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A B S T R A C T

This study investigates the potential for improving the dynamic performance and human safety of High-Speed 
Planing Craft (HSPC) in irregular head waves through the implementation of a Transom Interceptor System 
(TIS) and a Double Interceptor System (DIS). Experimental tests measure hull resistance, heave and pitch mo
tions, and vertical accelerations in semi-planing, transient, and planing modes. The recorded data for the bare 
hull, the hull equipped with TIS in transient mode, and the hull equipped with TIS and DIS in planing mode are 
compared to evaluate the interceptor performance in improving the dynamics of HSPC. Additionally, the crew 
safety exposed to vertical acceleration is evaluated according to the ISO 2631–1 (1997), ISO 2631–5 (2004), and 
EU Directive 2002/44/EC (2002). The results indicate that TIS effectively enhances dynamic performance in 
transient and planing modes as well as human safety and comfort by reducing moderate vertical acceleration. 
However, in transient mode, TIS may amplify impact shocks, increasing the possibility of adverse health effects. 
Moreover, the DIS increases hull motions, vertical acceleration, and the potential for health and comfort risks in 
planing mode. These findings emphasize the potential of TIS in enhancing HSPC dynamics and safety, while it is 
crucial to optimize interceptor configurations based on operational speeds.

1. Introduction

High-speed planing craft (HSPC) are commonly used in various 
maritime missions that demand high-speed operations, such as patrol, 
racing, and search and rescue. However, the performance of HSPC in 
rough waters is significantly influenced by the hull’s dynamic behavior 
and crew’s safety.

Operating at high speeds in rough waters exposes HSPCs to severe 
hull motions and harsh accelerations, as demonstrated by Roshan et al. 
(2022) and Niazmand Bilandi et al. (2024). These conditions can lead to 
increased structural stress, compromised hull stability and control, and 
safety risks for crews exposed to such accelerations. The effect of vertical 
accelerations on human health and comfort aboard high-speed craft has 
been analyzed by Allen et al. (2008), Dobbins et al., (2008), Garme et al. 
(2011), and Taunton et al. (2011), indicating a high possibility of safety 
risks for onboard crews.

While reducing hull speed on rough water can effectively minimize 

hull motions and accelerations and consequently reduce the probability 
of adverse health risks for the crews, it contradicts the primary purpose 
of HSPCs, particularly in time-critical missions such as rescue opera
tions. As a result, improving HSPC performance necessitates the 
implementation of shock/vibration mitigation devices to reduce the 
transfer of hull accelerations to the human body, as well as motion 
reduction devices to prevent severe accelerations in rough seas (Roshan 
et al., 2024).

Although both strategies improve human safety onboard the HSPC, 
motion reduction devices offer additional advantages. These devices not 
only reduce the risk of adverse health effects caused by hull accelera
tions but also improve hull stability and control (Lau et al., 2024; 
Niazmand Bilandi, 2024). These are useful to reduce the likelihood of 
critical events such as loss of stability, impaired maneuverability, or 
even hull capsizing under challenging wave conditions by minimizing 
excessive motions. This improvement underscores the importance of 
implementing advanced motion-control devices to ensure both safety 
and dynamic performance.

* Corresponding author.
E-mail address: fatemeh.roshan@taltech.ee (F. Roshan). 

Contents lists available at ScienceDirect

Applied Ocean Research

journal homepage: www.elsevier.com/locate/apor

https://doi.org/10.1016/j.apor.2025.104692
Received 12 February 2025; Received in revised form 27 May 2025; Accepted 30 June 2025  

Applied Ocean Research 161 (2025) 104692 

Available online 7 July 2025 
0141-1187/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-4713-7368
https://orcid.org/0000-0002-4713-7368
https://orcid.org/0000-0002-9369-9441
https://orcid.org/0000-0002-9369-9441
https://orcid.org/0000-0003-2494-6119
https://orcid.org/0000-0003-2494-6119
https://orcid.org/0000-0003-3042-9310
https://orcid.org/0000-0003-3042-9310
https://orcid.org/0000-0003-2644-5713
https://orcid.org/0000-0003-2644-5713
mailto:fatemeh.roshan@taltech.ee
www.sciencedirect.com/science/journal/01411187
https://www.elsevier.com/locate/apor
https://doi.org/10.1016/j.apor.2025.104692
https://doi.org/10.1016/j.apor.2025.104692
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apor.2025.104692&domain=pdf
http://creativecommons.org/licenses/by/4.0/


There are numerous documents indicating that using a Transom 
Interceptor System (TIS) can efficiently reduce hull resistance and trim 
angle in calm water, such as John et al., (2011), Day and Cooper (2011), 
Karimi et al. (2013), and Seok et al. (2020). Furthermore, Najafi et al. 
(2015), Karimi et al. (2015), and Suneela and Sahoo (2021) highlighted 
the effectiveness of TIS in reducing vertical motions and accelerations in 
regular waves. However, despite these valuable insights, most existing 
research focuses on calm water or regular wave conditions, which do not 
fully represent the complex and random nature of real sea states. 
Therefore, the TIS performance in irregular wave conditions remains 
relatively limited, particularly regarding its influence on human safety.

Assessment of human safety affected by HSPC acceleration requires 
statistical analysis under irregular waves due to their random charac
teristics, as regular wave tests lack this complexity and cannot be sta
tistically analyzed in accordance with safety standards (ISO 2631 or EU 
Directives). However, there is a significant knowledge gap concerning 
the effects of TIS in irregular wave conditions, which are critical for 
human safety assessments.

In addition to the conventional transom interceptor, De Luca and 
Pensa (2011) introduced an unconventional interceptor configuration 
consisting of a TIS and an additional interceptor located in the middle of 
hull length. This Double Interceptor System (DIS) is an innovative 
configuration designed to generate an extra lift force at the forward 
interceptor position, potentially leading to more reduction in hull mo
tions. Furthermore, DIS can generate an air cavity behind the forward 
interceptor, which contributes to a reduction in hull shear resistance. 
The performance of DIS in calm water and regular waves has been 
presented in De Luca and Pensa (2012). They observed the possibility of 
increasing hull motions and accelerations when using DIS in regular 
waves, though it is efficient in resistance reduction. However, the dy
namic performance of a hull equipped with DIS in irregular waves re
mains unexplored, highlighting a gap that must be addressed for a 
comprehensive understanding of DIS behavior.

Although interceptors are designed to reduce hull motions and 
resistance, their performance can significantly vary depending on the 
hull’s operational speeds. For instance, Tsai and Hwang, (2004), Man
soori and Fernandes (2017), and Suneela et al. (2020) demonstrate the 
possibility of negative trim angles (bow down) in planing mode when an 

improperly designed interceptor is employed. However, these studies 
also highlight that such an interceptor can be effective in correcting trim 
angle and reducing hull resistance at lower speeds. This variability un
derscores the importance of designing interceptors that are optimized 
for the intended operational speed range for the hull. An interceptor 
optimized for lower speeds might become unsuitable at higher speeds, 
potentially leading to stability issues and compromising overall 
performance.

In addition to the importance of selecting an appropriately designed 
interceptor for an HSPC to minimize hull motions and resistance at 
operational speeds, it is also crucial to consider the impact of in
terceptors on motion accelerations. This aspect directly affects human 
safety onboard the HSPCs, as severe accelerations can cause discomfort, 
fatigue, and impaired the crew performance and their ability to carry out 
duties, and adverse health effects. Therefore, designing an appropriate 
interceptor must prioritize both dynamic efficiency and reducing verti
cal acceleration to enhance human safety.

This study aims to investigate the potential for improving the dy
namic behaviors of HSPCs and crews’ safety in irregular head seas by 
employing different configurations of interceptors tailored to opera
tional speeds. To achieve this, the objectives include: 

- Improving HSPC seakeeping and the crew’s safety onboard in tran
sient mode using TIS.

- Improving HSPC seakeeping and the crew’s safety onboard in 
planing mode using TIS and DIS.

By addressing these objectives, this study seeks to provide valuable 
insights into the potential for improving both the dynamic performance 
of HSPCs and human safety under realistic sea conditions by employing 
an interceptor system.

