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Abstract Accurate estimation of wave uplift force is essential to the designs of reliable coastal and marine
structures. We presents a series of laboratory work here on the impact of regular waves on horizontal panels,
from which an empirical formula to estimate accurately the wave uplift force on panels is established. The
laboratory measurements show that the wave uplift force depends mainly on the incident wave height,
the wave period, the wave length, the panel width, and the clearance between the subsurface of the panel
and the still water level. Among these factors, the impact of the panel width on uplift forces is relatively
complicated. Result shows that the relative panel width (i.e., the ratio of panel width to wave length)
plays a more important role in estimating the wave uplift force. Based on our comprehensive laboratory
measurements, we further developed an empirical formula to compute wave uplift force on horizontal panels
through dimensionless analysis. Compared with other empirical formulas, this formula uses dimensionless
variables of clear physical meanings, thus can describe the interaction between waves and the panels in a
better way. In addition, the eﬃciency of the formula to estimate wave uplift force on horizontal panels is
veriﬁed against existing works. Therefore, the ﬁndings in this study shall be useful for understanding the
mechanism of wave uplift force on horizontal panels and numerical model validation.
Keyword: laboratory experiment; wave-structure interaction; horizontal panels; wave uplift force; empirical
formula

1 INTRODUCTION
Wave uplift force on horizontal panels has a direct
inﬂuence on the safety of coastal and marine
structures, such as piers, bridges, and oﬀshore
platforms. There has been a considerable amount of
research on damages to wharfs, bridge deck, and
platforms (Broughton et al., 1988; Bea et al., 1999;
Iemura et al., 2005; Jin and Meng, 2011; Hayatdavoodi
and Ertekin, 2016; Wei and Dalrymple, 2016).
Although bridge decks, dock panels, and oﬀshore
platforms have some diﬀerences in the structural
form, e.g., the existence of cross beams, longitudinal
beams, and pile caps, they all have a horizontal panel.
Therefore, the mechanism of wave uplift forces on
these structures is similar in nature. This study aims to
understand the impact of a complex wave force on
horizontal panels in a series of laboratory experiments.
The early work of wave uplift force on panels

began with the study of wave impact pressure on
platforms or plates (French, 1969; Wang, 1970;
Suchithra and Koola, 1995). Those studies suggest
that the pressure acting on the bottom of the horizontal
panel is composed of two major parts: one is the
rapidly changing impact pressure, and the other is the
slowly varying pressure. The rapidly impact pressure
is large in magnitude and short in duration. The slowly
varying pressure is relatively small in magnitude and
long in duration.
Although the wave uplift force on horizontal panels
is closely related to the impact pressure, it is
insuﬃcient to determine the uplift force by using the
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pressure alone. Zhou et al. (2004) showed that the
maximum total uplift forces do not necessarily occur
at the same instant with the maximum impact pressure.
Bradner et al. (2011) found that the large amplitude
spike in pressure measurements had a little eﬀect on
wave uplift forces. Therefore, the total force of the
structure should be measured precisely but estimated
indirectly by the impact pressure. In recent years,
many experimental studies have been carried out to
directly measure wave force on horizontal panels
(Isaacson and Bhat, 1996; Tirindelli et al., 2004;
Cuomo et al., 2007; Murali et al., 2009; Seiﬀert et al.,
2014; Hayatdavoodi et al., 2015; Park et al., 2017).
Isaacson and Bhat (1996) suggested that the wave
uplift force on the panels is composed of the impact
force, the drag force, and the buoyancy. Through the
physical experiment by using regular waves, the timevarying wave uplift force was studied. Equation 1 is
the empirical formula of the uplift force given by
Isaacson and Bhat (1996).
1
    Cd sW    gV , (1)
F   s 2W  2 ssW
2
where F is the wave uplift force for regular waves; α
is an empirically added mass factor; s is the wet length
of panels; s is the rate of change of the wet length; ρ
is the density of water; g is the gravitational
acceleration; η is the free surface elevation;  is the
time derivative of η;  is the time derivative of  ; W
is the panel length perpendicular to the direction of
wave propagation; Cd is the drag coeﬃcient; and V is
the time-varying submerged volume of the panel.
Tirindelli et al. (2004) conducted a 1׃25 laboratory
experiment, and analyzed the wave uplift force on
three types of panel structures. Based on the
experiment data, they further proposed an empirical
formula to estimate the quasi-static wave uplift force
on the panel,
Fzqs
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where Fzqs is the quasi-static wave uplift force; Hs is
the signiﬁcant wave height; B is the panel width along
the direction of wave propagation; ηmax is the
maximum height of wave crest above the still water
level (SWL); Δh is the clearance between the
subsurface of the panel and the SWL; a, b are
empirical coeﬃcients related to the structural form of
the panels and the location of the computational
domain, respectively.
Cuomo et al. (2007) analyzed the experimental
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data and proposed an empirical formula to estimate
the wave uplift force on the panels as follows,
Fzqs1 250

