
Arab J Sci Eng (2013) 38:817–828
DOI 10.1007/s13369-012-0521-x

RESEARCH ARTICLE - CIVIL ENGINEERING

Theoretical and Experimental Analysis of Wave Impact
Pressures on Curved Seawalls

Mustafa Mamak · Hasan Guzel

Received: 4 February 2011 / Accepted: 15 May 2011 / Published online: 10 January 2013
© King Fahd University of Petroleum and Minerals 2013

Abstract Experimental model tests were performed in a
wave flume with regular waves to measure the magnitude and
distribution of impact pressures caused by breaking waves on
a curved seawall model having different radii of curvatures.
The base structure of the wall has a foreshore slope of 1/10.
Theoretical studies based on pressure impulse theory were
carried out to obtain the numerical results of breaking wave
impact pressures on curved seawalls. The boundary element
method was used for the numerical solution of the governing
equation. The novel aspect of this study was to investigate the
applicability of pressure impulse theory to curved seawalls.
The results showed that the pressure impulse model can be
used to model the wave impact pressures and their distribu-
tion on curved seawall models with good accuracy. A slight
decrease has been observed in pressures for increasing radii
of curvatures, especially for the case which the water depth
at wall was 14 cm. The location of the maximum impact
pressure was found to occur above the still water level for all
cases tested in this study.
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1 Introduction

Seawalls and breakwaters have been widely used as shore
protection structures to stabilize the shore against wave
action. These structures near the shoreline are subject to
impulsive wave pressures, which are high in magnitude and
short in duration, when impacted directly by breaking waves.
The impulsive wave pressures induced by breaking waves are
much greater than the ones measured due to non-breaking
waves. The maximum peak pressures were of the order 10
ρg(dw + Hb) [1], where ρ is the density of water, g is the
acceleration of gravity, dw is the water depth in front of the
structure, and Hb is the breaking wave height. The impact
pressures and especially maximum pressure region are sig-
nificant for determining the terms of stability and safety of
the structure. The interactions between breaking waves and
structure may result in very complex flow fields. Therefore, it
is necessary to obtain these pressures and their distributions
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on the wall to be able to design structures strong enough to
withstand wave effects.

Many experimental and theoretical studies concerning
impact pressures on seawalls and the shape of the breaking
wave in the presence of structures are reported in the litera-
ture. Measurements of full-scale wave impact pressures on
seawalls have been made by Blackmore and Hewson [2]. His-
tory and spatial distribution of impact pressures on vertical
[3–5] and sloping [6,7] plane seawalls has been determined
by laboratory experiments. Simultaneous measurements of
the kinematics and dynamics of impact show that impact
occurs through the focusing of the incident wave front onto
the wall, trapping some amount of air in the process [4].
Simple prediction methods are proposed to estimate the
wave-induced pressures on smooth impermeable seawalls [8].
Bullock et al. [9] found that the peak impact pressures tended
to be higher and the rise times shorter with freshwater waves
than with geometrically similar seawater waves. Even for
series of supposedly regular waves, there is great variability
in the violence of the impacts. This is due to the shape of the
breaker having an important influence on the impact pres-
sures [10]. The numerical results of the impact pressures on
vertical wall from the pressure impulse model [11] are found
to agree well with the experimental data [7].

Bagnold [12] and Richert [13] showed that the impulse
given by a wave is much more consistent than force or pres-
sure in measuring the impact of a wave. Experimental stud-
ies confirming the value of the pressure impulse approach
are described by Chan [14], who shows that the concept is
useful within its limitations.

Goda [15] has recommended a conservative method for
breaking wave force determination, but this method may
underestimate the wave force. A formulation has been given
for the motion of an upright section of composite breakwater
activated by an impulsive force due to breaking waves [16].
Goda [17] has reviewed his formula and discussed on the
possibility of the generation of impulsive wave force and its
treatment in breakwater design.

