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Riprap Protection in Controlling Local Scour at Toe of Groundsill

Chia-Chun Wu"!  Ping-Chi Huang” Wen-Ling Liao®™
Yu-Ching Chung®  Tung-Sheng Hsu ©!

ABSTRACT Local scour at the toe of groundsill is always inevitable. Therefore, selecting suitable bed protection measures
is necessary to protect channel bed from scouring. An array of 1:50 scaled groundsill models was installed in a
semi-circulating flume to study the effectiveness of protection lengths and sizes of riprap. Three flow rates, four channel
slopes, three riprap sizes, and two protection lengths were studied in the experiments. Results of this study show that
riprap at the toe of a groundsill do not completely eliminate the impact force of plunge flow but is capable of reducing the
local scour at the toe. A dimensionless relationship was derived from this study to help estimate the geometry of local
scour, which in turns helped select the riprap protection lengths and riprap sizes.

Key Words: Riprap protection, local scour, riprap length, groundsills.
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Fig. 1 Riprap installation using coarse riprap and half-length of groundsill interval
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Table 1 Parameters selected for the flume experiment.

L s B EY)
5.8 x 10 10.25
i (ms) 7.8x 10" 13.79
9.3x10* 16.44
BRE() 0.03 - 0.048 - 0.066 - 0.085
10.40 520.0
PrEfRAR (mm) 16.75 837.5
21.77 1088.5
0.05 2.5
W R (m)
0.10 5.0

KFREZRRDE SR EN - BEERT NiEHaRNERRZZRRERER - SR T OGETIE - WEHNE T EE R T
eIl > DU PR - S0 E R RN o B EHEAERIAE (vs) ~ ERITTRE (&) (& 2 Frorn) FPUHERALHIZKZE - 1Y
(ERS L S BMPHE 3Ry © (1), AR Arf BIRE R THYTEED o » EEMEAKSE (ha) ~ (2). BB © Lo fReEEL RIS il - £
HEZKZE (he) ~ (3). D+ A RIARE SR AR E » ERWERAGRIRE - K@), F R 8RR E - EEREKSE
R ECERERITIRE « BITRERTTHIRTRE > AUTTELL ys » A B2 A ZRERFIRTRIFOR S+ Hor o SR RIERE ys R FRERIRRDIE
e VR B AR ] T ELRERE ~ A Ry RN E BRE G RER D B Z/KVEERE - JERIbT R A MlE E A F ZREAEERE (200 3
AR ) ©
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Fig.2 Locations of flow depth and elevation measurement.
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Fig.3 Measured parameters of the scour geometry.
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Table 2 Summary of experiment results.

