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Abstract

Most offshore structures including offshore wind turbines, ships, etc. suffer from the impulsive pressure loads due to slamming phenomena in
rough waves. The effects of elasticity & plasticity on such slamming loads are investigated through wet free drop test results of several steel
unstiffened flat bottom bodies in the rectangular water tank. Also, their cumulative deformations by consecutively repetitive free drops from
1000 mm to 2000 mm in height are measured.
Copyright © 2017 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/).
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1. Introduction

When most offshore structures including offshore wind
turbines and ships are operated in rough seas, the structural
damages due to slamming phenomena are frequently reported
(Yamamoto et al., 1985; JAIC 1997; Buchner and Voogt, 2004;
MAIB 2008). Recently, Floating Offshore Wind Turbines
(FOWTs) have been installed in deep water. Severe impulse
loadings due to slamming can act on FOWTs and their
structural strength may deteriorate due to consecutive slam-
ming loadings. Since Chuang (1966, 1970) performed an
experimental investigation of rigid flat-bottom body slamming
and a series of wet free drop test using rectangular elastic
plates, respectively, experimental studies on slamming impact
have been made to estimate exact values of peak pressure. The
steel plate thickness in the ship hull scantling step is deter-
mined under the assumption that the quasi-statically

equivalent design load is applied based on the measured
slamming pressure peak (Chuang, 1970). Recently, Sayeed
et al. (2010) and Lewis et al. (2010) carried out wet free
drop tests of wedges with 10� dead-rise and 25� dead-rise,
respectively. Even if the wet free drop tests for the represen-
tation of slamming phenomena are carried out in the same
condition, the measured peak pressures can be different due to
the uncertainty. Also, the cumulative deformation of the flat
bottom plate due to consecutively repetitive wet free drops has
not been reported in the open literature.

In this study, wet free drop tests are repeatedly performed
using steel wedges with unstiffened flat bottom in order to
measure strain, pressure and acceleration at the designated
locations by strain gages, pressure sensors and accelerometers
and to observe cumulative deformation and deformed shape of
the unstiffened flat bottom plate in every wet drop by a surface
measurement device.

2. Experimental set-up

A series of wet free drop tests was conducted at the Ocean
Engineering Wide Tank, University of Ulsan (UOU), Korea.
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The wet free drop test facility is shown at Fig. 1. In order to
obtain the water entry speed resulting from free drops over
more than 10 m, an oil pressure actuator system is designed for
injection of heavy steel wedges at 2 m above the rectangular
tank water surface. A guide rail system with four vertical
masts is used to keep the wedge's bottom plate parallel to
water plane just before water entry after drop of wedges. Also
an electromagnetic system is used to hold a heavy steel wedge
before drop and to lift it after drop.

A steel body with the unstiffened flat bottom plate of 3, 5
and 8 mm in thickness is shown in Fig. 2. Table 1 shows the
principal dimensions.

In Fig. 3 each sensor's location is shown. P1 ~ P8, S1 ~ S8
are the position of pressure sensors and strain gages,
respectively.

Fig. 4 shows an extended guide rail. The extended guide
rails help the wedge's flat bottom plate to remain parallel to the
water surface plane when sliding along the four masts during a
drop.

Fig. 5 shows the pressure sensor used in the test and its
specifications are in Table 2.

As illustrated in Fig. 6, pressure sensors were embedded on
the model surface.

The electrical resistance method was applied to measure
strains as in Fig. 7. Table 3 shows the strain gage's specifica-
tions. Fig. 8 shows the strain gages glued to the bottom
surface.

Fig. 9 and Table 4 show a deflection measurement device
separately installed near the test facility.

NI PXI system for data measurement is shown in Fig. 10
and Table 5. Time synchronization equipment is included.

In Fig. 11 the steel wedge conveying system designed for
wet drop tests is shown and the process includes the mea-
surement of bottom surface deflections as the final step in each
drop.

Fig. 1. Wet free drop test facility.

Fig. 2. A steel body with 0� dead rise angle (Unstiffened flat bottom plate).

Table 1

Principal dimensions of the body in Fig. 2.

Model Steel

Dead-rise angle [deg.] 0

Length [mm] 2000

Width [mm] 1200

Height [mm] 300

Mass [kg] 340

Thickness [mm] 3,5,8
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Also the wet free drop test facility is equipped with a built-
in safety device as shown in Fig. 12. The safety device,
composed of two steel rods, holds the steel wedge while car-
rying out model tests and measuring the surface deflection and
can prevent accidents by power failure (Normal/Emergency
shut down, and malfunction).

