e 3ndE Ml
T — MEESIES Vol. 45 No.7
2025 4£ 7 H China Harbour Engineering Jul. 2025

e LIk AR R TR AV RES /W) STTRU IR B RERT R <2

WOT, EAEC, FE
(1. i ) TR P A B A A A, Bl 7522 710032; 2. TR HE FIE I LI TR
WA HIRC 2100243 3 ERCEMERICHE KPP S EASRE, TR BAT 210024)

W OE: KNS BRAER KT SR bR B 3 546 52 07 1 N R ARz, AR A at R D B e AR e e
E MRS58 E AR . AIRFK T RS B R B R ROR, BAREEN], Bl ENPUK T R, R
HAF AL 4 i R I LA S T ) DT AR AR . R EERI B AR B 2 R T B AL 2 R I B P R BE O, B TR i A
b4 ARSI B G R s iR Sy e e 2, B UWB- T AL (UWB) FIR I M BE R (PAM) SR IR Z
FE B E AR BE KA R B R T T A B L BT RIGE F1 . 7E PAM 2 UWB P8 A 3 R TE i 2 A 2486571,
WERESE TS AL Lo bt vh Rl gE 71, M RRILAL RIS SIEAS, 1 T LUME KL R ER TS Pt Rl BE /1. UWB-#%
JRIE S A B X R TR A A UK TR R a8 0 VR DB S, T PAM-2 R &2 & LR e 1 IR A Bk - A2 450
S EAE NGRS, JFH PAM W AR/, BAEIFMETME. WA, @O R SR L
T PiniE R S R TS, ACREIE T 095,

KR AR DrepRGRE; ZESN; iGARSRE; R e

RESES: U654 MHEFRERD: A MEHS: 2095-7874(2025)07-0047-09

doi: 10.7640/zggwjs202507007

Experimental study on water scouring resistance characteristics of
flowable solidified soil during curing process
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Laboratory of Coastal Disaster and Defense Ministry of Education, Hohai University, Nanjing, Jiangsu 210024, China )

Abstract: Underwater flowable solidified soil technology is more and more widely used in the field of scour protection and
repair for underwater foundations, and the scour resistance characteristics of its curing process reflect the effect of scour
protection and repair. In order to improve the effect of scour protection of underwater flowable solidified soil, flocculant was
added, and the diachronic variation characteristics of the critical incipient flow rate in the whole process of curing were explored
through the indoor water scouring resistance experiment. The incorporation of flocculant can significantly improve the scour
resistance ability of the whole curing process, and xanthan gum has the most significant effect on the starting form and critical
incipient flow velocity of the flowable solidified soil at the beginning of curing, followed by ether polymers UWB-1I[(UWB) and
polyacrylamide (PAM), which promoted the hydration reaction in the later stage of curing and improved the scour resistance
ability of the flowable solidified soil. Adding a trace amount of xanthan gum to PAM or UWB to form a composite flocculant can
improve the initial scour resistance of flowable solidified soil, optimize the scouring incipient form, and promote the hydration
reaction to improve the later scour resistance ability. The UWB—xanthan gum composite flocculant has a more obvious effect on

improving the water scouring resistance of the flowable solidified soil, while the flowable solidified soil of PAM —xanthan gum
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composite flocculant has a higher critical incipient flow velocity at all times, and the amount of PAM is also smaller, which has

better economy. In addition, the critical incipient flow velocity of the flowable solidified soil was fitted by exponential relation,

and the correlation coefficients were higher than 0.95.

Key words: flowable solidified soil; scour resistance strength; flocculant; critical incipient velocity; curing process; scour

experiment
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Table 1 Physical properties of air—dried soil

VIR EKE 0l%|  BIR w./% R wp/% | IBVEFERL 101%
4 39.7 14.6 25.1
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Table 2 Cement parameters

HESSI ] /min ey | BER PURHRE/MPa | JLATHEE/MPa
LS W% | 34 | 28d | 3d | 284d
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Table 3 Table of scour resistance test groups of

underwater flowable solidified soil

K FOKER | KRB | BIEK | PAM | UWB | okl

% W% | BEI% | BEI% | BEI% | BEI%
1 0.037 5 0 0 0.65
2 0 0.025 0 0 0.65
3 0 0 0.1 0.65
4 0 0 0.3 0.65
5 0.0010]00250| 0 0.65
6 0.0030]00250| 0 0.65
7 0.0040]00250| 0 0.65
8 0.0050 | 0.025 0 0 0.65
9 70 20 0.001 0 | 0.037 5 0 0.65
10 0.005 0 | 0.037 5 0 0.65
11 0.0010| 0 0.1 0.65
12 0.0030| 0 0.1 0.65
13 0.004 0 0 0.1 0.65
14 0.005 0 0 0.1 0.65
15 0.0060| 0 0.1 0.65
16 0.0040| 0 0.3 0.65
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Fig. 4 Variation curve of critical incipient flow velocity of
underwater flowable solidified soil with time
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Fig. 12 Effect of the type and dosage of composite
flocculant on the increase of the incipient flow
velocity of the flowable solidified soil
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Table 4 Fitting parameters of the critical incipient flow