7K TR oo. SR b UP SIS St S
R R WERE ERE wpiEE g EROERIERE
Sec. A Sec. E Sec. A Sec. E AIIRARE e = K pEEE
Q (cms) S (9) Dk (mm) Lz (mm) ha(mm)  he(mm)  Ua(m/s)  Ug(m/s)  ys(mm)  As(mm) Am (mm)
0.00058 0.030 21.77 93 9.1 7.7 0.315 0.373 8.3 25.8 3.6
0.00058 0.030 10.40 93 8.8 8.4 0.323 0.339 7.7 48.0 1.0
0.00058 0.030 16.75 93 8.8 6.6 0.326 0.435 19 23.8 0.8
0.00059 0.030 21.77 45 9.0 47 0.324 0.623 10.9 47.0 0.2
0.00056 0.030 10.40 45 8.8 5.9 0.312 0.472 9.9 39.0 2.0
0.00058 0.030 16.75 45 8.3 6.5 0.344 0.441 10.6 42.8 3.0
0.00077 0.030 21.77 93 10.0 20.1 0.381 0.187 5.1 56.0 0.8
0.00077 0.030 10.40 93 9.8 23.4 0.384 0.158 5.9 51.2 1.2
0.00079 0.030 16.75 93 10.0 20.7 0.386 0.184 6.4 52.8 4.7
0.00080 0.030 21.77 45 10.0 22.3 0.394 0.173 13.6 58.6 16.0
0.00081 0.030 10.40 45 9.5 18.1 0.420 0.218 9.5 52.4 17.8
0.00078 0.030 16.75 45 9.4 19.0 0.411 0.201 7.0 74.6 25.6
0.00088 0.030 21.77 93 11.3 10.5 0.384 0.413 7.5 39.4 34
0.00089 0.030 10.40 93 10.8 23.2 0.406 0.186 8.2 57.8 5.2
0.00092 0.030 16.75 93 111 28.4 0.406 0.155 7.0 48.8 3.6
0.00091 0.030 21.77 45 10.4 24.1 0.430 0.182 14.6 80.2 23.2
0.00089 0.030 10.40 45 10.9 24.9 0.403 0.173 12.1 65.2 22.2
0.00090 0.030 16.75 45 10.6 20.8 0.415 0.208 155 74.2 24.2
0.00067 0.048 21.77 93 8.3 195 0.399 0.167 8.5 26.2 0.6
0.00067 0.048 10.40 93 7.7 18.0 0.428 0.180 6.6 14.8 04
0.00066 0.048 16.75 93 8.0 19.8 0.409 0.163 9.5 8.6 16.6
0.00067 0.048 21.77 45 7.8 20.5 0.423 0.158 10.6 41.2 3.6
0.00065 0.048 10.40 45 8.1 13.2 0.392 0.239 3.2 28.8 4.2
0.00063 0.048 16.75 45 7.8 13.8 0.398 0.223 5.2 24.6 6.8
0.00082 0.048 21.77 93 9.9 15.2 0.410 0.265 35 20.2 1.0
0.00082 0.048 10.40 93 9.1 17.1 0.443 0.233 7.9 19.0 04
0.00081 0.048 16.75 93 9.4 14.3 0.427 0.279 3.9 14.0 14
0.00082 0.048 21.77 45 9.6 15.1 0.421 0.266 8.3 52.6 18.8
0.00083 0.048 10.40 45 9.2 14.6 0.445 0.278 49 43.6 13.6
0.00083 0.048 16.75 45 94 155 0.435 0.262 43 46.6 14.8
0.00095 0.048 21.77 93 10.1 14.0 0.465 0.333 43 24.6 10.0
0.00096 0.048 10.40 93 9.8 15.8 0.481 0.296 19 23.2 3.6
0.00096 0.048 16.75 93 10.3 19.3 0.457 0.241 3.9 22.4 7.4
0.00095 0.048 21.77 45 10.1 20.8 0.463 0.221 17.6 74.4 29.2
0.00096 0.048 10.40 45 9.9 20.3 0.478 0.230 6.5 85.4 48.0
0.00097 0.048 16.75 45 10.3 19.1 0.462 0.246 9.3 81.8 15.4
0.00066 0.066 21.77 93 75 142 0.433 0.226 20.6 36.0 8.4
0.00066 0.066 10.40 93 7.8 11.1 0.417 0.291 6.6 56.2 3.6
0.00066 0.066 16.75 93 7.7 125 0.424 0.259 3.3 37.2 4.0
0.00066 0.066 21.77 45 7.9 14.6 0.412 0.221 7.0 57.6 9.8
0.00065 0.066 10.40 45 74 14.6 0.435 0.218 4.1 53.0 6.4
0.00066 0.066 16.75 45 7.9 11.7 0.411 0.276 6.7 71.2 21.8
0.00085 0.066 21.77 93 9.4 16.2 0.443 0.254 8.1 46.6 4.2
0.00084 0.066 10.40 93 8.8 13.0 0.472 0.318 3.1 39.4 14
0.00085 0.066 16.75 93 94 11.9 0.443 0.349 17 374 2.6
0.00084 0.066 21.77 45 9.5 155 0.439 0.267 49 69.4 33.6
0.00084 0.066 10.40 45 9.3 12.2 0.446 0.339 5.6 103.8 18.6
0.00084 0.066 16.75 45 9.2 13.9 0.452 0.297 6.1 102.2 24.6
0.00097 0.066 21.77 93 10.2 20.4 0.466 0.230 8.4 67.2 7.8
0.00097 0.066 10.40 93 9.7 12.8 0.492 0.371 2.7 66.6 18.2
0.00097 0.066 16.75 93 9.8 13.6 0.488 0.350 5.5 54.6 194
0.00097 0.066 21.77 45 10.2 16.5 0.470 0.288 6.1 91.6 21.2
0.00097 0.066 10.40 45 94 15.7 0.506 0.300 8.6 90.0 27.2

