CHAPTER 115

BED SHEAR STRESS AND SCOUR AROUND COASTAL STRUCTURES

B.M. Sumer!, J. Fredswee', N. Christiansen®' and S.B. Hansen!

Abgtract

Two kinds of experiments were made: 1) Rigid-bed experi-
ments and 2) erodible-bed experiments. In the former experi-
ments, bed shear stresses were measured around three kinds of
structures: 1) a vertical circular cylinder, 2) a cone-shaped
structure and 3) the head of a breakwater (with and without
side slopes). The results are presented in terms of amplifica-
tion in the bed shear stress for the structures considered.

In the erodible-bed experiments, actual scour tests were
carried out with the aforementioned structures. The results
regarding the scour tests are related to the measured bed shear
stress.

1. Introduction

Considerable knowledge may be gained on scour around coast-
al structures by studying the bed shear stress on the un-
scoured bed, one of the hydrodynamic quantities directly re-
lated to scour.

The purpose of the present study is to investigate the bed
shear stress around three kinds of coastal structures, namely
a vertical pile, a cone-shaped structure and a breakwater, and
to relate it to the resulting scour. The cone-shaped structure
has been selected, to study the effect of side slopes on the
complex vortex system responsible for scour around the struc-
tures. As regards the breakwater structure, attention is con-
centrated on the three-dimensional scour around the head of the
breakwater.
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2. Experiments

2.1. Bed-shear stress measurements

The experiments were conducted in a flume facility the size
of 26.5 x 0.6 x 0.8 m. In most of the cases, the model struc-
tures were exposed to both waves and steady currents.

A two-component hot-film probe (DANTEC 55R46 spec.) was
used in the experiments. The probe was flush-mounted with the
rigid bed of the flume. It enabled the magnitude and the head-
ing of the bed shear stress vector to be measured. The details
about the probe and the other pertinent information have been
reported elsewhere (Sumer et al., 1993).

Three kinds of structures were implemented in the tests
(Fig. 1): 1) A vertical cylinder with a circular cross section
(one with diameter D = 4 cm and the other with D = 9 ¢cm), 2)
a cone-shaped structure (one with 8 = 45° side slope and the
other with 8 = 30° side slope; both with the same base diame-
ter, namely D = 9 cm), and finally 3) a breakwater with and
without side slopes. In the case of the breakwater with side
slopes, simulating a rubble-mound breakwater, the angle of the
side slopes was 45°. The relatively high value of the side
slope was due to experimental constraints. The base width of
the breakwater was B = 3 c¢m in the vertical wall breakwater
case and B = 11.5 c¢m in the rubble-mound case.

The bed shear stress measurements were supported in a few
cases with velocity measurements where a one-component DANTEC
Laser Doppler Anemometer was used.

///’ o Slope = 30°; 45°

Fig. 1 Structures considered in the present study. a: Ver-
tical cylinder. b: Cone (8 = 30° and 45°). Cl: Verti-
cal-wall breakwater. C2: Rubble-mound breakwater
(side slope = 1:1 in the bed shear stress meas. and
1:1.5 in the scour expts.).
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2.2. Scour experiments

The scour processes around the structures were videotaped,
using an underwater mini video camera in most of the cases.
These experiments were carried out in three facilities, namely
in a small scale flume (the same as that used in the bed shear
stress measurements) and in two medium scale flumes (one with
dimensions 28 x 4 x 1 m and the other 23 x 2 x 0.5 m).

In all the wave tests, the orbital velocity of the undis-
turbed flow at the bottom was measured. In the current tests,
the undisturbed velocity profile over the depth was measured.
Similar to the bed shear-stress measurements, three kinds of
structures were used in the scour experiments: 1) Vertical
circular cylinders, 2) cone-shaped structures and 3) breakwa-
ters. Table 1 summarizes the test conditions of the scour
experiments.

In the table, V is the mean flow velocity in the case of steady
current and U, is the amplitude of the orbital velocity at the
bed in the case of waves, while U, and U, are the corresponding
friction velocities in the case of steady current and in the
case of waves, respectively. § is the Shields parameter defined

by

U (1)
g(s-1)d

in which g is the acceleration due to gravity and s is the
relative density of sand grains. U, is replaced by U, in the
case of waves. In the table, KC, the Keulegan-Carpenter number,
is defined by
KC = UnT or ke = aT (2)
D B

and Re, the Reynolds number,
U U

_ UaD or Re = U (3)
v v

Re

From the table, it is seen that all the scour experiments were
conducted under live-bed conditions, 6 > 6., in which 6. is
the critical wvalue of 6 corresponding to the initiation of
motion on the sand bed.

3. Regultsg and digcussion

3.1 Bed shear stress
Cylinder

The bed shear stress around a vertical cylinder placed on
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a plane bed is increased due to the following three effects:
1) the contraction of streamlines near the structure 2) the
horse-shoe vortex and 3) the vortex shedding (Fig. 2).

y

boundary)|

Contraction
of streamlines

horseshoe
vortex

Fig. 2 Definition sketch. Near-bed flow structures around
a vertical cylinder.

