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An Experimental Study of Backwater Effects
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Abstract

The hydraulics of flow within the covered reach of urban streams is very com-
plicated due to the accumulation and interference effect of eddies around the
multiple piers supporting the covering slab. An extensive experimental study is
done to quantitatively estimate the backwater rise effect caused by various
arrays of multiple piers. The factors governing the backwater rise are found out
to be the contraction ratio due to the piers, Froude number of the flow, longitu-
dinal pier spacing, and the length of the covered reach. For a single section of
lateral pier arrays the effect of contraction ratio and Froude number on the
backwater rise is analyzed and a multiple regression equation is derived. The ef-
fect of multiple piers, arrayed in both lateral and longitudinal directions, on the
backwater rise is analyzed in terms of the contraction ratio, Froude number, lon-
gitudinal pier spacing and the total length of the covered reach. A multiple re-
gression equation for the backwater rise estimation is proposed based on the ex-
perimental data collected in the present study.
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1. Introduction

In many developing countries a part of the
urban streams is often covered by a concrete
or asphalt slab for driveways, parking spaces
or other land use purposes. The concrete pier
columns supporting the slab hinder the pas-
sage of flood water during the rainy season
accelerating flood risks in the densely devel-
oped urban area.

The backwater effect of bridge piers at a
river cross section has long been studied
experimentally as well as analytically (D’
Aubuisson, 1840; Nagler, 1918; Rehbock,
1919; Yarnell, 1934; Eichert and Peters,
1970; HEC-2, 1982). However, the effect of
multiple piers, closely arrayed in the lateral
the flood
water level has not well been studied and it

and longitudinal directions, on
is a common practice to use HEC-2 bridge
routine (HEC-2, 1982) to compute the back-
water rise due to bridge piers.

Therefore, a series of laboratory experi-
ments are executed for various arrays of
multiple columns supporting the covering slab
of the stream, and then the results are ana-
lyzed and compared with those estimated by
the existing methods of backwater computa-

tion.

2. Formulas for Backwater Rise Caused
by Piers

Among the existing formulas the most pop-
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ular ones are those of D’Aubuisson and
The form of D
Aubuisson formula (Yoon, 1995) can be ex-

Yarnell. nondimensional

pressed as follows (Fig. 1):
(&) (&)1

where Jdy=backwater rise due to pier; y;=
F3=
Froude number at downstream section, K,=

ﬂ: yz‘j’3=05

P—— (1)

water depth at downstream section;

contraction loss coefficient depending on con-
traction ratio and pier shape, (K,=0.96~1.

31; Yarnell, 1934); B;= width of stream
channel; b,= net width of stream at pier
section (b, = B;nd; n=number of lateral

piers at pier section; d=diameter of a pier).
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Fig. 1. Flow through a Single Pier

Yarnell (1934) made extensive studies on
the flow between bridge piers through labora-



tory experiments and the nondimensional
form of the Yarnell formula used in HEC-2,
water surface profiles (HEC-2 1982) can be

expressed as follows (Fig. 1):

%:%:K[KM Fi-06][a+15a']F
3 3

(2)

where K=contraction loss coefficient de-
pending on the pier shape (K=0.90~1.25:
Yarnell, 1934), and a@=contraction ratio of
the pier section with respect to the down-

stream section.
3. Experimentation

A series of laboratory experiments is run
in a 30cm x 30cm x 15m tilting open chan-
nel with a tail gate for flow depth control.
For model piers stainless steel cylinders of
15mm diameter are set up both in cross-sec-
tional and longitudinal directions.

The laboratory flume used in the present
study is schematically shown in Fig. 2. The
discharge in the flume is set up based on the
predetermined flow rating by adjusting a
valve located near the end of feeding pipe

Movable ‘
Point Gage Head Tank
Tail Gate
3 1 I
Test Reach Screen
l 1 Measuring
: Tank

Weir

Fig. 2. Schematic Diagram of Laboratiory Flume
System
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Fig. 3. Sample Array of Multiple Piers

from the head tank and the flow depth on a
channel slope i1s controlled by the tail gate.
With a lateral and longitudinal array of piers
as shown in Fig. 3 the depths downstream
and upstream of the pier reach are measured
by a point gauge. The point gauges are locat-
ed at the sections very close to the down-

stream and upstream end of the pier reach.