0.00097 0.066 16.75 45 16.1 15.6 0.473 0.304 5.4 113.0 19.4
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Table 2 Summary of experiment results(continue).

7K ik oo. SR WA BB B4
iE Wk ek aRE \"@%W - ’ 4 fEFm TR
Sec. A Sec. E Sec. A Sec. E AIRASS = K pEEE
Q (cms) S () Dg (mm) Lg (Mm) ha(mm)  he(mm)  Ua(m/s)  Ug(m/s)  ys(mm)  As(mm) Am (mm)
0.00057 0.085 21.77 93 7.6 13.2 0.371 0.212 7.1 43.6 21.0
0.00057 0.085 10.40 93 7.6 10.9 0.373 0.259 49 48.2 30.4
0.00058 0.085 16.75 93 7.6 12.8 0.379 0.223 6.3 56.0 0.4
0.00058 0.085 21.77 45 7.8 215 0.370 0.131 119 63.4 11.8
0.00058 0.085 10.40 45 7.5 15.6 0.386 0.183 8.6 159.4 10.4
0.00058 0.085 16.75 45 7.2 135 0.399 0.211 8.8 87.6 21.2
0.00076 0.085 21.77 93 9.3 15.0 0.403 0.248 8.8 63.4 18.2
0.00079 0.085 10.40 93 8.8 14.8 0.441 0.260 7.0 52.2 5.6
0.00077 0.085 16.75 93 8.6 115 0.440 0.328 6.6 42.6 14
0.00078 0.085 21.77 45 8.4 19.8 0.458 0.191 11.2 95.8 34.0
0.00079 0.085 10.40 45 8.9 14.7 0.514 0.309 6.8 101.8 35.4
0.00079 0.085 16.75 45 8.9 134 0.436 0.288 8.7 85.6 22.4
0.00093 0.085 21.77 93 9.8 17.2 0.468 0.264 7.2 55.6 5.6
0.00093 0.085 10.40 93 10.3 15.9 0.443 0.285 7.5 70.6 23.8
0.00094 0.085 16.75 93 10.4 12.2 0.446 0.379 10.2 72.0 17.2
0.00093 0.085 21.77 45 8.8 27.3 0.524 0.164 12.7 122.2 29.0
0.00093 0.085 10.40 45 9.5 15.9 0.481 0.284 7.9 102.6 27.8
0.00094 0.085 16.75 45 9.6 17.2 0.482 0.266 9.5 109.4 32.2

S4Q3CON S4Q3LQRC S3Q1LHRM

B 4 BERT N2 EERHm] (S3 : 3#[#%=0.066; S4 : 3[%=0.085; Q1 : F&E=0.00058 cms; Q3 : JFi&=0.00093 cms; LQ : #EEE=0.05m;
H: #EEE=0.1m; RM : Hah&=16.75 mm; RC : $#iraH&=21.77 mm;F1 CON : ¥fiE&H ) -

