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Abstract

This study is concerned with-calculations of nonlinear wave loads on sub-
merged, horizontal decks in-shallow-water. Solitary and cnoidal wave loads
on submerged decks are determined by-use of the Level I Green-Naghdi (GN)
equations. Results of the GN equations jare compared with the linear the-
ory, CFD, and with available laboratory measurements. Variation of the
horizontal and vertical wave-induced loads and the overturning moment on
submerged decks is studied through an extensive parametric study. In total,
240 cases are considered for cnoidal waves‘and 84 cases for solitary waves.
The variable parameters include the wave height, wave period, deck submer-
gence depth and deck length. Based on the parametric-study results, two
empirical, design-type equations are suggested for estimating the vertical and
horizontal forces on submerged decks. Results of the empirical equations are
compared with the available laboratory measurements and CFD calculations
and good agreement is observed. Examples are provided to demonstrate the
use of the empirical equations for prototype cases. The parametric study and
the empirical equations provide engineers with the preliminary determination
of wave loads on submerged decks.
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1. Introduction

Consider a fully submerged, horizontal, flat deck. Wave motion over
the submerged deck induces vertical and horizontal forces and overturning
moment on the deck. In almost all practical cases, the wave-induced loads on
the submerged deck are inertia dominated and are due to the instantaneous
pressure differential around the structure. Of course, the friction between the
fluid and the structure also contributes to the loads, however, these viscous
forces are negligible, see e.g. the concluding remarks of Hayatdavoodi et al.
(2014) and Seitfert et'al. (2014).

The wave-induced horizontal force on the submerged deck is due to the
pressure differentiallat the leading and trailing edges of the deck. The pres-
ence of the submerged' deck meodifies the wave field. The regions above and
below the deck are separated and'may have different pressure distribution at
different stages of the wave propagation. This difference of pressure above
and below the deck results in‘the wavesinduced vertical force and the over-
turning moment on the structure.

Wave interaction with submerged horizontal decks is an interesting sub-
ject of a number of scientific and engineering problems. Wave loads on sub-
merged decks is a critical topic on the‘design and analysis of tsunami and
storm wave loads on coastal bridge decks. During a'storm event, for example,
water level rises to a higher elevation due to the storm surge. In the recent
hurricane Harvey (2017) in the Gulf of Mexico, for example, storm surge
of more than three meters was observed near Port’Lavaca (see Needham
(2017)). Larger storm surges are observed in other events. During hurricane
Katrina (2005), for example, storm surge of about 6.6m.was recorded, see
Douglass et al. (2006). Coastal bridges may become fully submerged under
such extreme storm surges or tsunamis, as it was observed during the 2004
Sumatra earthquake and the subsequent tsunami in the Indian Ocean (see
e.g. lemura et al. (2005); Unjoh (2006), hurricane Katrina (2005) (see e.g.
Robertson et al. (2007)), and the 2011 Great East Japan earthquake (see e.g.
Kosa (2011); Akiyama et al. (2013)).

Among others, submerged horizontal plates can also be used as wave
breakers (Hayatdavoodi et al. (2017b)), or in wave energy converter devices
(Carter and Ertekin (2014)), and in hybrid wave breaker-energy converter
applications (Graw (1993)). Recently, Hayatdavoodi et al. (2017a) have pro-
posed a fully submerged wave energy device that generates power due to the
vertical oscillation of a submerged horizontal plate. Of course, submerged
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plates are also used in the offshore industry as a component of fixed or float-
ing structures, see e.g. He et al. (2008) and Tao and Dray (2008).

Wave loads on submerged horizontal decks have been determined through
various theoretical and experimental approaches. Previous studies on oscil-
latory wave forces on submerged decks were mostly motivated by its applica-
tion in the offshore industry. Linear solutions and ad-hoc relations, similar
to that proposed by Morison et al. (1950), were used to approximate the
loads. Brater et.al. (1958), Herbich and Shank (1970), and Durgin and
Shiau (1975), and more recently Rey and Touboul (2011), conducted lab-
oratory experinients ‘on)the interaction of sinusoidal waves with submerged
horizontal decks-in deep or.intermediate water.

In shallow water, wave_ interaction with a submerged plate was studied
by Siew and Hurley (1977) ‘and. Patarapanich (1984) through an analyti-
cal approach based on.the linear<wave theory. Similar approach was used
by, e.g., Mclver (1985); Liutand Iskandarani (1991); Kojima et al. (1994),
mainly focusing on the wave difftaction-by the submerged plate. By use of
an eigenfunction expansion method, Guo et al. (2015b) solved the velocity
potential to obtain linear wave loads on a fully, submerged bridge deck.

Studies on nonlinear wave loads on submerged; horizontal decks in shallow
water were undertaken recently. These are-mainly motivated by the damage
made to the decks of coastal bridges, piers and jetties during the major storm
and hurricane events. Nonlinear wave loads on submerged, horizontal decks
are studied by use of the Green-Naghdi (GN) equations by Hayatdavoodi
and Ertekin (2015b). Computational Fluid Dynamics. (CFD) approach is
used by Kerenyi et al. (2009); Bricker and Nakayama (2014); Hayatdavoodi
and Ertekin (2015a) and Chu et al. (2016), among others, to determine the
wave loads on the submerged deck. Laboratory experiments of wave loads
on submerged, horizontal decks include, for example, Bradner et al. (2011)
and Schumacher et al. (2008) for intermediate and deep water conditions,
and Hayatdavoodi et al. (2015b) for shallow waters.

