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a b s t r a c t

The present study concerns the stern slamming load of container carriers, with stern bulb arrangement
variation. First, a series of wedge drop tests were conducted using simple wedge models with fixed
deadrise angles, and tests with the cross-section models of practical container carrier sterns were fol-
lowed. The deadrise angle of the simple wedge ranged from 0� to 10�. The pressure measurement results
of the simple wedge drop tests were distributed between empirical formula and analytic solution, so the
experimental setup was validated. In the cases of practical hull cross-sections, the water entry of the bulb
prior to that of the transom resulted in characteristic water film generation and delayed pressure peak
appearance. The trapped air between the bulbs damped the pressure in the twin skeg hull case, reducing
the pressure peak and causing the pressure oscillation during water entry.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A ship sailing in rough waves may suffer large vertical motions
and harsh slamming loads. Slamming impact loads cause vibrations
and damages to the hull structure. Frequent slamming accumulates
damage on the hull, and may result in fatigue fracture or cracking
that might make the ship sink. Slamming also causes injuries to
passengers and to the hull structure. Therefore, slamming loads
should be predicted accurately and excessive slamming should be
avoided in the design stage. However, estimating the local slam-
ming impact loads on the hull is difficult as slamming is a complex
fluid-structure interaction phenomenon. Slamming accompanies
rapid deceleration of the hull at the water entry, compressible flow
behavior of the trapped air, elastic vibration of the hull structure,
and shock propagation after the impact.

In general, the three-dimensional (3D) slamming impact loads
are estimated by integrating the water-entry impact loads of two-
dimensional (2D) cross-sections. The results of 2D simple wedge
drop tests are used to analyze the slamming impact loads of hull

cross-sections. Chuang (1967) performed wedge drop tests and
found that the pressure at impact was proportional to the square of
the impact velocity multiplied by an experimental coefficient.
Similar 2D wedge drop tests were performed at free or forced drop
conditions (Kawakami et al., 1977; Yettou et al., 2006; Tveitnes
et al., 2008; Luo et al., 2012; Panciroli et al., 2015). Based on the
experimental results, the empirical formula and analytic method
for predicting impact pressure were determined (Ochi and Motter,
1973; Stavovy and Chuang, 1976; Howison et al., 1991; Engle and
Lewis, 2003; Faltinsen and Chezhian, 2005; Sun and Faltinsen,
2009). The numerical studies using the computational methods
were also conducted, and the obtained results were similar to ex-
periments. (Kleefsman et al., 2005; Maki et al., 2011).

Although slamming has been studied bymany researchers, most
of the studies focused on bow slamming, which was more signifi-
cant on the global or local load than on stern slamming in waves
and low speed conditions (Storhaug, 2014). Studies on stern
slamming were conducted for passenger ships, as it affected vi-
bration on the deckhouse and degraded the comfort of passengers
(Dessi et al., 2007). Dessi et al. (2007) investigated the stern
slamming of a 290 m class passenger ship by conducting model
tests. Michimoto and Imayoshi (1982) measured the impact pres-
sure at the stern of a roll-on/roll-off ship model in regular waves.
Based on the measurement results, the impact pressure in irregular
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waves could be estimated. As the stern had a flared cross-section,
the tendency was similar to that of the analytic solution for a
wedge with a small deadrise angle proposed by Wagner (1932).
Cusano et al. (2007) made a similar conclusion as Dessi et al. (2007)
through themodel tests and numerical analysis of a passenger ship.
Yang et al. (2007) suggested a Computational Fluid Dynamic (CFD)
method to assess the stern slamming load of a container carrier,
however, the CFD results overestimated the maximum pressure.
Oberhagemann et al. (2010) performed CFD analysis for the stern
slamming of a twin-skeg type hull with a flat bottom between the
skegs. Stern slamming increased in certain sea conditions and
caused the whipping response, which resulted in a 25% increase at
the structural stress due to primary vertical bending.

