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Previous investigations indicate that local scouring is one of the most common causes of waterway bridge failure.
The scour mechanism around bridge piers is complicated by the interaction of flow and structure. To explore the local
scouring process, it is therefore essential to study the flow–structure interaction around bridge piers. Most previous
studies have been based on this interaction around a single pier; however, in practice, many bridges are wide and
comprise a number of piers aligned in the flow direction that together support the loading. In this study, a particle
image velocimetry technique was used to investigate two-dimensional flow–structure interaction around two in-line
bridge piers with different spacings. Various influencing flow characteristics including turbulence intensity, turbulent
kinetic energy and Reynolds stresses were calculated in different vertical planes around the bridge piers. Results
indicated that the flow characteristics around two in-line bridge piers are very different than for a single pier and the
spacing between two in-line piers significantly influences the flow characteristics, particularly in the rear of the piers.
Furthermore, for spacing in the range of 2≤ L/D≤ 3, stronger turbulence structures occurred behind pier 1 and, as a
result, a higher scour depth can be expected around pier 1.

Notation
D pier diameter
h water depth
L centre-to-centre distance between two

in-line piers
Q flow rate
TIu turbulence intensity component in stream-wise

direction (x-direction)
TIw turbulence intensity component in vertical

direction (z-direction)
u instantaneous velocity component in stream-wise

direction (x-direction)
u′ fluctuating component of velocity in stream-wise

direction (x-direction)
ū time-averaged velocity component in stream-wise

direction (x-direction)
V mean flow velocity
W flume width

w instantaneous velocity components in vertical
direction (z-direction)

w′ fluctuating component of velocity in vertical
direction (z-direction)

w̄ time-averaged velocity component in vertical
direction (z-direction)

ρ density of fluid
τuv, τvw, τuw components of Reynolds stress tensor

1. Introduction
Complicated flow structures around bridge piers cause local
scouring, and represent one of the most important reasons
for waterway bridge failure. Many researchers such as
Melville (1975), Ettema (1980), Qadar (1981), Chiew (1984),
Hamill (1999), Melville and Coleman (2000), Richardson and
Davis (2001) and Sheppard (2004) have declared that the
basic mechanism of local scour is a system of vortices
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developed around bridge piers. Figure 1 shows different
components of flow contributing to the scour around bridge
piers.

Melville (1975) reported that a system of vortices (horseshoe
vortex and wake vortex), which develops around the bridge
pier, is the primary cause of the scour around bridge piers.
The horseshoe vortex increases the velocities near the bed,
resulting in an increase in the sediment transport capacity
of the flow. The wake vortex system keeps the sediment sus-
pended. It also acts as a ‘vacuum cleaner’, with the bed
material carried to the downstream side by the eddies
shaded from the pier. According to Qadar (1981), flow in
front of a pier separates from the bed and rolls up to form
a scouring vortex, which is identified as the basic mechanism
of the local scour depth. Chiew (1984) also suggested a
concept similar to the conceptual model of Melville (1975).
To understand the scour mechanism around a bridge pier,
some studies, for example those by Melville and Raudkivi
(1977), Ettema (1980), Dargahi (1989), Ahmed and
Rajaratanam (1997), Richardson and Panchang (1998),
Melville and Coleman (2000), Meneghini et al. (2001),
Muzzammil and Gangadhariah (2003), Shrestha et al. (2012),
Kumar and Kothyari (2012) and Shrestha et al. (2013),
have been conducted on flow structures and scouring around
bridge piers. In all the above studies it was concluded
that vortices are the most important causes of sediment
particle entrainment around bridge piers. The vortices are
developed due to flow separation on the bridge pier and
may develop a large scour hole downstream from the piers.
As reported by Melville and Coleman (2000), the principal
features of the flow field at a bridge pier are down-flow
at the upstream side of the pier, the horseshoe vortex at
the base of the pier, the surface roller at the upstream side
of the pier and wake vortices downstream of the pier (see
Figure 1).

Ettema et al. (2011) suggested three categories of pier flow
field, depending on ratio of flow depth (h) to pier diameter (D)
as follows

& narrow piers (h/D>1·4)
& transitional piers (0·2 < h/D<1·4)
& wide piers (h/D<0·2).

In narrow piers the scour is deepest at the pier face. Ettema
et al. (2011) reported that the flow field at narrow piers
consists of an interacting and unsteady set of flow features,
including: flow impact against the pier face, producing down-
flow and up-flow with rollers; flow converging, contracting
then diverging; the generation, transport and dissipation of a
large-scale turbulence structure at the base of the pier foun-
dation junction; detaching shear layer at each pier flank; and
wake vortices connected through the pier’s wake. For the tran-
sition piers there exists almost the same flow field as for
narrow piers. However, the flow field (especially the down-
flow) begins to alter in response to the reduction of the depth
of flow or increase in the size of the pier. For wide piers,
as the flow approaches the pier, it turns and flows laterally
along the pier face before contracting and passing around
the side of the pier. A weak down-flow is developed, causing
less scouring at the centre of the pier in the upstream side.
The wide pier increases flow blockage, which modifies the
lateral distribution of approach flow over a longer distance
upstream of a pier. Other studies have also been conducted
in the field of local scour. For instance, Mohammadpour
et al. (2015) studied scour prediction at river bridge abutments
over time. In addition, some researchers have used numerical
modelling to simulate the flow pattern in different fields of
water engineering (e.g. Greifzu et al., 2016; Özkan et al.,
2016).

