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Backwater effect due to a single spur dike

H. Azinfar and J.A. Kells

Abstract: Spur dikes are river engineering structures that project from the bank of a stream at some angle to the main
flow direction. They are principally used for river training and protection of the riverbank from erosion. A spur dike
might be considered a form of macroscale boundary roughness, which produces a backwater effect upstream from the
spur dike location. Despite this impact, spur dike design often proceeds without regard to the effect that the spur dike
might have on the stream system. The work presented herein is on the backwater effect due to a single, vertical-walled
spur dike. It is based on a momentum analysis in which the resistance offered by the spur dike is represented by a
drag equation, for which the key parameter is the spur dike drag coefficient. Experimental data acquired for various
configurations of a single spur dike within fixed-bed flumes have been used to calibrate and validate the proposed
backwater model. The results show that the spur dike drag coefficient, hence the computed backwater effect, depends
on the channel contraction caused by the spur dike, the degree of spur dike submergence, the aspect ratio of the spur
dike, and the Froude number of the flow.

Key words: spur dike, backwater effect, physical model, momentum principle, drag force, drag coefficient, river engi-
neering.

Résumé : Les épis sont des structures potamotechniques qui font saillie des berges d’un ruisseau a un certain angle
par rapport a la direction principale de I’écoulement. Ils sont principalement utilisés pour la correction d’un cours
d’eau et la protection des rives contre I’érosion. Un épi peut étre considéré comme étant une forme de rugosité limite a
grande échelle, qui produit un effet de remous en amont de 1’épi. Malgré cet impact, la conception des €pis ne tient
souvent pas compte de I’effet que pourrait avoir I’épi sur le cours d’eau. Cet article présente 1’effet de remous causé
par un seul épi a murs verticaux. Il est basé sur une analyse du mouvement dans laquelle la résistance présentée par
I’épi est représentée par une équation de trainée, dans laquelle le parametre clé est le coefficient de trainée de 1’épi.
Les données expérimentales acquises pour diverses configurations d’un seul épi dans les canaux sur appui a lit fixe ont
été utilisées pour étalonner et valider le modele de remous proposé. Les résultats montrent que le coefficient de trainée
de I’épi, et donc I’effet de remous calculé, est déterminé par la contraction du chenal engendrée par 1’épi, le niveau de
submersion de 1’épi, le rapport de forme de 1’épi et le nombre de Froude de 1’écoulement.

Mots-clés : épi, effet de remous, modele physique, principe de mouvement, force de trainée, coefficient de trainée, po-

tamotechnie.

[Traduit par la Rédaction]

1. Introduction

Spur dikes are hydraulic structures that project from the
bank of a stream at some angle to the main flow direction.
They are principally used for two purposes, namely river
training and erosion protection of a riverbank. River training
applications of spur dikes frequently involve improving the
navigability of a river by increasing the flow depth, straight-
ening the channel alignment, and increasing the sediment
transport rate through the improved reach. The latter feature
results in reduced costs for channel dredging. In the case of
bank protection, spur dikes deflect the flow away from the
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bank, thereby reducing the near-bank flow velocity and
often creating a region of deposition. Relative to other ap-
proaches, such as revetments, spur dikes are among the most
economical structures that can be used for riverbank protec-
tion (Shields 1995). Despite their useful features, however,
there is some concern that spur dikes may be responsible for
increased flooding due to the associated backwater effect.
For example, studies show that, over the past century, flood
stages for given discharges at various locations along the
Middle Mississippi and Lower Missouri rivers have increased
by 2-4 m (Criss and Shock 2001). These river reaches are
characterized by extensive river engineering works, including
spur dikes and levees. Pinter (2004) confirms the reported
increase in flood stage due to the presence of engineering
works on the two rivers.