For this purpose, a high-speed planing hull, model C5, is tested in a 
towing tank under three different irregular wave conditions at various 
speeds, representing semi-planing, transient, and planing modes. Sub
sequently, different interceptor configurations are installed on the hull, 
and the tests are repeated for the hull equipped with interceptors. The 
obtained results for the dynamic behaviors and human safety of the hull 
equipped with interceptors are compared to those of the bare hull. This 

Nomenclature and observations

Aiz ith peak of acceleration between two zero crossings
a1/n Mean of 1/n highest height of vertical acceleration
aw(t) Frequency-weighted acceleration signals (ms-2)
BWL Maximum moulded breadth at water line (m)
Fp Peak frequency
FrB Beam Froude number
g Acceleration of gravity (ms-2)
CG Centre of Gravity
H1/n Mean of 1/n highest height of heave motion
Hs Significant wave height (m)
K Wave number (m-1), ω2/g
Kxx Roll radius of gyration (m)
Kyy Pitch radius of gyration (m)
LCG Longitudinal center of gravity (m)
LOA Overall length of the hull
LWL Length of waterline (m)
m Applied mas (kg)
Rw Total resistance of model in waves (kg)
S Wave steepness (radian), K.Hs/2.
T Measurement time (s)
td Duration of the daily exposure
Tp Peak period (s)

VCG Vertical center of gravity (m)
x Distance from the center screw (m)
βT Deadrise angle at the transom (deg)
β0.5 Deadrise angle at 0.5 LWL (deg)
β0.75 Deadrise angle at 0.75 LWL (deg)
γ Overshoot Parameter
Δ Displacement (buoyant) force (kg)
θ Pitch or trim angle (deg)
θ1/n Mean of 1/n highest height of pitch motion (deg)
λ Wavelength (m)
ω Angular Frequency (radians-1), ω= 2πFp
CF Crest Factor
DII Dipartimento di Ingegneria Industriale
DIS Double Interceptor System
HSPC High Speed Planing Craft
ISO International Standard Organization
NSS Naples Systematic Series
PSD Power Spectral Density
RMS Root Mean Square of weighted frequency acceleration (ms- 

2)
SF Scale Factor
TIS Transom Interceptor System
VDV Vibration Doze Value (ms-2)
WBV Whole Body Vibration
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comparative analysis aimed to evaluate the efficiency of each inter
ceptor configuration in improving the seakeeping performance and 
human safety of an HSPC.

The remaining part of this study is structured as follows: after the 
introduction, Section 2 presents the experimental procedure for 
measuring hull motions and accelerations in irregular waves, model 
characteristics, and the properties of considered wave conditions. Sec
tion 3 discusses the measures used for evaluating human safety based on 
current safety standards for humans exposed to WBVs and shocks. In 
Section 4, the results are presented, which include the data represen
tation method (Section 4.1) and an investigation of the dynamic be
haviors of the bare hull, the hull with TIS in transient mode, and the hull 
with TIS and DIS in planing mode (Section 4.2). Additionally, Section 
4.3 predicts the possibility of adverse health effects and discomfort for 
the bare hull, examines safety improvements using TIS in transient 
mode, and explores safety improvement in planing mode using TIS and 
DIS. Finally, discussion and conclusions are provided in Sections 5 and 6, 
respectively.

2. Experimental procedures

The towing tank tests for this study is carried out at the Department 
of Industrial Engineering (DII) of the Università degli Studi di Napoli 

“Federico II”. The towing tank facility has a length of 136.0 m, a width of 
9.0 m, and a depth of 4.5 m. The carriage has a maximum speed of 10.0 
ms-1. For this study, tests are performed at speeds of 2.5, 3.5, 4.5, and 6.0 
ms-1, corresponding to the beam Froude numbers of 1.2, 1.7, 2.2, and 
3.0. These Froude numbers are chosen to represent semi-planing, tran
sient, and planing modes for an HSPC.

A hard-chine hull model from the Naples Systematic Series (NSS), as 
published in De Luca and Pensa (2019), are tested with and without the 
interceptor system. Fig. 1 shows the hull model C5 from NSS, and the 
details of model geometry are provided in Table 1.

During the experiments, two interceptors are added to the hull: a 
transom interceptor with a height of 2 mm and a length of either 0.5 BWL 
or 0.25BWL (as explained in Section 4, Results), and a forward inter
ceptor with a height of 2 mm and a length equal to the full BWL, located 
0.8 m forward of the transom.

The vertical and longitudinal positions of the model’s center of 
gravity were determined using an inertial balance equipped with a 
longitudinal weight rack (As shown in Fig. 2). After weighing the bare 
hull with all instrumentation installed, the model was placed on the 
balance, and its LCG was found by translating it along the platform until a 
horizontal equilibrium was achieved, at which point the pivot point of 
the balance coincided with the LCG. The VCG was then determined by 
applying a known mass m at a known distance x from the central axis of 

Fig. 1. HSPC hull (model C5 of NSS) and b) A schematic of hull with DIS.
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the weight rack and measuring the resulting trim angle θ. Using multiple 
combinations of m and x, the VCG was calculated from the relation. 

VCG =
mxcot(θ)
m + M

(1) 

where M is the hull mass. To determine the radii of gyration, the hull was 
suspended at the pivot point and subjected to free oscillations in both 
roll and pitch. The resulting motions were recorded using accelerome
ters, from which natural frequencies and oscillation angles were 
extracted. These measurements were used to calculate the radii of gy
ration in roll (Kₓₓ) and pitch (Kᵧᵧ).

The natural periods of oscillation were recorded using a stopwatch 
and repeated five times to ensure consistency. The average values were 
then used to calculate the radii of gyration using the standard pendulum 
formula. The total mass of the model was measured using an electronic 
scale with 0.01 kg accuracy. All mass properties were determined before 
towing tests and remained unchanged throughout the experiments.

During the towing tank test, two triaxial accelerometers are used to 
record the hull acceleration at CG and at 0.5 LWL forward from the CG. 
These accelerometers are Cross Bow CXL04GP3-R-AL, with an input 
range (g) of ±4, noise (mgrms) of 10, and bandwidth (Hz) of DC-100, 
with a sensitivity (mV/g) of 500 ± 15. Additionally, hull resistance is 
measured by an HBM load cell (PW115AH 20 kg, accuracy Class III), 
suitable for applications requiring reliable accuracy.

The dynamic performance of hull model C5 is tested by allowing free 
heave and pitch motions while the model is restrained in the surge di
rection by the towing carriage. Furthermore, a Qualisys Motion Capture 
System is used to measure hull motions in wave conditions. This is a 
high-precision optical tracking system that is widely used in engineering 

applications.
The model’s dynamic behavior is studied in three different irregular 

head waves from the JONSWAP spectrum, as presented in Table 2. The 
produced wave profile with towing tank wave makers is verified by 
employing two ACAMINA AWP-24–2 Wave Height Gauges sensors (a 
capacitive probe that is used for measuring wave height in the towing 
tank) fixed on the towing tank and four Baumer UNDK 30U6103 sensors 
(an ultrasonic proximity sensor designed to measure distances with high 
precision and reliability) fixed on the carriage are employed.

To ensure a reliable comparison between the results for the bare hull 
and the hull equipped with the interceptor system, it is crucial to analyze 
the hull behavior in the same wave spectra. Therefore, recorded wave 
heights by capacitive probes are measured and compared with theo
retical spectra to verify the generated wave spectrum. Fig. 3 shows the 
comparison of generated wave spectra with theoretical JONSWAP 
spectra.

Furthermore, the recorded data are sampled at a frequency of 500 Hz 
and filtered with a Butterworth bandpass filter of 0.05–20 Hz. To 
analyze the recorded data for unsteady phenomena, a large number of 
tests are required to ensure the reliability of the statistical approaches. 
Therefore, several tests (15 or more) are carried out to reach a sufficient 
number of wave encounters (about 200). In this regard, 256 (2⁸) Fourier 
components are used. The repetition period is 250 s, a single random 
seed is generated to build the wave profile in the time domain, and the 
start time of wave generation is shifted from run to run.

3. International standards for evaluating acceleration exposure

For a high-speed planing craft operating in rough water, hull accel
eration can affect human safety. Exposure to this acceleration may cause 
adverse health effects, discomfort, and motion sickness for the 
occupants.

There are various standards and regulations that investigate the 
safety of humans exposed to WBV and shocks in a vibrated environment. 

Table 1 
Hull characteristics for model C5.

Parameter Value

LOA (m) 2.611
LWL (m) 2.400
BWL (m) 0.41
LCG (m) 0.945
VCG (m) 0.205
SF 15
Δ (kg) 37.4
Kxx/BWL 0.4
Kyy/Lwl 0.25
βT (deg) 13.2
β0.5 (deg) 22.3
β0.75 (deg) 38.5

Fig. 2. Determining the CG position and radii of gyration for model C5.

Table 2 
Characteristics of considered irregular head waves.

Wave 
condition

Spectrum Hs 

(m)
Hs-full- 

scaled 

(m)

γ Tp (s) Tp- full- 

scaled 

(s)

Fp(Hz)

1 JONSWAP 0.075 1.125 3.3 1.52 5.89 0.66
2 JONSWAP 0.060 0.9 3.3 1.356 5.25 0.737
3 JONSWAP 0.045 0.675 3.3 1.176 4.55 0.850
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This study uses ISO 2631-1, (1997); ISO 2631-5, (2004), , and Directive 
2002/44/EC, (2002) to assess the health and comfort risks onboard the 
HSPC in different wave conditions and speeds. Additionally, the effec
tiveness of using an interceptor system in improving the safety of HSPC 
crews is examined using these standards.

For this purpose, vertical accelerations measured in the CG and bow 
during the towing tests are used to calculate the root mean square (RMS) 
and vibration dose value (VDV). These parameters are recognized by the 
standards as measures for assessing the effects of WBV and shock 
exposure on human health and comfort as 

RMS =

⎧
⎨

⎩

1
T

∫T

0

a2
w(t)dt

⎫
⎬

⎭

1/2

(2) 

VDV =

⎧
⎨

⎩

∫T

0

[aw(t)]4dt

⎫
⎬

⎭

1
4

(3) 

where RMS represents the root mean square of frequency-weighted ac
celeration, aw(t) is the frequency-weighted acceleration signal, and T is 
the measurement time for acceleration exposure, which is computed 
based on Eq. (4) for the full-scale boat. 

