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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 are 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. Introduction1

Consider a fully submerged, horizontal, flat deck. Wave motion over2

the submerged deck induces vertical and horizontal forces and overturning3

moment on the deck. In almost all practical cases, the wave-induced loads on4

the submerged deck are inertia dominated and are due to the instantaneous5

pressure differential around the structure. Of course, the friction between the6

fluid and the structure also contributes to the loads, however, these viscous7

forces are negligible, see e.g. the concluding remarks of Hayatdavoodi et al.8

(2014) and Seiffert et al. (2014).9

The wave-induced horizontal force on the submerged deck is due to the10

pressure differential at the leading and trailing edges of the deck. The pres-11

ence of the submerged deck modifies the wave field. The regions above and12

below the deck are separated and may have different pressure distribution at13

different stages of the wave propagation. This difference of pressure above14

and below the deck results in the wave-induced vertical force and the over-15

turning moment on the structure.16

Wave interaction with submerged horizontal decks is an interesting sub-17

ject of a number of scientific and engineering problems. Wave loads on sub-18

merged decks is a critical topic on the design and analysis of tsunami and19

storm wave loads on coastal bridge decks. During a storm event, for example,20

water level rises to a higher elevation due to the storm surge. In the recent21

hurricane Harvey (2017) in the Gulf of Mexico, for example, storm surge22

of more than three meters was observed near Port Lavaca (see Needham23

(2017)). Larger storm surges are observed in other events. During hurricane24

Katrina (2005), for example, storm surge of about 6.6m was recorded, see25

Douglass et al. (2006). Coastal bridges may become fully submerged under26

such extreme storm surges or tsunamis, as it was observed during the 200427

Sumatra earthquake and the subsequent tsunami in the Indian Ocean (see28

e.g. Iemura et al. (2005); Unjoh (2006), hurricane Katrina (2005) (see e.g.29

Robertson et al. (2007)), and the 2011 Great East Japan earthquake (see e.g.30

Kosa (2011); Akiyama et al. (2013)).31

Among others, submerged horizontal plates can also be used as wave32

breakers (Hayatdavoodi et al. (2017b)), or in wave energy converter devices33

(Carter and Ertekin (2014)), and in hybrid wave breaker-energy converter34

applications (Graw (1993)). Recently, Hayatdavoodi et al. (2017a) have pro-35

posed a fully submerged wave energy device that generates power due to the36

vertical oscillation of a submerged horizontal plate. Of course, submerged37
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plates are also used in the offshore industry as a component of fixed or float-38

ing structures, see e.g. He et al. (2008) and Tao and Dray (2008).39

Wave loads on submerged horizontal decks have been determined through40

various theoretical and experimental approaches. Previous studies on oscil-41

latory wave forces on submerged decks were mostly motivated by its applica-42

tion in the offshore industry. Linear solutions and ad-hoc relations, similar43

to that proposed by Morison et al. (1950), were used to approximate the44

loads. Brater et al. (1958), Herbich and Shank (1970), and Durgin and45

Shiau (1975), and more recently Rey and Touboul (2011), conducted lab-46

oratory experiments on the interaction of sinusoidal waves with submerged47

horizontal decks in deep or intermediate water.48

In shallow water, wave interaction with a submerged plate was studied49

by Siew and Hurley (1977) and Patarapanich (1984) through an analyti-50

cal approach based on the linear wave theory. Similar approach was used51

by, e.g., McIver (1985); Liu and Iskandarani (1991); Kojima et al. (1994),52

mainly focusing on the wave diffraction by the submerged plate. By use of53

an eigenfunction expansion method, Guo et al. (2015b) solved the velocity54

potential to obtain linear wave loads on a fully submerged bridge deck.55

Studies on nonlinear wave loads on submerged, horizontal decks in shallow56

water were undertaken recently. These are mainly motivated by the damage57

made to the decks of coastal bridges, piers and jetties during the major storm58

and hurricane events. Nonlinear wave loads on submerged, horizontal decks59

are studied by use of the Green-Naghdi (GN) equations by Hayatdavoodi60

and Ertekin (2015b). Computational Fluid Dynamics (CFD) approach is61

used by Kerenyi et al. (2009); Bricker and Nakayama (2014); Hayatdavoodi62

and Ertekin (2015a) and Chu et al. (2016), among others, to determine the63

wave loads on the submerged deck. Laboratory experiments of wave loads64

on submerged, horizontal decks include, for example, Bradner et al. (2011)65

and Schumacher et al. (2008) for intermediate and deep water conditions,66

and Hayatdavoodi et al. (2015b) for shallow waters.67

Empirical relations are provided by the American Association of State68

Highway and Transportation Officials AASHTO (2008) to estimate the wave-69

induced loads on submerged decks based on a series of numerical simula-70

tions. The empirical coefficients, however, were determined through deep-71

and intermediate-water waves. In a comparative study by Hayatdavoodi72

et al. (2015a) for wave loads on submerged prototype bridge decks in shallow73

water (coastal areas), it is shown that AASHTO’s relations may underesti-74

mate or overestimate the loads by 100%, or sometimes larger magnitudes,75
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when compared with the CFD results.76