 gH s S

   h 
 a   max
  b,
h



(3)

where Fzqs1/250 is the quasi-static wave uplift force (at
1/250 level); S is the area of the element exposed to
wave action; h is the water depth.
Murali et al. (2009) proposed an empirical formula
of wave uplift force on horizontal panels in wave tank
experiments. The wave uplift force formula under
regular waves is given as:
F
B
h
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where L is the wave length.
Although the aforementioned formulas could help
us estimate the magnitude of wave uplift force on
panels, a few issue remains. For instance, Eq.1 by
Isaacson and Bhat (1996) involves time derivative
terms, thus the process of solving this formula is
complicated. Equation 2 by Tirindelli et al. (2004)
and Eq.3 by Cuomo et al. (2007) have a simple
structural form but they consider the estimation of
only wave uplift force on a small speciﬁc location of
the panel, and the error is obvious when estimating
wave uplift force on the whole panel, especially with
the large panel width. Equation 4 by Murali et al.
(2009) is a simple ﬁtting formula based on
experimental data, but the physical mechanism of
Eq.4 is not clear.
To address those shortcomings, we conduct a
laboratory experiment on regular waves aﬀecting
horizontal panels and analyze the inﬂuence of wave
height, wave length, clearance, panel width, and wave
steepness on the wave uplift force. Based on the
laboratory experiment, we further propose a new
empirical formula to estimate wave uplift force on
horizontal panels. The new empirical formula is
convenient to estimate and has clear physical
meanings.
This paper is organized as follows. Section 2
introduces the laboratory experiment setup and further
veriﬁes the quality of laboratory measurements
through repeated runs. Section 3 analyzes the
experimental results by examining the relationship
between the wave uplift force F and individual
variables including the wave height H, the wave
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Fig.1 Sketch of laboratory experiment setup
Top: the side view; bottom: the top view.

period T or the wave length L, the clearance Δh, and
the panel width B. In Section 4, we ﬁrst carry out
dimensionless analysis of the wave uplift force F/
(ρgHS) with respect to the relative clearance (ηmax–
Δh)/H, the wave steepness H/L, and the relative panel
width B/L, and then we propose an empirical formula
based on our dimensionless analysis. Section 5
compares our empirical formula with two existing
formulas reported in the literature. Finally, our major
ﬁndings are summarized in Section 6.

2 LABORATORY EXPERIMENT
2.1 Instruments and equipment
The laboratory experiment was conducted in the
long wave ﬂume of Nanjing Hydraulic Research
Institute (NHRI). Figure 1 shows the sketch of a
laboratory experiment setup. The ﬂume is 175 m long,
1.5 m high and 1.2 m wide. To reduce the eﬀects of
re-reﬂected waves, a baﬄe plate 40 m long is mounted
in the ﬂume to separate the experimental section into
two subsections. The width of each subsection is
0.6 m, and one of the sub-section is used to conduct
the present experiment. The ﬂume is equipped with
mild slopes for dissipating waves at both ends. A
piston-type wave paddle is placed at the left side of
the wave ﬂume. A horizontal panel model is located at
50 m away from the wave paddle. A capacitive-type
wave gauge is placed at 0.1 m in the waveward
direction of the panel to measure the wave proﬁle, and
four load cells are used to measure uplift forces. The