Modern container carriers have flat and wide stern structures
which means those ships are vulnerable to stern slamming loads.
However, detailed design guidance or estimation method for stern
structures considering the slamming loads are not sufficient. Most
of the methods are based on the bow slamming estimation tech-
niques and the published experimental results are very limited. The
present study aims to improve the understanding of stern slam-
ming by observing physical phenomena in the practical hulls’ sec-
tion drop tests. 2D wedge drop tests for two kinds of cross-sections
of container carriers with stern skegs were carried out after the test
setup was validated by simple wedge drop tests. The pressures on
the wedge surface, as well as accelerations of the wedge, were
measured. Slamming characteristics with respect to stern bulb ar-
rangements were examined in terms of local maximum pressure.

This paper is organized as follows. The next section describes
the experimental setup, test conditions, measurement system, and
data analysis method. Then test results and discussion are pro-
vided. The final section presents the summary and conclusions.

2. Experimental setup

2.1. Test facility

The model tests were conducted in a small basin at the Hyundai
Maritime Research Institute. The length (l), depth (h), and width (b)
of the basin were 5.4, 1.0, and 2.5 m, respectively. Fig. 1 shows the
arrangement of the test model and basin. Two vertical guide rails
were installed along the center of the basin to enable the vertical
movement of the model. Bushes were attached to the model to
reduce the friction between the vertical rails and the model. The
model was hung by an electromagnet and released to start the free-
drop. The electric winch and electromagnet were used to keep the
initial condition consistent as much as possible. In the preliminary
experiments using a high-speed camera, the alignment and accel-
eration for free drop tests were confirmed.

2.2. Test models

Wedge models with three deadrise angles (i.e., 0�, 5�, and 10�)
and two cross-sections of container carriers were used in the pre-
sent study. The deadrise angle range was selected, considering the
general deadrise angle of the container carrier transom. As repre-
sentative cross-sections of practical hulls, a single skeg type stern of
a Post-Panamax class container carrier (hereafter referred to as
Single skeg) and a twin-skeg stern of an ultra large container
(hereafter referred to as Twin skeg) carrier were used.

Fig. 2 shows the cross-sections of the test models and locations
of pressure measurements. The length and weight of the wooden
wedge model were 1 m and 60 kg, respectively, for all cases. For

simple wedge models, the breadth was 0.6 m. The Single skeg
model also had a breadth of 0.6 m at a scale ratio of 1/66.67. The
scale ratio of the Twin skeg model was 1/73.2 with a width of
740.44 mm.

2.3. Test conditions

The wave effects on stern slamming were not considered in this
study, and all tests were performed in calm water. For the wedge
drop tests, the initial height,H, was defined as the distance from the
calm water surface to the model bottom, as shown in Fig. 3. As the
test model entered the water, the free surface was disturbed and
waves were generated. The maximum impact pressure was
measured within 0.05 s from the water entry, so the water waves
reflected from the wall could not affect the maximum impact
pressure results. In Yettou et al. (2006), the water level was set at
1 m to allow drops from amaximum height of 1.3 m. Themaximum
height of this study was 0.4 m, so the bottom effect was negligible.

Five H conditions were tested: 50, 100, 200, 300, and 400 mm.
For the 5� deadrise angle wedge, the results for H ¼ 300 and
400 mm were excluded, as the maximum pressure exceeded the
measurable range of the pressure sensor (see Table 1)

All tests were conducted more than twice to confirm the
repeatability. The error range was calculated using t-distribution
within 95% reliability. The combined non-linearity, hysteresis and
repeatability error of pressure sensor was 0.1%. The total uncer-
tainty was assessed by repeated tests and the systematic uncer-
tainty of the sensor. The random uncertainty from the repeated
tests was dominant compared to the systematic uncertainty.