The relative increase in a river’s stage and attendant flood-
ing can be due to a modified hydrologic regime, changes in
the hydraulic regime, or both. To separate the effects of the
two factors, Criss and Shock (2001) and Pinter et al. (2001)
tracked the changes in the Mississippi and Missouri river
stages over time for constant-discharge conditions. With the
discharge being held constant, the variations in a river’s
stage can be attributed solely to changes in the channel hy-
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draulics, and the effects of a modified hydrologic regime are
eliminated. Based on their analysis, Criss and Shock and
Pinter et al. observed that the relative stages of the Missis-
sippi and Missouri rivers have increased over the last century.
These findings suggest that the channel roughness of the
rivers has increased, which the researchers attribute to the
construction of river engineering works such as spur dikes.
They also observed that the increase in channel roughness is
more important for higher discharge conditions. At low dis-
charges, in the case of an erodible boundary channel, there
may even be a decrease in the river’s stage, which can be at-
tributed to main channel degradation due to channel confine-
ment resulting from spur dike construction. As well, many
rivers with river engineering works, such as the Mississippi
River, contain both spur dikes and levees. Since levees are
usually built to levels higher than the bankfull stage, Pinter
et al. also concluded, for such rivers, that observed stage in-
creases for flows less than bankfull can be attributed solely
to spur dikes.

Stage increases due to spur dikes have also been reported
on other rivers. For the Rhine River in Europe, for example,
the height of the spur dikes was reduced as a way of reduc-
ing their adverse effects during times of flooding (Belz et al.
2001; Yossef 2002). Similarly, in a numerical study of the
Nile River in Egypt, it was concluded that the construction
of spur dikes has had a considerable effect on upstream wa-
ter levels (Soliman et al. 1997). These increases in flood
stage often endanger buildings, infrastructure (roadways, ca-
bles, bridges, etc.), farmland, hydraulic structures (pump sta-
tions, intakes, etc.), and people who live near the river.

Since it has now been demonstrated that the construction
of spur dikes can significantly increase the stage of a river,
especially during times of flooding, it is then prudent to
quantify the amount of backwater effect that occurs so that
the impacts of spur dike construction can be determined by
those charged with managing the river system. For this rea-
son, a study on the backwater effects associated with spur
dikes was recently initiated at the University of Saskatche-
wan. The purpose of the study was to explore the various pa-
rameters that affect the resistance characteristics of spur
dikes in open channels and to develop a model for quantify-
ing the amount of backwater effect experienced. The work
reported herein, which is part of a larger study on the back-
water effect due to spur dikes, was based on a single spur
dike having a basic geometric configuration (i.e., rectangular
flat plates arranged perpendicular to the channel wall). In
this paper, a theoretical framework based on the momentum
principle is developed as a way of relating the backwater ef-
fect to the drag force exerted by a single spur dike, wherein
the spur dike drag force is represented by a drag coefficient.
Using the results from two physical models, experimental
data acquired for various dimensions of a single spur dike
within fixed-bed flumes have been used to calibrate and vali-
date the proposed spur dike backwater model.

2. Theoretical framework

Any obstacle located within a flow field exerts a drag
force on the flow, which invariably results in some type of
energy loss. In free surface flow, such as the flow in a river,
the energy loss is overcome by a rise in the upstream water
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level, herein termed the backwater effect. For non-
streamlined objects or bluff bodies, the approach flow sepa-
rates from the boundaries of the object, producing a wake
zone behind the object, which is characterized by eddies and
a high rate of energy dissipation. The resulting difference in
pressure from the upstream side of the object to the down-
stream side results in a net upstream force being exerted by
the object on the flow. This force is known as form drag. In
addition to form drag, there is often a small amount of drag
resulting from the increased shear stress associated with the
relatively high velocity flow over the surface of the object.
This latter drag is called viscous drag or skin friction drag.
The total drag force is the sum of the two types of drag. For
bluff bodies, form drag is typically dominant. As spur dikes
can be classified as bluff bodies, the drag resulting from a
spur dike is primarily due to form drag. This drag is princi-
pally responsible for the energy loss and backwater effect at
a spur dike.

The analysis of the backwater effect due to a spur dike in
an open channel can be done using either an energy ap-
proach or a momentum approach. A momentum approach
has been used in this work. With reference to Fig. 1, the
one-dimensional linear momentum equation can be written
between section 1 upstream of the spur dike and section 2
downstream to give

(11 K-FK-F-F=p0@,V,-BW)

where F, is the force due to the upstream hydrostatic pres-
sure distribution; F, is the force due to the downstream hy-
drostatic pressure distribution; Fp is the drag force due to
the spur dike; F; is the friction force due to boundary fric-
tion between sections 1 and 2; p is the fluid density; Q is the
discharge; V| and V, are the average velocities at sections 1
and 2, respectively; and B; and 3, are the momentum correc-
tion factors applicable at sections 1 and 2, respectively. In
this analysis, the channel is horizontal and thus there are no
effects due to bed slope to be considered.