The mechanisms related to these effects and their role in
the scour processes have been discussed in Breusers et al.
(1977), Hjorth (1975), Baker (1979), Dargahi (1987) in steady
current and Sumer et al. (1992) in waves.

Fig. 3 illustrates the distribution of the bed shear stress
along the principal axes x and z in the case of steady current.
In the figure, o is the amplification in the bed shear stress

T
o = 50 (4)
Thw

in which 7, is the bed shear stress and 7,, is that correspond-
ing to the undisturbed flow. The figure includes also the
results of Baker (1979) who obtained the bed shear stresses
from the measured velocity profiles. (It is seen that the
present results and the results of Baker agree fairly well
despite the differences in the test conditions and in the flow
environment). While Fig. 3b illustrates the amplification in
T, near the side edges of the cylinder due to contraction ofthe
flow, Fig. 3a shows the amplification in 7, both in front of
the cylinder (beneath the horse-shoe vortex) and at the rear
side of the cylinder (in the lee-wake region).

It is seen that the increase in the bed shear stress near
the cylinder can be as much as by a factor 10 or even larger.
Similar results were obtained also by Hjorth (1975) (Fig. 4a).
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Amplification in the shear stress along the
principal axes x and z around a vertical cylinder.
Squares: Present experiments (flow-depth, h = 40 cm,
D=9 cmand V = 8.7 cm/s and Re = 7800). Circles:
Baker’'s (1979) experiments in air (D = 7.6 cm, V =
51 cm/s, D/&* = 14.8 and Re = 2610, &* being the
displacement thickness of the boundary layer on the
bottom) .

Fig. 4 compares the distribution of the bed shear stress

near the cylinder in the case of steady current (Hjorth, 1975)
with that measured in the present study in the case of waves
(where KC, the Keulegan-Carpenter number, is 10) while Fig. 5
gives a 3D illustration of the latter flow, at the phase value

wt =

0, corresponding to the passage of the wave crest. In Fig.

4, a is the amplification in the bed shear stress defined by

and

T

lt°| ; Steady-current case (5)
0

Max|t
t| o] ; wave case (6)
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in which 7,4, is the maximum value of the bed shear stress corre-
sponding to the undisturbed flow.

2/D

a)
1.0 [~

1.5

KC =10
]5 ! L 1 1 1
-1.5 -1.0  -0.5 ) 0.5 1.0 1.5
x/D
Fig. 4 Amplification in the bed shear stress. a: Steady
current (D = 7.5 cm, V = 30 cm/s, h = 20 cm) (from
Hjorth (1975)). b: Waves (D = 4 cm, U, = 9.2 cm/s, T

= 4.4 g, h = 40 cm).

Fig. 4 indicates that, in the case of waves, the amplifica-
tion factor is not as large as in steady currents; the increase
in the bed shear stress with respect to its undisturbed value
is only a factor 3-4 in the best condition. Measurements show
that this is the case also for other KC numbers (up to KC =
100), see Sumer et al. (1992). Fig. 6 depicts the distribution
of amplification along the principal axes x and z. It seems
that the measurements as regards the z-variation of « appar-
ently agree quite well with the potential-flow prediction (Fig.
6b) .

As seen from Fig. 4, there is a factor 3 difference between
the amplification in steady currents and that in waves. This
may be attributed to the rather thin boundary layer developing
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KC=10

Three-dimensional vector-diagram illustration of
near-bed flow around a vertical circular cylinder at
the phase value wt = 90°, i.e. at the time of crest
passing (D = 4 cm, U, = 9.2 em/s, T = 4.4 s, h = 40
cm) .
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Amplification in the bed shear stress around a ver-
tical circular cylinder along the principal axes x
and z (D= 9 ¢m, U, = 31.8 em/8, T = 1.9 8, h = 40
cm) .
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Comparison of the bed-shear stress amplification
around the cylinder and the cone. (Test conditions
are the same as in Fig. 3 for the cylinder test. For
the cone test: D= 9 cm, V = 8.7 cm/s, h = 40 cm).
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Comparison of the bed-shear stress amplification
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over the bed in the case of waves. The previously mentioned
agreement between the measurements and the potential-flow
prediction substantiates the latter argument. In the case of
steady current, however, the combined action of the horse-shoe
vortex and the contraction of flow near the side edges of the
cylinder amplifies the bed shear stress tremendously, to give
an o value of 0(10) (Figs. 3b and 4a). The strong presence of
horse-shoe vortex in the steady-current situation accounts for
also the large increase in the bed shear stress in front of the
cylinder (Fig. 3a).