Fig.4 Local scour at the downstream of groundsill (Symbols: S3: channel gradient = 0.066; S4: channel gradient = 0.085; Q1: flow rate =
0.00058 cms; Q3: flow rate = 0.00093 cms; LQ: length of riprap protection = 0.05 m; LH: length of riprap protection = 0.10 m; RM:
riprap size = 16.75 mm; RC: riprap size = 21.77 mm; and CON: control).
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ik AR 7 TR R TR A e rp—Rom it s] 5 (R SRR - T S — st il 5 R At e (Bennett et al 2000) © gHfa) L5
[EIEER - HE RN R ESRIR R SARDIREEACR - (E/a RIS L 58 i 4R B 76 F-fiy (dynamic equilibrium) - 55—J71 - 1T
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T BRI 2% S TERUEKORUE AJG RS B R - oA 25 S I e e e A e o RE S i R 2R AL Bl e P AR kTt
Tl Ry BN TR 2 LRI — 857 - A Al=E Fra Rl RRb E g -

WG RIGT T HY LR AT DUEARRR B alosa ] - Al trbE e Mg ERATIRE - EREA A UEAT —EERT - 5
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SRR LA MRAE A BLE R LIRS - Rib 2 % - AENRFERECSE 5 m5—J5mE @ (EIERDE BRI ZE DR T - i
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Fig.5 Flow visualization (Flow is from right to left).
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7KI38505¢ (hydraulic regime) - f{& EECRIKEEE RIAEAUE K T BB DAVEEER - BRI AN (F R EPR LN FERIRAY R RS
M > AR IS R 0 RSN 4R /B B UE 5 FHEZAY - AR 2 A= o0y e S ORI BRI Y PE B DA - < At DUS s s 1 B 72

5o BTG ERR KR 2 ] BFEORHITaRE Cerodibility) MTZEFSYE (mobility) 2541 » RO TREII G B PRA R & A
MORATE S > EOEAVE 2 e TVBRIR0R (submerged plunge flow) AVIFRL - JEFFCEDRBLEIGRIT 2 &R TTRED fr 2 F A Bt
LRI - IR G IR RRAE T ERD Ay S8 - PR T AHADIE PR LN RS [RER[EIK - H3E B/ K RESa R E] LI BRI ER AT
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aERAE R M A E RO IRENES T EERORAVERIZER » HICR sl S a R AR S SR &SRt S8 AL A Rt
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GO IRERL SRR B (B 2 - Section E) HYPIRER (Ug) » PH7K%E (he) REIIMEERE (9) BEULEEEY > WWEBRRK
S3#fr (dimensional analysis ) » H4EE B[ FR B
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o (ys ) = BRI IR B 4 ek B 4% 2 B RERI 2 FE AT /K P REREEE » TR RITRA_E T Mty RER (8 3) ; Fr= i
CER BB G 2181 E  Dr= IAMAE ¢ Le = MOMRGEERSRE © he = IAEEEEERG 2 /KI5 S = /KITHE -

PR RS Y S (A MR » PR T S B R AR 70 A PR B p-(E/ 1Nt 0.05 HYEER U - 15 5 Al B 8 SR B A ANOVA ) »
WF 3 Fm - % 3 PATERARVEER AR IR (1) df =5l - (2) SS=FJ5fl > (3) MS=57J7 > (4) F-stat. = F 45t - (5) Sig. F=F
HEENE (6) Coeff. ={285 > (7) Std. Err =fEAERR7E > J¢ (8) t-stat. =t & & -

RS BRI EER I B SR FT N & B Bk - 455R400E 6 TATR - Mk 2=t sast (2):
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MARFEAEHEERY (Dl he) » R Ey p-EAHL 0.05 - Sie5bR - gk 3 Z&R BT - BAIFEK p-EHEE (Blp<0.05) By=(#fHH
RERR R Mo REEKZREE (Lef he) BoKTI8ERE (S) - i (2) Z BRI ATEE R M RIGTH_ BT M ST AR (Ys Am)
Bl (Lp/ he) ZIEAHRE - HEMERRE ( ﬁ ) KoK JisfE (S) 2 &R -