For this analysis, it is assumed that the friction force is neg-
ligible and that the momentum correction factors are equal to
unity. These assumptions are common with many types of
momentum analyses, and the impacts are often compensatory
in nature (i.e., the effects of the two assumptions tend to off-
set each other), such as in the case of the hydraulic jump, al-
though in this instance the impacts are additive. It might
further be noted that, if the channel bed had a slope and the
flow was uniform, the downstream component of the weight
of the fluid within the control volume (i.e., between sections
1 and 2) would exactly offset the frictional resistance at the
boundary. The drag force, Fp,, can be expressed as

2] R =CpA,pV?/2

where Cp is the drag coefficient, and A, is the upstream pro-
jected area of the spur dike (i.e., A, = PL, where P is the
height of the spur dike and L is the length of the spur dike
perpendicular to the flow). The velocity, V, is a representa-
tive velocity, which for this work has been taken to be the
approach velocity, V. On this basis, eq. [1] can be revised to
read

(31  pgBhi/2—pgBh3/2~CpA,pVi/2=pQ(V, ~V)
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Fig. 1. Schematic (plan and profile) of a spur dike within a con-
trol volume. Numbers 1 and 2 are sections referred to in the
text. V, water surface.
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where the hydrostatic pressure force terms have been ex-
pressed in terms of the flow depth; B is the channel width; g
is the acceleration due to gravity (i.e., 9.81 m/s?); and &, and
h, are the upstream and downstream flow depths, respec-
tively. The backwater effect, which is the subject of this
investigation, is represented by the difference between the
upstream and downstream flow depths (i.e., h; — h,).

Further manipulation of eq. [3] in conjunction with the
continuity equation leads to

[4] 2Fr¥h/hy)® —(2Fr? —CpA, Fri +)(h/h)*+1=0

where the area ratio, A,, is given by A/Bh; and Fr| is the
Froude number of the approach flow. If the tailwater condi-
tions, spur dike geometry, and drag coefficient are known,
eq. [4] can be solved implicitly for h,/h, to obtain the up-
stream water depth and the corresponding backwater effect
resulting from the spur dike. If Newton’s method is used in
the solution procedure, the first derivative of eq. [4] is re-
quired, which is given by

[51  f'(h/hy) =2(hy/hy)(Fr} —CpA,Fri —1)

Even so, the key issue requiring resolution at this stage is the
determination of the spur dike drag coefficient.

From dimensional analysis, the drag coefficient can be ex-
pressed in terms of a functional equation as

[6] Cp =f. (Re,, Fr;, LIB, PIL /P, A, o)

where Re, is the Reynolds number of the approach flow, L/B is
the spur dike contraction ratio, P/L is the spur dike aspect ratio,
/P is the spur dike submergence ratio, A is the spur dike
shape factor, and o is the angle between the spur dike and the
stream bank as measured from upstream. The Reynolds num-
ber represents the effects of viscosity, which are assumed to be
insignificant in the case of a flow field involving a spur dike.
Moreover, since only a vertical-walled spur dike is considered
in this study, the spur dike shape factor can be omitted from
the analysis. Similarly, only one spur dike orientation was used
in this work, with the spur dike being oriented normal to the
stream bank (i.e., oo = 90°). Thus, for this work, the spur dike
drag coefficient can be expressed by a simplified functional
equation as

[71  Cp = f(Fr, LIB, P/L, h/P)
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In turn, eq. [7] can be expressed in a more useful mathemati-
cal form as

[8]  Cp=K®/L)" (1 —L/IB)(h/P) (Fry)?

where K, a, b, ¢, and d are assumed to be constants, which
must be determined by experiment. In this work, the drag
coefficient in eq. [8] has been expressed using values repre-
sentative of the upstream flow conditions.

A parameter referred to as the opening ratio, defined herein
as 1 — L/B, has been used instead of the contraction ratio, L/B,
in eq. [8]. Using the opening ratio avoids the problem of the
drag coefficient approaching zero as the contraction ratio ap-
proaches zero. Thus, as the opening ratio approaches unity (i.e.,
there is little to no contraction of the channel due to the spur
dike), the contraction ratio approaches zero, which means that
there is negligible effect of the parameter on the computed drag
coefficient, as is to be expected.

