R 28 F18m) A1m8 %
AL~

Department of Civil Engineering

College of Engineering

National Taiwan University

Master Thesis

CRIRYIF TS sLR Wk

Investigation of LocalsScour Effects in Alluvial Rivers

O T8,
Chen, Féng-kun

ERE PR L R

Advisor: Young, Der-Liang

¢ ES 100 & 7

July, 2011



B L2 RER T ZR3m X
DREETE /"ifg
B3Rk RPN B E AR

Investigation of Local Scour Effects in Alluvial Rivers

WX AARERE (R98521321) ER I EBRZERIRE R
/:éa:;ﬁmﬁkzzéd:ﬁ%a &0 ﬁ'\&l R 100 87 B 25 B AT £RE B
FHBBE AR 0 FLE

OREE % f{ﬁ/

(¥ E3&)

% ‘7@/ i
%{1 \i’?\f”{ ﬁ%&%

%EME ‘2 g ﬁ

(&%)



P

FJ\:%E%’@S‘FE*Q q&ﬁ;%‘\b RS M N2 . [iti‘&]ﬁg,lr‘&ﬁjilwpi&ﬁjﬁiri@i:?
%’?@ﬁ@&ﬁﬁﬁﬁﬁvﬁ’ﬁ#ﬁﬁw&fwﬁ”*wm%ﬁi,P\f
g (PRI AV T B % o SR Ti g [plEy > H RS T TR
ﬁl?{:}‘ﬁjf"J ~ B (RN T AR RRRERLE A %WJ“’EI‘JE%%E@F&@;‘ | FRURIR
[yl AR LS 2SR RIS RIS e PSR TR -
iﬁﬂﬁﬁﬁﬂﬁ@* ?li;:b?iﬁ RL & H'%EEJF”E}F;F

SB[ S P RS BRI § o e

ﬁ#ﬂﬁﬁﬁww%m:w; kqﬁﬁ@Wawmiﬁ~~f%wﬁ@,
%{xﬂifuj’[ FL IR,

JEW%ﬁ%F‘FEJgW* ) :ﬂ*w%*imﬁﬂ* ’19qefl?llﬂ['?ﬁé["EFlow-3D
AR TR 5 RIS (R efo R i) -
~ DIIRSE - Y RBILE A R PURE S 14T R B “%’Wi?t%%@ ’
BRSBTS Y c‘ﬂ%ﬁ'j i&iﬂlg g ?ﬁi#’ﬁ
A %@ﬁﬁw%r *%@g’%lﬁﬁiﬂjﬁf,ﬁﬁWWi#ﬁ
Wil - ot R ARG b AR e L L
SR e v ol (b | gl 1 - g
' BE RIS EE Rl %J’alyﬂa~ S (i e
7 IET T EE B T L pJ lﬁgjggﬁg z,{u;rf L i ,Jﬁ BRI iyﬁﬁ.
WY -

FS«%H—\} Y ERRR J%«ﬁwﬁ[ b?ﬁ%\l”ﬁf U%H RSBl A [Tt
MR BRI PRAIE A i

ALY E Ry B“#iéﬁ S IRIR IR E I B A VT TR
PR (RO - LG AP S
4! ‘“lﬁﬁﬁﬂﬁliﬁi o B TR g D E 0 BRI < R
R ﬁ'?7J#ITFTJ“FF‘%$*EIE§QEJjﬁ“Q:J'ﬂ;ﬁfﬁ IR R ii FERREH

HEE’ Ly E‘Fﬁ R "‘3‘?" “J’W%ﬁ?':xﬁ~ E'éﬁﬁ”ﬂjﬁl— ﬁ“t[i EIE
?@”FW “ﬁﬁhﬁﬁi [P e RGO )y 2
St [iﬁ&li@%j, lﬁggﬁ; EIEEG 4 2 o RLESL 5 i Py Jq*lﬁfﬂ S0 N
far [Fﬁ?ﬂiﬂﬁz I




HE!

T"j’ fel I e fif st g J%VT ru% TP Ay BOBRPL o dpd AR = 2 PRI
i IE‘“ ST RIPYZRIB RT3 tﬂFIWﬁﬁi‘iﬁﬁlfll iy H*F”?Q&*'{ﬂi'
R Béuﬁlﬂu B | ii“Hf FE @[I j\?ﬂiﬁlﬁ I
= JE"?tT.ﬁi/ Pl nmiﬁjﬁﬂ Flow-3D lg{rﬂﬁbﬁjw TP Fkl[f‘ Eﬂjr C[JA, ) JL
%%Lgﬁ%mﬁ‘g\mgﬁ?' ERKEE A R S JL%HJ
E=C I ’fﬂﬁﬁﬁfjﬁi a7 ﬂ%mﬁ%%ﬂﬁ'ﬁﬂ?%ﬁ‘ﬁ' IKISRE A,
PR ?i“éf'f%%fgf@" LR URCY YIRS Pt S ST A R et R e e g
Eﬁ%’wﬂﬁﬁﬁwmlﬂw IR A R R R 2 R
}%d[ﬂﬁ@'*‘m”%iﬁ” oS g [E FWHI?JUF’W”?EJ%E%“ l@#{ﬁﬁ#éﬁi’
B Ugugfﬂ , guﬂlﬂwfp'fﬂn,iﬁrF Rl G e e e
Fﬂé?ﬁ#ﬂﬂﬁ*ﬁfli%ﬁﬁiﬂ‘ﬁfif "’ruﬁﬁi@'ﬁl‘f‘iﬁEl‘ii?f‘iﬁf‘?ﬁi ﬁﬁ@*’rﬁ%%ﬁrﬁﬁ
o EER %F'Jwﬁvhﬂf’ﬁuwfﬂn SR T T - U
FUPSR BRI [ AT bﬁuﬁlﬁ T - P TR ORI ,sl[ﬁ%%
i e R R o ] Tu"r‘j: [REE | ﬁfﬁl*ﬁ“’* Pkl = Pl & 2 - PR
[ Z Hfpifal > TR T nﬁ@iiﬂ@ﬂdﬁﬁ LA R Béwﬂlﬂﬂii ARz =R
PRI BT e P 'E}W&?ﬁ?ﬁ%ﬁ@ﬂr © BLEIE
RITH G [ﬂwu H—%fwﬂ@\m;ﬁjﬁiﬁ{ mr

%5%?51 EF'PfFIWHIT'JU : ;F’[f'f»kﬁ H‘l‘th\ ) [Ség U %ﬁ;ﬁjﬁiﬁ Flow-3D » PRSI
il



Abstract

In this thesis, the flow field and physical mechanism of local scour problem around
the bridge piers is mainly used by numerical simulation. Two different field cases are
studied: they are the bridge scour effects surrounding the Hou-Feng Bridge and the gap
scour effects about the stepped concrete block grade control structure in Ta-Jia river,
respectively. It is an extremely difficult problem by using the numerical programming
to solve these problems. Hence we seek the help from the commercial software,
Flow-3D, to analyze the problem. The problem setting includes the rigid-bed and
mobile-bed simulation and the laboratory experiments are aided in the meantime. The
numerical results of the rigid-bed simulation are compared with the laboratory results in
terms of the fluid depth in front of the first pier. The results from numerical studies and
laboratory experiments match very well. In the mobile-bed simulation, the ultrasound
device is added in the experiment and the scour depth and the variation of the whole
flow field are interfered with the sensor.-:Hence after the ultrasound device is removed,
the influence of the overfall flow/in the bridge seour simulation can be clearly classified.
The mainly scour hole is.'coneentrated in front ofithe first pier in the numerical
simulation with the overfall flow. In thel_meantime, the “upstream of the first pier is
borne by the current flow and the maximfjﬁ%ﬂow velocity issmeasured close the bottom
of the first pier. If the overfall flow is not Co‘_nsidered in the simulation, the mainly scour
hole is concentrated around the'first pier. The reasons are attributed to the down flow
and the horseshoe vortex. As for the rigid-bed simulation of the gap scour, the third step
of the stepped concrete block “grade:-control structure always existed the obvious
velocity on the Z-axis and the strong.vortex near the edge of the stepped concrete block
grade control structure in the numerical simulation no matter how strength of the flow.
In the gap scour simulation, it is difficult to observe the accurate physical phenomenon
during the numerical simulation in light of its physical problem setting belongs to the
discontinuous arrangement. Hence the numerical simulation still needs to improve
regarding this part.

Keywords: local scour, Hou-Feng bridge, stepped concrete block grade control
structure, gap scour, numerical simulation, Flow-3D, overfall scour,
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Chapter 1 Introduction

In recent years, the sediment scouring problem is one of the most significant
current discussions in Taiwan. In this island, the rivers and creeks are mostly the east
west dirctions but our transportation and pipeline system is northwestward. Hence
inevitably there are a lot of artificial buildings, structures, oil trachea bridges and water
supply pipes have to cross the rivers-and creeks.-When.the flood comes, the river bed
around the bridge piers or othersStructures, which can cause significant amounts of
erosion, this situation can make the bridggnft‘gpple aver and cause the traffic to cut off. In
order to prevent this kind of accidenﬁts, peo'r#')[e try‘ to build stepped concrete block grade
control structures. They aré Widély used in‘ Taiwan to protect riverbeds from
degradation and to dissipate the  associated high energy of flow over weirs.
Unfortunately not all of them can work very well so this study focuses on the two
events. One is about Hou-Feng Bridge failure case, and another is the collapse of the
stepped concrete block grade control structure downstream of Highway No.1 in Ta-Jia

River.



1.1 Descriptions of the damage near Hou-Feng Bridge

The Hou-Feng Bridge is located at the downstream of Ta-Jia River in the central
Taiwan. It is the main traffic artery in Taichung (see Figure 1.1) which connects the
Houli township and the Fengyun city. In October 2008, Typhoon Sinlaku induced the
failure of two spans of the Hou-Feng Bridge, across the Ta-Jia River. The failure caused
fatalities, and was extensively covered in the news. It located only three kilometers
downstream of the Shih-Kang Dam, the bridge is-located in a river segment that appears
to have been steadily degrading‘over the years.-Bue to'this-degradation, a water supply
pipe (which was made by Taiwan Water é%‘fporation and they built a concrete structure
to cover the pipeline) located imme(:jiately l}pstream of the bridge and originally buried
beneath the river bed became exposed:to the river ﬂow (see Figure 1.2). Upon further
degradation, a drop of up to 6m arose between the river bed elevation upstream and
downstream of the pipe, which acted as a rigid sill controlling the upstream river bed.
The downrush of flood waters past this drop is likely to have aggravated the local scour
around the bridge piles, contributing to their undermining and the collapse of the
corresponding spans of the bridge deck (see Figure 1.3). To better understand the
mechanisms of this bridge failure, we collect and analyze a set of structural,

hydrological, and topographical data, and conducted our own survey of the
2



corresponding valley segment and bridge scour. Based on these field survey data, we
are able to formulate specific hypotheses regarding the sequence of events which lead to
the failure of Hou-Feng Bridge. The first specific application domain selected to test our
modeling is the issue of bridge scour, and its possible enhancement by structural
obstacles across rivers. This represents a complex problem in which water flow,
engineered structures, and the granular river bed respond to each other, sometimes with

catastrophic results. For this case, 'Yve,arp g_blg,'_tg demonstrate the potential of novel

G oy B W
modeling in predicting and monitoring the-bridge SCQE?;pI"éCgss.
- .,' " ‘
A

it
Google

Figure 1.1 The location of Hou-Feng Bridge (from Google earth)
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Figure 1.2 View of the.‘ (nosedvater main duri ng lov ﬂﬁ\?v ﬁhor to the bridge failure.
(ph to cour of in,

Figure 1.3 Failure of Hou-Feng Bridge connectmg HOU|I and Fengyuan in Talchung due
to Typhoon Sinlaku in October 2008. This view of the failed bridge a few days after
failure. (photo by H.Capart)



1.2 Review of previous investigations

As we mentioned in chapter 1.1, the event of Hou-Feng Bridge includes the
sequence of complex factors, for example, the strong current, the overfall flow, the
sediment scour, the local scour and the multiple bridge piers. Hence we want to study
the interaction mechanism between the overfall scour and local scour near the bridge.