T = Tmodel SF0.5 (4) 

Frequency-weighted accelerations are calculated by transferring 
recorded acceleration to the frequency domain and multiplying the data 
by the weighting transfer function recommended by ISO 2631-1, (1997). 
Afterward, the frequency-weighted accelerations are transformed back 
to the time domain. Fig. 5 shows a sample of frequency-weighted ac
celeration compared to the unweighted signals in wave condition 1 at 
FrB = 2.2. In this Figure, the real-time duration of the experiment is 
207.18 s, which has been scaled to 802.41 s for the full-scale hull using 

Eq. (4).
ISO 2631-1, (1997) considers the RMS value as a key parameter to 

predict human discomfort due to WBVs and shocks. According to this 
standard, an RMS value below 0.315 ms-2 is considered to represent a 
“not uncomfortable” level, while values between 0.315 and 0.63 ms-2 

are associated with “a little discomfort”. As the RMS increases, the 
likelihood of discomfort rises. Specifically, RMS values between 0.5 and 
1 ms-2 indicate "fairly uncomfortable," values between 0.8 and 1.6 ms-2 

suggest "uncomfortable," and values between 1.25 and 2.5 ms-2 denote a 
"very uncomfortable" condition. Additionally, ISO 2631-1, (1997) de
fines an RMS value above 2 ms-2 as indicating an "extremely uncom
fortable" condition. Fig. 4

The RMS value is also used by ISO 2631-1, (1997) to assess the 
possibility of adverse health effects as a result of accelerations. However, 
predicting the probability of health risks in EU Directive 2002/44/EC, 
(2002) estimates considers the VDV value. This study follows the EU 
Directive 2002/44/EC, (2002) guidance for evaluating the effects of 
HSPC acceleration on human health since VDV is the fourth power of 
accelerations and is more sensitive to the acceleration peak. For a 
high-speed planing craft operating in rough water, impact shocks could 
be so harsh with a serious effect on human health, while RMS value 
might underestimate the effects of these shocks.

EU Directive 2002/44/EC, (2002) considers VDV8h to predict the 
possibility of adverse health effects during the 8-hour work shift. VDV8h 
are computed as: 

VDV(8h) = VDV.
[td
T

]1/4
(5) 

where td is the duration of the daily exposure, which is 8 h here. 
Directive 2002/44/EC, (2002) introduces 9.1 ms-1.75< VDV8h as the 
action value that requires reducing WBVs and shocks to avoid health 
problems. Additionally, there is a high probability of health negative 
effects that requires immediate action to prevent health risks if VDV8h 
becomes higher than the limit value (21.0 ms-1.75 < VDV8h).

According to ISO 2631-5, (2004), long-term whole-body multiple 
shocks can lead to adverse health effects, particularly affecting the lower 
lumbar spine and connected nervous system. The relationship between 
the input vertical shock and the peak acceleration response in the spine 
is described by Eq. (6) for an 8-hour daily work shift. 

Sed =
[
(mkDzd)

6]1/6 (6) 

where, mz=0.032 MPa/ms-2 is defined by ISO 2631-5, (2004), and Dzd is 
computed as, 

Dzd = Dz

[td
T

]1/6
(7) 

Dz in Eq. (6) is the average daily dose in the vertical direction defined 
as 

Fig. 3. Generated wave spectra and theoretical JONSWAP wave spectra.

Fig. 4. Weighted filtered acceleration and unweighted acceleration of bare hull at FrB = 2.2.
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Dz =

[
∑

i
A6

iz

]1/6

(8) 

where Aiz is the ith peak of the response acceleration between two zero 
crossings. It should be noted that counting peak accelerations in vertical 
direction only contains positive peaks.

According to ISO 2631-5, (2004), Sed < 0.5 MPa indicates a low 
probability of adverse health effects, whereas 0.8 MPa < Sed indicates a 
high probability of negative health effects. These values are considered 
for 220 workdays during a year, for a person who started being exposed 
at the age of 20 to 65 years.

By considering these standards, a comparison of the RMS, VDV8h, 
and Sed values for the bare hull and the hull equipped with an inter
ceptor system can be used to examine the effectiveness of the interceptor 
system in improving human safety onboard an HSPC.

4. Results

The following subsections first examine the dynamic characteristics 
of the bare hull, the effects of a transom interceptor system (TIS) in 
transient mode, and the effects of the TIS and double interceptor system 
(DIS), individually, in planing mode. These analyses provide insights 
into resistance, heave and pitch motions, and vertical acceleration at the 
CG and bow. Subsequently, human safety factors are assessed based on 
ISO 2631-1, (1997); ISO 2631-5, (2004) and EU Directive 2002/44/EC, 
(2002), with a focus on the potential for reducing adverse health risks 
and discomfort achieved through the TIS in transient mode, TIS in 
planing mode, and DIS in planing mode.

There are three different configurations suggested for the interceptor 
system in this study. The first recommended configuration for the 
transient mode (1.7 < FrB < 2.2) consists of a transom interceptor with a 
height of 2 mm and a length of 0.5BWL. A comparison between the re
sults for the bare hull and the hull equipped with this TIS demonstrates 
the effectiveness of using the TIS to improve the dynamic performance 
of HSPC and human safety in transient mode.

In planing mode (FrB = 3), a double interceptor system (DIS) is 
implemented on the hull bottom. This system consists of a transom 
interceptor and another interceptor located at the middle of the hull 
length. Both interceptors are designed with a height of 2 mm, and an 
initial length of 0.5BWL for the transom interceptor, and a length of BWL 
for the forward interceptor. However, due to the overcorrection of the 
trim angle that prevented proper ventilation of the forward interceptor 
at FrB = 3, the length of the transom interceptor is reduced to 0.25BWL. 
Therefore, the results presented for the DIS in planing mode refer to hull 
performance in wave condition 1, with a transom interceptor height of 2 
mm and a length of 0.25BWL, and a forward interceptor with a length of 
BWL and height of 2 mm, located 0.8 m from the transom.

Afterwards, the forward interceptor is removed, and the tests are 
repeated for a hull with a transom interceptor, with a length of 0.25BWL 
and a height of 2 mm at FrB = 3 in wave condition 1. A comparison of the 
obtained results for the bare hull, the hull with DIS, and the hull with TIS 
examines the efficiency of suggested configurations in improving the 
dynamic performance of HSPC and human safety in planing mode.

4.1. Data representation

Although the generated wave spectra for testing the bare hull are the 
same as for the hull equipped with an interceptor system, the time his
tory of wave elevation may differ. Therefore, the efficiency of the 
interceptor system is analyzed through statistical distribution.

A sample of recorded heave, pitch, and vertical acceleration at the 
CG and bow in wave condition 1 at FrB = 2.2 is presented in Fig. A1 in 
appendix A. The analysis of the interceptor system’s effect on the dy
namic behavior of HSPC is conducted by comparing statistics of signif
icant heave, pitch, and acceleration heights, as well as their 1/3, 1/10, 

and 1/100 values. The mean values and associated uncertainties for the 
presented results are provided in Appendix B.

Significant heave motions, which correspond to the 1/3 highest 
values in the recorded time history, are calculated by identifying the 
maximum or minimum points between two zero-crossing points. The 
heave motion height value is calculated by subtracting consecutive 
maximum and minimum values. Subsequently, the 1/10, and 1/100 of 
the highest heave motion heights are determined. A similar process is 
applied for hull acceleration at the CG and bow, as well as for pitch 
motions.

It is worth noting that since recorded pitch motions are always 
positive (bow-up) with no zero-crossing point, the pitch data are shifted 
downward by the mean pitch values to calculate the significant height of 
pitch motion.

4.2. Dynamic behavior in irregular waves

4.2.1. Bare hull
Fig. 5 indicates the average total resistance of the bare hull in wave 

conditions 1, 2, and 3 at different Froude numbers. This figure shows 
that an increase in hull speed leads to a noticeable rise in hull resistance, 
while the wave conditions have no significant effect. The negligible ef
fects of wave characteristics on hull resistance at each Froude number 
can be attributed to the similar wave steepness (S = 0.065) maintained 
for the three wave conditions.

Although the effect of wave height on hull resistance is negligible, it 
can substantially influence hull motions and human safety. Therefore, it 
is essential to analyze the effects of sea conditions on hull motions and 
consequently human safety at varying operational speeds.

A statistical analysis is conducted on random wave conditions 1, 2, 
and 3 to evaluate dynamic hull performance across various waves and 
speeds. Fig. 6 presents the non-dimensional H1/3, H1/10, and H1/100 
significant heave motions in different sea conditions at various speeds. 
As shown in Fig. 6, in semi-planing and transient modes (FrB = 1.2 to 
2.2), heave motion in wave conditions 1 and 2 decreases with increased 
hull speed. However, when entering the planing mode (FrB = 3), heave 
motion increases. Additionally, the comparison of heave motion in 
different waves shows higher motions in wave conditions 1, 2, and 3, 
respectively, due to the higher wave heights.

Fig. 6 also indicates that, for wave condition 1, H1/10 at FrB = 1.2 and 
H1/100 at FrB = 1.2, 1.7, and 3 exceed the Hs, indicating higher vertical 
motions compared to the free surface elevation. In contrast, for wave 
conditions 2 and 3, H1/3, H1/10, and H1/100 are all below Hs across all 
speeds.

