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a b s t r a c t
An acoustic Doppler velocimeter was used to measure ﬂow and turbulence around an experimental spur
dike in a ﬂat and a scoured bed. Differences of mean velocity, turbulent intensity and Reynolds stresses
between these two ﬂow ﬁelds were analyzed. Upon the formation of scour hole, mean ﬂow velocities in
the downstream and lateral directions were reduced, but increased in the vertical direction. The turbulence intensities (u0 and v 0 ) are much larger, and the vertical component ðw0 Þ is smaller than that in
the ﬂat bed. Among three Reynolds stresses, the qu0 w0 and qv 0 w0 components are much smaller than
the qu0 v 0 . Bed shear stress near the dike can be 6 to 8 times as large as that of the approaching ﬂow so
that a local scour is developed near the dike without the shear stress of approaching ﬂow exceeding the
critical shear stress of bed material. The local scour initiated at the upstream of the dike and then extends
to downstream from the dike tip. These results indicated that the development of local scour synchronizes to high shear stresses resulted from the horseshoe vorticies on a mobile bed surface.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Spur dikes are hydraulic engineering structures for preserving
the desired water depth, deﬂecting the main current in the harbor
channels and rivers, and protecting river banks. Flow ﬁeld passing
through a spur dike is characterized with the separation of
approaching ﬂow in three dimensions (3D) from upstream to the
horseshoe vortex downstream of the dike [2]. The complexity of
ﬂow ﬁeld increases as the scour hole develops [11,20].
Local scour is caused by the erosive forces from ﬂow turbulence acting on the erodible bed in the vicinity of an obstacle
or structure placed in a stream, such as a spur dike, or bridge
pier. Mean ﬂow and turbulence properties are equally important
for sediment entrainment, suspension, transportation, and deposition [6]. The scour mechanism involves two interactive elements, one is 3D unsteady ﬂow ﬁeld near the boundary,
especially turbulent ﬂuctuations and the resultant bed shear
stresses; and the other is the morphology of sediment particles
on bed surface [6,22]. The transport of sediment particles in turbulent ﬂows depends on the interactions between the particles
and the coherent turbulent structures [9]. Bey et al. [6] found
turbulence ﬂuctuations other than mean ﬂow features directly
inﬂuence the scour process.
Mean bed-shear stress or near-bed velocity were traditionally
used for estimating the rate of sediment transport in well devel* Corresponding author. Tel.: +1 520 626 5946.
E-mail address: gduan@email.arizona.edu (J.G. Duan).
0309-1708/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.advwatres.2009.09.004

oped boundary layer ﬂows [23,26,36,38]. For ﬂows with developing boundary layers of sufﬁcient non-uniform topography or
roughness, sediment transport does not directly correlate to mean
ﬂow properties [27]. Research found near-bed turbulence structure
played a signiﬁcant role in transporting sediment through a combination of microADV, LDV, PIV and high-speed motion picture
photography measurements [27,28]. Recent measurements found
that hydraulic forces acting on various sized sediment particles
vary according to bed conﬁgurations [33]. Measured turbulent ﬂow
ﬁeld (e.g., turbulence intensities, Reynolds shear stresses) at various azimuthal planes around a 45° wing-wall and vertical-wall
abutment concluded that the near-bed Reynolds stresses are more
accurate for estimating sediment transport rate [10,11]. Sterk et al.
[35] found normal Reynolds stresses (qu02 and qw02 Þ contributed
more than the Reynolds stresses qu0 w0 to sand transported by saltation in two-dimensional ﬂows. Experiments of Nelson et al. [27]
and Wu and Jiang [38] both showed that qu0 w0 poorly correlates
to sediment entrainment in turbulent boundary layers, however
turbulent bursts by u0 and w0 components played a signiﬁcant role
in producing shear stresses. Normal stress qu02 is a better predictor
for the entrainment of coarse sand and gravels than qw02 and
qu0 w0 in 2D ﬂows because there was a strong positive correlation
between the transport rate and near-bed instantaneous streamwise velocity [8,27,29]. The most effective events that move sediment are those with a large u0 . Therefore, sediment ﬂux can
increase even when bed shear stress decreases [27]. Applying concepts derived from steady uniform ﬂow to non-uniform ﬂows of
developing boundary layer are problematic [17,27].
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Nomenclature
B
h
L
Re
uj ; v j ; wj
u0 ; v 0 ; w0
u0
u
x, y, z