It has several names in terms of the near-vertical changes in channel bed surface
elevations, including headcut, overfall, and-waterfall and this field has been studied for
a long time. Rouse [2] has-applied the vertical jet flow. to study the sediment scour in
1940. Beltaos [3] and Beltaos and Rajarédt?Um [4] determined stress distributions for
planar and circular submerged" jets. Rot.;-inson [5] measured stress and pressure
distributions for the impinging . jet-:zone in-ia free overfall and developed the
dimensionless equations to illustrate the maximum stress and pressure which are based
on the overfall height, backwater depth, approach flow depth, and unit discharge. Fogle
[6] et al. developed stress distributions for the impinging jet zone which is based on the
research of Beltaos and Rajaratnum [4] and Robinson [5]. Stein et al [7]. developed an
excess stress relationship for a free overfall jet based on jet diffusion principles. Jia et al.

[8] developed a dynamic stress and pressure method to estimate plunge pool scour about



the loose bed materials. Hanson et al. [9] developed a similar excess stress parameter
approach for the submerged circular which is similar to Stein did before.

Earlier researchers studied the relative scour depth to the Froude number regarding
the local scour. Most of the conclusions mentioned that the scour depth increases
indefinitely with increasing velocities when we obtain the given fluid depth. Later
researchers, e.g. Chabert and Engeldinger [10], Laursen [11] etc. illustrated that when
the approach velocity exceeds the critical velocity for, the scour depth decreases to
about 10% less than the maximum scour-depth.at critical velocity and the scour depth
keeps constant irrespective-of-the further, increases in velocity. More recently, Jain and
Fischer [12] indicated that the scour dept;{“:(;écreases slightly at velocity just exceeding
threshold but increases again. with fqrfher ir;c-rease in velocity. Chee [13] also found the
initial decrease and subsequent increase 'in scour-depth with increasing velocity. Early
researchers generally indicated that the influence of sediment size in the depth of scour
around bridge piers is negligible. Ettema [14], however, showed that clear-water scour
depth can be significantly reduced if the relative size of the pier to sediment is less than
50. In addition, the effect of fluid depth on the depth of local scour around bridge piers
in both clear-water and live-bed phases is studied quite extensively by early researchers.

They agreed that the scour depths increase as the ratio of the flow depth to the width of



pier increases until a certain limiting value after which scour depths become
independent of the ratio of the flow depth to the bridge width. Ettema [14] concluded,
based on results from an extensive clear-water experimental program, that the influence
of flow depth is affected by the size of the pier and sediment. At the same time, the flow
depth can be neglected when the ratio of the flow depth to the bridge width is greater
than 3. Chiew [15] investigated the relationship between local scour depth and mean
approach velocity to determine the relation-between the flow depth and the sediment

size on the equilibrium scour depth in live-bed-phase.
1.3 The gap scour at stepped conci"gﬁ{é block grade control structure

Weirs for water intake and check-dams for-bridge protection are structures built
across rivers. These structures raise the level of water, which increases the scour
potential to the downstream riverbed. Engineers use stepped concrete block grade
control structures to protect the riverbed from degradation and dissipate high flow
energy. The structures normally are constructed using concrete blocks arranged in a
stagger and descending manner (see Figure 1.4). Specific gap width and drop height

between blocks are used and large-size stones are placed in the gaps as lateral support.



The gaps aligned in the streamwise and transverse directions are called longitudinal and

lateral gaps.
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Stones in gap
Original river bed
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effects with reference to the relatio
conditions are widely studied. Raudkivi and Ettema [30] studied the stability of an
armor layer before extending it to include scour protection around piers (Raudkivi and
Ettema [31]).Worman ([32], [33]) studied the transport of fine sediment with an armor
layer. Sumer et al. [34] applied flow visualization techniques to examine the suction
mechanism of fine sediment under an armor layer. They found that vortices that formed

in the gap sucked out fine sediment particles between the gravels. They published a



regression equation to estimate bed degradation due to the erosion of the fine sediment.
The results of the Sumer et al. [34] study explains the physics government sediment
entrainment and mobility associated with the gap scour of stepped concrete block grade
control structures. Researchers must keep in mind the significant difference in the

geometrical layout and compositions of both structures in order to apply their findings.

1.4 Flow 3D

In 1980, Dr. C.W.Hirt“founded FIow Science,Company. They tried to develop a set
of accurate CFD software and hope tp sim'gigte the behavior among gas, liquid and solid
with this software for users. Finally flow 3D commercial.edition was released formally
in 1985. Its intact theoretical foundations and basic numerical method were depended
on continuity equation, momentum equation preface and Navier-Stokes Equations, etc.
Nowadays it is used extensively at many different fields such as aerospace, casting,
coating, consumer products, inkjets, micro fluidics and water & environmental
engineerings, etc.

The spirits of this software that we employed is introduced but why we choose this

software for simulating. Then we will show some of its advantage. First of all, it



includes the techniques of fraction area/volume obstacle representation (FAVOR) and

multi-blocks of mesh generation.

(1) The FAVOR is a technique that it can define the obstacle in the numerical model. Its
original theory is the control volume conception. Briefly speaking, the FAVOR can
provide the method to validate the crossing area of control volume between fluid
and obstacles. In our numerical model, we should ensure that our cylinder piers
would have complete shape. Hence the .FAVOR plays an important rule for our
numerical modeling.

(2) FLOW-3D offers multi-block meshing (se€ Rigure'1.5); which is designed to add
even more flexibility and efficiepcy té:lf‘t‘:r'ié finite difference meshing technique. In a
standard finite difference mesh, !oéal reﬁneménts may-lead to a substantial increase
in the total number of cells. since’ meshlines extend all the way to domain
boundaries in all three directions. Use of multiple blocks allows such refinements to
be more localized, and therefore requires fewer computer resources. The multi-block
feature is especially useful in so-called "rangy" problems, where features exist that
are small compared to the overall domain size, like small obstacles and thin
channels. Using multiple mesh blocks, a user can "link™ individual blocks to mesh a

"rangy” domain and mesh only the areas of interest and limit the total number of
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computational cells. Using a "nested" block, a user can enhance the resolution

around an area of interest.
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The fully 3D computation ] odel I,iFIow-SD, is used for

simulating the above-mentioned p?gbm simulation is necessary because
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of the complicated flow field. It is difﬁ@(ﬂﬂtﬁigddfé’ the structure neighboring affect.
Furthermore the 3D simulation can easily compare the numerical result to laboratory

experiment.

1.5 Structure of this thesis

In this context, it is pertinent to mention that none of the aforementioned studies

11



focus on the effects of various factors on local scour no matter in laboratory

experiments or numerical simulations. It is particularly difficult to study the sediment

scour problem by means of the numerical methods. Hence the present study aims at the

investigation of 3D numerical simulation on bridge local scour which is included the

complex material parameters. At the same time, the numerical results are compared to

the small scale of laboratory experiments which is set by H.N. Hsieh [1] about the

bridge local scour. On the other hand, the experiment of gap scour is set by Dr. S.C.

Tsung.

The structure of this thesis is divided into,six chapters:

Chapter 1: Introduce the motivation gf thi;;:ﬁésis and review the previous investigation.

Chapter 2: Some basic theory about thé Ioca[scodr and illustration of the experimental
setting.

Chapter 3: Introduce the numerical setting in the Flow-3D.

Chapter 4: Results and discussions

Chapter 5: Experimental setting of gap scour and discussions

Chapter 6: Conclusions

12



Chapter 2 Basic theory for local scour and the experimental setting

2.1 The classification of erosion type

The advanced investigations of scouring phenomena with respect to the collapse of
the bridge structure can roughly be divided into four general categories in
micromechanic views [17] (see Figure 2.1):

(1). The general long-term:type of.erosion; \We use the long time to observe the

phenomenon between flowyandithe sediment on the channel.

(2). The general short-term typg of é’%?ion: We use the short time to observe the
phenomenon between-flow énd thé-sediment on’the channel.

(3). Contraction scour: The flow-strength reduces in light of the structural building
or channel cross-section. This phenomenon will make the flow accelerate to
cause the contraction area and produce the localized eroding.

(4). Local scouring: Because of the structural building the flow produces some

interference phenomenon in the rivers and enhance the behavior of scouring

near the structural building.

13



The classification
of erosion type

The general type Local scour
of erosion
| |
The general The general fic
long-term type of short-term type of Contraction scour Local scouring
erosion erosion

On the other hand, in Laursen’s opinion+[18], it can be shown with sediment continuity
equation regarding the local area of scourir;g status in the channel:

Z-Qu-Q,

% : sediment volume dilation

Q, :outflow of sediment

Q,, :inflow of sediment

we can estimate the

According to the relationship between Q. and Q

out in ?

observation area is scouring or deposit. By this method, we can divide local scouring

into three types:

(1). Q,; =Q,, =0...(no scouring)
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(2). Q,, >Q, =0...(clear water scouring)

in —

(3). Q. >Q,, >0...(live-bed scouring)

In this thesis, the occurring mechanism of the local scouring effect is the main
target to discuss. There are a lot of parameters which can influence the behavior of
bridge local scouring. Roughly speaking, it includes four major parts: flow condition,
characteristic of river bed, shape of bridge piers.& arrangement and time. In Melville*s
study [19], the influence factors:ef bridge-local.scouring ¢an be shown as the following
equation:

d, = f[Flow Conditieny(V, p;v, y,‘g), éﬁ?r'acteristic of River Bed(a,,dy,, o, V. ),
Bridge Pier Geometyy(ap,S.fl-,Al),Time(t,te)] ..(2.1)
where p and vare fluid density and:-kinemati¢ viécosity coefficient, respectively; V
is mean approach flow velocity; y is mean approach flow depth; g is acceleration of
gravity; dso and o, is median size and geometric standard deviation of the sediment
particle size distribution; p, is sediment density; V. is critical mean approach flow

velocity for entrainment of bed sediment; a_  is pier width; Sh and Al are the

p

parameters describing the shape and alignment of the pier respectively; t is time; te is

time for equilibrium depth of scour to develop. Assuming constant relative density of

15



sediment and the absence of viscous effects, according to the Buckingham Pi Theorem,

we can transform the equation 2.1 into the dimensionless equation as follows:

d, vV pVa d t
= f(_! p,l,gg,a—so,ps,Sh,Al,t—)

a, Voo voa p e (2.2)

(1). Flow intensity i:
Vc

In Melville and Chiew study [19], the maximum scour depth is called the threshold
peak. This value can clearly define the clear-water scour and live bed scour (see Figure
2.2). The local scour depth increases almost linearly with flow intensity to a maximum
at the threshold velocity ‘under clear-water conditions. \WWhen the velocity exceeds the
threshold velocity, the local scour depthg";\;v.i_ll decrease land then increase again to a
second peak, but the second-peak is hqt bidé];er than the first,one. This is the reason why
we usually use the clear-watef scour\ in local bridge scour experiments. The scour depth
changes with flow intensity are explained in terms of the balance between sediment
input and output from the scour hole. These trends are evident in many data sets,

including those of Chabert and Engeldinger [10], Shen et al. [20], Maza [21], Ettema

[22], and Chiew [23].
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(2). Flow depth Y. ‘ . r‘
ay h |

Y is the ratio of fluid depth a+d width of thel pier. When the value is smaller, the

local scour depth is concerned about flow depth.. On the contrary, the scour depth

will be influenced by the width of the pier when Y s bigger. In Raudkivi and
a
p

Ettema opinion [24], we can neglect the influence of variation of fluid depth in the

local scouring experiments while Y 53, Furthermore, in Melville and Chiew

a,

study, the bridge local scour depth only connects with the diameter of piers when

Y >1.43. The local bridge scour is influenced by the fluid depth when Y <02
ap ap

(3). Sediment coarseness OIﬂ:

a,

17



When the sediment particle is coarse, the river bed is prevented to scour and the
maximum scour depth decreases due to this reason. On the other hand, the finer
particle sediment size makes the river bed be scoured easily. In Raudkivi and

Ettema’s opinion [25], the scour depth is not influenced by the sediment particle

a
when—- <50.
50
(4). Time:
In the clear-water scour, the scour. depth-increases as the time goes on. In live-bed

scour, the scour depth easily approaches the equilibrium time. In Melville and

Chiew experiments [19],the quilibrium time*of scour.depth can be written as:

d(d,) | 0054,

dt ‘1 — 24 (2.3)

Where ds is the quilibrium scour-depth and-from their experimental results, we can

obtain the quilibrium time for scour depth as follows:

a, Vv
t (days)= 48.26—(—-0.4) Y ¢ (2.4)
V 'V, ’ap
a, V Yo Y
— 30.89-2 (— —0.4)(L)*, L <6
t,(days) = 30 89V (VC 04)(ap) a, < (2.5)

In Melvilleand Chiew study [19], the clear-water scour can produce the maximum

scour depth. In this thesis, the clear water scoring condition is used because it can

simplify our laboratory experimental setting and easy to observe the results. The
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detailed data are collected by the field surveys regarding this collapse event. The key

methods and results from these efforts are presented in the following subsections.

