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1 Abstract 

An analysis of the impulsive pressure load on the underside of the deck of a complex caisson structure 
caused by wind waves was conducted. The measurements obtained with the physical model are 
compared with the numerical FLOW-3D model simulation results and the maximum pressure values 
obtained by applying empirical expressions based on linear wave theory. FLOW-3D model results fit 
the measurements better where such an approach allows the analysis of pressure dynamics at any 
structure point. This opens the possibility of targeted modification of the design solutions at the early 
design stages. 

 
Keywords: wind waves, impulsive pressure load, horizontal deck, physical model, numerical model, 
empirical model  

2 Introduction  

Wind waves are subject to significant deformation during their convection through a complex caisson-

type coastal structure (Figure 1.c). This deformation is primarily related to the mechanisms of viscous 
dissipation and wave breaking. As the wave travels along the embankment armour below the deck 
structure, the wave contour reaches the underside of the deck and generates the impulsive pressure load. 
This impulsive pressure has a local loading effect of short duration and greatly exceeds the usual 
hydrostatic loads [1]. Due to this local effect, the stability of the whole deck may not necessarily need 
to be compromised, while in the design phase it is crucial to define the parts of the element exposed to 
such impulsive loads  [2]. 

 
This topic was discussed on a theoretical mathematical basis in [3], [4], [5], where the obtained results 
agreed well with experimental measurements on two-dimensional physical models. The effect of a 
vertical force on a flat plate generated by monochromatic waves was studied using physical models 
developed by ElGharmy [6], Denson and Priest [7], Broughton and Horn [8], Shih and Anastasiou [9], 
and Tomazis et al [10], where the latter research presented the empirical formulas with the wave heights 
and the vertical distance between the still water and the underside of the plate as the two inputs. Kaplan 

[11] extended the previous theoretical models, while Isaacson et al [12] presented the dimensionless 
relationships between vertical forces, wave height, period, length and steepness, and plate geometry. 
Tirindelli et al [13] and Cuomo et al [14] developed a physical model and analysed the relationship 
between quasi-static and impulsive pressure loads on the front and middle parts of the plate, while air 
compression affecting the wave-induced impulsive pressures was studied by Martinelli et al [15]. The 
results of these studies have been adopted in engineering practice to define simple formulas for design 
load analysis [16], [17]. 
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In this paper, we are concerned with comparing the results of physical model measurements with 
numerical model simulations and those derived from empirical models for estimating the impulsive 
pressure load in wind waves on horizontal plates. Both the physical and numerical models were 
developed considering the real geometry of a deck structure integrated as part of a caisson type dock. 
Here, the geometry of a container terminal that is an integral part of the port of Rijeka is analysed (Figure 
1.b, Zagreb Deep Sea Container Terminal [18]). It is important to note that the terminal construction 

shown Figure 1.c has a more complex geometry and wave field at the underside of the deck than the 
plates and decks discussed in the previous studies. The measured pressure field obtained from the 
physical model provides a reference value for analysing the performance of the newly developed 
FLOW-3D numerical model as well as the existing empirical or combined numerical-empirical models 
for the same parameter. 

3 Methods 

3.1 Designed terminal construction and wind wave characteristics 

The Zagreb Deep Sea Container Terminal was recently built in the port of Rijeka (Figure 1.) and its 
shoreline is 700 [m] long with a maximum width of 180 [m] perpendicular to the shoreline. A reinforced 
concrete deck is placed upon a caisson structure arranged in several rows and columns. Stone armouring 
is installed between the caisson walls to dissipate wave energy. One of the preparatory activities in the 

design of the container terminal was the analysis of a deep-sea wind wave climate in the study area. In 
this study, the wave parameters for the critical wind wave direction is presented (Figure 1.b). These 
wave characteristics are adopted as boundary conditions for both physical and numerical models. 
 

a)  b)  

 

 

 
  

c)  