3. Experiments and model development

The data obtained from a series of experiments carried out
by Oak (1992) have been used to calibrate eq. [8]. An
800 mm wide, horizontal, fixed-bed flume containing smooth,
blunt end (i.e., rectangular), vertical-walled spur dikes of vari-
ous lengths and heights was used in Oak’s work. The test
conditions included evaluation of both submerged and unsub-
merged spur dikes. Table 1 shows the range of parameters
studied by Oak.

In addition to the aforementioned experiments for vertical-
walled spur dikes, Oak (1992) also conducted experiments for
spur dikes having a triangular cross section and a rounded
nose and both smooth and rough boundaries. These latter spur
dikes were also tested for both submerged and unsubmerged
modes of operation. However, only the data for Oak’s smooth,
blunt end, vertical-walled, submerged spur dikes have been
considered in this study. In this regard, two points are worth
noting. First, the most critical condition with respect to the
backwater effect due to a spur dike is for flood conditions,
during which time the spur dike is likely to be submerged.
Second, as found by Oak and Smith (1994), the backwater ef-
fect associated with a spur dike having a triangular cross sec-
tion and a rounded nose is less than that for a spur dike
having a blunt end and vertical orientation. The streamlining
associated with the former geometry results in a reduced
backwater effect. As such, the results of the work reported
herein can be considered to be somewhat conservative with
respect to the predicted backwater effect.

In Oak’s (1992) experiments, both the upstream and down-
stream water levels were measured for each of several spur
dike geometries and flow conditions. Thus, it is possible to
reanalyze Oak’s data using eq. [3] expressed in terms of the
drag coefficient as

2% (U/hy =1/ hy) + g(h{ —h3)
(Ay/B)(q/hy)*

91 Cp

where ¢ is the unit discharge (i.e., O/B). Using eq. [9] to de-
termine the drag coefficient for 540 tests from Oak’s work
and applying multiple variable regression analysis to the
dataset for an equation expressed in the form of eq. [8] re-
sulted in
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Table 1. Range of experimental parameters used in
Oak’s (1992) experiments.

Spur dike height, P (mm) 100, 150, 200
Spur dike length, L (mm) 320, 400, 480
Channel width, B (mm) 800

Channel slope, S, (m/m) 0
Downstream depth, 4, (mm) 100-254
Downstream Froude number, Fr, 0.05-0.40
Submergence ratio, /P 1.03-1.77
Discharge, Q (L/s) 13.9-42.3

[10] Cp =4.00(P/L) (1 - L/B)™8%
X (hl /P)_1'676(Fr])_0'221

The software SPSS (Statistical Package for the Social Sci-
ences, version 9; SPSS Inc. 1999) was used for this analysis.
The resulting value of R2, where R is the correlation coeffi-
cient, was found to be 0.88. In this work, the combination of
eqs. [4] and [10] is referred to as the regression backwater
model.

On the basis of the exponent values given in eq. [10], it is
evident that the submergence ratio has the greatest effect on
the drag coefficient (i.e., largest exponent) while the Froude
number has the least effect (i.e., smallest exponent). In doing
the analysis for eq. [10], at least three of the parameters used
to describe the drag coefficient are physically independent,
including the aspect ratio, P/L, the opening ratio, 1 — L/B,
and the submergence ratio, ,/P. It was suspected, however,
that there may be a relationship between the submergence
ratio, h,/P, and the Froude number, Fr;, given that both vari-
ables depend on the flow rate, but covariance analysis using
SPSS applied to Oak’s (1992) data showed that there is no
significant relationship between the two variables. Thus, on
the basis of variable independence, it is possible to define
the drag coefficient as

[11]  Cp =@ 0,950,

where the various ¢ terms, which are each a type of drag co-
efficient, can be defined as

¢ =HPID), 0, =f0-L/B)
03 = f5(/P), @4 = fu(Fr)

Equations [4] and [11] are referred to herein as the multiple
function backwater model. This model is discussed further
in the following paragraphs.