2.2 Physical behavior of the flow over the local scour region

The principal reason for generating local scour around the bridge piers is in light of
the interaction between the flow condition,and structural building under river. The flows
are interfered with structural building. lt-makes the flow field to change and interrupt
the balance for the original:river bed> M addition, it may enhance the complexity for
flow field. The flow condition around thédigt'ructural building can be divided into four
parts (see Figure 2.3):

(1). Surface roller

When the flows pass through structural building, the kinetic energy of flow transforms
into potential energy on the upstream face along the structural building. From the
longitudinal section; it will generate the bow wave phenomenon on the surface of
upstream face.

(2). Down flow

The flow velocity decreases with vertical direction from upper to down and so

19



stagnation pressure does. In this reason, it generates the down flow. Generally speaking,
this phenomenon is considered as the most important fact for bridge scouring.

(3). Horseshoe vortex

The down flow runs into the crosswise flow and it change to three dimension vortex.
Because the shape likes the horseshoe, it calls Horseshoe vortex. This major reason
causes the local scour around the structural building.

(4). Wake vortex

i =

When the flows pass through the.structural builffi'ng,,q_i"tf__geherates the separation point on

i

the downstream side of the 'structural™building“and makes the cross-section of flow
:-#:’:‘ | F‘ |
[ —T

velocity produce discontinljity“face. T eWWaWelvortex gé'herates by this procedure.
g I = |

Horseshoe vortex

Figure 2.3 The flow condition around the structural building. (Chang [39])

20



2.3 Laboratory experiments

The Figure 2.4 shows the Hou-Feng Bridge under destruction after the Sinlaku
typhoon. There are four piers to support the bridge floor and the current was swift at
that time. Besides we can discover that there are a lot of armors around the piers
because the engineers placed the armors there not only to prevent the strong current to

scour the river bed but also to decre_a;s? t_l;}gutl_l_;e_wﬁ\_/g!ocity. The prolonged scouring is the

=l

Sl

2

Bridge with simplification,

experiment settings ar

Figure 2.4 Local scour around four bridge piles.
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2.3.1 Transform field scale to laboratory scale

Before the laboratory experiments works, the scale of the setting needs to be
defined. In the Hou-Feng Bridge case, experimental channel is planned 20 cm width and
place four piers in the central area of the cannel. Hence the settings are designed to a
scale of 1 to 200.

® Geometric similarity:

L 1

m

L " 200
® Kinematic similarity:

vV, _V \
f
® The discharge:

Q _ Vol _ %

Q VU

According to the filed information we have measured, the complete data in the

experimental setting are shown in Table 2.1.
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Table 2.1 Key dimensions used in experiment set up (layout by H.N. Hsieh)

Field site information Calculated model dimension

Channel slope
Main channel width
Flow rate
River bed material D50
Specific gravity
Pier diameters
Pier length

Caisson diameters

Caisson length
Distance among the piers

Distance between pier to pier

Depth of the drop

0.011
240m
423054 m°s™
80 mm
2.65
Two for 2 m, two for 4 m
10m

Two for 4 m, two for 5 m

14 m
6.8m. 88m,6.8m

20.7542 m

5.025m

0.01
20cm
1246 cm’s™
29 mm
2.65
Two for 1 cm, two for 2 cm
Scm

Two for 2 cm, two for 2.5 cm

7cm
3.3cm, 4.4 cm, 3.4 cm

10 cm

225cm

2.3.2 Laboratory experimental settingrand-equipments

The experimental arrangements are depicted in Figure 2.5. The dimensions of the

experimental model are conducted in 180 cm long and 20 cm wide. The water supplier

(see Figure 2.6) provides the discharge. The water box is designed to be a 50 cm width,

55 c¢cm long and 60 cm height. As we open the outlets, the water flows into the channel

and stays in the upper part of the channel till the tank is full. Then the water flows

rapidly to the second river bed across the first one (see Figure 2.7).
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The first river bed as depicted in Figure 2.6 is used to protect by a concrete
structure to cover the water pipelines which were manufactured by Taiwan Water
Corporation. The second river bed spreaded for 103 cm long and the sediment filled up
to a thickness of 7 cm. There are four piers located above the second river bed. The four
piers have the two kinds of size. One has the top of cylinder pier with 1 cm and bottom
of cylinder pier is 2 cm. Another one has the top of cylinder pier with 2 cm and the
bottom of cylinder pier is 2.5 cm. All the piers-are needed to bury into the river bed (2
cm). The properties of the bed sediment ‘Vselectgd for the experiments are that the mean

particle diameter of the sedlment IS UL cm and the specn‘lc weight of the sediment

==

L
particle is 2.65. The slope of tank in FTr Iaﬁ"ét'ow settlng is equal to 0.01.
+
' |

f l

Water
supply

Observation
window

Piers

85 i Y = e]
il | Rirersed Il'cm River bed
" T
=0,01

Figure 2.5 Experimental setting of Hou-Feng Bridge with scouring effect.
(designed by H.N. Hsieh)
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Figure 2.7 Laboratory experimental setting. (photo by H.N. Hsieh)

25



2.4 Procedure of laboratory experiments

Different material parameters depended on the catagories of the experimental setting.

Every experiment all has its purpose: Experiment 1 is designed to compare results with

numerical simulations. Experiment 2 is major parts of serious experiments. We execute

this part for observing the bed erosion with clear water.

Table 2.2.Experiment pa'rémeters information

ExperimentT™,

/Experiment 2

Experiment 3

e |

Discharge(cm®s™) 1370 | t :’;!" ~H 1290 1350
material Rigid beLi bl u gravel Gravel/fine sand
Time(min) no‘n‘e“ 62 8
Instruments camera Ultrasound/camera | Ultrasound/camera
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Table 2.3 The material information

gravel Fine sand
Dso(mm) 2.9 0.08
Deo(mm) 3.2 0.085
D1o(mm) 1.1 0.038
Coefficient of Uniformity 2.9 2.25
=Dgo/ D1o(mm)

We provide the properties of the materials for the experiments in Table 2.3. These
data were measured by sand supplier. be.‘é.r_gVQIs, it was measured in the geotechnical
| - -

LR |

laboratory. The materials size used in Fxpe‘r‘iﬁnent‘was bigger.than the size calculated by

|

i | 1
dimension analysis. From “pictures:(see“Figure~2.4).in Hou-Feng Bridge as typhoon

comes, we can observe that were amors ‘be washed away by flood. Hence our
experiment was suffering the strong discharge. That means the size we used in

experiment also can be washed. This reason is why we choose this size of gravels.

2.4.1 Experiment 1: rigid bed

We execute this experiment just to test the experiments and not only for laboratory
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parts but also for numerical parts. It will be too complicated when we put the gravel in
the channel. Hence we consider simplifying experiments first. The second river bed is
removed and we used a box which size was 20 cm width, 32 cm long and 9.5 cm height
replaced the second river bed (see Figure 2.8). Furthermore, the designed experiment 1
was not same as the setting we have shown before. The setting of rigid bed case is
shown in Figure 2.9. We also use the digital camera to record flow condition. In the

processing, the variation of topography was. very quick. The timer connected with

1 " ]\. =,

digital camera to take pictures p,e{-'s_ecdr‘ld'.'

Figure 2.8 The experiment 1 (photo by H.N. Hsieh)
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Figure 2.9 The setting of rigid bed.case (layout by H.N. Hsieh)
| == "

2.4.2 Experiment 2: gravel afid clear wate,

o

-

|N={Q |
S | |
ed _i:g;&,his lle' periment'and put the gravel in the

We change rigid bed to-mobile

5

channel as we mentioned be‘1-""o"r‘.e,~‘-‘. ?esydes in thi.sr caag,v&é'.use the ultrasound device to
scan the topography (see Figure 2.10). The‘ position of ultrasound device is in front of
the piers (see Figure 2.11) and we hope that we can observe the scour which were
caused by the overfall flow. One digital camera are used to record the procedure of
scouring in the same way as experiment 1 and the experiment processing was also the

same as before (see Figure 2.12).
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(b)

Figure 2.10 (a) the ultrasound device which we used in the experiment 2. (b) we make
this model by pro/e and put this;sensor. into numerical simulation. (c) the ultrasound
“device
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Chapter 3 Numerical experiments

In this thesis, the FLOW-3D commercial software is employed to simulate all the
experimental cases which are set up in chapter 2. Why we choose this software and
collect the 3D results? There have been a lot of researchers to study the sediment scour
problem theoretically, it is still difficult-to.simulate by programming numerically.
Hence we want to rely on this powerful seftware to simulate our problems.

The types of local bridge'scour have beenrintroduced in' chapter 2. The phenomena
of local scour surrounding the bridge have'-:;ETé horseshoe-shape scouring hole. Hence we
can not use the 2D viewpoint“to, Obser\;(; the procedure of generation mesh and
associated numerical results. In other-words, we-can not focus on the sediment scour
variation for the z-direction. In addition the flow conditions are complicate surrounding
the bridge piers. The 3D simulations are necessary in our numerical studies. Finally, the
procedure of setting is illustrated for the whole numerical simulation in this section. The
numerical simulations are roughly divided into two parts. One is rigid bed simulation
and other is mobile bed simulation. The rigid case is designed to simplify our numerical

settings and to make sure the numerical setting can be executed in the initial stage. The
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mobile cases are the mainly parts in our numerical simulation and they include three
types: the mobile bed with or without ultrasound device, and we remove the first river

bed case.

