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This led to the present study which uses laboratory model experiments to ®
examine the characteristics of overtopping waves above a breakwater and (ii) develop
a formula for obtaining wave forces acting against a handrail. We also examine the
characteristics of wave forces on handrails, then verify the proposed formula using
field experiments.

2. MOTION OF OVERTOPPING WAVES ON A CAISSON
2.1 Experiment Outline

To examine the basic characteristics of overtopping wave motion on a
composite breakwater, and to develop a model of the motion, we conducted a
laboratory model experiment using relatively low wave heights. During this
experiment (Experiment A), a 163-m-long, 1-m-wide, and 1.5-m-deep wave flume
was employed to measure water depths and current velocities above a model
caisson.”

We also conducted another laboratory experiment using relatively high wave
heights over other types of model breakwaters; hence enabling the development of an
empirical formula. During this experiment (Experiment B), a 38-m-long, 1-m-wide,
and 1.5-m-deep wave flume was employed to measure water depths and current
velocities above composite breakwaters, breakwaters covered with wave-dissipating
blocks, and slit-caisson breakwaters. Wave forces acting on model handrails were
also measured.”

This paper primarily reports on the fundamental motion characteristics of
overtopping waves (Experiment A).

2. 2 Overtopping Wave Motion

Figure 2 shows overtopping wave motion above a caisson at sc/H = 0.293,
H/L = 0.051, and At = 0.05, being obtained using a high-speed video camera that
records 200 frames/s. Note that after the water level in front of the breakwater rises
and the wave grows higher than the crown, its shape gradually shifts toward the
crown's landward edge. The overtopping wave then crashes on the breakwater, being
transformed into one-directional landward flow. We classify these phenomena into
the following two stages:
1) "Green wave stage": the phenomena occurring from the wave's run-up above the
crown to its crash onto it.
2) "Overtopping flow stage": the phenomena occurring when the crashed overtopping
wave is transformed into fast, landward-directed flow.
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Figure 2 Overtopping wave motion above a caisson
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3. OVERTOPPING WAVE MODEL

Figure 3 shows a diagram representing the "overtopping wave model
(OWM)," which we apply to empirically evaluate the maximum water depth and
current velocity which occurs above a caisson during overtopping. Input data
consists of wave and breakwater structural conditions, as well as water depth in front
of the caisson.

The green wave stage is characterized by the overtopping wave front having a
parabolic trajectory. The distance between the caisson's seaward edge and the crash
point of the wave front is called the "green wave range," and is represented by /,. The
value of /, is determined by the velocity of the rising wave crest (wave crest rise
velocity) above the caisson's seaward edge and the wave velocity. The maximum
water depth and current velocity are considered to be constant within the green wave
range.

In the overtopping flow stage, the maximum water depth above the crown
changes over time, i.e., it decreases within a certain distance from the seaward edge,
called the "accelerated flow range," then tends to be almost constant, called the
“"constant flow range." The maximum current velocity in the former range increases
as the wave approaches the landward side, becoming nearly uniform in the latter
range. In the model, n, represents the maximum water depth at the top of the
caisson's seaward edge, while /, represents the horizontal distance over which the
water depth changes.
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Figure 3 Overtopping wave model
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3.1 Green Wave
3.1.1 Wave Crest Rise Velocity

The rise velocity of the overtopping wave crest at the moment it runs up
above the crown, Vsf, is equal to the vertical velocity of the wave's surface profile.
Vsf can be evaluated using a second-order approximation formula for finite amplitude
standing waves. If the breakwater superstructure is the composite type, the effects of
its rubble mound must be considered because they differ depending on wave length L
and mound shape. It is reasonable to consider that the mound has a significant effect
on waves when the mound shoulder width, B, , is relatively large in comparison with L,
and also that the mound has only a slight effect when B, is relatively small. Thus, use
of the ratio B,/L enabled us to develop a functional formula for obtaining the
representative water depth Am, which subsequently determines overtopping wave
motion, i.e.,

hm =d “BudL 20.16
d+(h-d)°'—160—‘£—M/£ -0.11 < BulL <0.16 )
h ' “BulL <0.11

where 4 is the natural water depth in front of the breakwater and d is the water depth
above the rubble mound.

