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Abstract

Introduction: Culverts are common structures for runoff drainage system in the design and
construction of roads and railways, in both urban and rural areas. Due to the nature of runoff
flow, large amount of sediments, foliage, urban waste and debris materials may accumulate
in the entrance of culverts, particularly in flood events.

Blockage in the culvert’s entrance can result in a significant increase in flood risk, through
elevated flood levels and diverted flow paths through the urban or rural areas (Rigby et al.,
2002). Sudden blockage in a runoff system is also one of the common problems. The study of
culvert’s blockage would be useful in the prediction and prevention of flood hazard in the
vicinity of drainage systems. Current study deals with this problem in box culverts. Blockage
effects on the upstream water level were investigated using both experimental and numerical
modeling. The FLOW-3D model was chosen, because the sufficiency of this model for such
flow conditions was already reported by several studies such as Abad et al. (2008), Salamat
Ravandi (2011) and Gunal et al. (2019).

Methodology: Experimental tests were conducted in Hydraulic Laboratory of Water
Engineering Department in Bu Ali Sina University, Hamedan, Iran. The box culvert models
made of glass and smooth water pipes used as circular culvert models. The experimental setup
includes a glass wall flume with 10m length, 0.5m width and 0.6m deep. Rectangular plates in
different sizes were used in order to make sudden blockage into the culverts. An extensive
experiment tests was conducted under different flow condition and blockage scenarios, and
21 experimental data sets were provided.

The FLOW-3D model, Version 11.3, was performed on the main server of Water Institute at
the University of Tehran, and adapted to the experimental data sets from this study. The
stability and sensitivity of this model have been tested according to: mesh cell size, simulation
time step, turbulent model, and culvert hydraulic characteristics such as wall roughness. The
simulation convergence was achieved with an efficient simulation time step of 80 seconds.
Three different mesh blocks were used for pre-simulation cases, and a block in block with 1.0
cm and 0.5 cm mesh cell sizes were chosen as the best meshing scenario. The RNG was found
to be an appropriate turbulence model. Theslopeof culvert barrel was changed from horizontal
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to 0.005 in the flow direction, and the roughness coefficient modified from 0.00085 m to 0.001
m in the culvert barrel. The relative error of simulated water levels and discharge for calibrated
model were to be in the order of acceptance ranges, and the simulation FLOW-3D model was
adjusted as an efficient and reliable tool.

The FLOW-3D model was then calibrated and verified using the experimental data sets, and
was used to simulate different flow conditions into the culverts, under different entrance-
blockage scenarios.

Results and discussion: Effect of the inlet blockage on upstream water level was tested for
three flow rates (the design discharge of 27.5 lit/s, and two lower discharges of 10.5 lit/s and
16.5 lit/s), in four different sizes of inlet blockage (B). Simulation results showed a good
agreement in upstream backwater level in all cases. In the case of flow with 16.5 lit/s, upstream
water level raised from 28.5 cm in non-blocked inlet to 31.4, 34.2 and 38.5 cm in presence of
20% ,40% and 60% blocked inlet area, respectively. The rate of the upstream water level
increase (DHu) against the reduced inlet area (1-B) represents a higher rate for discharges
smaller than the culvert-design discharge. The evaluated equations for upstream water level
enhancement were :

DH,=-0.48(1-B)+45.089 @
DH,=-0.82(1-B)+75.663 2)

in which, Eq. (1) is for design discharge and Eq. (2) for the smaller discharges. Blockage has
been affected flow in the barrel and in the downstream of the culvert. Investigation of
turbulent characteristics and shear velocity values in both the barrel and downstream
indicated the impact of blocked inlet. Turbulent energy of flow in the 60% blocked-inlet area
was 5 times greater than that of non-blocked inlet for the design discharge. Also shear velocity
in the same blockage situation increased by 2 times in downstream which results in a greater
scouring power of the flow downstream. Sorourian et al. (2015) reported this phenomenon
with even higher scour downstream of blocked culverts. Maximum value of shear velocity
increased with the increase level of blockage in the all flow condition, however in the design
discharge it seems to be constant for blockages greater than 40%.

Conclusion: The FLOW-3D model was calibrated and validated to simulate the flow into the
culverts. Influence of inlet obstruction on the upstream water level and flow characteristics
into the barrel and downstream of the culvert was investigated. The results show a linear
increase in the upstream water level by decreasing the percentage of culvert inlet. The
upstream water level for the design discharge was lower than the other tested discharges.
Changes in turbulent flow properties and shear velocity inside the barrel and downstream
were also investigated in the presence of obstruction. Shear velocity increased 3 times in the
presence of 80% blockage for 10.5 lit/s. and for the design discharge (27.5 lit/s) with 60% inlet
blockage increased 2 times. The turbulence energy for the design discharge has also increased
by about 5 times. The present results confirm the previous studies on the effect of the culvert
inlet obstruction on the geometry of the scour hole downstream of culverts.

Keywords: Culvert, Blockage, Backwater, FLOW-3D.

© 2020 Iranian Hydraulic Association, Tehran, Iran.

l@ @ | This is an open access article distributed under the terms and conditions of the

Creative Commons Attribution 4.0 International (CC BY 4.0 license)
(http://creativecommons.org/licenses/by/4.0/)

Journal of Hydraulics
15 (2), 2020
2


http://www.iha.ir/

Oyl Sy el
ot
Sy b & i %% https://doi.org/10.30482/JHYD.2020.211670.1425

S,
o
Iranian Hydraulic Association

29T 530 O 2 3 (55939 Sl Wb G20 9 (225 (S5

T ol (Shgn (S @ eF i ¢ Ha3 a1 7 dnow

LOoles e e olBiils «(g5,5liS ouSlails ‘;.;l (oo 09,5 ‘@T slrojlu (6,555 (gemiils -
Oled i e g olKils (5,5l 0aSitils wol (cwdige 09,5 (ol (sloojle jboliwl -Y