Empirical relations are provided by the American Association of State
Highway and Transportation Officials AASHTO (2008) to estimate the wave-
induced loads on submerged decks based on a series of numerical simula-
tions. The empirical coefficients, however, were determined through deep-
and intermediate-water waves. In a comparative study by Hayatdavoodi
et al. (2015a) for wave loads on submerged prototype bridge decks in shallow
water (coastal areas), it is shown that AASHTO’s relations may underesti-
mate or overestimate the loads by 100%, or sometimes larger magnitudes,

3
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when compared with the CFD results.

Studies on solitary wave loads on submerged decks are more limited. The
laboratory experiment of Kulin (1958) is one of the first of its kind. Recently,
and again motivated by the impact of natural extreme events on coastal
structures, the solitary wave loads on submerged decks are determined by
the GN equations by Hayatdavoodi and Ertekin (2015¢), by use of CFD by
Hayatdavoodi (2013) and Seiffert et al. (2014), and by the linear long wave
approximation by-Lo and Liu (2014), and through laboratory experiments
by Hayatdavoodi et al. (2014). A recent critical review of wave loads on
horizontal decks; whether submerged or above the still-water level (SWL), is
provided by Hayatdavoodi-and Ertekin (2016), which provides discussion on
the analytical, computational; empirical, and experimental approaches used
to study this problem:

For wave loads on herizontal decks at or above the still-water level, par-
ticularly with applications on)coastal bridges, see e.g. Xu et al. (2015); Guo
et al. (2015a); Azadbakht and.Yim (2016); Park et al. (2017).

In recent years, there have ‘heen significant studies on nonlinear wave
loads on submerged horizontal decks. Most -of these works, however, are
motivated by (i) introducing a new numerical method to determine the wave
loads, (ii) applying existing methods to a/particular structure under given
conditions, or (iii) providing an overall insight to this particular problem
through laboratory experiments. Moreover, a majority-of the studies have
focused on cases where the horizontal decks are located at or above the SWL,
mainly because these are the most likely operational eonditions. However, in
a series of case studies, using various theoretical approaches, Hayatdavoodi
et al. (2015a) showed that for a horizontal deck with fixed position, wave
loads are always larger when the deck is fully submerged (due to the storm
surge). This is mainly because larger waves (with respect to the structures
size) may impinge on the deck as the water depth increases due to storm
surge. Therefore, at the design and analysis stages, the loads on the fully
submerged structure must be considered, if deck inundation is a possibility.

Our goal in this work is to study the nonlinear periodic and solitary wave
loads on submerged, horizontal decks in shallow water. Variation of the
wave loads with the involved variables is of particular interest. Given the
recent extreme events around the world, we will consider a range of possible
wave and environmental conditions and deck geometries in this study. Our
objectives are (i) to perform a parametric study of wave loads on submerged
decks and determine the dependency of the loads on the wave conditions and

4
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deck geometries, and (ii) to determine empirical relations that can be used
to estimate the wave loads on submerged decks.

In this study, we use the Level I GN equations to determine the solitary
and cnoidal wave loads on submerged decks. The theoretical model is in-
troduced in Section 2. This is followed by the dimensional analysis, wave
loads presentation, and the parametric study of solitary and cnoidal wave
loads in Sections 3 and 4. The two empirical equations for estimating the
wave-induced horizontal and vertical forces on submerged decks are intro-
duced in Section 6. Results of these empirical equations are compared with
the available’théoretical and experimental results in Section 7. Along with a
discussion of the‘agreement, between the results, this section includes practi-
cal examples demonstrating«the use of the empirical equations. This paper
is closed by some coneluding temarks.

2. The Green-Naghdi Equations

We assume a flat and stationary seafloor at the vicinity and below the
submerged deck. A two-dimensional Cartesian coordinate system, with z
pointing to the right and 2z pointing upward; epposite to the gravitational
acceleration, is used. The submerged deck with rectangular cross section is
rigid and fixed. A schematic of the problem.is.shown in Fig. 1.

The GN equations for propagation of nonlinear water waves were origi-
nally developed based on the theory of directed fluid sheets by Green and
Naghdi (1974, 1976). In this theory, the fluid is assumed to be incompressible
and inviscid, although viscosity of the fluid is not a constraint in the general
form of the theory, see Green and Naghdi (1984). No restriction is made on
the irrotationality of the flow.

The final form of the Level I GN nonlinear shallow-water wave equations,
as used in this study, were first given by Ertekin (1984). These equations, in
two dimensions and for a flat and stationary seafloor, are given by

o {(h+n)uka =0, (12)
i g0 =~ {(20) + (b )i} (1)

where 7n(x,t) is the surface elevation measured from the still-water level
(SWL), u(x,t) is the horizontal particle velocity, h is the water depth and ¢
is the gravitational acceleration. The atmospheric pressure is assumed zero.
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Figure 1: Schematic of the numerical tank of wave interaction with a submerged deck,
showing the coordinate system, the submerged deck, and some of the involved parameters.
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Superposed dots in Eq. (1) denote the material time derivative and double
dots are defined as the second material time derivative. All lower case sub-
scripts after commas in Eq. (1) designate partial differentiation with respect
to the indicated variables. The function 7 is single-valued, and hence wave
breaking is not allowed in this study. Further detail about the GN equations
can be found in e.g., Ertekin et al. (1986).