Figure 4 shows the relationship between B, /L and Vsf using Eq. (1), where
the experimental and calculated values clearly indicate good agreement.

Overtopping waves move landward as soon as they run up over the crown,
and at this moment, the wave crest horizontal velocity at sm has a proportional
relation with wave velocity Cm, i.e., it is about 30% smaller that Cm regardless of
crown height. Thus, if we consider the motion of the front to be in free-fall, having
come over the caisson's seaward edge at Vsf with a horizontal velocity of 0.3Cm, then
a functional formula can be developed to determine the trajectory of the green wave
front, with /, being subsequently expressed as

I3 =0.6Cm-Vsfig, )
where g is gravitational acceleration.
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Figure 4 Relation between B, /L and Vsf
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3.1.2 Maximum Water Depth and Current Velocity

The distribution of the maximum water depth in the green wave stage is
considered to be constant within the green wave range, being equal to the
overtopping flow stage's maximum water level m, at the caisson's seaward edge.
Experiment results enable the corresponding maximum current velocity, Ui, to be
expressed as a function of Cm and wave height H, i.e.,

Ui =0.8Cm(1.67TH/hm -0.67)'*  : Hihm =0.4 3)

0 :Hlhm < 0.4

3.2 Overtopping Flow
3.2.1 Maximum Crest Height over The Caisson's Seaward Edge

Goda et al.” developed the following formula for determining the wave crest
height ratio X for standing waves, being the ratio of the run-up height above the still
water level in front of a caisson, R, to the wave height, H:

K = min { [1.0 +a(H/h)+b(H/h)2/Ksb],c}, @

where Ksb is the coefficient expressing nonlinear shoaling effects and breaker decay,
while (g, b, ¢) = (1.0, 0.8, 10.0) for vertical walls. K is 1.0 for small amplitude
standing waves and exceeds 1.0 as their finite amplitude increases. The second term
in the brackets of Eq. (4) represents the effect in which K increases in proportion to
H/h under the condition that no breakers exist, while the third term represents a green
wave generated in front of the caisson by breakers. When breaking waves hit the
caisson, overtopping waves run up high above it and produce splashing. The quantity
of splashed water, however, is relatively small; thus we neglected the third term.

In general, breakwaters can handle large quantities of water from overtopping
waves, and because wave overtopping reduces the value of the reflection coefficient,
K tends to become constant and is not proportional to H per Eq. (4). We therefore
included the effect of overtopping waves using the following formula:

-1+ 1 +4a,hc/hm

K=1+a,H/hm - Hihm < e
1
1+ J1+4ahc*/hm . Hihm -1+ J1+4ahc/hm )
2 2(11
H/hm
he* =h . 6
¢ CZH/hm _ -1+ “;‘Z]hdhm ( )

The resultant K values enable calculating the maximum wave crest run-up height at
the caisson's seaward edge, i.e.,

m=K-H-hc, @)
where /c is the breakwater crown height and a, is a correction factor dependent on
the breakwater structure. For a composite breakwater, o, = 1.0; whereas o, = 0.5 for
a breakwater covered with wave-dissipating blocks or a slit-caisson breakwater.

