
AL LS 7 YRt K B U KA AR AR i S XT3 i VD B 7 1 7 RE )
1.2 7RSS LiidiR iR E

FEF AR SR, 1952—2020 4 H B3 i f  Se B e 11 3 25 47 k04 0 1 i 2 500 m* /s HLAESE
#e v I Z F El ( EK a AR (ORS  Ruk I i R I 10000 m* /s K LK ) 3t 245 S0k, xseig itk
BRI SR AN T4 T MKV LA ARV B AR Ak o Tk 7K 2 38 46 el 11 R sl 1) 1k B TR AN [, {E 452
T PRIE A 3l K DTS AR TR] , LA S5 2R VD s A v T B o it i B Y 4 v A7, DA AR el 11 380 R
] BE 35 U K YR SR R

D, =(W,-W,+AW, ,)/T (1)

K. D, AT BRI UK A i S s FE (B H s ) 5 vds W W, A SR B (AR RE ) R
ORI B RV, T G AW, MIXTENY R T 6 T oK IR d

A T AE I 1 2R B LT3 E S RID A, FOZI Bes | o8 B8 rp fE Y, A S Gt i ik it
IKZ RAAETIN , P AT A R 3 UK X [R] VD £ AT 200, 245 35 5200k 7K SF- 2 i it Y 6124 700 ~ 7 000 m*/s |
TP 0~250 kg/m® , #hii 5 FE Y [l -1 200 57 ~4600 77 v/d(El 1),
1.3 JKiD4H1E

B R WK T A & A TR B AR b (TR 2) 5 R BRUK PR Y #E 3E Sis fr S WA G, KRBT 3 (1952—
1959 4F) koK e vb it A K, H T e VAT 3 (A6 e 10— EE B ) WA BURE X A (B B R T SR IR B
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Fig.1 The 245 floods with flow discharge, sediment load and erosion-deposition intensity in 1952-2020
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Table 1 Comparison schemes of the simulated erosion-deposition in 245 floods
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Table 2 Calibration of Eq. (10) with all data in 1952-2020 and the fitting comparisons for sub-periods in
different flow-sediment conditions
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1952—2020 4F 0.034 0.181 0.74 0.80 0.84 0.85 0.81 0.82
1952—1959 4E 0.027 0.131 0.74 0.88 0.93 0.95 0. 86 0.87
1960—1964 4F 0.022 0.127 0.58 0.52 0.64 0.75 0. 61 0.71
1965—1974 4F 0.029 0.135 0.82 0. 86 0.90 0.90 0.83 0.83
1975—1985 4F 0.036 0.156 0. 66 0.75 0.79 0.80 0.77 0.78
1986—1999 4F 0. 030 0. 140 0.72 0.85 0.85 0.85 0.89 0.89
2000—2020 4F 0.042 0.213 0.52 0.49 0.74 0.75 0. 66 0.70
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Intelligent decision-making method for river regulation schemes via collaboration of
knowledge graph and large language model

Zhang Kaibo', Ye Feng'?>, Xu Dong’, Li Binquan®’, Dou Shentang®
(1. College of Computer Science and Sofiware Engineering, Hohai University ;
2. Key Laboratory of Hydrologic-cycle and Hydrodynamic System of Ministry of Water Resources, Hohat University;
3. College of Hydrology and Water Resources, Hohai University; 4. Yellow River Institute of Hydraulic Research)

Abstract: To address problems such as insufficient multi-source data integration, lacking system-level association analysis, and weak
decision interpretability in current decision-making of river regulation schemes, an intelligent decision-making method for river
regulation schemes via collaboration of knowledge graph and large language model was proposed. In this method, a knowledge graph for
river regulation was constructed by integrating multi-source data such as river channels, sluice operating conditions, and dyke-cluster
topology. A two-stage classification model was designed ( Stage 1 modeled physical features and engineering ratio parameters based on
random forests; Stage 2 exiracted topological relationships from the knowledge graph and utilized the Node2Vec algorithm to generate
64-dimensional graph embedding features input into a logistic regression model for optimizing decision boundary). A generative
evaluation engine based on DeepSeek-R1 was developed, which combined domain-knowledge-enhanced prompt learning to generate
interpretable reasoning chains through multi-step reasoning for scheme feasibility assessment and improvement recommendation
generation. The proposed method was validated through multi-label classification performance comparison and ablation experiments.
Verification results of 228 river channels in Nansha District, Guangzhou indicate that this method can effectively alleviate the problems
of insufficient multi-source data integration, missing system-level association analysis, and weak interpretability of decision-making
process in traditional methods. TIts F1 score (the harmonic mean of precision and recall ) reaches 0. 853, and the accuracy reaches

0.921, indicating that its overall performance is superior to that of the baseline models considered. Both the topological embedding and

B4R, EEELSH L0 H (2022YFC3202600) ; E 5 FARFIHAIEA T H (U2443219) ;7 MRG0 X B8 40 4 R G0 8 T 6 e AR
WF5E I H (823005916)

EE T kL (2002—) 55 W LAFSE A EENF AR TADIS . E-mail : zhangkaibo@ hhu. edu. cn

BSEE . HL(1980—) , 53, o0l 11, FENFHKFNUE B SEF 22405, E-mail ; yefeng1022@ hhu. edu. cn



80 WK E el (AR RS R ) 55 54 &

the domain-knowledge-enhanced multi-step reasoning mechanism can effectively improve method performance. The proposed method
achieves the highest F1 score and the lowest Hamming loss, verifying the effectiveness of each key module.
Key words: river regulation; knowledge graph; large language model; system association analysis; interpretable decision; scheme

optimization
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Fig.2 Construction framework of knowledge graph for river regulation
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Inflow forecasting method for hydropower stations by integrating machine
learning and Bayesian model averaging

Chen Kai', Luo Yuning’’*’ | Zhang Ke***”* | Wu Nan>’, Wu Xingyu*’, Wang Yuhao’’, Wang Youxiang', Peng Jing'
(1. Electric Power Research Institute, Yunnan Power Grid Co. , Ltd. ;
2. State Key Laboratory of Water Disaster Prevention, Hohai University
3. College of Hydrology and Water Resources, Hohai University;
4. MWR Inspecting and Testing Centre for Hydrological & Geotechnical Instruments’ Quality ;
5. Nanjing Research Institute of Hydrology and Water Conservation Automation, Ministry of Water Resources
6. Yangtze Institute for Conservation and Development, Hohai University ;
7. Key Laboratory of Hydro-Meteorology China Meteorological Administration
8. Key Laboratory of Water Big Data Technology of Ministry of Water Resources)

Abstract: To address the issue of simulation bias in hydrological models caused by insufficient modeling or unmodeled behaviors under
complex environmental conditions, an inflow forecasting method for hydropower stations based on machine learning and Bayesian model
averaging (BMA) was proposed. Based on the Hydromad model, the inflow and residual sequences were calculated; three machine
learning models, namely random forest ( RF) model, XGBoost model, and support vector regression (SVR) model, were used to
capture the nonlinear characteristics of the residuals. Subsequently, the multi-model prediction results were fused via BMA to achieve
post-processing error correction and uncertainty assessment of the simulation errors. The case study results of Liyuan Hydropower
Station on Jinsha River indicate that the proposed method can significantly improve the fitting accuracy of the Hydromad model in peak
flood responses and the rising and falling water stages. After correction, indicators of inflow prediction such as NSE and KGE are
significantly improved; the water volume bias is effectively controlled; the overall prediction accuracy is obviously improved. This
method can provide more scientific technical support for inflow forecasting and operational decision-making of hydropower stations.

Key words: inflow forecasting; Bayesian model averaging; machine learning; Hydromad model; uncertainty assessment; Liyuan

Hydropower Station on Jinsha River
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Fig.4 Residual prediction results and their 95 % Fig.5 Comparison of inflow simulated and measured
confidence intervals value of Liyuan Hydropower Station

IEHUKSCHBAR I NSE KCE LR ETI IR g3 pya %548 ERTR Hydromad SEFIAERT L
2 (PBIAS) fER PR AR, 451 (3£ 3) R, 48 BMA Table 3 Comparison of prediction performance of
il 5% 2 X R S A8 I 5 ,NSE i 0. 832 ’EE Hydromad model before and after correction by BMA method

0.983,KGE 1 0. 866 #2 T+ % 0. 987, Ui Bl 1% J7 L 4E BMA 71k NSE KGE PBIAS/ %
PIAHE BE AR | — S0t 25 J 1 34 28 B R 58 A EIETT 0.832 0. 866 4.05
HLRE T ; BT, PBIAS HhJF AR 4. 05% i & F#A% L3 0.983 0. 987 ~0.03

E-0.03% , R R GeE i 25 80A R0H BR , T 45
TEBE AR R ) _L SO MR

25 LR R 3 R e 7 I BEBUXS Hydromad FE 84 5% 22 Fr 47 ) T 1A E S AR 22 57, XGBoost £
BUYE MAE \MSE #l R? 25348 b rp 2 BRI, RF AU 2 SVR B F) 01 5% 22 0 sl A 50K, it 44
REAXT LSS . 255 I XGBoost BT SRARLAMAU G RE ST F1 RF BERY YRS AR, H /D SVR AL A i M4
SIX By iR, vl L PR TR R K PG L

3 & i&

ARSCHE R T — Rl A L 27 > AL 5 DL IS R - 247 ) 7K R s o R F0 7 3k, 9 A 4 b VB el 7 R vy
20212022 A SN HNE o BIEAT T AR 2E BB IE 55 7K L Sl R K FIOIAS T 5 PR A . PEAG 25 SRR BT . 03 Fif
BLESR 7 ISR AR B 2 TN Hh R 3 A [R] A M RERRAIE , b XGBoost #5552 e AR £ M % 22 005 g ) 0ok
RF A7 BAT B B RS A PEFNZ AL RE T, SVR B BUTE Rt sl X Be 5y 7 AR 1R 22, BMA Rl 5 U7 ik RERS 4355 A [
R Y T A | WA TR 8 22 ; QIR UEI N BMA il 5 55 22 48 T 45 SR AR 201> Mk WA I B ELAT 5 g i 7
RIS AR TR ZE A5, B2 e K LS R KD 2 | SRy 7K ) FE B A3 S R 5 ) AR A0

ASSCT 2 BAT G A8 P, AT T K SO (5% 22 e AR B, ] ik — 204 e 22 HAt b &7 >
Jridio A0 BMA J5 kAU 73 Bl 52 90k S K030 o s MRS W) | oA A ml i aed 5 1 A 22 DEOOLIN e 3 5 0T e 15 DXk |
Z A S BRI , i — P R TR R B TS IR S

S
[ 1] TEE, JrE4E, BB, 5. %R 055 RS Y86 9K v i 7K 22 KU IR R B[ ) ] K BEE AR, 2024,40(2) £ 100-

106. ( Ding Ziyu,Fang Guohua,Mao Yingchi, et al. Risk dispatching model of cascade hydropower station reservoirs considering
power generation and water abandonment risks[ J]. Water Resources Protection,2024,40(2) :100-106. (in Chinese) )
[ 2] VP it , TIRAE , 55 B TR B2 27 > 42 5 TR A K 2 1) 1) B MR AL AL R BE [ 7). /K27 0k g, 2024, 35 (6) :900-913.



CHRE] B B REEHLAS T 5 DTS- 2 0 K H ol SR K 0 75 v 97

(Xu Yueping, Lu Haonan, Yu Xinting, et al. Optimization of gate operation for reservoir flood control based on deep learning
ensemble forecasting[ J]. Advances in Water Science,2024,35(6) :900-913. (in Chinese) )

[ 3] Bimas  #ERI, wE5F LT L 1B B oK FERE 2 H AR IR BE R [ )] i Kz 24 ( A SRR
2#h) ,2024,52(6) :30-37. ( Zhong Jiaxing, Dong Zengchuan, Meng Jinyu, et al. Extracting multi-objective optimal operation
rules of cascade reservoirs in upper reaches of Yellow River based on machine learning[ J]. Journal of Hohai University ( Natural
Sciences ) ,2024,52(6) :30-37. (in Chinese) )

[ 4] BT skB, £ 5, 4. U TE L IF P I -Fl 55 2 A5 OB Al [ )] K BEIR PR 47,2025, 41 (3) :93-100. (Luo
Yuning, Zhang Ke, Wang Yuhao, et al. Simulation of rainfall-snowmelt runoff and flood risk assessment in upper reaches of the
Jinsha River[ J . Water Resources Protection,2025,41(3) :93-100. (in Chinese) )

[ 5] SRINIR, FMEAG , X3, 55, FET Budyko FHIEAY o FE Ll DI AR A8 A2 5 BRI A0 BT [ ] 900 R 2727 4 ( A SRR i)
2025,53(3) :22-29. (Guo Jiayuan,Sun Xuyang, Liu Jintao,et al. Attribution analysis of runoff evolution in cold alpine catchment
based on Budyko theory[ J]. Journal of Hohai University ( Natural Sciences) ,2025,53(3) :22-29. (in Chinese) )

[ 6] Bi%, RAEW, 241, 4. ALk S BA A KM R 2 R O B RLHI[]. K BEIR (RS, 2024,40(3) : 106-115. (Ju
Qin, Wu Jinyu, Wang Xingping, et al. Application of machine learning algorithms in multimodal integration of precipitation and
temperature[ J |. Water Resources Protection,2024,40(3) ;106-115. (in Chinese) )

[ 7] i, 060, A5, 55 AREKIKSI ) SWAT BRI SHORNHE TENFTE [ ], iR 24l ( A ARBHERR) ,2024,52(2)
43-52. ( Xiao Yu, Sun Ruochen, Wang Qian, et al. Study on parameter uncertainty in SWAT model driven by different
precipitation[ J |. Journal of Hohai University ( Natural Sciences) ,2024,52(2) ;43-52. (in Chinese) )