3. Wet free drop test conditions

Table 6 shows the model test condition in the consecutive
drop tests of steel wedges with 0� dead-rise angle. In order to
find out the deflection converged due to repetitive slamming
impacts, more or less 10 consecutive wet free drop tests of
each wedge are carried out.

4. Wet free drop test discussions

Though tack welding was conducted to prevent flat bottom
bodies from distortion due to the weld heat, in Figs. 13e18,
slight imperfections are measured at the deflection of

Fig. 4. Extended guide rail of test facility.

Fig. 5. Pressure sensor.

Table 2

Specifications of pressure sensor.

Items Model

PCB/113B26

Measurement range (for ±5 V output) 3450 kPa

Useful over range (for ±10 V output) 6895 kPa

Sensitivity (±10%) 1.45 mV/kPa

Maximum pressure 68,950 kPa

Resonant frequency �500 kHz

Rise time �1.0 m sec

Low frequency response (�5%) 0.01 Hz

Diaphragm Invar

Fig. 6. Pressure gage installed on bottom of body.

Fig. 7. Electrical resistance method.

Table 3

Specifications of strain gage.

Items Model

WFCA-6-11-5L

Gage length 6 mm

Resistance 120 ± 0.5U

Gage factor 1 ¼ 2.10 2 ¼ 2.10 ± 1%

Gage pattern 2 Axis

Fig. 3. Locations of sensors.
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longitudinal centerline. Not one pressure peak but several
pressure peaks are observed during a very short time of
slamming impact based on the measured pressure time history.
Also, in the strain time history, small fluctuations are
measured during the drop process of heavy steel wedges
sliding along the four masts before water entrance.

When the test results are compared, the peak pressure in
drop height 2000 mm is larger than that in drop height
1000 mm. Regardless of measuring points on the bottom plate
in the first wet drop, the pressure time histories measured at all
locations of pressure sensors are similar to each other and the
peak pressures are measured about the same time, that is, the
pressure distribution over a wedge's flat bottom plate is almost
uniform. Also, the strain time histories measured from the 1st
wet free drop test show that strain gages at all locations work
at the same time. Therefore, the bottom plate with even a
slight imperfection is considered to be flat.

The wedge's flat bottom plate keeps parallel to water sur-
face during the drop and just before water entry of the wedge.

5. Wet free drop test results

Fig. 13(aee) shows pressures and strains measured from
the 1st and the 2nd wet free drop test and deflections measured
from consecutive wet drop tests with drop height 2000 mm,
using a 3 mm steel wedge with flat bottom plate.

In the zoom of the pressure time history measured from the
1st drop, several pressure peaks are shown around 0.64 s
immediately after water penetration.

The first peak may be due to slamming impact and the
second and the third is due to the interaction between trapped
air and steel elastic bending. Then a big pressure is measured
around 0.65 s because the steel wedge plate is severely
impacted again by sudden upwelling of both the trapped air
and the rapidly displaced water. Unexpectedly, the 1st drop
deflection curve resembles ‘M’ which is the 3rd mode shape
observed in the plate free vibration (Chuang, 1970).

In the 2nd drop, the former several pressure peaks imme-
diately after the water entry are measured and bigger than
those at the 1st drop due to “M” mode shape. But the latter big
peak does not occur due to the surface deformed from the 1st
drop.

Table 4

Specifications of surface measurement.

Items Model

CIMCORE 7 Axis-73 Series-7330SI

Measuring range 3000 mm

Probing point repeatability ±0.085 mm

Probing volumetric accuracy ±0.110 mm

Scanning system accuracy ±0.119 mm

Fig. 10. Data measurement NI PXI system.

Table 5

Major specifications of data acquisition device.

Items Model

NI PXIe-1082

Data acquisition range 40ch(100k/s/ch)

Pressure 8ch(10k/s/ch)

Accelerator 4ch(10k/s/ch)

Strain 16ch(10k/s/ch)
Fig. 9. Surface deflection measurement device.

Fig. 8. Strain gages installed on bottom.
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The converged deflection is obtained in only 3 drops
because of its thin thickness and drop height 2000 mm. Then
the maximum deflection is about 86 mm at the midpoint of the
longitudinal centerline.

Fig. 14(aec) shows pressures and strains measured from
the 1st free wet drop test and deflections measured from
consecutive drop tests with drop height 1000 mm, using a
3 mm steel wedge with flat bottom plate In the zoom of the
pressure time history measured from the first drop test, the first

Fig. 11. Steel wedge installation using a conveyor system (Steps 1e8) and surface deflection measurement (Step 9).

Fig. 12. A built-in safety device.

Table 6

Model test condition.

