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ABSTRACT

[
]

Impaci tesis of rigid fiat-bottom models indicated that
the maximum impact pressure is nowhere near the theoretical in-
finitely large hydrodynamic pressure nor near the theoretical
acoustic pressure. The cushioning effect of the compressible
air trapped between the impact body and the water surface
reduces the maximum impact prcssure to about one-tenth of the
acoustic pressure. However, the nature of the trapped air
phenomenon is not very stable, Much more air was trapped for
the impact of a flat bottom and a l-deg wedge than for a wedge R
with deadrise angles of 3 deg or higher. Tests of elastic e e
models verified the fact that the pressure generated by the e
; impact is affected by the vibratory movement of the impact sur- ' A
g face and that it can be separated into rigid body impact pressure R

and interacting pressure. . This dynamic interaction is closely o
| related to the hydrodynamic phenomenon rather than to the
acoustic phenomenon, In summary, the present study demonstrates
that for the impact of rigid and elastic bodies, (1) weter can be
treated as an incompressible fluid regardless of the size of the
deadrise angle, (2) trapped air must be taken into consideration
for small deadrise angles, and (3) the structural response to
impact can be treated as the impact of a deformable body on an
incompressible fluid, with or without trapped air.

P,

.
v
7
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ADMINISTRATIVE INFORMATION

The work presented in this report was originally offered as a disser-
i tation in partial fulfillment of the requirements for the Ph.D. degree in
Structural Mechanics, Catholic University of America, June 1969, The work .
! was funded by Subproject Z-R0O11 01 01, Task 0401 and the publication of
' this report by Subproject S46-06X, Task 1707 (Hydrofoil Hull).

I, INTRODUCTION

In recent years, speed has become an increasingly important factor
in ship operations for reasons of economy, tactics, etc, While attempting

e I T T

T

to maintain high speed during heavy weather, a ship inevitably experiences 7
the impact force of the surface wave of the sea at the bow or elsewhere. |
This type of impact force may easily damage the local hull structure or
cause the entire ship to vibrate.




Thavre ave thraa catagorias of eh

in raespones to this tyme
load: localized, transitional, and overall.1 The present study is con-

cerned only with the localized response of the structure where the impact
occurs, namely, the impact load and the local structural response of ship

bottom.

A, BACKGROUND

At the present time, the impact of a ship with large deadrise angle
(say, 15 deg and above) is generally considered to be an unsteady hydro-

-dynamic phenomenon whereas that with zero deadrise angle is considered to

be 4 combined acoustic and unsteady hydrodynamic phenomenon.2 (Deadrise
angle is defined as the angle between the tangent at the impact surface of
a falling body and the horizortal line of the fluid which the body strikes;
a flat bottom has zero deadrise angle.) However, the phenomenon has never
been cicarly defined for the impact of a ship bottom with small deadrise
angles (say, below-15 deg and above 0 deg).- - - -

The rationale for the distinction is as follows. At large deadrise
angles, water is considered incompressible and nonviscous. At zerc dead-
rise angle, it is assumed that all intervening air is completely forced out
from underneath the impact surface. Traditioﬁally, then, computing the
maximum impact pressure for zero deadrise angle has necessitated con-
siderations of fluid compressibility. The. basis for the related analysis
is as follows.

With the assumption of no trapped cir and compressible fluid, an

approximate value for the maximum -impact pressure of a flat bottom is:3

Pnax = P ¢ Vo

where p 1s the pressure,
p 1is the mass density of the fluid,
¢ 1s the speed of sound in the fluid, and
V_is the impact velocity.

1References are listed on page 108,

i
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In his study on the compressibility effects of water in ship
slamming,4 Ogilvie indicated that the duration of the compression phase is
2 L/c, where L is the half-width of the flat bottom.

Following the termination of the compression phase in the fluid be-
neath the flat bottom and return to normal mass density of the fluid, the
energy delivered by the flat bottom (which is still falling) is expended
in setting up an unsteady flow.2 This may be called the fluid-displacement
phase. The flow characteristics change during this phase even though its
duration is only a small fraction of a second. However, it is still much
longer than the duration of the compression phase.