SIRE R TR K AT RS > BT ORI AV A N T 2 8 A e O PREE P A BB TR IR AR 5% - IES1
HU (ys ) RIS EAIE AUFEERISTHI AT © BILniERISTEH i 5 [STE R R A RHAEY - AR FIRZK 55 A 5]
SEEEEADIAY R B ERITTAE (TR - (I - AW EUE R A ERIZEE BUFRITTRRE ZLEE (ys/As) URIAIES > I E AR
Hrihe - SERAEERTR 4 RIE 7 - R AR (3) ¢

R 3 IEBINEBSRIBGIKER he B BRBITER

Table 3 Summary of analysis of variance based on flow depth measured at the edge of riprap (hg).

df SS MS F-stat. Sig. F
Regression 3 45.01 15.00 17.10 2.53E-08
Residual 66 57.91 0.88
Total 69  102.92
Coeff. Std. Err. t-stat. p-value

Intercept 6403 1001  -6.395  1.90E-08
Froude Number -1.434 0.364 -3.946 1.96E-04
Lr/he 1.814 0.295  6.1530  5.03E-08
Channel gradient 1036 0296  -3506  8.23E-04
o 100.0
:? ; 0% ¢
= o 100
4: = OO
= g Q o
=P (o)
v = (9]
M oo go
3 4 1.0 o © Oq °
2 g = 0, %y ©
g 2 B B O o o
x oBg & ay o
5 = oy n o o©
S 0.1 |

0.1 1.0 10.0
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6 SRAHRIZERE LA B R & B SRR 2 /K PHERELE » RtBRE ~ G REEKREERIK I3 2 s (ZKZRAEUA G B
HKERBZ)

Fig.6 Maximum scour depth to location of maximum scour ratio as function of Froude Number, riprap length to flow depth ratio, and
channel gradient (flow depth taken at the edge of riprap protection).
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Table 4 Summary of analysis of variance based on flow depth measured at the edge of riprap (hg).

df SS MS F-stat. Sig. F
Regression 4 7.67 1.92 9.48 4.43E-06
Residual 64 12.95 0.20
Total 68 20.61
Coeff. Std. Err.  t-stat. p-value
Intercept -4.619 0.485 -9.534 6.69E-14
Froude Number -0.753 0.195 -3.861 2.66E-04
Dr/he 0.531 0.168 3.159 2.42E-03
Lr/he 0.404 0.145 2.784 7.04E-03
Channel gradient -0.567 0.142 -3.989 1.73E-04
1.00
(o)
23 °°
= o 0o©
i Q%)OQ o
=2 X
3 E 010 A og}% 5
5% § o
g 2 g o
Z 32
0.01
0.01 0.10 1.00

(UE/@)*“”(DR /hE)o.sal(LR /hE )0.404570.557
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Fig.7 Maximum scour depth to scour length ratio as function of Froude Number, relative roughness, riprap length to flow depth ratio, and
channel gradient (flow depth taken at the edge of riprap protection).
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Table 5 Summary of analysis of variance based on flow depth measured at the apron of groundsill (ha).

df SS MS F-stat. Sig. F
Regression 3 7.00 2.33 11.03 5.67E-06
Residual 67 14.19 0.21
Total 70 21.19
Coeff. Std. Err.  t-stat. p-value
Intercept -4.998 0.555 -9.007 3.72E-13
Dr/ha 0.583 0.173 3.372 1.24E-03
Lr/ha 0.367 0.149 2.467 1.62E-02
Channel gradient -0.654 0.142 -4.605 1.90E-05
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Fig.8 Maximum scour depth to scour length ratio as function of riprap size to flow depth ratio, riprap length to flow depth ratio, and
channel gradient (flow depth taken at the apron of upstream groundsill).
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