Fig. 1. Test setup.
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Fig. 2. Cross-sectional shape of test models and locations of pressure sensors.
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2.4. Measurement system and data reduction

Fig. 4 shows the arrangement of pressure sensors and acceler-
ometers. Five IS-XTL-190M-50SG (Kulite Semiconductor Products,
New Jersey, United States) pressure transducers were attached to
the model surface and the locations of the pressure transducers are
shown in Fig. 4. The pressure transducers' natural frequency was
500 kHz and the accelerometer's natural frequencywas 100 Hz. The
pressure sensor's natural frequency was sufficient to handle the
impulsive impact pressures. Two ASW-2AZ10 accelerometers
(Kyowa Electronic Instruments, Tokyo, Japan) were placed at the
corners of the model. AM30 (Unipulse Corporation, Tokyo, Japan)
was used to acquire data. In Kapsenberg (2011)'s review paper, the
high sampling rate such as 5e10 kHz was required and for a flat
impact, even a higher sampling rate was necessary. In this study,
the data sampling rate was 20 kHz to capture the impact pressure
adequately satisfying the Kapsenberg's recommendation. All drop
tests were conducted at least twice and the mean of the differences
in the stern geometry drop tests was under 5%. The acquired analog
datawere converted to a digital signal by DAQCard-6062E (National
Instruments Corporation, Texas, United States).

The pressure measured by the pressure transducers was non-
dimensionalized by the instantaneous vertical velocity, V, the
density of the water, r, and the pressure coefficient, CPð ¼
P =ð0:5rV2ÞÞ. Since each measurement point contacted the water
surface at different times, the pressure coefficient of each pressure

sensor location was calculated to be at the exact instant of
maximum pressure. The velocity was calculated by integrating the
acceleration measured by the two accelerometers attached at the
corners of the wedge models.

3. Results and discussion

3.1. Fixed deadrise angle wedges

Time series data for 10� deadrise angle wedge for H variations
are shown in Fig. 5. The acceleration being negative corresponds to
the z-axis pointing downward as shown in Fig. 3. The accelerom-
eters measured the acceleration, and the velocity was calculated by
integrating the unfiltered acceleration data. The impact velocity
was defined at the time of maximum pressure measured. The rise
time to the maximum pressure was short and within 0.5 ms. It took
a long time to decay the peak pressure and impact velocity. When H
was between 50 mm and 300 mm, the pressure was decayed
smoothly after the maximum pressure. When H was 400 mm, the
pressure oscillated at a period of about 0.01 s and the peak pressure
reduced due to the air cushioning of the trapped air between the
wedge model and the water surface. The air cushioning was
mentioned in the previous studies including Chuang (1967) and
Kapsenberg (2011). If the impact velocity was too high, the air
under thewedge could not be displaced by the droppingwedge and
was trapped. Therefore, local compression caused air cushion ef-
fects. To investigate the air cushion effect quantitatively, the
deliberatemeasurement of the air flow is required. In this study, the
air cushion effect was investigated qualitatively, using the decrease
of the maximum pressure.

The Cp for each measurement point is shown in Fig. 6. The dif-
ferences of the impact velocity were small in the repeated tests and
the error range of Cp contained the error of the impact velocity. The
symbols distinguished themeasuring point and all test results were
shown as the mean and the error range. In general, all measure-
ment results were distributed among the values of the empirical
formula of Stavovy and Chuang (1976) and Wagner (1932)'s ana-
lytic solution.

Wagner and Stavovy measured the pressure in the keel of the
wedge and away from the keel. The maximum pressure was
measured at away from the keel. The Cp of Wagner and Stavovy &
Chuang are Eqs. (1)e(2) at away from the keel.

Fig. 4. The arrangement of pressure sensors (P) and accelerometers (Acc).

Fig. 3. Schematic of the wedge drop test.

Table 1
Test condition and number of repeated tests.

Model H [mm]

50 100 200 300 400

0� wedge 2 2 2 2 2
5� wedge 4 2 2 N/A N/A
10� wedge 2 2 2 2 2
Single skeg 4 5 2 3 2
Twin skeg 2 3 3 3 4
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Fig. 5. Time history of the vertical acceleration and pressures of the 10� wedge.