The GN equations have been used to study many wave-structure interac-
tion problems, see-e.g. Neill et al. (2018) and Hayatdavoodi et al. (2018) for
solitary and cnoidal wave loads on vertical cylinders, and comparisons with
laboratory experiments; Boussinesq equations, and linear solutions.

Hayatdavoodi (2013).developed a nonlinear shallow-water model based
on the Level I GN-equations'to calculate the horizontal and vertical wave
forces and overturningsmoment' on a fully submerged deck located in water
of finite depth. In this approach; the deck is assumed thin and the domain is
divided into four regions; namely,-upwave and downwave of the submerged
deck, above the deck and below.the deck, . Fach region is subject to specific
boundary conditions: the nonlinear free surface and the seafloor boundary
conditions in the upwave and downwayve regions, the nonlinear free surface
and the body boundary condition in the region.above the deck, and the body
and seafloor boundary conditions in the region under the deck. The upwave
and downwave boundaries are also subject tothe wave making and wave ab-
sorbing boundary conditions, respectively. At the discontinuity lines where
the boundaries meet, the leading and trailing edge of the deck, jump and
matching conditions are applied to obtain a continuots-solution throughout
the domain. The equations are solved by use of the central-difference ap-
proach. Details about the model can be found, for example, in Hayatdavoodi
and Ertekin (2015b).

Results of this model were compared with the laboratory measurements
of solitary and periodic waves and showed a close agreement for a range of
parameters, see Hayatdavoodi and Ertekin (2015¢) and Hayatdavoodi and
Ertekin (2015a). In the GN model, it is assumed that water is always in
contact with the submerged deck, i.e., air entrapment is not allowed. That
is, we assume that air pockets are relieved as the deck becomes submerged
due to the gradual increase of the water level.

Unlike the water wave theories based on the perturbation expansion, there
are no scaling parameters in the GN model. In absence of any scaling pa-
rameter, it is not possible to define the analytical order of error of the equa-
tions, in their original form. Hence, applicability and accuracy of the GN

7
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equations to various fluid flow and wave conditions are often determined
through comparison with laboratory experiments. See, for example Webster
and Wehausen (1995) and Webster and Zhao (2018) for further discussion.
Of course, the order of error of the numerical solutions of the GN equations
can be determined based on the order of the numerical schemes.

It is, however, possible to approximate the order of error of the GN equa-
tions. This can be accomplished by obtaining relations between the GN
equations and other nonlinear, shallow-water wave equations. Ertekin (1984),
for example, defined a single perturbation parameter (8, a small dimension-
less parameteér) and used a formal expansion procedure to show that the GN
equations can bereduced.to other Boussinesg-class equations, (e.g. equations
given by Wu and ‘Wu (1982}, the original Boussinesq equations Boussinesq
(1871), and the equations given. by Whitham (1974) and Schember (1982))
when O(6%) and higher.order terms are discarded. See Chapter 4 of Ertekin
(1984).

3. Dimensional Analysis

Variation of the wave-induced loads on submerged decks with the envi-
ronmental conditions and deck characteristies is'studied in this work. The
environmental conditions include wave height-(H ), wave period (7') and the
water depth (h). The deck characteristics include the €levation of the deck
from the seafloor (Ep), and the deck length (Lp), in the direction of wave
propagation. Instead of Ep, we use the submergence depth defined as the
depth from the SWL to the deck, i.e. S=h— Ep.

The deck thickness (¢p) is not a variable since in the’GN equations the
deck is assumed very thin compared with the other dimensions. Previous
studies, using laboratory measurements and various theoretical approaches,
have shown that the thickness of the deck for typical structures does not play
a significant role on the two-dimensional wave-induced loads. For example,
shown in Figs. 18 and 19 of Hayatdavoodi et al. (2014), the peaks of dimen-
sionless solitary wave horizontal and vertical forces (in the form used here)
remain invariant with the change of the deck thickness, even when the deck
thickness is about 60% of the water depth. In a similar study, but for cnoidal
waves, Hayatdavoodi and Ertekin (2015a) used the GN model and compared
the dimensionless horizontal force on a thin plate with that on a deck whose
thickness is more than 70% of water depth (determined through laboratory
measurements and calculated by an inviscid CFD solver), and showed that
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the peak of the force remains invariant; see e.g. Fig. 7 of Hayatdavoodi and
Ertekin (2015a).

Hence, typical deck thicknesses do not alter the dimensionless wave-
induced forces on submerged decks considered here. Note that in this study,
the two-dimensional vertical force is given as force per unit width (into the
page) of the deck, and the horizontal force is given as the force per unit width
and unit thickness of the deck. In other words, pressure at the leading and
trailing faces of the deck is almost uniform. Thickness includes both deck
and girders, if exist: Care should be given in extending such assumptions to
decks located at or near (above or below) the free surface. Those case may
result in wave breaking ‘which changes the wave dynamics.

We assume Fp-'= fi(hy#,T,S,Lp), where F, is the horizontal force
and f; is an unknowmfunction. Similarly, F, = fo(h,H,T,S5, Lp) and
M, = f3(h,H,T, Ep, Lp) where &3 and M, are the vertical force and over-
turning moment, respectively, and"fs and f3 are unknown functions. One of
the objectives in this study is.te.determine approximate solutions to fi, fo
and f3. The overturning moment, in this study, is calculated with respect
to the middle point of the deck. Selection.of this point is arbitrary, how-
ever, different overturning moment could easily’ be calculated for different
reference points. Here, waves propagate inthe positive x direction, and pos-
itive and negative overturning moments, respectively, refer to clockwise and
counterclockwise moments with respect to the middle of the deck.