Figure 5 shows the experimental (when overtopping occurred) and calculated
(Eq. (5)) K values for Experiment A, where the experimental values ranged from 0.9
to 1.1 when Ac/h = 0.109, and from 1.0 to 1.2 when Ac/h = 0.207: results that
confirm a higher crown height will increase K. In addition, when overtopping waves
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occurred, the values calculated using Eq. (5) tended to be constant and independent
of changes in wave height, being in good agreement with the experimental values.
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Figure 5 Wave crest height ratio
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Figure 6 Distribution of maximum water depth above a caisson

3.2.2 Maximum Water Depth

The accelerated flow range /; can be expressed as a function of Ac, maximum
water depth ,, and wave velocity Cm. The maximum water depth in the constant
flow range is known to be about 0.4 times smaller than v, at the caisson's seaward
edge, and therefore, the maximum water level at an arbitrary crown point n(x) can be

calculated using the values of 1, and /, occurring during overtopping flow stage, i.e.,

nkx) = ll—lﬂm x <)
1

0.41’]1 szll (8)
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Figure 6 shows the distribution of experimental and calculated maximum
water levels above the crown of a vertical breakwater with Ac = 8.2 cm (hc/h = 0.109),
in which the water depth and distances from the caisson's seaward edge are
respectively non-dimensionalized by m, and /,. Note that the experimental values are
scattered, and also that when x//, = 0, n/n, ranges from 0.8 to 1.0, becoming 0.25 to
0.55 in the constant flow range. Since the experimental values are roughly dispersed
around the calculated ones, this indicates good agreement.

3.2.3 Maximum Current Velocity

Since our Experiments A clarified that the current velocity in the overtopping
flow stage has a relationship with water depth, and also that their maximum values
have only a slight phase difference, this indicates the maximum current velocity Us(x)
can be determined by dividing the maximum overtopping wave quantity ¢, by n(x)
(Eq.(8)). Based on a formula modeling steady flow in a dam, we used tests to
examine the flow coefficient C|, which enables calculation of the overtopping wave
quantities. Consequently, a functional formula was developed to obtaing,_, i.e.,

qu=(0.68+1.10-H/hm)C17ﬁ/2 Hihm <04

0.32
(10H/hm - 4)* +1
where C,= 1.61 (m */s).

Figure 7 shows the distribution of the maximum current velocity above the
caisson for d/h = 1.0 and hc/h = 0.109. The x-axis is the distance from crown's
seaward edge, x, divided by /, while the y-axis is the maximum current velocity at
each point, Us(x), divided by the maximum current velocity in the constant flow range,
Uscal(®). When x//, is less than 1.0, i.e., within the accelerated flow range, the
experimental current velocity increases as x increases. It is clear that in the constant
flow range, the value of Us(x)/Uscal(®) tends to be constant, ranging from 0.9 to
1.15. Note the rough agreement between experimental and calculated values.
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Figure 7 Distribution of maximum current velocity above a caisson
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4, FORMULA FOR WAVE FORCE ACTING ON HANDRAILS

Overtopping wave forces acting on column-shaped handrail members may
include: (i) an impulsive wave force that occurs when an overtopping wave hits, and
(i) a drag force that is dependent on the current velocity of overtopping waves.
Because these members have relatively small diameters, the impulsive component was
assumed to be negligible, and therefore, only the drag force was considered.
Neglecting the effect of impulsive pressure was confirmed to be appropriate using
field experiments. The drag force can be expressed as

F =300 A U, (1)

where 4 is the horizontally projected area of a submerged handrail at the maximum
water depth, C, is the drag coefficient, and U,,, is the maximum current velocity
estimated to occur at the handrail installation point. We used the largest values of
U_,, observed in the green wave and overtopping flow stages.

Figure 8 shows the ratio of experimental to calculated wave forces, F, /F,
acting on a handrail. Wave forces acting on handrail members installed on the
caisson's seaward and landward edge are indicated. Since the handrail was made of
cylindrical column-shaped members, we assumed C, = 1.0. At the seaward edge, the
maximum current velocity in the green wave stage is larger than that in the
overtopping flow stage, and consequently, the wave forces at this edge were
calculated using the maximum velocity Ui in the green wave stage. Since the
landward edge is in the constant flow range outside the green wave range, we used
the maximum current velocity Us. At the seaward edge handrail, F,, /F, ranged from
0.7 to 1.2, with good agreement being present between experimental and calculated
values. At the landward edge handrails, F,, /F,, was slightly less (0.4 to 0.7), which
indicates that calculated values are comparatively slightly larger. These experimental
results confirm that Eq.(10) is suitable if C, = 1.0 for cylindrical column-shaped