Since the acoustic pressure pcV° occurs in flat-bottom impact only
at the instant of impact At, an elastic body does not deform until the
maximum pulse of this pcV, pressure is over. In principle, therefore, the
initial pressure is always equal to pcV0 regardless of the elastic properties

5,6 So far, experiments have failed to measure this

of the impact body.
pcV, pressure, Several researchers have suggested _._t_hat,__a71§>,'er‘ of air may
be trapped between the impact body and the water surface, ’" but this hy-
pothesis has not been substantiated., Possibly this can be attributed to

insufficient capability of the recording system used in experimental work.

B, PURPOSE AND ORGANIZATION OF THE
PRESENT STUDY

The objectives of the present study are:

1. To clarify the controversial nature of the impact phenomenon for
flat-bottom ships.

2. To demonstrate experimentally that the impact pressure for ship
bottoms at small deadrise angles is substantially smaller than the
corresponding initial acoustic pressure pcV_ as well as the hydrodynamic
pressure derived by Von Karman3 or Wagner.9°

3. To demonstrate that the structural response phenomenon resulting
from ship bottom impact can be treated as the impact of an elastic body
on an incompressible fluid irrespective of the presence of trapped air be-
tween the impact body and the fluid.

More specifically, realistic solutions were sought to the following
questions:

i s b ia S Stk
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1. Is flat bottom impact an acoustic our a hydrodynamic phenomenon?

A basic experiment was conducted with g rigid {latl mudel {Section
I1). The principal purpose of this test required devising a special record-
ing techniqus and particular attention to the instrumentation selected.

Evidence resulting from this investigation supports the thesis that
the impact of a flat bottom with water is cushioned by the presence of
trapped air between the falling body and the water. In that case, water
may be considered incompressible.

2. Can the Wagner hydrodynamic impact theory provide with reasonable

" accuracy the impact pressure distribution on a falling wedge of small

deadrise angle?

Several wedge-shaped models with small deadrise angles varying from
0 to 15 deg were dropped from various heights to establish the impact
pressure as a function of impact velocity (Section III).

Bvidence resulting from this investigation supports the thesis that
the Wagner hydrodynamic impact theory does not apply to the impact of a
wedge-bhaped body with small deadrise angle. This is because, as for the
flat«bottom impact, the cushioning effect of trapped air must be taken into
consideration,

3. Does the deformability of the ship bottom relieve a certain per-
centage of the impact loads?

Two hull-shaped inflatable models of a sealed rubber fabric (Airmat)
were tested to provide a deformable body that would permit easier measure-
ments of the relief from impact loads (Section IV).

Evidence resulting from this investigation supports the thesis that
a deformable body affords considerable relief from the impact load. How-
ever, because a slow recorder speed was used during this part of the in-
vestigation, the recorded pressure time histories showed rnly a line of
pulse with large magnitude at the instant of impact, and it was not possible
to analyze and compare the test record with the interaction theory given in
Section IV-A. This raised the following question,

4, How does a ship bottom respond to impact loads, and how can these
experimental results be compared with the interaction theory given in
Section IV-A?

Theories for determining the structural response caused by the ship
bottom impact have been treated in twe different ways: as impact on an

4
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6,10,11 Since

incompressible fluid and as impact on a compressible fluid.
these theories have not been rigorously verified by experiment, an experi-
mental procedure was developed to provide the basis for a valid theory.

In the subsequent study, the effect of trapped air on the dynamic
structural response was taken into consideration for an elastic plate
model (Section V) and for two ship flat-bottom structural models (Section
VD).

Evidence resulting from this investigation supports the thesis that
a hydroelastic vibration theory can be used to solve the ship bottom im-
pact problem, with or without the trapped air. S

5. How do severe impact loads damage a ship bottom and can backing
material reduce this damage?

This question was investigated by testing eight ship structural
models with deadrise angles of 10 deg. Some of these models were tested
with various kinds of backing material (Section VII) as part of a damage
reduction study.