Studies on solitary wave loads on submerged decks are more limited. The77

laboratory experiment of Kulin (1958) is one of the first of its kind. Recently,78

and again motivated by the impact of natural extreme events on coastal79

structures, the solitary wave loads on submerged decks are determined by80

the GN equations by Hayatdavoodi and Ertekin (2015c), by use of CFD by81

Hayatdavoodi (2013) and Seiffert et al. (2014), and by the linear long wave82

approximation by Lo and Liu (2014), and through laboratory experiments83

by Hayatdavoodi et al. (2014). A recent critical review of wave loads on84

horizontal decks, whether submerged or above the still-water level (SWL), is85

provided by Hayatdavoodi and Ertekin (2016), which provides discussion on86

the analytical, computational, empirical, and experimental approaches used87

to study this problem.88

For wave loads on horizontal decks at or above the still-water level, par-89

ticularly with applications on coastal bridges, see e.g. Xu et al. (2015); Guo90

et al. (2015a); Azadbakht and Yim (2016); Park et al. (2017).91

In recent years, there have been significant studies on nonlinear wave92

loads on submerged horizontal decks. Most of these works, however, are93

motivated by (i) introducing a new numerical method to determine the wave94

loads, (ii) applying existing methods to a particular structure under given95

conditions, or (iii) providing an overall insight to this particular problem96

through laboratory experiments. Moreover, a majority of the studies have97

focused on cases where the horizontal decks are located at or above the SWL,98

mainly because these are the most likely operational conditions. However, in99

a series of case studies, using various theoretical approaches, Hayatdavoodi100

et al. (2015a) showed that for a horizontal deck with fixed position, wave101

loads are always larger when the deck is fully submerged (due to the storm102

surge). This is mainly because larger waves (with respect to the structures103

size) may impinge on the deck as the water depth increases due to storm104

surge. Therefore, at the design and analysis stages, the loads on the fully105

submerged structure must be considered, if deck inundation is a possibility.106

Our goal in this work is to study the nonlinear periodic and solitary wave107

loads on submerged, horizontal decks in shallow water. Variation of the108

wave loads with the involved variables is of particular interest. Given the109

recent extreme events around the world, we will consider a range of possible110

wave and environmental conditions and deck geometries in this study. Our111

objectives are (i) to perform a parametric study of wave loads on submerged112

decks and determine the dependency of the loads on the wave conditions and113
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deck geometries, and (ii) to determine empirical relations that can be used114

to estimate the wave loads on submerged decks.115

In this study, we use the Level I GN equations to determine the solitary116

and cnoidal wave loads on submerged decks. The theoretical model is in-117

troduced in Section 2. This is followed by the dimensional analysis, wave118

loads presentation, and the parametric study of solitary and cnoidal wave119

loads in Sections 3 and 4. The two empirical equations for estimating the120

wave-induced horizontal and vertical forces on submerged decks are intro-121

duced in Section 6. Results of these empirical equations are compared with122

the available theoretical and experimental results in Section 7. Along with a123

discussion of the agreement between the results, this section includes practi-124

cal examples demonstrating the use of the empirical equations. This paper125

is closed by some concluding remarks.126

2. The Green-Naghdi Equations127

We assume a flat and stationary seafloor at the vicinity and below the128

submerged deck. A two-dimensional Cartesian coordinate system, with x129

pointing to the right and z pointing upward, opposite to the gravitational130

acceleration, is used. The submerged deck with rectangular cross section is131

rigid and fixed. A schematic of the problem is shown in Fig. 1.132

The GN equations for propagation of nonlinear water waves were origi-133

nally developed based on the theory of directed fluid sheets by Green and134

Naghdi (1974, 1976). In this theory, the fluid is assumed to be incompressible135

and inviscid, although viscosity of the fluid is not a constraint in the general136

form of the theory, see Green and Naghdi (1984). No restriction is made on137

the irrotationality of the flow.138

The final form of the Level I GN nonlinear shallow-water wave equations,139

as used in this study, were first given by Ertekin (1984). These equations, in140

two dimensions and for a flat and stationary seafloor, are given by141

η,t + {(h+ η)u},x = 0 , (1a)

u̇+ gη,x = −1

3
{(2η,xη̈) + (h + η) η̈,x} , (1b)

where η(x, t) is the surface elevation measured from the still-water level142

(SWL), u(x, t) is the horizontal particle velocity, h is the water depth and g143

is the gravitational acceleration. The atmospheric pressure is assumed zero.144
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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 double145

dots are defined as the second material time derivative. All lower case sub-146

scripts after commas in Eq. (1) designate partial differentiation with respect147

to the indicated variables. The function η is single-valued, and hence wave148

breaking is not allowed in this study. Further detail about the GN equations149

can be found in e.g., Ertekin et al. (1986).150

The GN equations have been used to study many wave-structure interac-151

tion problems, see e.g. Neill et al. (2018) and Hayatdavoodi et al. (2018) for152