J. Park et al. / International Journal of Naval Architecture and Ocean Engineering 12 (2020) 518e530522



Wagner0s analytic solution: Cp ¼1

þ p2

4b2
ðaway from the keel; b is deadrise angleÞ (1)

Stavovy & Chuang0s empirical solution:

Cp ¼ k1ðbÞ
cos4 b

ðaway from the keelÞ (2)

1. For 0 � b < 2.2 deg:

k1 ¼0:37b=2:2þ 0:5

2. For 2.2 � b < 11 deg:

k1 ¼2:1820894� 0:9481815bþ 0:2037541b2 � 0:0233896b3

þ 0:0013578b4 � 0:00003132b5

3. For 11 � b < 20 deg

k1 ¼4:748742� 1:3450284bþ 0:1576516b2 � 0:0092976b3

þ 0:0002735b4 � 0:00000319864b5

Fig. 6. Pressure coefficient of 10� wedge with H variations.

Fig. 7. Pressure coefficient of 5� wedge with H variations.

Fig. 8. Pressure coefficient of 0� wedge with H variations.

Fig. 9. Time history of the vertical acceleration and pressures of the 0� wedge with H
of 50 mm.
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4. For 20 deg � b

k1 ¼
�
1þ2:4674

tan2 b

�
76856471

288

The Cp for the deadrise angles of 5� and 0� are shown in Figs. 7
and 8, respectively. The air cushion that caused data scattering and
low peak pressure becamemore frequent in those of small deadrise
angle conditions. In the 5� wedge tests, the influence of the air
cushion was not constant, and it corresponded to a kind of transi-
tion area that was sensitive to the local flow condition. In the
transition area, the impact pressure was determined by the inter-
action of the trapped air with jet flow developed along the slope of
the wedge bottom. In Stavovy & Chuang's empirical formula and
Wagner's analytic solution, the estimations of Cp are very different
from each other and it is difficult to investigate the change of local
flow condition. It is understood that flow field measurement ex-
periments are needed to understand the transition area and esti-
mate the stern slamming of full-scale ship.

The 0� wedge case showed pressure fluctuation for all cases;
thus, the maximum peak pressure results were smaller than the

empirical formula of Stavovy and Chuang (1976). The fluctuation
period and amplitude were related to the damping of the entrap-
ped air and the inertia of the wedge model. In Von Karman (1929),
the compressibility of water should be considered at the flat plate
drop tests. For the deadrise angle of 0�, the air cushion effect of
pressure and acceleration fluctuation was observed even in the
lowest H condition as shown in Fig. 9. From this result, the air
cushioning effects and compressibility of water were dominant, so
the threshold height was smaller than 50 mm in the 0� wedge drop
test. In the flat impact, the compressibility of water and elastic
structural response were not negligible, so they should be consid-
ered as well as air cushioning effect. Therefore, the theoretical and
empirical impact pressure of the flat bottom is overestimated.

The deadrise angle and H variation showed that air cushion
effects with fluctuating pressure and velocity were observed when
H was larger than a certain threshold height (see Fig. 5). In Fig. 8,
the Cp decreased as the initial height increased. The compressibility
of water and the air cushioning effect increased as the amount of
the trapped air increased. The generated jet flow quickly exited at a
large deadrise angle, increasing the threshold height of air cush-
ioning effects.

Fig. 10. Snapshots of water entry for the Single skeg wedge model e H ¼ 200 mm.
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3.2. Stern geometry wedges

Figs. 10 and 11 show the snapshots of drop tests for the Single
skeg and Twin skeg, respectively, when H was 200 mm. When the
stern bulb entered the water, the water film rose around the bulb in
Figs. 10 (a) and 11 (a). The film hit the transom prior to the water
entry of the transom. In the Twin skeg case, the rapid flowof air and
violent bubbly free surface occurred after water entry due to the
trapped air between skegs. In contrast to the fixed deadrise angle
wedge, the velocity and the amount of the exiting air would be
decreased by the disturbed water surface and spray caused by
skegs. Therefore, the trapped air between skegs disturbed the
generation of jet flow along the hull surface.