Loads and parameters are nondimensionalized-with respect to the water
density (p), gravity (g), and water depth (h), which form a dimensionally
independent set of variables. The two-dimensional horizeutal (F,) and verti-
cal (F},) forces and the overturning moment (M,) are given in dimensionless
form by

Pt gt oy o M @)
pghtpBp pgh?Bp pgh*Bp
where Bp is the deck width, into the page. The over bars indicate the
dimensionless variables. The dimensionless time (and wave period) is given
by
g

P=t/7. (3)

The wave height and amplitude, wavelength and submergence depth are
nondimensionalized with respect to the constant water depth, i.e., H = H/h,
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A= A/h, X\ = A/h and S = S/h. Similarly, deck length is given by Lp =
Lp/h.

All results are given in dimensionless form unless otherwise stated. For
simplicity, bars are removed hereon from all dimensionless variables and
loads.

Aside from Buckinghams Pi Theorem used above, other approaches may
be used to determine a dimensionless relation between desired functions (usu-

ally pressure or velocity) with the corresponding variables, see for example
Zitti et al. (2016).

4. Wave loads on submerged decks

The results of the-GN equations for wave loads on submerged decks are
presented in this section.. All results in this study are given in two-dimensions,
assuming incident waves-approach’ the deck perpendicularly. This gives a
conservative result for the wave.loads. However, if the waves approach the
deck at an angle of # different fromy zero;one can use the present results and
vector calculus to determine the foree component F), easily.

Time series of oscillatory wave loads on a submerged, horizontal deck are
presented in Fig. 2. The results of the GN- model.are compared with two
linear solvers of the problem, namely the long-wave approximation (LWA)
of Siew and Hurley (1977), and HYDRAN, a_ computational solver based
on the Green function method, see HYDRAN (2012), Ertekin et al. (1993)
and Riggs et al. (2008). In this comparison, the“wave height H = 0.3,
wave period T = 11.5, submergence depth S = 0.5 and the deck length is
Lp = 3. Periodic linear waves are generated in the linear solvers. Overall,
good agreement is observed between the models. The loads, particularly
the vertical force, are nonlinear. The LWA significantly overestimates the
vertical force amplitude, as seen in Fig. 2.

The uplift forces and the downward force correspond to the maximum
and minimum values of the vertical force on the submerged deck, respec-
tively. Similarly, the positive and negative horizontal forces correspond to
the maximum and minimum horizontal forces, respectively. These are shown
in Fig. 2. In the following sections, these maximum and minimum forces are
presented.

Further comparison of the GN results with HYDRAN, as well as other
theoretical and experimental data, can be found in Hayatdavoodi and Ertekin

10



0.5 ) T T T T T T T T
(a) Vertical Force

3 : N /s o
Nt o Downward Force MG
05 I I I I I I I I I

0.5 T T T T T T T T

Horizontal Negative Force

05 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50
t

Figure 2: Time series of (a) horizontal and (b) vertical forces on a submerged deck, calcu-
lated by the GN equations, and the linear solutions of HYDRAN and LWA. Also shown
in this figure are the maximum and minimum values of the horizontal force (horizontal
positive and horizontal negative) and the vertical force (uplift and downward), as referred
to in the text.
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Table 1: Range of the parameters used in the parametric study.

Wave Height Wave Period | Submergence | Deck Length | Total
Depth Cases
Solitary | 0.1 < A < 0.5 NA 02<S<08|1<Lp<77 | &4
Wave
Cnoidal | 0.05 <H <045 |5<T <30 |02<S<08 |1<Lp<T7 |240

Wave

(2015¢). In Section 7; comparison of the GN results with laboratory experi-
ments and some computational/solvers are shown.

5. Parametric Study of Wave Loads

Variation of the wave-induced loads on-a submerged horizontal deck with
wave conditions and deck geometry is“presénted in this section. Based on
the previous extreme environmental conditions,~a range of parameters is
considered. For periodic waves, in the dimensionless form, these include
005 < H<045,5<T<30,02< 5 <08and 1 <Lp <7. For solitary
waves, 0.1 < A < 0.5 is considered, where A is the solitary-wave amplitude.
In some cases, the upper or lower limit of the variables cannot be used, and
these are discussed in the following subsections. In total, 84 cases are con-
sidered for the solitary wave and 240 cases for cnoidal waves. The range of
the variables are summarized in Table 1. Results of the solitary wave loads
are presented first, followed by cnoidal wave cases. All results in this section
are obtained by the GN equations.

5.1. Solitary Wave

5.1.1. Wave Loads vs. Amplitude

In this section, the variation of solitary wave loads versus wave amplitude
(A) on decks of three different lengths (Lp = 1,5,10) submerged at two
different depths (S = 0.5,0.8) is studied. The amplitude varies from A = 0.1
to A = 0.5 with 0.1 intervals. The results are shown in Figs. 3-5.

For all deck lengths, the vertical force increases linearly with the wave am-
plitude. The length of the deck affects the force more than the submergence

12
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Figure 3: (a) Vertical uplift, (b) vertical downward, (c) horizontalpesitive and (d) horizon-
tal negative forces, and (e) positive and (f) negative overturning mement due to solitary
wave impact on a submerged deck (Lp = 1).

depth (see Figs. 4(a) and 5(a)). Similar to the vertical forces, the horizontal
forces increase linearly with the wave amplitude. The submergence depth
affects the negative horizontal force more as the deck length increases (see
Fig. 5(d)). The overturning moment increases linearly for all deck lengths.
The submergence depth influences the overturning moment more at smaller
deck lengths (see Figs. 3(e)-5(e)).