solitary and cnoidal wave loads on vertical cylinders, and comparisons with153

laboratory experiments, Boussinesq equations, and linear solutions.154

Hayatdavoodi (2013) developed a nonlinear shallow-water model based155

on the Level I GN equations to calculate the horizontal and vertical wave156

forces and overturning moment on a fully submerged deck located in water157

of finite depth. In this approach, the deck is assumed thin and the domain is158

divided into four regions, namely, upwave and downwave of the submerged159

deck, above the deck and below the deck. Each region is subject to specific160

boundary conditions: the nonlinear free surface and the seafloor boundary161

conditions in the upwave and downwave regions, the nonlinear free surface162

and the body boundary condition in the region above the deck, and the body163

and seafloor boundary conditions in the region under the deck. The upwave164

and downwave boundaries are also subject to the wave making and wave ab-165

sorbing boundary conditions, respectively. At the discontinuity lines where166

the boundaries meet, the leading and trailing edge of the deck, jump and167

matching conditions are applied to obtain a continuous solution throughout168

the domain. The equations are solved by use of the central-difference ap-169

proach. Details about the model can be found, for example, in Hayatdavoodi170

and Ertekin (2015b).171

Results of this model were compared with the laboratory measurements172

of solitary and periodic waves and showed a close agreement for a range of173

parameters, see Hayatdavoodi and Ertekin (2015c) and Hayatdavoodi and174

Ertekin (2015a). In the GN model, it is assumed that water is always in175

contact with the submerged deck, i.e., air entrapment is not allowed. That176

is, we assume that air pockets are relieved as the deck becomes submerged177

due to the gradual increase of the water level.178

Unlike the water wave theories based on the perturbation expansion, there179

are no scaling parameters in the GN model. In absence of any scaling pa-180

rameter, it is not possible to define the analytical order of error of the equa-181

tions, in their original form. Hence, applicability and accuracy of the GN182
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equations to various fluid flow and wave conditions are often determined183

through comparison with laboratory experiments. See, for example Webster184

and Wehausen (1995) and Webster and Zhao (2018) for further discussion.185

Of course, the order of error of the numerical solutions of the GN equations186

can be determined based on the order of the numerical schemes.187

It is, however, possible to approximate the order of error of the GN equa-188

tions. This can be accomplished by obtaining relations between the GN189

equations and other nonlinear, shallow-water wave equations. Ertekin (1984),190

for example, defined a single perturbation parameter (δ, a small dimension-191

less parameter) and used a formal expansion procedure to show that the GN192

equations can be reduced to other Boussinesq-class equations, (e.g. equations193

given by Wu and Wu (1982), the original Boussinesq equations Boussinesq194

(1871), and the equations given by Whitham (1974) and Schember (1982))195

when O(δ2) and higher order terms are discarded. See Chapter 4 of Ertekin196

(1984).197

3. Dimensional Analysis198

Variation of the wave-induced loads on submerged decks with the envi-199

ronmental conditions and deck characteristics is studied in this work. The200

environmental conditions include wave height (H), wave period (T ) and the201

water depth (h). The deck characteristics include the elevation of the deck202

from the seafloor (ED), and the deck length (LD), in the direction of wave203

propagation. Instead of ED, we use the submergence depth defined as the204

depth from the SWL to the deck, i.e. S = h− ED.205

The deck thickness (tD) is not a variable since in the GN equations the206

deck is assumed very thin compared with the other dimensions. Previous207

studies, using laboratory measurements and various theoretical approaches,208

have shown that the thickness of the deck for typical structures does not play209

a significant role on the two-dimensional wave-induced loads. For example,210

shown in Figs. 18 and 19 of Hayatdavoodi et al. (2014), the peaks of dimen-211

sionless solitary wave horizontal and vertical forces (in the form used here)212

remain invariant with the change of the deck thickness, even when the deck213

thickness is about 60% of the water depth. In a similar study, but for cnoidal214

waves, Hayatdavoodi and Ertekin (2015a) used the GN model and compared215

the dimensionless horizontal force on a thin plate with that on a deck whose216

thickness is more than 70% of water depth (determined through laboratory217

measurements and calculated by an inviscid CFD solver), and showed that218
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the peak of the force remains invariant; see e.g. Fig. 7 of Hayatdavoodi and219

Ertekin (2015a).220

Hence, typical deck thicknesses do not alter the dimensionless wave-221

induced forces on submerged decks considered here. Note that in this study,222

the two-dimensional vertical force is given as force per unit width (into the223

page) of the deck, and the horizontal force is given as the force per unit width224

and unit thickness of the deck. In other words, pressure at the leading and225

trailing faces of the deck is almost uniform. Thickness includes both deck226

and girders, if exist. Care should be given in extending such assumptions to227

decks located at or near (above or below) the free surface. Those case may228

result in wave breaking which changes the wave dynamics.229

We assume Fx = f1(h,H, T, S, LD), where Fx is the horizontal force230

and f1 is an unknown function. Similarly, Fz = f2(h,H, T, S, LD) and231

My = f3(h,H, T, ED, LD) where Fz and My are the vertical force and over-232

turning moment, respectively, and f2 and f3 are unknown functions. One of233

the objectives in this study is to determine approximate solutions to f1, f2234

and f3. The overturning moment, in this study, is calculated with respect235

to the middle point of the deck. Selection of this point is arbitrary, how-236

ever, different overturning moment could easily be calculated for different237

reference points. Here, waves propagate in the positive x direction, and pos-238

itive and negative overturning moments, respectively, refer to clockwise and239

counterclockwise moments with respect to the middle of the deck.240

Loads and parameters are nondimensionalized with respect to the water241

density (ρ), gravity (g), and water depth (h), which form a dimensionally242

independent set of variables. The two-dimensional horizontal (Fx) and verti-243

cal (Fz) forces and the overturning moment (My) are given in dimensionless244

form by245

F̄x =
Fx

ρghtDBD

, F̄z =
Fz

ρgh2BD

, M̄y =
My

ρgh3BD

, (2)

where BD is the deck width, into the page. The over bars indicate the246

dimensionless variables. The dimensionless time (and wave period) is given247

by248

t̄ = t

√

g

h
. (3)