3.1 Procedure of numerical setting by Flow-3D

The FLOW-3D is not only powerful but. also easy to operate and it has the
humanization interface. We cancuse it.intuitively. First of all, we have to build up a
workspace and create a new simulation-file. The next step:-is turned on from the user
interface by selecting: “General” and eh;(iawr'ing the simulation time we want. After
entering the simulation time, we. should seIeét the suitable-unit. Then we have to import
all the parameters referenced from the ‘experimental setting, which consists of fluid
density, gravity and the turbulence model. After these two parts are done, we start to
dispose the difficult parts of numerical setting, build geometry and mesh generation. In
the meantime, we have to check if we need to use graphics software to build the
complicated geometry. Because FLOW-3D can build the simple geometric shape only,
however, the more complicated geometries need to depend on graphics software such as

pro/e or AutoCAD. However, a significant note is that as finishing the geometry in the
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graphics software, we have to save the file into STL file. Only STL file can be read in

the FLOW-3D. The detailed procedure of numerical settings are described in the flow

chart as shown in Figure 3.1.

p
FLOW-3D }
&
e k N 4 R
input simulation time & choose suitable units Graphics Software
L ) (U J
\ 4
( N\ 4 )
set up all physical conditions build geometry
. J N J
( ' h o ™
build geometry and mesh generation save the file to STL
& v _ )

A\ 4

boundary condition &

initial condition

\ 4

\ 4

output data & display results ]

\ 4

analyze }

Figure 3.1 The flow chart of numerical simulation

N
[ start to simulate
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3.2 Numerical simulation 1: rigid bed case

The flowchart of numerical setting has been explained in chapter 3.1. The
laboratory experimental setting is shown in Figure 3.2(a) and we built the geometry
from the design chart (see Figure 2.11). In Figure 3.2(b), the yellow part in left had side
is designed as the water supplier system in our numerical simulation which supplies the
constant discharge.

In Figure 3.3 (a), the mesh size is not-uniform. It is:the characteristic of FLOW-3D.
We set up the fine mesh around pierS*because this part 4s' the important observation
region. Here we can observe the fIQW cd%iaition in front of piers. On the other hand,
other areas use coarse mesh and.the pomput;a-tion resource.can be used more effectively.
In addition the channel of the laboratory experiment has slope. However, it is difficult
to dispose the slope from geometry in FLOW-3D. In addition, the gravity vector is
defined in every direction in order to simulate the slope of channel. The parameter

setting is exhibited in Table 3.1.
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Figure 3.2 (a) rigid bed photo by H.N. Hsieh) (b)
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Figure 3.3 (a) the rigid bed case of laboratory experiment (photo by H.N. Hsieh) (b)
numerical mesh we build (c) the different view of rigid bed case
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Table 3.1 The condition and parameter setting of rigid bed case in FLOW-3D

simulation time 60 s
simulation units CGS
gravity vector X:7.83981
Y:0
Z:-979.9686
turbulent model RNG model
total number of cells.* ..-about 3,210,000 points
boundary conditién — xﬂ.—'\.m—‘i'n: wall |

s |

=R
'i.lfii{-méx: out flow

Ji. | i

Al
N t y-miipg YY?II 3
y-mﬁx: wall
z-min: wall
z-max: wall
pressure solver options implicit
momentum advection second order monotonicity preserving
Fluid flow solver options Solve momentum and continuity equations
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3.3 Use the small domain to simulate all the mobile bed cases

The numerical geometry for mobile bed cases are not like the rigid bed case that
we build before. In the previous numerical setting, we build the whole channel but this
method wastes the computation resources. We merely concern about the sediment scour
in the live-bed simulations so the initial part is not the key point regarding our
discussions. Hence we hope that we can-define another boundary condition for our
numerical simulation by ourselves. The water-supplier-system and the geometry of tank
built in Flow-3D is shown i Figure 3:ZThe original method is to set a tube in order to
obtain the initial condition, andhit providegftwhe constantiflow rate. It is shown in Figure
3.4 (the red circle part). However, we dc;-not want to-do the same thing in every
numerical simulation. The cross-sections'are set here due to this reason in the Flow-3D
and we can obtain the flow rate and the fluid depth by means of the cross-section. The

new boundary condition and initial condition are obtained by this way.
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l

x=0cm

" in Flow-3D

X

Of course, the .~ should be verified firs make sure that we
two cross-sections are
defined in the rigid bed s ét - hist his case is about 30 sec.
After we obtain the flow rate and uid depth for two ross-sections, we build the small
domain for the rigid bed case (see Figure 3.5). Finally, the fluid depth of full domain is
compared for two types of simulations in front of the first pier. The result is exhibited in
Figure 3.6(a). The black line, the blue line and the red line are the full domain results,
small domain(x=-20) and the other small domain(x=-10) respectively. The fluid depth

and the flow rate on the boundary are also compared in the numerical simulations. The

numerical results are shown in Figure 3.6. As can be seen, the numerical result which
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we use the new boundary condition corresponds to the original numerical setting. The

mesh points are decreased apparently by means of this method and we can retrench the

computation resource.

" o
—

il i

1] ©

Figure 3.5 The numerical geometrt/lof the full akohnam and the small domain (@) full
domain for rigid bed simulation (b) small domaln (x— 20) (c) small domain (x=-10)
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Figure 3.6 The numerical results for the different domain (a) fluid depth in front of the
first pier (b) the fluid depth in the out flow (c) the flow rate in the out flow
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3.4 Experiment 2: mobile bed with ultrasound device

In the laboratory experiments, the ultrasound device is used to scan the sediment
height. This device is not adopted in initial stage because they usually use the infrared
ray device to scan the topography. However, the infrared ray device is not suitable in
the sediment experiments because the water is easily polluted in light of the sediment
particle. The accuracy of infrared ray.is-perturbed due to the muddy water of the
channel. Furthermore mayhe the.devices.can-net be employed in laboratory experiments.
Hence they try to seek another/tool andsthe ultrasound'device is chosen to replace the
infrared ray device in their experiments. T?]ig'ultrasound device can be used extensively
in a lot of complex entertainments, Of coursé, the ultrasound device can work normally
in the muddy water condition. Nevertheless, it'still has some disadvantage which the
data is collected from the experiments needed to disposal by Matlab code.

The ultrasound device is built by graphics software in the numerical simulation
(see Figure 3.7(b)). Furthermore, the experimental scale for the mobile bed case is
different from rigid bed case. The detailed setting is shown in Figure 2.9 and 2.11. The
slope of channel is changed so the gravity vectors have to be modified in the numerical

setting. The most important setting in this simulation is that we have to define the

41



sediment condition. In Figure 3.7 (c), the yellow part stands for alluvial river bed, and it
is the significant region which we want to observe. It is a tough work for us because not
all the parameters are easy to define in numerical simulation. We have to do the trial
and error to test some parameters that we need.

The first step is turned on from the user interface by selecting sediment scour in
physics condition. We need to specify the number of sediment species and can decide
the names of each sediment species. In.our test.case, we only use one kind of sediment
species. The value of the maximum packing-fraction can be entered as well. The density,
critical Shields number, drag"coeffigient, entrainment coefficient, bed-load coefficient
and angle of repose must be defingd fo":r:f“ :ééch sediment species. Note that the only
parameters required are the densit\yi and rt-he diameter;-all other specifications are

optional and the defaults are shown except.for the critical shields number and test the

critical Shields number will be introduced in chapter 3.4.2.
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(@) (b)

(d)
Figure 3.7 (a) setting of laboratory experiment (photo by H.N. Hsieh) (b) ultrasound
device edited by graphics software (c) setting of numerical experiment (d) mesh of
mobile bed case with ultrasound device
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Table 3.2 The condition and parameter setting of mobile bed case with ultrasound
device in FLOW-3D

simulation time 120's
simulation units CGS
gravity vector X:9.8088
Y:0
Z:-980.581
turbulent model RNG model

total number of cells.”

./ “about 1500,000 points

boundary condition

xﬂ.—'mi"m: volume-flow rate

g |

i ||

| "I x-max: out flow
J EJ ‘ 4

1§

1]
y-min} wall--:

y-max; wall

z-min: wall

Z-max: symmetry

pressure solver options

implicit

momentum advection

second order monotonicity preserving

Fluid flow solver options

Solve momentum and continuity equations
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3.5 Experiment 3: mobile bed case

We remove the ultrasound device in this numerical experimental setting because
we want to understand whether the sensor will affect the variation of sediment scour
around the piers. The same physical setting is employed (see Table 3.2). By this step,
we can more concentrate on the variation of sediment height near the piers. The

laboratory experimental setting and numerical geometry are exhibited in Figure 3.8. The

! =. ‘r\‘- =

laboratory experimental results are orily-recorded by;the digital camera, that is to say,
4 . ) S T

o 1 Na at
i

A | W

g r

there are no tools used to medsure th ur elevation in the‘experiments. With the help

of numerical simulation, we can.find

ET

Figure 3.8 (a) numerical experiment for mobile bed (end view) (b) mobile bed case
without ultrasound device (photo by H.N. Hsieh)
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3.6 Experiment 4: remove the first river bed in mobile bed case

The first river bed stands for the water supplier system in our experiments. The
overfall flow phenomenon is due to this artificial structure. Some one doubts that the
collapse of Hou-Feng Bridge is attributed to this structure. In the laboratory experiments,
they do not set up the experiments to test the first river bed but this numerical

simulation is imperative in author’s_opinion. Hence we want to study the influence

1 " ]\. _".l;

about the overfall flow effect. The moblle bed. case isrused here again but the first river

g

=

B

bed is removed in our n’unééi*"icdl se m‘g\(see {,Figure 3. 9) The physical conditions are
— |

employed in Table 3.3; | ‘ Eﬁ\

W\ el

0.9887904
22 33544

,f '"J_

Figure 3.9 The mobile bed case (left hand side) and remove the first river bed (right
hand side)
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Table 3.3 The condition and parameter setting of mobile bed case in FLOW-3D

simulation time 60 s
simulation units CGS
gravity vector X:9.8088
Y:0
Z:-980.581
turbulent model RNG model

total number of cells

about 1500,000 points

boundary conditiqn

i

x-min: volume flow rate

;g_x—mbx out flow
i |

1]
‘.

J 1 e
=y-mm“; wall "

y-max:Wall

z-min: wall

Z-max: symmetry

pressure solver options

implicit

momentum advection

second order monotonicity preserving

Fluid flow solver options

Solve momentum and continuity equations
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Chapter 4 Results and discussions

In this section, the results of clear-water simulation with Flow-3D software would
be compared to the small-scale experiments to validate the robustness of the numerical
analysis. The discussions in this chapter are divided into four parts: (i) the variation of
the local scour effect over the rigid-bed, (ii) over the mobile bed with ultrasound device,
(iii) mobile bed and (iv) remave first river bed.“For the rigid-bed, first of all we use the
material parameters which are obtained-from the-experimental setting are served as the
initial and boundary conditions animates»:g?'the Flow-3D. To the authors’ knowledge,
seldom references disposed such kin:d :of pr(;blem which both have the swift current and
the local scour problem simultaneously. For the chahge of mobile-bed of the scouring
problem, we would put up the experimental analog of bedrock-alluvial transitions and

local bridge scour configurations which is correspondent with the numerical setting.

4.1 Rigid-bed case

As mentioned before, our threshold is going to simplify local bridge scour problem.

In this section, we focus on the dropping water and the water level would fluctuate due
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to the flow ram into the obstruction. It would make the fluid depth to have the periodic
oscillation. Before starting the animations, the fluid depth along the bridge have to

initialize which corresponds to the experimental setting as shown in Figure 4.1.

Piers

tluid depthT ‘J:H H H ’J:H

R g

fixed-bed

Figure 4.1 The sketch of the piers over the fixed bed and its fluid depth.

For the laboratory experiments, we-have done them three times with the same
manipulation and obtain threg Kinds,of the statistics as'shewn in Figure 4.2. The three
sings are symbol of the different group at"jgzj'flaboratory experiments and the black line
is the numerical result. After that,'the nume;i-cal madeling:is built by Flow-3D as shown
in Figure 4.3. For the whole analysis, the resultsfrom Flow-3D exhibit good agreement
with the small-scale laboratory experiment data. The fluid depth in front of the first pier
shows periodic oscillation in height as shown in Figure 4.2. The predicted data is
similar to the measured data, and it can be observed that three experiments had some
variation in water surface height even if they had same configurations. The non-bed
rock simulation plays an important role in validating the inflow and outflow boundary

conditions by choosing an appropriate grid resolution for simulations, since this
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problem is simple and easy to simulate.