5.1.2. Wawve Loads vs. Deck Length

The variation of solitary wave loads versus deck length (Lp) for a single
wave amplitude (A = 0.2) and two submergence depths (S = 0.5,0.8) is
studied in this section. The deck length varies from Lp =1 to Lp = 20 with
an interval of 5. The results are shown in Fig. 6.

The vertical forces increase as the deck length increases. The uplift force
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increases gradually while the downward force approaches a constant value,
the magnitude of which depends on the submergence depth (see Fig. 6(a)
and (b)). This is mainly due to the increasing ratio of the deck length to
the effective length of the solitary wave; the main soliton propagates entirely
over the submerged deck resulting in the maximum downward force. In
these cases, the majority of the downward force is due to the weight of the
wave, located entirely above the deck. The horizontal positive force increases
slightly as the deck length increases but then approaches a constant value
after Lp ~ 10. This.is the same for the two submergence depths (see Fig.
6(c). The peak of the horizontal force occurs when the wave crest is at
the leading edge of the.deck. The trough of the horizontal force occurs
when the crest of the main soliton is at the trailing edge of the deck. Since
the submergence depth of the deck has a significant effect on soliton fission
(disintegration) above the deck; the value of the horizontal negative forces
are different for the two submergence depths; see Fig. 6(d). The overturning
moment increases nonlinearly.as.-the.deck length increases. The positive
overturning moment and negative overturning moment have similar values
at the same deck lengths (see Figs.-6(¢) and (f)).

5.1.3. Wave Loads vs. Submergence Depth

In this section, the variation of solitary wave loads versus submergence
depth S for a single wave amplitude (A = 0.2) and three-deck lengths (Lp =
1,5,15) is studied. The submergence depth varies from & = 0.2 to S = .9
with an interval of 0.1. The results are shown in Fig./7.

The vertical force approaches a constant value as the-submergence depth
increases mainly because of the smaller variation of pressure at deeper sub-
mergence depths. In the case of a long deck, the downward force increases
with deeper submergence depth (see Fig. 7(b)). This is mainly due to the
significant effect of a long deck on the solitary wave diffraction. As the sub-
mergence depth increases, the wave undergoes less deformation and the main
soliton keeps its form above the deck resulting in a larger downward force.
The horizontal force stays constant for shorter deck lengths. For longer deck
lengths, as the submergence depth increases, the horizontal positive force and
horizontal negative force increase and decrease, respectively (see Fig. 7(c)
and (d)). The variations, however, are very small. This behavior is mainly
due to lesser effect of the deck on the wave at larger depths. In all cases,
the positive overturning moment reduces with the submergence depth, due
to the reduction of the spatial pressure differential around the deck. The
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Figure 6: (a) Vertical uplift, (b) vertical downward, (c) horizontal positive and (d) horizon-
tal negative forces, and (e) positive and (f) negative overturning moment due to solitary
wave impact on a submerged deck (A = 0.2).
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Figure 7: (a) Vertical uplift, (b) vertical downward, (¢)horizontal.positive and (d) horizon-
tal negative forces, and (e) positive and (f) negative overturning’moment due to solitary
wave impact on a submerged deck (A = 0.2).

change in the positive overturning moment is less significant when the deck
is submerged beyond S ~ 0.5 (see Fig. 7(f)). The overturning moment for
short deck lengths is very small compared with the overturning moment for
longer deck lengths, and this is not remarkable.

5.2. Cnoidal Waves

5.2.1. Wave Loads vs. Wave Height

In this section, variation of the cnoidal wave loads versus wave height (H)
on a deck of constant length (Lp = 4), submerged at three different depths
(S =0.3,0.5,0.7) and for three wave periods (17" = 7.5,15,22.5) is studied.
The results are given in Figs. 8-10. The largest wave height (H = 0.45) is
eliminated for the shallowest submergence depth (S = 0.3, see Fig. 8) due
to the wave breaking over the model.
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The vertical force increases nonlinearly with the wave height. At smaller
submergence depths, the effect of the wave height on the vertical force is more
significant; see Fig. 8(a). The horizontal force generally increases with larger
wave heights. For smaller periods, the horizontal force increases quickly to a
maximum value, that is considerably less than the values for the larger wave
periods (see Fig. 9(c), for instance). In all cases, and for T' = 7.5 for example,
the wave height appears to have little to no effect on the horizontal positive
force. This is mainly due to the wave length to deck length ratio of this case,
which results in the simultaneous appearance of the wave crest at the leading
and the trailing edges. This will be discussed further in Subsection 5.2.3. The
overturning moment increases monotonically with the wave height. This is
seen clearly for larger submergence depths (Fig. 10 (f), for example).
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5.2.2. Wave Loads vs. Submergence Depth

Variation of the cnoidal wave loads against submergence depth (S) of
a combination of one wave height (H = 0.25), three wave periods (7' =
7.5,15,22.5), and three deck lengths (Lp = 3,4,5) is given in this section.
The submergence depth varies from S = 0.2 to S = 0.8 with a 0.1 interval.
The results are shown in Figs. 11-13.