A large data set has been investigated to predict horizon-
tal wave forces on vertical breakwaters [18]. Allsop et al.
[19] showed that impulsive breaking is particularly severe
for steep or vertical walls with steep beaches.

Müller and Whittaker [20] have compared the two for-
mulas recommended by the Coastal Engineering Research
Center and by the British Standard Institution for the calcula-
tion of wave impact pressures with respect to the magnitudes
of the design pressures as determined for given situations.

Kortenhaus and Oumeraci [21] have investigated the
complexity of wave behaviour experimentally in front of a
vertical breakwater. Goda [22] developed overtopping guide-
lines based on prototype investigations consisting of wave
climate measurements and expert impressions of the impact
of overtopping volumes on different objects situated on top

of breakwaters. Cuomo and Allsop [23] have reported recent
advances in knowledge on impulsive wave loads on verti-
cal/steep walls.

A detailed research programme has investigated a non-
wave overtopping seawall which has a large radius curve
starting well below still water level (SWL) whose radius
changes with elevation. Results of regular wave tests and
numerical simulations are given in Kamikubo et al. [24], and
new irregular wave data has been presented by Yamashiro
et al. [25].

Compressibility seems to be important in wave impacts
only when air is trapped in the water. The larger the amount
of the entrapped air at impact, the lower the magnitude and
the longer the rise or compression time of the impact pres-
sures [26]. However, it is shown that a high level of aeration
does not always reduce the peak pressure, although it tends
to increase both the rise time and duration [27].

Use of model tests includes analysis of scale effects. Wave
impacts in small scale hydraulic model tests are greater in
magnitude, but shorter in duration than their equivalents at
full scale in seawater, so simple Froude scaling will over-
estimate prototype loads, but under-estimate their durations.

Many investigators using the pressure impulse model cal-
culated theoretical impact pressures due to the whole time of
impact. However, Peregrine [1] and Kirkgöz and Mamak [11]
have considered the impact to be only due to the violent peak,
not the total time that the wave crest spends at the wall. This
suggestion seemed more appealing to us and we have com-
puted the theoretical impact pressures using tm, which is the
time interval between the impact pressure first begins to act
and the pressure reaches its peak value. The computational
results of the impact pressures from the pressure impulse
model using this assumption were found to agree well with
the experimental data of an earlier study [6].

Wood et al. [28] used a theoretical pressure impulse model
to compare with experimental pressure measurements for
breaking waves impacting on a vertical wall. They showed
that pressure impulse theory has the advantage of providing
simple Fourier solutions to complex situations. These solu-
tions are quick to evaluate, and from the study, it was shown
that they can be reasonably accurate.

The concept of performance design is new, and can be con-
sidered as a design process that systematically defines perfor-
mance requirements and respective performance evaluation
methods. Expected sliding distance method was proposed by
Shimosako and Takahashi [29]. They called it “deformation-
based reliability design method” which integrated the Monte
Carlo technique and the stochastic behaviours of design fac-
tors.

There are rare studies on curved seawalls, and the impact
pressures reported are very different in magnitude and seem
to be dependent on many parameters such as wave, geometry
and boundary conditions. The pressure impulse theory seems
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to be able to predict impact pressures reasonably well, but has
not yet been applied to curved walls. Therefore, in this study,
experimental investigations were performed in a wave flume
with regular waves to obtain the magnitude and distribution
of impact pressures induced by breaking waves on curved
seawalls having different radii of curvatures. A theoretical
approach based on the pressure impulse theory was used to
compute the theoretical impact pressures on curved seawall
models. A comparison between experimental data and com-
putational results obtained by the boundary element method
is presented, and the location of maximum impact pressure
is analysed.

