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Abstract 10 

 11 

Slamming loads and pressures on high-speed catamarans with a centre bow (CB) differ from those on 12 

conventional catamarans with flat deck structures. The latter are well covered by class rules, which provide 13 

empirical formulae to calculate the design slamming pressure. An experimental study was therefore performed to 14 

quantify slamming pressures in the archways between bow and main hulls and the CB slamming force on a 112 m 15 

wave piercing catamaran. The CB length was systematically varied on a 2.5 m hydroelastic segmented catamaran 16 

model, which was tested in regular head sea waves at a speed of 2.89 m/s, full-scale equivalent of 38 knots. 17 

Slamming pressures were measured by 18 pressure transducers fitted into the CB, while data obtained from CB 18 

accelerometers and load cells enabled identification of the slamming force. The results indicate that slamming 19 

loads increase significantly with increasing CB length while the maximum peak slamming pressures varies to a 20 

lesser extent. It was also found that wave encounter frequency has a strong effect on the location of maximum 21 

pressure along the CB, considerably more so than any influence of CB configuration. The distribution of the peak 22 

pressures within the CB archway shows that the inboard peak pressures are larger than those at the top of the arch 23 

and the outboard locations.  24 

Key words: wave piercing catamaran; hydroelastic segmented model; center bow; slamming load; slamming 25 

pressure 26 

1 Introduction 27 

 28 

The centre bow (CB) is important in wave piercing catamarans (WPCs) because it provides reserve buoyancy in 29 

the forward area when the vessel pitches strongly into incident waves, providing a substantial pitch restoring 30 

moment that mitigates against deck diving. However, in moderate and rough seas, CB entry is often associated 31 

with wet-deck slamming and may lead to large structural loads and vibration (whipping) [1-4]. Figure 1 shows the 32 

centre bow of a 112 m Incat catamaran, extending forward from approximately 76% of length from transom, 33 
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creating archways between the CB and demihulls. Besides the influence of factors such as forward speed, wave 34 

height and relative impact velocity, the CB and archway geometry, depending on the design, can significantly 35 

affect the severity of slamming loads acting on the cross-deck structure between the demihulls and the CB [5-7].  36 

 37 

 38 

 39 

 40 

Figure 1 Incat Tasmania wave piercer catamaran with above-water centre bow (http://www.incat.com.au/) 41 

 42 

Various techniques can be deployed to investigate wet-deck slamming in WPCs. For general ship slamming many 43 

are reviewed by Kapsenberg [8] and Hirdaris et al. [9]. In WPCs experimental techniques have been used 44 

extensively for the identification of slam loads, including drop tests [10-12], scale model tests [13-17] and full 45 

scale trials [18, 19], along with several numerical investigations, for example [20, 21]. Davis and Whelan [10] 46 

systematically studied CB geometry in drop tests, recommending modifications to bow flare angle and archway 47 

clearance of Incat catamarans to reduce the slamming pressures over the impact area. More recent water impact 48 

tests by Swidan et al. [11, 12] investigated the relationship between the slamming force, impact velocity, and 49 

pressure distribution, highlighting the importance of the CB design in relation to water build-up within the 50 

archways, relative impact angles and velocities. Although these experiments provide valuable insight and 51 

benchmark datasets for numerical simulations, they do not consider the actual motions of the vessel in waves. 52 

Compared with drop tests, scale model tests can therefore provide greater understanding of slamming loads, 53 

pressures and kinematics along the CB, since they satisfy both kinematic and structural similarity conditions.  54 

 55 

Hydroelastic Segmented Models (HSMs) simplify the study of the structural loads and responses by focusing on a 56 

few specific sections (segments). The segments have tuned elastic connections to properly account for 57 

hydroelasticity. Segmented models have been used in many studies on various types of ship for the measurement 58 

of vertical bending moments, shear force, slam-induced structural vibratory response (whipping) and identification 59 

of slam loads [1, 14, 16, 22-29].  60 

 61 
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Several model experiments in irregular [17, 18, 30] and regular waves [1, 14, 16], including systematic tests on 62 

CB designs [5, 6, 31] and ride control performance [32, 33] have been conducted over the past decade to identify 63 

slamming loads and motions of WPCs in various operational conditions. However, very few have measured 64 

pressure, especially in combination with slam loads. Davis et al. [34] tested models in irregular waves, presented 65 

longitudinal distributions of slamming pressure as a function of wave encounter frequency, and fitted a polynomial 66 

to the slam load as a function relative velocity at slam. Their results indicate that the high peak pressures occur in a 67 

large area within the archways and for a broad range of wave encounter frequency. This suggests that the current 68 

CB and archway configurations could be modified to mitigate slamming loads and pressures.  69 

 70 

The focus of the present paper is to establish the relationship between slamming force and slamming pressure for 71 

various CB configurations while providing greater insights into peak pressure distribution over the CB in both 72 

longitudinal and transverse directions as a function of wave encounter frequency.  73 

2 Model set-up and test facilities 74 

2.1 Segmented catamaran model and instrumentation  75 

 76 

To identify the slam loads and pressures acting on the CB of the 112 m Incat catamaran, a 2.5 m segmented model 77 

was instrumented as shown in Figure 2. Table 1 lists the particulars of the model and full-scale vessels. As shown 78 

in Figure 2, the four segments of the model are CB, forward, middle and aft. Four elastic links connect the forward, 79 

middle and aft segments while the CB was mounted on two transverse aluminium beams attached to the demihulls 80 

of the forward segment. Note that the CB segment includes both the forward deck structure and the CB itself, but 81 

excludes the forward demihulls and the transverse beams that connect them. A photograph of the catamaran 82 

attached to the test carriage at the Australian Maritime College (AMC) towing tank is given in Figure 3. The 83 

development of the hydroelastic model is described with full details by Shahraki  [35] and Lavroff [36].  84 

 85 

The CB was instrumented with 18 pressure transducers, two load cells and two accelerometers, shown in Figure 2. 86 