velocity of the underwater flowable solidified soil

IR HaEsHA | MESHB | MXREHER
1 0.964 8 0.258 5 0.959 2
2 0.291 4 0.330 2 0973 1
3 0.167 3 0410 6 0.981 0
4 02222 0.428 9 0.990 6
5 03520 0.376 0 0.986 7
6 0.403 7 0.383 1 0.984 5
7 0.428 2 0.3857 0.985 1
8 0.442 3 0.405 5 0.986 7
9 0.389 0 0.394 8 0.998 2
10 0.548 9 0.407 4 0.992 8
11 0.228 6 0417 8 0.997 3
12 03349 0410 5 0.997 4
13 0.365 6 04110 0.997 4
14 0.408 3 04120 0.995 0
15 0.441 5 0410 1 0.994 4
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W 13 s, SRS, EEES R
PESE A WM ET K TIAESE B, it
KRR A 2B, S8 A FEARHR b B R
BRIt K, (BRH UWB-# R I
AR AR IR e, X 5 Z o Hr
5, 5 PAM M H7E UWB Fhi8 A folct 3 T i % 42
Tt 2 i1 £ -4 S0 A kB I B S A5 ie M
H R PG S B BB, FEAEX TR

FH UWB- 8 R i 52 A& BRI R, EA R
UWB 820510 0.1%H1 0.3%11) 4 20 R 3416 43
LR 041 A1 043, £IHHE UWB B85/
KR
3 4EiE

KK A [ AL X6 95 K 254 ) Sl A 7
R Bl S B S R — TR AR, B T8
X ELAA SERIRE /N SO SO A, I L
B drifie B A A & R TG, (R A AR FT AT
FRIL PR B R e A AL R AE KRR T B
fERNEESR, Hwm TREIEA S S %
VrtE o EXTZKR A Ek A [ b 4 i B UK i v
il B8 JJ R FEAS A [ R, AR SR FH 2 IR (1
PXFIKFAE K A B AL 7 i SR shiR
AT T, PR ToRAE A LRI AE
[ Ak - [ A A e B BT el BE D 07, $E8oR TOK
WA A B AL R SRR I TR SR,
PRIY T ZLEER FP IS 548 S 0 A [ 4k 4y B i 3
AL S LA, BT S KT A A
+ Dt R sh A LR A, RIS,
WT:

D SRR LI, FEREEH S L5 S
SRMFIEERT, KT AR 7EE L4t
(G A Bh e 35 S R T, BE R AR Rl A
T A A A A I SR B i A R o HR R K
FEARYIRIG A A, A Ak A I A 3l ik
FEEAEHII 0.5 h BF e KAE 1.1 m/s 247, FE5E4
Ff6E 6 h I RIEZ9H 7.1 /s,

2) BEERIFP SRR A A A ARAE TR
PESNER, X TS AR L, R
BT AR SRR AR RE IR B, mTHER SR
BRI KA E AR5, BEE S
IS SIPIR AR FRIN Ry S KR 1 28 A1 R A TR
XF#BA PAM 5 UWB A F 4, +RS 5
FERRIIBENG A 5%, i W SRR I LD
NBURE B ADE B 7% , 5 R SR -
FERR Ry AR i TRl A R 5

3) ARFEFRZEFIT LIRS R, B A%
5 A E A A A AT A B W, $R
T EFER I B S, R AR B
If, UWB Fll PAM SCRAHY . [0S B2k Ak B
XTI B ae 77 2, AU ek
PRI 3 Fh BLEE AR NS A AR S A A R o



2025 456 7 30

WA, A WAL B BTG R S -+ 55 -

4) 7E PAM 5% UWB 8 Afsle 5 ROE i 2
B LRI TE SR TH I AS [ 1k ) BTk I bl 8
()[R A REA AL vp IR S A, 3hE S e i A T 4k
+ I R RS R R R A R P R
&5 PAM(EE UWB)BY42 s WA [k Ik SE 5h
TR BT SCRAL T43 4 s 2R B 45 1 5 30
Il R S e 2 A, KB PAM(Z UWB) 5%
R B RAF AR A AR VR o

5) HAZEFX R RERY, mEKS
TR 2 H v I A [k 45 B BRI R s
W, HE AR UWB-3 U &2 A 2285 b o $2 7
T A [ AL BT R B8 0 /E S B . (HAE
MFEE B EAM T, R PAM-SREE &
ZUEE T ) Tt A 1 1k = 76 45 o B 38 HLA O v B I A
EBIHE, I H PAM AU A RBE/N, B
2 EE

6) 2R AR RIFR ], AR ARy
ATRAAE T A5 25 [ 1k - [ 1k i R A it Stk 3
W, IR B IRSEPRAEE SRR 4R
AR o I SR T R S AT 5 52 B ) ) BAS

TR SIS
Sk

[1] SUMER B M, FREDSOE J. The mechanics of scour in the marine
environment[M]. Singapore:World Scientific, 2002.