width of ﬂume
depth of ﬂow
length of dike
Reynolds number
instantaneous velocity components in x, y and z direction
velocity ﬂuctuation in x, y and z direction; Reynoldsdecomposed velocity ﬂuctuation
approaching ﬂow velocity
shear velocity, friction velocity
longitudinal, transverse and vertical directions, namely
streamwise, lateral and bed-normal co-ordinates

Two- and three-dimensional simulations of ﬂow ﬁelds around
spur dikes have been reported intensively in the literature. Twodimensional (2D) depth-averaged models [16,19,37] have been
used to simulate hydrodynamic ﬂow ﬁelds near dikes by including corrections for streamline curvature in momentum equations.
Duan and Nanda [16] applied an enhanced 2D model [13–15] to
study suspended sediment transport in a multiple-groyne ﬁeld
within a natural river. Results from this study indicated that a
2D model can simulate approximately the horizontal recirculation
and deposition of suspended sediment. Jia et al. [19] and Nagata
et al. [26] employed a full three dimensional hydrodynamic model by solving the Reynolds-averaged Navier–Stokes equation to
simulate ﬂow ﬁeld and sediment transport around a spur dike.
All these models [7,19,21,26,31] were veriﬁed by measuring the
time-averaged mean velocity ﬁeld. Veriﬁcations regarding turbulence characteristics (e.g., turbulence intensity, normal stresses,
Reynolds stresses) were limited due to lack of measurements.
Therefore, to verify numerical models presently in use requires
more reliable laboratory or ﬁeld data of turbulence generated
by ﬂow around a dike or the evolution of turbulence passing
through the dike.
The present experimental study aims to study mean and turbulence ﬂow ﬁeld in a ﬂat and a scoured bed. Turbulent ﬂow passing
through an emergent spur dike on a ﬂat and a scoured bed were
measured, respectively, by using a SonTek 16-MHz MicroADV.
Time histories of velocities in all three spatial dimensions were recorded at cross sections parallel to the dike. These measurements
were used to study time-averaged, downstream primary ﬂow
and cross-sectional ﬂow properties, as well as turbulence properties (e.g., turbulence intensities) at the upstream and downstream
sections of the dike. Impacts of the dike on ﬂow structure include
ﬂow convergence, locally increased bed-shear stress, and increased
turbulence in the vertical, which explains the initiation of local
scour and sorting of sediment in the scour hole.

q
s0
sb

mass density of ﬂuid
bed-shear stress of approaching ﬂow, qu2
bed-shear stress
the ensemble size of velocity measurement at one measuring point
thickness of viscous sublayer

n
d

Subscript
j
the velocity measurement at one point

face was covered with a well-sorted sand and gravel mixture having a median grain diameter of 1.59 mm.
A downward looking microADV was used to measure instantaneous velocity ﬁeld. MicroADV has been commonly used in measuring point-wise 3D velocity ﬁelds through recording the
Doppler shift produced by targeted material in the ﬂow
[12,20,32,34]. The acoustic sensor consisted of one transmitter
and three receivers. The receivers are aligned to intersect with the
transmit beam at a small sampling volume located about 50 mm
from the probe tip. The sample volume is a cylinder of diameter
4.0 mm and height of 5.6 mm. The sampling volume of ADV is larger
than those of Laser-based velocimetry (e.g. LDV, PIV). Blanckaert
and McLelland [5] compared the accuracies of laser-based PIV and
Acoustic Doppler Velocity Proﬁler and found that ADVP measured
the turbulence accurately while PIV measurements of turbulence
have the lower temporal resolution and the higher noise level. A recent near-bed turbulence measurement [30] showed that a typical
size of sweep events contributing to bed load motion has a representative length of 0.8cm given the duration of 0.05 second and a
celerity of 16 cm/s. This length is one time larger than that of a typical ADV sampling volume. This up-to-date literature [5,29] indicated acoustic Doppler velocimetry is accurate for measuring
turbulence in open channel ﬂows despite of its sampling volume.
Even though more comparison studies of ADV and LDV (PIV) are expected to further verify these conclusions [5,29].
The sampling frequency of this ADV application was 25 Hz, with
a sampling duration of 1 to 1.5 minutes in each measuring location.
It can measure mean ﬂow velocities from 1 mm/s to 2.5 m/s with
an accuracy of ±1% of the measurement range. The microADV
was attached to a point gauge ﬁxed on an instrument carriage that
was mounted on horizontal steel rails and moved on wheels. The
ADV can move along the ﬂume automatically driven by an electric
motor, and also manually in the transverse and vertical directions
to measure ﬂow velocities at any location near the dike.
60