[ 8] Z5H, WRARET Ji SO, 4. 8 Y AR VU T T/ Bl A0 i R /K ) 22 G T R R AT [ 0. KU AR, 2025 ,41(5) :285-295.
(Li Xin,Chen Xinlei,Zhou Yibin, et al. Spatiotemporal evolution and attribution analysis of hourly extreme precipitation in the

Huang-Huai-Hai Plain and Jiang-Huai Plain[ J]. Water Resources Protection,2025,41(5) :285-295. (in Chinese) )

[ 9] BROEEL, TREA, BRE, 55. VR Rr o e v A2 T A e B 0 TR 45 8 A JO7 A ASEBL 53T [ )] T R 224l ( 1SR
) ,2025,53(1) :41-49. ( Chen Jingkai, Zhang Zhicai, Chen Xi, et al. Simulation and analysis of rainfall-runoff processes in
karst catchment and their response to changes in dry-wet conditions[ J]. Journal of Hohai University ( Natural Sciences) ,2025,
53(1) :41-49. (in Chinese) )

[10] XBHE, PhRGIR, TH e, 4. BT MoK SO 5 K4 B e A2 B A 0 DUV i I R SB[ ) ] A #l 4=, 2025, 37

(1):279-292. ( Deng Chao,Sun Peiyuan, Yin Xin,et al. Runoff simulation in the upper Han River Basin using physics-informed
machine learning model[ J]. Journal of Lake Sciences,2025,37(1) ;279-292. (in Chinese) )

[11] A E i, AR R A5 AU AR RS S VLR AR A 20 [ )] K BE AR 57, 2025,41(4) :1-9. ( Yang
Xiaoli, Zhang Jiale ,Huang Xingyi,et al. Impacts of climate change and human activities on extreme runoff in the Yangtze River
Basin[ J ]. Water Resources Protection,2025,41(4) :1-9. (in Chinese) )

[12] skt e, T4, 5. FE T Hb RN XU 2 R RS AR A4 1 K T i 23 - 77 R BN B[ T ] i o4l ( H AR
ZhR) ,2026,54(4) :61-68. ( Zhang Yuanyuan, Yao Cheng, Wang Rong, et al. Retrospective simulation of “23 + 7” flood event
in Qingshui River Basin based on surface-subsurface dual retention grid model [ J]. Journal of Hohai University ( Natural
Sciences ) ,2026,54(4) :61-68. (in Chinese) )

[13] K6, 156, AR S0, 25, JE TR I 0 A Al T A = WK 22 A R BOKBER B 7 35 [ )] WIIARE, 2023,35(2) - 722-729.
(Zhang Jun, Feng Baofei,Niu Wenjing, et al. Probability forecasting method of Three Gorges Reservoir inflow flood based on error
distribution estimation[ J]. Journal of Lake Sciences,2023,35(2) :722-729. (in Chinese) )

[14] Jiang Xiaolei,Gupta H V, Liang Zhongmin, et al. Toward improved probabilistic predictions for flood forecasts generated using
deterministic models[ J ]. Water Resources Research,2019,55(11) :9519-9543.

[ 15] Li Dayang,Marshall L, Liang Zhongmin, et al. Characterizing distributed hydrological model residual errors using a probabilistic
long short-term memory network[ J ]. Journal of Hydrology,2021,603:126888.

[16] FELEET P, T0I% KA, 45, IR S oM A AR T AR MR T [ 1] 7K 3, 2025,45(3) :32-39. (Jiang Xiaolei , Shen
Jing, Guo Luofujie, et al. Probability streamflow forecasting of Ganjiang River Basin considering the heterogeneous distribution
characteristic of forecasting errors[ J]. Journal of China Hydrology,2025,45(3) :32-39. (in Chinese) )

[17] BWH, R, 40 K55, BT 2R 2 2K (A2 0 B SR Bt s g [ )] WD R 2244 ( FHARFH ) ,2026,54(2)
38-44. ( Guan Yashuo, Lian Yanqing, Jin Junliang, et al. Reconstruction of missing runoff data based on multi-model neural
networks[ J |. Journal of Hohai University ( Natural Sciences) ,2026,54(2) :38-44. (in Chinese) )

(18] BUBH Wik, TR flE AR BIEAN MCMC J5 ¥ B K SCRAUAN I A P [ T]. T R 272241 (A SRR RL) 2020, 48



98 WK E el (AR RS R ) 55 54 &

(2) :116-122. (He Xinyue,Zeng Xiankui, Wang Dong. Uncertainty analysis of hydrological simulation with auto regressive model
and MCMC method[ J]. Journal of Hohai University ( Natural Sciences) ,2020,48(2) :116-122. (in Chinese) )

[19] Bgmit, 405, B 7, %5, TVGM-LSTM #E-4 4 0 J HL AR LI SR 0 M [ 7] /K BT B, 2023,39(6) : 104-110. (Xu
Jiayuan,Zou Lei, Xia Jun, et al. TVGM-LSTM coupling model and its runoff simulation effect analysis[J]. Water Resources
Protection,2023,39(6) ;:104-110. (in Chinese) )

[20] Zhong Yixuan,Guo Shenglian, Ba Huanhuan, et al. Evaluation of the BMA probabilistic inflow forecasts using TIGGE numeric
precipitation predictions based on artificial neural network[ J ]. Hydrology Research,2018,49(5) ;1417-1433.

[21] XUFER, S84 2k, 107 2, 5. DUnt A SRk SCHR WF sx kSR 5 R BB [ 1], /K R 224, 2019,50 (12) ; 1467-1478. ( Liu
Zhangjun, Guo Shenglian, Xu Xinfa,et al. Bayesian probabilistic hydrological forecasting: progress and prospects|[ J]. Journal of
Hydraulic Engineering,2019,50(12) :1467-1478. (in Chinese) )

[22] Madadgar S, Moradkhani H. Improved Bayesian multimodeling; integration of copulas and Bayesian model averaging[ J]. Water
Resources Research,2014,50( 12) :9586-9603.

[23] ASIGEE, i R, & TR BIROK 1 28520 BMA BER TGS [ T]. 04,2020,46(1) :108-118. (Qi Haixia, Peng
Tao,Lin Chunze,et al. Probabilistic forecasting of precipitation over the Qingjiang River Basin using BMA multimodel ensemble
technique[ J ]. Meteorological Monthly,2020,46( 1) :108-118. (in Chinese) )

[24] FRU, WAL, TR, 55, FLF U BB eCF 8575 W Rl & 2 08 5008 1 K SR ST [ )] . 7K Il 244 ,2020,51(11) : 1335-
1346. (Yin Jiabo,Guo Shenglian, Wang Jun,et al. Blending multi-source data in hydrological simulations based on BMA method
[J]. Journal of Hydraulic Engineering,2020,51(11) ;1335-1346. (in Chinese) )

[25] Zhao Youyi,Luo Shangxue,Cai Jiafang, et al. Monthly precipitation prediction based on the CEEMDAN-BMA model[ J ]. Water
Resources Management,2024,38( 14) :5661-5681.

[26] Jaks, Bi/NE iR, 45, J T BMA 2280 4 & (9 i # i) 22 i NI 5 [ 0], WK1 PR 42,2022, 44(5) : 1606-1619. (Zhou
Ting, Wen Xiaohu,Feng Qi, et al. Study on runoff prediction of Shule River based on BMA multi-model combination[ J]. Journal
of Glaciology and Geocryology,2022,44(5) :1606-1619. (in Chinese) )

[27] BREASCT, i, e s, 55 IR 22 SR U e i R 2R 1L P ik e SR B8 [ )] /KL 5K R (R 30)
2022,20(5) : 862-875. ( Ouyang Wenyu, Ye Lei, Gu Xuezhi, et al. Review of deep learning for hydrological forecasting 1II .
research progress and prospect[ J]. South-to-North Water Transfers and Water Science & Technology,2022,20(5) :862-875. (in
Chinese) )

(28] FHEZE, Ry, 5K/, 45, THACRES B AU 75 A [ 38 Aok DX /ISt Sy B2 HIE 5 [ 0] 7K 3, 2023, 43 (5) : 76-83. ( Liang
Hanxu, Song Kechao,Zhang Dan, et al. Application of IHACRES model in small basins of different dry and wet climatic regions
[J]. Journal of China Hydrology,2023,43(5) :76-83. (in Chinese) )

[29] Croke B F W, Jakeman A J. Use of the IHACRES rainfall-runoff model in arid and semi-arid regions [ M ]//Wheater H,
Sorooshian S,Sharma K D. Hydrological Modelling in Arid and Semi-Arid Areas. Cambridge : Cambridge University Press,2007 .
41-48.

[30] Jaberzadeh M,Saremi A ,Ghorbanizadeh Kharazi H,et al. SWAT and IHACRES models for the simulation of rainfall-runoff of Dez
watershed[ J]. Climate Dynamics,2024,62(4) :2823-2835.

[31] Andrews F T,Croke B F W, Jakeman A J. An open software environment for hydrological model assessment and development[ J].
Environmental Modelling & Software ,2011,26(10) ;1171-1185.

[32] Kokkonen T,Koivusalo H,Jakeman T, et al. Construction of a degree-day snow model in the light of the “ten iterative steps in
model development” [ C]//Proceedings of the IEMSs Third Biennial Meeting; Summit on Environmental Modelling and Software.
Burlington : IEMSs ,2006.

[33] Breiman L. Random forests[ J]. Machine Learning,2001,45(1) ;5-32.

[34] Smola A J,Scholkopf B. A tutorial on support vector regression[ J ]. Statistics and Computing,2004,14(3) ;:199-222.

(Wi B 1912025 -05 - 12 4l . BEZK)



554 F5 5 W WO R AR (H SRR ) Vol. 54 No. 5
2026 49 H Journal of Hohai University ( Natural Sciences) Sep. 2026

DOI; 10. 3876/j. issn. 1000 - 1980. 2026. 05. 011

EEHAINIAAEHRER T EREMR
52 M B 1 3% 7 35
x A,e W
(L AL TR AR R T ; 2. BSOKFIRRA B B b K RIBFICHT)

WE. AT R EREARR LES L F 50K, A 2A R KSR A B E HEKE 5 5 I
REEEBLE R B A B R A KRR T B R HER IR il i) X R B R 3R A BB A R OX
BRARRRE(0~80cm) LEH S Lo T LEIN@E S WS TOINE, ZRELN. LT
HNBRERRRELESLEFTZ LS E WABEHNRRARARELES LT ZERTHRAR,
REBEIRENELHTRARRELES LT TSR KREME (2T EH £ F 55 ILE N
SEAR N £ B 3 SR ALY R B R 3R 1% 1) FE AR ) B R 2R B 09 R M A £ B IR JE 6 38 hm 55
KPR B AR R R LIE R R R 3R BE T R K

FE 43S .S156.472;5276.7"2 XEkERERG A X E4S 1000 - 1980(2026)05 - 099 - 07

Experiment study on effect of underground pipe drainage on soil desalinization
improvement in coastal tidal flat reclamation area of Jiangsu Province
Wu Wei', Jin Qiu’

(1. Jiangsu Huizhi Engineering Technology Co. , Lid. ;
2. Department of Rural Water Management, Nanjing Hydraulic Research Institute)

Abstract: There is high salt content in soil in the coastal tidal flat reclamation area of Jiangsu Province. In order to make rational use
of rainfall and adopt underground pipe drainage facilities to improve the desalinization of soil in the tidal flat, an underground pipe
drainage experiment was carried out in a typical area. By conducting tests under different underground pipe spacings, the analysis of
soil’ s salt content at different depths (0-80 ¢cm) in the experimental area was carried out to study the dynamic change pattern of
salinity in the soil profile. The results show that in the control area without underground pipes, the salt content of the soil at different
depths shows an upward trend, while in the area with underground pipes, the salt content of the soil at different depths shows a general
downward trend. Under different underground pipe spacing, the variation of the soil’ s salt content at different depths is roughly the
same, but the amplitude is different. A smaller underground pipe spacing indicates a more obvious soil desalinization effect; when the
underground pipe spacing is the same, the soil desalinization effect will weaken as the depth of the soil layer increases.

Key words: coastal tidal flat reclamation area; soil desalinization; underground pipe drainage; underground pipe spacing; Jiangsu

Province
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1.1 XX
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TR0 X HD B30 M T = AR R 3.30~4. 77 m (B AR ) |, 350 A2 M TG AR ok SR A T 1T T R 1)
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| 80 ol 80 _ 80 - 80 > ®1 AEXEEREER
Kby di a7 a3 d16 Table 1 Layout of underground
d2 ds d14 d17 pipes in experimental area
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o N - 2 N 2
d3 X1 do ikIX3 d15 kX5 d18 iKX6 X H%%‘ﬂ& \ﬁ%%"
23 .23 1717 17 10 x 7 6x 12 s [B]#E/m B
= 1 23 3
d4 d1o d19 2 19 3
3 17 4
ds d11 d20 S A ;3 6
do iXIX2 d12 ik1x4 d21 iXX7 5 10 3
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1 ARXFEEHERSE(BA:m)

Fig.1 Layout of experimental area (unit; m)

RIX 1~6 £A0E 3 AR M (1), 3970 B TR IX AR 2 40w iy el 7 5 i IX 7 (S H
X BRI X)) A Y 3 AR DU A7 F X R D P, B A 3R 2 90 em , BEFE R 1/1 000 , 1 45 16 U6 v
HER K 85 em, 7K T HEE A 95 em,

SR FH BAURE I SO /K A IR 7K B2 ARSI I 1) PR 2 5 A HE /K A T A B A HE K X, B ) 7 A X3
80 mx80 m HYAFRIEAS H , 250X 2 [B) % B H3 , [R] AR AR 0. 25 mm % 1. Sm /% PE B5K} BH B4 X
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Table 2 Background salt content of soil in experimental area
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Fig. 6 Soil desalinization rate in experimental area
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Research on hydrodynamic reconstruction of Shabei River Network in Jingzhou
based on joint gate group operation

Lin Weijie'>*, Xu Jin'*’, Chen Han'~>* | Zhu Hai'*" | Peng Xiyuan', Yang Wei', Tang Hongwu’’, Wang Lingling' >~
(1. State Key Laboratory of Water Cycle and Water Security, Hohai University;
2. College of Water Conservancy & Hydropower Engineering, Hohai University;
3. Key Laboratory of Hydrologic-Cycle and Hydrodynamic-System of Ministry of Water Resources, Hohai University;
4. Hubei Institute of Water Resources Survey and Design;
5. School of Marine Science and Engineering, South China University of Technology)

Abstract: To reconstruct the hydrodynamics of the Shabei River Network in the Changhu water system of Jingzhou under limited water
diversion, a joint gate group operation method based on gate regulation response characteristics and phased single-objective optimization
was proposed. A one-dimensional hydrodynamic model was established to conduct sensitivity analysis of single-gate regulation, and key
gates and their effective opening ranges were identified. Based on this, a joint gate group operation optimization model was constructed
to systematically analyze and determine the optimal operation scheme. The results indicate that different gates have varying impacts on
the hydrodynamics of different channels; single-gate regulation can hardly achieve coordinated improvement of hydrodynamics in both
main and branch canals. Under the condition of an average daily water diversion flow of 5 m’/s, the optimal operation scheme
increased the flow velocity in stagnant flow zones by over 25%, increased the average flow velocity of the river network by 14. 72%-
22.44% , and maintained the flow velocity above 0. 1 m/s in main canals during the regulation process, effectively reconstructing the
hydrodynamics of the study area and ensuring the water diversion and drainage functions of the river network.