Figure 1. a) Location of Port of Rijeka on the Google Maps plan of middle and north Adriatic Sea, b) plan view 

of Port of Rijeka on Google Satellite with Zagreb Deep Sea Container Terminal (transparent yellow) and a 

critical wind wave direction (yellow arrow) with wave characteristics in deep-sea, c) design plan view and 

RIJEKA 

 

 

Hs = 3.6 [m] 

Tp = 5.9 [s] 

 = 2140 

RP = 100 [y] 

 

 
a-a cross section 
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vertical cross sections of the analysed container terminal 

3.2 Physical model 

A physical model was built at a scale of 1:35 and placed in the flume with a piston-like wave generator 

that moves a 6 [m] wide plate used to form a JONSWAP wave spectrum ( = 3.3, 1 = 0.07, 2 =0.09). 

This model includes three long construction sections consisting of five caisson rows and four shorter 
sections with two caisson rows (Figure 2). 

 

 

 
Figure 2. Physical model front view photo (upper left), 3D schematic (upper right) and a plan view (bottom) 

 
A total of six capacitance probes are installed in the wave flume (G01 and G02 in front of the wave-

generating plate, G1-G4 parallel to the outer contour of the caisson structure placed at every 0.1 [m], 
Figure 2). Probes G2 and G4 are installed in front of the caisson walls, while G1 and G3 are installed in 
front of the spans between the caisson walls. The separation of the incident and reflected wave fields is 
evident from the measurement at probes G01 and G02 using the Goda method [19]. The sampling 
frequency is 40 [Hz] and is the same for all installed probes. The sampling time for each experiment is 
10 minutes, which corresponds to one hour in real scale. Within this time span, approximately 600 wave 
periods are covered to adequately model the stochastic nature of a spectral process. The pressure load 

on the underside of a deck structure is recorded using five Honeywell 26PCBFA6D pressure gauges 
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installed at positions P24-P29 (Figure 2). The sampling frequency of the pressure gauges is 1 [kHz] at 

high water level (+1.45 [m a.s.l.]). 

3.3 Empirical models 

Within the Kaplan model [11], the relationship between the wave height and vertical distance between 
the still water level and the underside of a deck is considered to be as the most significant factor for the 
occurrence of the impulsive pressure pKap, which is calculated according to the formula: 
 

𝑝𝑘𝑎𝑝 = 𝜌
𝜋

8

𝑙

[1 + (𝑙/𝑏)2]1/2
𝑎𝑤 + 𝜌

𝜋

4
𝑐

1 +
1
2

(𝑙/𝑏)2

[1 + (𝑙/𝑏)2]3/2
𝑤 +

𝜌

2
𝐶𝑑 𝑤|𝑤| + 𝜌𝑔𝑎 (1) 

 

where ρ is the density of the sea (a constant of 1028 [kg/m3]), b is the width of the deck structure 

perpendicular to the direction of the incident wave (a constant of 12.3 [m]), l is the width of the deck in 
line with the direction of the incident wave (a constant of 12.3 [m]), c is the propagation velocity of the 
wave, aw represents the vertical acceleration of a fluid particle in the surface streamline, w is the vertical 
velocity of a fluid particle in the surface streamline, Cd is the drag coefficient (a constant equal to 2 
according to [11]). 
 
According to the design guidelines presented in [16], [17], it is recommended to use the following 

expression to calculate the average pressure pdnv on the underside of a deck subjected to wave loading: 
 

𝑝𝑑𝑛𝑣 = 𝐶𝑑𝑛𝑣 𝜌
𝑤2

2
 (2) 

 
where Cdnv is a dimensionless coefficient which that equals to 10 according to [17]. These empirical 
models also require that the vertical velocity w at the time of contact between the wave profile and 

underside of the deck structure be known (in this study w = 1.44 [m·s-1]). The pdnv represents an average 

pressure value below the wetted deck surface. A more detailed calculation of this parameter can be found 
in [17]. The product of the pdnv pressure and the area of the wetted deck Adnv gives the total vertical force 
on deck underside required for the stability calculation. The ratio between the impulsive pressures pmng 
and the mean pressures pdnv is calculated according to Meng [20] and is equal to pmng  / pdnv = 2. It is 
important to mention that according to [20] maximum pressures are expected at the beginning of the 
deck structure.  