Cone

Figs. 7 and 8 compare the cone results with the cylinder
results along the principal axes x and z. It is clear that the
net effect of side slopes (the cone case) 1s to decrease the
bed shear stress. From the preceding figures, the following
conclusions may be drawn.

1) Fig. 7a shows that 7, decreases by a factor of about 4
underneath the horse-shoe vortex (in the area extending over
-1 £ Xx/D =-0.5) in the case of cone. (It is interesting to note
that the horse-shoe vortex is still existent in the cone case,
but its strength is greatly reduced with respect to the cylin-
der situation).

The decrease in 7, is due to the large decrease in the
adverse pressure gradient which builds up at the upstream side
of the structure and is known to be responsible for the forma-
tion of horse-shoe vortex. This decrease in the adverse pres-
sure gradient is simply because of the favourable cone geome-
try.

It may be noticed that the cone and the cylinder results
are almost identical in the case of waves at the upstream side
of the structure (Fig. 8a). This is simply because no horse-
shoe vortex exists for this KC number, not even in the case of
cylinder (Sumer et al. (1992)). So, the results will obviously
be the same. The 45°-cone experiments exhibited the same behav-
iour.

The results in Fig. 8a are not symmetric with respect to
X = 0 due to the asymmetry in waves.

2) 1, decreases considerably also near the side edges of
the structure in the case of cone; this decrease is about a
factor 10 in the steady-current situation (Fig. 7b), while it
is a factor 2-3 in the case of waves (Fig. 8b). Two effects are
responsible for this large decrease in 7,: 1) the contraction
of streamlines near the side edges of the cone structure is
rather small; and also, 2) the horse shoe vortex is rather weak
in this case, as mentioned above.

3) Similar observations can be made also in the lee-wake
area. Tremendous decrease (by an order of magnitude) takes
place in 7, in this area (x = 0.5) in the case of steady cur-
rent (Fig. 7a), while practically no change takes place in the
case of waves (Fig. 8a). This reduction in the bed shear stress
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Thirdly, the cone results corresponding to the wave case
have been compared with the cylinder scour reported in Sumer
et al. (1992). It was found that, for KC numbers above 5, the
cone scour is on average below the cylinder scour. For very
small KC numbers (KC = 0(5)), however, the maximum scour depth
appeared to be in the same order of magnitude as that measured
in Sumer et al. (1992). This may be related to the not very
extensive drop in the bed shear stress in the case of cone in
waves (Fig. 8).

For extremely small KC numbers such as KC (1) (i.e., large
structures), the scour is caused not by the vortex shedding but
rather by various forms of steady streaming which build up
around the structure. The steady streaming around a large
cylinder is an example for this kind of streaming (Fig. 11).
Here, the streaming is caused by the difference in the response
of the cylinder boundary layer to the two successive half
periods of the wave motion. This kind of steady streaming may
cause a scour-and-deposition pattern around the structure, as
sketched in Fig. 11.

The data related to the present breakwater-scour experi-
ments are plotted in Fig. 12. As seen from the sketches in the
figure, the scour hole occurring at the tip of the breakwater
in the case of large KC-number situations disappears when KC
becomes less than O(1) . Instead, a streaming-induced scour-and-
deposition pattern forms around the breakwater head, in the way
as described in the preceding paragraph. The disappearance of
the scour hole at the tip of the breakwater is due partly to
the unseparated flow regime and partly to the large reduction
in the bed shear stress (cf. Figs. 9 and 10).

The scale effects in connection with both the flow-descrip-
tion experiments and the scour tests have been discussed else-
where (in Sumer et al. (1992 and 1993) in conjunction with
scour around vertical piles and in Gdkge et al. (1994) in
conjunction with scour around the head of a breakwater).

4. Conclusions

1) The bed shear stress around a vertical, circular cylinder
is increased considerably (by a factor of 10) with respect
to its undisturbed value when the cylinder is exposed to
a steady current, while this increase is by a factor of 3-
4 when it is exposed to waves.

2) For a cone-shaped structure, the increase in the bed shear
stress near the structure is small, a factor of 2-4, re-
gardless of the flow type (steady current or waves).

3) The increase in the bed shear stress around the head of a
vertical-wall breakwater (which is exposed to waves) is a
factor of 10 or so. When the breakwater is encircled at
the bottom with a sloping side wall with a slope of 1:1,
the increase in the bed shear stress is only a factor 2.

4) The scour depth around a cone-shaped structure is an order
of magnitude smaller than in the case of cylinder struc-
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ture in steady currents. In the case of waves, however,
the scour depth appears to be smaller than that measured
in the case of cylinder when KC > 0O(5). For KC = 0(5),
however, the cone scour is in the same order of magnitude
as the cylinder scour.

5) Although the scour hole at the tip of the breakwater dis-
appears in the case of rubble-mound breakwater (apparently
due to the effect of the side slope), another mechanism,
namely the steady streaming, may induce a scour-and-depo-
sition pattern around the breakwater head.
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