Key words: plain river network ; hydrodynamic reconstruction; joint gate group operation; sensitivity analysis; Shabei River Network
of Jingzhou
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Fig.1 Schematic diagram of river system and hydraulic structures in study area
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Fig.2 Model validation results for water levels
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Fig.3 Flowchart of solving optimization model based on IPSO algorithm
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Fig. 4 Heatmap of flow velocity sensitivity coefficients for each channel under single-gate regulation
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Optimization design method for three-dimensional pile-reinforced rock slopes
based on non-discrete design

Guo Wenxiu'?, Kang Bin’, Wang Xiaomeng’ , Sun Zhibin*, Ji Jian®
(1. Zhejiang Rudong-Nantong-Suzhou-Huzhou Intercity Railway Co. , Lid. ;
2. College of Civil and Transportation Engineering, Hohai University;
3. China Railway 15th Bureau Group Second Engineering Co. , Lid. ;
4. School of Automotive and Transportation Engineering, Hefei University of Technology)

Abstract: For the reinforcement problem of three-dimensional rock slopes under the Hoek-Brown criterion, a non-discrete multi-
objective optimization design method for anti-slide piles combining mechanical analysis and the response surface method was proposed.
The stability model for three-dimensional pile-reinforced slopes was established using the upper bound limit analysis method. Artificial
neural networks were adopted to establish the response surface model between the safety factor and the design and strength parameters to
quickly obtain a large number of safety factor samples required for reliability evaluation. Furthermore, taking the reinforcement cost and
slope reliability as optimization objectives, the Pareto front was directly solved by non-discrete point selection in the continuous design
variable space. The case analysis results show that, compared with the discrete design method, the non-discrete design can more
comprehensively explore the feasible design domain and obtain more optimized design schemes; under the minimum cost and knee point
decision strategies, the costs of the non-discrete design decrease by approximately 18% and 14% , respectively; the pile spacing, pile
diameter, and pile position all exhibit significant nonlinear effects on the slope reliability index, and the reinforcement effect is optimal
when the piles are placed in the upper part of the slope face.

Key words: three-dimensional rock slope; pile reinforcement; non-discrete design; Hoek-Brown criterion; artificial neural network;
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Fig. 4 Prediction errors of three response Fig.5 Comparison between ANN-predicted values and UBLA-
surface methods calculated values for safety factor of pile-reinforced slope
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Fig.7 Pareto front of pile-reinforced slope design
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HE. ARRERNBERFRAFELE RSN RAFETHHRA ML, B ABEM KBS HFH
1448 % % RIEHE R T AH-T70 % F SBS i H Ao AR I F i oA 09 3 Ab 5% B R AR £ B T IR,
LREW . BEDHRGADEIE FHRIHFIE L2 LS HRERTALEFTLEETETRY &,
FHRBEHRAE R R EH KL AH-70 I F o4 R @ ) & 5 R M a3k, #oK 3 F 2 75 20 1) e B LR 4
B s AH-70 oAt E 20% 3 P FRBAR20d ERESEEREES N TH4.6%5
57.8% ,#h KVEER)E W T 56. 1% 5 69. 4% , 7 SBS i H 5 AR Fri o AH I #4569 5 MAs e
WAt Z0M ; 2 R R BRI S T IR R ERAR R R B 38 0 F ik e At ik iR W A A AR AR R
HMRBRGOEARBES R IR, R BEFOREERF BHHE,

FRIF . AR PO A S KB IR TR R AR AR R I BT B AR X ok
FES RS . U414.7 XHkARARAD: A X EHE.1000 - 1980(2026)05 - 0121 - 08

Experimental study on direct tensile properties of asphalt mixtures under salt
erosion and dynamic water conditions

Yao Yunlong', Hu Jian' , Zhan Bingyang’, Li Hao’, Liu Xin', Hong Baoning'
(1. State Key Laboratory of Precision Blasting, Hohai University; 2. Foshan Transportation Science and Technology Co. , Lid. )

Abstract: To investigate the crack resistance of typical asphalt mixtures under salt erosion and dynamic water conditions, direct tensile
tests combined with the digital image correlation ( DIC) method were conducted to examine the tensile strength evolution and principal
strain field development of AH-70, SBS-modified, and rubber-modified asphalt mixtures. The results show that all the mixtures
exhibited ductile failure characteristics, with cracks mostly initiating at the binder-aggregate interface and propagating along the strain
concentration zones. Dynamic water cycling markedly induced interfacial stripping and moisture damage in the AH-70 asphalt mixture,
whereas static saline dry-wet cycling further exacerbated pore expansion. After 20 d of dry-wet cycling in a 20% salt solution, the
tensile strength and strain energy density of the AH-70 asphalt mixture decreased by 41.6% and 57. 8%, respectively, and these
values decreased by 56. 1% and 69. 4% after dynamic water cycling. In contrast, the SBS- and rubber-modified asphalt mixtures
showed superior structural stability and durability. High salinity and dry-wet cycling jointly weakened the toughness of the asphalt
mixtures. However, owing to its excellent viscoelasticity, rubber-modified asphalt retained a higher residual strength and energy
absorption capacity, exhibiting notable advantages in crack and stripping resistance.

Key words: asphalt mixture; modified asphalt; dynamic water cycling; dry-wet cycling; direct tensile test; digital image correlation
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Ge, Al TR KIS 3R G X T TR G e R HE RS A |, 8 0 e i 2 455 A e B DG B PR AR
XA A 2R R 55 S D R M A, R I i T $h.55 (2 1 5 )58 1 I A TR AR K R M S AR TR e
PAPE R AE Y 4 B B AR G 12 (digital image correlation, DIC) 5 = a5 25 56, I I 4% J £ 0% A% g
FAREAIHT 1 PR 5 A O i 0 7 TR A R Rl SR VR BE VR T I 24 IAh, SO i T
ARSIl 5 T IRARFR 2R T 1R SR ALARY R s BRI O, HE— P RIE T SR P SRR E PR
WEARHLE . BUA RIS CNZE VLT 2P RE AR ILAS A4 45 22 ] BE XS elc Pk U 7 il 75 1R 5 R AT TR REE
SRR, ERIVE PR 7 3 T A4 55 1 PR 28 200 (BB X R Dl R Sl /K I B T X I 75 TR R B R RE S
Wi A IFFE LD

FEVEAN DT IR SRR REMIR 5 35 v, 5 el i (e (B 200 ) A RO A L, FA% 4L i
it SpC Ry oy IE T R MANA I 2 P8 TR A g B Bl L Date X0 K N (B K (A IS WAV o R B KA I d .7/ B
S S IRAB A BRI HTRRE 01 SR, B g 78 B R R I RN 245 D A7 A
—EMEARMERE R, ASSCEad ER b 25 AF AN R T T AR B LR I L DIC SKeds 78 AN [R5
RAGBHY B i BB A MU S RIRRAIE | DU A 1 S 0 DX B A B e S AU B HR 2%

1 EM#ERGH&ETE

1.1 [E#r#

IR B Wi TF 230028 AH-70 S SCHEIE A1 il 75 (LAR fFR“ AH-70 W75 ) (SBS Btk (LA T i
FRSBS i) AR e tE i (LA R AR “ I ), £1 FEEAMREENSRBRESR
Wit FATEREAKCHE JTC E20—2011 ( KN TR T ST Table 1 Basic performance indicators and test
TRABHAE AR ) W, HAATIEA R ARIERLL JTG F40— results of asphalt
2004 2> 1 T 5 TRI T 15 AR ) 45 A O 156 ML A4 Wit A /mm WALA/C R /em
ARESRAERFNIRUE, Bk i s tEREFE bR NE 1 s, ano v 6.7 473 27.5
IS RIS bR SBS Ui T 3.3 77.0 20.2

il 5.0 78.0 21.5

IR AR R 5 ~ 10 mm (FELEA ) 3 ~5 mm (
SEE) 0~ 3 mm (7 IAE) 3 BY 54 MG TEA R AR . I JTG 3432—2004( 2> s TR RHAR
SRR ) ) XTI By BEA TR 23, A5 R IR 2,

x2 ERETHHELSREER
Table 2 Sieve analysis results of aggregates and mineral filler

3 AN R PR T 75 F LI A B it o5 L/ %

Lk 13.2mm 9.5 mm 4.75 mm 2.36 mm 1. 18 mm 0. 6 mm 0.3 mm 0. 15 mm 0. 075 mm
5~10 mm WELRA 100 97.16 2.87 1.72 1.68 1.64 1.61 1.55 1.48
3~5mm WSS 100 100 44.53 0.67 0.56 0.54 0.52 0.51 0.49

AR 100 100 100 89.20 57.70 36.50 20. 20 11.40 6.10

R 100 100 100 100 100 99. 50 97. 80 89. 80 83.00

AR YD DMK Ry ok, e AR “ K7 3k (I 03T AL 4. 75 mm) 8 e HE0RERRC . ARG JTG E20—
2011 2~ % TAR T S5 1R G BRI MR ) X S BRI P EA T AR SCPE REHE P I, X345 1 AH-70 Y575 11
BT IR G R S A LL 3 0o 5. 1901 5. 5%

1.2 KHH&EFE

RIBEW T INRAR FEFEHRITE 180°C , AL ™ AR B2 FIR A& B HHEFTR BE 42 190°C . #ZTC & ek A
[F) AR LR R | 20 AR R I A F R XU T AR A v, 3R 5 h Ze A 5 4 T — s I I) 14 4 12
A B8 A iR G RN AT AR R A, T4F 90 s FrARRHR S 505 il A TG R I 75,
190 s s FERSE U , BIAG Ky, FEHEFN 90 s, T 5E B 75 TR S BHAOFEAN . 28 N OB 75 1R G R 106 7 ik
9 FHE % & 52 ( superpave gyratory compactor, SGC) BRI Tk, 78 SGC i AN H) 12 h )5, Seil i 415 2]
RS9 100 mm ( EAR ) x 185 mm (i BE ) B8 AL A4S 5 SR 5 SR FH U0 5 1R 5 8 U0 361 0 A S0 9 sy 0 1) U0 1
15 mm Ze A7, RAEU  BEAE 155 mm 7247, A8 T X0 s 180 P - HLRF U4 T B 22 (150 = 1. 5 ) mm, B PR I
T PTH ) ROCH TR R 2
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2 RWHE
2.1 REAE

Wi DR B R R B R 55 L AR 2 i T X e b 55 s Bl 4 Rk 5 RUBUHI, 8% I 58 205 1 1y
O BT TR 2 2 B B R R K R T LR VAR B AT T I TR NS, B A TR Rt 2 %
T T TR % % TR A2 ol XSS, T S P v SR AR VA TR (/K rp U 1 o v ik S BT B 1Y 7 40 U AT 3k 55% )
FUAE S K 5 T 5 18 AW S S BRI , BEAh, v b DX K 7= FR B A b ol e 328 i 430 75 (K, R 2%
RNE UG | 2 3000 I 1 R 3R  h A R e PR, 2 IR e 3 B LR OB SOk R I TR A
PN RHIEST 9
2.1.1 #K%ETFIRAARAERFRZIZIEKIE

a. FRIAMRSII R S5E T AW AT AR T B 1 v A3 R SR (80% LA L) RN R ER
(10%ZE47) , R LR B ER K MR BE (JRR AP H0) —FRAE 3% ~5% ", I, &8 PRI ER A LA NaCl /R A% T, A
AN, T NaCl 354 58. 44, 5 it (Ui 73080 A/ T 99. 5% , 754 GB/T 1266—2006( fk.2%
WA B ER, R E 5 R ERA RO BE IR . 0% (267K ) (5% 10% \15% ,20% (#& NaCl 5 H KKy
e Lo R il 25 ), IF A G2 38 B T H R A7 M0 RA e o Tk B R VA VR O TN R R 6 U T TR AR
b,

b. RS, 25 S S RAR A E RS2, 5 P R VA TR IR B IR AE AR, DB i
WX E SR W JRAFES IR, EFIR 150 &4 TEERARHR 0T B brik LK b
12h, i B FHAE T LL 40°C T 12 h A8 — R TRRAGE IR, 8 T W858 SR ik st 6] % 30 75 YR A5 sk 140 5 1, 7 B
YBY HIBE R 10 YR 20 9K,