*m.yasi@ut.ac.ir

www jhyd.ihair «SJs,am a,is oy $EE VYRAT/A 50 ATIAATY el

oaudy aiiwd o By an3S g by bl 5 aol, o iSa; slaaille Lol slasjle dlax 5l S5 (o4l o, 35T touuSs
Ol e el gl Ui S Ol 50 050 jglidh g 3515 Olge g ldg, JWSIL ol jon ol by Jdoas e, 38T o slawdl
Sl Jaw jlde gl eSS gl ccaslonds  cw) 2 Eialel ST VY 50 e 0801 (64,9 50 dlowdl calizxs slaas o il Gudo0
rale i 4 Jae Comlas 5 6yloul ol oo 0l 5 omily (S Joe 5l das s b ol s g eas eolaiw! FLOW-3D
oS RNG b oo 28,5 )13 (5031 8,90 1080 s =0 g 5,05 - F (oo Jowo =Y« Sloj pl5 =Y cliwlne 4 031l -
3550 sl (Sl s Sl 4l Ae (siloaned oloj 5 (G0 5 S Ssh 1) sl 10 5 Ve il L g3 o 55 gy
REERYEWIY TIPS THA TIA K3 RNV RIS IK U PESRICHN IRV dENS T gV 1 PR PECSI R VISR I DU ¢ FONCV SIS J0
o3l Cawd 1l 5 5380 (30 50 Bl Gl et el sVl OF 15 (381 L JIST (50959 Slal aS ls Las s s b S
1315 Gl oy Av 3 V) olawdl i iy 5 a8 Ll 5o el iz 55 ole e b3 5 (o p S5 5 S ) s sl
S sody 10 .l 035 (ylime (p S (>l oy gl AT (69,9 Slawdl U g ey BY g VY L pln Cod 5 4 cawal
s g 38T Al o oz ol hlsdl s Lt gl 59,5 o (il ¥ 9gam ) iy el igl3dl b camssWUsl5 ialdl oo

ol (639,59 Sladl 3l 3L (Kol 4l 0 o5l I,

FLOW-3D o s, colanl 31 2555l ol

&9 sblboe e Lo Slibl 0aiis y Slge CoaS doddo —)
(Norman wsly oo by 51 5ot Lo, 30 (5,005 a0 Lol S5 55 i5m; slaalels cils 5l Lol Gas
Llyd den (o) b 53 3590 05l Sl et al, 2001) S ) e O Jll o, bsks 5 beesls
S S5t sbml g (el Sy, B 0yS 0 &9 Lshs gy, oxhw ol gaxd 5l ol o bools,38
S Sy, b s @ Ll wole Jlil U85 5 Joo (s 5ll5 ) o )3T el CewsVl slo dilato 5 oL
Syge 5o oy 4 eddlige wgmy 5 Wl Slge 1 0 )lgen S aten 2585 sbable Lol sbojls alex
Ol g WS (oo obml S5 lacdw &5 olapl > Sy o csolamdl Ll s 4 by ply o LsT bl
JSodua wils 3 1y (o5 Wiz 0j9 L) 535,55 dlge Joo St 35 S50 6, Sl g (slosle sla S5
4 Wlgige Shl e Gha bojle cal o lad] Oliee a b awslie o 38T caly adgl 4 o)l
&> by ole Jsb jo 0lse (IS L g (2 )05 & )90 39,8 Sdgoun >l S ige 00 g Ceul 165 e LB
Loy aeo &) 0K0 e 0950 9 52959 0 Lo gyl 5o edl e 385 s o YU Cds 4 o5l
OBl a5 am0 ) (e b2 a0 SLSL &g a dily s 38T plSrinl el g (sl Ll

Journal of Hydraulics
15 (2), 2020
3


https://doi.org/10.30482/jhyd.2019.101685.1253

1WA ), 9 yas00 55

e Sl p3G o0 g o 2Lyl

g 1,387 slawdl (e (Sily 9 wals plowl ae; o
9 S e gl )3 35290 Blae Slge Glie 4 ) o)y
) 1ome ool a3 Jow (b2 S8, i (uizen
,o Ho (Rigby and Barthelmess, 2011) wssls )las
5ol lowa s ;o (Slase sl gy @l YoV - Lo
ol ams 0,8 @l e, 3T jo slawd! e oy slp
i 10, 08] woj0 YO oS ols e plis Gubios
9y 2y Olse gazd JSao b LT 0o yo Y8 5 (5,13805m,
&) sl o oly o)lse woys VP 0 a5 aies o &
Jls ,o Ho et al. .(Ho, 2010) 5o (5 li&gm, JSiu
Jlo jo HO Lags a5 Jlawe sloosls sl 5 YoOY
RET 58 6,13 igmsy JSiie Lo (5l ey 00l el Y )+
Lk ol w0)S AT (6l (6l ey (b 4 pladl
odygd 093 (Shy a5 ams o0 3T @) ISl nl o
3> B (63959 5 e 09,0 ) Kgm) 5 g il axsls
5 obysy (Ho et al, 2013) wiS (o, Fslo oISl
el (Sl Gl @YV Lo o o Sen
Sl bl o Sglite sla K585 a0 b L30T 2o
slas K255 e 5 win,S @)l 1, Buile b 5 ,Eils
e Ol (Sl Gos (i 5 S5 0 1, L3S
33 0l b Dad Gliae g 03,5 (lgie 0ol (s
> 4 (63959 adaie ,0 (souo,0 O+ slawdsl L 3K
OIS Sn AR sl e ghaie js by
Galanand 4t ¢pl o .(Sorouian et al., 2015) w»,S
s bos adaae S ;50 YoV Jls o Gonzalez
ol (Sl g1y 90955 Sl s (29,5 5 69959
Osoil Ae el b oll oS pyp JIST s
o8 Glagndy ¥ ein slr 2Rk
slaole 51 (635,9 Slawil oayay a5 ol o Syl
SSU0F 40 oy A Cewdml (Siaiol sanS wyaus
French (Galan and Gonzalez, 2020) a.il oo oo ,lgss
Sorourian et 3.8 LS 5 Cow L and Jones (2016)
S s alsl o 1y sl Lol .36 al. (2015)
3 Sl @ NE 6 liee 5 WS lsie CewoVl
s 4 o Lal b 5wty 5xb 1) sl (Ko

5o olawdl 5 Sbsyl ol s Slaws g gy

ol pin 3T 689,9 ,0 cl> pl slas

iS5k 090 b M by o sl 2 ,3KT )b
ladhie gla Fhgarazgi b aS 9,5 o0 &0 Ao
oile (nl a5 4ol (A)b g dalgs Dglite olil
Soge n $09L Gl b e 6395 D)ge &
Sl 38 Ooe @ Glyz Hee )3 456 ke 0,5 o
s des 0 Cudb i o ST Gl
1508 03k o2l iy s iredee &dly 45 (May, 1999) wiS
slo aibaie 25 e 5l 65T sl 5 b DM Gl
0,8 les jo PLE! cely slawdl jogy a5 Conl ciwa¥l
b Slly, 1S wlels I iz Gy 4 )3
a5 das o 7y oKl AT (K8 5 L slasl og dales
3 Bl Jsb 5 adg g Sle 5 SLils 5
o gl GIST (6395 Sl ol gozss JIKT (53459
30 (255 5 e 09,0 )0 0l Lo sVl
AR P s Sl (S g 90300 3 L o
sle asiuld g bl oSy 4y slad! pslSe 09
Shandl g (s y9bd b e (g pglid)olandl g9 i0y92 sz
Slod s 5 (79> e (599)9) Sl Jore (JlSte
Sl 6565 UK ko g Shas! el o) sme (ki
(Weeks et al., 2009) ol asusly