The wave height and amplitude, wavelength and submergence depth are249

nondimensionalized with respect to the constant water depth, i.e., H̄ = H/h,250
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Ā = A/h, λ̄ = λ/h and S̄ = S/h. Similarly, deck length is given by L̄D =251

LD/h.252

All results are given in dimensionless form unless otherwise stated. For253

simplicity, bars are removed hereon from all dimensionless variables and254

loads.255

Aside from Buckinghams Pi Theorem used above, other approaches may256

be used to determine a dimensionless relation between desired functions (usu-257

ally pressure or velocity) with the corresponding variables, see for example258

Zitti et al. (2016).259

4. Wave loads on submerged decks260

The results of the GN equations for wave loads on submerged decks are261

presented in this section. All results in this study are given in two-dimensions,262

assuming incident waves approach the deck perpendicularly. This gives a263

conservative result for the wave loads. However, if the waves approach the264

deck at an angle of θ different from zero, one can use the present results and265

vector calculus to determine the force component Fy easily.266

Time series of oscillatory wave loads on a submerged, horizontal deck are267

presented in Fig. 2. The results of the GN model are compared with two268

linear solvers of the problem, namely the long-wave approximation (LWA)269

of Siew and Hurley (1977), and HYDRAN, a computational solver based270

on the Green function method, see HYDRAN (2012), Ertekin et al. (1993)271

and Riggs et al. (2008). In this comparison, the wave height H = 0.3,272

wave period T = 11.5, submergence depth S = 0.5 and the deck length is273

LD = 3. Periodic linear waves are generated in the linear solvers. Overall,274

good agreement is observed between the models. The loads, particularly275

the vertical force, are nonlinear. The LWA significantly overestimates the276

vertical force amplitude, as seen in Fig. 2.277

The uplift forces and the downward force correspond to the maximum278

and minimum values of the vertical force on the submerged deck, respec-279

tively. Similarly, the positive and negative horizontal forces correspond to280

the maximum and minimum horizontal forces, respectively. These are shown281

in Fig. 2. In the following sections, these maximum and minimum forces are282

presented.283

Further comparison of the GN results with HYDRAN, as well as other284

theoretical and experimental data, can be found in Hayatdavoodi and Ertekin285
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F
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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
Depth

Deck Length Total
Cases

Solitary
Wave

0.1 < A < 0.5 NA 0.2 < S < 0.8 1 < LD < 7 84

Cnoidal
Wave

0.05 < H < 0.45 5 < T < 30 0.2 < S < 0.8 1 < LD < 7 240

(2015c). In Section 7, comparison of the GN results with laboratory experi-286

ments and some computational solvers are shown.287

5. Parametric Study of Wave Loads288

Variation of the wave-induced loads on a submerged horizontal deck with289

wave conditions and deck geometry is presented in this section. Based on290

the previous extreme environmental conditions, a range of parameters is291

considered. For periodic waves, in the dimensionless form, these include292

0.05 < H < 0.45, 5 < T < 30, 0.2 < S < 0.8 and 1 < LD < 7. For solitary293

waves, 0.1 < A < 0.5 is considered, where A is the solitary wave amplitude.294

In some cases, the upper or lower limit of the variables cannot be used, and295

these are discussed in the following subsections. In total, 84 cases are con-296

sidered for the solitary wave and 240 cases for cnoidal waves. The range of297

the variables are summarized in Table 1. Results of the solitary wave loads298

are presented first, followed by cnoidal wave cases. All results in this section299

are obtained by the GN equations.300

5.1. Solitary Wave301

5.1.1. Wave Loads vs. Amplitude302

In this section, the variation of solitary wave loads versus wave amplitude303

(A) on decks of three different lengths (LD = 1, 5, 10) submerged at two304

different depths (S = 0.5, 0.8) is studied. The amplitude varies from A = 0.1305

to A = 0.5 with 0.1 intervals. The results are shown in Figs. 3-5.306

For all deck lengths, the vertical force increases linearly with the wave am-307

plitude. The length of the deck affects the force more than the submergence308

12



Author Accepted Manuscript 

Note copyedited by the Journal 

F
z

0

0.02

0.04

0.06

0.08

0.1

Uplift Force

(a)

S = 0.5
S = 0.8

Downward Force
(b)

F
x

0

0.1

0.2

0.3

Horizontal Positive Force (c) Horizontal Negative Force (d)

A
0 0.1 0.2 0.3 0.4 0.5 0.6

M
y

0

0.01

0.02

0.03

0.04
Positive Overturning Moment (e)
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Figure 3: (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 (LD = 1).