A review of previously published studies indicates that turbu-
lent flow structures around a single bridge pier are compli-
cated. Hence, it is more complicated when two in-line bridge
piers obstruct the flow. In this situation, the distance between
piers affects the flow structure in addition to other parameters
such as the geometry of piers and hydraulics of flow.
Additionally, most of the previous studies – for example, by
Igarashi (1981), Okajima et al. (2007), Sumner (2010) and
Elhimer et al. (2016) – on two in-line columns have been done
in wind tunnels for the purpose of aeronautical engineering;
however, research on bed scouring around two bridge piers in
a tandem arrangement in a river and its linkage to flow struc-
ture remains inadequate. Therefore, one of the main objectives
of the present research is to analyse the influence of the pier
spacing between two in-line circular piers on flow structure
and turbulence characteristics. To meet this objective, detailed
experimental studies on two-dimensional flow structures
around a single pier and two in-line piers with different
spacings were undertaken. Particle image velocimetry (PIV)
techniques were employed to measure the two-dimensional

Surface roller Pier

Velocity
profile Down flow

Horseshoe vortex

Wake vortex

Scour hole

Figure 1. Flow field around bridge piers
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instantaneous velocity components in vertical planes under no
scouring and clear water flow.

2. Experimental set-up and procedure
A rectangular flume with nominal dimensions of 6 m long,
0·25 m wide and 0·25 m deep (see Figure 2) was used to study
the flow structures around bridge piers under a fixed bed con-
dition using PIV. The flume had a poly(methyl methacrylate)
(PMMA) sidewall to enable visualisation of flow conditions
during the experimental tests. This flume was equipped with a
flow meter, a regulating gate and a pump. Flow discharge was
measured using an electromagnetic flow meter (MAG 5000)
with an accuracy of 0·4%.

A set of eight experiments (see Table 1) was undertaken with a
single pier and two in-line circular piers with different spacing
between them (L/D=1, 2, 2·5, 3, 4, 5 and 6, where L was the
centre-to-centre distance between two in-line piers and D was
the pier diameter). The piers were installed on the centre-line

of the flume and the upstream pier was located at a distance of
2 m from the inlet section of the flume. Although all exper-
iments were conducted in a fixed-bed flume with no sediment
layer, the geometric and hydraulic parameters were chosen
regarding the criteria of local scour around the bridge piers.
The pier diameter was carefully chosen so that there was no
contraction effect on the depth of scour. According to Melville
and Coleman (2000), to avoid the contraction effect, the flume
width should be at least ten times greater than the pier diam-
eter. In this study, piers with diameters of 16 mm were taken
for the tests. The flume width to the pier diameter ratio (W/D)
was 15·62, satisfying the boundary condition criterion rec-
ommended by Melville and Coleman (2000). As classified
by Melville and Coleman (2000), for a narrow condition
(D/h<0·7) flow depth does not affect the local scour depth.
Therefore, flow depth was set to 115 mm and D/h was equal
to 0·14, which satisfies the aforementioned criterion of the
narrow condition. In all tests the flow rate of 3 l/s was supplied
to the flume and the mean flow velocity (V ) was equal
to 0·1 m/s.

PIV was used for the study of flow structure around two in-line
bridge piers. In this method, a number of images were recorded
to measure the displacement of particles moving within a
narrow light sheet. In PIV, the fluid is seeded with small tracer
particles, enabling visibility of the fluid motion. The instan-
taneous displacement of these seeded particles is used to
retrieve information on the flow velocity field. An illustration
of the PIV system and its components is provided in Figure 3.
In order to collect more accurate data, the seeded particles
must be able to match the properties of the fluid used for the

0·25 m Piers
Tail gate

Head tank

6·00 m

Flow meter

Pump

Longitudinal profile

D = 16 mm

Not to scale

Plan
Not to scale

Flow direction
0·25 m

L = variable

Figure 2. Schematic diagram of the laboratory flume

Table 1. Experimental set-up

Test D: mm L/D Q (L/s) h: mm V: m/s

1 16 Single pier 3 115 0·1
2 16 1 3 115 0·1
3 16 2 3 115 0·1
4 16 2·5 3 115 0·1
5 16 3 3 115 0·1
6 16 4 3 115 0·1
7 16 5 3 115 0·1
8 16 6 3 115 0·1
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investigation. The ideal seeding particles have the same density
as the fluid being used and should be spherical. Additionally
the size of the particles should be small enough so that the
time to respond to the particle motion of the fluid is

reasonably short and accurately follows the flow. In this study,
polyamide 2070 was used for the seeding particles, which were
spherical in shape with an approximate mean diameter of
5 μm and approximate mean density of 1·016 g/cm3.