2. Experimental data

50

Experiments were conducted in a 12.8-m long and 60.8-cm
wide ﬂume located at the St. Anthony Falls Laboratory, University
of Minnesota. A valve was used to control discharge. The channel
sides are glass walls, and bed slope was 0.0004. Bed surface had
a roughness height about 0.4 mm. A 20-cm long, 4-mm thick,
and 40-cm height metal plate was installed at 6 m downstream
of the ﬂume inlet and protruded from the right-hand side of the
ﬂume to serve as a model dike structure, and it emerged from
the water surface during all experimental runs. Two experiments
were performed: ﬁrstly channel bed was ﬁxed; secondly, bed sur-
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Fig. 1. Plan view of the experimental ﬂume with measurement points denoted with
solid dots, and red bars are the locations of thalweg at each cross section.
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2.2. Data Processing
In the data analysis, the origin of the Cartesian coordinate is at
the upstream side of the dike on the right wall of the initial bed
surface elevation, thus the x-axis is the downstream direction, yaxis is pointing to the left bank in the transverse direction, and zaxis is towards the water surface in the vertical. The z ¼ 0 plane
was the ﬂume bottom in the ﬂat bed run, but the initial bed surface
in the erodible bed run. The velocity components are denoted as uj ,
v j , and wj , respectively.
The friction velocity of approaching ﬂow was calculated by ﬁtting the velocity proﬁles with the logarithmic law. Because of the
 occurred slightly
effects of side wall the maximum mean velocity u
below the free surface, indicative of the dip phenomenon [3] when
an open channel ﬂow had a low width to depth ratio ðB=H 6 5Þ
[3,27,28]. The shear velocity, u ¼ 1:2 cm=s, and zero velocity level,
z0 , were determined by assuming the von Karman constant is 0.41.
Flow is hydraulically rough with ks ¼ 1:20 mm in the ﬂat-bed
runs. Whereas in the erodible bed run, the shear velocity was
u ¼ 5:55 cm=s and the roughness height was ks ¼ d50 ¼
1:59 mm, which was much greater than the thickness of viscous
sublayer d ¼ 11:6 um ¼ 0:234 mm. The standard deviation of sediment mixture is 2.041. Therefore, ﬂow in the erodible bed runs
was also hydraulically rough. The mean velocity of approaching
ﬂow is 59.43 cm/s. Dey and Barbhuiya [11], Dey and Raikar [12],
Duan et al. [13] and many others used dimensionless turbulence
properties (e.g. turbulence intensity, TKE, shear stress) to generalize their distributions in fully developed turbulent ﬂows. These
measurements showed that when Reynolds number is over
10,000, the distributions of dimensionless turbulence intensities
and bed shear stress are independent of approaching ﬂows. At
present, no convincing experimental evidences are available to
verify if the results of dimensionless turbulence properties vary
with the approaching ﬂows at high Reynolds number. This study
assumed the distributions of turbulence properties and bed shear
stresses are typical for ﬂows around a spur dike of ﬂat and eroded
bed surface because ﬂows in both experiments are fully hydraulic
rough with Reynolds number greater than 38,000.
At solid walls, all mean and turbulence velocities and Reynolds
stresses are zero. Because of the complex turbulence ﬂow near the
dike, this study linearly interpolated these properties at each
vertical line. The duration of the experimental run was 48 hours