S 8les 5 Sy e i )o sl 236 b3l s o) 2
St ol S jpie 50y sl pladl Sl e 3K
w3,k gl Szl Jaallysios @l og salss
PElesl Gl g 1 p5s Sl (5500 55 sloojls
el aoy ol o Sloe slaools (5,615,5 4

sloiln o, Slee jo dladl 8gzg 3B Ao o
loosls 5,510,561y sl (gm0 4 s o0 (S0
Sln Pl Slghos (g aisy nl o (Sl
clize glhass> 5l ojle p olaudl 36 cssliv
YooV Jls oRigbyetal. alex 510,50 Lol (SS9 000
ety (Soial (595 Sl 536 (i (et gy
Wollongang ,s 45  dew,s 1,350 5 oy (sl Cows
00,5 @511 3,50 02l 4 oy l35 5 ozl ol Lz
(Rigby et al., 2002)

5 ek sw,m YoV L o Rigby and Barthelmess

Journal of Hydraulics

15 (2), 2020
4



VAR lwsli oF oleds VO 090

Sl yaad

slawdl ;35U e gy o =V 2l il O le Gados
Ol Sger o Gl gojlal b SLSL o
ot Joe b L3S0 b siledae Ve,
Joe leesls 3l eolaiwl b Jaw 2uwly ¢ FLOW-3D
e Sl oals wly Jawe sl ool -V LSS58
bYo s as oo ool zlzeiul g cawsVl jo ol cuss ,
b Ll b g pSoslail oY Ul ogu

L Hgade Sy slasioles]

) 9 olge -¥

s 090 AT oo 1Y

Sl wiige 095 Sgyaee liubesl o lales]
A0 Bse e Ve b 4 (gagld )3 L (e g ol
Tl 4 S e ) ol Gl g /P i) g e
Gl ol bl lased glao s 5 (s518 aay L 8l
3 el e LIS CawoWl opid b il
o ools Lialidl jie Vo AT (6,05 1,8 alaiie CewoYL
53 il slaygige 590 palais 35k 5l Dslite slaows
LS Oyge 5 ekl

Bodhaine  _>lb olla>Me 4 axg b 050 alads
eI @ o el ST )0 by w2y sls 2 (1968)
55 0l 51 0sr SAST (6995 50 Sl (gus) B oSy
0 i B (b (6995 )0 S4B j50 4 IS
2 Yl ool 55 5 qaey Olg5 4 4z b
g5 Ol sl 2 oloz Lulpd ol ai8 5 a0 4l
O U8 o) alayl ) ol (s gy Jnasgi ool 4511 o

MM&MOML&A—O)J)—Q&E-MGE-MJ

V2
Q=CA [2g(hy-2-d.- by, +a i’ ) 1

Fig. 1 Flow condition for design discharge
(Bodhaine, 1968)

(Bodhaine, 1988) ,d%1 >,k sl b, Lyl ) JSb

Srogi GalS 1 ojle (nl j3 CewsVl (6 S o I
5,5

il a0 Gy Slogwyz 5 @IS 4 425 L
Pl bl akee; 5o qlis 95maS 5 ST (53455
ol 3K 5o by Sdgyaee p sl 36 goue 4
5 Ol Sgpame p oladl 618,50 lie 4 gy 0
eV 50 3T b 2 50 T 5l (b sla (6 03y i
3318 oo o] Cawd ol g 1ye

2 Soee ol ssledae sl FLOW-3D Jas
g 0 00,15 4 el sbrdwain g calize gloojle
Joe ol YL clilB onsmnjlis odwl Cewd 4 @L)
sl ol 5 658 S5 Jlew bz il 6ln (2L,
el gy g ol by aile g5 i

Ettema and Muste lawgs ol Jg> b= s5loJow
dibie Sl Jsb J""’L’ eor e Vet gl o
a5 plosl FLOW-3D Jaws 5l oolicisl b o5 > o)l ,>
9 2 S 4l ;o o cnl Skl Slivios ol jo
Lol ool s 4y ey ol gulis 5 o souzuw S yo
03935t ;3 039 A (6 lwdacd GBS Gl o (g AL o
Gz Jsb o s oSl U a5 r slaply

(Ettema and ol (5,155 peS Cad 4 (Sdgyaen
sledcds cpl 0o s slael LB 5l .Muste, 2004)

U5 a5 canl Calises b sla Joe ) oolizial colls
057 bW sl doe ) g Ll 3 (giloand
,o Sabagh Yazdietal. oS .o w2l 3k-€ g k-w g RNG
b SHomed Gz 09,0 4 12 9955 Olie VooV Lo
o FLOW-3D ) il oL sl Joro 5l oolical L
sosls mls 4 1) kg laolee g0 Joo mls
835 oyt jGlaie ASLS]

56 FLOW-3D Jow ;1 oslisl L Gunal. et al. (2019)
Lylys o ddatese (051 Canspul  Siaciol jo slawdl
Sorouian et g =5 slaosls jleslatwl b Baslel o)L >
15 T gl gl 55,8 sy 3,5 1, @l (2015)
5> Slsmer o8 slaools b (Sl gjluas
ol las

Slasl fin 2ol g oo pll glo wyp & azgi b

Journal of Hydraulics

15 (2), 2020
5



vaa ‘Qbm 9 )yﬂ,.:;

e Sl p3G o0 g e 2Ly

@bl Joloxi g 4y 5205 -Y-Y

o, 0T e by bl 5o cawoVl Of mhaw i
il e Cawdimly bl o 3T Jlal Ul 5l
b (69955 53 JFES Ojg0 4 a5 eS0T 8 5 50
S Sewdimly lulpd g e Job g (655 eNg o0
Norman et al., ) ol 31 Jasl cus b jo 1, 356
ol Bll agl) (60959 £85Il cpl 50 (2001
gl g e o IKT (5399 £l )| (AT 4 (245
5 5%l JEsl e )b o 1y 18l o i (9995 ahaie
5550 s gledmiuld ol eVl O mlaw 5l
1l o Gy 15 Oy 4y CawdVl Ol o
H=¢(0,D,4,5,0,2) )
ST 15 D el o QucassVl ol el 515 Hy,
R argl; 0 GIST (lyome o S )3T (6099 mhaw A
ilge IS QL g g 38T 5095

bl osse Gl den ;5 (59,9 £ Sl 4 axgi
il d (nl g a2 )0 Yo (39,9 asly )l 5 pleSe
25 009 O eI @ 55 38T Gl d 0l B
3 eiBu (699, Slawdl ogs ;o Ll Bis Ly Jow den
A 5 ol odildg olol aiwg 4 a5 alde xlaw
Feo o asiwl 3 Cos 5 ol as 0gd o adlol by a8
g Sl 5 90 d CewdVl Ol gl 515 5
H=y(Q,D, 4, 4y, g) 3)
Sleamul 3T g, 4 (g5leam o Jol 5l oolaial
Ced 25 D50 d SVl SIEET 50 g dnio
o0