Once the set-up was complete, the seeding particles (polyamide
2070) were added to the flow. These seeding particles were illu-
minated in the plane of flow at least twice by means of a laser
within a short time interval. The light scattered by seeded par-
ticles was acquired by a high-resolution digital camera. The
displacement of seeding particles between two consecutive
images determines the fluid velocity. To extract displacement
information from the PIV recordings, the images were pro-
cessed using a software package called VidPIV, version 4.6
(VidPIV, 2004). All experiments were conducted in the hydrau-
lics laboratory at the University of Technology Sydney (UTS),
Australia.

3. Results and discussion
Flow structures and the turbulence characteristics of the flow
around tandem bridge piers in different vertical planes were
studied using the PIV method. PIV measurements were taken
at different vertical planes positioned at Y/D=0, 1·25, 2·5,
3·75 and 5·0, as shown in Figure 4. For each plane, the exper-
iments were carried out with a single pier as well as two in-line
circular piers with L/D=1, 2, 2·5, 3, 4, 5 and 6. The longitudi-
nal (u) and vertical (w) instantaneous velocity components
were determined from analysis of the PIV images collected
during individual experiments.

For each plane of measurement, the data along different verti-
cal lines perpendicular to the flow direction have been
extracted. The positions and the notations of extraction lines
are shown in Figure 5. At the upstream (US) of pier 1, US1
and US2 represent the positions of the extraction line, which
are at the distance of D and 2D, respectively, from the

Figure 3. Illustration of PIV system
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Figure 4. Different axes of PIV measurements (plan view)
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upstream face of pier 1. Similarly, DS1, DS2 and DS4 rep-
resent the position of the extraction line located at a distance
of D, 2D and 4D, respectively, from the downstream (DS) face
of pier 2. In the case of extraction lines between two in-line
piers, a typical case of pier arrangement of L/D=6 is shown in
Figure 5 and is represented by B1, B2, B3 and B4 at a distance
of D from each other. However, the numbers of extraction
lines between two piers depend upon the distance between
them. In this paper, only the figures associated with the cases
of a single pier and two in-line piers with spacing 3D (L/D=3)
along two vertical planes at Y/D=0 and 1·25 are shown as the
representative findings.

3.1 Data analysis
Flows in most hydraulic structures such as spillways, weirs, irri-
gation channels and water supply systems are turbulent. In tur-
bulent flow, the velocity and pressure vary with time and
space. If u, v and w are the instantaneous velocity components
at a point; ū, v̄ and w̄ are the time-averaged velocity com-
ponents; and u′, v′ and w′ are the fluctuating components of
velocity in the stream-wise, transverse and vertical directions,
respectively, then the relating equations can be written as

1: u0 ¼ u� ū; v0 ¼ v� v̄; w0 ¼ w� w̄

Based on the velocity fluctuation components, the turbulence
intensity (TI) and the turbulent kinetic energy (TKE) of the
flow can be determined by Equations 2 and 3, respectively.

2: TI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

u02 þ v02 þ w02
� �r

3: TKE ¼ 1
2

u02 þ v02 þ w02
� �

Furthermore, the fluctuating parts of the velocity can be used
to quantify the Reynolds stress, which is the total stress tensor
in a fluid. The components of the Reynolds stress tensor are
generally defined as

4: τuv ¼ �ρu0v0; τvw ¼ �ρv0w0; τuw ¼ �ρu0w0

3.2 Flow pattern
The flow patterns around the bridge piers in a vertical plane
are shown in Figure 6. The magnitude of the velocity vector is
given by (u2 +w2)1/2. Additionally, the flow direction in the
measurement plane is represented by the inclination of the vel-
ocity vectors. Figure 6(a) shows that when the flow is
obstructed by a pier, the flow starts to separate from its orig-
inal direction. Considering the plane at Y/D=0, there is gener-
ation of a downward flow due to the pressure gradient induced
at the upstream face of the bridge pier, as the flow approaches
the bridge pier. This downward flow forms a clockwise vortex
at the base of the bridge pier. At the immediate downstream
side, reversal as well as upward flow are observed, which can
be seen in vector diagrams. The flow at the wake of the pier is
observed to be in a random direction, which gives a clear indi-
cation of the complexity of the flow structure. Furthermore, it
is observed that the flow is separated at around 2D on the
downstream side measured from the downstream face of the
pier. At this separated region, the intensity of up flow is
observed to be at a maximum. For the case of L/D=1, there is
not any space between the piers. Hence, the wake is formed
only behind pier 2. For L/D=2, the existence of the wake is
not noticed behind pier 1. However, most of the velocity
vectors between the two piers represent the existence of reverse
and upward flows. As the spacing increases to L/D=3, flow
separation is observed at a distance of around 1·5D from the
downstream face of Pier 1, as is shown in Figures 6(c) and 6(d).
Additionally, rotation of the flow is observed at the immediate