members.
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Figure 8 Wave forces acting on a model handrail
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At a high Reynolds number, Re, however, the C, value is lower for this type
of handrail. Consequently, since Re values are higher in the field than in experiments,
a possibility exists that C,, is actually less than assumed. It should be realized that the
characteristics of impulsive wave forces could not be determined because the
experimental response characteristics of handrail members did not agree with field
results, possibly being due to measuring the wave forces with strain gages. This
problem led to using field experiments to examine the characteristics of wave forces
and impulsive wave forces (Section 5).

5. FIELD EXPERIMENTS
5.1 Background
5.1.1 Location of Field Experiments

Field experiments were conducted from November 1991 to March 1992 above
the Second North Breakwater of Sakata Port in northeastern Japan. Figure 9 shows
plane and cross-section views of the field site. Although this front-line breakwater is
installed in deep water (= 16 m), its crown height is relatively low (4.5 m) because it
was under construction during the tests. The upper seaward edge of the caisson has a
45° slope. An observation house was built about 2 km away from the test breakwater
to record measured data transmitted through optical fiber cables.

Figure 9 (a) Plane view of Sakata Port
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Port Side  +45 1 HWL+05
= WL e
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Figure 9 (b) Cross-section view of test breakwater
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Table 1 Stanchion shapes

Name |Shape Diameter | Thickness | Allowable wave
(mm) (mm) height (m)

Al Round steel pipe 216.3 ]
Bl-4 |Round steel pipe 101.6 42 e
Cl-4 [Round stee! pipe 48.6 3.2 10
D1 Square stee! pipe 100 45 e
El Square steel pipe 75 P01 I —

a Round steel pipe 27.7 2.3 4.6
b Round steel pipe 76.3 3.2 14.8
[ Round stee! pipe 139.8 : 55 1 —

d Round steel bar 13 -— 4
e Round steel bar 25 - 7.7
f Round steel bar 38 - 12.3
g Round steel bar 48 —_— e
F1 Fence-type - 60.5 3.2 4
F2 Chain-type 1143 [ |

Incident
&wm
. Al 40m
Stanchion Bl __—~ ' 50m
C1 % -

D1 B Nwe
/m—"”— 52 pressure B bmo T
~..ucz Transducer”—

Figure 10 Field experiment setup

5.1.2 Experiment Outline

A wave force measurement test and failure test were carried out in the field.
For the wave force test, five kinds of test stanchions (1-m-tall, round or square steel
pipes) were installed on the breakwater crown (Table 1), and we measured the strain
generated at their bottoms. Figure 10 shows the employed stanchion setup.
Stanchions of each type (41-El) were installed 4 m away from the seaward edge.
Stanchions B and C were also installed 9, 14, and 19 m away from the seaward edge.

For the failure test, we installed conventionally used fence- and chain-type
handrails (7 and F2), round steel pipes (a-c), and round steel bars (d-g) in order to
observe tilt angles and other failure conditions that can occur after a major storm
(Table 1, Fig. 10). Wave pressure, current velocity, and wave height were obtained
corresponding to when the bottom of a stanchion reaches allowable stress. The
fence-type handrail (F7) had an allowable wave height of only 4.0 m, which indicates
that it will fail at comparatively low wave heights.
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To examine the motion characteristics of overtopping waves above the crown,
we installed four pressure transducers (P/-4) at various locations on the crown.
Water depth during an overtopping wave was determined by removing the impulsive
component from vertical pressure, i.e., only the static pressure component was used
to obtain water depth. We calculated the current velocities during overtopping waves
using phase differences in the pressure profiles.

5.1.3 Analysis Method

By assuming the wave pressure acting on the test stanchions is equally
distributed, we could calculate strain-produced pressure. Peak pressures were then
compared with observed maximum wave heights. These heights were measured
about 250 m away from the breakwater along its normal line; hence some errors may
arise when evaluating the wave pressure characteristics. Wave direction data was
obtained about 7 km directly seaward of the breakwater, being a location where good
correlation is present.