The vertical forces decrease nonlinearly as the submergence depth in-
creases. For smaller periods, this relationship is oscillatory (see Fig. 13(a)).
The horizontal forees appear to approach a constant value after a certain
submergence depth. ‘For smaller periods and longer deck lengths, the value
of the horizontal force is’much smaller than for larger periods at the same
deck length (see Fig, 13(e¢), for example). Again, this suggests that the
ratio of wave length to"deck length plays a more significant role on the hori-
zontal forces than the wave period (or equivalently wave length) above. The
overturning moment generally decreases for larger submergence depths. This
relationship is seen better for'larger deck lengths (see Fig. 13(e)).

5.2.3. Wave Loads vs. Wave Period

In this section, the variation of the waveloads with wave period for a
constant wave height (H = 0.25), and a ¢ombination of three deck lengths
(Lp = 3,4,5) and three submergence depths (S = 0:3,0.5,0.7) is presented.
The wave period varies between T' = 6 and T,= 28 with an interval of 3.
The results are shown in Figs. 14-16.

The vertical forces increase steeply from T =~ 6 to T ~ 8 for larger deck
lengths (see Figs. 14(a), 15(a) and 16(a)). Beyond this_poeint, the vertical
forces remain nearly constant with the increase in wave period. For the deck
lengths considered here, and at T' = 6, there are segments of multiple waves
interacting with the deck at the same time. The increase of the period to
T ~ 8, results in a single wave interaction with the deck at a given time.
As the wave period increases beyond this point, the loads mostly remain
invariant. The values of the forces for large periods are very close to the
solitary wave loads on the bridge deck of the same length and submerged
at the same depth. This can be observed by comparing the results given in
Figs. 4 and 16 and for S = 0.5. The variation of the horizontal forces with
wave period show similar overall behavior to that of the vertical force (see
Fig. 16(a) and (b)). The overturning moment shows similar behavior as the
vertical forces; an oscillatory behavior as the wave period increases i.e., an
initial steep increase, followed by nearly constant values for larger periods.
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The value increases for larger decks (see Figs. 14(e)-16(e)).

5.2.4. Wave Loads vs. Deck Length

Figures 17-19 show the variation of the wave loads versus deck length for
a constant wave height (H = 0.25) and a combination of three wave periods
(T'" = 7.5,15,22.5) and three submergence depths (S = 0.3,0.5,0.7). The
deck length varies between Lp =1 and Lp = 7 with an interval of 1.

The vertical forces increase nonlinearly as the deck length increases. This
relationship is shown best for larger submergence depths and wave periods
(see Figs. 18(a) and 19(a)). The horizontal forces oscillate as the deck length
increases. For larger wave periods, the submergence depth does not alter the
horizontal force as much (see Fig. 18(c)). The overturning moment increases
nonlinearly with the deck length. Smaller submergence depths have a higher
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Figure 15: (a) Vertical uplift, (b) vertical downward, (c) horizontal positive and (d) hori-
zontal negative forces, and (e) positive and (f) negative overturning moment due to cnoidal
wave impact on a submerged deck (H = 0.25; Lp = 4).
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wave impact on a submerged deck (H = 0.25; Lp = 5).
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overturning moment (see Fig. 19(e)).

6. Empirical Equations

Development of design-type empirical equations that could be used to
estimate the wave loads on submerged decks is discussed in this section. Only
the periodic waves are considered. The vertical uplift and horizontal positive
forces are the main load components in practical applications. Hence, the
empirical relations are developed for these two forces only.

The form of the empirical equations for the vertical uplift and the hori-
zontal positive forces are determined by analyzing the variation of the forces
with wave and deck parameters discussed in Section 5. That is, following the
results of the parametric study, it is estimated whether F, and F), vary with
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H, T, S and Lp linearly, exponentially, or logarithmical (or in inverse form
of these functions), subject to unknown, real, empirical coefficients. The val-
ues of the empirical coefficients are determined through regression analysis,
and by use of a complete search algorithm. By defining wide, possible ranges
for each of the empirical coefficients, and by use of nested-loops, all possible
combinations of the coefficients are assessed. In determining the values, all
coefficients are considered simultaneously through the search process. In the
nested-loops, intervals of 0.01 are used for each coefficient.

The objective ofthe search algorithm is to determine a combination of the
empirical coeflicients‘that corresponds to smallest mean absolute error, when
compared with the results of the GN equations for all cases of the parametric
study. That is, the optimum combination of the coefficients corresponds to
the minimum e defined as

> oy — Fra|

& N ) (4>

where N is the total number of‘data points (240 in this study), Fgy is the
magnitude of the force (vertical uplift or horizontal positive) calculated by
the GN equations, and Fgg is the magnitude of,the force estimated by the
empirical equation.

The empirical equation for the uplift foree-is determined as

0.14(1.68 — S)HLp" "7
# = T (0.09Lp)(1.715—0.20Lp) (1

L ( 6_0'64T) ] (5)

The empirical equation for the horizontal positive foree is given as

F, = 3.60H*S* (1 — e 0997 (1 — e Lp). (6)

Note that all variables and the forces in Egs. (5) and (6) are dimensionless
as discussed in Section 3. Also, note that Eqs. (5) and (6) are only applicable
to S > 0.2 conditions.