4. Functional Relations among the Param-
eters Involved

The backwater rise 4y in Fig. 1 can be ex-
pressed as a function of the flow characteris-
tics and the characteristic parameters of the
multiple pier arrangement in the channel, i.e.,

dy=0(y;, Vs, g by By, d, SPL, LP)
or ¢(A.y’ Y3 VJ) 8 bz, B3, d,
SPL, LP)=0 (3)

where V,=mean velocity at downstream sec-
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tion, g=gravitational acceleration, SPL=longi- where NP in the number of piers at the pier
tudinal spacing of piers, and LP=total length section. Therefore, Eq. (4) can be reduced to
of the covered reach (Fig. 4).

L —0(F, o, SP,NPL) (5)
3
LP
b-spL— where NPL is taken as (LP/SPL)+1, the
. @ ..... '@“""@ _____ @_" [ number of pier sections in the longitudinal di-
S U S, I i--- B3 rection over the covered reach.

e ey

5. Experimental Runs

In order to study the functional relations

dy shown in Eq. (5), the Froude number of the
E _ flow is limited by the tail gate operation
4 ! ¥3 within the range 0.1~0.6 as usually observed

Fig. 4. Backwater Rise due to Multiple Piers in small urban streams, keeping the channel
slopes at 0.001~0.003 and constant flow rate
Through a dimensional analysis based on of 12 ¢ /sec. To investigate the effect of num-

Eq. (3) the following nondimensional relations ber of piers in lateral direction, the number
can be obtained. of piers and pier spacing in longitudinal direc-

tion the pier arrangements in Table 1 are

Ay V, b, SPL LP used in the experiments.
-;_Q(Jﬁ—gyg’ B d sr) () Since the distribution of piers with the

same contraction ratio at a section affects

where Vi{/gy; = F;= Froude number at the magnitude of backwater rise three differ-
downstream section, b,/B; = 1-@, SPL/d = ent distributions shown in Fig. 5 are tested.
SP = longitudinal pier spacing in terms of  The centered distribution stands for the case
pier diameter, LP/SPL = covered reach of HEC-2 backwater computation. The uni-
length in terms of pier spacing. form and skewed distribution stands for the

The nondimensional parameter b2/B3 in  full and partial covered reach of wurban
Eq. (4) can be explained by the contraction  streams.
ratio @ since @ = NP.d /B3 = 1-(b2/B3)

Table 1. Ranges of Nondimensional Parameters

NP 1 2 3 4 5 6 7 8
a 5 10 15 20 25 30 35 40
SP 3 5 6 7 8 g [ 1
NPL 1 - - -
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(a) Centered

(b) Uniform

(c) Skewed

Fig. 5. Types of Lateral Pier Distribution

6. Depth Corrections for the Side Wall
Effect of Flume

The depth measured in each of the experi-
mental runs has to be corrected to take care
of the friction effect of side channel in labo-
ratory flume, for which Einstein (1942),
Johnson (1942), Vanoni and Brooks (1957)
methods have often been used. In the present
study the Vanoni and Brooks method of cor-
rection for a rectangular channel of width B
is employed, the wall friction factor being es-
timated by Van Rijn (1981) formula.

7. Results and Discussions

The effect of piers at a bridge section has
long been studied. However, studies on the in-
terfering effect between adjacent piers in
both lateral and longitudinal directions are
very few. With the data collected through ex-
tensive experimental runs in the present
study the rate of increase in depth due to
various arrays of multiple piers is measured
and the characteristics of backwater rise in-
vestigated. The rate of backwater rise has

also been correlated with the parameters gov-
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erning the flow characteristics affected by
multiple piers.

7.1 Backwater Rise due to a Single Lateral
Array of Piers

As the number of piers increases at a pier
section the contraction ratio (@) Increases
which accelerates the backwater effect. Fig. 6
shows that the relative backwater rise in-
creases with contraction ratio at all Froude
numbers when the piers are set up as in Fig.
5(b). D’Aubuisson formula closely fits the ex-
perimental relation between &/y; vs @,
whereas the Yarnell equation with K=1.05
underestimates backwater rise at low Froude
numbers (F;<0.30), but i1t overestimates at
higher Froude number (F;>0.30).