to allow the local scour reach an asymptotic state so that bed surface was completely armored. Contour lines of the scoured depth
are shown in Fig. 2 in which the zero contour line is the initial
bed surface and also the edge of the scouring hole. A photo of
scoured bed surface is shown in Fig. 2b. The total scour volume
was 0.0081 m3. The maximum scour depth is 8.87 cm at
x ¼ 15:4 cm, y ¼ 25 cm.
3. Results and discussion
3.1. Mean velocity
The contour lines of dimensionless time-averaged velocity com at different cross sections of the ﬂat and
; v
 and w
ponents u
scoured bed are shown in Fig. 3a and b, respectively. The distributions of downstream component of mean velocity are similar, but
the distributions of lateral and vertical components of mean velocities are very different. In both cases the maximum downstream
mean velocity occurred slightly below the free surface [4]. This
dip phenomenon is noticeable because of the small ﬂow aspect ratio in the present experiments [3]. The small channel aspect ratio
together with the presence of free surface induces the secondary
ﬂow that dampens the vertical velocity ﬂuctuations [3].

a

Flow Direction

Contour lines

Cross Stream (cm)

Nine cross sections shown in Fig. 1, including three upstream of
the dike, one at the dike tip, and ﬁve downstream of the dike, were
measured. Nine vertical proﬁles at intervals of 5 cm were measured at each cross section, and each vertical proﬁle had 7–9 points
with 1 cm spacing. At each measuring node, about 1500 instantaneous velocities at three respective directions were recorded. Flow
depth was measured with a laser proﬁler attached to the instrument carriage at locations where velocity was measured. These
measurements of velocities and surface elevations were used to
determine mean velocities, turbulence intensities, Reynolds stresses, and bed-shear stresses. Hydraulic parameters for the present
experiments are summarized in Table 1.
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Fig. 2. (a) Plan view of contour lines of bed elevation in the scour hole. (b) Photo of
scoured bed surface.

Table 1
Experimental data summary.

Eroded bed
Flat bed

Eroded bed
Flat bed

Approaching velocity u0 (cm/s)

Flow depth (cm)

B=H

Discharge (m3/s)

Gradient

s0 ¼ qu2 ðPaÞ

59.43
38.93

16
16

3.75
2.8

0.058
0.038

0.0004
0.0004

3.08
0.144

Shear velocity u (cm/s)

Thickness of viscous sublayer d (mm)

Re ð104 Þ

ks (mm)

Correlation parameter (R2)

8.61
3.89

1.59
1.20

0.86
0.94

5.55
1.2

0.234
1.08
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 =u0 ; w=u
 0 Þ at different cross sections.
Fig. 4. Dimensionless velocity vector ðv

Fig. 3. Distribution of dimensionless mean velocities at cross sections for the
 0 Þ (u0 is the approaching ﬂow
 =u0 ; v
 =u0 and w=u
scoured and ﬂat bed surfaces (u
velocity).

Flow separation begins at the dike tip in both runs, and shifts
slightly towards the right bank, and then turns back to the left side
wall as shown in Fig. 4. The length of ﬂow separation in the asymptotic state is about 3.5 times the dike length, much shorter than
that for non-erodible ﬂat bed. Flow reattached immediately at
the end of the scour hole. The detached shear layer has nearly zero
mean downstream velocity, and coincides with the thalweg of bed
surface, especially at sections with 0:5 < x=L < 3:5. One can ﬁnd
that the maximum scour depth developed along the path of the detached shear layer where the turbulence intensity is the maximum.
 , at the conIn the scoured bed, the mean velocity component, u
traction section is about 1.2 times as that of the mean velocity of
approaching ﬂow, while in the ﬂat bed, the mean velocity at the
contraction is about 1.3 times as that of the approaching ﬂow. This
shows that the streamwise component of mean velocity has been
reduced after the scour hole is formed as observed by Thompson
[37]. In the meantime, the downstream component of mean velocity near the bed was increased in the primary ﬂow zone and reduced in the recirculation zone where negative velocities (in
 and the extent
blue1 color) are shown in Fig. 3a. The increase in u
of recirculation zone are much larger in the ﬂat bed than that in