These test results were also used to verify findings developed
dur1ng the course of the complete study, Unfortunately, they indicated
that backing materials are not very effective in reducirg impact damage to
a ship bottom structure. This deficiency can also be explained by the
interaction theory given in Section IV-A.

In summary, the present study attempts to domonstrate (1) that water
can be treated as an incompressible fluid regardless of the size of the
deadrisc angle, (2) that trapped air must be taken into consideration for
small deadrise angles, and (3) that the structural response to an impact
load can be treated as the impact of an elastic body on an incompressible
fluid, with or without trapped air. Sections II and III concern the impact
of rigid bodies with water, and Sectinns IV through VII concern the impact
of deformable and elastic bodies with water., Each section presents the
models, instrumentation, test results, analyses, and discussions relevant
to it, The essential findings of the complete study are given in Section
VIII.




II. RIGID FLAT-BOTTOM IMPACT

This section attempts to resolve whether the flat-bottom impact is
an acoustic or a hydrodynamic phenomenon. At the beginning of the section,

i
! model and tests are described. Then, the development and cclibration of
, instrumentation are discussed because if acoustic pressure is present, its
E measurement requires instrumentation of a specialized nature. Next, the
:'; test results are presented, checked, and discussed. Since the trapped air
The model, shown in Figure 1, consisted of a 20- x 26,5- x 0.5-in.
E steel plate welded to a steel box. The plate was stiffened with four 0,5-

o L b+ AT S B o ] M .Yy el

_has considerable effects on the impact pressure of a flat bottom, detection 1
of trapped air is also presented. Finally, a short summary is included at .
the end of the section. " f

A. DESCRIPTION OF MODEL AND TESTS

e At ek kR s

x 3-in, steel flat bars inside the box so that for drop heights of 7.5 in,
and below, the model may be considered as A rigid flat bottom. The total
drop weight, which included the guided sliding beam and other attachments,
was 255 1b,

Essentially, the test consisted of dropping the flat-plate model
from various elevated positions in such a way that it remained parallel to

TS TR

— i

the water surface, and of recording pressures and accelerations. Two
positions, one just below the hanging position of the model and one just

P IR e )

i

(

| above the water surface, were recorded with respect to time for checking
{ the velocity of the falling body. The drop heights were 3.0, 4.5, 6.0,
|

i

-

6.5, and 7.5 in,, but most drops were from 6 in. High-speed movies, both
underwater and surface, were taken during drops to study watmar flow, piled-up :
water, and trapped air. The speed of the movie varied up to about 5000 )

: frames/sec.

y ' The tests were conducted in a large rectangular tank, 25 x 15 ft,

' filled with water to a depth of 8,5 ft.l2 To ensure two-dimensional flow
conditions, two rigid walls were constructed to sprn the length of the tank
and to extend from 18 in., above the water surface to the full tank depth,
The two walls, which were parallel to each other, were rigidly connected

l to the tank floor and sides and were separated by a distance equal to the
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Figure 1 - Installation of Test Model
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model length plus a small amount of clearance. The parallel walls had
open ends to permit free flow of the surface wave around the tank during
the drop test,

The desired impact velocity was obtained by proper positioning of
the sliding beam above the surface; see Figure 1. The beam was guided so
that maximum rotation of the model in any direction was limited to 0,25 deg
during the drop.

B. INSTRUMENTATION

) ~The instrumentation system developed for this experimental investi-
gation consisted essentially of quartz-crystal transducers, charge ampli-
fiers, a dual-beam oscilloscope, and a high-speed streak camera. The
Kistler Model 568 charge amplifiers were able to pick up the 200-kHz signal
without noticeable error. The oscilloscope was Tektronix Type 551, with a
frequency range from 0 to 25(10)6 Hz, Thea streak camera was a General
Radio Type 651-A, with speeds up to 1000 in./sec; it was fitted with suit-

able optlcs to view the screen of the dual beam oscilloscope.

Two pressure gages were installed, one at the center of the model
and the other 3 5/16 in. from the edge at the middle of the longer side of
the plate. These Kistler Model 603 quartz-crystal-type gages were rated
to have a natural frequency of 200 kHz and a rise time of 1 usec.