 

3.4 Numerical model for wave deformations 

 
FLOW-3D is a general-purpose model developed by Flow Science Inc [21]. FLOW-3D uses an 

orthogonal structured grid system and allows multiblock grids with nested grids. The fractional 
area/volume method FAVOR is used for modelling complex geometric regions. Several researchers 
have used the application of FLOW -3D in their research on the behaviour of waves over a coastal 
structure, including [22], [23]. The method used to solve the equations is the limited volume method. 
By formulating the equations governing fluid motion, turbulent models for flow are considered when 
modelled in porous media. The general mass continuity equation in the three directions x, y and z is 
given in the following equation: 

 

𝑉𝑓

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑢𝐴𝑥) +

𝜕

𝜕𝑦
(𝜌𝑣𝐴𝑦) +

𝜕

𝜕𝑧
(𝜌𝑤𝐴𝑧) + 𝜉

𝜌𝑢𝐴𝑥

𝑥
= 𝑅𝐷𝐼𝐹 + 𝑅𝑆𝑂𝑅  (3) 

 
where Vf is the fractional volume open to flow, ρ is the fluid density, RDIF is the turbulent diffusion term 
and RSOR is the mass source. Ax is the fractional area open to flow in the x-direction, Ay and Az are similar 

area fractions for flow in the y and z directions, respectively. The equations of motion for the fluid 
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velocity components (u, v, w) in the three coordinate directions are represented with the Navier−Stokes 
equations with some additional terms given below: 
 

𝜕𝑢

𝜕𝑡
+

1

𝑉𝑓

(𝑢𝐴𝑥

𝜕𝑢
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) =  −

1
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1

𝜌

𝜕𝑝

𝜕𝑧
+ 𝐺𝑧 + 𝑓𝑧 − 𝑏𝑧 (6) 

 
where, (Gx, Gy, Gz) are body accelerations, (fx, fy, fz) are viscous accelerations, (bx, by, bz) represent flow 
losses in porous media or through porous baffles. Gravity acts in the Gz direction. Moreover, f represents 
the turbulent effect, and the value of b is equal to that in Eq(7), where Fd represents the drag coefficient 

of the porous media and U is the macroscopic flow velocity (u, v, w). 

 
𝑏 = 𝐹𝑑𝑈 (7) 

 
Because of the large porosity of breakwaters and generally in the coarse-grained environments, the flow 
is turbulent, so the original Darcy law cannot be applied. As the Reynolds number increases and the 
pressure decreases, Darcy’s law leaves from the linear condition state. Therefore, Forchheimer equation 
is used and Fd is calculated based on it: 

 

𝐹𝑑 =
𝜇

𝜌

1 − 𝑉𝑓

𝑉𝑓

(𝐴
1 − 𝑉𝑓

𝑉𝑓

+ 𝐵
𝑅𝑒𝑝

𝐷
) (8) 

 
where Rep is the pore Reynolds number and D is the particle diameter. 
 

The coefficients A and B are calculated from the following equations described in 25: 

 

𝐴 =
𝛼

𝐷𝑛50
2

, 𝐵 =
𝛽

𝐷𝑛50

 (9) 

𝛼 = 1684 + 3.12 · 10−3 (
𝑔

𝑣2
)

2
3

𝐷𝑛50
2 , 𝛽 = 1.72 + 1.57𝑒

−5.1·10−3(
𝑔

𝑣2)

1
3𝐷𝑛50   (10) 

 

In these relations, Dn50 is the diameter of the armour rock and  is the kinematic viscosity. The armour 

layer is considered to be rigid. Using the rock diameter for the armour D50 = 0.5 m (according to the 

project documentation) and calculating the values  = 3.1E+5 and  = 1.72, we obtain A = 1.2E+6 and 
B = 3.4. The porosity coefficient of the armour layer is taken to be 0.3. In this study, the RNG model is 

used to solve turbulence closure problem.  
 