load cell has a range of 0 to 300 N and measurement
accuracy of 0.5%F.S.
2.2 Horizontal panel design
Previous studies have pointed out that the panel
width B along the direction of wave propagation is an
important factor that aﬀects the wave uplift force on
horizontal panels (Isaacson and Bhat, 1996; Murali et
al., 2009). However, those studies considered a single
panel width only. As a result, they could not show the
variation of wave uplift force with respect to the
change of panel width. To address this issue in a
thorough way, we considered three diﬀerent sizes of
panels in the width B at 0.5, 1.0, and 1.5 m. For the
three panels, the panel length W perpendicular to the
direction of wave propagation is equal to the ﬂume
width (0.6 m), as shown in the top view of Fig.1.
The laboratory model panel is placed above the
SWL by a set of the ﬁxed trestle. The horizontal panel
is connected with the ﬁxed trestle through the vertical
rod load cell. The distance between the model panel
and the SWL could be adjusted to examine the
inﬂuence of the clearance Δh on the wave uplift force,
as shown in the side view of Fig.1.
This study investigates the interaction between
regular waves and horizontal panels. The water depth
in the wave ﬂume is 0.4 m, the wave height ranges
from 0.047 to 0.147 m, and the wave period ranges
from 1.0 to 3.0 s. Three diﬀerent clearances of the
panel over the SWL are considered, i.e., Δh=0.01,
0.03, and 0.05 m, respectively.
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Fig.2 Repeatability veriﬁcation of laboratory wave generation and wave uplift forces
Experimental condition includes wave height H=0.08 m, wave period T=3.0 s, panel width B=0.5 m, and the clearance Δh=0.01 m.

The whole experiment is divided into two steps.
The ﬁrst step is to calibrate incident wave conditions.
At this stage, the horizontal panel is not placed inside
the ﬂume, and only a wave gauge is placed at the
working section to measure wave parameters. The
calibration of wave generation should not be
considered successful until the measured wave height
and wave period are within a certain range of the
target values (error=(εm–εt)/εt×100%, where εm
indicates the measured wave height and wave period,
and εt indicates the target values, the error is set to be
within 5%). We saved the input parameters associated
with the calibrated wave conditions and then we could
regenerate the same waves with those parameters at a
later stage. At the second step, the horizontal panel
properly is installed, and waves are generated by
reusing the calibrated input parameters in the ﬁrst
step. After the interaction of the wave and the structure
is relatively stable, we started to record the wave
uplift force on the panel. In the test, the data sampling
frequency was 100 Hz, and there are about 10 waves
in each run. Finally, 100 data sets were collected in
this study.
2.3 Repeatability veriﬁcation
To ensure the quality of the laboratory measurement,
it is necessary to verify the repeatability of the wave
condition and the corresponding wave uplift force on
the panel. Here we present a selected trial, and its
experimental condition includes wave height H=0.08
m, wave period T=3.0 s, panel width B=0.5 m, and the

clearance Δh=0.01 m.
First, the repeatability of the wave height and wave
period is veriﬁed. The time-series free surface proﬁles
at wave gauge that is 0.1 m waveward of the panel are
shown in Fig.2a. In general, the repeatability of the
wave height and wave period are very good among
three runs. The wave height and wave period are
stable in each run, with the averaged wave height of
0.08 m, and the average wave period of 3.0 s. The
maximum wave height is 0.081 m, and the minimum
wave height is 0.078 m, so the maximum error of
wave height is 2.5%.
The corresponding time-series wave uplift forces
on the horizontal panel are shown in Fig.2b. We can
see that all three runs obtain a very similar rise and
fall proﬁle, which is consistent with the free surface
agreement shown in Fig.2a. In addition, to examine
the repeatability of wave force in a quantitative way,
the maximum values of the uplift force corresponding
to each run are shown in Table 1. It is seen that there
are minor diﬀerences among the maximum uplift
forces corresponding to 10 waves in each run (each
row in Table 1). Despite the fact that there is also a
minor diﬀerence among the three runs, the three mean
values of 10 maximum uplift forces of each run (i.e.,
the second column of Table 1 from the back) are
relatively close, with the maximum error is 0.7%. The
above work veriﬁed the quality of laboratory wave
force data, and this study deﬁnes the wave uplift force
by using the 10 waves averaged maximum uplift
force.
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Table 1 Repeatability veriﬁcation of the measured wave uplift force F (N)
Run

Wave 1

Wave 2

Wave 3

Wave 4

Wave 5

Wave 6

Wave 7

Wave 8

Wave 9

Wave 10

Mean

Error (%)

1

55.8

53.15

56.47

56.15

55.53

57.24

57.95

58.03

58.15

57.96

56.64

0.6

2nd

52.63

55.04

55.42

56.1

56.98

57.71

58.48

57.29

57.17

57.39

56.42

0.2

3rd

54.18

51.91

54.83

54.57

55.65

56.66

58.39

57.54

57.75

57.55

55.90

0.7

Total

-

-

-

-

-

-

-

-

-

-

56.32

-

st

F (N)

Experimental condition includes wave height H=0.08 m; wave period T=3.0 s; panel width B=0.5 m; and the clearance Δh=0.01 m.
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Fig.3 The relationship of wave uplift force F on the panel
with respect to the wave height H