' The complete recording system was tested and evaluated in the
laboratory before being moved to the drop-test facility. The system, ex-

. clusive of the transducer, was found satisfactory to pick up and record a

200-kHz input signal. This 200-kHz frequency response can certainly pick
up pcV° acoustic pressure at the center of the flat plate. According to
the steady supersonic flow theory,4 this pcvo pressure lasts L/c sec or
167 usec for the 20-in. flat plate,

To eliminate any doubts about the test results, the entire recording
system including the transducer was also calibrated mechanically by dy-
namically applying various known oil pressures to the pressure gage and
reading the results shown on the oscilloscope.

A piezoelectric accelerometer, Endevco Model 2225, was used to
measure plate acceleration near the center of the model. The gage had a
natural frequency of 80 kHz, and it was considered adequate for the test.




C. RELATION OF PRESSURE TO IMPACT VELOCITY

The maaimum impact pressures measured at the center of the flat
bottom at various impact velocities are plotted on the log-log chart shown
in Figure 2. These test results have been used by others for comparisons
and showed general agreement.13'16

As can be seen in the figure, the pressure is approximately pro-

portional to the square of the impact velocity; it mey be expressed as

2
Poax " 068 V, [2.1]

where Prax is the maximum impact pressure of the flat bottom in pounds per
square inch and V° is the impact velocity in feet per second.

The impact pressure at the edge of the flat bottom was also measured

for several drop tests. In general, the edge impact pressure is somewhat
lower than the center pressure, However, as shown in Figure 3, the edge
impact pressure was somewhat higher than the center impact pressure, Thisg
could be caused by the imperfect impact of flat bottom.

Figure 3 shows two typical pressure-time history curves recorded on
35-mm film during a 6-in. drop. As indicated in the figure, one of these
two curves is for the center pressure and one is for the edge pressure of
the flat bottom. The polarities of the reading were set so that the
positive pressures moved towards the middle of the film and the negative
pressure towards the edge of the film. (Positive pressure is defined as
the pressure above atmospheric pressure and negative pressure, as the
pressure below atmospheric pressure.) The O-msec value is chosen as an
arbitrary time and is by no means the time at which the impact occurred,
since there is no way to pinpoint this occurrence.

Acceleration of the plate near the center was also recorded for a
selected number of tests, Acceleration measurements during the impact
were taken for two purposes:

1, Because the pressure gages are sensitive to acceleration, the
acceleration measurements indicate whether corrections are necessary for
the pressure readings. The acceleration readings indicated that the
corrections for the pressure reading were negligibly small and were there-
fore unnecessary,
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2, The acceleration data enable a rough check on the impact
pressure reading since the resulting impulse 1 is measured by the change
of momentum produced in the system, i.e.,

t

I= J. p dt

t
©

= Mo v - Vo)

t

- M, f -g-‘E’-dt [2.2]

i

where M0 is the mass of falling body,

t
j p dt is the area of the pressure history curve, and

J.: g%-dt is the area of the acceleration history curve.
0

A typical example is shown in Figure 4. By means of Equation [2.2], the
impact pressure checks reasonably well with thc measured impact acceleration.

This is shown in the last part of Figure 4.

D. TRAPPED-AIR PHENOMENON

If all the air is to be forced out during a flat-bottom drop, it is
necessary for the escape velocity of air to become infinite just before
impact occurs., Therefore, it appears that some air remains trapped beiween
the water and the plate. The air may deform the water surface and be ferced
into the water. In any event, this causes the impact pressure to be
reduced. Examination of underwater photographs taken during and after im-
pact indicated the presence of bubbles which help to substantiate the
assumption that air is forced into the water. The underwater photographs
will be presented later in Section III.
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In addition, the electronic detection mathod waes used in an &x-
perimental attempt to detect the air trapped between the falling impact
surface of the rigid flat-bottom model and the water surface. Two
electrically isolated probes of very thin copper sheet metal were firmly
attached to the impact surface of the model, If two probes are not con-
nected by a mass of water, the resistance across them is practically in-
finite, even if they are independently wet. The output voltage signal
equals the input voltage because the probes are electrically isolated from
each other at that time. At the instant a mass of water is in contact
with the impact surface of the falling body, the two probes are no longer
separated electrically, and the electrical resistance between them will be
about 3000 ohm depending on the distance between the two probes., At this
instant, the output voltage signal will be reduced to a small fraction of
the input voltage.