2 Experimental Setup and Procedure

The experimental investigations were conducted in a wave
flume at the Laboratory of Hydraulic Research Centre of
Railway, Harbour and Airport General Directorate, Ankara,
Turkey. The flume is 40 m long, 0.60 m wide and 1.20 m
deep. Regular waves were produced by a paddle-type wave
generator located at one end of the flume. A wave absorber
was installed at the other end of the flume. Figure 1 shows
a schematic diagram of the wave flume with the curved sea-
wall model. The foreshore slope for the experiments was set
at 1/10, following findings from Carr [30], Richert [13] and
Kırkgöz [5] that the greatest maximum pressures are found
to occur on this slope.

In the experiments, four wave probes were used to mea-
sure the wave profile as shown in Fig. 1. The wave height,
H , was determined by zero down-crossing method taking the
averaged values obtained from the two probes placed near to
the wave generator, because the wave characteristics change
on the sloping part of the base structure while approaching
to the wall. Total number of waves was 36 for each water
depth (dw) in front of the wall, and repeated for seawall mod-
els. In order to prevent the reflection of the waves, a wave
absorber was used, and the number of waves generated by
the paddle was limited to 6 or 7 for a run. The horizontal
distance between the wave generator and the base structure
of seawall, where the 1/10 slope begins, is 20 m. The length
of the base part is 6 m. The curved seawall models were

located at a distance of 14 m from the other end of the wave
flume.

The water depth (dw) in front of the wall affects the break-
ing process of a particular wave. The water depth and the
location of the wave plunging point were determined in order
to have a perfect impact, because the presence of a struc-
ture causes a slight horizontal shift shoreward in the loca-
tion of the breaking point by affecting the geometry of the
plunging breaker [7]. For this reason, a series of preliminary
tests where the water level in front of the wall was changed
within the range of 10–20 cm were conducted to obtain the
depths at which the greatest pressures occurred on the curved
seawall models. Having fixed this water depth, a particular
experiment was repeated several times under the same condi-
tions until an adequate number of impact data was available.
About 45 min was allowed between the individual runs for
the surface disturbances in the flume to die out. With regard
to the magnitude, the impact pressure data which have so
far been collected in both the laboratory and the field show
extreme variations, even when all waves are identical. There-
fore, nearly 2,000 waves had been used to obtain impact
pressure data. For each test case, 144 of total waves showing
impact characteristics were used for the analysis.

The breaking wave heights (Hb) for all test conditions
were obtained during experiments from the records of a Sony
TRV 320E video camera. By analysing the video records
frame by frame, the breaker height (Hb) of experimental
impact pressures was determined. The number of frames per
second was 24. Table 1 shows the total number of waves
used for each test, water depths at walls (dw), wave heights
near to the wave paddle (H ), and breaking wave heights (Hb)

used in the experiments. Three different water depths have
been used depending on the water depth at wall. The small
range of the parameters depends on the impact and wave
overtopping condition. When the water depth at wall was
lower than 14 cm, impact pressures could not be obtained, and
when dw was higher than 17 cm, wave overtopping occurred.
This was the reason for the small range of parameters. The
wave period was kept constant throughout the experiments
(T = 2 s), and as a result, only one steepness of regular waves
within the breaker range was produced. The reason for having
only one steepness is because it was found that for the same

Fig. 1 Schematic diagram of
the wave flume with the curved
seawall model
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Table 1 Experimental
conditions Test no. Total number

of waves
Water depth at
wall, dw (cm)

Wave height near
to paddle, H (cm)

Breaking wave
height, Hb (cm)

Wave period,
T (s)

Test 1 144 14 18 13 2
Test 2 144 15 19 14 2
Test 3 144 17 21 16 2

r

1/10

Seawall models

hw 

W1W2W3 W4 

SWL 

Fig. 2 Seawall models

foreshore slope, the wave steepness has very little influence
on the magnitude of the dimensionless impact pressures [5].