The load cells were placed between the CB and each transverse beam, providing reactions at two positions on the 87 

centre line; inertia load correction using accelerations gave the external (wave) force and moment on the CB.   88 

 89 

Table 2 gives details of the instrumentation. A set of Endevco 8510C pressure sensors measured slamming 90 

pressures. These had a face diameter of 4 mm and a rated maximum pressure of 50 psi (345 kPa). The CB was 91 

manufactured with embedded fitting plugs on the starboard side (Figure 4) to fit the pressure transducers. Two 92 

ATI Mini 45 six component force/moment transducers were used to mount the CB on the transverse beams. 93 

Piezoelectric Brüel & Kjær charge accelerometers measured the CB vertical accelerations for the inertial loads. 94 

The model was towed by the forward of two tow posts attached to the carriage; the aft post, on a slider, kept the 95 

model aligned and allowed free heave and pitch. Two linear variable differential transformers (LVDTs) measured 96 
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the model vertical displacement at the towing posts. A static wave probe recorded the wave profiles while two 97 

moving probes provided relative phase. More details of the wave and motion measurements are provided by 98 

Shabani et al. [31].  99 

 100 

Table 1 Specifications of the model and full-scale catamaran vessel 101 

Description Model Full scale 

Overall length 2.5 m 112.6 m 

Water line length  2.36 m 105.6 m 

Displacement 27.12 kg 2500 tonnes 

Overall beam 0.68 m 30.5 m 

Beam of hulls 0.13 m 5.8 m 

LCG (from transom) 0.941 m 42.15 m 

Pitch radius of gyration 0.69 m 30.91 m 

 102 

 103 

Figure 2 Schematic plan view of the 2.5 m segmented catamaran model (HSM02) with various centre bow lengths and locations of 104 

sensors used for instrumentation. *PT: Pressure Transducer, A: Accelerometer, LC: Load Cell, LVDT: linear variable 105 

differential transformers. 106 

 107 

 108 

 109 

 110 

 111 

 112 

 113 

 114 

 115 
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 116 

Table 2 Instruments used in HSM02 model tests 117 

Sensors Quantity Description  

Pressure transducers (PT) 18 8510C Endevco  piezoresistive pressure  transducers 

Load cells (LC) 2 Mini 45 ATI force/moment transducers 

Accelerometer (A) 2 Brüel & Kjær accelerometers 

LVDT 2 Linear variable differential transformers 

Wave probes 3 Resistive type 

 Sampling rate for all signals: 10 kHz  118 

 119 

 120 

 121 

Figure 3 The 2.5 m catamaran model (HSM02) of the 112-m INCAT wave piercing catamaran 122 

 123 

Figure 4 Embedded fitting plugs manufactured on the starboard side of the CB segment 124 

 125 

2.2 Centre bows  126 

 127 

A key parameter in CB design is its length, defined as the longitudinal distance between the truncated section of 128 

the CB and the foremost bow position. Three CBs, with different lengths but similar cross sections and tunnel 129 

clearance, are considered in this study, designated as the Parent CB, Long CB and Short CB (see Figure 5 and 130 

Table 3). The masses of the Parent and Short CBs were matched to that of the Long CB by adding weight on the 131 
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centreline.  It is estimated that the pitch radii of gyration of the catamaran model with various CB length varied by 132 

approximately 0.4% from that of the parent CB (0.69 m).  More details on the construction of the CBs are given 133 

by Shahraki [35]. 134 

 135 

 136 

   

(a) (b) (c) 

Figure 5 (a) The catamaran model with the Short CB in water, (b) The catamaran model (upside down) with the Parent CB (c) 137 

Two CB extenders which were used to make the Parent CB (left extender) and the Long CB (both extenders) from that shown in 138 

(a) for the Short CB. The Parent CB extender is also shown in (b) 139 

 140 

Table 3 Main characteristics of various CB configurations after construction 141 

   

  

Tunnel 

clearance 

(mm) 

CB* length  

(mm) 

CB length to 

model length 

ratio 

Long CB 67 758 0.303 

Parent CB 67 608 0.243 

Short CB 67 458 0.183 

                                              * CB: Centre bow 142 

2.3 Location of pressure transducers 143 

 144 

The longitudinal, transverse and vertical positions of the pressure transducers are shown in Figures 6 and 7. The 145 

pressure transducers were placed from frame 66 to 78, with numbering based on the full-scale catamaran, counting 146 

from the transom with 1.2 m spacing. This range is between 70% and 84% of the overall length from the transom. 147 

In the transverse direction, the transducers were located between 40% and 60% of the half-beam, and in the 148 

vertical direction, they were approximately two to three times the design waterline draft (DWL). There were only 149 

4 inboard and 4 outboard pressure transducers in comparison to 10 at the arch top. The arch top pressure points 150 

have zero deadrise angles, while the inboard and outboard points have approximately +10º deadrise angle. Note 151 

that all three CBs had identical transducer locations, since the CB model segments had the same forward deck, 152 

arch structure, and overall length, even though the CBs themselves varied in length.  153 

 154 

 155 
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 156 

 157 

Figure 6 Locations of the outboard, arch top and inboard pressure transducers for the Parent CB 158 

 159 

 160 

 161 

Figure 7 Longitudinal (𝒙) and transverse (𝒚) locations of the pressure transducers for different CB configurations normalised by 162 

the length (𝑳𝒎) and half beam (𝟎. 𝟓𝑩𝒎) of the catamaran model. (𝑳𝒎=2500 mm, 𝑩𝒎 = 𝟔𝟖𝟎 mm) 163 

 164 

2.4 Model test programme 165 

The catamaran model with each CB was tested in regular waves at 2.89 m/s, equivalent to 38 knots full-scale, and 166 

at two wave heights 60 mm and 90 mm equivalent to 2.7 m, 4.0 m at full-scale respectively as listed in Table 4. 167 