The modelling is done by a mesh block and the mesh size of 0.2 [m] is assumed. The total number of 
cells is 2.16E+5. The total length of the model channel (mesh block) is 320 [m]. The 2D model domain 
includes a vertical profile between two rows of caisson walls (Figure 3, Figure 1.c). The bed of the 
model is defined with a constant level of -20.3 [m], while the slope stabilization (porous media) is 
defined with a slope of 2:3. The still water level is defined as +1.4 [m]. 

 
The boundary conditions for the net block include irregular waves at the block entrance, the boundary 
condition of symmetry above the block and at the lateral sides, while at the bottom and at the end of the 
block the boundary condition is selected as a wall. The boundary of the irregular wave input is user-
defined (JONSWAP wave energy spectrum) with prescribed series of angular frequencies of the waves 

(in rad/time) and the corresponding energy values (Figure 4). Active absorption is used to avoid 
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reflections at the boundary of wave generation. The model has a simulation time of 600 [s]. 
 

 
Figure 3. Numerical model mesh (vertical profile between the two rows of caisson walls) at the edge of the 

modelled construction 

 

 
 

Figure 4. Used JONSWAP spectrum (HS  = 3.6 [m], TP = 5.9 [s],  = 3.3 ; fmin = 0.08, fmax = 0.5, 1 = 0.07, 2 
=0.09) 

4 Results and discussion 

This chapter provides an overview and comparison of results obtained from physical model 
measurements, empirical expressions used to calculate maximum pressure and numerical model 
simulations. 
The physical model results are presented using the extracted reflection coefficients obtained from the 

measurements at probes G1-G4 (Table 1) and a sequence of measured pressure time series at gauge P24 
during the wave from the SW direction in Figure 5. It can be seen that the maximum recorded pressure 
is 26.7 [kPa]. 

 
Table 1. Reflection coefficient obtained from measurements on G1-G4 probes (see Figure 2) 

KR AT POSITION [-] 

G1 G2 G3 G4 

0.23 0.30 0.26 0.29 

 
 

P1 P2 P3 P4 P5 

-20.3 [m] 

+1.4 [m] 

+3.8 [m] 

+2.6 [m] 
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Figure 5. Pressure time series measured on P24 manometer 

 
Within Kaplan’s empirical model [11], the kinematic parameters c, w, and aw were estimated based on 

linear wave theory with a wave amplitude ηS equal to HS / 2 = 1.8 [m] and a wave period of T = TP = 5.9 

[s] (see Figure 1). The vertical velocity w and acceleration aw are calculated for the moment when the 

wave profile reaches the underside of a deck (+2.64 [m a.s.l.]) at a still water level of 1.45 [m a.s.l.]). 
The following values are considered for a wave profile: 
 

- η = 2.64 - 1.45 = 1.19 [m], 

- c = 9.2 [m·s-1],  

- w = 1.44 [m·s-1] ,  

- aw = -1.34 [m·s-2]. 
 

The application of this empirical model neglects many processes that occur in a realistic physical 
environment of a real harbour basin (such as overtopping, the reflection off the walls and embankment 
armour between the elements of the caisson structure). When the above values for  c, w and aw are 
substituted into Eq(1), an impulsive pressure of pKap = 22.1 [kPa] is obtained. The second empirical 

model recommended by [16] and [17] yields a lower maximum pressure, referred to as the impulsive 

pressure pmng. As explained in Section 3.3, the impulsive pressure pmng is 21.3 [kPa] when w = 1.44 [m·s-

1] and Cdnv = 10 are substituted into Eq(2) and the ratio pmng  / pdnv = 2 is considered.  
 