5.2 Wave Forces Acting on Handrails
5.2.1 Typical Strain and Water Pressure Profiles

Figure 11 shows typical profiles of the strain which occurred at the bottom of
the test stanchions and those of water pressure in response to a maximum wave height
of 7.4 m (he/H,,, = 0.50) (January 24, 1992, 8:14-8:34a.m.). Strain profiles for
stanchions 47, Bl-4, C1-2, and DI are shown with water pressure profiles from P/-4.
The maximum water depth calculated from the water pressure profiles is 3.2 m at PJ,
the most seaward point, and 1.2 m at P4, the most landward point, which indicates
that the water depth exceeded the height of the stanchions over the entire the crown
area. The average current velocity determined from the phase difference of these
maximum water levels is 9.1 m/s between P/ and P2, 11.1 m/s between P2 and P3,
and 12.5 m/s between P3 and P4, showing a slight increase toward the landward
edge.
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Figure 11 Strain and pressure profiles
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As can be seen in CI's profile, strain in the stanchion includes both impulsive
and drag force components. The impulsive component seems to occur when a
portion of an overtopping wave smashes into the stanchions. Its pressure profile is a
strong, sharp peak acting over a relatively short time. In comparison, the drag force
component is dependent on current velocity, displaying a relatively mild peak acting
over a long time. With the exception of CI, the profiles of C2, 41, and B4 indicate
the presence of an impulsive component, although it is much smaller than the drag
force.

Regarding the drag force component of strain, similar to current velocity,
strain increased toward the landward edge, e.g., the non-dimensional wave pressure,
p/w H, at B1-4 was respectively 0.28, 0.47, 0.46, and 0.57.

The stanchion shape also affected the wave force acting against it. If we
compare the drag force component of p/w H at the most seaward stanchions, the
cylindrical column-shaped ones (47 and BI) had values of 0.2 and 0.28, whereas
those of the square-column ones (C! and D) were twice as large at 0.42 and 0.45.
This result suggests a difference occurs in the drag coefficient.

5.2.2 Wave Pressure Acting on Stanchions

Figure 12 shows the wave pressure acting on stanchion B/ in the form of the
non-dimensional wave pressure p/Ww H, where peak values of the drag force
component and of any impulsive component are indicated. Although the data is
scattered due to the effects of different tide levels and wave directions, at a maximum
wave height of 6 m or greater, p/w H ranges from 0.25 to 0.4 for the drag force
component and from 0.3 to 0.5 for the impulsive component. Similarly, the drag
force component of the pressure ranges from 0.2 to 0.6 for the cylindrical column
stanchions and from 0.3 to 1.0 for the square column stanchions, though the degree of
scattering varies with position.

Since impulsive wave pressures vary with position depending on the
overtopping wave conditions, as well as showing great variations in scale, peak
impulsive pressures were compared with peak drag pressures as shown in Fig. 13.
The x-axis indicates| drag pressures Ps, while the y-axis indicates Pn, the peak values
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Figure 12 Non-dimensional wave pressure acting on stanchion B1
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Figure 13 Impulsive pressure

of Ps and impulsive pressure Pi. When Pn/Ps equal to 1.0, the peak pressures are
caused by the drag force component, whereas when greater than 1.0, they are caused
by the impulsive component. Although the maximum Pn/Ps value is around 2.0, it
generally is less than 1.5; hence, impulsive pressures do not generally exceed the drag
pressures by much. In addition, the impulsive pressures measured at the stanchions
were less frequent and smaller than those measured by pressure transducers located
the same distance away from the seaward edge. The relatively small impulsive
pressures observed on stanchions may be due to their thin columnar shape or a
dynamic response at their natural frequencies (1.5-7 Hz). Measured impulsive wave
pressures are expected to be conservative in comparison to those on actual handrails,
because actual handrails have the same quality and are fabricated from same material
as the test stanchions, and also their natural frequencies are slightly less due to no
transverse members being present. Therefore, neglecting impulsive wave pressures
during handrail design, as is done in the conventional breakwater design method, is
considered acceptable.