To develop the various @ relationships described in eq. [12],
recourse was again made to Oak’s (1992) data and the results
of the multiple variable regression analysis expressed by
eq. [10]. In doing this, each ¢ term was individually evaluated
by dividing the computed drag coefficient by all of the re-
maining parameters in eq. [10], one by one. For example, in
the case of ¢, which represents the aspect ratio term in
eq. [10] (i.e., the P/L term), the data were expressed as

- Cp
4.00(1 — L/ B84 (hy /P)~1676 (Fr)) =022

[12]

[13] ¢

The same procedure was applied to all other @ terms. Equa-
tion [13] in essence reveals the nature of the variation of the
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drag coefficient with the aspect ratio, P/L, as the effects of
the other variables have essentially been factored out. In this
way, comparison can be made to the literature in respect of
this parameter (and, in turn, the other three parameters too).
As well, it is also possible to gain some insight to the phys-
ics of the problem, largely because the analysis procedure
allows one parameter to be evaluated at a time.

The results of the analysis described previously, which
quantifies the functional relationships expressed by eq. [12],
are shown in Fig. 2. In each of the four plots in Fig. 2, it
may be noted that the graphical relationship has been ex-
pressed in three ways: by a simple plot of the data (data
points), by a power law least squares regression fit to the
data (solid line), and by a curve fitted to an extended range
of the data (broken line). In the case of the curve fitted to
an extended range of the data, recourse was made to a re-
view of the trend expressed by Oak’s (1992) data, by ap-
plying simple logic to the basic physics of the problem
(e.g., recognition of the physical limits of applicability), and
by comparison with the results of related work in the pub-
lished literature. The specific details applicable to each of
the four ¢ parameters are discussed as follows.

Figure 2a shows the variation of ¢, with the spur dike as-
pect ratio, P/L. Also included in this figure is the relationship
for the drag coefficient of a rectangular flat plate positioned
within a free-stream flow as given by Hoerner (1965). The
upper range of the parameter ¢, has been extended to lower
values of P/L based on the trend expressed by Oak’s data,
and its lower range has been limited to a value of 1.2 on the
basis of both the trend expressed by Oak’s data and the drag
coefficient of a rectangular flat plate for large aspect ratios
as given by Hoerner. The resulting relationship for ¢; as a
function of P/L can then be expressed by

[14] @, =1.801-P/0)*7 +1.2

As indicated in Fig. 2a, except for aspect ratios greater than
about 0.6, the experimental results for the drag coefficient
from this study are greater than those for a rectangular plate
located within a free-stream flow. It is postulated that the
difference can be explained by the limited “ventilation” of
the flow around the plate in the case of a spur dike, which is
fastened to both the bed and one sidewall, versus the free-
stream situation in which flow can access the backside of the
plate from all sides. This explanation is supported by the
work of Ranga Raju et al. (1983), who measured the drag
coefficient of circular cylinders in an open channel. In that
work, it was observed that the drag coefficient for a circular
cylinder fastened to the floor of a flume is greater than that
for the case of the same cylinder located within a free-
stream environment. Dalton and Masch (1968) made a simi-
lar observation. In their case, Dalton and Masch argued that
the horseshoe vortex near the flume bottom increases the
stagnation pressure in front of the cylinder, which in turn re-
sults in an increase in the drag coefficient.

Figure 2b shows the variation of ¢, with the spur dike
opening ratio, 1 — L/B. A power law equation has been used
to describe the @, relationship, as with eq. [10], viz.

[15] @, =01-L/B®
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Fig. 2. Contribution of the various parameters to the drag coefficient: (a) spur dike aspect ratio, P/L; (b) spur dike opening ratio,
1 — L/B; (c) spur dike submergence ratio, h;/P; (d) upstream Froude number, Fr,.
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Two observations are readily apparent with eq. [15] and as
shown in Fig. 2b. First, in the limit as L/B approaches zero,
which means that there is no spur dike present, the value of
@, approaches unity. In essence, this means that there is no
effect of the opening ratio on the drag coefficient for this sit-
uation, as expected. Second, the trend in the relationship is
such that the drag coefficient increases with a decrease in
the opening ratio (i.e., an increase in the contraction ratio).
A similar finding was also made by Shaw (1971), who in-
vestigated the wall effect on the drag coefficient of a flat
plate located within a water tunnel. Shaw noticed that, as the
plate projected farther into the tunnel, the velocity at the
point of flow separation increased, which in turn resulted in
a decrease in the pressure on the leeward side of the plate.
The decrease in pressure manifested itself as an increase in
the drag coefficient, which Shaw found could be expressed
using a power law function in terms of the opening ratio.
Similarly, Ranga Raju et al. (1983) suggested the following
power law function for circular cylinders located on the bed
of a channel, viz.:

[16] Cp=Cp,(1-D/B~"%

where Cp, is the drag coefficient with contraction effects in-
cluded, Cp, is the drag coefficient corresponding to a free-
stream condition, D is the cylinder diameter, and B is the
channel width. It is apparent that the form of egs. [15] and
[16] is essentially the same, with the only difference being
the value of the exponent.

Figure 2¢ shows the variation of @5 with the submergence
ratio, A;/P. It can be seen that the drag coefficient decreases
as the submergence ratio increases. This variation is attrib-
uted to the existence of the free surface flow. As the submer-
gence ratio, hence water depth, increases, the effects of the
free surface on the pressure difference between the upstream

(b) 5 I I
¢ Oak's data
4 — - Proposed function
\\ o] — Power (Oak's data)
3 < :
< 2 N -
1 i
0
0.0 0.2 0.4 0.6 0.8 1.0
1-L/B
(d)s ‘
e Oak's data
4 — - Proposed function H
— Power (Oak's data)

0.0 0.1 0.2 0.3 0.4
Fr,

and downstream faces of the object decrease. The upper
range of this parameter has been extended on the basis of the
trend reflected in the data. The lower range has been ex-
tended both on the basis of the trend expressed by the data
and by logic related to the physics of the problem. With re-
spect to the latter point, it has been assumed that the value
of @5 should approach unity (i.e., no effect due to submer-
gence) as the submergence ratio approaches infinity. As
such, the @5 relationship can be expressed as

3.2
17 =22
NS

Malavasi and Guadagnini (2003) observed that the drag
coefficient for rectangular bridge decks increases as the flow
depth increases for submergence ratios less than one and de-
creases as the submergence ratio becomes greater than one.
The maximum drag coefficient occurs for a submergence ra-
tio near to unity. In their work, Malavasi and Guadagnini de-
fined submergence ratio as the water depth above the bottom
of the deck relative to the thickness of the deck. The results
of their study showed that the drag coefficient becomes con-
stant when the submergence ratio reaches a value between 4
and 5. Analysis of eq. [17] shows that, as the submergence
ratio approaches a value of 5, the effects of submergence be-
come negligible, which is similar to the finding of Malavasi
and Guadagnini.

Figure 2d shows the variation of ¢, with the Froude number
Fr,. The range of the parameter expressed by the measured
data has been extended simply using the trend expressed by the
data. As such, the power law fit to the data shown in the figure
can be represented by

[18] @, =1.10—Fr)'5 +1.4
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Fig. 3. Schematic illustration of the test setup used in the experiments.
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Here, it may be observed that, as with the other ¢ relation-
ships, there is a decreasing trend with an increase in the influ-
encing parameter, which in this case is the Froude number.
The results of Ranga Raju et al. (1983) and Charbeneau and
Holley (2001) on studies of bridge piers show the same trend.
It may be noted that, in the present work as shown in Fig. 2d
for Froude numbers greater than 0.2, the drag coefficient is
constant.

4. Model validation and discussion

To provide for independent validation of the two spur dike
backwater models described herein, a short series of tests
was conducted in the Hydrotechnical Laboratory at the Uni-
versity of Saskatchewan. Two widths of flume were used in
these tests to provide for a wider array of test conditions
than those of the tests undertaken by Oak (1992). The test
setup for both flumes is illustrated schematically in Fig. 3,
and the test conditions are summarized in Table 2. Water
surface levels were measured with a point gauge, and flow
rates with an orifice meter and by a gravimetric method. A
photograph showing the model spur dike in operation is
shown in Fig. 4.

As part of this verification, reference was also made to the
model of Oak and Smith (1994), which was also derived us-
ing Oak’s (1992) data. It is referred to as the Oak and Smith
model and can be expressed as

[191  hy/hy =1+3.9(h,/P)>*(LIB"® Fr}>

where Fr, is the Froude number of the flow downstream
from the spur dike. Equation [19] was determined using re-
gression analysis applied to Oak’s submerged spur dike data
(i.e., with overtopping). It can be used to solve for the up-
stream depth of flow, and hence the backwater effect, if the
downstream flow conditions are known. Strictly speaking, it
is only applicable over the range of conditions tested by
Oak. The other two models are represented by eqs. [4] and
[10] (i.e., the regression model) and eqs. [4] and [11] (i.e.,
the multiple function model).