depth (see Figs. 4(a) and 5(a)). Similar to the vertical forces, the horizontal309

forces increase linearly with the wave amplitude. The submergence depth310

affects the negative horizontal force more as the deck length increases (see311

Fig. 5(d)). The overturning moment increases linearly for all deck lengths.312

The submergence depth influences the overturning moment more at smaller313

deck lengths (see Figs. 3(e)-5(e)).314

5.1.2. Wave Loads vs. Deck Length315

The variation of solitary wave loads versus deck length (LD) for a single316

wave amplitude (A = 0.2) and two submergence depths (S = 0.5, 0.8) is317

studied in this section. The deck length varies from LD = 1 to LD = 20 with318

an interval of 5. The results are shown in Fig. 6.319

The vertical forces increase as the deck length increases. The uplift force320
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Figure 4: (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 (LD = 5).
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increases gradually while the downward force approaches a constant value,321

the magnitude of which depends on the submergence depth (see Fig. 6(a)322

and (b)). This is mainly due to the increasing ratio of the deck length to323

the effective length of the solitary wave; the main soliton propagates entirely324

over the submerged deck resulting in the maximum downward force. In325

these cases, the majority of the downward force is due to the weight of the326

wave, located entirely above the deck. The horizontal positive force increases327

slightly as the deck length increases but then approaches a constant value328

after LD ≈ 10. This is the same for the two submergence depths (see Fig.329

6(c). The peak of the horizontal force occurs when the wave crest is at330

the leading edge of the deck. The trough of the horizontal force occurs331

when the crest of the main soliton is at the trailing edge of the deck. Since332

the submergence depth of the deck has a significant effect on soliton fission333

(disintegration) above the deck, the value of the horizontal negative forces334

are different for the two submergence depths; see Fig. 6(d). The overturning335

moment increases nonlinearly as the deck length increases. The positive336

overturning moment and negative overturning moment have similar values337

at the same deck lengths (see Figs. 6(e) and (f)).338

5.1.3. Wave Loads vs. Submergence Depth339

In this section, the variation of solitary wave loads versus submergence340

depth S for a single wave amplitude (A = 0.2) and three deck lengths (LD =341

1, 5, 15) is studied. The submergence depth varies from S = 0.2 to S = .9342

with an interval of 0.1. The results are shown in Fig. 7.343

The vertical force approaches a constant value as the submergence depth344

increases mainly because of the smaller variation of pressure at deeper sub-345

mergence depths. In the case of a long deck, the downward force increases346

with deeper submergence depth (see Fig. 7(b)). This is mainly due to the347

significant effect of a long deck on the solitary wave diffraction. As the sub-348

mergence depth increases, the wave undergoes less deformation and the main349

soliton keeps its form above the deck resulting in a larger downward force.350

The horizontal force stays constant for shorter deck lengths. For longer deck351

lengths, as the submergence depth increases, the horizontal positive force and352

horizontal negative force increase and decrease, respectively (see Fig. 7(c)353

and (d)). The variations, however, are very small. This behavior is mainly354

due to lesser effect of the deck on the wave at larger depths. In all cases,355

the positive overturning moment reduces with the submergence depth, due356

to the reduction of the spatial pressure differential around the deck. The357
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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, (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).

change in the positive overturning moment is less significant when the deck358

is submerged beyond S ≈ 0.5 (see Fig. 7(f)). The overturning moment for359

short deck lengths is very small compared with the overturning moment for360

longer deck lengths, and this is not remarkable.361

5.2. Cnoidal Waves362

5.2.1. Wave Loads vs. Wave Height363

In this section, variation of the cnoidal wave loads versus wave height (H)364

on a deck of constant length (LD = 4), submerged at three different depths365

(S = 0.3, 0.5, 0.7) and for three wave periods (T = 7.5, 15, 22.5) is studied.366

The results are given in Figs. 8-10. The largest wave height (H = 0.45) is367

eliminated for the shallowest submergence depth (S = 0.3, see Fig. 8) due368

to the wave breaking over the model.369
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Figure 8: (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 (LD = 4;S = 0.3).

The vertical force increases nonlinearly with the wave height. At smaller370

submergence depths, the effect of the wave height on the vertical force is more371

significant; see Fig. 8(a). The horizontal force generally increases with larger372

wave heights. For smaller periods, the horizontal force increases quickly to a373

maximum value, that is considerably less than the values for the larger wave374

periods (see Fig. 9(c), for instance). In all cases, and for T = 7.5 for example,375

the wave height appears to have little to no effect on the horizontal positive376

force. This is mainly due to the wave length to deck length ratio of this case,377

which results in the simultaneous appearance of the wave crest at the leading378

and the trailing edges. This will be discussed further in Subsection 5.2.3. The379

overturning moment increases monotonically with the wave height. This is380

seen clearly for larger submergence depths (Fig. 10 (f), for example).381
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Figure 9: (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 (LD = 4;S = 0.5).
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Figure 10: (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 (LD = 4;S = 0.7).
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5.2.2. Wave Loads vs. Submergence Depth382

Variation of the cnoidal wave loads against submergence depth (S) of383

a combination of one wave height (H = 0.25), three wave periods (T =384

7.5, 15, 22.5), and three deck lengths (LD = 3, 4, 5) is given in this section.385

The submergence depth varies from S = 0.2 to S = 0.8 with a 0.1 interval.386

The results are shown in Figs. 11-13.387

The vertical forces decrease nonlinearly as the submergence depth in-388

creases. For smaller periods, this relationship is oscillatory (see Fig. 13(a)).389