Multiple wave frequencies were considered for each test conditions, ranging from 0.35 to 1 Hz, corresponding to 168 

0.05 to 0.15 Hz at full-scale. It should be noted that test condition 2 (i.e. 38 knots, 4.0 m) is more extreme than the 169 

normal operating condition for passenger/vehicle catamaran ferries. This is because that the maximum allowable 170 

speed for the vessel is only 20 knots at 4 m significant wave height. However, this condition was of interest to 171 

identify very extreme slam loads that may occur.  172 

 173 



8 

 

 174 

A LabView program recorded signals digitised by an M series National Instrument data acquisition card. Very 175 

rapid transient pressure spikes necessitated a high sampling rate; DNV recommends 20 kHz [37], but in this 176 

present work 10 kHz was found to be adequate, in contrast to the 5 kHz of previous model tests  [35, 38, 39]. The 177 

AMC towing tank is 100 m long, 3.55 m wide, and the water depth was set to 1.4 m.  178 

 179 

Table 4 Model test conditions 180 

    Model scale Full-scale 

 Centre bow   Velocity  Wave height**  Velocity 

(knots) 

Wave height  

    𝑉𝑚 (m/s) ℎ𝑤 (mm) 𝑉𝑠 (knots) 𝐻 (m) 

Condition 1 long, parent and short CBs   2.89 60 38 2.7 

Condition 2 long, parent and short CBs   2.89 90 38 4.0 

* Multiple wave frequencies were considered for each test condition, ranging from 0.37 to .93 Hz, corresponding to 0.05 to 0.14 181 

Hz . The average increment of wave frequency in model scale was approximately 0.025 Hz. 182 

 183 

 184 

 185 

3 Experimental results  186 

3.1 Slamming occurrences  187 

 188 

Figure 8 shows the model with the Long CB before and after a slamming event involving large heave and pitch 189 

amplitudes in 90 mm wave height and at dimensionless encounter frequency of  ωe
∗ = 4.82 [31]. Equation 1 190 

presents the dimensionless wave encounter frequency (𝜔𝑒
∗ ) as a function of the encounter circular wave frequency 191 

(𝜔𝑒), the model length (𝐿𝑚) and acceleration due to gravity ( 𝑔),  192 

 𝜔𝑒
∗ = 𝜔𝑒 √

𝐿𝑚

𝑔
     . 

(1) 

In this event, the CB penetrated into waves and the immersion depth increased until the water apparently filled the 193 

archways. Figures 8(a-b) show the progress of lateral jet flow when the CB pitches into the waves. The arch 194 

closure occurred over a few milliseconds, exerting a rapid force impulse on the CB. Figure 8(c) shows the 195 

deformation of the water during the CB exit (i.e. after experiencing the slam), in which the lateral jet flow 196 

developed on the CB surface forward of the jaw line and passed outwards above the forward bows of the demi-197 

hulls. Frame by frame analysis of video recordings showed that a fraction of the entrapped water seems to 198 

discharge longitudinally in the forward direction. Therefore, the displacement of water by the bow as it becomes 199 

immersed can be considered in two stages: (1) lateral water jets due to bow entry (2) longitudinal water discharge 200 

from the archways due to slamming. The latter is related to the volume of the water that is entrapped within the 201 

archways and discharged after the slamming event. 202 
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 203 

 

 

 

(a) 

 

(b) 

 

(c) 

Figure 8 (a) The CB water entry, (b) formation of lateral jet flow across the demi mull bows and (c) post slam water discharge in 204 

a forward direction from archways for the Long CB in 𝒉𝒘 = 𝟗𝟎 and 𝐕𝐦 =  𝟐. 𝟖𝟗 m/s at 𝝎𝒆
∗ = 𝟒. 𝟖𝟐. 205 

3.2 Centre bow slamming loads  206 

 207 

Loads acting on the CB were those measured by the load cells, corrected for CB inertia using the measured 208 

accelerations (details in [34, 35]). Figure 9 shows sample time records for the Parent CB at three selected 209 

dimensionless wave encounter frequencies in 60 and 90 mm waves. Although the model tests were conducted in 210 

regular waves, the CB vertical forces showed significant variations in peak magnitudes. In Figure 9, dashed lines 211 

connect the peaks. As can be seen, the pattern obtained at 𝜔𝑒
∗ =  6.3 by connecting consecutive peaks is dissimilar 212 

to that obtained for 𝜔𝑒
∗ = 4 and 𝜔𝑒

∗ = 4.5 in two aspects. First, the peaks at 𝜔𝑒
∗ = 6.3 tend to follow a long 213 

undulating curve rather than a short triangular pattern of alternate peaks, which is the case for the other two 214 

frequencies. Second, it seems that the variability of peaks at 𝜔𝑒
∗ = 6.3 tends not to reduce as time increases. The 215 
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slam peak variability seems to be related to corresponding model motion variability according to raw pitch and 216 

heave data.  217 

Another important consideration in analysing the vertical CB loads is that the peak CB loads are not identical to 218 

peak slam loads. The CB load is in fact a superposition of the bow entry and slam load as shown in Figure 10. 219 

Therefore, the vertical slam force ( 𝐹𝑧
slam) is  220 

 𝐹𝑧
slam = 𝐹𝑧

max − 𝐹𝑧
be, (2) 

where, 𝐹𝑧
max is the peak vertical force acting on the CB segment at the slam instant, and 𝐹𝑧

be is the maximum bow 221 

entry force. Here, the time at which the CB vertical force is at its maximum is defined as the slam instant [40] .  222 

Filtering was used to estimate 𝐹𝑧
be, which is defined as the maximum of an underlying load (shown by a dashed 223 

line in Figure 10) obtained by applying a 5th order low-pass Butterworth filter with 5 Hz cut-off frequency on the 224 