Fig. 12 shows the time history of the velocity and pressure

measured from the drop tests for the Single skeg model. The Single
skeg results were quite different from the fixed deadrise angle
wedges due to the complex free-surface behavior shown in Fig. 10.
At the P1, a small pressure peak was measured at the beginning of
the entry, and then the pressure changed gradually. The water film
was splashed out by the water entry of the stern bulb, resulting in a
smaller pressure peak. The other locations showed only one pres-
sure peak when the transom encountered the water surface.

Fig. 13 shows the relationships between the pressure coefficient
and H for the Single skeg. The peak pressure at the P1 was smaller
than those at other locations, as the time history of the pressure
consisted of two peaks for water film and water entry. In other
measurement locations, the deadrise angle ranged from 5.7� to
7.97�, the pressuremagnitudewas smaller than Stavovy& Chuang's

Fig. 11. Snapshots of water entry for the Twin skeg wedge model e H ¼ 200 mm.
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Fig. 12. Time history of the vertical acceleration and pressure of the Single skeg model.
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empirical solution and Wagner's analytic solution for the simple
wedge cases. This disparity was due to that the bulb disturbed the
free surface and generated the spray, which suppressed the jet flow
generation. At the water entry of the simple wedge with a fixed
deadrise angle, the jet flowmostly developed along the slope of the
wedge bottom. Once the water surface was disturbed, the jet di-
rection did not follow thewedge surface and the peak pressure was
reduced, as shown in the Single skeg drop tests.

The time histories of the acceleration and pressure for the Twin
skeg are shown in Fig. 14. The time histories of the P1 e P5 pres-
sures were very similar because the points inside of the bulbs
encountered the water almost at the same time. At the P1 and P5,
therewere small pressure fluctuations when the spray disturbed by
the bulbs hit at the P1 and P5. The pressure at the P6 and P7 outside
the bulbs was smaller than that of inside the bulbs, and the pres-
sure trend varied according to the initial height. The rise of the
pressure between the skegs was gradual while rapid pressure in-
crease was observed outside of the skegs. Inside the bulbs, the
trapped air reduced the maximum pressure and suppressed the jet
generation. The pressure after the water entry was fluctuated due
to the damping of the air cushion effects.

The pressure at points outside of the skegs was similar to the
Single skeg results. At the P6, which was near the skeg, the first
pressure peak appeared due to a small water film and the pressure
increased gradually afterward. The maximum pressure peak at the
P7 was measured when the initial height was lowest. In Fig. 14 (a),
the initial height was 50 mm, the pressure peak at the P7 was
measured when the pressure sensor encountered to the water after
the P1 to P5 points' pressure peak. In Fig. 14 (e), the initial height
was 400mm, the pressure peak at the P7wasmeasured at the same
time with the P1 to P5 points' pressure peak. If the initial height is
high, the impact velocity and the amount of the trapped air be-
tween the skegs increased. The trapped air between the skegs
damped the model's drop speed and the maximum pressure co-
efficient decreased.

Fig. 15 shows the relationship between the pressure coefficient
and H for the Twin skeg case. All measurement results were smaller
than Stavovy & Chuang's empirical solution and Wagner's analyt-
ical solution for the Single skeg case (see Fig. 13). The maximum
pressure at the measurement locations inside the skegs was larger

than the maximum pressure outside the skegs (see Fig. 14). The
peak pressure at the measurement points between the skegs was
similar to each other as the jet was ineffective and the air cushion
affected all measurement points. At the P6 and P7, the peak pres-
sures were even smaller than those of the Single skeg case because
the air cushion effect from the air trapped between the skegs
damped out the wedge drop speed.