The sample record given as Figure 5 shows the time relationship be-

tween the occurrence of the first positive pulse of the impact pressure

and the actual contact of water with the impact surface of the flat-bottom
body. The trace with a 10-kHz signal is used to indicate whether or not a
mass of water is actually in contact with the impact surface of the model,
A large 10-kHz signal indicates that a layer of air is trapped between the
model and the water surface, A very small 10-kHz signal means that at that
moment the water is actually in contact with the impact surface of the
model.

The other trace of the record shown in Figure 5 is the time-history
curve of the impact pressure measured at the center of the rigid flat-
bottom model, The curve indicates the instant of time when the maximum
impact pressure occurs. For this particular record, the drop height was
6.5 in. The maximum impact pressure measured from the record was 27 psi,
and this point is also included in Figure 2. The maximum pressure occurred
about 13 msec before the water came in contact with the impact surface of
the flat bottom. In other words, it was only after the first positive
pulse of the impact pressure was completely over that the trapped air
appeared partly to have escaped and partly to have been pushed into the
water surface layer,

13

Cmee— -




3deduy

wo330g-3eYd pY3TY 03 ity peddeiy Jo odessy pue sinssaxg 3oeduy
EnMTXER JO ISInd usamiaq Beq owrl Surmoys piossy ordmes - ¢ arnSry

NOLL108-1¥i3 40 IIV4HNS LIV4NI

13008

et — T — T —— T ———D

13000 Shnwa.bc._u 10

13VINOD 0L SNINNIS38 ¥3iva

~UTRHI0 WSS -

SONGIISITTIN NI 3WiL

"IN d0¥0 Ni 59 401 1S4 17 = W4

11

L3VdRD HLER L3VINCT NP W31VE N33

i
-

O s oo TR T U S S S SRR NRR S

PR W _ »ﬂhﬁ_wﬁ_:.m iV 03ddvy ,.. muu..a.ﬂ.
. 13000 NOL108-1V14 40 JIVINAS  3ovNAS Y3LVA ONY AOOR" 41V 03ddVUL 30 JINVRS A8
+ 13008 NOLL08-1V1d 40 13 013 BV G34AVL-TOLS 38 01 Q35090 133443 Somwy vy




e e i T T
e e e e e+ -

-

it o e T TP A T W T ST

From the observations and the analyzed data of the trapped-air
detection tests, it is reasonable to conclude that during the immact of 2
rigid flat-bottom body with the water surface, the first positive pulse of
the impact pressure occurs when the alr is trapped momentarily between the

falling body and the water surface.

E. THEORETICAL INVESTIGATION OF FLAT-
BOTTOM IMPACT

Observations made during the two-dimensional rigid flat-bottom im-
pact test indicated that the maximum impact pressure wis considerably
lower than that calculated from the acoustjc theory (pcvo). In view of
this finding, it seems reasonable to assume that the rise and decay times
of the impact pressure are increased greatly by the presence of the air
which exists between the falling body and the fluid. These observations
led to the formulation of the theory developed in the Appendix.

Figure 6 compares experimental results with the theoretical maximum
impact pressure given in the Appendix (Equation [A.16]). The rigid 20- x .