2.1.2 FARBEFAERA R IZ 4R

R T S B K AIE FRAE X AN [0 5 TR A5 Ak 040 5 Wi RIS $L S o R 8 B 1 52 2 38 i 2804 FH O F 76 R s ol T
IK IS PRl ST A L T4 % FH K B0 328 56 ( moisture induced stress test, MIST) X3z £2F fiti i &1 399 44
BIKETT . RIS 2 E InstroTek 23w AR ™ B T 1R A MIST M4, 2l 16 2601 RS 2% IR
IS FERAE & 4L, PT R HIE PR K R ) DG PRI R RTR R . /K IR ) & T s 2, 3 2o 03 R I 7 i
SOV BLIE R R A8 A A A, DT S 36T 307 7 TR 5 ek PRS0 114 80 7K o Bt 1§t ) 498 42 2 1 8 L B K e
AR

MIST RN T B & T3 B0, B 20 ~40°C 2K (8% 5%2h K ) 58 488 w5l i 25 10 s 76 K 28R
B L% 2~4mm )5, 35 E RS B3 E 6 NMIRAR BB O TR R N s K e HES  FER K
J5 BT 36 1 HoD A s K AR H K, B 36 1 H D A s KPR o BIK BV AT 5 3635 22 MR R 60°C it Jin
1 40Psi(0. 276 MPa) , iz B KB 3500 ¥, 21 THTK 2 6. 4 b JEIREE S FTHFHEK I8, HESE N FB K 43
JEATIF 35 T I R ATHEK I 5 Bl AR AR N A B Rk B S5 i A 2R 1T, B 3 ~ 4 min S5, 1A HEZK R 7K 435
HEH s BT O (25+1) CHEIEVK I 2~3 h #4712 A, MIST 45 47K il 5% NaCl 7% G Fh A BT ([
JEANR], AR SE—B0) | Ja S IR R shali KGR R s K IFER"

2.2 HEREEENRAX
2.2.1 ABifpiRAEE

PEREIN IR GG LA B R ARS8 0 3 Rl LA DIC, DT BE 00 b sz e Ry Ao i i B HLTF S B, R, X6
F B , AT IR G0 RAE A A R B Ty b e — R, A ) e 3 R D 285 R X 1107
HIRA BT ZmAR K, L, EERss il B NS % T JTG E20—2011( A 1% T2
Wit B Wi IR A RHA R B ) H TO713—2000 HU4h F 8 30 (AR ) B FHOC N2, PRl ge R B 13k 15°C
INERHCRAEHIAE 2 mm/min, DLk G il B A8 (0 RN 2808 2R 5 s a3 45 8 1 T4

SRR 0 3 R a5 0 ke 2 ) A G, SR P v e B R M R 2 R TR SRR S
LB ESA TR SRRk | LR IR S A R A, IF 8 A R I RS R A A T i R AL
(81T W ity 5 R EE A REEE FH SR S BR 25 M I, i AR Y th B E se AR & )5, AR T & R IR i = i, SR s
B E IR GRNA 8 T2 07, T4 FR e DAHERR <, o OR 5 10 2 5000 5 SR 5 AE 00 TR B b 4x )
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WA IR i R g MR R L G208 3 T th 2 A, T R e 485 S 1 5 e )2 1 A T
£ 25 ~30 min RS8R EL e AR O 2 322
2.2.2 XA &R BRI

PR DIC B s B A0 RS B, T Rl 00 T A T BACBE (M5 ) Ab 3L, R il 2 il 1y IS e 2 R
B AR A TR SR T SR ' D 75 TR M A 3 0 T 340 5T W — J2 IS I , v JEE B8 1
T, DAk G IS JE S e e 2R L AE n HU ISR BUR S R 3 ~ 5 min, FF L AR TR S ROl
el T P2 I Y R A PR R T K P FE B 2 50 em %8 ELFE B9 2 30 em B B IR BEDLIOE IR 58, i lR ) 72
N PRI S R TEAT (R 25 AR I T 2 T, sk 0 vk 4% L 42 o 2 T 2 1l Bk AR SO AR
B o A LR 6 R A B AL /NS R G A R SRR HR A X L RS AT REREIE 1 1, SEAR
BOEAL RS | BHR S T IR R E R IR 15°C B UTM-30 J7 eI I LR W3R 47 5 h, 230 58 05 18 o] k47 B
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Fig.1 Morphological changes on the side surfaces of asphalt mixture specimens after salt erosion
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Fig. 4 Effect of static saline dry-wet cycling on the direct tensile strength and strain energy density of asphalt mixtures
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Fig.5 Effect of dynamic water cycling on the direct tensile strength and strain energy density of asphalt mixtures

4 4 &

a. FKIEFRFIFEKER TG PR W] K 348% 25 B 5 AR R I 1 2 SRR A8 Horh AH-70 iF IR &
AL B 2 (A 55 T 24 S KR, T SBS W AR W 7 VR A BHFE sl K A 0 A oK 3R IR A6 F1 7 H
AR R AP S R e s

b. AH-70 Wi 75 SBS Wi 5 MR 5 1R A R BN B MR IR AR s 82 A I 2s B A, 200
H Sl i i T Iy AR vy B 0, R X LR, AR AR X 5 RSy R B AR = W) . IR AR FR AR
A (PLRERE ) R I IR A R R K (SBS T IR A RRKR Z  AH-70 Wi RS kRN,

c. FRVRE TR T REIL ) I 55 0 IR A R AR ShRRE TT . 7E 20% ER A TR PR 20 d
J& , AH-70 Wi R RE 0 RN 28 BE R 20 ) T I 41. 6% 5 57. 8% , FE T FLIR 14 22 ; SBS I 75 FIAZ IS I 75 1R
A Rh AR B BE E 43 R W 35. 7% F 32. 5% , 3 L R 14 LTI A A Mk S5 TR A M

d. ZKPERERT, BEHSS T AH-70 I F R AR Z5 8 58 8 v 75k SR AL S 45/ 9% , R IH
I AE B 5 P A o B[R] 25 32 iR B AH-70 1 1 TR A BT B 5E B R N AR BE % 4 B R R S56. 1% 5
69. 4% , P RE LR F I Z T eSOt W 7 TR A R HAE SR AE ERVE FE R AT PR o 1R B At Mk R, 43 R T 00
SRR A ATEE , ARSI LS A 280 s e B T S 1) A e I I ) BRI RE T, iR R A SR T —
A ENIE LA 2R 5 B0 T 1 S A

SE

[ 1] Feng Baozhu, Wang Haoyu, Li Song, et al. The durability of asphalt mixture with the action of salt erosion:a review[]J].
Construction and Building Materials,2021,315;125749.

[ 2 ] Zhou Zhigang,Li Haojia,Liu Xin, et al. Investigation of sea salt erosion effect on the asphalt-aggregate interfacial system[]].
International Journal of Pavement Research and Technology,2020,13.145-153.

[ 3] EMIVL, BRI FLITWIRE , 45, ARIR S5 0F T O 58 U0 75 IR BE 0 A R I [ )], Wi 224 ( H AR AR , 2021, 49



128 ERCPNE N B 54

(5) :419-424. (Wang Liujiang,Xue Chenyang, Tashi Dunzhu, et al. Experimental study on characteristics of creep deformation of
asphalt concrete used in core dam under low temperature[ J]. Journal of Hohai University( Natural Sciences) ,2021,49(5) ;419-
424. (in Chinese) )

[ 4] Xiong Rui,Chu Ci,Guan Bowen, et al. Performance damage characteristics of asphalt mixture suffered from the sulphate-water-
temperature-load coupling action[ J ]. International Journal of Pavement Engineering,2022, 23(5) :1368-1377.

[ 5] SIIME, M B, PR, 55, Wil M s RS B R 05 59 2 ROBERTFE e [ 1], b B 2 B% 274k, 2023,36 (12) : 77-
106. ( Guo Naisheng, Chu Zhaoyang, Fang Chenze, et al. Progress of multi-scale research on chloride salt erosion damage of
asphalt and asphalt mixture[ J]. China Journal of Highway and Transport,2023,36(12) :77-106. (in Chinese) )

[ 6] Dok, MRk, sk B, 2. JEOA 0L 10 7 el PEROAR B9 R R ERIR [ ] i [E 23 7402, 2021,34 (10) : 1-16. (Ma Tao, Chen
Conglin,Zhang Yang, et al. Development of using crumb rubber in asphalt modification: a review[ J]. China Journal of Highway
and Transport,2021,34(10) :1-16. (in Chinese) )

[ 7] BEZ EGRN, 2RIE,5F. mB i SBS Wit M HAR G REEAAT I ], IR # i ( A ABRARR) ,2024,49(4)

751-763. ( Zhao Aijun,Kou Yinsong,Li Wulun, et al. High content SBS modified asphalt and its mixtures aging behavior[ J].

Journal of Guangxi University ( Natural Science Edition) ,2024,49(4) .751-763. (in Chinese) )

FERE  XUIF- 2 Bb 22 45, BRI T S IR A R I BERIF ST [ J ] RERRERIE HZ,2018,37(12) :3906-3911. ( Chu Ci, Liu

Kaiping, Li Kehong, et al. Investigation on the road performance of asphalt mixture exposed to salt erosion[ J]. Bulletin of the

Chinese Ceramic Society,2018,37(12) :3906-3911. (in Chinese) )

[8

[

[ 9 ] Xiong Rui,Chu Ci,Qiao Ning,et al. Performance evaluation of asphalt mixture exposed to dynamic water and chlorine salt erosion

[J]. Construction and Building Materials,2019,201.121-126.

FEIA, IR AR, 25 Eh-URBIE IR 26 1F T U S IR S BUR AR E MR [1]. 241 ,2025,70(3) :50-55. ( Yan Renwei,

Shi Changchun, Peng Linwei, et al. Evaluation of asphalt mixture water stability under the salt-freeze-thaw cycles[ J |. Highway,

2025,70(3) :50-55. (in Chinese) )

(1] 2], RREBL, 25, 45, $hii-ghk & T I 5 1R S RHERESIO T (] AERERL2 5 TR 27412, 2022,40(2) :300-305. (Li
Chuang, Xiong Rui, Li Song, et al. Performance damage evaluation of asphalt mixture under the condition of salt attack and
dynamic water[ J ]. Journal of Materials Science and Engineering, 2022,40(2) :300-305. (in Chinese) )

[12] BXEEAE, W R RS 625 I BE AR G A FOO I 75 TR A R RS2 e AR I 5T [ D). 2 %, 2018,63 (6) :253-257. ( Zhao
Lihua,Zeng Yongyin,Zhu Jichao. Research on impact of salt mist-temperature coupling actions on performance of asphalt mixture
[J]. Highway,2018,63(6) :253-257. (in Chinese) )

[13] 135 WRAE, <, 55 VREIGERE T SR B2 Xl H A el v 0 7 R 5 BT R P2 mi [ )] kIR £ 41 , 2021,40(5)
1743-1750. ( Feng Lei,Chen Zheng, Wang Lan, et al. Effect of salt concentration on CR-WMA cracking characteristics under
freeze -thaw cycles[ J]. Bulletin of the Chinese Ceramic Society,2021,40(5) :1743-1750. (in Chinese) )

[14] EAE. HFHERIAEXT T H IR AR R PLETFIE[)]. A8 TR,2015,40(5) :250-254. ( Wang Yizhong. Study the
erosion mechanism of the asphalt mixture on salty and humid environment[ J]. Highway Engineering,2015,40(5) :250-254. (in
Chinese) )

(15] X . ik i IR et MR RIS Z AR 5 B TIPERERT S [ D] . Jb At S8l s i i 2 R W52 T, 2019.

[16] B ==H]. I B K B0 e e 57 T /K Gl BE R SR A [ 1] . VD R 2244l ( H AR FHA2AR) ,2022,50(3) : 118-124. (Huang
Lanke. Research review on water film effect and critical hydroplaning velocity of asphalt pavement surface[ J]. Journal of Hohai
University ( Natural Sciences) ,2022,50(3) ;118-124. (in Chinese) )

[17] VPR, Z08 41 Wi IR EE L SAC RISt T.[ M. Jbat: ARSI 1 it ,2005.

[ 18] ARt i IR T W7 LR &L ALIRATSE [ D] HPC, d PATE K  , 2023.

[19] Cui Peide, Wu Shaopeng, Xiao Yue, et al. 3D reconstruction of moisture damage resulted volumetric changes in porous asphalt
mixture[ J ]. Construction and Building Materials,2019,228 :116658.

[20] BkfZ, TV AHIWIRH , 55 ShURBl G R0 2 00 21 4 00 75 1R 5 ORHIT 2L RE S MO SS M RS2 [0 ], Bk, 2024, 38
(349] 2) . 640-645. ( Yao Huayan, Wang Xuyang, Ta Mingyang, et al. Effect of salt freeze-thaw cycle on crack resistance and
microstructure of basalt fiber asphalt mixture[ J]. Materials Reports, 2024 ,38(S2) :640-645. (in Chinese) )

[21] ¥, ZHEAEH T W R SRR AR EDTTE [ D] PU4 KRR ,2019.