CB vertical force signal [38]. Alternatively, a cut-off frequency of twice the wave encounter frequency was trialled 225 

but made no significant change to results.  226 

Figure 10 also shows that slamming initiated high frequency vibrations in the range 65-75 Hz in the CB segment, 227 

and whipping in the range 12-14 Hz. The former represents local vibration of the CB relative to the forward 228 

segment, while the latter represents global bending vibrations. These vibrations do not influence the succeeding 229 

slam force as they decay quickly. The time intervals, prior to 6.95 s and after 7.35s, in which the centre bow 230 

immersion is zero (i.e. where the CB can be considered 'dry') are shown in Figure 10. After the slamming and 231 

during the exit phase, the vertical force on the bow can be negative as some volume of the surrounding fluid 232 

should be displaced when the bow is moving relatively upward and out of the encountered wave. The kinematic 233 

conditions leading to slamming occurrences, which mainly depends on the relative position of the centre bow with 234 

respect to the wave surface or centre bow immersion, were previously investigated by Shabani et al. [41]. 235 

 236 

Slam loads increased significantly with both the CB length and wave height, as shown in Figure 11 (a &b). The 237 

medians of slam loads are approximately 105 N, 65 N and 50 N in 60 mm waves and 225 N, 150 N and 100 N in 238 

90 mm waves for the Long, Parent and Short CBs respectively, while the most severe slam load was roughly 330 239 

N, about 25% higher than the weight of the 2.5 m catamaran model. The slam loads divided by the length of centre 240 

bows, provided in Table 3, are given in Figure 11 (c&d). As it can be seen, the increase of the CB length resulted 241 

in disproportional increases of slamming loads as evident from the range of slam loads per CB length. The 242 

variations of slamming loads for various centre bows as a function of wave encounter frequency are given in 243 

Shabani et al. [40].  244 

 245 

 246 
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(a) 

 

(b) 

 247 

Figure 9 Peak load patterns at 𝝎𝒆
∗ = 𝟒, 𝟒. 𝟓 and 6.3 for the Parent CB at a speed of 2.89 m/s at (a) 60 mm wave height (b) 90 mm 248 

wave height 249 

 250 

 251 
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 252 

Figure 10 The vertical bow entry and slam forces acting on the Parent CB for a slam event at 𝛚𝐞
∗ = 𝟒. 𝟓 at a speed of 2.89 m/s at 253 

90 mm wave height 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 
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(a) (b) 

  

(c) (d) 

 280 

Figure 11 The distribution of vertical slamming forces (top) and vertical slamming forces per centre bow (bottom) length  281 

identified for each CB in (a & c)  𝒉𝒘 = 𝟔𝟎 mm (b &d) 𝒉𝒘 = 𝟗𝟎 mm 282 

 283 

3.3 Slamming pressures 284 

 285 

Figure 12 shows examples of the slam pressure signals in 90 mm waves for the Parent CB. As can be seen, the 286 

signals rise suddenly from zero to the peak at the slam instant. The sharp rise of the pressure pulses from the 287 

prolonged zero values when the local surface is dry makes the pressure pulse suitable for slam identification. This 288 

provides a direct indication of wet-deck slam occurrences, as opposed to load signals that have impulsive 289 

responses superimposed on a slower varying pattern induced by the bow entry [38]. However, the peak times for 290 

different transducers differ both longitudinally, as shown in Figure 12(a), and transversely, as shown in Figure 291 

12(b). Hence, to determine a unique slam instant, the peak slam load was used in preference to the peak slam 292 

pressure as a reference.  293 
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To illustrate the adequacy of sampling rate, a pressure pulse sampled at 10 kHz is shown in Figure 13. The arch 294 

filling process is considered as a transient stage after the bow entry and prior to slamming. During arch filling, the 295 

rate of change of the pressure signal is significantly lower than the rate of change during the wet-deck slamming 296 

stage. The region identified in Figure 13 as pulse width shows the duration of slamming pressure. In this example, 297 

the ‘pulse width’ of slam pressure is about 3 ms whereas the ‘rise time’ (region 1 on the figure) is approximately 298 

25 ms. There are about 30 data points that shape the slamming pressure pulse. Although it seems that 10 kHz 299 

sampling rate provided adequate data points for the measurement of the slamming pressure pulse, there is a 300 

possibility that the peak pressures was missed. However, with 30 points shaping the peak the effect of sampling on 301 

the identified maximum pressure is expected to be relatively small. 302 

 303 

On the other hand, consideration should be given to the effect of the CB structural vibrations on the measured 304 

peak values because these vibrations have very high frequency and can affect the peak pressure measurements. 305 

The very high peak pressures may not be practically useful in terms of the ship structural design when 306 

hydroelasticity is important [42-45], and a rational evaluation of measured peak pressures is necessary prior to 307 

estimation of wave impact loads for structural design purposes [46]. Therefore, missing a peak pressure even by a 308 

modest degree seems to be not problematic if they are associated with structural CB vibrations which is likely to 309 

be the case here.   310 

It is worth noting that the timing of the corresponding slamming pulse width was approximately 20 ms based on 311 

the slamming load shown in Figure 10. Therefore, a time window from 10 ms prior to 10 ms after the slam is 312 

sufficient to analyse the variations of slamming pressures, discussed next.    313 

 314 

 315 

  

Figure 12 Pressure time records obtained at 𝝎𝒆
∗ = 𝟒. 𝟓 for a speed of 2.89 m/s in 90 mm wave height from transducers located at 316 

different frame (Fr) locations  317 
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 318 

Figure 13 A slam pressure record illustrating the number of data points sampled at 10 kHz for arch filling and wet-deck 319 

slamming stages.  320 

 321 

3.4 Distribution of slam pressures as a function of time and wave encounter frequency 322 

 323 

Figure 14 shows measured pressures as a function of time relative to a slam instant at 𝑡𝑠=4.99 s for the Parent CB 324 

at 𝜔𝑒
∗ = 4.57 in 90 mm waves. The measured pressure distributions are shown in successive frames from 10 ms 325 

prior to the slam to 8 ms after the slam in increments of 2 ms. The inset figure on each plot shows the slam vertical 326 

force versus time profile, with a dotted line and marker indicating the time corresponding to the pressure 327 

distribution plot in the main chart.  328 

The variations of slamming pressures along the centre bow in outboard, arch top and inboard regions, as defined 329 

earlier in Figure 6, are also shown in Figure 14. As can be seen in Figure 14 (b–d) the slam pressure starts to 330 

increase progressively from the outboard to inboard region in the range 8 ms to 4 ms prior to the slamming instant. 331 