[2] sKipta X0, AW, 45, W b XU AT Al 1 =i By o i) 5
SERLAETLL. o EE B, 2023,43(8):9-14.
ZHANG Shi-yi, LIU Chang, ZHU Hao—-yu, et al. Research on engi—
neering application of three anti—scour schemes for monopile foun—
dations for offshore wind turbines|J]. China Harbour Engineering,
2023,43(8):9-14.

(3] X, TA, SO, S5, AT T SR ARl =) v ] X
WFFEIN. b s A, 2023,43(1) : 47-51.
LIU Ru—jia, WANG Dong, GUO Wen —tao, et al. Experimental
study on local scour of monopile foundation under combined action
of waves and currents[]J]. China Harbour Engineering, 2023, 43(1):
47-51.

(4] AUHERK Wi OR S, S5, T L XU R 37 0 B8 Al e A 70
{EARLALBESEL). H s i, 2024, 44(1) : 13-17, 60.
YU Mei—xin, YANG Hao-ran, ZHU Yan, et al. Numerical simula—
tion study on the scouring problem of four—cylinder foundations in
offshore wind farms[J]. China Harbour Engineering, 2024, 44(1):
13-17, 60.

[5] BT, fle ¢, fRide, 45 SRR IR Ab BRI SE0E RET]. R KL 5
KA, 2018, 16(5):128-138.
CHEN Meng, YANG Guo-lu, XU Feng, et al. Research progress on
solidification treatment of dredged silt[J]. South—to—North Water

Transfers and Water Science & Technology, 2018, 16(5): 128-138.

[6] A, IR, B—iZ, 45, “JeR 5 R HIEOR” BB 0 S k5
HERE()]. 5 1 77%,2013,34(11): 3041-3054.

ZHU Wei, MIN Fan-lu, LU Yi-yan, et al. Subject of "mud science
and application technology" and its research progress[J]. Rock and
Soil Mechanics, 2013, 34(11): 3041-3054.

[7] T/CECS 1175—2022, F 25 [ {1 A H AR ML S).

T/CECS 1175—2022, Technical specification for self —compacted
soil filling in construction engineering[S].

(8] ARHA, T, P PLEK, 55, HUBRE 4 L RN R s ik L A7
S ATABRAI T[], dA TR A4, 2020, 53 (3 1):245-251.
ZHU Yu-xing, BIAN Yi, MIN Fan-lu, et al. Improvement of metro
shield muck to controlled low—strength material[J]. China Civil En—
gineering Journal, 2020, 53(Suppl.1): 245-251.

(9] JRHRI, Bk, 1 R A JE TR B 286 b A K P 14k 1
Pe b B B FHBIFSEL). 23 B, 2022, 67(10) :374-378.
ZHOU Hai-cheng, SHAN Hong-wei, FENG Liang-ping, et al.
Mixture test and application of fluidized cement —solidified soil
based on silty clay[J]. Highway, 2022, 67(10): 374-378.

[10] BEHEZE, BRPTRE, IRAE. BT IE AL I8 Ve it i sl v R 3 1 i
WFFEN). 5 b TR, 2022,44(2) :235-244.

HUANG Ying-hao, DAI Ji—qun, XU Kai. Flowability and viscosity
of freshly solidified dredged materials[J]. Chinese Journal of
Geotechnical Engineering, 2022, 44(2): 235-244.

[L1] AT, R, FO I, 4. i E B0 R iRt g Ak I - i 1 ). 3
IR (HARBLERR) ,2021,49(2) 1 134-139.

ZHU Wei, ZHAO Di, FAN Xi-huli, et al. Research on application of
residue soil —based flowable fill[J]. Journal of Hohai University
(Natural Sciences), 2021, 49(2): 134-139.

[12] HEAL0Y, T, ikt 45, BURIRIEK T BB B RE O 7

[J]. AR BEIR-S 7K TARE, 2023,34(1) : 181-189.
SHENG Chuan—-ming, MA Chao, LIAN Ji-jian, et al. Washout
resistance analysis of solidified silt in underwater applications[J].
Journal of Water Resources and Water Engineering, 2023, 34(1):
181-189.

[13] sEgr. [ - 7ei b X SRRl b ] 2 52 P Y 1 ]
EIEFET- 5, 2021, 36(4) : 46-50.

YUAN Jian—zhong. Application of stabilized soil in scour repair of
offshore wind power single pile foundation[]J]. China Offshore Plat—
form, 2021, 36(4): 46-50.

[14] MA C, SHENG C, LIAN ], et al. Solidification sludge as a scour
countermeasure in ocean engineering[J]. Ocean Engineering, 2022,
244:110423.

[15] IR, BRI, XBATF, . FhEER R S0 ) S Y )

FARPRIIC R[] KB, 2006(6) : 774-779.
HONG Da-lin, MIAO Guo-bin, DENG Dong-sheng, et al. Relation
of starting shear stress and physical and mechanical indexes of
cohesive undisturbed soil[J]. Advances in Water Science, 2006(6):
774-779.