Fig. 7 shows the effect of pier distribution
on the Jdy/y~a relation at a single pier sec-
tion. As can been seen in Fig. 7 the backwa-
ter effect becomes larger in the order of uni-
skewed distribution. D’

Aubuisson formula fits well for the case of

form, centered and

uniform pier distribution, whereas Yarnell for-

mula approximates better for the centered
distribution.
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The relationship of 4y/y; with Froude num-
ber and contraction ratio (@) 1s shown in
Fig. 8. It 1s clear from Fig. 8 that the rela-
tive backwater rise iIncreases with the In-

creasing Froude number and contraction

ratio.

7.2 Backwater Rise due to Lateral and

Longitudinal Array of Piers

When the piers are evenly arrayed in longi-
tudinal direction as well as in lateral direc-
tion the backwater effect progressively moves
toward the upstream direction and accumu-
lates with some flow interferences among in-
dividual piers, resulting a very complicated
flow field in the covered reach. Figs. 9 and

7.3 Relative Effect of Number and Spacing
of Longitudinal Piers

In order to investigate the relative effect of
the number and spacing of longitudinal piers
in flow direction on the backwater rise the
data are plotted as in Fig. 11. From Fig. 11
the effect of longitudinal spacing is seen to
be not as critical on the backwater rise as
the number of longitudinal pier section at
both Froude numbers.

The effect of longitudinal pier spacing on
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10 show the relations between Ay/y; and with
SP=5 for several Froude numbers of the
flow. It can be seen that Ay/y; increases rap-
idly with the contraction ratio as the number
(NPL) of longitudinal pier section increases.
The rate of increases also becomes larger
with Froude number at a constant SP=5.

In Fig. 9. the relations by Yarnell formula
are compared with the experimental results.
For a small Froude number (F;<0.3) Yarnell
formula underestimates the relative backwater
rise at a fixed contraction ratio, whereas it
overestimates for higher Froude numbers. On
the other hand, D’Aubuisson formula closely
estimates the relations for higher Froude
numbers (F;>0.3) as can be seen in Fig. 10.
the backwater rise is also shown in Fig. 12.
for two Froude numbers and NPL=3. The
relative backwater rise increases as pier spac-
ing increases up to SP=5~7 and it becomes
almost constant regardless of Froude number
and pier spacing. It is speculated that the
backwater rise stabilizes if the longitudinal
pier spacing becomes larger than a certain
limit beyond which the accumulation and in-
terference effects of eddy flows around multi-

ple piers vanish.
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Fig. 11. Relative Backwater Rise-Contraction Ratio Relations

for Varying Longitudinal Spacing and Number of Piers
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8. Proposed Formulas for Backwater Rise
Computation

Multiple regression analyses are made with
the data collected in the present study In
order to develop empirical formulas for the
estimation of backwater rise in the case of
single pier section and of multiple pier sec-
tion. For the single and multiple pier sections
a total of 104 and 640 backwater depth data
are,

respectively, analyzed along with the

characteristic data of flow and pier. (Kim,
1993).
The derived formulas can be expressed as
in the following:

For a single pier-section reach:

1.646
Ny I

3 3

(With R*=0.942) (6)

For a longitudinal multiple pier—sections

reach:

1.452
4y—=0.00241a Faz.oseNPLo.asospo.zm

3

(With R*=0.953) (N

where R is the multiple correlation coefficient

204 539K 19965 6A

of the regressions.

9. Conclusion

The present experimental study is carried
out to investigate the effect of multiple piers
arrayed in lateral and longitudinal directions
on the backwater rises within a covered
reach of urban streams. The relative backwa-
ter rise is found to be highly dependent on
the Froude number of the flow and contrac-
tion ratio of the pier section in the case of a
single pier-section reach. For a longitudinal
multiple pier section reach the additional pa-
rameters such as number of pier sections and
pier spacings in the reach play significant ef-
fects on the backwater rise. In general, the
backwater depth increases with the increasing
and the

number of piers within the covered reach.

contraction ratio, Froude number,
The pier spacing has a positive effect in in-
creasing the backwater rise to a certain limit
spacing beyond which the effect vanishes.
Through a multiple regression analysis of the
data obtained in the present study an empiri-
cal formula is proposed for backwater rise es-
timation in the case of a single pier section
reach and a longitudinal multiple pier section
reach, respectively.
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