[10

—

(VR EH.2025-07-04  Z%i . gkt



554 F5 5 W WO R AR (H SRR ) Vol. 54 No. 5
2026 49 H Journal of Hohai University ( Natural Sciences) Sep. 2026

DOI: 10. 3876/j. issn. 1000 - 1980. 2026. 05. 015

ARBRFEITED N R R 51 fE 1 R A H1E
REE 0 MFE, N O KER, H0FR

AT R A MU ER B2 5 TR~ B )

WE: AMAEA R EEER TFELRAEMHRTRM MM D 5, HRAR, B RF
BB B AR RTHEEHGEGER, AS R R R EAFRATE, HERRAARREATE
MHE R AT R ST AL (SEM) 5 4635 547 (EDS) 48 =~ K R Z 4T £ X
R AbPE & B0 FRAR PO R OALEE . 4 R A K R AR LA AR 5 A Ak de MRk A RS 4
AR 3 AN 1% B BOR KA, e R E K £ min, T2 M M R E LEK 142, F
R R AR E AR 20 13% ; R R AT A B AR B R @Y R ERKEN, O FFLETE, RV
U @M, R BT FIN Ca™ 38 3R Ig 45, T A R K HpNE; SRR FMTADBETL S ERERE,
TR 1) B 25 8,55, R R AR T

KERIA AR 1 R A AT A M 3000 R4S P IOULLE A Ik RoALEE

FESES . TU442 RRAR SRS A XEHS 1000 - 1980(2026)05 - 0129 - 09

Anti-disintegration properties and microscopic mechanism of
clayey soil improved by lignin derivatives

Song Zezhuo, Liu Jin, Yao Yijiang, Bu Fan, Chen Zhihao, Shi Xinhao
(School of Earth Sciences and Engineering, Hohai University)

Abstract: To address the problems that the anti-disintegration property of surficial clayey soils is prone to deterioration under
meteorological factors such as rainfall and drought, and traditional improvement materials such as cement and lime have defects such as
high brittleness and irreversibility, the clayey soil in Nanjing area was taken as the research object to prepare improved soil samples
with different lignin derivative contents and conduct disintegration tests. Combined with scanning electron microscopy ( SEM) and
energy-dispersive spectroscopy (EDS) , the macroscopic and microscopic mechanisms of the anti-disintegration properties of clayey soils
improved by lignin derivatives were revealed. The results show that the disintegration process of improved clayey soils is divided into
three stages: initial saturation, rapid disintegration, and slow disintegration; the 1% content has the optimal effect, with the initial
saturation stage extended to 9 min, the complete disintegration time doubled compared with that of untreated soil, and the average
disintegration rate reduced by 20. 13% ; lignin derivatives form a film-like structure on particle surfaces to wrap and connect particles,
reduce pore connectivity , introduce Ca> to enhance cementation, and inhibit water infiltration; when the lignin derivative content is too
high, the films aggregate, interparticle connections weaken, and the anti-disintegration performance decreases.

Key words: clayey soil; lignin derivative; anti-disintegration property; microstructure ; improvement mechanism
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Fig.1 Schematic diagram of disintegration device
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Fig.3 Effect of lignin derivative content on disintegration rate of specimens
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Fig.5 SEM images and their binarization processing images ( magnified 5000 times)
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Fig.7 Schematic diagram of mechanism of clayey soil improved by lignin derivatives
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Inversion method for constitutive parameters of gravel pile composite foundation
based on multi-output machine learning

Qian Zelong' , Cen Weijun', Liu Dong’, Qian Jiahao', Zheng Changhai', Han Jianhua®
(1. College of Water Conservancy & Hydropower Engineering, Hohai University;
2. POWERCHINA Zhongnan Engineering Corporation Limited)

Abstract: To address the problems of low computational efficiency and difficulties in multi-objective optimization during the inversion of
constitutive parameters of the Duncan E-B model for gravel pile composite foundations, an intelligent inversion method integrating a
radial basis function (RBF) surrogate model and a multi-objective rime ( MORIME ) optimization algorithm was proposed. In this
method, Latin hypercube sampling was adopted to construct the parameter sample set; an RBF surrogate model was established to
replace finite element computations; the MORIME optimization algorithm with a local exploitation strategy was introduced to achieve
rapid inversion. A single-pile static load test at a pumped storage power station was taken as an example to verify the parameter
inversion of the Duncan E-B model for the gravel pile and the surrounding soil. The results show that the inversion method has high
inversion accuracy; the coefficients of determination of curves at different monitoring points obtained by substituting the optimal inverted
parameters back into the finite element computations are all above 0. 99; the dual-mode local exploitation strategy can significantly
optimize key objectives and reduce the number of iterations for convergence. The SHAP sensitivity analysis further shows that the
surrounding soil parameters K and K| have a significant influence on the pile-top displacement and the soil stress near the pile top.

Key words; gravel pile composite foundation; parameter inversion; Duncan E-B model; RBF surrogate model; multi-objective

optimization; rime optimization algorithm
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T A B R TR AR I 22 B AT TR £ s | I AT SR M4 1Y) S AL AR 22 2 B S U i, S AR S
Btk FabUnRAE TRt . BOMAR Y RGER TR BEA - TR AR 1, 3 R IR o
SR TE TSR L e 2 —, He 2518 pyadt 7« BV RIA 3R 5 AQ BRAR R B0 A BR T
BCASBUCE AT AAR AL T T H SERED R T A8 R Al A AR A (1 S B R
K PR A8 48 2 4 A A 8 00 1) Sl 325 1) 2% 0] 01 ( SSA-TSVR ) AR BRI B ARG 1 3o iAs . i 250000428 1) i
PR%R (radial basis function, RBF) XA 5 E S Bl HE 7 84 5535 (NSGA- 1) #HEE G, L3l 11 51 A 46 A 161)
T T ER SR 2 H bR 3, RS S R B 5 1k (PSO) 5 2 6t die 7 3 SRR 1) & ml 1A
(MLSSVR) #l A, FIFESOAE TR {57 B85 W B304 S i 7 2R S 80, Wan & T — IR ROE 24, A
T N AR SOEAR G E-B BRI SE, TSR A R R R 2 BOL (B B 2 45 (CNN) KA
JCIZ(LSTM) | EIHPZE P25 ( GNN ) 45 ) 75 RAEAR 25 T F0RG B 5, {H AR A 1 5 B o i s, )Nl k5 04
S ] AR 5, 25 AR BB TR % | 6 T RE S BRI &5 R 5 2 AN — B s oA
AR BRI G o HE 4 AR |3y 0 ah R A B R A/ NRE AR 55 AN 8 MR R E D T A 3 (A fE 2 il AR
S Tk A K R SR PR A R R SRR R [T UE (SVR) A% k5 AR U BN S R, (H 2 4
HH RSP RS0 7 4 280 T A7 A SR R 5 58 Al AT R A G 4 R I T O i LA R A ) PR — L {H
FEZ iR 22805 KB A RGO R R AR AL 2

BT LIRS HT AR SCERE RBF AR EEAEAL S £ H AR VK ( multi-objective RIME, MORIME ) b5 1k 41 4,
F9# T RBF-MORIME S J5 32, AR08 S 2 H AR FO0RE 1, SEEUM A E 2 6 Hh R A4 S 40000 Pt
HERRIA
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RBF RIS A J& T AR Lok WS A A | LA SRR - 45 08 — A IR A 5 R A% pRBSCHH S A T A5 5
FEAS s 22 18] (R B 1 T R R AS s A7) RBF W6 — 250 o 3 2, Hob i A2 B AR IR b 3R
Ap i B 2 T RBF M, BN 55 X0 B —A~ RBF, 3 {6 FH = 30 pR B0V o 2 R 80 i 1B 28 i B s 2
iy R PR B AR B TN A
1.2 MORIME i EEMERFEE SHESR

TEWA MR A MR S EU e R | 1R A 75 B R e /M 2 AN HH B S8 S i W B i 158 22 | (61 i o7
WR2E GHE- N iR XA ) 2 BRI R RS AHE S8 1 50 B AR AL 5 el DL A T R AR S s (1]
Rk, SIAFET AR R R VK (RIME) AL MU s 1 2 HARY J& MiAR——MORIME {451, DA
e SR A TR ST TP Y 22 H R IR
1.2.1 RIME R4 H %

RIME AR5 36 6 T vk R e 45 [ ARBIG ' | AT BEALIE 5 2 HUse S0 « XU b " R AE . 76 28 HARTE K
T, RIME i A6 38338 1 AR 0URR VK RI AR oK B AR vk T AR R SR SEBRR R AP AL RO HL T 43
T3 A EEEH Sy ORI RN, RGN T 002 8, A AR S BALES 2h B KT EE 4, | 1 Kk
ZEMBURRBIRERS B AR 5 RS . QOREFR 2RI AN, SR m R () SE IR Ac 4, 4 s 5
BBk R AR RE ST . OIE M STAENL . AR BRI A I B (45 T R, i DRORE - B A2 5 2 AN 1Bl )
SEARAR ) 7 1) BT, e v 4 S A 1 T PRl S
1.2.2 % B AR#EACHLH] T

MORIME AL A% O R AE O RIME DL A0SR 12 S 4h 48 S48 ZRAE A8 19 [R] B, A7 0 3 224 H bk pR 2L
ZIPhRPE R Z RN I AR SCT AT 2 BbrdE e, EEAAREIE RCHE Y PSR 2 Bin
FEIAY SN P7 S PE H 4 A OCENLER . 2 BAn s ARALS AR s 1 R,

a. AESZHECHET o BT R4 Pareto PE45 55905040, 1 M Ry H bR sREICEICER:  FHE R e Ly T2

Vie (11,2, M}, fi(x) < f(y) H 3j, fi(x) < f(y) (1)
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Fig.1 Flowchart of multi-objective evolution mechanism
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Fig.2 Parameter inversion process for gravel pile composite foundation based on RBF-MORIME inversion method
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a. BIASEESE OFRFE, & 8 D IHH R A S, /3 N A BEFIAEE £ X E-B BRI S
B PN A G K VIR R85 n AP K, RBUBIEIEE m, S50 R BRAE I RE M R A
KR T S 7 RAEAE RSB AL  BEA BRITIT

b. RBF fCHIA RN , FIFHAT PR OTEME (5 F A B FEAR S (FEAR SR i A S5O0 I i o DR A
NEAT) AN 3 Bk i RBE A5EAY i A T0U0 B A7 T2 5 [ iy o AT S 188 ) 10 7

c. i 2 FbR S ok B, MR P> HAR SR £, A £, o3 000 o 60 3% T (B 5 3 30 18 1) 2 O AR AR 22
(RMSE ) 1 ] )37 3 A 58 50 (8 0 RMSE , 32 A RBF fUFHARE AT 47 S50 0

d. b5 RS, Zat 5 T1CHEk , MORIME A5 1:40 i Y Pareto FiF W i 88 2 e A e U S 93
SRR (AT ) B RO TR SRR A FROTA R AT B IE

3 TIFHESLHIEIE

3.1 IFEH#R

HEAhoKEE RE Ll LK R — AN RIR G M AP e BN R IR RO LB )= i I /K R B K 2R R
PP A BEIN e . IR I BOR , U7 A T B A U, B LA 1. O m BRI 25 m, FRJE AR Al
HAZ 3. 0m, 73 10 ZIm#R, e REAT 600 kPa, HETGAG &A1, AT 2B Lk & B4 R W3k 1,
456 DA 57 = AR AT BROTAEIY 2B phy R TR AR T 32 T E BEJR R RS 5 AN aR 4, A7 BR
JURS RS LI 3, PRI e A5 1 S AR T2 6 AR G5 [ 57 T30 00 2 Sy ] 4 188 g 0 T 0

x1 HFBAEHAKBEER
Table 1 Results of field single-pile static load test

" [u] i 77/kPa
&/kP b T4V A%/
firgk/kPa  HETAI A5/ mm o AL
60 -19.3 110. 4 46.8
120 -43.2 177. 4 95.0
180 -65.5 240.3 143.9
240 -94.1 274.0 176.9
300 -117.3 336.8 214.8
360 -148.3 424.0 238.9
420 -172.5 550. 1 298.3
480 -209.3 615. 1 330.9
540 -237.1 748.3 375.8
600 -272.9 860. 0 400. 3
HZ 1 W52
e N 7
¥ayiis ‘ '
FEJE £
A
(a) KM (A m) (b)) 1 A%

B3 ZHAHRTEE
Fig.3 Three-dimensional finite element model
3.2 REHEEH
VA7) FAE i 280 D A5 (A T B (I A, 1) DT 2 BRI (It 1) R Jo] 4 (I 2) 19 ¢ g 2
Ml B AR TR, DARE TR A B0I(E 5 90 E 1) RMSE 1B A 55— A BAReREL(f, ), LARETIS B 4 15
5] 7 3 ) RMSE Z FIE R 55 A~ BAR R (f, ) , 4T 2 BARS.
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FRAEU XIS E-B BT T SEURE ST, A K on K, om SEOS TR I M
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HOBUENE AR 2830 A OC 1 Tk B BORMUAE , IR 2 FR, 1 TR HCKEA IR T ¢ #2200 I8,
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Table 2 Known constitutive parameter values and ranges of parameters to be inverted

MR p/(gem’)  @/(°) Ag/(°) c/kPa K n Ry K, m

R 2.24 52.1 7.0 1317.9 0.31 0. 60 680. 8 0.04
AT 2.26 38.0 0 800~1000 0.20~0.30 0.82 350~500  0.17~0.27
BEE 4 1. 60 26.4 42.1 75~125 0.65~075 0.58 45~75 0.45~0.55

VEp WEELE s, A 4M 5K S BE A B AR AE R, BRI
3.3 HEAREMERMEIZ
Fie e 2 BRSO S A BUE Y B, SR P T #8357 7 R 7 1% 4 S EGHEA T HURE , BUREECH 100, SR
S0 100 4 3 S B0 T A RT3 284 SO 2800 6 #Y 10 G 8 T il 1 B9 AZ S (8 D A 1
I A5 2 ) 0 I E, WA 4 R GETHIN R 3 R,
®3 RESHSHEERTIHESER

Table 3 Inversion parameters and corresponding finite element computation results