Fig. 7 shows significant pitch motions in wave conditions 1, 2, and 3 
at different speeds. As depicted in Fig. 7, the pitch motion decreases with 
increasing hull speed in semi-planing and transient modes; however, it 
increases when the speed reaches the planing mode (FrB = 3), similar to 
the observation for heave motion. Furthermore, the pitch angle 

Fig. 5. Nondimensional total resistance in wave conditions 1, 2, and 3 at 
different Froude numbers.
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Fig. 6. Significant heave motions for the bare hull in wave conditions 1, 2, and 3 at different Froude numbers: a) H1/3, b) H1/10, and c) H1/100.

Fig. 7. Significant pitch angles for the bare hull in wave conditions 1, 2, and 3 at different Froude numbers: a) θ1/3, b) θ1/10, and c) θ1/100.
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decreases with a reduction in wave height at all examined speeds.
Although undesired hull motion in wave conditions is an important 

parameter that can affect the HSPC performance, vertical motion ac
celeration also needs to be considered. Severe vertical impact shocks 
caused by slam impact could be significant and surpass 20 g (ABCD 
Group, 2008), with serious effects on crews’ safety. Therefore, evalu
ating and minimizing hull accelerations is crucial to improve HSPC 
performance and crews’ safety. Fig. 8 indicates the significant vertical 
accelerations on HSPC measured at the bow and CG.

According to Fig. 8, operational speed has a nonlinear effect on 
vertical accelerations. Comparing vertical acceleration in different wave 
conditions with a constant steepness indicates that higher accelerations 
are related to wave conditions 1, 2, and 3, respectively, with higher Hs. 
Furthermore, a comparison of vertical acceleration and heave motion in 
Figs. 6 and 8 reveals no similar trend. For instance, in wave condition 1, 
a1/100 at Fr = 1.7 is significantly higher than FrB = 1.2, while it has a 
lower heave motion, as shown in Fig. 6.

According to Fig. 8, the considered hull experiences severe vertical 
accelerations at FrB = 3, exceeding gravitational acceleration. These 
high accelerations are likely caused by slam impacts, posing significant 

risks to the hull stability, crew safety, and structural stress. Therefore, 
minimizing hull motions and accelerations in wave conditions is crucial. 
The implementation of an interceptor system offers a promising solution 
to reduce these effects, improving dynamic performance and ensuring 
higher safety for the crew.

In the subsequent section, the effects of the TIS interceptor 0.5BWL on 
dynamic hull performance in irregular waves at transient mode are 
analyzed in comparison to the bare hull. To manage the time-consuming 
nature of irregular wave testing, the evaluation focuses on two wave 
conditions (wave conditions 1 and 2).

4.2.2. TIS effect on dynamic performance in irregular waves at transient 
mode

This section analyzes the effects of installing a TIS with a 0.5BWL 
length on the dynamic performance, compared to the bare hull. Fig. 9
shows a comparison between the total resistance of the bare hull and the 
hull equipped with TIS in wave conditions 1 and 2 during transient 
mode. According to Fig. 9, the TIS effectively reduces hull resistance. In 
wave condition 1, hull resistance is reduced by 4.7 % and 4.9 % at FrB =

1.7 and 2.2, respectively. A similar trend is observed in wave condition 

Fig. 8. Non-dimensional significant vertical accelerations for the bare hull in wave conditions 1, 2, and 3 at different Froude numbers: a) a1/3, a1/10, and a1/100 at the 
bow, and b) a1/3, a1/10, and a1/100 at CG.
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2, demonstrating the effectiveness of the TIS in transient conditions 
(detailed results are provided in Appendix C, Table C1).

Fig. 10 provides a statistical analysis of the TIS effect on significant 
heave motions (H1/3, H1/10, and H1/100) in wave conditions 1 and 2 
during transient mode (FrB = 1.7 and 2.2). The time history of heave 
motion at FrB = 2.2 under wave conditions 1 and 2, both with and 
without the TIS are provided in Fig. A2 in Appendix A.

According to Fig. 10, the TIS effectively reduces heave motions in 
both wave conditions 1 and 2 demonstrating greater efficiency at lower 
Froude numbers. For instance, H1/3 in wave condition 1 at FrB = 1.7 is 
reduced by 59.7 % compared to the bare hull, whereas, at FrB = 2.2, the 
reduction is 13.9 %. Furthermore, reductions at FrB = 1.7 in H1/10 and 
H1/100 for wave condition 1 are 47.1 % and 27.6 %, respectively. It is 
evident that the TIS is most effective in reducing moderate heave mo
tions (H1/3) compared to extreme values (H1/10 and H1/100). For detailed 

information on the percentage of the heave reduction, refer to Table C1
in Appendix C.

As highlighted in previous studies, such as Putra and Suzuki (2024)
and John et al., (2011), the implementation of TIS has been shown to 
effectively reduce the hull trim angle in calm water. This, in turn, in
fluences the pitch motion in wave conditions, as demonstrated by De 
Luca and Pensa (2014) and Najafi et al. (2015). The time histories of 
pitch motion at FrB = 2.2 under wave conditions 1 and 2 for both the 
bare hull and hull equipped with TIS are presented in Fig. A3 in Ap
pendix A. As expected, adding TIS causes the hull to rotate around a 
lower trim angle (reducing the oscillation point for pitch motion), while 
its effect on reducing pitch amplitude is comparatively limited.

Fig. 11 shows a comparison of θ1/3, θ1/10, and θ1/100 between the 
bare hull and hull equipped with TIS in transient mode across wave 
conditions 1 and 2. Further details are provided in Appendix B. Similar 
to the TIS effect on heave motions, the system is most effective in 
reducing moderate pitch angles; however, it can amplify higher pitch 
angles in certain cases. For instance, as shown in Fig. 11, the TIS in
creases θ1/100 by 7.4 % compared to the bare hull at FrB = 1.7 in wave 
condition 1, while reducing θ1/3 and θ1/10 by 21.4 % and 6.7 %, 
respectively. A similar trend is observed in wave condition 2, where the 
TIS achieves the greatest reduction in θ1/3 compared to the θ1/100. 
Notably, θ1/100 does not increase at this Froude number in wave con
dition 2, as its value is lower than that in wave condition 1. Detailed 
reductions for other conditions are available in Table C1 in Appendix C.

In conclusion, the most extreme pitch motions (θ1/100 highest values) 
provide insight into the most severe events affecting the TIS-equipped 
hull. Except at FrB = 1.7 in wave condition 1, where θ1/100 increases 
slightly compared to the bare hull, the TIS effectively reduces extreme 
pitch motions under other conditions. This indicates that the TIS 
generally improves performance by decreasing the moderate pitch mo
tion occurrences while increasing the severe shocks in rough seas is 

Fig. 9. Hull resistance with and without the TIS (0.5BWL) in transient mode for 
wave conditions 1 and 2.

Fig. 10. Non-dimensional significant heave motions for the bare hull and TIS (0.5BWL) in transient mode across wave conditions 1 and 2: a) H1/3, b) H1/10, and c) 
H1/100.
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probable.
Appendix A Fig. A4 presents the time history of vertical acceleration 

at CG in wave conditions 1 and 2 at FrB = 2.2 for the bare hull and hull 
equipped with TIS. Furthermore, a statistical analysis of TIS effect on 
vertical acceleration at the bow and CG is shown in Fig. 12, with addi
tional details in Appendix B.

As shown in Fig. 12(a), significant bow acceleration in FrB = 1.7 for 
the hull equipped with TIS is significantly lower than the bare hull in 
both sea conditions. Similarly, the TIS reduces bow acceleration in wave 
2 at FrB = 2.2 compared to the bare hull. Nevertheless, in wave 1 at FrB =

2.2, the a1/100 value of bow acceleration, there is an increase from 2.3 g 
for the bare hull to 2.9 g for the hull with the TIS, posing an increment of 
potential safety risks to occupants.

Additionally, as Fig. 12(b) shows, the TIS effectively decreases ver
tical accelerations at CG for wave conditions 1 and 2 at FrB = 1.7, and for 
wave 2 at FrB = 2.2. However, in wave 1 at FrB = 2.2, TIS leads to an 
increase in CG acceleration. For instance, the significant CG acceleration 
a1/10 increases by 1.9 % compared to the bare hull. This observation 
highlights reducing the effectiveness of the TIS at higher speeds in rough 
water and its potential to amplify motions and accelerations under this 
condition. Further details can be found in Appendix B and Table C1 in 
Appendix C.

These findings underscore the need to explore alternative interceptor 
configurations for improving its performance in planing mode that has 
higher Froude numbers. To address this, the efficiency of the TIS in 
improving the dynamic performance of an HSPC in planing mode is 
compared with DIS performance to identify the most efficient configu
ration. Based on prior studies (De Luca and Pensa, 2012), it is antici
pated that the DIS might demonstrate greater efficiency in reducing hull 
resistance. In addition, generating an extra lift force by the forward 
interceptor potentially influences the hull motions and acceleration.