' '26.5-in. flat-bottom data are obtained from Figure 2. The elastic-plate

model has a 20- x 26.5-in. flat surface (see Section V). The two UERD
(Underwater Explosions Research Division of the Naval Ship Research and
Development Center) structural flat-bottom models have 80- : 90-in. flat
surfaces and are composed of 1/8-in. shell plating stiffened with keel,
floors, longitudinals, and bulkheads to simulate a 1/4-scale ship hull
bottom (see Section VI). The UERD 10-deg deadrise ship hull-bottom models
have a 2-in. flat surface along the keel (see Section VII). These UERD
models were dropped onto salt water. Comparisons between the experimental
and the theoretical results generally show agreement,

F. SHORT SUMMARY

To resolve the controversy as to whether the pressure produced by
the impact of a flat bottom is an acoustic or a hydrodynamic phenomenon, a
test program was conducted with a rigid flat-bottom model., It is con-
cluded that:

1. During rigid-body impact of the flat bottom, the first positive
pulse of the impact pressure occurs at the instant when the air is trapped
momentarily between the falling body and the fluid,

15
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2, Test rasulte show that the immact nrassnre measurad at tha
center of a flat-bottom model is somewhat higher than those measured near
! the edge of the model but not very much. This is because the existence
of trapped air acts as a cushioning medium and causes the impact load to
3 be distributed more evenly over the entire area of the flat bottom.

3. No acoustic pressure pcVo was detected from the test; therefore,
water may be considered incompressible.

III, IMPACT OF RIGID WEDGE-SHAPED BODIES
WITH SMALL DEADRISE ANGLES

This section attempts to resolve whether the Wagner impact theory
is reasonably accurate for determining the pressure on a falling wedge of
small deadrise angle. At the beginning of the section, some theoretical
background is provided. Then models and tests are described. Since the
trapped air has considerable influence on the impact pressure, these

} is presented at the end of the section.

i | A, THEORETICAL BACKGROUND ON IMPACT OF
RIGID BODIES WITH WATER

When a rigid wedge-shaped body penetrates a water surface, the
distribution of the unsteady hydrodynamic impact ‘pressure p acting on the
impact surface of the falling Rdy is given by Wagner9 as

x 1
, T cot B ) - 5
! p(x) =30V’ -t le i a? - 5%’ [3.1]

1
(-5f o
L2 ‘L.
The symbols L, x, z, and B8 are given in the sketch below.

2
IMPACT

SURFACE re t
F WE -
ACTUAL WATER SURFACE o 7 L
B

UNDISTURBED  KEEL—" 2
WATER LEVEL CENTERLINE taltany
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effects are examined toéether with test results.- Finally, a short summaiy--~




The maximum impact pressure Prax is obtained by putting

200

and by assuming the acceleration of the falling body z to be negligibly

. small, This gives

2
Ppax " é— ¢ V2 [1 * %—cotz B] [3.2]
which occurs at the point where
1
4 tan® g2
X =L - = [3.3)
m

Since p_ . occurs some time t after the instant of impacr t o V is used in

Bquntion [3 2] since it may not be the impact velocity V

‘At ‘the keel of the wedge, x = 0, From Equation [3 1], the 1mpact

.pressure at that point is

Preel ™ %‘p v 1 cot B+ 1z p L [3.4]

If z can be neglected,

1 2
Preel ™ 7 ° V® m cot 8 [3.5]

As derived by Von Karman,3 the maximum impact pressure occurs at the
moment when the keel of the wedge first contacts the water surface, i.e.,

1 2
Preel * 7P V° m cot B [3.6]

which is identical to Equation [3.5]. However, Bquation [3.6] applies only
at the instant of impact ty

In the case of flat-bottom impact, the deadrise angle B is zero,
This means that the impact pressure p is infinitely large if Equations
[3.1]) to [3.6] are applied., Therefore, these equations cannot be used,
Instead, Equation [2.1] of Section II may be used. This equation is based
on the experimental evidence that air is trapped between the falling flat-
bottom body and the water surface. The trapped air has a great effect on
the magnitude of peak impact pressure,

18
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Because the flat-bottom impact causes the air to be trapped, it is
quite possible that a certain amount of air is trapped during tha imnact
of a wedge-shaped body with very small deadrise angle B. Accordirgly,
experiments ware performed to confirm this possibility. Wedge-shaped
models with deadrise angles varying from 1 to 15 deg wore dropped from
various heights to establish the effects and relationship of the impact
pressure, the deadrise angle, and the trapped-air phenomenon.