Water surface

Flow direction

Z

Y

X

D D D D D D D D D 2D

L

h

Pier 1 Pier 2

US2 US1 B1 B2 B3 B4 DS1 DS2 DS4

Figure 5. Schematic diagram of different axes of data analysis at upstream and downstream side of the piers in vertical planes (US, B and
DS stand for upstream side, between and downstream side of the piers, respectively)
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downstream side of pier 1. On analysing the vector and stream-
line diagrams for L/D=4, 5 and 6, a similar flow pattern is
observed; and the flow between two piers is separated at a dis-
tance of 2·5D measured from the downstream face of pier 1
and the rotation of the flow exists. In all cases, the recirculation
of the flow exists behind pier 2. The anticlockwise recirculation
of the flow, starting from near the bed level close to the pier,
diminishes towards the downstream at the middle layer of the
depth of flow. For all sets of combinations, the flow patterns at
the upstream side of the piers are found to be almost similar,
whereas at the downstream side of the pier, the flow pattern is
different in various conditions. Comparing the flow behind the
single pier and two in-line piers, it is observed that the wake
behind the single pier is larger than that of the two in-line
piers cases.

3.3 Time-averaged velocity components
Figures 7 and 8 show the contour plots and profile plots of the
velocity component (u) in a vertical plane for the single pier
case. In these figures, the stream-wise velocity component (u)

is normalised by the mean flow velocity (V ). For the case of a
single pier in the plane at Y/D=0 the value of u/V at the
upstream side of the pier is approximately equal to 1 at a dis-
tance X/D≥ 1·25 measured from the upstream face of the pier.
As the flow approaches the pier, the value of u/V becomes
smaller and finally reduces to zero at the face of the pier. At
the downstream side of the pier, it is clear from the contour
plot that the value of u/V ranged from −0·6 to 0 at the wake
close to the downstream face of the pier. The negative value of
u/V indicates the presence of the reverse flow in this region.
The value of u/V increases as the flow moves further down-
stream and ultimately comes to the normal flow condition.
The contour plot of u/V at the plane Y/D=1·25 is shown
in Figure 7(b). This figure shows that the maximum value
of u/V occurs at the side of the pier, which is approximately
equal to 1·2.

The contour plots of u/V for the case of two in-line piers with
L/D=3 are shown in Figure 9. Similarly, Figures 10 and 11(a)
show the velocity profiles of u/V at different positions of the
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Figure 6. Flow patterns for (a), (b) single pier and (c), (d) two in-line piers cases
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upstream, downstream sides and between of the piers for
L/D=3. For the case of two in-line piers, at the upstream side
of pier 1, the distributions of u/V are almost the same for all
the pier arrangements. The value of u/V remains 1 when the
flow reaches about 1D distance, measured from the upstream
face of pier 1; u/V then decreases gradually as the flow moves
towards the pier. This type of distribution is also observed in
the single pier case. However, for the downstream side of pier 2
and between the two in-line piers, the distribution of u/V is
varied with respect to the spacing between two piers. When
L/D=1, at the downstream side of pier 2 very close to the pier,

the minimum u/V is approximately equal to −0·2, quite similar
to the value obtained for the single pier case. A gradual
increase in the value of u/V is noticed with increase in the dis-
tance from the downstream face of pier 2. This condition is
applied to all of the arrangements of two in-line piers. For
the spacing L/D≥ 2, the value of u/V<0·5 is reached within
the zone of around 2D, measured from the downstream face
of pier 2.

Considering the flow between two in-line piers, the value
of u/V for the case of L/D=2 varies between −0·5 and 0.
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Figure 7. Contour plots of stream-wise velocity component for the single pier case in different vertical planes: (a) at Y/D=0;
(b) at Y/D=1·25
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The negative value of u/V indicates the reverse flow within
the region. As the spacing between the two piers increases, the
value of the stream-wise component of the flow velocity
approaching pier 2 becomes positive. For L/D>3, the
maximum value of the stream-wise component of approach
flow for pier 2 is u/V=0·4. However, the contour plots of the
plane at Y/D=1·25 show that all the arrangements of piers
experience the maximum value of u/V=1·2 at the side of the
piers. In this plane, for L/D≤ 3, the maximum value of u/V is
at the side of both piers including the gap between the two
piers. However, for L/D≥ 4, the value of u/V decreases to
approximately equal to 1 as the flow approaches pier 2.