Modela Drop height Repeat

SU-00-03-1 1000 mm 3

SU-00-03-2 2000 mm 3

SU-00-05-1 1000 mm 9

SU-00-05-2 2000 mm 8

SU-00-08-1 1000 mm 10

SU-00-08-2 2000 mm 10

a Model series number: ,,-,,-,,-,. (S/W: Steel/Wood) (S/U:

Stiffened/Unstiffened)-Deadrise-Thickness-Drop height. Ex) SU-00-05-2:

Steel unstiffened flat bottom plate with 5 mm in thickness for the wet free

drop test in 2.00 m high.
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pressure peak is around 0.45 s immediately after water entry
and the second big pressure peak around 0.464 s.

The first peak may be due to due to the slamming impact
and the second is due to the interaction between trapped air
and steel elastic bending.

Also a big pressure is measured around 0.464 s because the
steel wedge plate is severely impacted again by sudden up-
welling of both the trapped air and the rapidly displaced water.

Unexpectedly, the 1st and 2nd drop deflection curves
resemble ‘M’ which is the 3rd mode shape observed in the
plate free vibration. The converged deflection is obtained in

only 3 drops even though the drop height is 1000 mm. Then
the maximum deflection is about 63 mm at the midpoint of the
longitudinal centerline.

Fig. 15(aec) shows pressures and strains measured from
the 1st free wet drop test and deflections measured from
consecutive drop tests with drop height 2000 mm, using a
5 mm steel wedge with flat bottom plate. Similarly, several
pressure peaks are shown around 0.64 s due to slamming
impact and reflected acoustic pressure wave. All deflection
curves show the first mode shape, unlike the case of 3 mm flat
bottom plate. The converged deflection is obtained in 8 drops.

Fig. 13. (a) Pressure time history from the 1st wet free drop tests (drop height ¼ 2000 mm, thickness ¼ 3 mm). (b) Strain time history from the 1st wet free drop

tests (drop height ¼ 2000 mm, thickness ¼ 3 mm). (c) Pressure time history from the 2nd wet free drop tests (drop height ¼ 2000 mm, thickness ¼ 3 mm). (d)

Strain time history from the 2nd wet free drop tests (drop height ¼ 2000 mm, thickness ¼ 3 mm). (e) Deflection curve from consecutive drop tests (drop

height ¼ 2000 mm, thickness ¼ 3 mm).
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Then the maximum deflection is about 60 mm at the midpoint
of the longitudinal centerline.

Fig. 16(aec) shows pressures and strains measured from
the first free wet drop test and deflections measured from
consecutive drop tests with drop height 1000 mm, using a
5 mm steel wedge with flat bottom plate. Similarly, several

pressure peaks are shown around 0.45 s due to slamming
impact and trapped air. The 1st ~ 6th drop deflection curves
have the 1st mode shape, however, the 7th drop deflection
curve looks like the 3rd mode. The converged deflection is
obtained in 8 drops. Then the maximum deflection is about
17 mm at the midpoint of the longitudinal centerline.

Fig. 14. (a) Pressure time history from the 1st wet free drop tests (drop height ¼ 1000 mm, thickness ¼ 3 mm). (b) Strain time history from the 1st wet free drop

tests (drop height ¼ 1000 mm, thickness ¼ 3 mm). (c) Deflection curve from consecutive drop tests (drop height ¼ 1000 mm, thickness ¼ 3 mm).
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Fig. 17(aec) shows pressures and strains measured from
the first free wet drop test and deflections measured from
consecutive drop tests with drop height 2000 mm, using a
8 mm steel wedge with flat bottom plate. Similarly, several
pressure peaks are shown around 0.64 s due to slamming
impact and trapped air. All deflection curves have the first

mode shape without the 3rd mode like the case of 5 mm flat
bottom plate. The converged deflection is obtained in 10
drops. Then the maximum deflection is about 13 mm at the
midpoint of the longitudinal centerline.

Fig. 18(a,b) shows pressures and strains measured from the
first free wet drop test and deflections measured from

Fig. 15. (a) Pressure time history from the 1st wet free drop test (drop height ¼ 2000 mm, thickness ¼ 5 mm). (b) Strain time history from the 1st wet free drop test

(drop height ¼ 2000 mm, thickness ¼ 5 mm). (c) Deflection curve from consecutive drop tests (drop height ¼ 2000 mm, thickness ¼ 5 mm).
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consecutive drop tests with drop height 1000 mm, using a
8 mm steel wedge with flat bottom plate. Similarly, several
pressure peaks are shown around 0.45 s due to air trap and
steel bending. All deflection curves have the first mode shape
without the 3rd mode. The converged deflection is obtained in
10 drops. Then the maximum deflection is about 8 mm at the

midpoint of the longitudinal centerline. The deformation of
the flat bottom plate is small.