D
DHu:_aBzfaFr (4)

FLOW-3D jluwdpuds —Y-Y
Joe 5l egys sl b 38T by sileans sl
S b wgy Jaw ol ol colawl FLOW-3D soue
Gy el 00,8 oy dswgs Y49A JLu ,o Flow Science
oey ook el e dwae 05 Jaw
ol s bl 2 53t s 5 FAVOR sz

J..\.,o Q.ﬂ ‘55*%5‘ oolaw! VOF JL._,,., o> b, ).‘

Ly Jsb 5 ¥ 5) Glo ahaii oy <l hpyp &5 55k @
©39)5 ko £55 Slie 2 a5 0y ) B C 9 V.OD il
Vb slyzme g 4,00 slul @ a5 L aS Dguli o CyptS
3 1o SO Ldas ST olal o cpans /A0 ol
gy fagile Yoxte plpllas g onw iz 5l Sl
Ve lzme Jsb g o/ o0 plp L3S0 lizme s
b o oV JS8) 0l fend a2l i 5 e L
e 0955 iy 5 SR ol e
5 e a5l s I YVID il alEiles

Ol Y bl s g b psld o )3T (55,18 Jome
(25T 5 s o sl 3V Ly (onol) sy anags
WS e pold Cewdimly Az e 5l e O ksl e
Gl > glalaii miw Gos b o mhaw (65eSojl
Jsb 5o Cwndimly g 1ome (9,0 (s b ;3 00 (el
Gos 4 azsi b olz Ll s ol plosl 1S5 Y L alej]
e 5 il b oz e ly S s bl
B sle Sy ot J5ES jge 599 i g Cawd il
sae Fr Jgaz cpl jo .cawlos] (V) Jgaz 0 o jioles]
S ey 4 Ha g Hu GIST (63959 50 by 9958
Lo ole;] (6,108 0L abl o ,30T Cawd ol § Cawa¥L
9 ok o Glime e lad cahaie pul 51 JSie
il e Sl Capnds

as ol 1S s 5lhicwlie sladl Jow ol 6l
ods a1 Fy5 sloodw 51y baolal £ 5,50 0
Ho (2013) , Rigby et al. (2002) i 155 :yazea cidg
(53959 yo 0ad oadlive slawdl g45 o iy 0 oolatul
ol 9)lee oo Ve sl o dodeo SLSL slasland]
AR (69955 0 7mS 00,0 A LY+l (glo S L (o
plonil Sgliie o Sladl F 5,055 s b b jzalesT 0y
ahio bl o0 oolaiul 090 slaslasl gden o
Sle oy it Ll gyl g amals 3T o)
dros sles 2 GSL Sl Lld (sjlosnd
4.2 Kramer et al. (2016) 4 Sorourian et al. (2015)
b ed,5 8 08T G 5l s e oile | alols b baslans!

(Y JS8) w8 jgue jud dlasl s 5l b=

Journal of Hydraulics

15 (2), 2020
6



VAR lwsli oF oleds VO 090

Sl yaad

Joho <3125 o3l b Sob anw ol (22 i ) 285
eVl 5o oy Jie Bl ¥ oY Y bl Sely e o
alie bylyd b poo (28 iy 3] Ced (il 5 e
Sepow (28 i el Tg VY ol ojlust Ll
PR g el ) ok ojlail b cSleise Sl
ol ojlul b o5 )0 55 Sob 99 Sjyge 4 gyl
5ol o 4 by po mlis (el - 0 5) S35,
ST syl g 1o g, canaVl slo alade ;o 00y
Voo ¥ 58,5 ad g0 lp 285 L8 cwyp 950
Gy VU0 o Sl s Gl (5,00 sl
Sl o5 ol o gln 9oy0 .0 5 Sl 55 sl
Gos Sl 2 0Ly o dlone sl i) aSLD A
Slae 2 Gl o apulos slbas o (5luard e g
Ot o abadi gla abads ;0 (giludncd Sepu g Boe
oty dpwlore llas 4 RMSE UW.> Shxe slie o conis

loiole;l (Sdgy0um sla S ) Jgu
Table 1 Hydraulic characteristics of experimental

tests

Test Fr Hu(cm) Ha(cm)
R1Q10.5B0 2.78 25.40 7.90
R1Q10.5B20 4.52 28.50 7.90
R1Q10.5B40 5.26 31.60 8.80
R1Q10.5B80  4.86 40.50 9.00
R1Q16.5B0 2.96 28.40 11.00
R1Q16.5B20 4.71 31.40 9.80
R1Q16.5B40  5.39 34.30 9.00
R1Q16.5B60  5.93 38.50 11.50
R1Q27.5B0 3.38 34.80 15.50
R1Q27.5B20 3.38 36.50 15.50
R1Q27.5B40  3.17 38.80 16.90
R1Q27.5B60 3.17 39.40 17.20
R2Q10.5B0 2.78 25.50 8.00
R2Q10.5B20 4.32 28.50 7.60
R2Q10.5B80 4.63 39.30 8.00
R2Q16.5B0 2.88 28.60 10.30
R2Q16.5B20 4.23 31.40 11.00
R2Q16.5B60 5.93 38.00 11.50
R2Q27.5B0 3.13 34.80 17.00
R2Q275B20  3.17 36.50 17.00
R2Q27.5B60 3.17 40.50 17.00

29U g g mdw sbadols (lojen &jg0n
WS o0 J> () Oyg0) |y uS gl

0

= (u;4;)=0 ®)
ox

aui+ 1 ou;\ 16P+G+ (6)
o ve\""ax) pox, i,

Lzsyy X sbagr o ol Copm di Gl o a8
S ol sl ahw Sl S A df (5,5 Slatke
Gl G e P oraiiis SLZ 5 Y X lacgs 5o
3b SLad (o> puS Coni VE g g ) ailis fit corn>
ol by