The contour plots for the vertical velocity components w/V are
presented in Figure 12 for the single pier in the plane at

Y/D=0 and 1·25. In addition, the distribution profiles of w/V
are illustrated in Figure 13 at different positions of the upstream
and downstream sides of the single pier. At the upstream side of
the pier, the range of vertical velocity component w/V is from
−0·3 to 0·2. The negative value represents the down flow. The
maximum value of this down flow occurs at the upstream side.
As this down flow interacts with the boundary layer, a horse-
shoe vortex is formed at the base, just upstream of a pier. This
horseshoe vortex system interacts with the bed, resulting in
more turbulence near the bed. Distribution of w/V at US1 and
US2 of the upstream side of the pier is shown in Figure 13(a).
This indicates the generation of high turbulence near the bed,
which is evident from more fluctuation of w/V. At the down-
stream side of the pier, an upward flow region extending
towards the free surface occurs. The maximum value of w/V is
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Figure 9. Contour plots of stream-wise velocity component for the case of two in-line piers with L/D=3 in different vertical planes:
(a) at Y/D=0; (b) at Y/D=1·25
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approximately equal to 0·5 at a distance of about 1·5D
measured from the downstream face of the pier. Furthermore,
the maximum and minimum value of w/V occur close to the
bed within the wake. Distribution of w/V in different positions
DS1, DS2 and DS4 at the downstream side of the pier, as
shown in Figure 13(b), shows that the vertical velocity com-
ponent fluctuates heavily near the bed. Significant fluctuation of
w/V is observed up to the distance of 4D measured from the
downstream face of a pier. Figure 12(b) shows the contour plot

of w/V in the Y/D=1·25 plane. It illustrates that down flow of
magnitude 0·2 is observed just upstream from a pier and at the
side of the pier. At the downstream side of this plane, no signifi-
cant down flow or up flow is noticed.

In the case of the bridge piers with two in-line piers, at a dis-
tance of about 1D measured from the upstream face of pier 1,
the flow is observed as expected. Hence, considering the flow
in this region, at the upstream side of pier 1, the down flow is
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Figure 11. Profile plots of velocity components between two piers with L/D=3 in vertical plane at axis of symmetry (a) stream-wise
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observed in all of the cases of two in-line pier arrangements.
The maximum value of down flow with w/V approximately
equal to 0·2 occurs close to the bed, near the pier base. This is
also presented in Figure 14(a). Furthermore, the distribution
of w/V at US2, shown in Figure 15(a), indicates no down flow
throughout the flow depth. In the plane Y/D=1·25, as shown
in Figure 14(b), down flow with w/V is approximately equal to
0·1, observed at the upstream and at the side of pier 1. Similar

flow is observed at the upstream side of pier 1 for all the
values of L/D.

Considering the flow between two in-line piers, for L/D=2,
the gap experiences positive values of w/V ranging from 0·1 to
0·3. This shows the existence of up flow throughout the gap.
As no down flow is noticed at the upstream side of pier 2,
the horseshoe vortex in this region is not formed. For L/D=3,
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stronger up flow is noticed than that of L/D=2. However, the
horseshoe vortex at the base of pier 2 is not noticed. For
L/D≥ 4, the maximum value of w/V is approximately equal to
0·5, which is observed about 2D downstream measured from
the face of pier 1. As the flow approaches pier 2, the intensity
of upward flow decreases and eventually down flow is noticed.
The horseshoe vortex in front of pier 2 is expected to form
near the base of pier 2. However, the size of the horseshoe
vortex is smaller than that of pier 1.

At the downstream side of pier 2, for all pier arrangements,
upward flow exists with the maximum value of w/V=0·2, which
is about 50% smaller than that of the single pier case and about
30% smaller than the case of pier 1 in the two-pier case. This
can be attributed to the sheltering effect of pier 1. The flow
structures at the wake of pier 2 are totally different from the
single pier case. For L/D≤ 4, a small zone of recirculation forms
close to the free surface. The distribution of w/V at DS1, DS2
and DS4 for L/D≤ 4 is similar. However, for L/D>4 the distri-
bution of w/V at DS1 has a significant negative value close to
the bed. The distribution of w/V at DS2 and DS4 is similar in
all the cases of two in-line pier arrangements.

According to the values of u/V and w/V for two in-line piers
with various spacing, upward and reverse flows form between
the two piers for L/D=2. Pockets of strong upward and
reverse flow occur close to the bed. As the spacing increases to
L/D=3, stronger upward flow and reversed flow than in the
case of L/D=2 is identified close to the bed, which is observed

at the flow separation zone. As the flow separation for L/D=3
occurs close to pier 2, the strength of flow (upward and
reverse) at the downstream side close to pier 1 is higher in the
case of L/D=2 than that in the case of L/D=3. When the
spacing between two in-line piers increases, the strength of
upward flow in the wake of pier 1 decreases. As the flow
moves towards pier 2, a gradual increase in stream-wise vel-
ocity and a decrease in the vertical velocity component are
observed. At the wake of pier 2, a very weak stream-wise vel-
ocity component of magnitude u/V<0·2 is noticed for all the
cases. However, the magnitude of upward flow increases with
increase in the spacing between the two piers.

3.4 Turbulence intensity components
The root mean square (RMS) values of the components of vel-
ocity fluctuations (u′ and w′) give the turbulence intensity com-
ponents. In this study, TIu and TIw in the stream-wise direction
and the vertical direction, respectively, are normalised using
the mean flow velocity, V.