However, experimental tests conducted in calm water revealed that 
adding a forward interceptor to the current TIS configuration causes an 

overcorrecting trim angle at FrB = 3, which prevents proper ventilation 
of the forward interceptor. Therefore, for investigating TIS and DIS 
performances in planing mode, the transom interceptor is reduced to 
0.25BWL to reduce generated bow-down torque by the transom inter
ceptor and avoid overcorrecting trim angle.

4.2.3. TIS and DIS effect on dynamic performance in irregular waves at 
planing mode

As the results in transient mode demonstrated a decrease in the ef
ficiency of the Transom Interceptor System (TIS) with 0.5BWL at higher 
speeds, two alternative interceptor configurations are tested in planing 
mode to identify the most effective solution: a TIS with 0.25BWL, and a 
Double Interceptor System (DIS), consisting of an interceptor with 
0.25BWL at the transom and a forward interceptor with the length of 100 
% BWL located at 0.8 LWL from the transom. Fig. 13 compares the hull 
resistance for the bare hull, hull with DIS, and hull with TIS in wave 
condition 1.

As shown in Fig. 13, the use of DIS results in a 4.6 % increase in hull 
resistance compared to the bare hull, while the TIS leads to a more 
significant 23 % increase. The smaller increase in total resistance 
observed with the DIS is attributed to the forward interceptor’s venti
lation, which reduces the wetted surface area. Based on these results, 
neither the DIS nor the TIS configuration reduces hull resistance in 
planing mode. In the following sections, the effects of these configura
tions on heave, pitch, and vertical acceleration will be analyzed.

Figs. A5 and A6 in Appendix A, present the effects of TIS and DIS on 
the time histories of heave and pitch motions in transient mode. Ob
tained results show that the pitch motion of the hull equipped with TIS 
oscillates around a lower mean angle compared to the bare hull. How
ever, DIS behaves differently, increasing the trim angle around which 
the hull rotates.

Fig. 14 presents significant heave and pitch motions for the bare hull, 
the hull with DIS, and hull with TIS in planing mode. Further details can 

Fig. 11. Non-dimensional significant pitch angle for the bare hull and TIS (0.5BWL) in transient mode across wave conditions 1 and 2: a) θ1/3, b) θ1/10, and c) θ1/100.
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be found in Appendix B. As shown in Fig. 14, the DIS reduces pitch 
motions compared to the bare hull, though it leads to an increase in 
heave motions. In contrast, the TIS effectively reduces both heave and 
pitch motions when compared to the bare hull. Additionally, a 

comparison of TIS and DIS performance in reducing pitch motion 
demonstrates the superiority of TIS. This suggests that the TIS provides a 
more balanced improvement in dynamic motions. Additional details on 
the motion reductions can be found in Table C3 in Appendix C. recorded 
vertical accelerations during the towing tank tests demonstrate that TIS 
efficiently reduces vertical acceleration at the CG, while DIS has no 
significant effect. The time history of vertical acceleration for bare hull 
and hull equipped with TIS and DIS in planing mode is presented Fig. A7
in Appendix A.

Fig. 15 presents significant vertical acceleration at the CG and bow 
for the bare hull, hull with TIS, and hull with DIS in wave condition 1. 
Similar to the observed hull motions, the TIS effectively reduces vertical 
acceleration at both the bow and the CG. In contrast, the DIS amplifies 
vertical acceleration at both locations. For instance, at the CG, the a1/3 
acceleration decreases by 45.5 % compared to the bare hull when the TIS 
is applied, highlighting its significant effect on reducing vertical accel
erations. However, when the DIS is used, the a1/3 acceleration increases 
by 12 % compared to the bare hull. This trend is observed at both the CG 
and bow, with the DIS configuration consistently resulting in higher 
accelerations. The percentage changes in vertical acceleration for both 

Fig. 12. Non-dimensional significant vertical accelerations for the bare hull and hull equipped with TIS (0.5BWL) in transient mode across wave conditions 1 and 2, a) 
a1/3, a1/10, and a1/100 at the bow, and (b) a1/3, a1/10, and a1/100 at CG.

Fig. 13. TIS and DIS effects on hull resistance in wave condition 1 at FrB = 3.
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the DIS and TIS configurations are summarized in Table C3 in Appendix 
C, providing further insights into the performance of each interceptor 
system.

The next section evaluates the human safety onboard HSPCs across 
the considered irregular head wave conditions (wave details are pre
sented in Table 2) at various speeds, regarding ISO 2631-1, (1997); ISO 
2631-5, (2004), and EU Directive 2002/44/EC, (2002). These standards 
provide guidance for assessing the effects of whole-body vibrations 
(WBV) and shocks on human safety. Therefore, we will apply them to 
investigate the effects of using different interceptor configurations on 
improving human safety onboard the HSPC.

4.3. Human safety onboard the HSPCs

Ensuring human safety onboard HSPCs is a critical concern, partic
ularly during high-speed operations, as it directly impacts the vessel’s 
operational capabilities. Consequently, investigating the effects of hull 
accelerations on human health and comfort across various modes and 
sea conditions is essential.

4.3.1. Bare hull
To evaluate the effects of hull accelerations on human comfort, 

Fig. 16 presents the full-scaled RMS of weighted vertical acceleration at 
CG and bow for the bare hull across different wave conditions and 
speeds. According to Fig. 16(a), the RMS decreases as the wave height is 

Fig. 14. TIS and DIS performance in reducing a) heave and b) pitch motions in wave condition 1 at FrB=3.

Fig. 15. TIS and DIS performance in reducing hull vertical acceleration at FrB = 3 in a) Bow and b) CG.

Fig. 16. Weighted RMS acceleration of the bare hull in a) CG and b) bow in wave conditions 1, 2, and 3 at different Froude numbers.
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reduced. Consequently, the highest RMS is observed in wave conditions 
1, 2, and 3, respectively, at each Froude number.

In wave condition 1, RMS at CG ranges from 0.57 to 1.18 ms-2, while 
at the bow, it falls between 1.42 and 2.84 ms-², as evident from Fig. 16. 
These RMS values at the CG indicate “fairly uncomfortable” to “un
comfortable” conditions for the human, while the values at the bow 
correspond to “uncomfortable” to “very uncomfortable” conditions, 
according to [ISO 2631-1, (1997). Furthermore, results obtained in 
wave conditions 2 and 3 show lower RMS values, demonstrating no 
serious effects on human comfort at CG. However, RMS at the bow in 
wave condition 2 could still result in an "uncomfortable" condition, as 
per ISO 2631-1, (1997). Since HSPCs must be capable of operating in 
various sea conditions, reducing the vertical acceleration of this hull is 
essential to improving human comfort, particularly in rough waters.

Although human comfort is an important parameter for HSPCs 
crews, the risks to human health are even more critical and must also be 
considered. According to Directive 2002/44/EC, (2002), in the case of 
high vertical shocks in a vibrated environment, VDV8h can be used to 
estimate the potential for adverse health effects resulting from WBVs 
and shocks. Fig. 17 presents full-scaled VDV8h values for the HSPC at CG 
and bow across different wave conditions and speeds. According to EU 
Directive 2002/44/EC, (2002), a VDV8h higher than 9.1 ms⁻¹⋅⁷⁵ indicates 
an action value for potential health risks, while VDV8h > 21 ms-1.75 in
dicates a limit value for adverse health effects.

Fig. 17(a) shows that VDV8h at the CG is significantly lower than the 
bow. However, under wave condition 1 conditions, it is still higher than 
the action value at all considered Froude numbers, and it even exceeds 
the limit value at FrB = 3 (planing mode). Similarly, VDV8h in wave 
condition 2 surpasses the action value at FrB = 1.2 and 1.7, while wave 
condition 3 exhibits a lower VDV8h, which may indicate a lower prob
ability of health risks due to the lower acceleration intensity.

As shown in Fig. 17(b), VDV8h at the bow exceeds the limit value 
recommended by EU Directive 2002/44/EC, (2002) in both wave con
ditions 1 and 2 across all Froude numbers. Additionally, VDV8h in wave 
condition 3 exceeds the action level at two considered Froude numbers. 
Although an 8-hour work shift is uncommon for an HSPC, these results 
demonstrate a significant risk of adverse health effects for crews on
board this HSPC during 8 h of work, especially in planing mode. 
Therefore, there is a pressing need for safety improvement to reduce the 
possibility of adverse health risks.

In addition to the possibility of adverse human health risks during 
HSPCs missions, the long-term negative health effects of vibration 
exposure can be evaluated using the Sed factor, as recommended by ISO 
2631-5, (2004). According to ISO 2631-5, (2004), for a crew aged 20 to 
65 years working 220 days a year, Sed > 0.8 MPa indicates a high 
probability of health risks, while Sed < 0.5 MPa indicates a low risk. 
Figs. 18 and 19 present full-scaled Sed,1h and Sed,8h values for daily work 
onboard this HSPC, considering CG and bow accelerations.

Fig. 18 shows that Sed-1h and Sed-8h values are both below the risk 
threshold in semi-planing and transient mode in wave conditions 1, 2, 
and 3. However, in planing mode (FrB = 3), Sed-1h reaches 0.67 MPa, and 
Sed-8h rises to 0.94 MPa, demonstrating a high probability of adverse 
health effects and underscoring the urgent need to reduce vertical 
accelerations.