Four seawall models (W1, W2, W3, and W4) having dif-
ferent radii of curvatures (r = 30, 40, 60, and 80 cm, respec-
tively) were made of sheet iron and fixed at the top of the
base structure (Fig. 2). The height of the all walls was same
and set at hw = 40 cm. The top and the bottom of the walls
were placed in the same vertical direction, so that they are
all symmetrical with respect to middle part of the walls.

Impact pressures were measured by seven 10 mm trans-
ducers located vertically along the wall centerline (Fig. 3).
The pressure transducers were Kenek model P310-1 type, and
each having an operating pressure of 14.2 psi (98.1 kN/m2),
with 150 % overload capability and a natural frequency of
9.1 kHz. The sample frequency of measurements was 5 kHz.
The lowest transducer on the wall was 20 mm from the bot-
tom. The details of the location of the pressure transducers
from the bottom of the seawall model are given in Fig. 3.

A typical pressure history resulting from a transducer is
seen in Fig. 4. In this figure, the maximum value of the pres-
sure is denoted by pm and is referred to as the impact pres-
sure. The larger the amount of the entrapped air at impact, the
lower the magnitude and the longer the rise or compression
time of the impact pressures [26]. In the present study, it was
not possible to determine accurately the dimensions of an
air pocket. However, it was observed during video analysis
that the greatest impact pressures occurred when the break-
ing wave trapped a very thin pocket of air. Table 2 gives the
dimensionless maximum impact pressures (pmax/γ Hb) of
some previous investigations and the present study in terms of
average and maximum values for regular and random waves.

It is seen that the impact pressures of the present study are
higher than some of the previously reported ones. However,
McKenna and Allsop [31] have reported significantly higher
normalised pressures.

As may be noted from Table 2, the average dimensionless
pressures obtained for the curved wall are in the range of the
values reported from other model studies. Highest values of
field and prototype experiments are greater than the present
study, except for the field study of Blackmore and Hewson
[2]. Moreover, Kirkgöz and Mamak [11] showed that the
dimensionless maximum impact pressure (pmax/γ Hb) was
40 for a vertical wall, and this value is nearly two times
greater than the dimensionless maximum impact pressure
(pmax/γ Hb = 17.5) obtained in the present study for a
curved wall.

3 Theoretical Analysis

Wave impact phenomenon on a wall can be formulated using
one-dimensional Euler’s equation of motion of incompress-
ible inviscid fluid flow. That is, for the present case ignoring
the nonlinear convective terms and viscosity, the governing
equation of the motion in horizontal direction may be written
as

∂
−→u
∂t

= − 1

ρ

−→∇ p (1)

where −→u is the horizontal flow velocity, p(x, y, t) is the
impact pressure, ρ is the density of water, x is the coordinate
axis in the horizontal direction, y is the coordinate axis in the
vertical direction and t is the time.

It may be assumed that the whole horizontal momentum of
the virtual mass involved in the impact process is exchanged
between the time the impact pressure first begins to act and
the time, tm, the pressure reaches its peak value, pm [1,11].
Then, during this time interval, the flow velocity changes
between Ub which corresponds to the wave approach veloc-
ity at breaking point, and Ua after the impact. Ub is taken
to be uniform for simplicity as suggested by Cooker and
Peregrine [32]. The component of velocity Ua, in the direc-
tion normal to the wall is assumed to be zero after impact.
Here, impact term refers to the rise time. However, if a hori-
zontal velocity was existed, it would not make any difference
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Fig. 3 The details of the
location of the pressure
transducers
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Fig. 4 A typical pressure history from one of the transducers

for Eq. 5, because the divergence of Eq. 4 was taken and the
differential equation called Laplace equation was obtained.

Now integrating Eq. 1 with respect to time between t = 0
and t = tm :

tm∫

0

∂
−→u
∂t

dt = − 1

ρ

−→∇
tm∫

0

p(t) dt (2)

in which the pressure impulse, P , is defined by

P =
tm∫

0

p(t) dt (3)

Using Eq. 3, integration of Eq. 2 gives

−→
U b − −→

U a = 1

ρ

−→∇ P (4)

Taking the divergence of Eq. 4, the following differential
equation is obtained:

∇2 P = 0 (5)

Equation 5 shows that the pressure impulse satisfies the
Laplace’s equation.