1
For interpretation of color in Figs. 1, 3 and 6–9, the reader is referred to the web
version of this article.

the scoured bed. However, the mean velocity of recirculating ﬂow
is less than 10% of the approaching ﬂow velocity.
 , reaches its maximum at the
The mean downstream velocity, u
dike section in the scoured bed. The streamwise velocity has been
greatly reduced in the scoured zone. At the zone above the initial
bed where z=L > 0:0, the distribution of mean ﬂow velocity is similar to that in the plane bed. Flow contracted at the dike section,
 showed the existence of
and consequently the contour lines of u
 component. This attributes to
a pronounced skewness in the u
the effect of the horseshoe vortex and the associated helicoidal
ﬂow around the dike.
In both cases, the transverse component of mean velocity increases as ﬂow approaches to the dike. At the dike section the
transverse velocity in the primary ﬂow reaches the maximum near
the bed, and it is towards the left bank. The transverse velocity reverses its sign in the ﬂow recirculation zone. The apparent differ in both the
 is that the maximum v
ence in the distribution of v
primary and the recirculation ﬂows in the ﬂat bed are larger than
that in the scoured bed, which implies the reduction of ﬂow intensity in the scour hole.
 approximately is zero at regions
The mean vertical velocity, w,
upstream of the dike inﬂuenced zone. As ﬂow approaches the dike,
 upstream of the dike corroborate the existhe negative values of w
tence of a strong downward ﬂow in the scoured bed, while the
mean vertical ﬂow is upward at the tip of the dike in the ﬂat
bed. This phenomenon showed that the helicoidal ﬂow originated
at the dike tip in the ﬂat bed has shifted to the upstream after the
 decreases as the heliscour hole was formed. The magnitude of w
coidal ﬂow attenuates downstream of the dike. The mean vertical
velocity is the maximum at approximately the middle of ﬂow
depth and decreases towards both the surface and the bed. At
x=L ¼ 5:0, Fig. 3a shows a strong upward ﬂow where hydraulic suction may take place that dislodges bed sediment downstream of
 diminishes rapidly.
the dike. Further downstream w
In summary, for the scoured bed, the mean downstream velocity was reduced primarily due to the enlarged cross sections. On
the other hand, the mean transverse velocity has increased near
the bed surface in the scour hole, and the mean vertical velocity re-
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verses its direction towards the ﬂow surface in the scour hole. The
increases in the lateral and vertical mean ﬂow indicated sediment
entrainment and transport towards the left bank.
3.2. Secondary ﬂow
 in Fig. 4 formed
 ; wÞ
The time-averaged mean velocity vector ðv
the helicoidal ﬂow at each cross section. Fig. 4 formed both the secondary ﬂow and the downﬂow at the upstream face of the dike. In the
scoured bed, the cross sectional circulation begins at the upstream of
the dike, and gradually increases toward the dike until reaching its
maximum at section x=L ¼ 1:0, and then decreases gradually and
disappears at section x=L ¼ 3:5. The circulatory motion is relatively
weak above the original bed surface, z=L > 0:0, but is stronger near
the bed. Upstream of the dike the circulation is counter-clockwise
at the dike section, and the one in the recirculation zone downstream
of the dike is clockwise. As to the secondary ﬂow in the ﬂat bed, the
circulatory motion in the scoured bed is weaker and constrained
within the scoured zone, and its length is much shorter.
; v
 Þ at
The dimensionless time-averaged mean velocity vector ðu
different horizontal planes, z ¼ 0:1h; z ¼ 0:5h and z ¼ h, were
shown in Fig. 5. Velocities at water surface were linearly interpolated from measured data. In the scoured bed, the recirculation
ﬂow behind the dike within the scour hole is weaker than that in
the ﬂat bed at the horizontal plane z ¼ 0:1h. The recirculation ﬂow
in the scoured hole is very weak near the bed. As ﬂow separates at
the dike, the recirculation ﬂow is stronger as it emerges towards
water surface. Downstream of the dike at z ¼ 0:5h, the width of
ﬂow separation zone keeps almost the same. In contrast, the horizontal recirculation in the ﬂat bed remains almost the same
regardless of its distance to the bed surface. The recirculation zone
in the scoured bed is slightly smaller than that in the ﬂat bed because the scoured bed surface is transporting sediment that dissipates more energy.
3.3. Turbulence Intensity
Reynolds decomposition into mean and ﬂuctuating portions is
commonly employed in analyzing turbulence velocity ﬁelds [1].
The contour lines
pﬃﬃﬃﬃﬃﬃof dimensionless
pﬃﬃﬃﬃﬃﬃﬃturbulence intensities in 3D,
pﬃﬃﬃﬃﬃﬃﬃ
symbolized as u02 =u ; v 02 =u ; w02 =u at different cross sections
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
Fig. 6. Distribution of turbulent intensities
u02 =u ; v 02 =u and
w02 =u at
various cross sections for scoured and ﬂat bed surfaces.