ﬁiﬁ WAHE FEJH £ HE TR ES/mm B i) Jif 77/ kPa
5 K n K, m K n K, m iRl HEJE £
1 830.7 0.30 492.5 0.19 104.0 0.68 66.7 0.49 -18.5,---,-255.3 107.0,---,847.8 47.7,---,393.3
2 867.9 0.27 396.4 0.25 109.0 0.67 70.9 0.52 -18.2,--+,-250.8 86.3,--+,779.3 47.8,---,399. 8
3 906.3 0.21 482.3 0.22 92.3 0.71 57.5 0.54 -23.3,.--,-287.4 83.8,--+,894.8 46.8,---,381.0
99 955.3 0.23 420.9 0.18 111.7 0.65 64.9 0.52 -18.1,---,-248.9 108.5,---,833.9 47.9,---,398.0
100 935.7 0.23 467.5 0.23 110.1 0.68 61.7 0.48 -18.2,---,-251.0 109.3,---,856.3 47.8,---,394. 1

T RS E G X N A BRICIHH RS | AREA JLAE 1 100 AFEA #2 8 « 2 1Y L 3l 43 I 254 5
A, R HI AR S 20T RBF ARBBEAY (4™ g R BRI K 2 ool i A T S0 i e B S B & 5 i
RBF fRRRABERY A FRA A T0057 A5 I A A e R4 R 20,990 7, A T0 FAE J&] A 8 1 1o 7 i 3 4 1 e i
FECR? 435100 0.994 5 F10. 999 2, & B 37 (AR AR A HLA 5w il 5 8 BB B A FROGHH L, T T
LRI
3.4 REER

S MORIME £ A5, 18 0] 6 BE AL 20, 4 3 4 T
FIRREBECH 40, ZEARRECH 200, DL AL P (s A 55 Table 4 Optimal inversion results
fEi) RMSE 5 F R 050, X 8 X645 B-B BUBAISHGIIT — .
J i ’ M PH A RN 4 PR A HE 851.7 0.27 440.0 0.25

KA G WS BT A BT, ISR S i 2 _ Bt 93.7 0.6 72.9  0.52
R AN S5 4 s, BETIAE 10 g 28 F UK h 28 i ok g 280 R® 0 0. 998 6, A1 T9 AT J&] + 78

~ 5 ~ I

faf#k/kPa ff7k/kPa ff4%/kPa
060 240 420 600 060 240 420 600 060 240 420 600
-50 200 100
-100 = s
8 = 400 = 200
% -150 -R -R
E 200 H 600 ) =300
R*=0.998 6 = R*=0.996 7 = R*=0.994 2
_250k 2 800 F 2400 -
-300L 1000 L 500 L
(a) BETGLES (b)) BETGE ] B (¢ ) AR 18 R g

4 BARTITEESRIEEL

Fig.4 Comparison between calculated finite element values and experimental values
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Fig.5 Comparison of effects of local exploitation strategy
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Table 5 Inversion accuracy and time consumption under different sample numbers
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Effects of general scour on the stability of the anchorage foundation of
the Liuwudian Navigation Channel Bridge

Lin Luyu'?, Cai Huazhong’, Guo Mengyu', Liu Baosen', He Rui’, Zhan Xiaoming’
(1. Xiamen Road and Bridge Engineering Investment Development Co. , Lid. ;
2. School of Highway Engineering, Chang’ an University ;
3. Fujian Provincial Transportation Construction Quality and Safety Center;
4. College of Harbour, Coastal and Offshore Engineering, Hohai University;
5. Zhejiang Huadong Surveying and Mapping & Engineering Safety Technology Co. , Lid. )

Abstract: To investigate the influence of general scour on the bearing performance of the anchorage of Xiamen Liuwudian Navigation
Channel Bridge, scaled model tests and finite element numerical simulations were conducted. Homogeneous quartz sand was adopted to
simulate the soil surrounding the anchorage. Under working conditions with different scour depths, scaled model tests including
unidirectional loading, unidirectional single-stage loading-unloading and unidirectional step-increasing cyclic loading-unloading were
performed to obtain the load-displacement curves of the anchorage. The finite element modeling method was validated against the test
data, and a three-dimensional numerical model of the prototype anchorage, considering actual soil stratification and replacement
reinforcement, was established. The scaled model test results reveal that the ultimate bearing capacity of the anchorage decreases by
approximately 14.3% with each additional scour depth of 0. 33H ( H denotes the embedded depth of the anchorage), and different
loading modes exert slight effects on the ultimate bearing capacity. Numerical simulation results indicate that at the prototype site, the
ultimate bearing capacity declines at a rate of about 10. 3% when the scour depth increases stepwise by 0. 2H. Although slight
numerical differences exist between simulation and test results, their overall variation trends are consistent. As scour intensifies, the
failure mode of the anchorage gradually transitions from overturning-dominated to global sliding. Among the constitutive parameters of
surrounding soil, the internal friction angle exerts the most significant influence on the ultimate bearing capacity, followed by cohesion,
whereas the elastic modulus has a relatively minor effect.

Key words: anchorage; split-type caisson foundation; general scour; physical model tests; finite element numerical simulation;
Liuwudian Navigation Channel Bridge
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Fig.3 Schematic diagram of the experimental
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Analytical study on nonlinear seepage field of subsea tunnels under dynamic water levels

Liu Xiang', Li Kuichen', Wang Dongchi', Zhang Yu’, Jiang Annan', Fang Qian’
(1. Institute of Road and Bridge Engineering, Dalian Maritime University ;
2. Beijing Urban Construction Group Co. , Lid. ; 3. School of Civil Engineering, Beijing Jiaotong University )

Abstract: In view of the problem of the seepage behavior of fluids in low-permeability media, such as the lining and grouting zone of
subsea tunnels, may deviate from Darcy seepage, the Hansho nonlinear seepage model was employed to describe the seepage behavior
within the lining and grouting zone. Analytical solutions for the nonlinear seepage field of a subsea tunnel under dynamic water levels
were derived using the complex variable method and the method of images, respectively. Furthermore, an analytical model applicable
to different support conditions, such as lining, grouting zone, or no support, was established. The accuracy of the analytical solutions
was verified through comparisons with numerical simulation results, other theoretical analytical solutions, and laboratory model test
results, and the effects of factors such as the nonlinear parameter, dynamic water levels, and the ratio of grouting zone thickness to
lining thickness on the seepage field were analyzed. The results show that as the nonlinear parameter increases, the tunnel water inflow
decreases, and the grouting zone sustains greater pore water pressure, thereby reducing the pore water pressure sustained by the lining;
under the action of periodic dynamic water levels, both the tunnel water inflow and pore water pressure vary periodically; the grouting
zone can attenuate the influence of dynamic water levels on the lining, and as the ratio of grouting zone thickness to lining thickness
increases, the tunnel water inflow further decreases and the pore water pressure sustained by the grouting zone increases, thereby
reducing the pore water pressure sustained by the lining.

Key words: dynamic water level; nonlinear seepage; lining; grouting zone; analytical solution for seepage field; subsea tunnel;
complex variable method; method of images
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Fig. 10 Effect of thickness ratio on tunnel water inflow
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Fig. 11 Effect of thickness ratio on pore water pressure at inverts of lining and grouting zone
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Multivariate hybrid prediction model for PM, . concentration in dry bulk ports
Tao Kaixuan', Feng Xuejun', Ji Jieming', Tu Aohui', Lin Zhiduan®
(1. Institute of Maritime Logistics and Green Development, Hohai University; 2. CCCC Water Transportation Consultants Co. , Lid. )

Abstract: To achieve accurate prediction and effective control of PM, 5 concentration in dry bulk port areas, a multivariate hybrid
prediction model based on support vector regression ( SVR) integrating XGBoost feature selection and particle swarm optimization
(PSO) intelligent optimization was proposed, namely XGBoost-PSO-SVR model. The differences in PM, ; formation mechanisms and
diffusion processes under meteorological conditions in ports were fully considered by the model. XGBoost was employed to quantify the
key influencing factors, and the SVR optimized by PSO was utilized for accurate prediction. The case verification results of typical port
areas in the Nanjing section of the Yangtze River show that the XGBoost-PSO-SVR model has strong robustness in the high-
concentration range; compared with the univariate STL-ARIMA-SVR model, its MAE, MAPE, and RMSE decrease by 15. 6%,
14.3% , and 24.9%, respectively; compared with the conventional multivariate SVR model, they decrease by 52. 5%, 57. 1%, and
37.7%, respectively. The XGBoost-PSO-SVR model has good prediction performance and can provide decision support for intelligent
dust suppression in dry bulk port areas.

Key words: dry bulk port; PM, ; intelligent dust suppression; multivariate prediction; hybrid model; XGBoost
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Table 1 Overview of port areas in the Nanjing section of the Yangtze River
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Fig. 6 Comparison of PM, ; mass concentration prediction results of different models for next 10 days
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Numerical simulation of wave attenuation characteristics of oyster shell bags
based on OpenFOAM

Shao Shihao'~, Tao Aifeng' >, Wang Youqi’, Tian Peng’, Xing Jinyang’, Liu Jianhao'*, Xu Wei’
Fan Jun', Chen Xinping®, Han Yu’
(1. Key Laboratory of Coastal Disaster and Protection ( Hohai University) , Ministry of Education;
2. College of Harbour, Coastal and Offshore Engineering, Hohai University
3. College of Hydrology and Water Resources, Hohai University;
4. CCCC Shanghai Waterway Engineering Design and Consulting Co. , Lid. ;
5. Shanghat Investigation, Design & Research Institute Co. , Ltd. ; 6. National Marine Hazard Mitigation Service;
7. Zhejiang Institute of Hydraulics & Estuary( Zhejiang Institute of Marine Planning and Design) )

Abstract: To quantitatively evaluate the wave attenuation performance of oyster shell bags and further investigate the influence of reef
roughness parameters on wave energy dissipation, a numerical model of oyster shell bags was established based on OpenFOAM. By
changing parameters including relative reef height, relative reef crest width, incident wave steepness, and roughness, the wave
attenuation characteristics of oyster reefs under regular waves were analyzed. The results show that the transmission coefficient
decreases with the increase in each parameter, among which the relative reef height has the most significant influence. When the
relative reef height is 1. 0, the influence of roughness on wave attenuation is mainly reflected in the low-value range; when the
roughness increases from 0 to 2.5, the transmission coefficient decreases by 23. 6%, but as the roughness continues to increase, the
transmission coefficient remains almost unchanged. Based on the analytical results, a prediction formula for the transmission coefficient
was fitted using regression analysis, which provides a basis for evaluating the wave attenuation capacity of oyster shell bags.

Key words: oyster shell bag; roughness; wave attenuation; transmission coefficient; OpenFOAM
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Table 3 Model validation results
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Fig.4 Comparison between numerical and experimental results
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Experimental study on material properties and recyclability of grout for
offshore wind suction bucket foundation

Zhai Hanbo', Li Tingting', Dai Jialin' , Yang Jinkang’, Wang Weichen’, Fu Dengfeng’, Huang Wei’
(1. China Three Gorges Corporation Science and Technology Research Institute ;
2. College of Environmental Science and Engineering, Ocean University of China;

3. School of Civil Engineering, Sun Yat-Sen University )

Abstract: To optimize the composition of grout materials for offshore wind suction bucket foundations and verify the recyclability of
suction buckets after construction with different grouts, 18 fluidity tests, 21 unconfined compressive strength tests and 6 suction bucket
recovery tests were carried out to investigate the influence mechanisms of water-solid ratio (0.75, 1, 1.1, 2.5) and bentonite content
(0%, 20% , 40%, 60% , 80% , 100% ) on the fluidity and compressive strength of grout materials, as well as the recyclability of
suction buckets in clay with different grouts. The results show that at a fixed water-solid ratio, the fluidity and compressive strength of
grout materials decrease significantly with the increase of bentonite content, and the grout basically loses fluidity when the bentonite
content is no less than 60%. At a fixed bentonite content, fluidity increases with rising water-solid ratio (210-290 mm for 20%
bentonite content) , while compressive strength decreases accordingly. Suction buckets with grouts containing 60% and 100% bentonite
can be successfully recovered by positive-pressure water injection inside the bucket. In contrast, grouts with 0% and 20% bentonite
content fully solidify and completely block the water injection port, leading to recovery failure. It is recommended that the initial
fluidity of grout be controlled within 250-300 mm and the fluidity after 30 min be no less than 200 mm. A bentonite content of 60% is
preferred, and the water-solid ratio shall be increased until the required fluidity range is satisfied to balance the requirements of
constructability, structural strength and recyclability.

Key words: suction bucket foundation; grout material ; bentonite content; water-solid ratio; fluidity; unconfined compressive strength ;

recyclability
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Table 1 Scheme for suction bucket retrieval test
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Fig.3 Fluidity test results
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under various water-solid ratios depth for each experimental group in retrieval test
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Comparative analysis of dynamic response characteristics of deep-water buoys with
single-point and three-point mooring systems in extreme environments

Chen Hangwei' , Sun Angi’, Wu Cong', Wang Xianzhi’, Qin Wenhong', Qiao Dongsheng’
(1. Haikou Sub-Bureau of Guangzhou Bureaw, EHV Transmission Company of China Southern Power Grid Co. , Lid. ;
2. State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology)

Abstract: To improve the on-site stability of navigational buoys for submarine cable routes under extreme environments and optimize
their motion response and mooring tension, this study takes a 2. 4 m-diameter all-steel deep-water buoy as the research object, and
conducts a comparative analysis of the motion responses of the buoy and mooring tension under single-point mooring (SPM) and three-
point mooring (TPM) systems. Under the premise of ensuring consistent total weight and initial pretension of the mooring chains, SPM
and TPM systems were designed. A time-domain coupled dynamic response calculation model for the buoy and mooring systems was
established, and the buoy’s motion responses and mooring tensions were compared and analyzed under the action of different regular
wave heights/periods and the extreme typhoon condition of “Rammasun”. The results show that; the motion responses amplitudes of
the buoy and mooring tension are mainly affected by wave height, while influence of wave period is weak ; compared with SPM system,
TPM system can effectively reduce the amplitude of the buoy’ s motion response and the mooring tension. TPM system layout method
proposed in this study can provide a reference for the design improvement of the currently commonly used SPM buoys.