4 —|
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g BEAT® A _Xe 9 A
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7 5 fluid depth
—————  Flow-3D
T ¢ € @ experimental result 1
¥ ¥ 3¢ experimental result 2
N N oy A experimental result 3
° ' \ | ' \
0 10 20 20
time(s)

Figure 4.2 The fluid depth for numerical result'andthe experiment results.

Figure 4.3 The laboratory experiment result and the numerical animate in Flow-3D
(rigid-bed)
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In order to distinguish from the numerical results conveniently, the three
cross-sections are defined in Figure 4.4. The origin is defined among first river bed and
the alluvial river bed and it is located at x=-10 cm. This cross-section is used to record
the velocity. We want to compare the flow condition to the overfall flow. The second
cross-section is located on x=7 cm and it is set in order to observe the major scour area
in our numerical simulation. The third cross-section is located on 13.5cm and it is set

for measuring the flow condition around.the bridge piers.

VJ .-‘I

o origin e o T o
Figure 4.4 The cross-sections in our numerical discussion

The velocity field is shown in Figure 4.5 (a). The black dashed line is the origin
which has been illustrated before. As seen, the x-velocity increases so quickly in light of
the overfall flow. It is because that the potential energy from the first river bed
transforms into the kinematic energy. In addition, the negative velocity occurs in front

of the first piers because the strong current ran into it. Although the sediment is
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influenced by the x-velocity, it is not the principle cause. It is particularly important for
the z-velocity which is exhibited in Figure 4.5 (b). As seen, the minimum z-velocity
occurs where the water drop, and we have illustrated the reason before. The z-velocity
in front of the first pier is positive and it has the interesting numerical results. We find
out the down flow is not conspicuous and the down flow is introduced in chapter 2.2
which is the key point about the bridge local scour. Naturally, the numerical result here
is suitable for the rigid bed case only. We e¢an-not assume that the mobile bed simulation
has the analogous trend as we~simulate-the_rigid -hed case. In this case, another
interesting phenomenon is the variation ef the fluid depth.:\WWe focus on the four bridge
piers. Undoubtedly, the maximum quid"'a“:e'ﬁth occurrs In the first pier; however the
second fluid depth is found out:inithe jthird l;ridgé piers. This:is similar to the bow wave
effect and it can perturb the sediment scour..Hence we can pay attention to the sediment

scour for the third pier in mobile bed simulation, too.
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z-velocity

68.707

46.469

(b)
Figure 4.5 The velocity of rigid bed simulation (a) the x-velocity (vertical view) (b) the
z-velocity

The vortices results are exhibited in Figure 4.6 and we can more realize the flow
condition by means of the vortices. The y-vorticity is shown in Figure 4.6(a) and the
maximum value occurs at the water drop. At the same time, the minimum value is

measured in front of the bottom of the first pier. Hence we believe that this place is
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scoured obviously in the mobile bed simulation. The z-vorticity is shown for vertical
view in Figure 4.6(b). The major vorticity is generated on both sides of bridge piers so
the sediment particle may be entrained in light of the vortex effect. Hence we can notice

the variation of sediment scour among the bridge piers in our mobile bed simulation.

y-vorticity

150.000
100.000
50,000
0.000
-50.000

100.000

-150,000

z-varticity

120.000

80.000

40,000

0.000

-40.000

-80.000

-120.000

(b)
Figure 4.6 The vorticity of rigid bed simulation (a) the y-vorticity (b) the z-vorticity
(vertical view)
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(1) First cross-section :
The Figure 4.7(a) is the x-velocity in first cross-section. As can be seen, the
x-velocity contours are symmetry and it means that the flow conditions are not
turbulent before the water drop. The x-velocity increased from the bottom to top
and the maximum x-velocity is located on both sides. On the other hand, the
z-velocity contours are not symmetry in Figure 4.7(b). The simulation results are
chosen at 27 sec because the. flow, conditions have been approached the

#

quasi-steady in rigid bed simulation.-

4.2 440 487 494 521 -0.69 £.31 008 0.46 0.84
] ] [ i | ¥ [ — [
17.875 - II 17,8757
" i
.
e
z z
12.125 12125
4 T 02 = B
6375 6arsl |
0,675 3475 7.825 12475 16.525 20.675 0875 3475 7.825 12175 16525 20.675
y ¥y

Figure 4.7 (a) x-velocity contours (b) z-velocity contours

(2) The second cross-section:

In Figure 4.7(a) and 4.8(a), the x-velocity increased rapidly, and the higher

x-velocity is speared on the fluid surface. Hence the noticeable phenomenon here

is that the minimum x-velocity is bigger than the maximum x-velocity in the first

cross-section. It implies that the sediment is entrained more easily in light of this
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reason. In addition, the maximum value of x-velocity in second cross-section is

about two times than the first cross-section because this cross-section is located on

the place where the water drops. The z-velocity is similarly influenced due to the

overfall flow. The fluid force is reflected when the flow rams into the rigid bed in

this simulation. According to this behavior, the consequence of the minimum

z-velocity is close to the water surface.
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(3) the third cross-section:
In Figure 4.9(a), the black dashed line stands for the first pier and it can be seen that
the x-velocity decreased gradually from the central line to the wall in the channel.
At the same time, the down flow not occurred around the bridge pier. Hence it
implies that the horseshoe vortex effect is insignificant here. Furthermore, while the
flow across the structure such as the bridge piers, the angle of attack is generated in

the meantime (see Figure 4.10). ThFJrV.%IQS.‘TDé, does not have the obvious variation

i
oL

in Figure 4.9(b) and Lhé rpaxnm ity Is: cI'E)se to the first pier and its
'b,q .-—
direction is toward 'fo%h’e OSIUV?YXIﬂ’]e r ulféJfélI us, that the sediment
ul'- . :-u
particles do not be entraln =
'-- . o
8 12 40 ) V a7 ] 188 126 6.4 0.2 6.1
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Figure 4.9 (a) x-velocity contours (b) z-velocity contours
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Figure 4.10 The angle of attack in the rigid bed simulation

‘.Jui,h;fs‘-:'f'ﬂ‘:'!f-g e
4.2 Critical Shields numb@i -k g L,
.:—'r 5 o
Y 4 X- > U5 @
A 2
5 =

Before the sedlm t simulati iscussed, we! have
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Shields number and dei@e‘:}t am pﬁ"(q@ role in sediment scour
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& i @\nurﬂﬁﬂcal setting, we can define
the critical Shields number by our@ﬁl&émﬂﬁeﬁeﬁd on the system automatically. The
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Ly

simulation. It directly affeﬁpur;f

detail basic theory about critical Shields number can be found in Flow-3D users manual

[16]. One part of users manual is chosen in next paragraph in order to illustrate the

significance of the critical Shields number.

Sediment is entrained by the picking up and re-suspension of packed sediment in

light of shearing and small eddies at the packed sediment interface. Because it is not

possible to compute the flow dynamics about each individual grain of sediment and it is
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oftentimes difficult to compute the boundary layer at the interface, an empirical model
must be used. The model theory used here is based on Mastbergen and VVon den Berg
[29]. Furthermore, we can use the Shields-Rouse equation [26] to predict the critical
Shields number, or define the value by ourselves.

The first step to computing the critical Shields number is to be calculate the

dimensionless parameter R;”

R*: d \/O'l(ps,i —P5)Ps ”g”ds,i

i s (4.1)
Hi

Then R;” can be used to calculate the dimensionless eritical Shields parameter by means

of Shields-Rouse equation [26].

¥ #(0.52)

01 N a‘ 1
0. =—+O.:054[1—6xp(T)] (4.2)

cr,i «(2/3)

The effects of armoring are also included in“the maodel, whereby coarse sediment
particles protect finer particles from becoming entrained. The effect of armoring is
important in sediment scouring. First of all, we have to calculate the local mean particle

size in the computational cell:

1
d50 N z Cs,i i;s CS,idS,i (43)
i=1,ns

Where cs is the mass concentration of sediment species i.
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The critical Shields parameter is then modified by the Egiazaroff function [27]:

gc‘r,i = ecr,i 1666657 2
log,, (19 dSIJ (4.4)

50

In addition, the critical Shields parameter is modified for sloping surfaces to include the

angle of repose one step further. The conception here is that at sloping interfaces, the

packed sediment is unstable and is more easily taken away by the moving fluid. The

modification further alters 6.

crit,i

[28]:

_g cos://sin,3+\/cos2 Btan’p —sin’ wsin® B
! tan

(4.5)
Where pis the computed angle of the- packed interface normal relative to the
gravitational vector g; ¢ is;the userLC!efinéﬁgi; angl‘e of ‘repase for sediment species i and
w is the angle between the flbw an(; the upslope direction.

After we know how adequate critical Shields number is suitable for the realistic
filed, some tests are worked in our numerical simulation. In Figure 4.11, the scouring
hole would shift gradually as the time went on in laboratory experiment. We use the
mobile bed case with the ultrasound device, for example, and all conditions are
preserved except for the critical Shields number. In Figure 4.12 (a), the upper setting is

defined by ourselves (critical Shields number = 0.06) and down is given by FLOW-3D

itself. The color bar is the sediment elevation. For the serious numerical experiments,
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we can observe clearly that scouring hole of the upper numerical setting will move as

time went on. On the contrary, if the critical Shields number is not defined by ourselves,

the overfall flow will continually erode the same place and the scour hole does not

move with time. This scouring behavior infringes the laboratory experiment in Figure

4.12. From the numerical tests of defining the adequate critical Shields number, a

significant note is that the more suitable material parameter we chosen, the more

reasonable results we will get.

Figure 4.11 The mobile bed case result (photoed by H.N. Hsieh)
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Figure 4.12 Test the significance of critical Shields number (a) 0 sec (b) 1 sec (c) 3sec
(d) 5sec (e) 7sec
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4.3 Mobile bed simulation with ultrasound device

In this section, the mobile bed case with the ultrasound device is simulated. The
sensor help the laboratory experiments to scan the real topography getting rid of the
disturbance of the fluid-solid mixtures are shown in Table3.3. In Figure 4.13 the packed
sediment height was perturbed in light of the sensor. It is placed too close to the position
where the overfall flow fallen. Hence. its existence absolutely interferes with flow
intensity and changes the flow direction When\rt'he water dropped. The major scouring
place is around the sensor if we placed the ultrasound device in numerical experiment.