 =u0 ; v
 =u0 Þ at different horizontal planes
Fig. 5. Dimensionless velocity vector ðu
where z ¼ 0:1h, z ¼ 0:5h, and z ¼ h.

were shown in Fig. 6. In the ﬂat bed, the turbulent intensities in
three directions are nearly the same with a similar distribution.
Turbulent intensities increase as the distance from the dike increases, while the largest turbulent intensity occurred at the center
of each section.
After local scour reaches the asymptote state, the distributions
pﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
of v 02 and w02 are very similar to that of u02 . The magnitude
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
of v 02 is larger than that of u02 , and the magnitude of w02 is
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
smaller than both. The magnitudes of
v 02 and u02 were increased at the dike tip in the scoured bed, but no noticeable increment was observed in the ﬂat bed. At the contraction section, the
pﬃﬃﬃﬃﬃﬃ
turbulence intensities are the largest where u02 has nearly the
pﬃﬃﬃﬃﬃﬃﬃ
same magnitude as u0 , while v 02 is 1.65 times u0 . Downstream
pﬃﬃﬃﬃﬃﬃ
of the dike, the dimensionless u02 =u is larger than that in the ﬂat
pﬃﬃﬃﬃﬃﬃﬃ
bed. The increase of v 02 in the local scour zone is not as apparent
pﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
as that of u02 . The turbulence intensity, w02 , has increased in the
area immediately above the bed upstream of the dike in the scour
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hole, while there is limited increase near the right-hand side wall
pﬃﬃﬃﬃﬃﬃﬃ
in the ﬂat bed. While downstream of the dike, w02 has increased
in the primary ﬂow zone, and reduced in the ﬂow recirculation
zone.
3.4. Reynolds stresses
Since turbulent bursts were the dominant mechanism that entrains and transports sediment [6]. Fig. 7 showed Reynolds stresses
produced by turbulent bursts. The magnitudes of qv 0 w0 and
qu0 w0 are much smaller than those of qu0 v 0 . The change in signs
means the magnitudes of velocity ﬂuctuation in the streamwise
and vertical direction are larger than those in the transversal. Consequently ejections and sweeps event are dominant [17].
As to u0 w0 =u2 , downstream of the dike, the sign of u0 w0 =u2
changes from positive to negative as ﬂow passes through the dike.
Both the magnitude and probability of u0 w0 =u2 are increasing, except for the primary ﬂow zone. u0 w0 =u2 in cross sections upstream