The results of the validation tests are shown in Fig. 5. In
each case, the backwater effect (i.e., #; — h,) determined us-
ing each of the three models has been compared with that
determined by experiment. The mean relative error calcu-
lated for each of the proposed multiple function model, the
regression model, and the Oak and Smith model is 9.4%,

Channel width = 800 mm, 500 mm

|
Spur dike J.

Tailwater
control gate

Table 2. Range of experimental parameters used in
the validation experiments.

Spur dike height, P (mm) 50

Spur dike length, L (mm) 200
Channel width, B (mm) 500, 800
Channel slope, S, (m/m) 0
Downstream depth, &, (mm) 45-148
Downstream Froude number, Fr, 0.22-0.88
Submergence ratio, h,/P 1.22-3.02
Discharge, Q (L/s) 7.3-56.7

18.9%, and 42.0%, respectively. On the basis of these re-
sults, it is evident that the proposed multiple model provides
the best estimate of the backwater effect due to the spur
dike. It is to be realized, however, that the test conditions
shown in Table 2 go beyond those represented by Oak’s
(1992) data. Thus, it is not necessarily reasonable to expect
that the results from the regression model and the Oak and
Smith model, which are based strictly on Oak’s data, should
yield a good prediction for test conditions outside the range
of data from which they were developed. The proposed mul-
tiple function model, however, is specifically intended to
represent a broader range of each test parameter.

When the validation dataset is restricted to the range
tested by Oak (1992), as shown in Table 1, the mean relative
error calculated for each of the proposed multiple function
model, the regression model, and the Oak and Smith model
is 6.8%, 7.7%, and 24.3%, respectively. These results show
that both the proposed multiple function model and the re-
gression model more or less perform equally well in this in-
stance. As well, both models perform considerably better
than the Oak and Smith model, even when applied to the
same data range used by Oak in his work.

It can be observed in Fig. 5 that the multiple function
model provides better prediction of the backwater effect for
lower backwater conditions (i.e., lower values of Ah). For
higher values, the model slightly underestimates the actual
backwater effect. One possible reason for the observed un-
derestimate may be related to the determination of the effec-
tive tailwater depth in the model. It was observed during the
validation tests that, for a particular discharge and tailgate
setting, removal of the spur dike from the flow resulted in a
change in the tailwater depth downstream from the spur dike
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Fig. 4. Photograph showing the spur dike model in operation for one of the experiments.
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Fig. 5. Backwater prediction using (a) multiple function model;
(b) regression model; and (¢) Oak and Smith model. Calc., cal-
culated; meas., measured.
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location. In particular, it was found that the downstream wa-
ter level was higher with the spur dike removed than with
the spur dike present. This difference persisted for the entire
length of the flume, which in some respects is a bit con-
founding. Given the subcritical nature of the flow and the
horizontal bed (i.e., zero slope), it is evident that the local
effects due to the spur dike (i.e., impacts on flow depth and

Near-side water surface profile
(adjacent to spur dike)

velocity) must have existed for the entire distance from the
spur dike location to the end of the flume. The amount of
water level adjustment became smaller as the tailwater depth
increased, hence as the Froude number decreased, as one
would expect given the smaller kinetic effects associated
with lower Froude number flow conditions. Although the
data do not exist to precisely quantify the magnitude of any
error associated with determining the correct tailwater level,
hence the backwater effect, the error is judged to be rela-
tively small. Moreover, adjustment to the measured tailwater
level would only serve to improve the apparent accuracy of
the model predictions shown in Fig. 5.