The horizontal forces appear to approach a constant value after a certain390

submergence depth. For smaller periods and longer deck lengths, the value391

of the horizontal force is much smaller than for larger periods at the same392

deck length (see Fig. 13(c), for example). Again, this suggests that the393

ratio of wave length to deck length plays a more significant role on the hori-394

zontal forces than the wave period (or equivalently wave length) above. The395

overturning moment generally decreases for larger submergence depths. This396

relationship is seen better for larger deck lengths (see Fig. 13(e)).397

5.2.3. Wave Loads vs. Wave Period398

In this section, the variation of the wave loads with wave period for a399

constant wave height (H = 0.25), and a combination of three deck lengths400

(LD = 3, 4, 5) and three submergence depths (S = 0.3, 0.5, 0.7) is presented.401

The wave period varies between T = 6 and T = 28 with an interval of 3.402

The results are shown in Figs. 14-16.403

The vertical forces increase steeply from T ≈ 6 to T ≈ 8 for larger deck404

lengths (see Figs. 14(a), 15(a) and 16(a)). Beyond this point, the vertical405

forces remain nearly constant with the increase in wave period. For the deck406

lengths considered here, and at T ≈ 6, there are segments of multiple waves407

interacting with the deck at the same time. The increase of the period to408

T ≈ 8, results in a single wave interaction with the deck at a given time.409

As the wave period increases beyond this point, the loads mostly remain410

invariant. The values of the forces for large periods are very close to the411

solitary wave loads on the bridge deck of the same length and submerged412

at the same depth. This can be observed by comparing the results given in413

Figs. 4 and 16 and for S = 0.5. The variation of the horizontal forces with414

wave period show similar overall behavior to that of the vertical force (see415

Fig. 16(a) and (b)). The overturning moment shows similar behavior as the416

vertical forces; an oscillatory behavior as the wave period increases i.e., an417

initial steep increase, followed by nearly constant values for larger periods.418
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Figure 11: (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;LD = 3).
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Figure 12: (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;LD = 4).
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Figure 13: (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;LD = 5).
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Figure 14: (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;LD = 3).

The value increases for larger decks (see Figs. 14(e)-16(e)).419

5.2.4. Wave Loads vs. Deck Length420

Figures 17-19 show the variation of the wave loads versus deck length for421

a constant wave height (H = 0.25) and a combination of three wave periods422

(T = 7.5, 15, 22.5) and three submergence depths (S = 0.3, 0.5, 0.7). The423

deck length varies between LD = 1 and LD = 7 with an interval of 1.424

The vertical forces increase nonlinearly as the deck length increases. This425

relationship is shown best for larger submergence depths and wave periods426

(see Figs. 18(a) and 19(a)). The horizontal forces oscillate as the deck length427

increases. For larger wave periods, the submergence depth does not alter the428

horizontal force as much (see Fig. 18(c)). The overturning moment increases429

nonlinearly with the deck length. Smaller submergence depths have a higher430
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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;LD = 4).
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Figure 16: (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;LD = 5).
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Figure 17: (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;T = 7.5).

overturning moment (see Fig. 19(e)).431

6. Empirical Equations432

Development of design-type empirical equations that could be used to433

estimate the wave loads on submerged decks is discussed in this section. Only434

the periodic waves are considered. The vertical uplift and horizontal positive435

forces are the main load components in practical applications. Hence, the436

empirical relations are developed for these two forces only.437

The form of the empirical equations for the vertical uplift and the hori-438

zontal positive forces are determined by analyzing the variation of the forces439

with wave and deck parameters discussed in Section 5. That is, following the440

results of the parametric study, it is estimated whether Fz and Fx vary with441
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Figure 18: (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;T = 15).
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Figure 19: (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;T = 22.5).
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H, T, S and LD linearly, exponentially, or logarithmical (or in inverse form442

of these functions), subject to unknown, real, empirical coefficients. The val-443

ues of the empirical coefficients are determined through regression analysis,444

and by use of a complete search algorithm. By defining wide, possible ranges445

for each of the empirical coefficients, and by use of nested-loops, all possible446

combinations of the coefficients are assessed. In determining the values, all447

coefficients are considered simultaneously through the search process. In the448

nested-loops, intervals of 0.01 are used for each coefficient.449

The objective of the search algorithm is to determine a combination of the450

empirical coefficients that corresponds to smallest mean absolute error, when451

compared with the results of the GN equations for all cases of the parametric452

study. That is, the optimum combination of the coefficients corresponds to453

the minimum ǫ defined as454

ǫ =

∑N

i=1|FGN − FEE |
N

, (4)

where N is the total number of data points (240 in this study), FGN is the455

magnitude of the force (vertical uplift or horizontal positive) calculated by456

the GN equations, and FEE is the magnitude of the force estimated by the457

empirical equation.458

The empirical equation for the uplift force is determined as459

Fz =
0.14(1.68− S)HLD

1.17

e(0.09LD)(1.71S−0.20LD)
(1− e−0.64T ) . (5)

The empirical equation for the horizontal positive force is given as460

Fx = 3.60H2S0.11(1− e−0.09T )(1− e−LD) . (6)