The arch top and inboard pressures suddenly rise at the slam instant (∆𝑡 = 0), with the inboard pressure 332 

experiencing the overall maximum as shown in Figure 14(f). There is less difference amongst the inboard, arch top 333 

and inboard pressures in post slamming times (∆𝑡 > 0) compared to prior to slamming (∆𝑡 < 0). This suggests the 334 

lateral jet flow within the archways prior to slamming causes pressure variations, while the more uniform post 335 

slamming pressure seems to be linked to the longitudinal rather than lateral flow within the archways. This can be 336 

seen in Figure 14 (f–i) where the locations of high pressures shift from 78%–80% of the overall length from the 337 

transom towards 82%–84% as the ∆𝑡 increases from ∆𝑡 = 0 to ∆𝑡 = 6 ms.  338 

Further analysis showed significant variation between individual slam events within each single run, but some 339 

characteristics of pressure distribution along the archways remained unchanged. This is illustrated in Figure 15 340 
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which shows the pressure distributions at the slamming instant (∆𝑡 = 0) for consecutive slams from 𝑡𝑠=4.99 s to 341 

𝑡𝑠=11.17 s, showing the CB peak vertical loads in the range 250–300 N.   The inboard and top arch pressures at 342 

∆𝑡 = 0 were higher than the outboard pressures for most of the slam instants shown in Figure 15(a-j). It is also 343 

evident that the peak pressures outside the archways (outside 76–82% of the overall length from transom) were 344 

several times smaller than the pressures within the archways.  345 

Moreover, the pressure peaks identified in a single run at each measurement points show a high level of variability, 346 

as illustrated in Figure 16 for the Parent CB at a selection of wave encounter frequencies in 90 mm waves. Each 347 

box-and-whisker plot represents the variations of peak pressures obtained by a pressure transducer during a single 348 

run. For each frame from 72 to 75, three adjacent box plots represent from left to right the inboard, arch top and 349 

outboard transducers. The bottom and top edges of the boxes are the 25th and 75th percentile, and the end of 350 

whiskers show approximately 99.3 coverage assuming a normal distribution in peak pressure samples. Although 351 

these tests were carried out in regular head seas there is a significant variation of slamming pressure between 352 

events. Clearly the slam process when examined at the small physical scale of point pressure measurements is not 353 

perfectly regular and shows a somewhat chaotic variation; the data presented here give an indication of this 354 

variability.   355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

  365 
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(a) 

 

(f) 

 

(b) 

 

(g) 

 

(c) 

 

(h) 

 

(d) 

 

(i) 

 

(e) 

 

(j) 

 

Figure 14 Measured pressures at different longitudinal positions obtained for different times relative to a slam instant 𝒕𝒔=4.99 s 366 

at 𝝎𝒆
∗ = 𝟒. 𝟓𝟕 for the Parent CB in 90 mm waves at 2.89 m/s model speed. (a) ∆𝒕 = −𝟏𝟎 ms, (b) ∆𝒕 = −𝟖 ms, (c) ∆𝒕 = −𝟔 ms, 367 

(d) ∆𝒕 = −𝟒 ms, (e) ∆𝒕 = −𝟐 ms, (f) ∆𝒕 = 𝟎 ms, (g) ∆𝒕 = 𝟐 ms, (h) ∆𝒕 = 𝟒 ms, (i) ∆𝒕 = 𝟔 ms, (j) ∆𝒕 = 𝟖 ms. 368 

 369 

 370 

 371 
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 373 

(a) 

 

(f) 

 

(b) 

 

(g) 

 

(c) 

 

(h) 

 

(d) 

 

(i) 

 

(e) 

 

(j) 

 

Figure 15 Measured CB loads and pressures at different longitudinal positions for consecutive slam instants in a single run at 374 

𝝎𝒆
∗ = 𝟒. 𝟓𝟕 for the Parent CB in 90 mm waves at 2.89 m/s model speed. (a) 𝒕𝒔=4.99 s, (b) 𝒕𝒔=5.68 s, (c) 𝒕𝒔=6.37 s, (d) 𝒕𝒔=7.05 s, 375 

(e) 𝒕𝒔=7.74 s, (f) 𝒕𝒔=8.42 s, (g) 𝒕𝒔=9.11 s, (h) 𝒕𝒔=9.80 s, (i) 𝒕𝒔=10.48 s, (j) 𝒕𝒔=11.17 s.  376 

 377 
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 378 

 379 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 16 Sample peak pressures obtained for the Parent CB in 90 mm waves at 2.89 m/s model speed for a selection of encounter 380 

wave frequencies in the range 𝟑. 𝟓𝟏 ≤ 𝝎𝒆
∗ ≤ 𝟔. 𝟕𝟔, for various pressure transducers located at Fr66 to Fr78. Refer to Figure 7 for 381 

the longitudinal and transverse locations of transducers at Inboard, Top arch and Outboard. 382 

  383 
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4 The effect of the centre bow length on peak pressures and slam loads 384 

 385 

The variation of pressure distributions with CB length is a key consideration for CB design.  It is clear from Figure 386 