297 Sy 0D ceai V) Y ass Sl goae gl o sl
YE L oyl olKisls O Slihiod duwge Vo jgaig o
Al ool oaisle

SRl 5oy el lagye awaie ad sl
& slwds (gl (V) JS8) Cawl oo oolaxl Solidworks
g anl ] cwiin slaj e ol clo slo v g Lo s
Ghay 3l ol Sl sauaSs Glp g LIS
L ool dwain ¢ b, opl jo .l colanwl FAVOR
Wb paie o e S g 097y 05 puS (Gdulone
e i pa5 ot jgaze e owilssly aliwge oS
i (B gl ((uaSil sga (38 e sl
5o o1 slad 5 Lais g0 ojle slasjlail den aS 5o oo
asdip gloj e )y ol 5o Sgdise i (o] (0
5 T 9 899 slaas (JU Jeld by el
foll oo (599y5 S50 LS sl Blise ST (sl
ol Sl s (sl sl JLed (2,5 50 B3 sl
Ab ad S lai o leo bk deoles g col Hlad b s
5l edel caws 4 @l lee » FLOW-3D Jow
Ls g bl glp 38T 50 Glyz (228 Glapses]
0 98 9,051 >yl ooy Jolis a7 )b > 4w b g olawadl
b el g (rily (b ody Sl 2eS

J..\.n tSL“M'B"J 9 (T WL«»} -\-Y-Y
@l 55y » sode Dlaslons 4l ;53U )y jshiiens

D8 osesl dyse gan Al el B8 i ke

Journal of Hydraulics

15 (2), 2020
7



1WA ), 9 yas00 55

e Sl p3G o0 g o 2Ly

4.75m
1.07m
g Flow E g8
i — 2 ph
525m
@ 0.61m
E ! Blockage] »| = e +—
o u Qﬁ; _'tﬁc - H.
(b)
30 cm
Blockage__
v
g I g
f=1 u
- o
| /1 cm
() (@)

Fig. 2 Culver model: (a) Plan view of flume and culvert, (b) Longitudinal profile ,(c) One barrel culvert inlet with 40%
blockage and (d) Two barrel culvert inlet with 40% blockage.

adaie (d) g oo)o Froslodl b olyme 5,81 (635,5 adaiio (C) < Job & yous (D) 35T pld M (@) 3T Jow sles ¥ S
oy Feoslawdl b e 90,381 58455

G Hlers 3l oolainl b goue oSl oSl 4 (5,la0L
S 9 (7 ol 5lome Gliee (0 i) Joho (250 @2 J5bo
S QD slome (e oy ) sglme slosles
)Q)L?Mjb]!bsdd&y ‘//\9 VIVO )J‘)JR_A-ASJJAJJM
G5l olime fuimen clils 18 Il e s0gaxe
ool ot U sl 250 ol 5 oS3l
0dguste (0 AS Al oolal 9 LgL:bleg S )L:.x.a
g A ﬁ‘ﬁgv )‘).a..of)bu’

sy ol O FLOW-3D 0 ouls &8l ) oD slo Jowo 5
A ookl g5lw Juw 51 RNG g k-8 k-w oo aw
9o a8 3l olis (Wb laoe (suyp 4 bgrpe @l
3 S o a4 o KW g Ke (Wb Juwe
Oliee (F JS8) sl Of mhe Gl gileand
2Eislosl slo sw)yp ,0 00l (6 Soslail slaazinl
@lopysesl 1o Jae o sl 0ads (g3l laglie b
0ol (gilwdd Slagliee el O)jgo 4 iuly
dlio aBislejl eaiispSojlal slo e 4 Cod
09 Obyz S eyat 4 e @ RNG Juwe ol
N EARRU AR e

e e Olssar Glize ulize biwg Jae ()
i b gleaihie o 0l gleand 5o ebM

QSL"*“") ol 00 ‘;)M ub)? Gdpe) g A

(@)

s

(b)

Fig. 3;Solid boundaries and numerical meshing
geometry, (a) Solid boundaries and (b) Meshing
strucyure along flume.

(@) cgo3e Jow (63048l g dul> slo; e awasa ¥ SO
pold (ganasd isle (b) cal> sloj e

o abais )5 (iludned Sepw g Boe Sl 0L~
s RMSE Las JLs slive i cond sl (sl alais
0dls dslin ¥ Jouz o oy saesls 4y cos MAE
Slowle aSl ojlailay Jaw Olawle fyloy Do .ol
o3l 53,5 FSz oS L aSiliz ol Glis ol Conlas
e po gl < ITO 5 (g S o Bl +/V)aSed
Sy sl lalasde LB ot (g5l Joe mmls (599
55 Ssh b oSt gl el V- 5 Jus sl oo

Journal of Hydraulics
15 (2), 2020
8



VAR lwsli oF oleds VO 090

Sl yaad

ol oolatwl RNG o Jow 51 sy o) 5o ol
b ool ;Ko 19031 0 5leads  uiwly Jow oSl (glp
E) 53 (2o i woad (rinly Joe 3o (Bl Gl
Pt 6525 Jolre gl )| el o o ol ,3KT e (5 5

A ooy 18 (aded gy gl ) o o /oot AD L ol
Olee &l ojlaxr o) Ol )0 S Joe slosal,
oy o 2o el o Jon o Shae 35 ol sle
By & oo by Ll 5l ga aSd Sl 98
Sy Bl 5l pliee cnl ST (st 03 (o0 (520 e
(FLOW SCIENCE, 2017) ails ooy LB 28lg o

Joe (e g 20 Olsea ) Jow ol 5,158l
w‘ oo)f L_;Q)J.A

‘ # Experimental W RNG k-e ®kw ‘

Fig. 4 Comparing results of different turbulance models
in simulations.

50 Oglaie w5 sl Jow 31 oolaiwl mls aslis B Sl
Lagjluands

Syl glaasids o3lail jo Slsle Ol zhaw 515 5 b, oas ¢l RMSE s MAE s sla)Lae ¥ Joua
Tabel 2 MAE and RMSE error scale of calculated discharge and water level in different cell sizes

Mesh cell size Ht

Hc Hu Q

MAE RMSE

MAE RMSE MAE RMSE MAE RMSE

3 blocks with 3, 2 and 3 cm cell size 0.01 0.009
3 blocks with 2, 1 and 2 cm cell size 0.008 0.008
1 Block with 1 cm cell size 0.006 0.005

0.03 0.02 0.02 0.01 0.02 0.008
0.009 0.01 0.01 0.01 0.01 0.02
0.005 0.005 0.007 0.006 0.006 0.006

Sglaie e (slrony o slawdl lime ol ploxil (94,59
655, 5l 225 Glagsesl 51 o @ 50 5 wids:
ST Jae 5l eolatul b Jow (miwly ol 7, ,3K1 o
L o5l V) Jled ggazme 50 5 085 &0 (ol e SO
S sl plydas ol sl FLOW-3D Jaw
WE Y pl Sl jsb 4 aibly (55, Jae slagyses]
Jobes (55lotends slapygesl il (Al Lo 0g: el
>y 30 Joo slagygasl lzl Joli) U loj 545, TV
09 eJde il e Como 0l (il slo