3 RESULT AND ANALYSIS
Based on previous prediction methods for wave
loading on plates or decks (Isaacson and Bhat, 1996;
Zhou et al., 2004; Murali et al., 2009; Cuomo et al.,
2007; Park et al., 2017), the wave uplift force F on the
panel can be expressed as a function determined by
multiple variables in the following form,
F=f(H, L, Δh, B, h, W, T,…),
(5)
where T is the wave period. The inﬂuence of panel
length W can be negligible in this work since our
concern is the uplift force per unit length perpendicular
to the wave direction. Furthermore, the water depth h
of this study is ﬁxed at 0.4 m, and the wave length L
can be determined by providing the wave period T
through the dispersion relationship, we can skip either
the wave length or the wave period. We chose the

(6)

In the following, the relationships between the
wave uplift force F with respect to variables H, L, Δh,
and B are analyzed in detail based on our laboratory
results. The basic idea of our analysis is two-fold: (1)
we change the variable of interest and examine the
inﬂuence on the resultant wave uplift force, while (2)
keeping other variables constant.
3.1 Impact of the wave height on the wave uplift
force
Bradner et al. (2011) suggested that the wave
height has the largest eﬀect on the measured forces.
Therefore, the relationship between the uplift force
and the wave height is ﬁrst examined in this study.
Figure 3 presents the relationship between wave
height H and the wave uplift force F on the panel,
where Fig.3a shows the case with the panel width
B=0.5 m and the clearance Δh=0.01 m. Similarly,
Fig.3b shows the case with the panel width B=1.0 m
and the clearance Δh=0.01 m, and Fig.3c shows the
case with the panel width B=1.5 m and the clearance
Δh=0.03 m. According to Fig.3, we have two
important observations: (1) when the panel width, the
clearance, and the wave period are ﬁxed, the wave
uplift force on the panel is proportional to the wave
height, and (2) when the panel width, the clearance,
and the wave height are ﬁxed, the longer the wave
period, the larger the wave uplift force on the panels.
3.2 Impact of the wave length (or wave period) on
the wave uplift force
Figure 4 presents the relationship of wave uplift
forces F with respect to the wave length L, where
Fig.4a shows the case with the panel width B=0.5 m.
Similarly, Fig.4b shows the case with the panel width
B=1.0 m, and Fig.4c shows the case with the panel
width B=1.5 m. We also have two important
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Fig.4 The relationship of wave uplift force F on the panel
with respect to the wave length L
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observations: (1) when the panel width, the wave
height, and the clearance are ﬁxed, the wave uplift
force on the panel is proportional to the wave length,
and (2) when the panel width, the wave height, and
the wave length are ﬁxed, the smaller the clearance,
the larger the wave uplift force on the panels.
However, it should be pointed out that the phenomenon
that the uplift force F increases with a longer wave
length L is not applicable to all panel widths B. In
fact, the relative panel width B/L plays a more
important role in determining the wave uplift force, as
to be shown below.
3.3 Impact of the clearance on the wave uplift force
While Fig.4 shows the variation of the uplift force
F with respect to the wave length L, it also indicates
that clearance Δh aﬀects the wave uplift force. The
relationship between the clearance and the uplift force
is further analyzed in Fig.5. For the clearance, we also
consider diﬀerent combinations of panel width, wave
height, and wave period to obtain ﬁve curves. It is
seen obviously that the wave uplift force decreases
with the increase of the panel clearance. Although

F (N)

150
1

100

50

0
0

0.5

1
B (m)

1.5

2

Fig.6 The relationship of wave uplift force F on the panel
with respect to the panel width B
The clearance Δh=0.03 m.