The contour plots of TIu/V for the single pier for the planes
Y/D=0 and 1·25 are shown in Figures 16(a) and 16(b). At the
upstream side of a pier in plane Y/D=0, the results show that
the pocket of higher value of TIu/V exists close to the bed and
decreases with increasing distance towards the free surface.
In the case of the plane at Y/D=1·25, a similar distribution of
TIu/V is noticed at the upstream and side of a pier. At the
downstream side of a pier for a plane Y/D=0, the maximum
value of TIu/V=0·8 is observed close of the pier within the
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distance of about 1·5D measured from the downstream face of
a pier. The pocket of higher value of TIu/V is extended to the
mid-depth of the flow. For a plane Y/D=1·25, slightly weaker
TIu/V is noticed at the downstream side. However, the zone of
higher value of TIu/V is observed approximately at the same
positions as that in the Y/D=0 plane.

For the two in-line pier cases, Figures 16(c) and 16(d) show the
contour plots of TIu/V for L/D=3. The results show that, at
the upstream side of pier 1, the maximum value of TIu/V=0·5
is observed in the zone close to the bed for the case of a single
pier. Careful analysis of the flow between two piers for L/D≤ 4
shows that the higher values of TIu/V exist close to the bed.
It can be noted that the higher value zone is extended through-
out the gaps. For L/D=6, the maximum value of TIu/V occurs
close to pier 1 at a distance of about 1·5D measured from the
face of pier 1. As the flow approaches pier 2, TIu/V is reduced
by about 60% of the maximum value, observed at the down-
stream side of pier 1.

At the downstream side of pier 2, a decrease in the values of
TIu/V is noticed, when compared with the values at the

downstream side of pier 1. The value of TIu/V at the down-
stream side of pier 2 increases with increase in the spacing
between the two piers. For L/D≤ 3 at the plane Y/D=1·25 a
significant reduction in the value of TIu/V can be seen at the
downstream side of pier 2. However, for L/D≥ 4, it is observed
that the distribution of TIu/V at the downstream side of pier 2
is similar to that of the single pier case.

The distribution of the vertical components of normalised
turbulence intensity TIw/V for the single pier case in two
different vertical planes at Y/D=0 and 1·25 is presented in
Figures 17(a) and 17(b). The contour plots at the upstream
side of the pier show that the magnitude of TIw/V is signifi-
cantly smaller than that of TIu/V. The maximum value
of TIw/V is about 0·2 and occurs close to the bed at US1.
Then it decreases with increase of the distance towards the
free surface. At the downstream side of the pier, the distri-
bution of TIw/V is similar to the distribution of TIu/V with
approximately the same value. However, for the contour
plot in the plane Y/D=1·25, the distribution of TIw/V is differ-
ent in both magnitude and order than in the case of TIu/V.
In Figure 17(b), very weak vertical turbulence intensity
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Figure 16. Contour plots of stream-wise turbulence intensity component for: (a) single pier at Y/D=0; (b) single pier at Y/D=1·25;
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can be noticed in the plane at Y/D=1·25, except close to
the bed.

For the case of two in-line piers, the distribution of TIw/V for
L/D=3 is presented in Figures 17(c) and 17(d). For all the
values of L/D, approximately the same order and distribution
of TIw/V is observed at the upstream side of pier 1. Similarly,
for the plane Y/D=1·25, the distribution of vertical turbulence
intensity at the upstream side of the pier 1 for all values of
L/D is almost constant. Between two in-line piers, higher
values of TIw/V are observed, close to the bed. The value
decreased towards the free surface as in the case of TIu/V.
When the value of L/D is less than or equal to 3, the vertical
turbulence intensity in the gap near the bed is observed with
the maximum value in the range of 0·4–0·5. For L/D≥ 4,
however, the maximum value of TIw/V is approximately equal
to 0·4 close to pier 1, gradually decreases as the flow
approaches pier 2 and eventually reaches a condition similar to
the upstream side of pier 1. It is noticed that the maximum
values of TIu/V and TIw/V between the two piers for all the
values of L/D are approximately the same.

The maximum value of TIw/V for L/D=1 at the downstream
side of pier 2 is about 50% less than that of the single pier
case. The value of TIw/V increases as the spacing between the
two piers increases. It is also common to observe that TIw/V
gradually decreases in the downstream direction in all the
cases of L/D. For the plane Y/D=1·25, when L/D≤ 3, a
similar distribution of TIw/V is observed, with a value approxi-
mately equal to 0·1. However, for L/D>3 a slight increase in
TIw/V is noticed at the bank of the downstream side of pier 2,
which is further extended towards the downstream side.