T Ly

Because this numerical result has a ILot‘ of*faetors, we are unable to confirm the problem
'

in this case. * | 1

Table 4.1 The sediment setting for mobile bed case with ultrasound device

maximum packing

number of sediment species 1 0.52

fraction

diameter | density | critical drag entrainment | bed-load | angle
Shields | coefficient | coefficient | coefficient of

number repose

Sediment | 0.29 2.65 0.06 0.5 0.018 8 45
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The process of sediment scour is exhibited in Figure 4.13 and then we will discuss
the x-velocity, z-velocity in our numerical results. The x-velocity and the z-velocity
fields are shown in Figure 4.14 and Figure 4.15, respectively. It can be seen that the
x-velocity is influenced by the ultrasound device obviously because the x-velocity has
the different values on the both sides of bridge piers. The higher value is centralized on
the region of the black line in light of the flow direction which is changed by the
ultrasound device. The sediment particles are. easily entrained when the maximum
x-velocity occurrs in this place. For the-z-velacity, ;the velocity filed is not like the
x-velocity which is turbulent in/any stage, On the contrary,:it'is symmetrical at 5sec (see
Figure 4.15(a)) but the minimum velocityn'ii)t?&urred nearsthe ultrasound device in 10 sec.
Because the shape of the ultrasound qgvice, rt-t1e z-velocity:is increased (see Figure 4.15).
In addition, we also can find out the contraction-scour among the wall of channel and
the sensor. Because the sensor is close to the wall, the flow velocity increases due to the
contraction scour effect. Hence the scour hole around the ultrasound device is attributed
to the combined effects of the contraction scour and the shape of the ultrasound device

(see Figure 4.16).
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Figure 4.14 The x-velocity field for mobile bed with ultrasound device (a) 5 sec (b)
10sec (c) 20sec (d) 40sec (e) 60sec (f) 80sec
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Figure 4.15 The z-velocity field for mobile bed with ultrasound device (a) 5 sec (b)
10sec (c) 20sec (d) 40sec (e) 60sec (f) 80sec
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Figure 4.16 The flow condition is influenced by the ultrasound device

In order to distinguish level of the scour, pfoéess with the different cross-sections,
‘ A

. S—

three cross-sections are defined indFigure 4.17. In thé'ﬁ['i-'egipr_lning (see Figure 4.18(a)), all

Y e N

the scour elevations are very simila _qyev’er' i)‘we cross-section of y= 15 is scoured
. = |
deeply more than the cross-section of :S_m_FigL‘r 4.18(h). Hence it illustrates that the

flow filed is influenced due "{gl:thgf.brldge pierslgndgme‘ij]trasound device. The sensor
has brought about the variation of x-veloci;y and the x-velocity increases light of the
reason which can be observed in Figure 4.16. At the same time, the particles are easily
entrained due to this reason. In addition, the scour elevations are changed rapidly after
5sec and the strong z-vorticities are around the bridge piers (see Figure 4.6(b)). Finally
we have mentioned in rigid bed simualtion, there are obvious z-vorticities around the

bridge piers. As seen in Figure 4.18 (a) and (b), the sediment is certainly deposited

among the bridge piers. The result coincides with the discussion in the rigid bed case.
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Figure 4.18 The scour elevation in three different cross-sections (a) 5sec (b) 10sec (c)
20sec (d) 40sec (e) 60sec (f) 80sec
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4.4 Mobile bed case

In chapter 3.4.3, we know that the sensor would interfere with the flow field. In
order to prevent this stuff to affect our result, then we remove the ultrasound device.
This is the advantage for numerical experiments, namely we can change any condition
quickly and we do not need any tools to measure the experimental data. After we
remove the sensor, we can observe clearly,the variation of sediment scouring.

For the mobile-bed study;-we preserve.all the:conditions that utilized in the
rigid-bed case. This step was primarily, to test numerical>modeling approaches, and
laboratory experiments with small-sgale rr"ﬁ:t(‘)‘:a'éls will beperformed. We envision setting
up experimental analogues of begirock-alrl-uvial transitions and local bridge scour
configurations, and acquiring measurements,using-the ultrasound device. For illustration,
we present below some results from preliminary experiments and Flow-3D modeling
designed to simulate the Hou-Feng Bridge collapse. Figure 4.19 shows the distribution
of the mobile-bed and the color contour presented the packed sediment height. From
these results, the model shows that the present setting of sediment scour model is quite
similar to the small-scale experimental results, and we could obtain some intelligence

by means of the sediment erosion in light of abrupt change in the height of the
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mobile-bed simulation.

Although we do not have the accurate experimental results, the sediment
elevation is still measured by means of the photographs. Figure 4.20 shows the sediment
elevations. The black line is the numerical results and the symbol of the circle stands for
the experimental results. As can be seen, the numerical results decrease as time went on
and this phenomenon has the tendency toward the experimental results. The sediment
elevations approach the equilibrium scour depth quickly during our simulation time.
When we compare the numerical results-to.the experimental results, the sediment

elevations of numerical simulation are less than 2.cm. We:think the errors of numerical

=
[
—

results are acceptable.
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(c) 40sec (d) 80sec

Figure 4.19 Views of a preliminary small-scale experiment and Flow-3D modeling
performed to simulate the conditions of the Hou-Feng Bridge collapse. (a)10 sec.; (b)20
sec.; (c)40 sec.; (d)80 sec. (top: experiment; bottom: numerical simulation)
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Figure 4.20 The sediment elevation (x=10cm, y=0cm) for the time history

Figure 4.21 illustrates the x-velovity in the 'mobile bed simulation. The velocities
are very symmetric for the mobile bed case.:From the Figure 4.21, the angle of attack
} "_:-r--ﬂ,

[ | i
protects the piers (except for the fir'stkone)Evaiously and the x-velocity in this area is

|
11

less than 60 cm/s.

Some people have the query about the event of Hou-Feng Bridge and in their
opinion, the bridge collapse in light of the structure failure. The phenomenon can be
also observed in our numerical simulations (see Figure 4.22). Figure 4.22 shows that the
strong current flow along the scour hole and ram into the first piers. The x-velocity is
exhibited in Figure 4.23 and it shows the velocities in front of the first pier. The y-axis
is x-velocity and x-axis is the time. Three curves present the different location of

z-direction. The z=7.5(black line), 8.5(red line) and 9.5(blue line) are chosen and the
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cross-section is defined at x=10cm (y=10cm). As seen, the first pier is truly sustained

the high velocities and the maximum velocity is occurred at the bottom of the first pier.

The velocities are about 60 cm/s and it is the largest in all the numerical results.

1 f-.-_

g ommwwgwm"
n 4

()

(f)

Figure 4.21 The x-velocity field for mobile bed (a) 5 sec (b) 10sec (c) 20sec (d) 40sec (e)
60sec (f) 80sec
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Figure 4.22 The strong current flow along the scour hole and ram in to the first pier
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Figure 4.23 The x-velocity in front of the first pier

We already study the influence of the x-velocity in mobile bed simulation. Now we
want to know that the relation between the Froude number and the z-velocity. First of
all, we have to set the cross-section for discussing as exhibited in Figure 4.24. The
results are shown in Figure 4.25 and Figure 4.26, respectively. In the left hand side, the
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y-axis and the x-axis are the Froude number and the time. In the right hand side, the
y-axis and the x-axis are the z-velocity and the time. In Figure 4.25, it is apparent that
the z-velocity is influenced by the Froude number when z is equal to 7 cm and 8 cm.
The z-velocity increase like the Froude number does in the initial scour process. The
higher location of z-axis, however, does not have the similar trend. In addition, the
positive z-velocity does not occurred in the higher location of z-axis (see Figure 4.25(c)

(d)). By contrast, the z-velocity has the'.high relation toward the Froude number when x

' "7 'l s V

is located on the upstream,pf' the-brid 'ebier:-_flffjé results are shown in Figure 4.26. As
& ) :5 W<

i N A
can be seen, all the z-véloé{'fj'/ ,cUrvep"ATﬁm' arto the Froude number except for the

F

il o PR

! 85 | B
location of z-axis equals to 1Q }:m W erf‘z’e-ahﬁs ceedé.lo cm all the curve of Froude

m;‘a"' a» o o
number has the rapid varl_atlg%r}:_after eio sec. and \1/ can flnd the similar situation in the
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Figure 4.24 Schematic diagram we defined in the numerical simulation
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Figure 4.25 The Froude number and the z-velocity in mobile bed simulation (a) x=9,
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Figure 4.26 The Froude number and the z-velocity in mobile bed simulation (a) x=10,
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After we realize how the velocities work on the mobile bed simulation, we
continue to discuss the path of streamline. First of all, we put 12 points in front of the
first pier and the location is shown in Table 4.2. Therefore, the path of the flow around
the first pier can be observed by means of the numerical simulation. Figure 4.27 shows
a sequence of pictures, illustrating the time evolution of the streamline obtained in the
present numerical simulation. The streamlines move along the arc of scour hole and
then ram into the bridge pier. Besides, they are separated averagely when they ram into
the pier before 80sec and the positive z-velocity.does not exist in Figure 4.25 (c) and (d)
which can be illustrated here: In Figtre,4.27 (b), when the streamlines hit the bridge
pier, they rebound about 1 cm from the '%?i'dge pier. Hence the z-velocitiy is always
negative due to this reason.

In Figure 4.27 (f), the scour hole“is'apparently conspicuous and the streamlines is
difficult to depart from the scour hole in this stage. It illustrates that the flow is going to
be trapped in the scour hole in the whole scour process. The scour hole becomes
intensive gradually due to the strong vortex effect where the vortices act like ‘cyclones’
or ‘tornadoes’ to pick up the sediment from the surface of the river bed and transport it
in the downstream direction. The y-vorticity is exhibited in Figure 4.28 and the high

y-vortocity is measured on the upstream of the scour hole (see the red color). In addition,
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the same phenomenon can be observed in the laboratory experiments which are shown

in Figure 4.29.
Table 4.2 The location points of streamline setting
point number X y z
1 z=7.5cm
2 z=8cm
y=9.5cm

3 z=8.5cm
4 z=9cm
5 z=7.5cm
6 z=8cm
7 z=8.5cm
8 z=9cm
9 z=7.5cm
10 z=8cm
11 I z=8.5cm
12 z=9cm
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(a) 5sec

(c) 20 sec
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(f) 80 sec

Figure 4.27 The streamline of mobile bed simulation (a) 5 sec (b) 10sec (c) 20sec (d)
40sec (e) 60sec (f) 80sec
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Figure 4.29 The laboratory expefiment. dile ‘3&0‘ case (photoed by H.N. Hsieh)
W ¥
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4.5 Remove the first river bed in mobile bed case

About the final numerical experiment, the first river bed is removed in this
simulation and it has been mentioned in chapter 3.4. We have two reasons regarding
this numerical simulation. First, we try to realize the influence for overfall flow effect

because there are some doubts that the bridge collapse is attributed to the overfall flow
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effect. Second, the problems become easier because the overfall flow is not considered
in this simulation. Hence the flow conditions are not turbulent as it is observed from the
numerical simulation in chapter 4.4.

First of all, Figure 4.30 exhibited the time evolution of the scour processes in the
numerical simulation and the color bar stands for the sediment elevation. As will be
seen, the sediment scour is not very violent as the mobile bed simulation does which has
the overfall flow effect. The sediment in front of the first pier is not scoured so quickly
as the mobile bed simulation and-the sediment.is also depasited among the bridge piers.
Besides, the consequence ‘of‘this numerical simulation coincides with the laboratory
experiments in terms of the scour shape.;::spvve mentioned in chapter 2.2.2, the bridge
local scour can be divided into-four pa{rts; nf;l-mely, the surface roller, the down flow, the
horseshoe vortex and the wake vortex. The’”scour. hole around the bridge pier is
attributed to these factors. In this stage, the same phenomenon is successful in
simulation and one of the results is shown in Figure 4.30 (d). The red line indicates the
scour hole around the bridge pier.

Although there are four factors in the local bridge scour, the down flow and the

horseshoe vortex are the principle reasons regarding the scour hole generation,

especially the down flow. Furthermore the horseshoe vortex is caused due to the down
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flow. Hence we focus on the variation of the z-velovity around the bridge pier due to
this reason. The z-velocity is exhibited in Figure 4.31 and we can find out two
phenomena in the Figures. They are bow wave and down flow respectively. The bow
wave is shown in Figure 4.31 (a) (see the red line) and the bow wave means that the
fluid depth increases rapidly in front of the bridge pier. On the other hand, the down
flow effect is observed in Figure 4.31 (b) (c) (see black line). The negative z-velocity
increases under the scour process until it-attains the critical velocity.