Fig. 19(aec) shows the variation of the first pressure peaks
due to slamming impact, measured immediately before and
after water entry in the first free wet drop, at each pressure
measuring point of unstiffened flat bottom plates of wedges

Fig. 16. (a) Pressure time history from the 1st wet free drop test (drop height ¼ 1000 mm, thickness ¼ 5 mm). (b) Strain time history from the 1st wet free drop test

(drop height ¼ 1000 mm, thickness ¼ 5 mm). (c) Deflection curve from consecutive drop tests (drop height ¼ 1000 mm, thickness ¼ 5 mm).
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with 3 mm, 5 mm and 8 mm in thickness in time history. The
1st pressure peaks due to slamming impact increase as the
bottom plate thickness increase. Immediately after the
wedge's flat bottom plate hits the water surface, both impulse
pressure and strain fluctuate very fast and show several peaks
in a very short time. Specially, the first peak pressure is much

smaller than the following peak pressure. The peculiar phe-
nomena may be due to trapped air. The maximum deflection
of 5 mm bottom plate in 2000 mm drop height is
about 4.0 times larger than that in 1000 mm drop height.
The maximum deflection of 8 mm bottom plate is about 1.6
times.

Fig. 17. (a) Pressure time history from the 1st wet free drop test (drop height ¼ 2000 mm, thickness ¼ 8 mm). (b) Strain time history from the 1st wet free drop test

(drop height ¼ 2000 mm, thickness ¼ 8 mm). (c) Deflection curve from consecutive drop tests (drop height ¼ 2000 mm, thickness ¼ 8 mm).

303H. Shin et al. / International Journal of Naval Architecture and Ocean Engineering 10 (2018) 294e306



Figs. 13(e), 14(c) and 15(c)e18(c) show deflections of
longitudinal centerlines of flat bottom plates with 3 mm,
5 mm and 8 mm in thickness due to repetitive slamming
impacts resulting from consecutive free wet drops. Then free
drop heights are 1000 m and 2000 mm. In the case of
1000 mm drop height, the converged deflections of 3 mm,
5 mm and 8 mm plates are about 85 mm in 3 drops, about

16 mm in 9 drops wet drops and about 7 mm in 10 drops,
respectively. Also, in the case of 2000 mm drop height, the
converged deflections of 5 mm and 8 mm plates are about
65 mm in 10 drops wet drops and about 13 mm in 10 drops,
respectively. As it is expected, the increase in free drop height
results in the increase in the converged deflection of the
centerline.

Fig. 18. (a) Pressure time history from the 1st wet free drop test (drop height ¼ 1000 mm, thickness ¼ 8 mm). (b) Strain time history from the 1st wet free drop test

(drop height ¼ 1000 mm, thickness ¼ 8 mm). (c) Deflection curve from consecutive drop tests (drop height ¼ 1000 mm, thickness ¼ 8 mm).
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Fig. 19. (a) Variation of the first pressure peaks due to slamming impact measured in the first drop test (drop height ¼ 1000 mm and 2000 mm, thickness ¼ 8 mm).

(b) Variation of the first pressure peaks due to slamming impact measured in the first drop test (drop height ¼ 1000 mm and 2000 mm, thickness ¼ 5 mm). (c)

Variation of the first pressure peaks due to slamming impact measured in the first drop test (drop height ¼ 1000 mm and 2000 mm, thickness ¼ 3 mm).
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6. Conclusion

A series of consecutively repetitive free wet drop tests was
performed in order to find out the effects of elasticity &
plasticity on the slamming load, using steel wedges with the
unstiffened flat bottom plate of 3 mm, 5 mm and 8 mm in
thickness. Then the drop height is 1000 mm and 2000 mm,
respectively.

In wet free drop tests in the small restricted water tank,
several pressure peaks are measured during a very short time
immediately after the water entry of wedges. The 1st peak is
due to slamming and the 2nd peak due to the interaction be-
tween trapped air and steel elastic bending is much bigger than
the 1st peak.

The wet free drop tests using steel wedges with flat bottom
in thickness 3 mm show the “M” deformed shape which is the
3rd mode observed in the plate free vibration.

The cumulative deflection deformed due to consecutive wet
free drop is about 1.6e4.0 times as that of the first drop at the
center of wedge bottom plate depending on both drop height
and plate thickness.

The series of wet free drop test results can be used into the
structural design formula and the rigorous estimation of
slamming impact as a basic design variable makes it possible
to provide some design techniques for most offshore structures
including ships, floating offshore wind turbines, etc. in order to
prevent severe cumulative structural damage.

Additional experiments are required for the uncertainty
analysis.
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