16 that the location of the maximum pressure peak varies with the encounter wave frequency. At ωe
∗ = 3.51 the 387 

maximum pressure is at frame 72, only slightly forward of the Parent CB truncation, shifting to frame 75 (the mid-388 

section of the archways) at ωe
∗ = 4.55, the frequency of maximum slam loads [1]. The medians of peak pressures 389 

appear to be higher at this frequency. As the frequency increases further the maximum pressure location tends to 390 

shift aft again, back toward the CB truncation. 391 

At all frequencies the transverse distributions show an increase in slam pressure from outboard to inboard. This 392 

pattern is quite consistent at different longitudinal positions and wave encounter frequencies, exemplifying the 393 

influence of archway geometry on the magnitude of the peak slam pressures. The pattern is also broadly consistent 394 

amongst various CBs tested, as presented in Figures 17 and 18, showing the variations of peak pressures for 395 

different bow geometries at approximately 𝜔𝑒
∗ = 4.5 and 𝜔𝑒

∗ = 6.3, respectively, in 90 mm waves. However, the 396 

peak pressures are relatively higher for the Long CB (especially from Fr 66 to 73), and lower for the Short CB 397 

(especially for the inboard positions), than the Parent CB. It is worth noting that the drop tests of Swidan et al. [11, 398 

12] showed that the impact pressures at various longitudinal positions is proportional to squared impact velocity, 399 

and is strongly location dependent. They also found that the magnitude of peak pressure decreased from the bow 400 

truncation (located between Fr 70 and Fr72) to the bow. Such drop tests are consistent only with the test shown in 401 

Figure 16(e), which represents slamming at ωe
∗ = 6.76 when the heave and pitch of the catamaran model are 402 

minimal [31].  403 

From these results, it can be concluded that the maximum pressures occur forward of the CB truncation except for 404 

the Short CB. The location of the maximum pressure for different CB configurations also shows a shift aftwards 405 

when the dimensionless encounter frequency increases from  𝜔𝑒
∗ = 4.5 to 𝜔𝑒

∗ = 6.3, consistent with results 406 

reported in [14, 35, 36], which showed that increases in wave frequency caused the resultant force to move aft.   407 

In a study by Whelan [47], it was found, through two dimensional drop tests of different arch cross sections, that 408 

moving the arch top outboard was somehow beneficial for slamming pressure reductions. However, as can be seen 409 

the strongest peak pressures occur at inboard positions regardless of the CB length. This similarity in the 410 

transverse location of maximum pressure is due to the cross-sectional geometrical similarity amongst the various 411 

CB configurations. For this model, the results suggest that arch closure occurs slightly inboard of the arch top. 412 

Therefore, one possible option for reduction of the slamming pressure for each CB configuration would be to alter 413 

the inboard sectional design.  414 

 415 

 416 

 417 
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 419 

 420 

 421 

(a) 

 

(b) 

 

(c) 

 

Figure 17 Sample peak pressures obtained for different CB configurations in 90 mm waves at 2.89 m/s model speed for 422 

dimensionless encounter wave frequency of 𝝎𝒆
∗ ≅ 𝟒. 𝟓. (a) Long CB, (b) Parent CB, (c) Short CB. Refer to Figure 7 for the 423 

longitudinal and transverse locations of transducers at Inboard, Top arch and Outboard. 424 

 425 
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(a) 

 

(b) 

 

(c) 

 

Figure 18 Sample peak pressures obtained for different CB configurations in 90 mm waves at 2.89 m/s model speed for 434 

dimensionless encounter wave frequency of 𝝎𝒆
∗ > 𝟔. (a)Long CB, (b) Parent CB, (c) Short CB. Refer to Figure 7 for the 435 

longitudinal and transverse locations of transducers at Inboard, Top arch and Outboard. 436 

 437 

The histograms in Figure 19 provide an overview of the peak pressures measured for different bow configurations 438 

in nominal 60 and 90 mm waves at 2.89 m/s for unique wave encounter frequencies in the range between  ωe
∗ =439 

3.4 and  ωe
∗ = 6.6. Note that the measured wave heights differed slightly from the nominal values; Table 5 440 

compares the averages and standard deviations of measured versus nominal wave heights for each test condition. 441 

To calculate the histograms of Figure 19, all peak pressures recorded for different slams in a single run were 442 

identified for each transducer located at Fr 72, 73, 74 and 75 (i.e. 3 transducers at each frame). The process was 443 

repeated at each test condition and for various CB configurations. The probability density in Figure 19 is evaluated 444 

as the number of peak pressure samples in bins of width 1kPa as a proportion of the total number of peak pressure 445 

samples obtained from multiple tests at different wave frequencies for the given CB configuration.  446 

The maximum pressure measured for each CB configuration could be subject to the transducer amplifier gain 447 

setting. The peak recorded values were up to 50 kPa, or around 15% of the gauge capacity of 50 psi (345 kPa), but 448 

could be higher in a couple of cases because the system saturated at the gain setting used. The 50 psi gauges were 449 

however appropriate. Note that the total numbers of slamming pressures used in the histograms are not equal as it 450 

is a function of the number of slamming events considered in each case, and thus the frequency of slamming 451 

pressure cannot be compared across the given histograms. Table 5 shows the number of runs and peak slamming 452 
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pressures used for each histogram. The number of selected peak pressures used for each histogram varied between 453 

1800 and 3200 data points depending on test condition.  454 

As can be seen in Figure 19, the range of peak pressures experienced by the three CBs were similar, but the 455 

density of high peak pressures increased with the increase in the wave height; therefore, the peak slamming 456 

pressures were far more influenced by the wave height than by the CB configuration. However, this is not the case 457 

when considering resultant slam forces, as discussed in section 3.2. The peak pressure with most probable 458 

intensity, as a function of wave height and centre bow configuration, was almost consistent across the parent and 459 

long CBs while it reduced slightly for the short.  Overall, the histograms show that the majority of peak pressures 460 

were below 10 and 15 kPa in 60 and 90 mm waves respectively, while the high peak pressures were slightly 461 

greater than 30 kPa.   462 

It should be noted that a few high peak pressures identified as outliers in each runs were omitted.  This is because 463 

the very high peak pressures may not be practically useful in terms of the ship structural design when 464 

hydroelasticity is important [42-45], and a rational evaluation of measured peak pressures is necessary prior to 465 

estimation of wave impact pressures for structural design purposes [46]. Consideration should also be made for the 466 

effect of the CB structural vibrations on the measured peak values because these vibrations have very high 467 

frequency and can affect the peak pressure measurements.  468 

The scaling of the slamming pressures may be affected by the inevitable differences between Reynolds, Froude, 469 