In order to discuss the z-velocity more-carefully, three cross-sections are defined in
Figure 4.32. The locations of three cross=sectionsare x=10:cm, x=10.5 cm and x=11cm,
respectively. In Figure 4.33, we can obsée:fr“:\;é that| the z-velocity is separated into two
parts and the positive part is due to j‘the sUrfacé roller effect. At the same time, the
minimum of z-velocity occurred near-the upstream of the first bridge pier. The same
situation can also be observed in Figure 4.34. Hence the horseshoe vortex is generated
due to the down flow which cooperates with the current flow. The final scour hole is
show in Figure 4.30. The down flow effect is not very obvious when x= 11 cm and the

results are shown in Figure 4.31. Nevertheless, we still can observe that the vectors of

the z-velocities are toward to the river bed.
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Figure 4.32 Three cross-sections are defined in order to observe the down flow effect
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Figure 4.33 The time evolution of z-velocity in front of the bridge pier (x=10 cm) (a)
10sec (b) 20sec (c) 40sec (d) 50sec
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In the final discussion, we compare the sediment elevation between the mobile bed
simulation and mobile bed simulation without drop water. Two positions are chosen in
this discussion. Figure 4.36 (a) and (b) are taken at x=10 cm and 9 cm, respectively. The
blue line stands for the mobile bed simulation and the red line stands for the numerical
simulation without the overfall flow effect. Figure 4.36 (a) illustrates that the sediment

elevation of mobile bed simulation which is higher than the same case without overfall
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flow. It is because that the scour behavior of mobile bed simulation is mainly located on

the place where the water drops. Because this location(x=10) is too close to the first

bridge pier, the erosion is not obvious for the mobile bed simulation. On the contrary,

the mainly scour area of the mobile bed case without overfall flow is around the bridge

pier which is caused by the combined effects of the down flow and the horseshoe vortex.

It implies that sediment scour of the overfall flow effect is stronger than the down flow

and the horseshoe vortex effect.
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Figure 4.36 The sediment elevation for two different mobile bed simulations (a) x=10
cm (b) x=9 cm
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Chapter 5 Experimental setting of gap scour and discussions

5.1 Field site investigation

This study carried out a field investigation at the stepped concrete block grade
control structure downstream of Highway-Ne.1.in Ta-Chia River in central Taiwan in
November 2009. The Taiwanese”Highway Department built this structure in 1999 to
restrain general scour or degradationofthe riverbed near the bridge. Sediment was then
stored upstream of the structure. The Widt;?c')f the 'structure is 840 m. They constructed
the structure using 3-m cubic_concrete bIocké. The height-of the first-row blocks is 5 m.
The gap width between the blocks is-50.cm.iThere are 20 step-drops in the flow
direction and the drop height of each step is 50 cm. The constructors connected the
blocks by using steel wires. They initially submerged the second 10 steps of the stepped
concrete block grade control structure with the original bed material.

Figure 5.1 shows pictures of the stepped concrete block grade control structure.
The field investigation showed all steps exposed because of downstream degradation.

The major cause of the degradation was the sediment deposition upstream, which raised
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the bed elevation upstream. The controller raised the water head, which resulted in
high velocity movement downstream. The scour potential also increased on the
downstream reach. The study found edge scour at the toe of the structure and a few
blocks in the last row tilted or overturned due to extra-added support. Figure 5.1 reveals
how the removal of stones in the gaps resulted in the weakening of the lateral supports
and tilting of the blocks. The stones in the gaps provided lateral support. The blocks
sank due to the excessive gap scour around-them. Figure 5.1(a) shows the titling blocks
and Figure 5.1(b) provides.a closer view-of-the gap seour. The scour depth in some of
these areas was more than 3:m, more than the height of mast-of the concrete blocks. The
gap widths increased because «of the m(')'-\rlfgment of individual concrete blocks. This
further enhanced stones mobility, icausingr-the steel wires .to break. The tilting and
sinking of the blocks compromised the:structuresin terms of energy dissipation. Titling
and sinking of the blocks eventually spreads in all directions. The high velocity of the
water in this area flushes out most fine bed material. Figure 5.1(c) shows the formation
of a scour hole at the upstream end of the structure. A scour hole will have a profound
effect on the stability of the first row of blocks. This is a serious problem for the

preservation of the overall stability of the bridge structure.
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| I

scour cone

(b) (©

Figure 5.1. Failure of stepped concrete block grade control structure located
downstream of Highway No.1 in Ta-Chia River in central Taiwan (November 2009): (a)
blocks tilting and sinking; (b) deeper scour depth than block height; and (c) a scour hole

upstream of the sinking area
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5.2 Experimental setting

Sumer et al. [34] discussed how the vortices were developed in the gaps formed
within the gravel have contributed to the entrainment of the fine sediment particles.
Such a mode of entrainment is unlikely to take place in the present condition in which
the main flow passes through the gap (Tsorng et al. [35]). Evidence from both field and
laboratory observations reveal that-the stones- in the lateral gaps, gaps that are
perpendicular to the main‘flow direetion, were stable:

Conventional design of stepped conf:"rgg block grade control structures considers
the stability of concrete bloeks by bI\Eoc;k Wé.%ght under a specific flow condition, usually
at high designed discharges (Lagassé et al. [36], Wu [37], Guo and Chang [38]). They
ignored failures due to gap scour. Recent experiences in Taiwan have exposed the
fallacy of that design philosophy. A better understanding of the mechanism and the
development of a design methodology that takes into consideration gap scour is
necessary. We used a physical model to study gap scour for design modification and a
proposal for cost-effective gap scour countermeasures.

It was necessary to determine the general block geometry and stone dimension to

match the real flow and scour characteristics. Most of the stepped concrete block grade
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control structures in Taiwan consist of five steps with an individual step drop-height of
50 cm. The projection area of the block is 2 x 2 m? and the gap width is 50 cm. The
average median stone size used to fill the gap is about 20 cm. We fixed the upstream
and downstream beds of the structure since this study only considered the scour
between the blocks. A rectangular flume was used that is 30 cm in width, 60 cm in
height, and 1500 cm in length located at the Hydrotech Research Institute, National
Taiwan University to carry out the experiments. At least six blocks in each row were
determined in order to display the global-scour patterns and avoid boundary effect. A
1/50 scaled model was built'in the flufie, using’scaled blocks with an area = 4 x 4 cm?.
The block heights were at least. 25 cm t{ﬁiéasure thesequilibrium scour depth in the
gaps. The scaled gap width and:drop Héight ;f each stepwas 1 cm. A uniform sand with
median grain size = 3.56 mm was used' to. fill'the gaps. Figure 5.2 shows the model
design of the experiments. The researchers simulated the slope of 0.01 in the model
tests since the longitudinal bed slope of rivers in Taiwan generally ranges from 0.01 to
0.001. The study adopted a clear-water condition without sediment influx from
upstream. The bed elevation in the gaps was the same as the ambient block surfaces

before the tests. We performed two sets of experiments, the *all-gaps-opened” and

“only-lateral-gaps-opened” conditions.
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The scour depth variations were monitored in both cases to ensure the equilibrium
scour condition. The scour hole approached its equilibrium stage in approximately 15
minutes. The measurement of the bed elevation in both the longitudinal and lateral gaps
continued for 40 minutes. The average bed elevation in the wise stream direction was
the mean value of all the measured data in the transverse direction at the same
streamwise positions. This study tested the scour depth variation for five different unit
discharges, which varied from 0.008,t0,0:051 m?%s. Table 5.1 summarizes the test

conditions of all the experiments.conducted-in this study.
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Flow R — lcm
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Figure 5.2 Sketch of scaled physical model and dimensions (side and top view)

98



Table 5.1 Experimental conditions and measured data: q — unit discharge; dso — diameter
of stone in the gaps; Sy — flume slope » S — slope of structure; ypm —lowest bed
elevation; Xxs — the corresponding position of ypm; Yo —0Original bed elevation at xs;

e —maximum scour depth

RUN q dSO Sb Srm Ybm Xs Ybo e

[m?s] | [mm] [cm] | [em] | [cm] | [cm]

GS1 | 0.0089 21.98 | 15,50 | 27.00 | 5.02

GS2 |0.0188 21.65 | 12.00 | 28.00 | 6.35
3.56 |0.01]0.20

GS3 | 0.0314 22.31 | 15.50 | 27.00 | 4.69

GS4 | 0.0433 22.91 | 15.50 | 27.00 | 4.09

GS5 | 0.0505 23.45 | 15,50 | 27.00 | 3.55

GSP1 | 0.0089 28.75.| 5.50 | 29.00 | 0.25

GSP2 | 0.0188 1°29.92.{ 0.50 | 30.00 | 0.08
3.56 1001 0.20

GSP3 | 0.0314 25.79| 20.50 | 26.00 | 0.21

GSP4 | 0.0433 |- 25.847,20:50 | 26.00 | 0.16

GSP5 | 0.0505 s 28.80 | 5.50 | 29.00 | 0.20

| M
1| ==

5.3 Scour of “aII-gaps-ope‘ned?’"conditions:

Figure 5.1 shows the average measured bed profiles for Tests GS1 — GS5. Table
5.1 contains the measured data, which include the lowest bed elevation, their
corresponding position, and the maximum scour depth. Figure 5.1 shows that the
average bed profiles for all five tests were similar. The bed elevation decreased from the
first-row of blocks reaching the minimum level near the third-row of blocks. The

minimum level was approximately 15 cm downstream from the leading edge of the
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bridge structure and coinciding with the lateral gap behind the third-row of blocks. The
bed elevation increased beyond this location.

The measured data show that the maximum scour depth for all the tests was e =
6.35 cm, which is for Test GS2, with unit flow rate, g = 0.0188 m?/s. The scour depth in
the gap of a stepped concrete block grade control structure was not directly proportional
to the approach discharge. The scour depth increased as the discharge increased initially.
It then decreased with a further increment:of.the approach flow rate. Serious gap scour
occurs at a low or moderate rate.of flow.-The-design of a stepped concrete block grade
control structure should be-re-examinedsin light*of this finding. Furthermore, the gap
scour depth at the first to third-row Qf blon:é?:smcould potentially exceed 4 cm, which was
deeper than the height of the. adjacent ch-bic blocks. The gaps can potentially be
completely entrained leaving no lateral-support-for £he concrete blocks. The height of
the concrete blocks used in Taiwan is insufficient. Field investigation supported this
conclusion, as shown in Figure 5.1(a).

The experimental results show that the design of stepped concrete block grade
control structures should consider the stability of a single concrete block under a

designed flow condition and the extent of the gap scour depth(see Figure 5.3). The

designed height of a block must be more than the estimated scour depth and the block
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height should be dependent on its location.
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5.4 Numerical setting for gap scour

The numerical setting for gap scour at a steeped concrete block grade control
structure is introduced in this chapter. First of all, we have the two different numerical
simulations. All of the numerical simulations are illustrated respectively later and those
problems are more difficult than the local bridge scour. The gap width is only 1 cm and
we have to simulate the sediment scour.here: Hence we must use the more grid points
for the numerical simulations. In” addition, the Same problem in these simulations we
meet is we have to use trial-and errorto test the‘Suitable parameters for every case. From
these reasons, we do net add the sedimer"i;[j“:Ebndition at'the gap scour in the beginning
stage and the numerical simulation éan bé-simplified such.as we dispose the bridge
scour setting in chapter 3. After the rigid bed case is.done, the sediment conditions are

considered in the gap scour simulation.