Key words: deep-water buoy; dynamic response; mooring system; mooring tension; time-domain analysis; typhoon condition
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Fig. 1 Schematic diagram of buoy

FRIARGEA R AN 2 B PRIE S S = m R IA R G S B — B MR ok )1 — 2, RYEIFbr
BEEBCT AL, B BRI R GERN 1 R B KN 82. 5m  HARN 34 mm S J5i N 1897, 5kg HITLHY
AR URNEE . BT B R E B, S AR R GWRA 3 F R 82,5 m BB HEL K
FEEERT TS AR EAR D, 5 S8 EE D, W D, =J3 D, NI E = BERISE AN 19. 6mm,, 3 FAiEE
ZIAE 12000 AT AR R L, RIA R GE 0 R EMERES BN R 1 From, Jd s A Bl A A, PRAIE R R X 5 =
AR RG SRR IR AR, B ER A R G b i e s [ U B AR 0 56. 2 m, = AR RSE
TR JE A [ A BE B TEAR P L 66 mo, PR R IA R GEAEN G 7 ) L ORI EE T 2 il 3 R

B 12

8 -
T 7f ——HER i
% TSI 1] B AGTI o 6F -—-- =t J
-
= 5 [~ /
B g%r TRAS S 1 S ERAMAEe D 4f &
. X X Ty e
i i 411 k. 0
Pk AN | o
=T ,1 1 | 1 J
1 3 0 2 4 6 8 10 12 14
(a) FRUEHEAXRNARL (b) = REHLRXRINAS IR /mm
B2 RARGLHRREE B3 ZRIBRGHREME
Fig.2 Schematic diagram of mooring system coordinates Fig.3 Static stiffness curve of mooring system
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Table 1 Mooring system performance parameters

RIORG HEE E A2 /m FEEKE/m BB R/ (kg/m)  HUEE R IARIEE/MN PRUGE TR B/ MN
B 0.0340 82.5 23. 000 98.770 0. 600
=0 0.0196 82.5 7.645 32.810 0.187
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Fig.4 Frequency-domain hydrodynamic calculation results of buoy
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Table 2 Ocean environmental parameters

DL Wi/ m JE/s 10 m AL MGE/ (m/s) KIZWES (m/s) JRIZWES (m/s)
1 8 10 55 3.5 2.5
2 9 10 55 3.5 2.5
3 10 10 55 3.5 2.5
4 11 10 55 3.5 2.5
5 12 10 55 3.5 2.5
6 12 11 55 3.5 2.5
7 12 12 55 3.5 2.5
8 12 13 55 3.5 2.5
9 12 14 55 3.5 2.5
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Fig. 6 Variations of maximum values of buoy motion responses with wave periods
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Table 4 Statistical values of mooring tension of single-point and

three-point mooring systems
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Fig. 10 Comparison of mooring tension time-history curves between single-point and three-point mooring systems
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Analytic analysis and over-limit mitigation of voltage fluctuation interval
under source-load uncertainty

Huang Hua', Zhu Lixuan®, Yu Yiping’
(1. School of Electric Power Engineering, Nanjing Institute of Technology;
2. Electric Power Research Institute, State Grid Fujian Electric Power Co. , Lid. ;
3. School of Electrical and Power Engineering, Hohai University )

Abstract ; In view of the frequent uncertain voltage fluctuations and even limit violations at buses caused by the high penetration rate of
renewable energy generation and emerging loads, an analytical calculation method for voltage fluctuation intervals under uncertain power
disturbances was proposed. This method employed an interval model and a non-parametric approach to characterize uncertainties and
could rapidly obtain the voltage fluctuation intervals of each bus through analytical calculations using only the disturbance intervals of
bus injected power. On this basis, an optimization model aimed at minimizing the adjustment cost was established to determine the
power adjustment measures for mitigating voltage fluctuations, and a voltage fluctuation mitigation strategy utilizing adjustable loads
during voltage limit violations was subsequently proposed to restore voltages to the allowable range. Simulation results on the IEEE 39-
bus system show that the errors of the upper and lower bounds of the voltage fluctuation intervals obtained by the proposed analytical
calculation method are around 1%. Furthermore, the proposed over-limit mitigation strategy is highly effective.

Key words: power system; renewable energy generation; uncertainty disturbance; voltage fluctuation; interval analysis; over-limit

mitigation

WA BT AR IR A L T AL S o LU RO RSB T U D e el B 3 T 5 A0 R R A
g0 A e S R A PR 22 A R R T I DGR b, 2 TR DI R M Bl N s M s, LA AR R
BETR IR A REAURRAE DR, T AN P R B sl ) e AT S 4 W, A T SR IS 5 S

BAT KT RN T 200 NARS Sha PRIy . RRZSom EBE G TE A I & M I B0 T3R5 1k
RO S A0 3 2225 BN S MR S ML TR e YRR ZS A B X 12 A 4t 3 ( L i B VR 2
FIER WD) , 2 RGP RS R JF R KO R B R R GUIRZS AL, AOCTE RGOS 5 )5 22

E£WA. ERARPEILETH (52077058)
TEBB A, BHE(1990—) , 2, P, 1+, FENFHREIRE ) REAHNE ST SRS . E-mail : hua. h@ njit. edu. cn
BIEEE. K—F1977—) B #z Wt, FEASH IR REAHE M S5 HIHFE . E-mail ; yyiping@ hhu. edu. cn



200 ERCPNE N B 54

A Z B AY 5 R ALt . XA B 5 vk R 3R A A sl h 25 05 B A — Fpdfr b A 2 1 S
RO R T T 29 & T T AR S i B RS i

WU RGP AN E VR S I 234 D5 1%, 2R BERL AT 7 i O oA 7 ik R R] A O A, e
R M7 ik T e 22, B 5 N SCR B E 5 o BEMLOM AT I3 12 2R B PO ABE 23 70 A7 il ik 552 P ) L
AN E 1 3l i R AN IC 1 ST I8 A X R G A T RS HEA TP B SR W B 0 R e e 7 1) LA AR
SERHIEN SR, AL A ) R G A RS s P R R SN 2% VE 2 A BT TR SR AR MERE R A A T
AL RO ST 7 R ORI B8 T T R GE AT, SR SR JaR B R BSOS 41 R A PR A e, 35
T 24t 4900 2 H AR AL ) BESR A LA B B B f 888045 L SR, OB B R AL 22 S B R
WY RO SR g 52 A PRGN [T s LSO 2 B0 i 5 s JEE AR e SR 2 6, DR T X LA A 2980 IO 2 vl g R E AN
Bf e AT ISR B R S 75 1 A BT A S BRI 7 1 | HAR B i g s i i 3 e g 2R
SR ZMAEENE . BEE BRI S N TR BEROR A A %077k B REEE AL A AN 2 PR DR 2R X e i el
TIZRGEMEN SR, AT W5 0 TR R SRR HARO I 2 AR 5 B A B IR Bl ik A
TEWBEALIEATE T | 31555 2% 8 vo I A 5 OO 26 T 02 LA 4 1 P T S b v ) T, X i) 4347 i
MZEE T BRI BRI R P sl DX 1) 2] i AN ify 1 e, o o b SR iise LB e JE ARG . [, IXCTR]
I FERIE 2 L R Bl U D 325 BT TR RIS AN P W Eh AU BT A

HRTANGE PR R T T 24 TR S S B35, B (A fd g A sl B2 A 2% , k25 TR,
SR MRARIEATEVERL T RGEH RS p AR ek, RIS 106 DX TE] 400 50T v i e R A 40 ] 54 et At
FEMATESY i Z i BIRE B, it A SCER O BT B H ) R Gt R RE TR AT S/ JC T D AN E M B 5 |
K BT IS IRV, 4 R — b B D3I Sl AN 5 1 4 v 30 80 DX ) R o A D i o 10 R T E
LR AR S A AT TR B 22 e PR SR AU ARG . e A AT v e sl DX IR ) R L, A DLy
Ut R/ N B bR 5 LIRS A DL AR Y | T4 1 e AR ) P T 3080 970 £ 310 2 A 4000 Al ) SR, R R
FEAE SRV X B BT, A8 B Pl -5 o R B sh A A 5C 2 | vl 58 Ml S SRAT AR AM i 15 i, A 28 e et
G X TR il e R AR AR S AR SV DT T AN A

1 FHEMME TR X BRI KETE

DX PR 9 333 R AR S SR A £ DX R AR B A MBSO R AL B0 D9 225k X ) s ik AR | IX.
] Krawczyk 2105 B O 5t ARIR AR EUE ik 0 SR, 3 JSBIUHE 32 AR 7 vk 8l A7 e ST K X Tl ke 1
RS, U HAE S ARG T R R A AR BT SRR B R, P TEReE 55 T, TR R & X
[i) A% e L P AR R A Y AT SR s A2

Xof M 5 DX ) RBOT R, HRA T

Ax =b (1)

2D A A X B b=[b] =[b,b ], A E 1 T AU T REIFRN 67407 174 I 480 20 25
BT Ze M i S RS AR X ] e B =[] =[x, x ), RN TR HUESE . R A S WA I
R EPESCRE R . X (1) AT IR R M, 25 A IR R, AT SR IBCE: Moore-Penrose | SCidi 4 A;/Ilp[zs] i
A (D) AL N

x=A,b (2)

XF T BRSR T SGEHEATSRAR A D7 125 T A LU T PR

a. P IR Rk sl A S ) SR i S AT s A A 3 R O . D ISP A sl 2 Al S 5 IR
RGOV AR AE R RAEAE s QB i A e A e A PR S5 ( R ZS 43 200 050) , RGLIB AT TS R E I
S o, FUAETT O P A A S s H I 47 37 S5 | 7 i e S5 H I 40 34 2T 1, 2R R G SR B
XA

b. SR S TR AR AN T i D 3 AR SO & T DR 25 e/ Mb, 2 R G A
Ao TN 158 25 55 S5 DU AE AR AT A IS ) S T e 5 R R 22 7 7 R/ s o W03 B3R B R AN 1 D) %4 513
A TR R TR AR X 4 1 L R 2 B 7 4 I [T PN 0, (7525 730 s B 238 D7 R AN 1Al ot SR
F5e/IN VR IR 4 X ATL 2 [ 2 FEAS S A o g o o e L (204 I Fi, /R £ 10 sl e /M E BT RTRESE o, T St



55 o M SE T ANERE VDSl R R B DX g AT 2 B - R ) 201

REDRIEAH X i A% -5 FldR /),

A R U E 7k, BHE IRl i [ b ] 1Y B FURAGHEL, i 45 R JC 2 1B & 78 it x 1Y T A 7T B
fifg g DX TR] S BORZE A ORAT LSS PR F A (A BR . O PR UESR i A 45 BEE AR 30 R R o 5 1) 2 BE A (8 T D
TR R C A DX TR] 1) [ b ] At oA DX v OGBS B DX ) A =X

(b] =b, +[-b,.b] (3)
b, Dy b A DX I] P SR DX ] PP 1] s b, D08 B Y DX (] A ) 2, RS (3) BIARAE(2) %
3R x B DX ] A )
x, =Ayb, (4)
Krbx, ARERIXE & x rhsim i, HYUOR x (IXERER &, BT b, WITRA EAT, N TIRIEK x,
A REEL 2 A AT R 45 AL, FE PP BT JC R I XS 3RIK 0 AL«
x, =A,b. (5)
Hy 1 AT A5 R SR DCTA] ) 219 R 5
x=Ayb, - Ayub,
-1 i (6)
x=Awb, +Ayb,

H1ZC(6) nT 0, B DX A A 1135 07 vk UG 8 07 B A0 A e B3 ml DUARAS oK 1) e A X s 3, AT
AT R X T e e R G SR AR AR TR X b 3R 30 R Y T AT T R A X, 7 B 2 X Ak
FHAH Y FABE 25 S TR 3 ORI PR i) 2285 DAl sy B o8 il . LR AR . M X A4 3
WA, B2 AR R B8 B 4% LR EATIAD SR G WER 0 A 55 5 28 2 5 i R
T, B M TR A X BTSN, RS ORAIE T 15 D[R] AR 2% i A AT RERY AN B E PR 2 G . QLI 22 42
TR VA BE AR, AN E P A ROAZ O H TR T i AR XU IS (i 22 e B, B 2% 739 st 0 SRR B Sr O i
Y XHEZ NN AT F R ol s b, PR AN & P o A 4 R i B . @MW RN M A , % 184
KT N dEdR Ltk iz s 2 b 7 2R MR HIR, WE B ISR A AR, 8 2= S BORMR I, (5) Lk
PEA AL PREA B 1T RRCR I RE AR I PR AN BB 19 22 51 5L %6 T MR, ) R GEAE AN 1 A 55
Yy BAT R A S

2 AREMME TRIEKSIXE S

2.1 BERKESHTEE
Bl A 2 T & e e o i BB AL R i IR D S R FRAE R VIIE I N . ARSI I EEHEZE T | A
REHE T YA A 2 Fp R S DU 5 R — 220 (A0 5 min J5 ) B SR TN R, P00 — Asf 220 R, 1 940 3 3 91 L X6
T O AR XU 1 AT T R ], BE A T 53 SR ] 20 238 SRRE 40 i 5 et B T R A 3 5 R 1 i s i
ZhO BRI, T A T S R A R AR MR BB R R U )y TR T L A AR R 2 K T A
FESEARRZBALE LR, /T HESE M E AR ARG, B AR SO T AR R B i
BT X TR 2 R S0 T A R 3l 7 R R e A AT R A AT AL R
ji:YsiUi + ZYU(UL' _U,) (7)

T A BTEAIR U, U, 20500971 500 I A5 BRI Y, R SO 94, Y, i i i 5
ZIRE AN N, 959 a0 AR AR

BeaQ(7) BULHE S Zeafe 1 i i BUHLIS U, AT ARSI G SRR . FRF T A9 07 A A8 A 2 S T Sl o o
R LA 25 B2 A H s U, (58 ] A5 300 00 O B A SR 1, FIICE LR 1,