The right-hand side of Eq. 3 may be estimated by assum-
ing that the relationship between p(t) and t is linear during
the time interval, tm, i.e., P = pmtm/2 which gives the impact
pressure as

pm = 2P

tm
(6)

Once the pressure impulse, P , is solved from Eq. 5, the
impact pressure, pm, can be determined if the rising time
of the pressure, tm, is known in Eq. 6.

The analytical solution of Eq. 5 for problems of solution
domains having simple geometries was presented by Cooker
and Peregrine [32]. In the following, the numerical solution
of Eq. 5 is given that is applicable to any shape of solution
domains.
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Table 2 Dimensionless impact
pressures from some of the
previously reported and present
studies

Author Type of experiment Type of wall pmax/γ Hb

Average Highest

Rouville et al. [33] Field Plane – 28
Nagai [34] Model Plane 11 20
Mitsuyasu [35] Model Plane 20 35
Kirkgöz [36] Model Plane 15 –
Blackmore and Hewson [2] Field Plane 2.3 5.5
Partenscky [3] Prototype Plane – 27
McKenna and Allsop [31] Model Plane – 50
Present study Model Curved 13.5 17.5

P=0

P=0

x

y

0
Wave crest 

Wave trough

b 

IMPACT ZONE 

-ho

Ub

-h 

-Hb

U
b

−=

0=

0
n

P
=

Fig. 5 Idealized model of wave impact on curved wall

3.1 Idealized Wave Impact Model

The numerical solution of Eq. 5 is applied to the idealized
model of wave breaking on a curved wall shown in Fig. 5.
As may be seen from the figure, the solution domain of the
numerical model for the impact zone of flow extends from
the rigid curved wall with depth, h, to a water depth of h0,
and the width b of the idealized impact zone. Mamak [37]
showed that the pressure impulse, P , increases with increas-
ing width, b. However, it is found that b is no more effective
on P , when b ≥ 10h. So, the value of b = 10h is used
in the numerical computations. The upper boundary of the
problem is represented by the breaker crest elevation and the
lower boundary is the sea bed. Along the breaker height Hb,
the wall is exposed to direct wave impact. In this model, the
left and lower boundaries of the problem, that is the face of
the wall and the bed profile may have any type of geometric
configuration.

3.2 Boundary Conditions

The boundary conditions of the impact model in Fig. 5 are
given below. For upper and right-hand edges:

(P)y=0 = 0 and (P)x=b = 0 (7)

P = 0 on the free surface, when pressure is measured rel-
ative to atmospheric pressure. Far from the impact region,
P is taken to be zero.

For left-hand edge:

Over the impact region :
(
∂P

∂x

)
x=0

= −ρUb (8)

Below the impact region :
(
∂P

∂x

)
x=0

= 0 (9)

where liquid meets a solid boundary during impact, the
change in normal velocity gives the normal derivative of pres-
sure impulse.

At the lower edge, the normal velocity is unchanged so
that:

∂P

∂n
= 0 (10)

In Eq. 8, the fluid velocity at the instant of impact is taken
equal to the wave celerity which is approximately defined as
Ub = (gh)1/2.

The governing equation of the model, Eq. 5, can be solved
for P , subject to the boundary conditions given by Eqs. 7–10.

4 Numerical Solution

The numerical solution of Eq. 5 was carried out using the
methods of finite difference, finite element and boundary ele-
ment [37]. The comparison of the numerical and analytical
results for P on the vertical wall of a simple rectangular
impact zone showed that the boundary element method pro-
duces the nearest values to the analytical results with the
shortest computing time. Therefore, in this study, the bound-
ary element method is used for the numerical computations.