D92 59, PV Jolae (oled slogyges]

oy g s Y
ol mlaw 515 Jolis 6 ,.505103l 590 aisle;l (slaosls
9 2ol Gilwdoe mls anlie g1y 09 on (lie 4
wéwl) ‘w&!l) 5 s_j G‘a»u G 6'.2500‘0 )‘ &5")2"
oly 5l a8 o (i (e 5 3T slizme 09,0
A oolitul Wyl Cawd a5 Gos g (uSbe o s 9,5
Sob ahie 5l @bz abail Jloz )0 ody Glie rizres
HB el Sjgo a4 SRS ghate mhaw iy b

lp ot ad)S L5 50 e oo 0N 6 Joe Suled yo
Lylys 5l Gliedsl (goae Jow (29,5 sboools )
Sosre I sl ley Sl sl Glyz o b
S (i (6551 5eSls (slaloges (o) o b ol o0
2 4B Y0 ST Jas sl sl cmslin o cple &
i @lSee @ g b ol 0 a5 wl 4l Ll
FLOW-3D Jow b wlicsl 4l A- oo lapyges]
Yo Gl o) &g 1) silwand mmli (ioles colld
i slo abd )5 (e JB Ojgods 5 gan ¥
5 (A Ges 5kis,ge SeMbl (o)1 cuss 4y gl 05
shoaliis ) S e Gl ol s (V) cepm
shos (eSle Ly O jgon @l Jel g oo
sl abii Slatie calaio o 45 (Q) o> ok 5 (V)
Oygod gl g 0ol (e I Ble 4 (L o Hais e

RS FUE SN 1
Sl g 5 b SIS 0 Bz Gl ey 0l 5o
nSiln (4l s 1 Vo /D) o ks )l o d 51,
i YVIB) ST b ey g (4l ) 15I0)
hie maw dopo Ae g £ Fe Ve slasl b (el

Journal of Hydraulics

15 (2), 2020
9



1WA ), 9 yas00 55

e Sl p3G o0 g o 2Lyl

Slas ¥V USs 5o ileJow 5l sawl cass a4 slaylie g
e o”]ﬁ L1, ol ciSp e Joe &5 was o
wlos )5 (6 5lwduis

- =% - Measured Weter Level (cm)

—#aA— Calculated Water level (cm)
28 -

% - ¥ X

Region of Hydraulic Jurj

190
-220-170-120 -70 -20 30 80 130 180 230 280
Flume length(cm)

Fig. 5 Comparison of calculated and measured water
level of Q=10.5 lit/s, B=40% with one block with 1cm
cell size.

Slroad siludae 5 228 O o 515 anslie & S50
69,9 o o,y Feoslawdl cdl g aslye sl Ve oy

ol ) lobns Jsho S5 sl iS00

- -% - Measured Weter Level (cm)
—aA— Calculated Water level (cm)

23

10
-220-170-120 -70 -20 30 80 130 180 230 280
Flume length(cm)

Fig. 6 Comparison of calculated and measured water
level of Q=10.5 lit/s, B=40% with block in block mesh
cells with 1cm and 0.5 cm cell sizes.

&l oo g5l Joe g 0,25 Ol o 515 anslie £ Sl
ST (639,950 doys Feoolos! Sl g asliye ol Ve o
I Y o3l g5 yo 5 Slawlre sla Johu aSiin b

o gl

4 SVl O 5l 5 el 4l ol33l Glagl e 4 4z g
S5l s GLSU SRl 50 sl 236 Sily 55
oy ;0 ool gy by Ozl 515 ol el
YNE plp oladl feas cdl> 50 adl 5 2d V81O
VYos A ¥ ooladl fogusg L oaS el e ile
YWY 2l o Ol Cnl 63959 50 e le

s yoo YAID 5 VEIY

u..._vl.‘o)—‘ O )90 03y duw 6|)a w\)yl.: u] C.la.».u U’“"‘)S‘ u‘).uo

sools il slaygesl 1SS jo ol sl
Joe o laz e i <o pooly cpl 5l oo a4 by ye
sads oals L ¥ Jgaz ;o oy g ol v 51y sl
<l gl 5l Sl o s Gl G iy ol
@l 05 sl wdlige LIS lime 09,0 50 Ol
b g o oolawl )3T awais jo o Jlee!l 5 g5lw Jow
Olizen Ll ol aluls s olhe 5l ol g0
oz Sl e dlex Sl obr el sla S
sl ssalin b gob; sl 0T 5,0 50 (g 0
2 ol Siledae sge sl ol i (aRsj]
shls 4 wladl fog 0 oy a4 AT le gy0
Soby S e bz ol jo e ble )V cuwlxs
Sk 09y o e ol b oplail 4 (Ggys (Slewle
oW Joe fizmen g al ol (g0 o/0) Slaslxe
O JSs ol obal gum o8 0 g5leJow sl RNG
Slawil b g 4l yo I Vo /0 sy sl Ol s 51,5 gles
Selgyden Gl 45 a0 o0 (Lai 1) (639)9 )3 e y0 T
el (ped g odis S5 eadsiledae by o
2l b 51 Ol 53 (o oS aiels (e i
G yeds b ol 0as o yo VY e 4 (g5l Joe
Sl e g Jde dwaid 0 odd olml sle
Cewlaidly, als ao 0 Vol 4 las acals closle

T 169939 3o dlawdl WU oyl jwo (o y o V-V

oo Joo jl oolisuw! b caws¥l o
Silw oo e )0 s slo oy mlS sl » Lo
wlpl (o 4 )3T (658 S i IS 5o bz
obsz Gileand sl 3T 0 b sl Jae sl
5 sy S50 Jowe sl .(Barnard et al, 2015)ail o
9 IV )Q*iﬂ Jsb < );‘ij P ol oy 2
Jsb a3liso 1Y il anlpl Jsb & anlpl (20 Gliee
iboe ;3T o pe plp Ve 5l i Jgene j5b 4 aal ]
duslie 09 VPO plp s ol gilwands (pl jo a5

SVl o._.»T s 5155 ool (6 S oslail oy sla e

Journal of Hydraulics
15 (2), 2020

10



VAR lwsli oF oleds VO 090

Sl yaad

Gt Cawd bl Gl il 0 S ole (g0 s
s 5l eolaiul b wogd oo sloul slawdl yogs0gs 55U
Saezg> sl pss FLOW-3D L (g3la o