Another possible source of error may be related to the as-
sumption of a momentum correction factor of unity in
eq. [1] (i.e., B = 1). Although a B value of unity may be ap-
proximately correct for the flow approaching the spur dike,
it is likely that the factor is considerably greater than unity
in the reach immediately downstream. The variation in the
velocity distribution in the immediate downstream reach,
both vertically and laterally, is expected to be considerable
because of the complex flow conditions created by the spur
dike. As it was not possible to measure the tailwater depth at
a location far downstream from the spur dike where the B
factor would have been nearer to unity, and as velocity dis-
tributions were not obtained as part of this study, the true
momentum flux at the downstream section has invariably
been underestimated. Nonetheless, if the downstream value
of B were increased, it is evident from eq. [1] that, for a
given value of drag coefficient (or drag force), the computed
upstream depth and corresponding backwater effect would
increase, which in turn would result in a better correlation
between the predicated and measured backwater effects.

As a final comment, the results of this work may be ex-
tended to spur dikes with geometries other than that re-
ported herein, such as spur dikes with a trapezoidal cross
section as is usual in practice. Using a trapezoidal cross
section with an attendant rounded nose, however, makes the
structure more streamlined than is the case for a rectangu-
lar flat plate as used in this study. As such, determining the
backwater effect using the results presented in this paper is
likely to offer a somewhat conservative prediction (i.e.,
predicted backwater effect somewhat greater than that
likely to occur). Until an improved predictive model is
available for such situations, using the proposed model rep-
resents a safe approach.
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5. Conclusions

The backwater effect due to a single spur dike in an open-
channel flow was studied in a laboratory flume. Analysis of
the flow regime was carried out using the momentum princi-
ple, with the resistance offered by the spur dike being ex-
pressed in terms of a drag coefficient. On the basis of a
series of tests conducted by Oak (1992) and several valida-
tion tests conducted as part of this study, a so-called multiple
function model has been proposed for predicting the drag
coefficient, which in turn allows quantification of the back-
water effect due to a single spur dike in the flow. In doing
this work, it has been found that, as with other bluff bodies
in an open-channel flow, the drag coefficient of a spur dike
is a function of the structure geometry and flow condition,
namely the spur dike aspect ratio, the contraction ratio, the
submergence ratio, and the Froude number of the flow. It
was also observed that the behavior of the parameters affect-
ing the spur dike drag coefficient is similar to that for other
bluff bodies.

The results of the study show that the submergence ratio
has the greatest effect on the drag coefficient, especially for
flow depths near to the spur dike height. The Froude number
has the least effect on the drag coefficient. It was also found
that the proposed multiple function model provides better
backwater prediction capability than the other two models
examined, particularly when a wide array of test conditions
is evaluated. Furthermore, considering that a spur dike with
a trapezoidal cross section is more streamlined than the two-
dimensional spur dikes studied in this work (i.e., rectangular
flat plates), backwater predictions made with the proposed
multiple function model will be conservative.

Future work on this topic should address more specifically
the nature of the backwater effect for three-dimensional spur
dikes with a trapezoidal cross section and rounded nose. As
well, work is needed on assessing the impact due to an array
of spur dikes, such as that often used in various types of
river training and bank protection works.
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List of symbols

a, b, ¢, d exponents in regression equation
A, area ratio (= A/Bh;)
A, upstream projected area of the spur dike (= PL)
B width of flume
Cp drag coefficient due to spur dike
Cp, drag coefficient corresponding to free-stream conditions
D pier diameter
F, force due to upstream hydrostatic pressure distribution
F, force due to downstream hydrostatic pressure distribu-
tion
Fp drag force due to spur dike
F; friction force due to boundary friction
Fr; Froude number upstream of spur dike (= Vl/(ghl)”z)
Fr, Froude number downstream from spur dike (= VZ/(ghz)“ 2)
g acceleration due to gravity (i.e., 9.81 m?/s)
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depth of flow upstream of spur dike
depth of flow downstream of spur dike
constant in regression analysis

length of spur dike

height of spur dike

unit discharge (= Q/B)

volumetric discharge

square of the correlation coefficient
Reynolds number upstream of spur dike
channel slope

representative velocity

average velocity upstream of spur dike

115

average velocity downstream from spur dike

angle between spur dike and stream bank

momentum correction factor

momentum correction factor upstream of spur dike
momentum correction factor downstream from spur dike
spur dike shape factor

Ah backwater effect due to spur dike (hy — hy)

p
(i
P2
D3
Pq

fluid density

drag coefficient expressed in terms of aspect ratio
drag coefficient expressed in terms of opening ratio
drag coefficient expressed in terms of submergence ratio
drag coefficient expressed in terms of Froude number
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