3.5 Turbulent kinetic energy
Contour plots of TKE/V2 for the single pier case in the vertical
planes at Y/D=0 and 1·25 are presented in Figures 18(a)
and 18(b). The results from the contour plots indicate that the
distribution of TKE/V2 is similar to the distribution of turbu-
lence intensity. At the upstream side of a pier, higher values
of turbulent kinetic energy are observed close to the bed and
gradually decrease towards the free surface. The maximum
value of TKE/V2 is approximately equal to 0·3 at the upstream
side of a pier. At the downstream side of a pier, the maximum
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Figure 17. Contour plots of vertical turbulence intensity components for: (a) single pier at Y/D=0; (b) single pier at Y/D=1·25; (c) two
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value of TKE/V2 is observed close to the pier near the bed.
It is about two times greater than that of the upstream side.
The result indicates that the value of turbulence kinetic energy
decreases as the distance increases further in the downstream
side direction.

For the cases of two in-line piers, contour plots of TKE/V2 are
presented in Figures 18(c) and 18(d) for L/D=3. Results
for various L/D values indicate that there is a significant
change in the turbulence kinetic energy from upstream to
downstream of the piers. At the upstream side of pier 1, the
distributions of TKE/V2 for all the cases of L/D are similar to
the single pier case. Between the two piers and at the down-
stream side of pier 2, the results show that the distribution
of TKE/V2 is more or less similar to that of the turbulence
intensity. An increase occurs in the turbulent kinetic energy
behind pier 1 as the spacing between the two piers increases.
For the case of L/D=3 and 4, the pocket of higher value of
turbulent kinetic energy occurs close to the pier 2. However,

for L/D>4, the value of turbulent kinetic energy decreases
as the flow approaches pier 2. For example, in the case of
L/D=6, the value of TKE/V2 close to pier 2 at the upstream
side is approximately equal to 0·1, about 70% less than that of
the downstream side of pier 1. At the downstream side of pier
2, the value of TKE/V2 increases as the spacing between the
two piers increases up to L/D=3. Further increase in the
spacing results in a decrease in the value of TKE/V2.

3.6 Reynolds shear stresses
Reynolds shear stresses are calculated using only the stream-
wise and vertical components of velocity fluctuation and
are denoted by − ρ u0w0. The values of − ρ u0w0 have been
normalised by ρ#V2. Here, ρ represents the mass density of
water.

The contour plots of Reynolds shear stresses on two different
longitudinal planes Y/D=0 and 1·25 for the single pier case
are shown in Figures 19(a) and 19(b). The contour plots
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Figure 18. Contour plots of turbulent kinetic energy for: (a) single pier at Y/D=0; (b) single pier at Y/D=1·25; (c) two piers with L/D=3
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indicate that, at the upstream side of a pier, Reynolds shear
stresses considerably increase as the flow approaches close to
the pier. Small pockets of positive as well as negative values of
Reynolds shear stresses are observed near the bed close to the
pier. The Reynolds stress values at the upstream side are in the
range from −0·3 to 0·2. At the downstream side of a pier, a
similar trend for the Reynolds shear stresses is observed, with
higher values close to the bed. In the Y/D=0 plane, a pocket
of positive and negative values in the range from −0·5 to 0·5 is
observed close to the pier and extends up to a distance of 3D
downstream, measured from the face of the pier. However, in
the plane Y/D=1·25, a positive value of Reynolds shear stress
approximately equal to 0·3 is observed throughout the depth.

For the cases of two in-line piers, the contour plots of
Reynolds shear stress for L/D=3 are presented in Figures 19(c)
and 19(d). The results at the upstream side of pier 1 for all
values of L/D indicate similar trends of Reynolds shear stress
distribution. However, at the downstream side of pier 2 and
between the two piers, a significant increase in the values of
Reynolds shear stresses was observed. Between the two piers, it

is common to observe the higher negative values close to the
bed. Moreover, it is observed that the value of this parameter
decreases with increase in the spacing between the two in-line
piers. Higher values are observed close to pier 1 and gradually
decrease as the flow approaches pier 2. For example, in the
case of L/D=6, Reynolds shear stress is in the range from
−0·1 to 0·1 close to pier 1, whereas it is approximately equal to
zero close to pier 2. In the wake of pier 2, an increase in the
value is noticed with increase in the distance between the two
piers until L/D=3. Further increase in the value of L/D
decreases Reynolds shear stress at the wake of pier 2. For
L/D≤ 3, the maximum value is approximately equal to 0·2 at
the wake of pier 2. For L/D>3, an approximate range from
−0·1 to 0·1 is observed.

The results of this study have been summarised at Table 2 for
the longitudinal plane at Y/D=0.