The boundary element method is briefly outlined below.
The constant elements chosen on the boundary,�, of the solu-
tion domain and the nodes representing the middle points of
these elements are shown in Fig. 6. The number of elements

123



Arab J Sci Eng (2013) 38:817–828 823
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Fig. 6 Boundary elements of the solution domain

on the wall boundary is increased in order to compute the
pressure impulse on the wall more precisely.

If the boundary integral equation is applied to the pressure
impulse given by Eq. 5,

cP +
∫

�

P
∂w

∂n
d� =

∫

�

∂P

∂n
w d� (11)

where c is a coefficient depending on the shape of the bound-
ary and w is the fundamental solution of Laplace equation
[38]. For constant type of element, the boundary is always
‘smooth’ as the node is at the centre of the element, hence the
value of c is 1/2. For an isotropic domain, the fundamental
solution of Laplace equation is

w = 1

2π
ln

(1

r

)

where r is the distance from the point of application of the
delta function to any point under consideration.

Equation 11 may be written for a given point “i” and
can be discretized for all the elements along the boundary,
that is

1

2
Pi +

n∑
j=1

⎛
⎜⎝

∫

� j

∂w

∂n
d�

⎞
⎟⎠ Pj =

n∑
j=1

⎛
⎜⎝

∫

� j

∂P

∂n
d�

⎞
⎟⎠w j

(12)

P and the normal derivative of P (q = ∂P/∂n)may be writ-
ten in terms of fundamental functions along each element,
� j , as:

Pj =
∑
α

ψαPjα and q j = ∂Pj

∂n
=

∑
α

ψαq jα (α=1, 2)

(13)

where Pj and q j terms are P and q values on the element
� j ; Pjα and q jα terms are the values of P and q at the point
α of the element � j , and these terms are equal to each other

for the constant element type. ψα represents the two ends of
the element. If Eq. 13 is substituted into Eq. 12, then

1

2
Pi +

n∑
j=1

∑
α

Pjαaαi j =
n∑

j=1

∑
α

q jαbαi j (14)

is obtained, where aαi j =
∫
� j
ψα

∂wi
∂n d� and bαi j =

∫
� j
ψαwi d�

Equation 14 is valid for all nodes on the boundary. The
fundamental solution is applied at each node successively
and a system of linear equations is obtained for the numeri-
cal model. This set of equations can be expressed in matrix
form as:

AP = Bq (15)

where A and B are two n × n matrices, and P and q are
vectors of length n.

On each element, either P or q value is known from the
boundary conditions, hence there are only n unknowns in the
system of equations (Eq. 15). To introduce the boundary con-
ditions into Eq. 15, one has to rearrange the system by moving
columns of A and B from one side to the other, resulting C
matrix. If the known values are written to the right-hand side,
and the unknown values are taken to the left-hand side, Eq.
15 may be written as:

Cx = f (16)

where x consists of unknown P and q values. f is found by
multiplying the corresponding columns by the known values
of P’s or q’s. The unknowns are a mixture of the potential
and its derivative. The values of the pressure impulse P for
the element nodes may be computed from the solution of
Eq. 16.

The integrals in the above expressions can be calculated
using numerical integration formulae (such as Gauss quadra-
ture) for the case i �= j . For the element i = j , fundamental
solution requires a more accurate integration (higher-order
integration rules or a special formula) due to singularity prob-
lems. For the case of constant elements, the integrals can be
computed analytically.

5 Comparison of Numerical Results with Experiments

In order to apply the boundary element method to the wave
impact problem, the dimensions of the solution domain were
to be determined. The upper boundary of the solution domain
was set at the wave crest (Fig. 5). Therefore, the breaking
wave heights (Hb) for all test conditions were obtained dur-
ing experiments from the records of a Sony TRV 320E video
camera. Figure 7 shows a wave approaching the wall and
deforming into the final breaker shape.