3.3. Comparison of the pressure coefficients

Fig. 16 shows the pressure coefficients for simple wedges and
stern skeg models. The analytic and empirical solution curves in
Fig. 16 were calculated using Eqs. (1) and (2). In general, Wagner's
results were the upper boundary of Cp distribution for simple
wedges. The measured results of Cp were varied according to the
measurement position and H, even as the deadrise angle was
constant. For the simple wedge cases, the results were distributed
among Stavovy & Chuang's empirical formula and Wagner's ana-
lytic solution. When the deadrise angle was 0�, the Cp was far
smaller than the empirical formulas because of the air cushion ef-
fect and the compressibility of water. Wagner's analytic solution
became infinite for the deadrise angle of 0�, which was unrealistic.
Therefore, Stavovy and Chuang's results suggested a feasible range
of values, which were close to the experimental results. In Chuang's
empirical solution, the Cp has the maximum when the deadrise
angle is 2.2�. If the deadrise angle is smaller than 2.2�, the amount
of the entrapped air increases and the influence of the air cushion
effects are not negligible. So, the 2.2� solution could be used to
estimate the maximum pressure.

The skeg cases showed lower pressure than those for Stavovy &
Chuang's empirical formula and Wagner's analytic solution. In the
case of the Single skeg, Cp was far smaller than Stavovy and
Chuang's empirical formula regardless of measurement locations.
The approximation methods may overestimate the impact load
integrated by pressure even though the empirical formulas were
validated at the simple wedge drop tests.

For the Twin skeg case, the P6 and P7 results were similar to the
simple wedge cases, which were smaller than Wagner's analytic
results. In Fig. 16, the P6 point's local deadrise angle was 14.88� and
the P7 point's local deadrise angle was 11.66�. For measurement
points between skegs, the Cp was similar to the Single skeg cases
although the deadrise angle of the points was smaller than that of
the Single skeg.

In the wedge or stern skeg geometry drop tests, the amount of
water exitingwas larger than the flat plate as thewater exited along
the deadrise angle. Therefore, the compressibility of water would
be negligible when the initial height is smaller than the threshold
height.

4. Conclusion

In order to characterize the slamming load acting on the bottom
of the container carrier stern, a series of 2D wedge drop tests were
carried out in calmwater. The experimental systemwas verified by
drop tests at 0�, 5�, and 10� fixed deadrise angle wedges. For cross-
sections of generic container carrier hulls, the drop tests for the
stern models with single and twin skegs were conducted using the
verified experimental system. The results were analyzed using the
time history of the pressures and velocities.

The results of the simple wedges with a constant deadrise angle
had values between Stavovy & Chuang's empirical formula and

Fig. 13. Pressure coefficient of the Single skeg model with H variations.
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Fig. 14. Time history of the vertical acceleration and pressure of the Twin skeg model.
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Wagner's analytic solution according to H conditions and mea-
surement points. The air cushion effect reduced the magnitude of
the peak pressure in large H conditions. The threshold height of the
air cushion effect increased as the deadrise angle increased. For the
zero deadrise angle case, the air cushion effects and pressure

fluctuations were observed for the smallest H conditions.
The cross-sections of the practical hull had stern bulbs, so the

water entry of the bulb preceded the water entry of the transom.
For the Single skeg case, a water film generated by the bulb
encountered the transom. Thus, local peak pressure was observed
at the pressure measurement locations near the centerline.
Furthermore, air cushion effects were also observed in the case, so
the pressure results were smaller than those of the simple wedges
and analytic methods. For the Twin skeg case, the pressure at
measurement locations between the skegs was different from that
of simple wedges and outside of skegs. Strong air cushion effects
caused large pressure fluctuations and damped out the wedge ve-
locity. Due to the air cushion effects and thewater entry of the stern
bulb, the maximum pressure of hull cross-section models was far
smaller. The skegs disturbed the water surface and suppressed jet
generation, so the local impact was reduced. Like skegs, other ap-
pendages or hull surface's irregularities could be deliberately
reducing local impact pressures.

The estimated stern slamming loads by using Wagner's analytic
solution or Stavovy & Chuang's empirical formula would be higher
than those from the free drop test results. Therefore, the current
design practice using the previously stated estimation methods
may be in a safe region, i.e., the design is relatively conservative.
However, this conclusion cannot be universally applicable because
the actual irregular wave situations are not considered in this study.

Fig. 15. Pressure coefficient of Twin skeg model with H variations.

Fig. 16. Cp variation of drop tests for the simple wedges and ship section models.
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