Note that all variables and the forces in Eqs. (5) and (6) are dimensionless461

as discussed in Section 3. Also, note that Eqs. (5) and (6) are only applicable462

to S > 0.2 conditions.463

The agreement between Eq. (5) and all the GN results for the vertical464

uplift force (Fz) is shown in Fig. 20. In this figure, the diagonal dashed line465

shows the perfect agreement between the empirical equation and results of466

the GN equations. Compared with the GN results, Eq. (5) for the uplift467

force has a mean absolute percentage error of 6.15%. Figure 21 shows this468

comparison for the horizontal positive force (Fx). The empirical equation for469

the horizontal positive force, Eq. (6), when compared with the GN results,470

has a mean absolute percentage error of 3.78%.471
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Figure 20: Agreement of the empirical equations and the GN results for the vertical uplift
force.
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We note that in this study, the wave and structure conditions are chosen472

such that they cover a wide range of possible and practical scenarios. How-473

ever, the comparisons and validations given here do not ensure applicability474

of the equations to cases where length scales of the wave and structure are475

beyond those considered.476

7. Comparisons and Discussion477

Comparisons of the empirical equations with the time series of forces of478

the GN equations, available laboratory experiments, and other theoretical479

and computational solutions are shown and discussed in this section.480

Figures 22-25 show the comparison of the empirical equations with the481

laboratory experiments and the linear LWA solution. The laboratory exper-482

iments are conducted by Hayatdavoodi et al. (2015b) for a range of wave483

heights (0.05 < H < 0.4) and wave lengths (10 < λ < 35). The comparisons484

are given for two submergence depths (S = 0.6 and S = 0.4), and for various485

combinations of wave lengths, wave heights and deck lengths that may be seen486

in nature. Two water depths are used in the laboratory experiments, namely487

h = 0.114m (corresponding to the results given in Figs. 22 and 23) and488

h = 0.071m (corresponding to the results given in Figs. 24 and 25). The deck489

dimensions in the laboratory experiments read LD = 30.5 cm, BD = 14.9 cm490

and tD = 1.27 cm. See Hayatdavoodi et al. (2015b) for further details of the491

laboratory experiments.492

In all cases, results of the empirical equations are in close agreement with493

the laboratory measurements and the GN results. The agreement of the494

equation for the vertical force is better than the horizontal positive force.495

Overall, compared to the LWA, the empirical equations show closer agree-496

ment with the laboratory measurements.497

The fluid is inviscid in the GN model, used as the basis for the devel-498

opment of the above empirical equations for the wave-induced vertical and499

horizontal forces on a submerged deck, Eqs. (5) and (6), respectively. For the500

cases considered here, the agreement of the GN results with the laboratory501

measurement show that viscosity does not play a relevant role on the forces.502

In this section, we provide an estimate of the magnitude of viscous forces on503

the submerged deck, not considered by the GN model.504

The horizontal velocity under undisturbed, long, nonlinear cnoidal waves505

can be approximated by the analytical solution of velocity under a solitary506

wave as (see e.g. Hayatdavoodi and Ertekin (2015c)):507
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Figure 22: 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;LD = 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;LD = 2.675).

37



Author Accepted Manuscript 

Note copyedited by the Journal 

F
z

0

0.2

0.4

0.6

0.8

(a) Uplift, λ= 19.7Exp.
LWA
GN
EE

(b) Uplift, λ= 32.4

H
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

F
x

0

0.1

0.2

0.3

0.4

0.5

0.6

(c) Horizontal Positive, λ= 19.7

H
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

(c) Horizontal Positive, λ= 32.4

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;LD = 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;LD = 4.296).
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u(x̄) =
√

g(A+ h)
Asech2 (ǫx̄)

h + Asech2 (ǫx̄)
, (7)

where508

ǫ =

√

3A

4h2(A+ h)
, (8)

and x̄ specifies the location of the crest of the wave. The maximum horizontal509

velocity occurs at x̄ = 0, i.e. under the wave crest. We note that the exact510

velocity field around the submerged deck under various wave conditions can511

be obtained as part of the GN solutions.512

Let us consider the largest measured force on the deck in the laboratory513

experiments, corresponding to H = 0.388 and λ = 20.2 wave condition in514

Fig. 22, for example. Water depth in the laboratory experiments of this sub-515

figure is h = 0.114m, see Hayatdavoodi et al. (2015b). Substituting these516

value into Eq. (7) gives u = 0.35m/s for the maximum horizontal particle517

velocity. Hence, the maximum, local Reynolds number on the submerged518

plate would be approximated by Re = uLD/ν = 0.35× 0.305/1.00× 10−6 =519

1.0×105. Note that this is a conservative approximation of the largest force in520

these laboratory experiments. At this local Reynolds number, the drag force521

associated with the shear stresses on the submerged deck is approximated522

by Blasius’ solution for the laminar boundary layer around a flat plate, see523

e.g., (Newman, 1978, Section 2.5). Hence, the skin-friction coefficient is524

determined by525

CF =
1.328√
Re

= 4.1× 10−3 . (9)

Finally, the total, double-sided, frictional drag force (Fd) on the submerged526

plate (deck) is determined by527

Fd = 2

[

CF

(

1

2
ρu2LD

)]

BD = 0.02N . (10)

The dimensional magnitude of the horizontal force on the deck measured528

in the laboratory experiments of this case is Fx ≈ 0.66N . Therefore, at529

the largest value, the total frictional drag force is only 3% of the measured530

horizontal force on the submerged deck.531
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Figure 26: Two-dimensional cross sections of decks of Punaluu bridge and Maipalaoa
bridge on the island of Oahu, 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 Bridges532