The agreement between Eq. (5) and all the GN results for the vertical
uplift force (F,) is shown in Fig. 20. In this figure, the diagonal dashed line
shows the perfect agreement between the empirical equation and results of
the GN equations. Compared with the GN results, Eq. (5) for the uplift
force has a mean absolute percentage error of 6.15%. Figure 21 shows this
comparison for the horizontal positive force (F,). The empirical equation for
the horizontal positive force, Eq. (6), when compared with the GN results,
has a mean absolute percentage error of 3.78%.
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We note that in this study, the wave and structure conditions are chosen
such that they cover a wide range of possible and practical scenarios. How-
ever, the comparisons and validations given here do not ensure applicability
of the equations to cases where length scales of the wave and structure are
beyond those considered.

7. Comparisons and Discussion

Comparisons of the empirical equations with the time series of forces of
the GN equations, available laboratory experiments, and other theoretical
and computational solutions are shown and discussed in this section.

Figures 22-25 show the comparison of the empirical equations with the
laboratory experiments-and the linear LWA solution. The laboratory exper-
iments are conducted by Hayatdavoodi et al. (2015b) for a range of wave
heights (0.05 < H < 0.4)-and,wave(lengths (10 < A < 35). The comparisons
are given for two submergence depths(:S.= 0.6 and S = 0.4), and for various
combinations of wave lengths, wave heights and deck lengths that may be seen
in nature. Two water depths are used in the laboratory experiments, namely
h = 0.114m (corresponding to the results given in Figs. 22 and 23) and
h = 0.071m (corresponding to the results given in'Figs. 24 and 25). The deck
dimensions in the laboratory experiments read,Lp = 30.5cm, Bp = 14.9cm
and tp = 1.27 em. See Hayatdavoodi et al. (2015b) forAfurther details of the
laboratory experiments.

In all cases, results of the empirical equations are’in close agreement with
the laboratory measurements and the GN results. The,agreement of the
equation for the vertical force is better than the horizontal positive force.
Overall, compared to the LWA, the empirical equations show closer agree-
ment with the laboratory measurements.

The fluid is inviscid in the GN model, used as the basis for the devel-
opment of the above empirical equations for the wave-induced vertical and
horizontal forces on a submerged deck, Egs. (5) and (6), respectively. For the
cases considered here, the agreement of the GN results with the laboratory
measurement show that viscosity does not play a relevant role on the forces.
In this section, we provide an estimate of the magnitude of viscous forces on
the submerged deck, not considered by the GN model.

The horizontal velocity under undisturbed, long, nonlinear cnoidal waves
can be approximated by the analytical solution of velocity under a solitary
wave as (see e.g. Hayatdavoodi and Ertekin (2015¢)):
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(S =0.4;Lp = 2.675).
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Figure 23: Comparison between laboratory measurements, GN calculations, LWA calcula-
tions and empirical equation calculations for (a) Vertical uplift and (b) horizontal positive
loads on a submerged deck for cnoidal waves with different wave heights and wavelengths

(S =0.6;Lp = 2.675).
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Figure 24: Comparison between laboratory measurements, GN calculations, LWA calcula-
tions and empirical equation calculations for (a) Vertical uplift and (b) horizontal positive
loads on a submerged deck for cnoidal waves with different wave heights and wavelengths

(S =0.4; Lp = 4.296).
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Figure 25: Comparison between laboratory measurements, GN calculations, LWA calcula-
tions and empirical equation calculations for (a) Vertical uplift and (b) horizontal positive
loads on a submerged deck for cnoidal waves with different wave heights and wavelengths
(S =0.6; Lp = 4.296).
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and  specifies thelocation of the crest of the wave. The maximum horizontal
velocity occurs-at ¢ =0, i.e. under the wave crest. We note that the exact
velocity field areund the.submerged deck under various wave conditions can
be obtained as part of the GN solutions.

Let us consider thelargest measured force on the deck in the laboratory
experiments, corresponding to H = 0.388 and A = 20.2 wave condition in
Fig. 22, for example. Water/depth/in the laboratory experiments of this sub-
figure is h = 0.114m, see Hayatdavoodi-et al. (2015b). Substituting these
value into Eq. (7) gives u = 0.35m/s for the maximum horizontal particle
velocity. Hence, the maximum, loeal Reynolds number on the submerged
plate would be approximated by Re =uLp/v'=10.35 x 0.305/1.00 x 107 =
1.0x10°. Note that this is a conservative approximation of the largest force in
these laboratory experiments. At this local Reynolds number, the drag force
associated with the shear stresses on the submerged deck is approximated
by Blasius’ solution for the laminar boundary layer-around a flat plate, see
e.g., (Newman, 1978, Section 2.5). Hence, the skin-friction coefficient is
determined by

u(@) = v/g(A+ )

where

1.328
Cr = =41x1073. 9
" VRe ©)

Finally, the total, double-sided, frictional drag force (F};) on the submerged
plate (deck) is determined by

1
Fy=2 [(JF (apzﬂLD)] Bp =0.02N. (10)

The dimensional magnitude of the horizontal force on the deck measured
in the laboratory experiments of this case is F, ~ 0.66 N. Therefore, at
the largest value, the total frictional drag force is only 3% of the measured
horizontal force on the submerged deck.
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Figure 26: Two-dimensional cross sections of decks of Punaluu bridge and Maipalaoa
bridge on the island of Qahu, Hawaii, USA. Dimensions are in meter. The width of one
deck span (into the paper)’of these bridges are (a)B = 20.12m and (b)B = 15.26m.
Girder width and spacing between girders in Punaluu bridge are 0.184 m and 0.3048
m, respectively. Also shown in this figure; are the maximum water level under extreme
environmental conditions.