only three clearances are considered in this study, it
could be expected that when the panel clearance
continues to increase to a certain extent, the wave can
not reach the panel, resulting in zero wave uplift force
on the panel. Figure 5 further shows that the slope of
the ﬁve curves are diﬀerent, indicating that the panel
width, the wave height, and the wave period (or wave
length) inﬂuence the decreasing speed of the uplift
force with the increase of the clearance.
3.4 Impact of the panel width on the wave uplift
force
The impact of the panel width on the wave uplift
force is shown in Fig.6 with the clearance Δh=0.03 m.
We can observe that the uplift force F tends to increase
with the increase of the panel width B for the wave
period larger than 1.0 s, while for T=1.0 s the uplift
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force tends to decrease with the increase of the panel
width. This is because the wave uplift force is mainly
determined by the ratio of panel width to wave length
B/L, not just by panel width B or wave length L alone.
For example, the wave length is 1.46 m for T=1.0 s,
the panel width B=0.5 m, thus the relative panel width
B/L=0.34, that is, the panel width is less than half the
wave length. Under the wave action, the whole panel
could be located in the wave crest as shown in Fig.7.
When the panel width B=1.0 m and 1.5 m, the width
of the panel is more than half the wave length. As a
result, some part of the panel is located in the wave
crest area, while the other part is located in the wave
trough area. Usually, the part located in the wave crest
is subject to positive (upward) uplift forces and the
part located in the wave trough is subject to negative
(downward) forces. The downward force counteracts
some of the uplift force so that the total uplift force
decreases if B/L is larger than 0.5. For other cases
with wave periods T=1.5 s, T=2.0 s, T=2.5 s, T=3.0 s,
the corresponding wave lengths are 2.61, 3.69, 4.74,
and 5.76 m, respectively. The panel widths B=0.5 m,
B=1.0 m, and B=1.5 m are all less than (or slightly
larger than) half of the wave length for those cases,
consequently, the entire panel can be almost under the
positive uplift force simultaneously. Therefore, with
the increase of the panel width (or the contact area
between the wave and the panel), the wave uplift
force on the panel increases.

4
EMPIRICAL
FORMULA
FOR
ESTIMATING WAVE UPLIFT FORCES
ON HORIZONTAL PANELS
We have shown in the previous section that wave
uplift force on panels was aﬀected by many factors,
such as wave height, wave length, panel width, and
the clearance. By using single-variable analysis, we
demonstrated that appropriate relationships could be
established between the wave uplift force and
individual factors. These relationships can help us
better understand the nature of the wave uplift force
on horizontal panels.
In order to facilitate the application, a reliable and
convenient empirical formula is needed. Although a
few empirical formulas were reported in the literature,
there are some shortcomings associated with them, as
noted in the Introduction section. For instance, some
formula
involves
complicated
calculation.
Furthermore, some formula does not consider the
change of panel width along the wave direction.
Moreover, the physical meanings of the formula or its
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Fig.7 Sketch map of the comparison between the three
diﬀerent panel widths B (0.5 m, 1.0 m and 1.5 m) and
the wave length L=1.46 m

variables are not clear at all. To address these
limitations, the present study utilizes the dimensionless
analysis technique and establishes an empirical
formula based on our comprehensive laboratory
measurements.
4.1 Dimensionless analysis
The dimensionless form of wave uplift force is in
general preferred for engineering analysis. However,
there is no consent of dimensionless forms yet. For
example, Park et al. (2017) adopted F/(ρgH2W) for
the wave uplift force and Δh/h for the clearance.
While Cuomo et al. (2007) adopted Fzqs1/250/(ρgHsS)
for the uplift force, and (ηmax–Δh)/h for the clearance.
Tirindelli et al. (2004) adopted Fzqs/(ρgHsS) for the
uplift force, and (ηmax–Δh)/Hs for the clearance.
Isaacson and Bhat (1996) adopted B/L for the panel
width B. The present study adopts the following
parameters F/(ρgHS), (ηmax–Δh)/H, B/L and H/L. As a
result, the wave uplift force F on the horizontal panel
in the dimensionless form is expressed as:
F
   h H B 
 f  max
, , ,
 gHS
H
L L


(7)

where ηmax is the maximum wave surface elevation
above the SWL.
4.1.1 Variation of the relative uplift force F/(ρgHS)
with the relative clearance (ηmax–Δh)/H
The relationship between the relative uplift force
F/(ρgHS) and the relative clearance (ηmax–Δh)/H is
shown in Fig.8. Figure 8a shows the variation of F/
(ρgHS) with respect to (ηmax–Δh)/H when the
parameter B/L and H/L are ﬁxed. It is seen that the
magnitude of F/(ρgHS) approximately increases in a
linear way with the increase of (ηmax–Δh)/H. Figure 8b
shows the relationship between the relative uplift
force F/(ρgHS) and the relative clearance (ηmax–Δh)/H
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a. when B/L and H/L are fixed
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b. when B/L is fixed
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Fig.8 Relationship between the uplift force F/(ρgHS) and relative clearance (ηmax–Δh)/H
There is an approximately linear relationship between the wave uplift fore and the relative clearance.