Weber and Mach numbers at model and full scale. This is significant because the peak pressure pulse occurs over 470 

a very short duration. At the peak of the slam pulse two converging jets rising up each side of the arch meet 471 

abruptly at the instant of arch closure; this generates a local transient pressure wave. The entrainment of air also 472 

affects the impact pressures and ensuing wave, and is another consideration when it comes to scaling [48, 49] . 473 

Therefore scaling laws for very short duration dynamic events within the archways should be investigated in 474 

future research. 475 

 476 

 477 

 478 

 479 
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(a1) 

 

(a2) 

 

(b1) 

 

(b2) 

 

(c1) 

 

(c2) 

 

Figure 19 Comparison of the peak pressures measured using pressure transducers at 12 locations at Fr 72, 73, 74 and 75 obtained 480 

for the Long, Parent and Short CBs collected from all tests conducted in the range between 𝛚𝐞
∗ = 𝟑. 𝟒 and 6.6 at 60 and 90 mm 481 

waves at a speed of 2.89 m/s. (a1) Long CB, 𝐡𝐰 = 𝟔𝟎 mm, (a2) Long CB, 𝐡𝐰 = 𝟗𝟎 mm, (b1) Parent CB, 𝐡𝐰 = 𝟔𝟎 mm, (b2) 482 

Parent CB, 𝐡𝐰 = 𝟗𝟎 mm, (c1) Short CB, 𝐡𝐰 = 𝟔𝟎 mm, (c2) Short CB, 𝐡𝐰 = 𝟗𝟎 mm . Refer to Table 5 for more details for each 483 

histogram. 484 

 485 
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Table 5 Details in relation to peak pressure histograms shown in Figure 19 500 

  Long CB Parent CB Short CB 

Nominal wave height (mm)  60.0 90.0 60.0 90.0 60.0 90.0 

Measured wave statistics 

Average wave 

height  (mm) 
58.0 90.4 61.9 87.9 58.0 89.7 

Standard 

deviation (mm) 
2.9 3.6 1.8 2.7 3.5 3.6 

Selected range of dimensionless 

wave encounter frequency 
 3.4-6.6 

Locations of and the number of 

selected  pressure transducers 
 

12 transducers located at Fr 72, Fr73, Fr74 , Fr 75 

(Inboard, Outboard, Arch top) 

Number of selected runs  9 12 12 11 10 10 

Total number of peak pressures 

used for each histogram 
 2354 3198 2270 2277 1805 1990 

 501 

5 Conclusion 502 

 503 

The effects of CB length on slamming loads and pressures for a wave piercing catamaran were investigated using 504 

a 2.5 m hydroelastic segmented catamaran model in regular head-sea waves. Three CB length were tested that 505 

represented 18%, 24% and 30% of the overall model length.   506 

Slamming pressures were measured by 18 pressure transducers. The slamming pressure pulse width (i.e. the 507 

period between the rise and falling times) was about 3 ms, which was only about one-seventh of the corresponding 508 

slam force pulse width and 1/25th of the overall period of the pressure pulse (i.e. from the start of rising time to the 509 

end of falling time). Very few slamming pressures were measured above 30 kPa, whereas the majority of 510 

slamming pressures were below 15 kPa, decreasing with the decrease of the wave height. The extreme slamming 511 

loads were in the range 75–330 N and depended on the wave height and CB length.  512 

The results showed that the CB length influenced strongly slamming forces but it only slightly affected slamming 513 

pressures. The slam loads per CB length also increased as the CB length increased.   This suggests that the 514 

increase or reduction in slam force is, to some degree, attributed to the increase or reduction of the effective 515 

impact area within the archways.  Since the effect of the centre bow length on slamming pressures is minimal, the 516 

centre bow local panels may be designed similarly for various bow length.  517 

The longitudinal location of maximum pressures along the CB was strongly related to the encounter wave 518 

frequency. At encounter wave frequencies corresponding to strong slamming pressures (in the range 𝜔𝑒
∗ =519 

4.4– 4.7) the location of maximum pressures was in the mid-archway region (i.e. longitudinally half way between 520 
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the jaws and CB truncation), whereas at higher wave encounter frequencies this location was closer to the CB 521 

truncation. This is because the catamaran model had minimal motions in short waves compared to long waves. 522 

The lateral distribution of the peak pressures within the CB archways showed that the peak pressure increases 523 

from the outboard to inboard.  524 

Overall, it was seen that the Short CB was the best design for the alleviation of slam loads while the Long CB was 525 

the least performing design. The slamming loads identified in the current study for Long, Parent and Short CBs 526 

can have a direct implication for optimal CB design as it is clear that the length of the CB is an important factor 527 

for global structural design considering slam-induced bending moments.  However, the optimum CB length should 528 

also consider the CB buoyancy in waves, i.e. the CB entry force. It is recommended that tests be conducted in 529 

various headings, and to investigate how CB geometry could be modified to reduce the contribution of lateral jet 530 

flow to arch filling and slamming by introducing some novel designs. Further investigation is also recommended 531 

regarding the scaling of slamming loads and pressures from model scale to full-scale equivalent and should be 532 

compared with empirical approaches given in the relevant class rules. Full scale implications require further 533 

investigation in random seas as it presents a more realistic situation with authentic slamming distributions. Since 534 

irregular waves can be steeper than regular waves, in some parts, slamming kinematics can differ to that observed 535 

in regular waves, and thus investigations on slamming kinematics and probability in random waves are 536 

recommended.    537 
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 677 

Figure 1 Incat Tasmania wave piercer catamaran with above-water centre bow (http://www.incat.com.au/) 678 