It is seen from Fig. 7 that 75 % of Hb remains above
SWL. This percent was the average value for all cases. This
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0.75Hb Hb 

SWL 

dw 

Fig. 7 Breaking shape of a wave approaching the wall

situation is compatible with the test results of Wood [39]. The
height of the upper boundary from the bottom of the wall (h)
is computed as follows:

h = dw + 0.75Hb (17)

where h is the height of solution domain from the bottom to
the top of the wave crest at the curved wall, dw is STL in
front of the structure and Hb is the breaker height. h was cal-
culated with the values of Hb and dw from Table 1. It would
result in velocities of about 1.5–1.7 m/s, and this observation
is compatible with the results of other researchers, such as
Lugni et al. [40]. The horizontal wave velocity was about
1.8 m/s in their experiments.

Wave impact experiments on the curved wall were con-
ducted using four different radii of curvatures: r = 30,
40, 60, and 80 cm. For each wall, the wave heights
required to create breaking wave shapes were established
initially through video records. The impact pressure his-
tories from transducers were stored. By analysing both
the video records and the pressure histories, the breaker
height (Hb), and the rising time (tm) of experimental
impact pressures were determined. In all cases, the impul-
sive pressure caused by an impact had a minimum dura-
tion of ∼4 ms. Although the waves in each sample were
nominally identical, their impact behaviour varied signif-
icantly. An example of the non-dimensionalized impact
pressure rising time, tm/T, from the pressure measuring
devices on the walls for a typical wave impact is given in
Fig. 8.

Pressure impulse values were obtained by applying
boundary element method to the solution domain. The
number of elements on the wall boundary was increased in

0.0

0.5

1.0

1.5

2.0

0.000 0.002 0.004 0.006 0.008 0.010

tm / T

y 
/ d

w

Fig. 8 An example of the non-dimensionalized impact pressure rising
time tm/T

0.0

0.5

1.0

1.5

2.0

0.00        0.02        0.04         0.06        0.08        0.10         0.12         0.14

P (pressure impulse)

y 
/ d

w

Fig. 9 A typical distribution of the pressure impulse P

order to compute the pressure impulse on the wall more pre-
cisely and also to have linear constant boundary elements.
A typical distribution of the pressure impulse P over the
wall height is given in Fig. 9.

The impulse values calculated from the numerical solution
of Eq. 16 and the rising time (tm) of the pressures recorded
during experiments were used in Eq. 6 to compute the theo-
retical impact pressures.

The Bias and root mean square error (RMSE) between
dimensionless theoretical and experimental impact pressures
are given in Table 3. The Bias and RMSE shown in Table 3
are defined as follows:

Bias = 1

N

N∑
i=1

[(
pm

γ Hb

)
itheoretical

−
(

pm

γ Hb

)
iexperimental

]
(18)

RMSE =
√√√√ 1

N

N∑
i=1

[(
pm

γ Hb

)
itheoretical

−
(

pm

γ Hb

)
iexperimental

]2

(19)

in which N is the number of data.
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Table 3 Bias and RMSE statistics of dimensionless theoretical and experimental impact pressures

Radius of curvature BIAS RMSE

dw = 14 cm dw = 15 cm dw = 17 cm dw = 14 cm dw = 15 cm dw = 17 cm
Hb = 13 cm Hb = 14 cm Hb = 16 cm Hb = 13 cm Hb = 14 cm Hb = 16 cm

r = 30 (cm) –0.677 –0.647 1.751 1.363 2.251 3.280
r = 40 (cm) 1.273 0.509 1.022 1.862 1.154 3.376
r = 60 (cm) 0.545 0.257 3.665 1.339 2.382 5.199
r = 80 (cm) –0.419 –0.012 0.827 1.096 1.328 2.377

For three different water depths (dw = 14, 15, and 17 cm),
theoretical and experimental impact pressures and their dis-
tribution on curved walls having different radii of curva-
tures are presented non dimensionally in Figs. 10, 11 and
12. The impact point for the water depths, dw = 14 and 15
cm, occurred above the SWL which coincides with the pres-
sure transducer P4. For dw = 17 cm, the impact point was
observed above the SWL at the pressure transducer P5.