when only B/L is ﬁxed. It is seen that the relationship
is still
between F/(ρgHS) and (ηmax–Δh)/H
approximately linear. In addition, we note that the
slope of the linear relationship decreases with the
increase of the relative panel width B/L. Based on the
above observations, we assume that Equation 7
indicates a linear relationship between the wave uplift
force F/(ρgHS) and the relative clearance (ηmax–
Δh)/H, and the slope is inﬂuenced by the other two
dimensionless variables: the relative panel width B/L
and the wave steepness H/L.
4.1.2 Variation of the relative uplift force F/(ρgHS)
with the wave steepness H/L
The wave steepness maybe concerns the impact
angle of wave train on horizontal panels. The

relationship between the uplift force F/(ρgHS) and the
wave steepness H/L obtained from this experiment
study is shown in Fig.9. The data points in Fig.9 are
divided into three categories according to the
diﬀerence of the relative clearance (ηmax–Δh)/H, that
is, (ηmax–Δh)/H≈0.21, (ηmax–Δh)/H≈0.35 and (ηmax–
Δh)/H≈0.52. However, the relative panel width B/L is
not ﬁxed in each category. Figure 10 is similar.
It is seen that the uplift force F/(ρgHS) decreases
with the increase of the wave steepness H/L, and
ﬁnally tends to stabilize. The trend line between these
two variables follows a power-law curve. We can see
that their relationship is nonlinear, and the clearance
(ηmax–Δh)/H is an important factor aﬀecting the
speciﬁc relationship between them. On the other
hand, if we evaluate the same clearance (ηmax–Δh)/H
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0.35
(ηmax−∆h)/H≈0.21
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(ηmax−∆h)/H≈0.21
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Fig.9 Relationship between the uplift force F/(ρgHS) and
the wave steepness H/L

Fig.10 Relationship between the uplift force F/(ρgHS) and
the relative width B/L

Three power-law lines are ﬁtted based on the scattered data points
with the same clearance.

Three power-law lines are ﬁtted based on the scattered data points
with the same clearance.

data points, we could see that the larger the wave
steepness, the smaller the wave uplift force. This
observation means that the sign of variable c1 in Eq.8
is negative.

forces, and the other parts are subject to downward
forces, resulting in relatively smaller uplift forces.
However, when the panel width increases to a certain
extent (B/L≈1.0), the panel width is close to the wave
length, and the distribution of uplift and downward
forces are in the tendency of stabilization, and then
the total uplift forces tend to be stable.

4.1.3 Variation of the relative uplift force F/(ρgHS)
with the relative width B/L
As demonstrated in Section 3.4 and Fig.6 that wave
uplift force generally increases with the increase of
panel width. However, that observation does not hold
true when the wave is shorter (e.g T=1.0 s), we pointed
out that the relative panel width B/L plays a critical
role in determining the wave uplift force. The
relationship between the relative wave uplift force F/
(ρgHS) and the relative panel width B/L is shown in
Fig.10.
It is seen that the ﬁxed clearance (ηmax–Δh)/H, with
the increase of the relative panel width B/L, the uplift
force F/(ρgHS) tends to gradually decrease and ﬁnally
tends to be stable, which is due to the downward wave
force exerting on the panel. The trend line between
these two variables also follows a power-law
relationship. This observation indicates that the sign
of variable b1 in Eq.8 is negative. When the relative
panel width is small (B/L≤0.5), the entire horizontal
panel is either at the wave crest or at the wave trough
simultaneously. In other words, the entire horizontal
panel is almost subject to the uplift force
simultaneously, then the relative wave force F/(ρgHS)
is greater. However, with the increase of the panel
width (B/L>0.5), one part of the panel is in the wave
crest area and the other part is in the wave trough
area. That is to say, some parts are subject to uplift

4.2 Empirical formula
Based on the above analysis, we have the following
two important observations: (1) the relative uplift
force F/(ρgHS) and (ηmax–Δh)/H are of approximately
linear dependence, and the slope of the linear
dependence is related to the relative panel width B/L
and the wave steepness H/L; and (2) the relative uplift
force F/(ρgHS) is nonlinearly related to the relative
width B/L and the wave steepness H/L. It is
approximately a power function according to the
corresponding trend in Figs.9 & 10. Therefore, the
following empirical formula of wave uplift forces on
the horizontal panel is established,
b

c

1
1
F
 B   H     h 
 a1      max
,
 gHS
H
L  L  


(8)

where a1, b1, c1 are coeﬃcients to be decided through
ﬁtting by using the laboratory measurement. In this
study, the ηmax is evaluated by the 2nd order Stokes
wave theory (Zhou et al., 2004).

max


 2h  
 4h   
cos
cos
h
h




  2 

H H 2 
 L 
 L  
 

 , (9)
3
2
2L 

 2h  

4 sin h 



 L 
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5.1 Comparison with Cuomo et al. (2007) formula