of the dike are positive with larger values near the bed. Furthermore Reynolds stress u0 w0 =u2 near the bed at sections upstream
of the dike is less important than the corresponding turbulent
intensity. Downstream of the dike, u0 v 0 =u2 are positive having a
large magnitude. While upstream of the dike, the magnitude of
negative u0 v 0 =u2 is relative larger than the positive one. The Reynolds stress u0 v 0 =u2 along the separation region is less important
than the corresponding turbulent intensity because u0 v 0 =u2 is less
than unity. Positive v 0 w0 =u2 indicated that either ejection or
sweeps contributed more to Reynolds stresses than the negative
ones. Nelson et al. [27] showed that ﬂuctuations with high magnitudes and low time frequencies are important in the entrainment
and movement of sediment, but not to the degree that those with
higher frequencies can be neglected.
For the ﬂat bed case, Reynolds stresses, qu0 v 0 ; qv 0 w0 and
qu0 w0 , at cross sections downstream of the dike, gradually increases their magnitudes as the distance from the dike increases.
Reynolds stress, qv 0 w0 , is positive at sections upstream of the
dike, and the stress in the recirculation zone changes to negative
when it proceeds to cross sections downstream of the dike. As to
qu0 w0 , the distribution of Reynolds stress is almost the same as
that of qv 0 w0 .
3.5. Normal stresses
The dimensionless normal stress qu0 u0 =qu2 is the ratio of turbulence intensity to the friction velocity (u Þ, so does qv 0 v 0 =qu2
and qw0 w0 =qu2 . Fig. 8 showed the distributions of normal stress
near the bed in both runs. The distributions of qu0 u0 and qv 0 v 0
are similar and their magnitudes are nearly the same near the
bed in the ﬂat bed case, but the magnitude of qw0 w0 is smaller.
But near the bottom of the scoured bed, the magnitude of
qw0 w0 is very small, while qu0 u0 is very large within a small
zone. Among three normal stresses, qu0 u0 , qv 0 v 0 , and qw0 w0
all contributed to erosion around the dike tip, and qw0 w0 is likely
to contribute the most to the erosion upstream of the dike, and
qu0 u0 and qv 0 v 0 become more important for the erosion as the
local scour develops.
3.6. Bed Shear Stress
Bed-shear stress is still commonly used for estimating sediment
transport rate in non-uniform unsteady ﬂows [10]. If using the
near-bed Reynolds stresses to approximate bed-shear stress, sb ,
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 x 2  y 2
the mathematical equation in [10] is sb ¼
sb þ sb in which




sxb ¼ q w0 u0 þ v 0 u0 jbed and syb ¼ q w0 v 0 þ v 0 u0 jbed , q = mass density of water. The bed-shear stress sb can be expressed in dimen_

Fig. 7. Distribution of dimensionless Reynolds stresses at various cross sections
u0 v 0 =u2 ; u0 w0 =u2 and v 0 w0 =u2 .

sionless form as s b ¼ sb =s0 , where s0 = bed-shear stress of
approaching ﬂow.
In the scoured bed, bed shear stress at the dike section, x=L ¼ 0,
is the largest, which is also the deepest location in the scour hole.
This coincidence veriﬁes that the largest Reynolds stresses resulted
in the most erosion. Three stripes of large bed shear stress are
shown in Fig. 9. One originates from upstream of the dike, and
curve along the edge of the scour hole. The second one starts from
the dike tip and extends towards downstream. The third one initiates where erosion begins in the lee of the dike, and then it extends
along the right side wall to the downstream. Ejections and sweeps
are dominant burst events within these strips that contributed
positively to the mean bed shear stress [27]. The ridge of each strip
has the largest shear stress. Fan et al. [18] concluded that larger
sized sediment particles damped more ﬂuid turbulence than the
smaller ones. As a result sediment at the ridge of each strip is relatively small, and the sediments at both sides are coarser. The
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Fig. 8. Distributions of near-bed dimensionless Reynolds stresses u0 u0 =u2 ; v 0 v 0 =u2 and w0 w0 =u2 ðz ¼ 0 cmÞ.

Fig. 9. Distributions of dimensionless bed-shear stresses

magnitudes of bed shear stress in the scoured bed are larger than
those in the ﬂat bed, especially at the maximum scoured depth.
Bed shear stress in the ﬂat bed case does not show stripes, and
the dominant ejections and sweeps events occurred further downstream rather than at the dike tip. A high shear stress zone was
shown in Fig. 9 that attributes to increased turbulence activities
at the end of recirculation zone.