DD oy 2 S GBS g (g S e g oD 4 bogye

100 | ©Q=10 (lit/s)
0Q=16.5 (lit/s)
80 | | AQ=27.5 (lit/s) Design discharge
60 } Lo}
S
S f o.,
E . R?2=0.994
20 &-.... X
R2 =0.9868 2
O L J
0 50 100
1-B(%)
Fig. 8 Increased upstream water level against decreased
inlet area.
93,9 adaiie 2ol b oV O o il A JSCl
5O

by S Ve oy (6l (B S (S s 1SS
SJURIP PRI VXU A PRNWIRRY R KV PP X TSP
03945 43 Ao WA (a0 el Doglitia (IS 0 (o5
Sl s A JS8 Ll adl B1nS 655)5
Sype >l od lply Fge (hp A8 g obX (55!
Olidlaes co lid slawdl g 9 L bayl s jo sinlesl
oS Tyds & ($39)5 4o Sl pog o (b (6355
&5 S b Ol Rl 2 5k a5 st e
095° 5% Fse Shp S Glime Cenl @b gl
oles Sl slad! og ,0 K] Caws b g e

"\QOLS"
ol Gl 25,5 R glaolnns (Klaws ) o550
Oliae il .l dgguive slawdl g Sl 4y s
Sl 50 Wil g0 Oz (32 OB 9 @b (535
R Oliee e Gl Cilye 4 le adlate ol o )
b cawd Gl 5,300 e j0 ob3 (65,00 5 fge oz
ooy 4,30 609y 0 aeye Feoslawdl og
e | RN SOOI WS WUt JURYA PYR RN 0

anly> e wlawdl e jsi b oW 65,50 9 oS0

Ol mhw 5l s il sases las A S e
C.Ia.w U,M.Q:lf ).3‘)._) ) <A J.g‘).g LS"“"" L’ (DHU) wéyb
5o Glaods slp cuyd 4 g el (1-B) (g09,9 alado

ol Sl 5 ol 3T (i ons ]

42 B Ve
- - - - Best Fitted v i’
5 S
5 0
237} &
3
8 &
R ¥
32 7 L J
32 37 42

Measured (cm)

Fig. 7 Comparison of measured and calculated upstream
water level.

a6 S 031l oL O mlaws slolie anolio ¥ JSSi

o0 L_S)L.uw 9

AR Jse 5y50 g0 a5 (b e ol sln U
e o092 4l I YVIO plyy g 990 (2IREsLS]
il se G2 ooVl T s iyl

GialS s s oWl T gl LigliEl s alal,
b o)z 0550 shebis 3T (6l 0l > (59955 el
il ) Sygo VD Wl (WID) gl a4y (6,8 G
DH,=-0.82(1-B)+75.663 (7
DH,=-0.48(1-B)+45.089 (8)
s 22lS gl 4 Cews¥l O s sl ao 5 DH,,
S B a5 Zaol (1-B)*100 (fieo 4 (555 alaio
Sl (V) alaly el )3T (6349 0 S 2 dlail 0 jus
o sl (A) alaly 5 3T (ol ony 5l 1S (slaony
by, (A) g (V) alal) g9 0wl Cawsy ;30T b
Slawdl 13l 4y CawoVb O han ial53l a5 amo o Lt

S wale> iy 2k oy 1 seS sloosy jo il

Cawsd ol ol B SRy g olawl pb-Y-Y
‘-“—| C.'a.w)‘)) ‘UAM oy U‘)’“" (5‘)" l'Qu“""L")] PO

Slawil o yogs 3l B ol andloass ol caws ol

odalice (glp 0gh arie 99> 4 el o

Journal of Hydraulics
15 (2), 2020

11



1WA ), 9 yas00 55

e Sl 5T o0 g 1y Sb 5y

O e S ml 0 Sl i p Ce e 4 SO p

3boe IR Cews il (Sl Gliee GRI3H Jale
sy ey ]380V (D) 9V () sl IS a4y axg L
Sl (d)g V4 (€) Hobo e 5 (595,59 Sl G35 50
VY USCS el S ggein DalS slawdl 189y 50 s0bD (655
2 Al slooss Glp hp Se e Glo Gy S

Aes o olid 1) sladl Gglate wsys jog

shear velocity contours (m/s)

N(a)omo  eom  om e e aam

"o

Flume width(cm)

Flume length(cm)

sy, Sorourian et al. (2015) zls 4 a> g5 b .og
5o slaws! b 3T Cewd s si:MT 50 oladsl 5L
dglie b allige wib 550 (iload mls (59955
Gl oy 5 @ b gleand b glaglie
o o S5 6l giload @S oY Jsor) i
idlige il 9y50 Olyz on g e (has (:Sle
S o, 9 b o Breusers and Raudkivi (1991)

Cat o Cs 58,5 el 3T sl jo (St

shear velocity contours (m/'s)

Fig. 9 Shear velocity for Q=10 lit/s, (a) B=0 and (b)B=40%
B=40% (b) B=0 (a) .45l ;o yud V+ o0y (gl oy Cao o & S

Oy S 9 @S L (loand sl S0k o po auslia ¥ Jguor
Table 3 Comparison of mean modeling error with previous studies.

Mean modelling error(%o) Discharge Water depth Depth averaged veocity
Gulan et al. (2019) 2.9 0.8 3.1
Salamat Ravandi (2010) 5.1 11 4.8
Abad et al. (2008) 2.6 0.85 2.2
Current study 3.2 0.95 3.1

shear velocity contours (m/s)

e 3 e 14 1™ 0

turbulent energy contours (J'kg)

"ae

)

|

Flume width(cm)

(C)u ) ny “w oy o me

WEo 30 %es _ oraa o8 sas

Flume length(cm)

shear velocity contours (m/z)

(TR a0 ) o was
turbulent energy contours (J'kg)
(d 0 - " " m

ma

Fig. 10 Shear velocity for Q=27.5 lit/s, (a), B=0, (b) B=60%, Turbulent energy contuors for Q=27.5 lit/s (c) ) B=0 and (d) B=
60%

S YVIO o gl oo (5,0 75+ ol b (D) eolowst (905 (8) casl ;o 2 YV/B o0y sl 130T (slyme (o s pu Vo JSC&
e slawdl b (d) eolosdl g0 (€) 4l yo

Journal of Hydraulics
15 (2),2020
12



VAR lwsli oF oleds VO 090

Sl yaad

Sorourian et sla v,y b 5 L 05T Gl
Galan and 4 Gunal et al. (2019) , al.(2015)

2 ol caiaS,y ol Llasb e Gonzales(2020)
sleol oo a5 ol lis 6 Kot al, casoYl
SYL g pds ks o |, French and Malcom (2016)
2 Kol 36 5 & e (55 o 8

Mos‘a ULAM) ‘) )Jia—‘ 59,9 KYRW] =L>L¢...>

baslis W}Qﬁ -0

AL slase slecer o b ghe oS

330

B (16393 6y &y Slasl 0 28 Can
1-B (Dl G2als' (539,50 ynS
D ST el |
d <l Bee
DHy eV O o i3l
f ey slaalss
G clatse slacys o 5 olis glaailss
N3 30s

He AR s 0 ol Ges
F AT sl 5o o Gee
Hy KT CewsVb jo O es
P Lad ailes
Ui Slaise slacgs ;o cepw slaales
N330S

Q Ol oy
v ol e
v shos oSlee S
Vi Olz 45k slad ez S Car
W AT e
L puco —F

Abad, D. Bruce, L. Ginerlap, I. and Garcia, H.
(2008). Flow structure at different stages in
meander-bend with bendway weirs. J. Hydraulic
Eng, 134(8), 1052-1063.