In this section, the empirical equations are used to estimate the wave533

loads on two prototype coastal bridges, and results are compared with the534

CFD and GN results of Hayatdavoodi et al. (2015a). This section is presented535

as a practical example on how to use the empirical equations. All variables536

and results are given dimensionally and in SI units.537

The two coastal bridges under consideration are the Punaluu bridge and538

Maipalaoa bridge, both located on the island of Oahu, Hawaii, USA. Dimen-539

sions of the bridges are shown on the cross-section drawings of these bridges540

in Fig. 26. For these cases, the submergence depth is defined as the distance541

from the SWL to the middle of the bridge thickness, for which the thickness542

is the sum of the thickness of the deck and the height of the girders.543

The extreme environmental conditions (water depth and wave conditions)544

at the location of these two bridges are obtained assuming large hurricanes545

approaching the island, and are discussed and given in Hayatdavoodi et al.546

(2015a). The wave conditions are given in Table 2. Note that under the547

extreme environmental conditions, both bridges are fully submerged.548

The empirical equations (5) and (6) use dimensionless variables. Hence,549

the first step is to non-dimensionalize all variables as discussed in Section550

3, i.e., with respect to water depth (h), water density (ρ), and gravitational551
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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 H̄ = 0.54, T̄ = 9.77, S̄ = 0.49552

and L̄D = 4.12 for Punaluu bridge, and H̄ = 0.55, T̄ = 9.20, S̄ = 0.31553

and L̄D = 4.00 for Maipalaoa bridge. Using these values in Eqs. (5) and554

(6) gives the dimensionless vertical uplift and horizontal positive forces of555

F̄z = 0.47 and F̄x = 0.56 for Punaluu bridge, and F̄z = 0.59 and F̄x = 0.53556

for Maipalaoa bridge. These forces are then converted to dimensional values557

by use of Eq. (2), and results are compared with other solutions and shown in558

Figs. 27 and 28 for Punaluu and Maipalaoa bridges, respectively. Note that559

these are the three-dimensional forces on the bridge spans, i.e., the forces of560

all two-dimensional models are multiplied by the deck span width into the561

page.562

Overall, results of the empirical equations are in good agreement with563

OpenFOAM results. The empirical equations have overestimated the vertical564

uplift force and under estimated the horizontal positive force, when compared565

with the CFD results. The differences, however, are within the same range566

as the differences between the GN and CFD results. That is, the empirical567

equations have provided an acceptable first estimate of the loads on the decks568

of the submerged bridges.569

Also included in this comparison, are the results from the simplified equa-570

tions of AASHTO (determined from Sections 6.1.2.2 and 6.1.2.3 of AASHTO571

(2008)). In the case of the Punaluu bridge, AASHTO’s relations have over572

estimated the vertical and horizontal forces by factors larger than 10, and573

hence these are not shown in Fig. 27. AASHTO’s relations have overesti-574

mated the vertical force on the Maipalaoa bridge by approximately a factor575

of 3 when compared to other results, shown in Fig. 28. These relations have576

underestimated the horizontal force on the Maipalaoa bridge. Other existing577

simplified relations, such as those suggested by Douglass et al. (2006) and578

McPherson (2008) are inapplicable to fully submerged decks.579
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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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Figure 28: Comparison between OpenFOAM, GN, AASHTO and the empirical equations
for (a) vertical force and (b) horizontal force on the Maipalaoa bridge.
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9. Concluding Remarks580

Nonlinear solitary and cnoidal wave loads on submerged, horizontal decks581

in shallow water are determined by use of the Level I GN equations. Results582

of the GN model are compared with laboratory experiments and other the-583

oretical solutions, and a good agreement is observed.584

Variation of the maximum and minimum values of the wave loads with585

wave height, wave period, deck submergence depth, and deck length is dis-586

cussed through a parametric study. The general behaviour of the extreme587

values of the loads for different wave conditions and decks is an important588

characteristic of this problem, particularly for practical applications. The589

results of this parametric study, obtained for practical conditions, can be590

used directly to estimate the wave loads on various submerged decks in a591

preliminary study.592

It is shown in the literature, for example by Hayatdavoodi et al. (2015a),593

that wave loads are the largest when the structure decks are fully submerged.594

To provide design engineers with simple and practical relations for estimating595

the wave loads, two simplified design-type empirical equations are presented596

based on the results of the parametric study. Overall, the empirical equations597

provide reasonable results when compared with laboratory experiments and598

CFD solutions. Note that the empirical equations provide dimensionless599

forces on a submerged deck. Equation (2) must be used to determine the600

dimensional forces, where the deck length (into the page) and deck thickness601

play significant role, among other variables.602

The empirical equations for wave loads on submerged decks are devel-603

oped based on the GN equations, considering a wide range of environmental604

conditions. In the absence of any scaling parameters, it is shown that results605

of the GN equations, and the empirical relations, compare well with the ex-606

periments and CFD results, and the models are applicable to the conditions607

given here. These equations are aimed to give a preliminary estimation of608

the loads on the decks, and do not include any safety factor. Effects of air609

entrapment or wave breaking, if occur, are not considered in these equations.610
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