4. Discussion
A practical interest in the turbulent ﬂow ﬁeld around a spur
dike is the need to accurately predict location and geometry (e.g.

_
b

s ¼ sb =s0 .

size, depth) of scour zone. In alluvial channel beds composed of
primarily of sand and gravels, scour is often developed because
of imbalance in sediment transport, especially bed load. Because
bed material is directly exposed to shear stress acting on the bed
surface, the rate of bed-load transport is proportional to bed-shear
stress. Fine sand, silt, and clay are transported as suspended sediment in a water column and settle where the turbulence intensity
is weak.
Experimental results from the present study showed the maximum shear stress occurred at the upstream side of the dike when
the bed is non-erodible, but the deepest scour depth locates at the
downstream of dike tip coinciding with the maximum shear stresses. The components of qu0 w0 and qv 0 w0 Reynolds stress shown
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in Fig. 7 contributed to the increase of bed-shear stresses in the
scour zone, while the qu0 v 0 component is responsible for the high
shear stress at the dike upstream side when bed surface is ﬁxed.
This shift of high bed-shear stress from the upstream to the downstream of the dike enabled the scour of mobile bed surface at the
upstream side of the dike and gradually stretches to the downstream. The progression of scour zone follows the path of the
horseshoe vorticies formed around the dike. McCoy et al. [24] applied large eddy simulation model and found that the high turbulent intensity and bed-shear stresses are produced by the necklace
vorticies in the horseshoe vorticies region. As the vorticies transported to the downstream, loose bed material are entrained and
transported in the zone of shear stress greater than the critical
shear stresses of individual sized particles. This progressing of
scouring zone was also observed in large ﬂume experiments to test
riprap-apron performance [25].
Although a certain size of particle may not be entrained at the
upstream uniform ﬂow reach, the same sized particles can be
transported due to increased bed shear stresses near the dike. This
mobile-bed laboratory experiment of sediment mixture showed
that the coarse gravels, immobile at the upstream reach, was observed transporting around the dike tip due to increased shear
stress and selective sediment transport. The scouring ﬁnally
reached equilibrium when the remaining bed-load particles were
too large to be entrained by bed shear stresses. The resultant scour
hole was covered with particles of very coarse gravel, while the
recirculation zone had aggraded with ﬁne-suspended sediment
shown in Fig. 2b. For uniformly sized material, the scouring hole
will evolve to a maximum depth until the bed shear stresses are
smaller than the critical shear stresses of a single grain-sized material. In the case of non-uniform material, the surface material covering the scour hole are coarser than the substrate material, so that
the scour hole will not be as deep as the one formed in a mobile
bed of uniform bed material.
5. Conclusions
Mean ﬂow and turbulence ﬁelds around a spur dike in a ﬂat and
a scoured bed surface were analyzed. As for the scoured bed, ﬂow
separation zone in the lee of the dike was shortened. The mean
streamwise velocity has been reduced, but both the lateral and vertical mean
velocities are increased. In particular the turbulent
pﬃﬃﬃﬃﬃﬃﬃ
intensity w02 near the bed has increased so much that the Reynolds stress qu0 w0 and qu0 w0 are the primary contributions of
high bed shear stresses in the scour zone. As to non-erodible bed
surface, qu0 v 0 is the major contributor of high shear stress at
the upstream side of the dike.
Differences of shear stress and Reynolds stresses distributions
showed that the scour is initiated at the dike upstream side and advance in the zone of high shear stress induced by horseshoe vorticies. The maximum scour depth occurred where the bed shear
stress is maximum. For both non-erodible and erodible bed surface, the maximum bed shear stress is about 6 to 8 times of that
of the approaching ﬂow. Therefore, local scour will develop around
a dike even though the approaching ﬂow shear stress is less than
the critical shear stress of bed material. With more computational
models capable of simulating ﬁne scaled turbulence eddies, the
accurate prediction of local scour around a dike require direct simulations of turbulence structure.
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