5.3 Comparison with Wave Force Formula
5.3.1 Comparison Between Measured and Calculated Wave Forces

Figure 14 compares measured and calculated wave forces, where the x-axis
indicates the non-dimensional value of /, divided by the distance x away from the
caisson's seaward edge, and the y-axis indicates the ratio of the measured wave force
Fm to the calculated one Fc. For the measured wave force, only the drag force
component was included, and for the calculated force, a C,, value of 1.0 and 2.0 was
used for the cylindrical and square stanchions, respectively. As shown, in a relatively
seaward area where x//, is less than 1.0, the measured forces for the cylindrical and
square columnar stanchions are only 40-90% of their calculated forces (ave.=60%).
On the other hand, in a relatively landward area where x//, is greater than 1.0, the
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Fm/Fc values are close to 1.0 on the average, though they are widely scattered from
0.3 to 1.5. These results confirm the calculated values are roughly suitable.

3.5 T T T T T T T T
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e 9100 x=19m

5.0

Figure 14 Comparison of measured and calculated forces acting on stanchions

5.3.2 Reproducing Failure Conditions Using Calculated Stress

Structures that tilted or completely fell over during the experiment are:
stanchion £ used in the wave force measurement; and stanchions ¢, d, e, and handrail
FI used in the failure test. Since the allowable wave heights for all these damaged
members is 10 m or less (Table 1), these failures could easily be predicted by wave
observation results. The strongest storm during the experiment produced a maximum
wave height of 10.5 m (Dec. 28-30, 1991), and stanchion e was tilted. Stanchions a,
and 4 and handrail // failed in a storm on Nov. 19-21, 1991.
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Figure 15 Comparison of calculated and allowable stresses at the bottom of
stanchions



1060 COASTAL ENGINEERING 1994

Figure 15 shows wave conditions and calculated stresses at the bottom of
several stanchions from Nov. 14-25, 1991. We examined damaged stanchions @ and
d and undamaged stanchions b and e. The wave condition data was used to determine
calculated stress oc, which was non-dimensionalized by dividing with either allowable
stress oa or yield stress o,.

When wave forces act on a stanchion, the stresses generated in it are generally
the greatest at the bottom. When the stresses there exceed allowable stresses, i.e.,
oc/oa>1.0, a greater possibilities exists for tilting or other failures to occur. From
Nov. 14-25, two major storms produced maximum wave heights of 5.0 m greater,
with one wave having a maximum height of 8.8 m. During storms before Nov. 19,
stanchions a and d both had oc/0a<1.0, and no failure took place. However, when
their maximum o¢/0a ratios increased to 1.4 and 2.1 during the Nov. 19-22 storms,
both suffered failure. In addition, their maximum value of oc/o, increased to 1.5 and
0.75. In contrast, both these ratios for stanchions b and ¢ were less than 1.0, and they
were not damaged. For the fence-type handrail 7, which failed during same period,
ac/c,>1.5. These results indicate that the stress calculated using Eq. (10) is accurate
enough to be used to the practical design.

6. CONCLUDING REMARKS

We have shown that the motion of an overtopping wave above a caisson can
be classified two distinct stages: the "green wave" and "overtopping flow" stages.
The fundamental characteristics of each stage were also classified, which enabled
developing a model of the motion. Our resultant model can effectively determine
maximum water depth and the maximum current velocity above a caisson.

Through the field experiments using handrails, it was possible to understand
the effects of impulsive wave forces and the practical wave force characteristics in the
region of high Reynolds numbers. It also was possible to estimate the wave force
acting on a breakwater handrail as a drag force and to verify the appropriateness of
the estimation through wave force measurement and failure tests.
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