Figure 2 Schematic plan view of the 2.5 m segmented catamaran model (HSM02) and locations of sensors used for instrumentation. *PT: 679 

Pressure Transducer, A: Accelerometer, LC: Load Cell, LVDT: linear variable differential transformers. 680 

Figure 3 The 2.5 m catamaran model (HSM02) of the 112-m INCAT wave piercing catamaran 681 

Figure 4 Embedded fitting plugs manufactured on the starboard side of the CB segment 682 

Figure 5 (a) The catamaran model with the Short CB in water, (b) The catamaran model (upside down) with the Parent CB (c) Two CB 683 

extenders which were used to make the Parent CB (left extender) and the Long CB (both extenders) from that shown in (a) for the Short CB. The 684 

Parent CB extender is also shown in (b) 685 

Figure 6 Locations of the outboard, arch top and inboard pressure transducers for the Parent CB 686 

Figure 7 Longitudinal (𝑥) and transverse (𝑦) locations of the pressure transducers for different CB configurations normalised by the length (𝐿𝑚) 687 

and half beam (0.5𝐵𝑚) of the catamaran model. (𝐿𝑚=2500 mm, 𝐵𝑚 = 680 mm) 688 

Figure 8 (a) The CB water entry, (b) formation of lateral jet flow across the demi mull bows and (c) post slam water discharge in a forward 689 

direction from archways for the Long CB in ℎ𝑤 = 90 and Vm =  2.89 m/s at 𝜔𝑒 ∗= 4.82. 690 

Figure 9 Peak load patterns at 𝜔𝑒 ∗= 4, 4.5 and 6.3 for the Parent CB at a speed of 2.89 m/s at (a) 60 mm wave height (b) 90 mm wave height 691 

Figure 10 The vertical bow entry and slam forces acting on the Parent CB for a slam event at ωe ∗= 4.5 at a speed of 2.89 m/s at 90 mm wave 692 

height 693 

Figure 11 The distribution of vertical slamming forces (top) and vertical slamming forces per centre bow (bottom) length  identified for each CB 694 

in (a & c)  ℎ𝑤 = 60 mm (b &d) ℎ𝑤 = 90 mm; 695 

Figure 12 Pressure time records obtained at 𝜔𝑒 ∗= 4.5 for a speed of 2.89 m/s in 90 mm wave height from transducers located at different frame 696 

(Fr) locations 697 

Figure 13 A slam pressure record illustrating the number of data points sampled at 10 kHz for arch filling and wet-deck slamming stages. 698 

Figure 14 Measured pressures at different longitudinal positions obtained for different times relative to a slam instant 𝑡𝑠=4.99 s at 𝜔𝑒 ∗= 4.57 699 

for the Parent CB in 90 mm waves at 2.89 m/s model speed. (a) ∆𝑡 = −10 ms, (b) ∆𝑡 = −8 ms, (c) ∆𝑡 = −6 ms, (d) ∆𝑡 = −4 ms, (e) ∆𝑡 = −2 700 

ms, (f) ∆𝑡 = 0 ms, (g) ∆𝑡 = 2 ms, (h) ∆𝑡 = 4 ms, (i) ∆𝑡 = 6 ms, (j) ∆𝑡 = 8 ms. 701 

Figure 15 Measured CB loads and pressures at different longitudinal positions for consecutive slam instants in a single run at 𝜔𝑒 ∗= 4.57 for the 702 

Parent CB in 90 mm waves at 2.89 m/s model speed. (a) 𝑡𝑠=4.99 s, (b) 𝑡𝑠=5.68 s, (c) 𝑡𝑠=6.37 s, (d) 𝑡𝑠=7.05 s, (e) 𝑡𝑠=7.74 s, (f) 𝑡𝑠=8.42 s, 703 

(g) 𝑡𝑠=9.11 s, (h) 𝑡𝑠=9.80 s, (i) 𝑡𝑠=10.48 s, (j) 𝑡𝑠=11.17 s. 704 

Figure 16 Sample peak pressures obtained for the Parent CB in 90 mm waves at 2.89 m/s model speed for a selection of encounter wave 705 

frequencies in the range 3.51 ≤ 𝜔𝑒 ∗≤ 6.76, for various pressure transducers located at Fr66 to Fr78. Refer to Figure 7 for the longitudinal and 706 

transverse locations of transducers at Inboard, Top arch and Outboard. 707 

Figure 17 Sample peak pressures obtained for different CB configurations in 90 mm waves at 2.89 m/s model speed for dimensionless encounter 708 

wave frequency of 𝜔𝑒 ∗≅ 4.5. (a) Long CB, (b) Parent CB, (c) Short CB. Refer to Figure 7 for the longitudinal and transverse locations of 709 

transducers at Inboard, Top arch and Outboard. 710 

Figure 18 Sample peak pressures obtained for different CB configurations in 90 mm waves at 2.89 m/s model speed for dimensionless encounter 711 

wave frequency of 𝜔𝑒 ∗> 6. (a)Long CB, (b) Parent CB, (c) Short CB. Refer to Figure 7 for the longitudinal and transverse locations of 712 

transducers at Inboard, Top arch and Outboard. 713 

Figure 19 Comparison of the peak pressures measured using pressure transducers at 12 locations at Fr 72, 73, 74 and 75 obtained for the Long, 714 

Parent and Short CBs collected from all tests conducted in the range between ωe ∗= 3.4 and 6.6 at 60 and 90 mm waves at a speed of 2.89 m/s. 715 

(a1) Long CB, hw = 60 mm, (a2) Long CB, hw = 90 mm, (b1) Parent CB, hw = 60 mm, (b2) Parent CB, hw = 90 mm, (c1) Short CB, hw =716 

60 mm, (c2) Short CB, hw = 90 mm . Refer to Table 5 for more details for each histogram. 717 
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