The pressure change within the vicinity of the numerical model was extracted at five locations at the 
underside of the deck (P1-P5, +2.6 [m], Figure 3) and is shown in Figure 6. Location P3 corresponds to 
pressure change P24, which is installed as part of the physical model. The dynamics of the surface 

elevation is extracted at the coordinate x = 50 [m] of the modelled flume (Figure 6).  
 

  
Figure 6. Pressure time series at the P1-P5 and surface elevation dynamics at the coordinate x = 50 [m] of the 

modelled flume 
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The same parameter is shown at x = 250-320 [m] in Figure 7. This detail shows the occurrence of wave 
breakage upstream of the modelled construction of the terminal, overtopping of the upper deck surface, 
and wave propagation in a zone below the deck. Figure 8 gives a general overview of the flow velocity 
field in a whole model domain at the beginning of the simulation at t = 91 [s]. 
 

 
Figure 7. Pressure field expressed in [Pa] during simulation time t = 91-97 [s] with time step of 1 [s] 

 
A general pattern of pressure reduction from the deck face (x = 280 [m]) to its contact with a wall (x = 

t = 91 [s] 

t = 92 [s] 

t = 93 [s] 

t = 94 [s] 

t = 95 [s] 

t = 96 [s] 

t = 97 [s] 
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320 [m]) is evident. The maximum modelled pressure at P1 is 44.1 [kPa], at P2 34.6 [kPa], at P3 26.7 
[kPa], at P4 9.4 [kPa]. P5 shows the increase of the maximum pressure (29.6 [kPa]), which is due to the 
fact that the progression of the wave profile is prevented by a vertical wall at the end of the embankment 
(known as sloshing). 
 

 
Figure 8. Flow velocity field expressed in [m·s-1] at t = 91 [s] 

5 Conclusion 

This work addressed the problem of the effect of pulsating pressure loads generated by wind-gravity 
waves on the underside of a deck structure constructed as part of a container terminal. Reference values 
for the pressure at the underside of the deck were obtained by taking measurements on a physical model. 

These values were compared with the results of the two empirical models, where the kinematic 
parameters of a wave profile were calculated according to a linear wave theory. In addition, the 
measurements were compared with the results of the numerical model simulations FLOW-3D. As a 
result, the following conclusions can be drawn: 

- The use of linear wave theory to estimate the kinematic coefficients of a wave profile allows 
the calculation of a single maximum momentum pressure without providing information about 
the spatial distribution of pressures on the underside of the deck. 

- Empirical models underestimate the measured values of maximum impulsive pressure by 17% 

according to the empirical model of Kaplan [11] and 20% according to the recommendations of 
USACE [16] and Det Norske Veritas [17].  

- The simulations with the numerical model FLOW -3D resulted in equivalent maximum impact 
pressures as the reference values from the measurements of the physical model. 

- The position P1 in the numerical model shows the highest pulsating pressures (see Figure 3, 
Figure 7), whose values decrease with increasing position of the plate (x-coordinate in the model 
domain). Such mechanism is mainly influenced by the dissipation of wave energy during 

contact with the embankment armour. At position P5, this pressure increases due to the sloshing 
effect. 

 
By developing a numerical model in software such as FLOW -3D, spatio-temporal tracking of changes 
in all calculated hydraulic parameters is made possible, providing insight into the wave breaking process, 
overtopping of a deck, and wave propagation beneath the deck. Such continuous tracking of wind wave 
dynamics and their interaction with rigid structures brings a great advantage, as critical areas or locations 
of extreme pressure loading can be easily identified during the design phase. This reduces the possibility 

of incorrect placement of certain structures in wave-affected environments during the construction phase 
and has a highly beneficial financial effect. 
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