4. Conclusions
The PIV technique was used to study flow structures and tur-
bulence characteristics around a single pier and two in-line
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Table 2. Summary of results for the longitudinal plane Y/D=0

Characteristic

Single pier

Two in-line piers

US pier 1

Between two piers

DS pier 2USa DSa L/Da= 1 L/D=2 L/D= 3 4≤ L/D≤ 6

Flow pattern & Flow separation
& Downward flow
& Clockwise vortex

& Reverse and
upward flow at
immediate DS side

& Flow random
direction at wake
region

& Max. up flow
intensity at 2D
from pier DS face

& Similar to
single pier

& Wake only behind
pier 2

& Wake is not
noticed behind
pier 1

& Reverse and
upward flow
between two
piers

& Flow separation at
1·5D from the DS
face of pier1

& Flow rotation at the
immediate DS side
of pier 1

& Flow separation at
2·5D from DS face
of pier 1

& Flow rotation
between two piers

& Wake behind the single
pier is larger than that of
the two in-line piers cases

Time average
velocity
components

u/V & u/V=1 at X/D≥1·25
from US side and
then becomes
smaller and reduced
to 0 at US pier face

& Reverse flow at
the wake close to
DS pier face with
−0·6≤u/V≤0

& Max. u/V=1·2
occurs at pier side

& Similar to
single pier

& DS of pier 2
approximately
similar to DS of
single pier

& Reverse flow
between two
piers with
−0·5≤ u/V≤ 0

& As the flow
approaches pier 2,
positive value of
u/V between two
piers could be
observed

& A gradual increase in the value of u/V was noticed with
increase in the distance from the DS face of pier 2

w/V & −0·3≤w/V≤ 2 that
negative value
shows down flow
and max. value
occurs at US

& Upward flow
region extending
towards the free
surface

& Heavily fluctuated
w near the bed

& Down flow in
all the cases of
two in-line
piers

& Upward flow
region extending
towards the free
surface at DS side
of pier 2

& No down flow at
US side of pier
2, and no
horseshoe vortex
in this region

& No horseshoe
vortex noticed at
the base of pier 2

& Horseshoe vortex
in front of pier 2
with smaller size
than that of pier 1

& Increase in the magnitude
of upward flow with
increase in the spacing
between two piers

Turbulence
intensity
components

TIu/V & Higher value of TIu/V
close to the bed and
decreasing with
increasing the
distance towards the
free surface

& Higher value of
TIu/V extend to the
mid-depth of the
flow

& Max. value of
TIu/V=0·5 in
the zone close
to the bed

& For L/D≤ 4 higher values of TIu/V exist close to the bed and the higher value zones extend
throughout the gaps

& For L/D=6, the max. TIu/V occurs at a distance of 1·5�D from DS face of pier 1.
& As the flow approaches pier 2, TIu/V reduces by 60% of max. value, observed at the DS side

of pier 1

& Increasing TIu/V with
increase in the spacing
between two piers

TIw/V & Higher value of
TIw/V close to the
bed and decreasing
with increasing the
distance towards the
free surface

& Distribution of
TIw/V similar to
the TIu/V with
approximately the
same value

& For all values of
L/D,
approximately
the same order
and
distribution of
TIw/V

& Max. TIw/V at the
DS side of pier 2 is
about 50% less
than that of the
single pier

& Max. TIu/V and TIw/V between two piers are approximately the same & Increasing TIw/V with
increase in the spacing
between two piers

Turbulent kinetic
energy

& Similar to turbulence
intensity

& Max. TKE/V2 close
to the pier near
the bed and about
two times greater
than that of the
US side

& Similar to
single pier

& Increasing TKE/V2 behind pier 1 with increase in the spacing between two piers
& For L/D=3 and 4, higher value of TKE close to pier 2
& For L/D>4, the value of TKE decreases as flow approaches pier 2

& Increasing TKE/V2 with
increase in the spacing
between two piers up to
L/D=3. Further increase in
spacing, leads to decrease
in TKE/V2

Reynolds shear stresses
(RSS)

& Increasing RSS as
the flow approaches
the pier

& −0·5≤RSS≤ 0·5
close to pier and
extending up to a
distance of 3�D
from DS face

& Similar to
single pier

& Higher negative values close to the bed
& Decreasing RSS with increasing the spacing between two piers
& Higher values close to pier 1 and gradually decreasing as flow approaches pier 2

& Increasing RSS with
increasing the spacing
between two piers up to
L/D=3. Further increase in
spacing, leads to
decreasing RSS

aUS, upstream; DS, downstream; L/D, normalised spacing with respect to pier diameter
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cylindrical bridge piers. The results demonstrate that the flow
structures around the two in-line piers are more complicated
than that of the single pier case. Furthermore, the spacing
between two in-line piers significantly affect the flow structures
and particularly the wake of the piers. The turbulence charac-
teristics such as turbulence intensity, turbulent kinetic energy
and Reynolds shear stresses are notably different from those
for the single pier. Results of this study show that, when the
spacing is in the range of 2≤L/D≤ 3, stronger turbulence
structures are noticed behind pier 1 and, as a result, a higher
scour depth can be expected around pier 1. Accordingly, it can
be concluded that, for the tandem arrangements of two in-line
cylindrical piers, spacing in the range of 2≤L/D≤ 3 is the
most critical at which the piers experience the highest turbu-
lence, and hence the maximum scour depth can be expected.
The experiments of this study were conducted in a fixed bed
flume with no sediment layer. In a companion set of exper-
iments conducted by the present authors, the flow structure
and corresponding local scour were measured at different pier
spacing in a flume with a sediment layer. The results will be
published in a follow-up paper.
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