8. Examples: Wave Loads on Prototype Bridges

In this section, the empirical equations are used to estimate the wave
loads on two prototype coastal bridges, and results are compared with the
CFED and GN results of Hayatdavoodi et al. (2015a). Thigsection is presented
as a practical example on how to use the empirical equations. All variables
and results are given dimensionally and in SI units.

The two coastal bridges under consideration are the Punaluu bridge and
Maipalaoa bridge, both located on the island of Oahu, Hawaii, USA. Dimen-
sions of the bridges are shown on the cross-section drawings of these bridges
in Fig. 26. For these cases, the submergence depth is defined as the distance
from the SWL to the middle of the bridge thickness, for which the thickness
is the sum of the thickness of the deck and the height of the girders.

The extreme environmental conditions (water depth and wave conditions)
at the location of these two bridges are obtained assuming large hurricanes
approaching the island, and are discussed and given in Hayatdavoodi et al.
(2015a). The wave conditions are given in Table 2. Note that under the
extreme environmental conditions, both bridges are fully submerged.

The empirical equations (5) and (6) use dimensionless variables. Hence,
the first step is to non-dimensionalize all variables as discussed in Section
3, i.e., with respect to water depth (h), water density (p), and gravitational
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Table 2: Extreme wave conditions at the location of Punaluu bridge and Maipalaoa bridge.
The submergence depth is the distance from the SWL to the middle of the deck thickness.

Bridge Name h(m) H(m) T(s) S(m)
Punaluu 3.7 2.0 6.0 1.8
Maipalaoa 4.9 2.7 6.5 1.5

acceleration (¢g). The dimensionless values are H = 0.54, T = 9.77, S = 0.49
and Lp = 4.12for Punaluu bridge, and H = 0.55, T = 9.20, S = 0.31
and Lp = 4.00 for;Maipalaoa bridge. Using these values in Eqs. (5) and
(6) gives the dimensionless vertical uplift and horizontal positive forces of
F, = 0.47 and F, = 056-for Punaluu bridge, and F, = 0.59 and F, = 0.53
for Maipalaoa bridge. These forces are then converted to dimensional values
by use of Eq. (2), and results-are.compared with other solutions and shown in
Figs. 27 and 28 for Punaluu and'Maipalaoca bridges, respectively. Note that
these are the three-dimensional forees on the bridge spans, i.e., the forces of
all two-dimensional models are multiplied by the deck span width into the
page.

Overall, results of the empirical equations are in.good agreement with
OpenFOAM results. The empirical equations-have overestimated the vertical
uplift force and under estimated the horizontal pesitive force, when compared
with the CFD results. The differences, however, are-within the same range
as the differences between the GN and CFD results. That is, the empirical
equations have provided an acceptable first estimate of the loads on the decks
of the submerged bridges.

Also included in this comparison, are the results from the simplified equa-
tions of AASHTO (determined from Sections 6.1.2.2 and 6.1.2.3 of AASHTO
(2008)). In the case of the Punaluu bridge, AASHTO’s relations have over
estimated the vertical and horizontal forces by factors larger than 10, and
hence these are not shown in Fig. 27. AASHTO’s relations have overesti-
mated the vertical force on the Maipalaoa bridge by approximately a factor
of 3 when compared to other results, shown in Fig. 28. These relations have
underestimated the horizontal force on the Maipalaoa bridge. Other existing
simplified relations, such as those suggested by Douglass et al. (2006) and
McPherson (2008) are inapplicable to fully submerged decks.
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Figure 27: Comparison between OpenFOAM, GN and the empirical equations for (a)

vertical force and (b) horizontal force on the Punaluu bridge.
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9. Concluding Remarks

Nonlinear solitary and cnoidal wave loads on submerged, horizontal decks
in shallow water are determined by use of the Level I GN equations. Results
of the GN model are compared with laboratory experiments and other the-
oretical solutions, and a good agreement is observed.

Variation of the maximum and minimum values of the wave loads with
wave height, wave period, deck submergence depth, and deck length is dis-
cussed through a parametric study. The general behaviour of the extreme
values of theloads for different wave conditions and decks is an important
characteristic ‘of this problem, particularly for practical applications. The
results of this parametri¢ study, obtained for practical conditions, can be
used directly to estimate the wave loads on various submerged decks in a
preliminary study.

It is shown in the literature, foréxample by Hayatdavoodi et al. (2015a),
that wave loads are the largest when the structure decks are fully submerged.
To provide design engineers with/simple‘and practical relations for estimating
the wave loads, two simplified designtype’empirical equations are presented
based on the results of the parametric study. Overall, the empirical equations
provide reasonable results when compared with‘laboratory experiments and
CFED solutions. Note that the empirical “equations-provide dimensionless
forces on a submerged deck. Equation (2) must be used to determine the
dimensional forces, where the deck length (into the page)and deck thickness
play significant role, among other variables.

The empirical equations for wave loads on submerged decks are devel-
oped based on the GN equations, considering a wide range of environmental
conditions. In the absence of any scaling parameters, it is shown that results
of the GN equations, and the empirical relations, compare well with the ex-
periments and CFD results, and the models are applicable to the conditions
given here. These equations are aimed to give a preliminary estimation of
the loads on the decks, and do not include any safety factor. Effects of air
entrapment or wave breaking, if occur, are not considered in these equations.
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