The experimental setting is introduced before and we know that a lot of flow rates
are tested. The three different discharges are chosen in our numerical simulation. They

are 1980 Cm% , 4110 Cm% and 15150 Cm% respectively. These values are based on

the maximum, median and minimum flow rate.
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5.4.1 Numerical simulation 1: the scour depth is fixed in the geometry

In this stage, we build the geometry by Flow-3D which is exhibited in Figure 5.4.
We can find out the gap width is so small, and it must increase the degree of difficulty
in the numerical simulation. The mesh is similarly disposed in this simulation. In Figure
5.5(b), the mesh is refined surrounding the steeped concrete block grade control
structure. In addition, the laboratory experiments are already done so we can use those
data to observe some physical phenomenon.-Fhe numerical settings are shown clearly in
Figure 5.7. This scour elevation is“measured “when ‘the laboratory experiment are
quasi-steady, that is to say, the sedimeél:tt“:élevation is not changed radically. These
numerical simulations are set-for th\isi stage: -in light of that we want to know the flow
condition on the sediment surface. Hence. theimechanism of the gap scour can be
observed in the numerical simulation 1. We have mentioned that there are three types of
flow rate. In Figure 5.6(a), the flow rate is set for 19800m%, Figure 5.7(b) is 4110
cm% and Figure 5.6(c) is 15150 cm%_ Finally, the physical condition is set such as

the numerical simulation 1 and is shown in Table 5.2.
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Table 5.2 The condition and parameter setting of rigid bed case in FLOW-3D

simulation time 60 s
simulation units CGS
gravity vector X:9.8095
Y:0
Z:-980.951
turbulent model RNG model
total number of cells.* ..-about.4,000,000 points
boundary conditi(;n — xﬂmln vqurhé’row rate

s |

=R
'i.lfii{-méx: out flow

Ji. | i

Al
N t y-miipg YY?II 3
y-mﬁx: wall
z-min: wall
z-max: wall
pressure solver options implicit
momentum advection second order monotonicity preserving
Fluid flow solver options Solve momentum and continuity equations
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Figure 5.5 The geometry we build by Flow-3D with the different view
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5.4.2 Numerical simulation 2: gap scour at a steeped concrete block

grade control structure

This is our final numerical simulation for gap scour cases. All the numerical
settings are followed by the laboratory experimental condition. We can observe the
whole procedure of the gap scour in our numerical simulation. The geometry we build is

shown in Figure 5.7. In Figure 5.7(a), the figure is the vertical view for the numerical
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geometry, and the purple part represents the sediment. In Figure 5.7(b), we can see the
whole geometry, and the mesh is refined surrounding the stepped concrete block grade
control structure (see Figure 5.7(c)). The red line is shown in Figure 5.7(b) which
illustrates the upstream channel and the laboratory experimental setting does not tell us
the accurate channel length. Hence the channel length is set for 50 cm by ourselves, and
this length is enough to make the flow condition develop into the fully developed flow.
In addition, the physical condition is shownyin Table 5.3 and the sediment conditions
are shown in Table 5.4. From Table 5.3,-we-ean see that the simulation time is 600 sec

and we use about 4 million‘mesh points'in order to obtain the' correct numerical results.

=
[
—
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Figure 5.7 The geometry for gap scour with the mobile bed condition.
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Table 5.3 The condition and parameter setting of mbile bed case in FLOW-3D

simulation time 600 s
simulation units CGS
gravity vector X:9.8095
Y:0
Z:-980.951
turbulent model RNG model

total number of cells

about 14,750,000 points

boundary conditiqn

i

x-min: volume flow rate

;g_x—mbx out flow
i |

1]
‘.

J 1 e
=y-mm“; wall "

y-max:Wall

z-min: wall

Z-max: symmetry

pressure solver options

implicit

momentum advection

second order monotonicity preserving

Fluid flow solver options

Solve momentum and continuity equations
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Table 5.4 The sediment setting for gap scour with the mobile bed condition

maximum packing

number of sediment species 1 0.52

fraction

diameter | density | critical drag entrainment | bed-load | angle

Shields | coefficient | coefficient | coefficient of

number repose

sediment | 0.359 2.65 0.06 0.5 0.018 8 45

5.5 Results and discussions

_—
-

| i o

[l A

|

The results of clear-water S|muI4tlon,Wlth Flow-3D software would be compared

|

to the small-scale experiments in-this section. The discussions in this thesis are divided

into two parts: (i) the gap scour and the scour depth by the given geometry, (ii) the gap
scour with the sediment conditions. For the rigid-bed (i), three types flow rate are used
in the numerical simulations. The fluid depth, y-vorticity and z-velocity are discussed in
the later section. As we mentioned, this numerical simulation is used to simplify our
numerical experiments. Hence we can realize the characteristics of the flow when the
river bed approaches the equilibrium scour depth. For the mobile bed simulation, it is

still a hard work for us and we illustrate the problem when we meet.
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5.5.1 The gap scour with the given scour depth

First of all, the numerical and experimental free surface elevations are exhibited in
Figure 5.8. The symbol of cross is the experimental result and the circle is the numerical
result. Figure 5.8 (a), (b) and (c) stands for the different flow rate which are Q=1980cm?
/s, Q=4110cm?® /s and Q=15150cm?® /s respectively. The numerical results are chosen at
60 sec because flow fields is reaching the quasi-steady. The result reveals that we obtain
the fine results when the flow rate increases-but it can:not imply that we have the bad
results when the flow rate is low. After-all, every:curve of:the numerical result still has
w?

the trend to approach the experimental resuIFs and the comparison is favorable. It is used

to confirm whether our numerical'simulation is reasonable-or. not and it can be validated

against the experimental data.
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Figure 5.8 The free surface elevation with the different flow rate (a)

Q=1980¢M’/ (b)Q=4110¢M'/ (¢)Q=15150¢M"/" .
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The z-velocity and the y-vorticity for the different flow rates are exhibited in
Figure 5.9 and Figure 5.10 respectively. For the z-velocity, we can observe that the high
velocity is always existent, no matter in which flow rate is. The scour depth of
laboratory experiments are exhibited before and the place of the maximum scour depth
coincide with the phenomenon in our simulations. At the same time, the velocities also
increase when we increase the flow rate in the red line region (see Figure 5.9(a)). In
addition, the obvious z-velocity and the y-verticity occurred between the first stepped
concrete block grade control ‘structure—and, the river bed. The phenomena also
correspond to the laboratary ‘experiments. Furthermore,:from the y-vorticity, the
anticlockwise vorticity is generated i‘n the"';;r'ﬁe place and is exhibited in Figure 5.10(c).
The results illustrate the shape:ofithe j‘scour‘r -elevation in;the gap between the river bed
and the first stepped concrete block grade control-structure. It indicates that the positive
z-velocity is always existent in the upstream wall (the black dash line). The wall close
to the river bed (the black line) has the opposite effect so it has the negative z-velocity.

Finally, the y-vorticity reveals that there are a lot of strong vorticities generated in
the edge of the stepped concrete block grade control structure. Above all, as the flow
rate increases, the trend is more obvious (see the purple line) which are shown in Figure

5.10. The failure of the stepped concrete block grade control structure in the engineering
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constraction case can be illustrated in light of the reason we discussed.

z-velocity
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Figure 5.9 The z-velocity for the different flow rate (a)

Q=1980¢M’/ (b)Q=4110¢M/ (¢)Q=15150¢M"" .
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y-vorticity
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Figure 5.10 The y-vorticity for the different flow rate (a)

Q=1980¢M’/ ())Q=4110¢M/ (¢)Q=15150¢M"" .
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5.5.2 The gap scour with the mobile bed condition

First of all, we want to illustrate the difficulty in the gap scour with the mobile bed
condition. The sediment elevation with the different mesh points is shown in Figure
5.11. For Figure 5.11 (a), the mesh points are used about 3,000,000 points in the
numerical simulation. Hence every simulation second needs to take about 2 hours in the
computation process. Unfortunately, the figure reveals that the mesh points are not
enough for the gap scour problem. Due.to this\rr'eason, the more mesh points are added
in the numerical simulations,” The restlts are exhibited, in-the Figure 5.11(b) and it is
more reasonable than the Figure 5.1ﬁ(a);:i:)-r?i;6usly. The expense is that we have to use
more time to simulate the case:.In Ifigure 75:.-11(b),,we have to spend about 3 hours for

every simulation second. It is the big challenge €ven by using computation station or for

researchers.

20001 |02,

790 a Te=

s mm

780

o ITET
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e (a) time (b)

Figure 5.11 The sediment elevation with the different mesh points. (a) use about
3,000,000 points(b) use about 4,000,000points
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The sediment elevation is exhibited in Figure 5.12. The left hand side and the right
hand side are the numerical result and the laboratory experimental result respectively.
The experimental result approaches the equilibrium scour depth and the numerical result
is chosen at the 100 sec. Although we may doubt that the numerical results do not
approach the equilibrium, the sediment elevation is already reaching the quasi-steady at
the 100 sec.. From Figure 5.12, the curve of the numerical result does not fit the
experimental result. It implies that our sediment is not easy to retrain during the scour
process.

In writer’s opinion, the'more meshspoints are necessary. In the present work, the

cell size is 0.16cm*0.160m*9.#6cmf“5ut‘ we  once try to use the
r‘} |
0.125cm*0.125¢cm*0.125¢m. . The cpﬁsequence reveals that every simulayion second

needs to take about 8 hours. Dué to this reason, we give up increasing the mesh points.

How to improve the numerical results and its accuracy is our future work.

experimental resull ' — numerical resull

T T T T 1

. (a) . . r. h _[. T .I (b)

Figure 5.12 The sediment elevation for the numerical and experimental results. (a) the
experimental result (b) the numerical result
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Chapter 6 Conclusion and recommendation

6.1 Conclusion

1. The local bridge scour problem:

For the rigid bed simulation, the numerical results coincide with the laboratory
experiment. In addition, we are successful-in-predicting the trend toward the sediment
scour. We can find out thatthe sediment.is deposited among the bridge piers in light of
the z-vorticity and the strong velocity océ:l;:rg'in front of the first pier. As we discussed
before, the ultrasound device:is ngcessaryr-in arder to measure the sediment scour.
Unfortunately, the shape of sensor and:its location at.the channel apparently affect the
flow condition in the laboratory experiments. Due to this reason, the sediment elevation
is bound to interfere with the sensor. After we remove the sensor, we obtain the fine
results which correspond to the laboratory results. Hence the ultrasound device has to be
changed place in the laboratory experiment.

The numerical results of the mobile bed simulation coincide with the laboratory

photography. We can find that the overfall flow not only scours the river bed but also
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generates the strong velocity on the upstream of the first pier. Furthermore, the mainly
scour type are different between the mobile bed simulation and the same case without
the overfall flow effect. The mainly scout type in mobile bed simulation is overfall flow
scour. On the contrary, the mainly scour types are the down flow and the horseshoe
vortex when we remove the first river bed. Finally, from the example of Hou-Feng
bridge, the pipeline located at the upstream of the bridge is one of the main causes of
piers collapsed. Even though we have the;aceeptable numerical results, we believe that
we should use more mesh_points’ in order-to-@btain the more fine results of flow and
sediment for bridge structures.
2. The gap scour problem:
We are also successful insimulating tﬁe gap scour:when the scour depth is given.
The high velocities always occur between the river bed and the first stepped concrete
block grade control structure. It coincides with the laboratory experiment. In addition,
there are strong vortices near the edge of the stepped concrete block grade control
structure. The stepped concrete block grade control structure failure happened at this

place in the engineering constraction case.
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6.2 Recommendation

1. We suggest that we have to make good use of the multi-block mesh systwm. In
order to retrench the computation resource, the mesh points are not used on the solid
body or use the lower mesh points. Although the mesh points are not computed in
the program, it still saves the numerical results in the memory.

2. In our numerical simulation in the mobile bed simulation, it reveals that the critical
Shields number is necessary 10 be defined--I.he suggestion numbers are 0.01 to 0.06.

3. The work statio

4. nis necessary when we want to simui-;t‘:;"the sediment scour problem. It is because
that the sediment scour. problems Have t(; use large computational storage during the

numerical simulation. The problem:has beenidiscussed and exhibited in the chapter

5.  When the sediment condition is added in the numerical simulation, it obviously
enhances the difficulty of simulation. The cell size in the numerical setting is suggested

to be smaller than 0.166.
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