L, =U Y G, - > U(Gcosd, + Bsind,) (8)
JeN; JeN;
I, =-UB, - U, EA B, + 2;, U(B,cos; + Gsind,) (9)
jenN; jenN;

LG, B, AP A RIS TTRORE L SR s B, A5 i RTH ML 0, 75 ¢ R A A
fh, FERLII TR 7 PP 5 AP SR A 2 56 TR, IO PR FR R M AL R 2 S e B N



202 ERCPNE N B 54

K (8) (9) FEFAf s AR AE AT P45 FRAEAE m A~ PQ 5 50R n A~ PV 3T 05, 4535 55 TC ) A Dy i i
AL AT RIRANT
AIQ(PQ-nude) = BBAU(PQ ----- o T BAA0<PQ ----- le) (10)

AIP(PQ,PV-node) = BCAU(PQ,P\ ode) T B[)AO(PQ,P\ -node) (11)
T ALy gy 1 PQ 15 I LI B ; ALy g vy 5 PO & PY 15 5547 LA AL B S B B, .
Bo By HREUEIE ;AU gy AU g ey 5815 PQ 15 45 PO K& PV 45 1 050 FE B AL 5 A
AB 1y 73R PQ 19 L PQ K PV T S LA AR, A REUEFF TR YT RAA T .
- > B, - B, =)
jE’V ( 12)
Bcost; + G sinf; i #

B, =

Y

{2 U(G;cost, — Bysind;) i=j
By =1 (13)
U,(B;sinf; — G, cost;) I # ]
{Z Gy 1=]
B, = sehs (14)
— Gycost; — Bysinf, i #j

- Z U(Bj;cost; — G;sind;) i=j
By =y (15)

- U(G;sinb; — B;cost);) 1 #j
BRI 24 D h RSB N [AP] = [AP,AP] XI5 945 Sy i el shstml s Fel o [ AL, 5 60
TIPS SR [AQ] = [AQ,AQ] X i A IG By v WAL e s UMY il g [ AT, ] 751 Y Hit TR 308 8 T3
LRI XRDER, 7353888 [AU] = [AU,AU] 1 [A0] = [A0,A0] , #0(10) FI(11) 5 A
FEIE 2, AT LIAS BIASH 2 DR 0 8l 5 o PR sl 0 7 R, 3R AE o — 2Pk IX ] 5 R4
{[AIQ}} ) {BB BA} [[AU]} (16)
[AI,] B. B,||[A6]
Horp 5 AR STPRA R ERNT .
:[AIPJ =[AP,]/U,
[Al,] =[AQ;]/U,
A (AP ] [ AQ, 1A TCIH R Y SAE T — B 20 04 DX (8] BORAE ; [ AL, ][ ALy 1A B TE T o i 0 2l
FE N — 200 TR BOMAE . 75248 A2, P8 SR U 2R FT I i B2, (5 1 T 5 v R 22 [l A R 2R ik o
FRFETCEARNTRME X FRG T — i 2200 S 100 00 (L1524 117 eF 280 Fh s S B (1 445 F 38 F00 D (LA >4 30 fBA1Y
VRS, T RS A SRR 22 AR K TS AR 22 R K,
2.2 HERINRERBTG
W — R Z20 A 23R A DX ) S A Ay L i A 3 A A T R TR A A s A e BV R R 0 3 X

], A RE S o M7 — Ik 220 A o R B s 0 ANtz 2D A Rt | 8 ] SC B e s X Rl iR sh o i, i 1
A (16) YR GURE T ARG B O 2R BB FE H— B AR B, nloRIBOH ™ S AERE, #530(16) F AL n

W
[[AU]} _ g [Al,] 8
[AO] - MP [AIP} ( )

A B, A B B Moore-Penrose |~ SRR %
ifE— P42 (3) B X TRI YL Bl 73k o DX o A2 X ) g A =X
[AI,] =AI, +[-AI, AI,]
1[AIP] = AI, +[ - AL, AIL]
X AL, AL, 53R X E] R [ AL, ] FI] AL TR IR 8 AL, (AT, %7 X ] 242

(17)

(19)



55 39 o M SE T ANERE VDSl R R B DX g AT 2 B - R ) 203

X (4) FI(S5) 73 3K At i s AR £ A DX T o e 2f A

AU,T TAI, AU [AI,
{Aom :BMP[AIPJ {AoJZBM{AIPl] (20)
F2C(20) HAS 2 B9 X R 25 S, BP0 75 21 B R i 8l X R BT A A0 g b i
AU AL, . [AI,
w| | 4] £l
(AU . AT, . AI,
)il

Zi b, R B S IX R s AT o A i BB IR AN T . O F A2 M RGESE, TR R, B e 2
FT 20 H PR SEBRAE ; @ LU A 47 5 B 5, M an= (10) (11) IR R G AR R g ( 16)
W AT LS B MR T — i 20D R L sh X M FE L AP, ] [ AQ, ], FHBR LA S a2 v SEBR{E U, , 3k
PR B X B [ AL, ) [ ALy ] s@FT(21) 5(22) KRB ERESIXE[ AU,

3 AHEMEHE T BIER RS

TR AT I T LI F DX I, 0 5 R & T, 45 4 o) T HEAT 40 0, BT 0 o
PREAEFSAE SLVFG IR . P T 4% 15 S A A A, 2 S ol TR AR R 13T B S 32 31 7 A7 A RS
e, TR S BT 5 T L R o P TR A SR P8R ST T BT , 7 24 MR S s i s
KA, B0 A3 A DX 1 i, G A DX T 2y R B R SR B S A e b . LTI 75, o7 24045 20
JE D DI 55 B O e o 1 I T A LA J TR 4% o 0 4 5 B PR, L O e B0, 4 R e A 15
SRR TR VRS 2 AR R P TR L, DX LA TR 1 0 0 D 2 Ay — A X TR A

min J(x,u,[£])

. {g(x,u,£51>=o (23)
S o TR PR DB 160k 5 Ay RSV T ik, H ARG TSR 555 [ £ R R SE PERE B 7 ( - ) ot
PRALEG FBR R, M2 B HE b  FERE RIS s g Sl R0 5 3 1 1 2 s A0, (45 R S O RS M L D0
T3 R h WAL, B A AR DRI R AR b, R ARSI SOR R B A R 16

T B DA B 52 e 3 1 P ) R G DA PR 50 2 D 1 [ AP i [ AQ 41 49 94145 1 ek, L
BRI T g AR E Ao, B

J= 2 Bu( 1800 = AQu [+ [80, =40, 1) + L Bu(|AR, ~ AR, [+ [AP, — AP, [)  (24)

X AP, AP, F1AP, AP, 3B S M AT 5555 0 S S R R AQ,, (AQ, FTAQ,
AQ,, Zr 5 e SRR 5 A AR IEIIE R RSB, By MY C, O PQ AR C, A
PQ & PV TS AR . T BB, SEBR AN [ R AN T R AN R) £ A 1 S R A R TRIBLAL
()R A5 IR S A B S 25 57 0 X B R A5 PR 9 T L T 150 B SR A D7 1A R, BT AL S AL B R 4
T 2N 2 ST A 67T A SRR R AR R (BRI B, By I 1) o BB IT MR B i ALK
Je SRR RN I — A A4k, 25 RS R 2 BT 1 it AN TR 6 Aer 17 A S R AT L 2E 5
A=t (23) A AR ¢ 2% BB YRR A R G0 R I LA B i SCr A 3 F R -l o it B2 X
(AN 2 PR L IR E A G R 5 AN SF R TR b S BRI 8l AR 1R IX (8] AR B GB/T 12325—2008¢ FLAE T & fit
HE FE i 2 ) B , 35 &V A DA AR H R T 67 O 252 2408 X 2 AU AR PR B HL R A9 10% , AR SCIREAE 45717 05
JE AR IS XA [ 0. 95p. u. ,1.05p. u. |, S5ETN(21) (22) X AL, W R oA 25 v TR BRE 19 A 25 5K
YIS FIRWT .
0.95<U +[AU] <105 (iecC) (25)
W15 1) PR U8 8 DX TR Rl A1, A CRSIEAT 1 107 J5 1 A5 1 Sl A T 3R A S s e vh & BT AT 0 g o
AR I ARYE S BRSO, (A s AT S T A T TE I IR RV N, R TR IR IR



204 WK AR R ) A e

QisQi-'_[AQibJ g@z

_ (ieC) (26)
Q<0 +[A0,] =<0
Eispi+[APih]$Pi

_ (i e @) (27)
P, <P +[AP,] <P,

K P, P, RS2 S ST TR A SR T RN R Q, . Q, 2310 2% 5 s S TE ) S A SL R R R
FERR,

Lt Lo FUAR R ORI A R s DR X A] S 2T, BRIV R R GE AR A H s BEA T Sl R, AR A X ]
PEAOCAC TGO PG T a3 D30 v e A5 348107 2% FE A5 AN [ 19 D) 330 3 0 2, 0 5 b R B R AR i, 31
XA R A DR A L AT 0T

4 EHIEE

4.1 RER3NEXESSHRIE
BB ZGERH] IEEE-39 5 SRR S, RERIFHMERINIE 1 Fr7s , BARKAE WICHK[ 29] . Hishic s,
N LRI GT 19 A D-5 JC D) 3 A A e sl R X T BB O AR S (Y IE 67 209% , BN X {H

©
T % 31725 26 | 28T 29 i
y —27
.

2
38—

17 @

Y
i} 3 18

— 39 I I 16 210
15

23
9— 12 i 19 i
-|—-11 —20 2
7 T
10

M 5 E\En 134 _| 33 35
L. o, ® ©

B 1 IEEE-39 T ERZ&E%
Fig.1 IEEE 39-bus system

YT SRR B O AR AN M A b v EA T R M R AR SO e R SR R B IR T RS
PFEUHCA 50 000 U, FH RS E R NG IR A SO IR NS % 5, 5 BB X RI A 7 i A9 S DR 4 5h
A LA A1 pREO SR, D g R DL , (B R Sl e DX ) N e A4 20 53 A - B, SR AR SC3 2 719
RFEAT T AT R R STE L, PRI R BT LESS SRANEE 1 7R o AR SCIXIRI 301 R A A FEL s IXC i) 56 4 8
TSR RP RO AR, HIXRITUAR RN, Bk 70 BB R . A SCIX RIS s B R sl XA L
SRR B VAR (H AR ARG AR T, iR gl b N IRAIRZETE 1% iy, I KA 2% , T E AR TR
DU A SCIX )55 HAE R -5 SCHR [ 24 ] IXTRI AT kAR B, i R BEBIR 2 /N, (AR R, S R 2
J7 kR AT R U BN LR AE MR AHDTE . M2 T AR SCIX R SE AU R AR ) Mz 5, TH AL
M, BE TR i S DOEIEAG % T S MUAE A R 9 AR SC DX ) Bk A T SRR B R LR S
Rt




555 W oM AR AN E M S H R Sl DX TR AT 234 5 R A ) 205
x1 AXREEEERHFFTEHTEERITLL
Table 1 Comparison of calculation results between proposed interval algorithm and Monte Carlo method
T U, - 0 I : _ L ‘

SRERE I ARSCIX S R/ % SRERE I ARSCXE R/ %

1 1.0394 1.0444 1.0479 0.3351 1.0345 1.0309 0.3480
2 1.0485 1.0558 1.0633 0.7104 1.0414 1.0337 0.7394
3 1.0307 1.0420 1.0533 1.0845 1.0195 1.008 1 1.1182
4 1.0045 1.0241 1.0390 1.4549 0.9859 0.9700 1.6127
5 1.0060 1.0281 1.0437 1.5174 0.9842 0.9683 1.6155
6 1.0082 1.0303 1.0460 1.5238 0.9863 0.9704 1.6121
7 0.9984 1.0221 1.0376 1.5165 0.9748 0.9592 1.6003
8 0.9979 1.0212 1.0363 1.4787 0.9743 0.9595 1.5190
9 1.0383 1.0499 1.0566 0.6382 1.0268 1.0200 0.6623
10 1.0178 1.0360 1.0500 1.3514 0.9996 0.9856 1.4006
11 1.0134 1.0333 1.0483 1.4517 0.9935 0.9785 1.5098
12 1.0008 1.0217 1.0405 1.8401 0.9777 0.9611 1.6979
13 1.0149 1.0334 1.0484 1.4515 0.9964 0.9814 1.5054
14 1.0123 1.0301 1.0453 1.4756 0.9952 0.9793 1.5977
15 1.0162 1.0323 1.0461 1.3368 0.9992 0.9863 1.2910
16 1.0325 1.0475 1.0604 1.2315 1.0177 1.004 6 1.2872
17 1.0342 1.0483 1.0586 0.9825 1.0216 1.0098 1. 1551
18 1.0316 1.0447 1.0551 0.9955 1.0195 1.0081 1.1182
19 1.0501 1.0582 1.0651 0.6521 1.0421 1.0351 0.6717
20 0.9910 0.9975 1.0023 0.4812 0.9843 0.9797 0.4673
21 1.0323 1.0475 1.0598 1.1742 1.0170 1.004 8 1.1996
22 1.0501 1.0601 1.069 1 0.8490 1.0397 1.0311 0.8272
23 1.0451 1.0564 1.0660 0.9087 1.0335 1.0242 0.8999
24 1.0380 1.0540 1.0669 1.2239 1.0221 1.0091 1.2719
25 1.0577 1.0825 1.0988 1.5058 1.0326 1.0166 1.5495
26 1.0526 1.0716 1.0881 1.5398 1.0333 1.0171 1.5678
27 1.0383 1.0542 1.0684 1.3470 1.0219 1.0082 1.3406
28 1.0504 1.0679 1.0803 1.1612 1.0332 1.0205 1.2292
29 1.0501 1.0638 1.0729 0.8554 1.0365 1.0273 0.8876
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