Fig. 19 shows that both Sed-1h and Sed-8h values in the bow are below 
0.5 MPa at Froude numbers 1.2 and 1.7 across three wave conditions, 
which is generally considered a low risk for adverse health effects ac
cording to ISO 2631-5, (2004). However, at Fr = 2.2, Sed-1h reaches 1.34 
MPa in wave condition 1, indicating high probability of health risks and 
0.59 MPa in wave condition 2, indicating probable health risks. 
Furthermore, at FrB = 3.0, Sed-1h increases significantly upon entering 
the planing regime, reaching 2.45 MPa in wave condition 1, which 
predicts a high likelihood of long-term negative health effects.

Given that Sed values increase with increasing acceleration exposure 
time (as seen when comparing Sed-1h and Sed-8h in Figs. 18 and 19), 
reducing exposure duration or implementing acceleration reduction 
devices becomes essential at higher speeds to reduce human health risks.

The assessment of adverse health effects and discomfort due to hull 
accelerations highlights the critical need for effective acceleration 
reduction strategies, particularly in demanding operational scenarios 
such as high-speed operation in rough sea conditions. For this aim, the 
TIS has shown promise in reducing accelerations, as observed results in 
Section 4.2 indicate. To better understand the interceptor’s potential for 
enhancing crew safety, the following section investigates the TIS’s 
impact on safety improvement during transient mode operations, where 
hull performance is particularly sensitive to wave interactions and speed 
variations.

4.3.2. TIS effect on safety improvement in transient mode
The effects of the TIS on vertical acceleration in transient mode op

erations have direct implications for human safety onboard HSPCs. To 
evaluate the TIS’s effect on human comfort, a comparison of the full- 
scaled weighted RMS acceleration of the hull with and without the TIS 
is presented in Fig. 20 for both the CG and bow.

As shown in Fig. 20, the TIS significantly reduces RMS acceleration at 
both the CG and bow in transient mode. Specifically, RMS acceleration 
at the CG decreases by 40.1 % and 36.8 % in wave conditions 1 and 2, 
respectively, compared to the bare hull at a Froude number of 1.7. 
Similarly, RMS acceleration at the bow reduces by 43.2 % and 43.9 % 
relative to the bare hull under the same conditions.

At a higher Froude number of 2.2, the TIS continues to provide a 
reduction in RMS acceleration, albeit less pronounced. RMS at the CG 
decreases by 9.6 % and 9.5 %, while RMS at the bow reduces by 11.6 % 
and 11.3 % in wave conditions 1 and 2, respectively. These results 
demonstrate that the TIS successfully enhances crew comfort onboard 
HSPCs during transient mode. However, its effects are notably more 

Fig. 17. VDV8h for weighted acceleration in a) CG and b) bow in wave conditions 1, 2, and 3 at different Froude numbers.
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substantial at lower speeds, where the influence of the TIS is most 
effective.

Fig. 21 presents the full-scaled VDV8h value at the CG and bow for the 
hull with and without the TIS in wave conditions 1 and 2 during the 
transient mode. The results indicate a significant reduction in VDV8h at 
both CG and bow when TIS is employed. For instance, at FrB = 1.7, the 
VDV8h at the CG and bow decreases by 38.2 % and 45.1 %, respectively, 
compared to the bare hull under wave condition 1. Similarly, for wave 
condition 2, the reductions are 36.0 % at the CG and 42.2 % at the bow. 
These results highlight the TIS’s notable capability in improving on
board crews’ safety, especially at lower speeds.

Although the TIS effectively reduces VDV8h values at both the CG 

and bow in wave conditions 1 and 2, its efficiency reduces at higher 
speeds. For instance, at FrB = 2.2, the percentage reductions are smaller 
compared to those observed at FrB = 1.7, as illustrated in Fig. 21. This 
trend suggests that the TIS’s efficiency in reducing vertical shocks de
creases as the vessel transitions into higher speed regimes, likely due to 
reduced flow control effectiveness at the transom.

Further details, including the precise percentage reductions of VDV8h 
values, are provided in Appendix C, Table C2. These insights emphasize 
the importance of optimizing TIS design for varying speed ranges to 
maximize its safety benefits.

Figs. 22 and 23 show the full-scaled Sed-1h and Sed-8h values at the CG 
and bow for both the bare hull and hull equipped with a TIS in wave 

Fig. 18. a) Sed-1 h, and b) Sed-8 h values of weighted accelerations in CG in wave conditions 1, 2, and 3 at different Froude numbers.

Fig. 19. a) Sed-1 h, and b) Sed-8 h values of weighted accelerations at bow in wave conditions 1, 2, and 3 at different Froude numbers.

Fig. 20. Weighted RMS acceleration in a) CG and b) bow of the bare hull and hull with a TIS (0.5BWL) in transient mode across wave conditions 1 and 2.
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conditions 1 and 2 during the HSPC operation in transient mode. While 
Figs. 20 and 21 indicated that TIS is more efficient in reducing RMS and 
VDV8h at lower speeds, it amplifies acceleration effects on the human 
spine at lower Froude numbers, as evidenced in Figs. 22 and 23.

According to Fig. 22, at FrB = 1.7, the use of the TIS increases Sed at 
the CG by 67.2 % and 47.9 % in wave conditions 1 and 2, respectively, 
compared to the bare hull. Despite this increase, the Sed value for a hull 
equipped with a TIS at FrB = 1.7 remains below 0.5 MPa, which ISO 
2631-5, (2004) categorizes as having a low probability of long-term 
health risks. In contrast, at FrB = 2.2, the Sed at the CG decreases by 
9.1 % and 1.6 % in wave conditions 1 and 2, respectively, when the TIS 

is implemented, highlighting its effectiveness at higher speeds.
Fig. 23 shows the TIS’s influence on Sed values at the bow. According 

to Fig. 23, at FrB = 1.7, Sed at the bow increases significantly, by 275.7 % 
and 110.0 % in wave conditions 1 and 2, respectively, compared to the 
bare hull. This substantial increase causes Sed-8 h in wave condition 1 to 
exceed 0.8 MPa, signifying a high probability of adverse long-term 
health effects for a human stationed near the bow. Conversely, at FrB 
= 2.2, the TIS effectively reduces Sed at the bow by 27.2 % and 14.2 % in 
wave conditions 1 and 2, respectively.

As a conclusion on the effects of the TIS on human safety at FrB = 1.7, 
it effectively reduces WBVs and moderate shocks onboard the HSPC, as 

Fig. 21. VDV8h in a) CG and b) bow of the bare hull and hull with a TIS (0.5BWL) in transient mode across wave conditions 1 and 2.

Fig. 22. a). Sed-1h, and b) Sed-8h in CG for the bare hull and hull with a TIS (0.5BWL) in transient mode across wave conditions1 and 2.

Fig. 23. a). Sed-1h, and b) Sed-8h in bow for the bare hull and hull with a TIS (0.5BWL) in transient mode across wave conditions 1 and 2.
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indicated by RMS and VDV8h reduction. However, the TIS may also 
allow or amplify occasional high acceleration peaks, resulting in an in
crease in the Sed value. Since Sed is calculated based on the sixth power of 
weighted acceleration (Eq. (5)), it is highly sensitive to peak accelera
tion compared to RMS and VDV8h. To further investigate the effect of the 
TIS on acceleration peak, the full-scaled Crest Factor (CF) for the bare 
hull and the hull equipped with a TIS is compared in Fig. 24, considering 
both CG and bow accelerations.

The CF is a nondimensional value defined as the ratio of the 
maximum weighted acceleration peak to the RMS value. As expected, 
Fig. 24 shows that TIS amplifies the CF at FrB = 1.7 in wave conditions 1 
and 2, due to an increase in the maximum acceleration peak. This in
crease in CF correlates with the rise in Sed, even as reductions in RMS 
and VDV8h indicate decreased WBVs and moderate shocks. In contrast, 
at FrB = 2.2, the TIS leads to reductions in CF, Sed, VDV, and RMS across 
both wave conditions 1 and 2, indicating an overall improvement in 
human safety at higher speeds.

Up to this point, the analysis is focused on the performance and 
safety improvement by a TIS with a length of 0.5BWL during transient 
mode operations. This configuration is selected to optimize vertical ac
celeration reduction at transient mode while ensuring acceptable dy
namic performance.

In the next section, the focus shifts to planing mode, where the TIS 
length are adjusted to 0.25BWL to accommodate higher speeds. Addi
tionally, the effects of both the TIS and the DIS are investigated to 
evaluate their impact on safety improvements and human comfort in 
this operational regime.

4.3.3. TIS and DIS effect on safety improvement in planing mode
This section investigates the effects of the Transom interceptor sys

tem (TIS) with a length of 0.25BWL and the DIS on human health and 
comfort during planing mode operations. As discussed earlier, the TIS 
length is reduced from 0.5BWL to 0.25BWL to better accommodate the 
higher speeds characteristic of planing conditions. The analysis focuses 
on assessing the effectiveness of these configurations in improving 
human safety and enhancing crew comfort during high-speed 
operations.