Barnard, R.J., Yokers, S., Nagygyor, A. and Quinn,
T. (2015). An evaluation of the stream simulation
culvert design method in Washington State. River
Research and Applications, 31(10), 1376-1387.

— & - Q=105(lit’s)
—0— Q=165 (lit)s)

15 ¢ -+ ¥Ke--- Q=27.5 (lit/s) Design discharge
— - -A
& -
g 1} —
& i
-)<: ..?_.)ﬁ/'-,-...x
td
o5 e BT - - &
O L
0 B % 50

Fig. 11 Shear velocity changes in culvert downstream
against blockage changes.

KT Candimly (25 S Slags pdy i 1Y S

ol s )0 s A s

olawdl Jial38l b oody 4w jo 0 b Sy ol
zdaw il il ay (>l oy jo Lol cwl adly i34l
Sy Ol (6999 mhaw sy £o 3l i 4 sl
Alon duo 0 £ slawdl ol oo Coll ol 44 S5
Ol L g g (>ib ony (gl (6955 slaudl (e

DB (o0 75 (535 g, by sl

S5zt -
AT e by sileand @l FLOW-3D Jas
Oliee 53 (69959 olawdl 13U .ol ouiuly 9 riwioo
RS- N ul-MAJ o.\.n] Cewd Ay GL" A Sy wéu.».:l.: 9
@ 3] (69959 dwoy el L cawdl I ol
oy gl cawdVl 5l Lilidl i el o & s
Dg simbeyl 890 leens sl S Slb
Sepe g obr bW G SRy sl iy s
Sl (5990 58 58 Cewoimly 5 e (550 5 S0
oy sl VA olausl yogs j0 L Sy D gy
ok gl .l ol Bl e 4 adl jo xJ V-0
ot g9 plp ¥ e a olawdl 78 L adl o 2 d VE/D
o8l plyY sgas (asb o o YV ) b
3 b oy slp geb (65, uiren L anlaidl

Cawd b (Kol dsdin 5 0T (64,5 slawdl L350

Journal of Hydraulics
15 (2), 2020

13



1WA ), 9 yas00 55

e Sl p3G o0 g o 2Lyl

Rigby, E.H. and Barthelmess, A.J. (2011). Culvert
blockage mechanisms and their impact on flood
behaviour-are all blockages created equal?. In
Proceedings of the 34th World Congress of the
International Association for Hydro-Environment
Research and Engineering, Brisbhane, Australia.
380-387.

Sabbagh-Yazdi, S. R., Rostami, F. and Mastorakis,
N.E. (2007). Turbulent modeling effects on finite
volume solution of three dimensional aerated
hydraulic jumps using volume of fluid. In
Proceedings of the 12th WSEAS International
Conference on Applied Mathematics. Stevens
Point, Wisconsin, USA. 168-174.

Salamat Ravandi, N. (2011) Modeling of flow on
weir in channel turn using FLOW- 3D. MSc Thesis,
Unversity of Urmia, Urmia, Iran. (In Persian)

Sorourian, S., Keshavarzi, A.R. and Ball, J. (2015).
Scour at partially blocked box-culverts under steady
flow. Proc. Inst. Civ. Eng. Water Manage. 15(19),
1-13.

Publication 321. (2004). Hydraulic design guid of
siphones and culverts. Iran water resource
management company, Ministry of power, Iran. (In
Persian)

Weeks, W., Barthelmess, A., Rigby, E. and
Witheridge, G. (2009). Australian Rainfall and
Runoff Revision, Project11: Blockage of Hydraulic
Structures. Engineers Australia.

Brethour, J. and Burnham, J. (2010). Modeling
sediment erosion and deposition with the FLOW-
3D sedimentation & scour model. Flow Science
Technical Note, FSI-10-TN85, 1-22.

Bodhaine, G.L. (1968) Measurement of peak
discharge at culverts by indirect methods. US
Government Printing Office.

Ettema, R. and Muste, M. (2004). Scale effects in
flume experiments on flow around a spur dike in
flatbed channel. J. Hydraulic Eng., 130(7), 35-646.

Flowscience (2017). Project work flow guide.

French, R. and Jones, M., (2015). Discussion on
“Blockage effects on scouring downstream of box
culverts under unsteady flow” by S Sorourian, A
Keshavarzi, J Ball and B Samali. Australas. J.
Water Resour, 19(2), 153-155.

Ho, H.C. (2010). Investigation of unsteady and non-
uniform flow and sediment transport characteristics
at culvert sites. Ph.D. Thesis, University Of lowa,
lowa, US.

Ho, H.C., Muste, M. and Ettema, R. (2013).
Sediment self-cleaning multi-box culverts. J.
Hydraul. Res. IAHR, 51(1), 92-101.

Gunal, M., Gunal, A. Y., & Osman, K. (2019).
Simulation of blockage effects on scouring
downstream of box culverts under unsteady flow
conditions. International Journal of Environmental
Science and Technology, 16(9), 5305-5310.

Galan, A. and Gonzalez, J. (2020). Effects of shape,
inlet blockage and wing walls on local scour at the
outlet of non-submerged culverts: undermining of
the embankment. Environmental Earth Sciences,
79(1), 25.

May, L.W. (1999). Hydraulic Design Handbook.
McGrew-Hill.

Norman, J.M., Houghtalen, R.J. and Johnston, W.J.
(2001). Hydraulic design of highway culverts.
Hydraulic design series No. 5 (HDS-5), Federal
Highway Administration. FHWA, Washington,
D.C.

Rigby, E. H., Boyd, M. J., Roso, S., Silveri, P. and
Davis, A. (2002). Causes and Effects of Culvert
Blockage during Large Storms. Proc. 9th Int. Conf.
on Urban Drainage, Portland, Oregon, USA,
September 8-13.

Journal of Hydraulics

14

15 (2), 2020


https://www.flow3d.com/wp-content/uploads/2017/03/cfd-project-workflow-guide-v112.pdf