It can be observed from Figs. 10, 11 and 12 that theoret-
ical and experimental impact pressures on the curved walls
show fairly good agreements. From past investigations, the
point of maximum pressures depends on different factors
such as the distance of the breaker point to the wall, the
height of incoming wave, the foreshore slope and geome-
try, the wave period or wave length, moreover it is gener-
ally acknowledged that the maximum impact pressures on a
plane vertical wall occur in the vicinity of the SWL. How-
ever, Kirkgöz [6] showed that maximum pressures on sloping
walls may be above STL. In addition, the finding of Hull and
Müller [10] for which the impact point for a flip-through
event occurs above SWL is verified. Also in this study, the
location of maximum impact pressures appears above SWL
for all cases tested during the experiments as seen in Figs.
10, 11 and 12. From the comparisons of theoretical and
experimental results of wave impact pressures given in Figs.
10, 11 and 12, it may be stated that the pressure impulse
modelling can be used for determining the impact pres-
sures on curved walls using the experimental rising time (tm)
values.

As seen in Figs. 10, 11 and 12, there is a slight decrease in
pressures for increasing radii of curvatures, especially for the
case dw = 14 cm. However, Kortenhaus et al. [41] observed
that pressures for increasing curvature do not necessarily
increase. This situation mainly depends on the air pocket
trapped between the wave and the structure. In the present
study, it was not possible to determine accurately the dimen-
sions of an air pocket. On the other hand, Bagnold [12] and
Hattori et al. [26] showed that the greatest impact pressures
occured when the breaking wave trapped a very thin pocket
of air, although Oumeraci et al. [42] demonstrated that a
plunging breaker which trapped a large air pocket could also

generate high pressures. This factor needs to be evaluated
further.

6 Conclusions

Laboratory tests were carried out to measure the magni-
tude and distribution of impact pressures caused by breaking
waves on curved seawall models having different radii of
curvatures. Theoretical analysis of wave impact pressures on
seawalls was conducted using the pressure impulse theory.
The governing equation of the problem was solved by the
method of boundary elements.

The theoretical and experimental studies carried out dur-
ing this study have some limitations of tests performed (reg-
ular waves, constant wave period, constant slope 1:10), and
have the assumptions in setting up the numerical model and
the boundary conditions (no air pocket, constant velocity,
wave celerity at the wall). Depending on the limitations and
assumptions mentioned above, the main conclusions from
the theoretical and experimental model studies can be sum-
marized as follows:

(a) Theoretical impact pressures and their distribution
obtained using the pressure impulse model showed
fairly good agreement with experimental data.

(b) The present study has clearly shown that the location
of the maximum impact pressure (pmax) was found to
occur above the SWL for all cases tested during the
experiments.

(c) The pressure impulse modelling can be used for deter-
mining the impact pressures on curved walls using the
experimental rising time (tm) values.

(d) Impact pressures decrease slightly for increasing radii
of curvatures, especially for the case dw = 14 cm.
However, a general judgement could not be put for-
ward for the cases dw = 15 and 17 cm. This situation
mainly depends on the air pocket trapped between the
wave and the structure. In the present study, it was not
possible to determine accurately the dimensions of an
air pocket. This factor needs to be evaluated further.
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Fig. 10 Vertical distribution of theoretical and experimental impact
pressures on the wall (dw = 14 cm, Hb = 13 cm)
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Fig. 11 Vertical distribution of theoretical and experimental impact
pressures on the wall (dw = 15 cm, Hb = 14 cm)
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Fig. 12 Vertical distribution of theoretical and experimental impact
pressures on the wall (dw = 17 cm, Hb = 16 cm)
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