Considering the effects of the TIS and DIS on vertical acceleration in 
planing mode, these systems can also affect the WBV and shocks, which 
directly affect human safety on board HSPCs. Therefore, a comparison of 
full-scaled RMS and VDV8h values for the bare hull and hulls equipped 
with TIS and DIS is presented in Fig. 25, focusing on CG and bow 

accelerations in wave condition 1 at FrB = 3.
As shown in Fig. 25, the DIS results in a 6.4 % and 8.7 % increase in 

RMS and VDV8h of weighed CG accelerations, respectively, compared to 
the bare hull. Similarly, there is a 0.3 % and 4.7 % increase in RMS and 
VDV8h for weighted bow acceleration. Although these increases in RMS 
and VDV are not substantial, it can be concluded that the DIS is not 
efficient in improving human safety onboard HSPCs in planing mode. In 
fact, it may even increase the probability of adverse health effects and 
discomfort in planing mode.

Fig. 25 also indicates that RMS and VDV8h for the hull equipped with 
TIS are significantly lower than the bare hull. The percentage reductions 
in RMS and VDV for both CG and bow accelerations are presented in 
Table C3 in Appendix C. These results suggest that the use of TIS can 
improve safety by reducing the risks of human comfort and adverse 
health effects in planing mode. Tables B1, B2, B3.

The effects of using TIS and DIS on long-term negative health effects 
in planing mode are investigated by comparing the full-scaled Sed values 
for the bare hull, the hull equipped with TIS, and the hull equipped with 
DIS, as shown in Fig. 26. According to Fig. 26, the use of DIS increases 
Sed by 18.8 % in the CG compared to the bare hull, while its effect on the 
Sed of the bow is negligible. Moreover, TIS successfully reduces Sed at 
both CG and bow by 60.6 % and 51.1 %, respectively, highlighting TIS’s 
effectiveness in improving human safety onboard HSPCs.

Fig. 27 shows a comparison of the effect of TIS and DIS on the full- 
scaled CF of weighted CG and bow accelerations in wave condition 1 at 
FrB = 3. As shown in Fig. 27, the use of DIS results in a 12.0 % and 6.6 % 
increase in CF for the CG and bow, respectively, compared to the bare 
hull. In contrast, TIS increases the CF in the bow by 3.0 %, while it 
efficiently reduces CF in the CG by 37.1 %.

5. Discussion

This study investigated the effects of Transom Interceptor Systems 
(TIS) and Double Interceptor Systems (DIS) on the dynamic performance 
and crew’s safety onboard a High-Speed Planing Craft in rough water 
under varying operational regimes. A bare hull was used as a benchmark 
to highlight the improvements achieved through these systems. The 
findings provided a comprehensive evaluation of wave-induced mo
tions, hull accelerations, and human safety risks, focusing on weighted 
root-mean-square (RMS), vibration dose value (VDV), and spine dose 
value (Sed) indices as defined by ISO 2631-1, (1997); ISO 2631-5, 
(2004), and EU Directive 2002/44/EC, (2002) standards.

Fig. 24. CF for bare hull and hull with TIS (0.5BWL) in a) CG and b) bow in transient mode across wave conditions 1 and 2.
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The results show that TIS, particularly when optimized for specific 
speed regimes, significantly improves dynamic performance and crew 
safety. In transient mode, a TIS length of 0.5BWL was shown to be 
effective in reducing hull resistance, heave, and pitch motions, as well as 
moderate accelerations. Consequently, reducing vertical accelerations 
resulted in a decrease in RMS and VDV8h values, reducing potential 
human health and comfort risks. However, it occasionally increased Sed 
values due to sensitivity to peak accelerations.

In planing mode, reducing the TIS length to 0.25BWL provided sub
stantial advantages by reducing hull heave and pitch motions, vertical 

acceleration, RMS, VDV8h, and Sed values across CG and bow acceler
ations. This observation highlights the TIS efficacy in improving the 
dynamic performance of an HSPC and enhancing human safety at higher 
speeds. However, it should be noted that implementing TIS in planing 
mode leads to an increase in total resistance.

Conversely, the DIS showed limited efficiency in improving dynamic 
performance and human safety while offering some dynamic benefits in 
reducing pitch motion. In planing mode, DIS slightly increased hull 
resistance, heave motion, vertical acceleration, RMS, and VDV8h values 
at both CG and bow, along with Sed values in the CG region. These 
findings suggest that employing DIS to improve dynamic and human 
safety in planing mode requires further refinements.

Current results align with the results of Park et al., (2019) which 
highlighted the effects of TIS on HSPC dynamics under irregular wave 
conditions. Additionally, the performance of DIS has been previously 
examined in regular wave by De Luca and Pensa (2011), who indicated a 
potential increase in hull motions. We specifically focused on the effect 
of TIS and DIS on human safety by analyzing their influence on hull 
motions and accelerations in irregular wave conditions.

This study is limited to three irregular head waves and four Froude 
numbers, which may not fully represent the range of operational envi
ronments encountered by HSPCs. Furthermore, the analysis considers 
only three degrees of freedom, neglecting other motions that could affect 
hull responses and human safety. Addressing these limitations in future 
research will enhance the generalizability of the findings.

Fig. 25. TIS and DIS effects in a) RMS and b) VDV8h of weighted CG and bow acceleration in wave condition 1 at FrB= 3.

Fig. 26. TIS and DIS effects in a) Sed-1h and b) Sed-8h in wave condition 1 and FrB=3.

Fig. 27. TIS and DIS effects in crest factor in wave condition 1 at FrB = 3.
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6. Conclusion

This study analyzed the effects of using TIS and DIS on the dynamics 
of HSPC and their role in improving human safety by reducing accel
erations. Towing tank tests are conducted at the Università degli Studi di 
Napoli “Federico II” providing high-fidelity data that captured the nu
ances of hull performance in semi-planing, transient, and planing 
modes. The experiments utilized advanced equipment, including triaxial 
accelerometers for measuring hull accelerations and motion capture 
systems for tracking hull responses in wave conditions. These facilities 
ensure accurate and reliable data to support the analysis.

The findings indicate that in both transient and planing modes, the 
TIS can efficiently reduce hull motions and accelerations and conse
quently enhance human safety. However, the measured data for DIS 
performance in planing mode showed higher motions and accelerations 
compared to the bare hull.

These results provide a new insight into the efficiency of interceptor 
systems in enhancing human safety, which can consider in designing 
and implementation of effective interceptor system. However, the scope 
of this study is limited to HSPC dynamics under the three degrees of 
freedom (surge, heave, and pitch) in three irregular head wave condi
tions at different speeds, along with specific interceptor system config
urations. Future research could investigate the effects of interceptor on 
lateral motions and accelerations, considering waves from other di
rections and hull with unrestricted sideways motions. Furthermore, a 
more detailed analysis of fluid flow around the hull could be achieved by 
simulating HSPC with advanced computational methods.
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Appendix A

Para

Appendix B

To minimize aliasing errors and identify any identify any unintended sources of error from the acquisition system, a high sampling rate is applied 
using the oversampling technique. As a result, a standard rate of 500 Hz—ten times the network frequency—is selected. In the benchmark study of the 
NSS series, De Luca and Pensa (2017) previously applied ITTC 7.5–02–02–02 to evaluate the total measurement uncertainty during towing tank tests 
of the NSS hull series. Their reported total uncertainties in resistance measurement are ±0.01 N, ±0.05◦ on trim, ±0.001 m/s on speed, and±0.01 kg 
on weights. Additionally, interceptor height is measured with an uncertainty of 0.02 mm. The uncertainties related to the weights for model C5 can be 
found in De Luca and Pensa (2017).

The mean value of significant hull motions and accelerations and the uncertainty of the mean value are calculated in accordance with ITTC 
7.5–02–01–01, using following equations: 

q =
1
N

∑T

t=0
q(t) (B1) 

N is the number of data points in the top 1/n portion (e.g., 1/3, 1/10, or 1/100), T is the measurement time, and q(t) represents a time series of a 
uniformly sampled quantity (e.g., heave, pitch, or acceleration) that top 1/n subset, and q is the mean value of the quantity. Furthermore, the standard 
deviation of q is calculated by: 

S =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N − 1

∑T

t=0
(q(t) − q)2

√
√
√
√ (B2) 

Then the standard uncertainty is estimated as: 

u(q) =
S̅
̅̅̅
N

√ (B3) 

To consider a 95 % confidence interval, the following equation is used: 

q ± 1.96.u(q) (B4) 
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Table B1 
Obtained results and uncertainty for the bare hull.