0.5

Cuomo et al. (2007) proposed empirical formulas
to calculate wave uplift force on panels at diﬀerent
locations of a horizontal panel, and the following two
are most closely related to this study. One is an
empirical formula for estimating the quasi-static
uplift force on the internal deck element of a ﬂat deck:

Fcal/(ρgHS)

0.4

0.3

0.2

i
Fzqs1/
250

   h 
 0.83   max
  0.13.
 gH s S
h



0.1

0
0

Vol. 37

0.1

0.2
0.3
Fexp/(ρgHS)

0.4

0.5

Fig.11 Comparison between the experimental data and the
calculated value based on Eq.8
The correlation coeﬃcient R=0.92.

where sinh() and cosh() are the hyperbolic sine and
cosine functions respectively.
According to the experiment data, Equation 8 is
ﬁtted to obtain the coeﬃcients a1, b1 and c1 of 0.05,
-0.12 and -0.45 respectively. The comparison between
the calculated wave uplift force based on Eq.8 and the
laboratory measurement is shown in Fig.11. The xcoordinate shows the dimensionless experiment data
Fexp/(ρgHS), and the y-coordinate shows the
dimensionless calculated value Fcal/(ρgHS). The 45°
dashed line indicates the ideal ﬁtting. It can be seen
that most of the data points are near the 45° dashed
line, that is, the ﬁtted value of Eq.8 agrees well with
the experimental data, and the correlation coeﬃcient
R=0.92. It should be noted that the applicable scope
of Eq.8 is 0<(ηmax–Δh)/H<0.9, 0.1<B/L<1.0, 0.015<
H/L<0.09 and 0.07≤h/L≤0.27.

5 DISCUSSION: COMPARISON WITH
EXISTING FORMULAS
Based on our comprehensive laboratory
experiment, we conducted single-variable analysis
and dimensionless analysis; and we proposed an
empirical formula for estimating the wave uplift force
on horizontal panels. This formula is simple in form
and convenient for application. Although some
empirical formulas have been reported in the literature
as reviewed in the Introduction section, each empirical
formula has its applicable scope. To evaluate the
eﬃciency/accuracy of the present formula, we
compare it with two existing formulas in this section
by applying them to the laboratory data collected in
this work.

(10)

The other is an empirical formula for estimating
the quasi-static uplift force on the external deck
element of a ﬂat deck:
e
Fzqs1/
250

 gH s S

   h 
 2.31   max
  0.05.
h



(11)

The comparison among the calculated values by
using Eqs.10 & 11 by Cuomo et al. (2007), the
calculated value based on our empirical formula (i.e.,
Eq.8), and the laboratory measurement is shown in
Fig.12a & b, respectively. It is important to note that
the Cuomo et al. (2007) formulas are for irregular
waves, we replaced the signiﬁcant wave height of
irregular waves with the averaged wave height of
regular waves in the calculation.
Figure 12 shows that the calculated values with
Cuomo et al. (2007) formulas are roughly divided
into three regions: B/L≤0.25, 0.25<B/L≤0.5 and
0.5<B/L. It is seen from Fig.12a that the calculated
value of Eq.10 by Cuomo et al. (2007) is generally
greater than the laboratory measurements. In
consideration of diﬀerent relative panel width B/L,
the agreement between the calculated value of the
formula by Cuomo et al. (2007) and the laboratory
measurements is relatively good when the relative
panel width satisﬁes B/L≤0.25. With the relative panel
width B/L>0.25, the agreement between the calculated
value of the Cuomo et al. (2007) formula and the
experimental data is generally lower than the
agreement at B/L≤0.25, and along with the increase of
B/L, the deviation from the calculated value from the
laboratory measurements tends to increase. Figure
12b considers the external deck formula of Cuomo et
al. (2007) (Eq.11). Generally, the agreement between
the calculated values with the experimental data in
Fig.12b is not as good as that in Fig.12a. It is noted
that the internal and external deck elements used by
Cuomo et al. (2007) experiments were local smallscale decks, namely, B/L is relatively small. As a
result, their formulas are more suitable for calculating
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a. internal deck element for the flat deck by Cuomo et al. (2007)
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b. external deck element for the flat deck by Cuomo et al. (2007)
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Fig.12 Comparison between the calculated value of the formulas by Cuomo et al. (2007)
Top panel: internal deck formula as Eq.10; bottom panel: external deck formula as Eq.11 and the calculation based on Eq.8.

the uplift force on the deck with a small relative
width, as demonstrated in Fig.12.
5.2 Comparison with Murali et al. (2009) formula
The empirical formula proposed by Murali et al.
(2009) to estimate wave uplift force on horizontal
panels was Eq.4). It considers the inﬂuence of the
relative panel width B/L and the clearance Δh/H on
the uplift force. The comparison between the
calculated value of the formula by Murali et al.
(2009), the calculation based on our empirical formula

as shown in Eq.8, and the experiment measurement is
shown in Fig.13. It is seen that calculation based on
Murali et al. (2009) formula are much more scattered
than that obtained by the present study. This
phenomenon was caused by two reasons. One is that
Murali et al. (2009) formula is only mathematical
ﬁtting of the experimental data, but its mechanism is
not very clear; the other reason is that Murali et al.
(2009) formula does not take into account the eﬀect
of wave steepness, which inﬂuences the attack angle
of the wave on horizontal panels.
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Fig.13 Comparison between the calculated values based on Eq.8 with that of Murali et al. (2009)

6 CONCLUSION
We have presented a comprehensive laboratory
study of the uplift force on horizontal panels under
the action of regular waves. We have established the
relationship between the wave uplift force and
diﬀerent wave conditions and structure conﬁgurations,
including the relative clearance, the relative width,
and the wave steepness. Based on our laboratory
ﬁndings, we have proposed a new empirical formula
to calculate the wave uplift force on horizaontal
panels. Finally, we veriﬁed the eﬃciency of our new
formula by comparing with two existing formulas.
The main conclusions of this study are summarized as
follows:
(a) Single-variable analysis of the wave uplift force
on horizontal panels
The laboratory measurements indicate that wave
height H, wave length L (or wave period T), panel
width B and clearance Δh are important factors
aﬀecting uplift forces on the horizontal panel.
Speciﬁcally, the wave uplift force F increases with a
larger wave height H, and the wave uplift force also
increases with a longer the wave length L. However,
the wave uplift force decreases with a larger clearance
Δh. The impact of the panel width B on uplift forces

is relatively complicated, and we found that the
relative panel width B/L plays a critical role in
determining the measured wave uplift force.
(b) The empirical formula to estimate the wave
uplift force on the horizontal panels
Our dimensionless analysis showed that the uplift
force F/(ρgHS) is proportional to the relative panel
clearance (ηmax–Δh)/H, as shown in Fig.8. However,
the slope between those two variables is inﬂuenced by
the wave steepness H/L and the relative panel width
B/L. Speciﬁcally, (i) at a certain clearance (ηmax–
Δh)/H, the uplift force F/(ρgHS) decreases with the
increase of the wave steepness H/L, and ﬁnally tends
to be stable, as shown in Fig.9; (ii) at a certain
clearance (ηmax–Δh)/H, along with the increase of the
relative panel width B/L, the uplift force F/(ρgHS)
tends to gradually decrease, and ﬁnally tends to be
stable, as shown in Fig.10. Based on the above
observations, we proposed the following empirical
formula:
F
B
 0.05   
 gHS
L

-0.12

H
 
L

-0.45

   h 
  max
.
H



The applicable scopes of the present empirical
formula is: 0<(ηmax–Δh)/H<0.9, 0.1<B/L<1.0,
0.015<H/L<0.09, and 0.07≤h/L≤0.27.
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(c) The physical meaning and the eﬃciency of the
empirical formula
In essence, the empirical formula proposed by this
study is based on the physical process that the force is
equal to the pressure times the area. Speciﬁcally, the
force is the uplift force F, the pressure is the wave
pressure ρgH, and the area is the panel area S. Unlike
hydrostatic pressure, the wave impact pressure at the
bottom of the panel is not uniform and varies in time.
As a result, there should be a coeﬃcient between the
wave uplift force F and the product of the wave
impact pressure ρgH and the panel area S, which
shows the magnitude and distribution of wave impact
pressure. Therefore, this coeﬃcient should be related
to the factors that aﬀect the impact pressure at the
bottom of the panel, such as the relative clearance, the
wave steepness, and the relative panel width. Virtually
the work of this paper was to explore this coeﬃcient.
Because of its aforementioned properties, the present
empirical formula outperforms existing ones in
calculating wave uplift force on horizontal panels.
Overall, the empirical formula by this paper is simple
in structure and has a deﬁnite physical mechanism. In
the future, we will extend the present work to examine
uplift force on horizontal panels induced by irregular
waves.

7 DATA AVAILABILITY STATEMENT
The data that support the ﬁndings of this study are
available from the corresponding author on request.
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