Wave. 
No

FrB Heave/Hs Pitch/S CG acceleration (g) Bow acceleration (g)

H1/3 H1/10 H1/100 θ1/3 θ1/10 θ1/100 A1/3 A1/10 A1/00 A1/3 A1/10 A1/00

1 1.2 0.79 
±0.04

1.08 
±0.04

1.28 
±0.03

1.43 
±0.06

1.78 
±0.03

1.90 
±0.01

0.47±0.02 0.62 
±0.03

0.74±0.04 1.08 
±0.04

1.34 
±0.05

1.59 
±0.03

1 1.7 0.73 
±0.04

0.97 
±0.03

1.13 
±0.01

1.09 
±0.05

1.38 
±0.05

1.60 
±0.01

0.42±0.03 0.69 
±0.04

1.12±0.05 1.41 
±0.09

2.02 
±0.13

2.65 
±0.06

1 2.2 0.34 
±0.02

0.56 
±0.02

0.84 
±0.02

0.78 
±0.03

1.10 
±0.02

1.29 
±0.05

0.36 
±0.004

0.49 
±0.01

0.75±0.03 0.88 
±0.04

1.53 
±0.06

2.33 
±0.10

1 3.0 0.66 
±0.03

0.85 
±0.05

1.10 
±0.01

0.89 
±0.04

1.13 
±0.05

1.45 
±0.10

1.00±0.04 1.35 
±0.07

1.93±0.10 2.56 
±0.12

3.48 
±0.15

4.63 
±0.18

2 1.2 0.52 
±0.02

0.71 
±0.03

0.90 
±0.02

0.93 
±0.03

1.16 
±0.04

1.32 
±0.01

0.21±0.01 0.32 
±0.01

0.54±0.04 0.97 
±0.04

1.26 
±0.06

1.69 
±0.06

2 1.7 0.44 
±0.02

0.60 
±0.02

0.73 
±0.01

0.66 
±0.02

0.83 
±0.02

0.96 
±0.02

0.26±0.01 0.39 
±0.01

0.58±0.03 0.92 
±0.04

1.22 
±0.05

1.54 
±0.10

2 2.2 0.16 
±0.01

0.29 
±0.01

0.53 
±0.02

0.39 
±0.02

0.60 
±0.03

0.82 
±0.03

0.25 
±0.003

0.36 
±0.01

0.57±0.02 0.42 
±0.02

0.73 
±0.04

1.32 
±0.12

3 1.2 0.21 
±0.01

0.33 
±0.01

0.51 
±0.02

0.40 
±0.01

0.51 
±0.01

0.57 
±0.01

0.13±0.00 0.16 
±0.01

0.21 
±0.004

0.39 
±0.01

0.50 
±0.02

0.63 
±0.03

3 2.2 0.11 
±0.00

0.16 
±0.00

0.25 
±0.01

0.13 
±0.01

0.21 
±0.01

0.32 
±0.01

0.17±0.00 0.26 
±0.00

0.44±0.02 0.21 
±0.01

0.38 
±0.02

0.73 
±0.04

Table B2 
Obtained results and uncertainty for the hull with TIS.

Wave. 
No

FrB Heave/Hs Pitch/S CG acceleration (g) Bow acceleration (g)

H1/3 H1/10 H1/100 θ1/3 θ1/10 θ1/100 A1/3 A1/10 A1/00 A1/3 A1/10 A1/00

1.0 1.7 0.33 
±0.02

0.58 
±0.03

0.97 
±0.06

0.86 
±0.05

1.28 
±0.07

1.72 
±0.07

0.26 
±0.01

0.41 
±0.01

0.71 
±0.04

0.60 
±0.04

1.10 
±0.09

2.25 
±0.19

1.0 2.2 0.29 
±0.02

0.51 
±0.03

0.82 
±0.02

0.71 
±0.03

1.02 
±0.03

1.21 
±0.03

0.36 
±0.00

0.50 
±0.01

0.75 
±0.02

0.74 
±0.06

1.54 
±0.10

2.95 
±0.10

1.0 3.0 0.48 
±0.03

0.66 
±0.04

0.83 
±0.01

0.74 
±0.03

0.96 
±0.05

1.18 
±0.04

0.54 
±0.02

0.74 
±0.04

1.04 
±0.08

1.65 
±0.07

2.17 
±0.10

2.91 
±0.57

2.0 1.7 0.19 
±0.01

0.32 
±0.01

0.59 
±0.04

0.48 
±0.02

0.68 
±0.02

0.90 
±0.01

0.24 
±0.00

0.36 
±0.01

0.58 
±0.02

0.39 
±0.02

0.72 
±0.04

1.36 
±0.05

2.0 2.2 0.15 
±0.01

0.26 
±0.01

0.46 
±0.02

0.36 
±0.02

0.55 
±0.02

0.72 
±0.02

0.22 
±0.00

0.31 
±0.00

0.45 
±0.01

0.36 
±0.01

0.63 
±0.03

1.17 
±0.08

Table B3 
Obtained results and uncertainty for the hull with DIS.

Wave. 
No

FrB Heave/Hs Pitch/S CG acceleration (g) Bow acceleration (g)

H1/3 H1/10 H1/100 θ1/3 θ1/10 θ1/100 A1/3 A1/10 A1/00 A1/3 A1/10 A1/00

1.0 3.0 0.70 
±0.03

0.91 
±0.05

1.20 
±0.00

0.87 
±0.03

1.05 
±0.04

1.25 
±0.04

1.12 
±0.06

1.59 
±0.09

2.37 
±0.23

2.74 
±0.14

3.73 
±0.18

5.06 
±0.22

Appendix C

Table C1 
A summary of TIS 0.5BWL effect in dynamic performance of an HSPC in waves 1 and 2 at transient mode (FrB = 1.7 and 2.2).

Wave 
number

FrB Resistance 
reduction

Heave reduction Pitch reduction Acceleration reduction in CG Acceleration reduction in bow

H1/3 H1/10 H1/100 θ1/3 θ1/10 θ1/100 A1/3 A1/10 A1/100 A1/3 A1/10 A1/100

1 1.7 4.7 % 21.4 % 6.7 % 7.4 % 21.4 % 6.7 % − 7.4 % 33.0 % 38.0 % 34.2 % 56.9 % 44.5 % 18.8 %
1 2.2 4.9 % 9.1 % 6.7 % 5.8 % 9.1 % 6.7 % 5.8 % − 0.9 % − 1.9 % − 0.3 % 16.3 % − 1.4 % − 25.3 %
2 1.7 4.2 % 56.4 % 45.6 % 19.0 % 27.7 % 18.0 % 5.6 % 6.1 % 9.1 % 0.7 % 57.4 % 40.9 % 11.8 %
2 2.2 4.7 % 7.2 % 10.3 % 12.2 % 7.6 % 8.3 % 14.1 % 12.4 % 14.5 % 19.7 % 15.2 % 13.7 % 11.1 %

*Negative value means increasing the parameter.

F. Roshan et al.                                                                                                                                                                                                                                 Applied Ocean Research 161 (2025) 104692 

19 



Table C2 
A summary of TIS 0.5BWL effect in human safety onboard a HSPC in waves 1 and 2 at transient mode (FrB = 1.7 and 2.2).

Wave number FrB CF reduction RMS reduction VDV reduction Sed reduction

CG bow CG bow CG bow CG bow

1 1.7 − 44.1 % − 0.5 % 40.1 % 43.2 % 38.2 45.1 % − 67.2 % − 275.7 %
1 2.2 − 3.5 % 0.8 % 9.6 % 11.6 % 12.1 10.6 % 9.1 % 27.3 %
2 1.7 − 31.1 % − 11.1 % 36.8 % 43.9 % 36.0 42.2 % − 47.9 % − 110.0 %
2 2.2 8.32 % − 32.6 % 9.5 % 11.3 % 11.4 7.3 % 1.6 % 14.2 %

*Negative value means increasing the parameter.

Table C3 
A summary of TIS 0.25BWL and DIS effects on dynamic performance and human safety onboard an HSPC in 
wave 1 at planing mode (FrB = 3).

Parameters TIS DIS

Resistance – 23.0 % − 4.6 %
Heave reduction H1/3 27.9 % − 6.2 %

H1/10 22.6 % − 6.6 %
H1/100 24.2 % − 9.5 %

Pitch reduction θ1/3 16.7 % 2.0 %
θ1/10 14.9 % 7.6 %
θ1/100 18.6 % 15.9 %

Acceleration reduction in CG A1/3 45.5 % − 12.0 %
A1/10 45.4 % − 17.2 %
A1/100 46.3 % − 22.6 %

Acceleration reduction in Bow A1/3 35.3 % − 7.2 %
A1/10 37.7 % − 7.1 %
A1/100 37.1 % − 9.2 %

CF reduction CG 37.1 % − 12.0 %
Bow − 3.0 % − 6.6 %

RMS reduction CG 44.4 % 6.4 %
Bow 41.5 % 0.3 %

VDV reduction CG 55.3 % − 8.7 %
Bow 44.9 % − 4.7 %

Sed reduction CG 60.5 % − 18.8 %
Bow 51.1 % − 0.6 %

*Negative value means increasing the parameter.
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Fig. A1. A time history of recorded a) heave, b) pitch, and vertical acceleration in c) CG and d) bow in wave condition 1 at FrB = 2.2.
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Fig. A2. Time history of heave motions for the bare hull and hull equipped with TIS in a) wave condition 1 and b) wave condition 2 at FrB=2.2.

Fig. A3. Time history of pitch motion for the bare hull and hull equipped with TIS in a) wave condition 1 and b) wave condition 2 at FrB=2.2.
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Fig. A4. Time history of the CG acceleration for the bare hull and hull equipped with TIS in a) wave condition 1 and b) wave condition 2, at FrB=2.2.

Fig. A5. TIS effect on a) heave and b) pitch motions in transient mode at FrB = 3.
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Fig. A6. DIS effect on a) heave and b) pitch motions in transient mode at FrB = 3.

Fig. A7. Time history of CG acceleration in wave at FrB = 3 for a) bare hull and hull with TIS, and b) bare hull and hull with DIS.
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