B. DESCRIPTION OF MODELS AND TESTS

The wedge-shaped models were essentially similar to the flat-bottom
model describad in Section II except that the 20-in. side of the test
plate of each model was cut into two equal widths, and then the two pieces
were welded together to form a V-shaped wedge. There were five models,
with respective deadrise angles of 1, 3, 6, 10, and 15 deg. The total drop
weight, including the guided sliding beam and other attachments, was
255 1b for each wedge-shaped model. This 255-1b total drop weight is i
identical to that for the flat-bottom model. . - .- e

The same test facility, described in Section II and shown in
Figure 1, was used for this series of tests. The tests and the instru-
mentation were identical to those used for the flat-bottom impact tests,
The drop height (defined as the distance between the keel of the model and
the water surface) also varied from 3 to 7.5 in. at 1,.5-in, increments.

C. EFFECT OF DEADRISE ANGLE ON
TRAPPED AIR

High-speed, 16-mm underwater movies were taken during the drops of
the models to determine how the deadrise angles of the wedges affected the
amount of air trapped between the impact surface of the falling body and
the water surface, The film speed varied up to about 5000 frames/sec, and
all movies were taken at the 6-in. drop height.

These underwater photographs (Figure 7) revealed that only the flat-
bottom and the 1-deg-deadrise models trapped a considerable amount of air
and pushed some of it into the surface layer of water, Most of the air
had not been trapped at the instant of impact by models with deadrise
angles of 3 deg and higher. During the impact, the higher the deadrise

19
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angle of the wedge, the clearer and cleaner was the view of the impact
surface, Since a 3-deg angle 1s not much of a deadrise and since ihe air
is trapped for a very short period, the trapped-air phenomenon can be
considered to be highly unstable with respect to time duration and the
deadrise angle of impact, Thus the test results are sufficient to make a
general conclusion, namely, that during the impact of & wedge with a dead-
rise angle of 3 deg or greater, most of the air is pushed aside by the
wedge before the keel pierces the water surface.

D. EFFECT OF DEADRISE ANGLE ON IMPACT
PRESSURE

The cushioning effect of the trapped air may play an important role
in the impact wedges with small deadrise angles (say 0 deg < B < 3 deg).
Since this effect has been completely ignored in deriving Equations [3.1]
to [3.6], models with low deadrise angles were tested to resolve some of
the uncertainties in this region.

‘Sample records, Figure 8, show that the impact-pressure time .
histories at the keel were quite different from those away from it., The
impact pressure at the keel began with a pulse of short duration (less
than 0.05 msec) and was followed by the sc-called hydrodynamic pressura.
The pulse préséure at the keel was not pronounced for the l-deg model since

~ the impact pressure was affected by the trapped-air cushioning effect; see

Figures 7b and Ba. With the exception of the l-deg model, the impact
pressure away from the keel stepped up rapidly with a rise time about

0.1 msec, then died out slowly. The impact-pressure time histories of the
l-dég model closely resemble those of the flat-bottom model (as compared
with Figures 3 and 5) with time delay sinceé the pressure was measured
farther away from the keel.

The waximum impact pressures at and away from the keel are plotted
on the log-log charts shown in Figure 9. The pressure-velocity relations
(or pressure-drop height relations) may be obtained empirically from the
test data by fitting straight lines on the charts since Equations [3.2],
[3.5], and [3.6] may be written in a general form as

p=8V [3.7]

21
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Figure 9 - Experimental Results of Maximum
Impact Pressure due to Impact of Rigid
Wedge-Shaped Models
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which is a straight line on a log-log chart. B and n are the arbitrary
consiwils wid it has laaits of 1 3@ 3 2.

The method just described provides equations for estimating the
maximum impact pressure of a wedge penetrating a fresh-water surface; they

are summarized as follows:

1, Flat bottom - see Figure 2:

2
At and away from keel - - - - - Ppax = 0:68 V,
2. l-deg deadrise angle - see Figure 9e:
2
At keel - - - = =« =« = = - = -« Pkeel * 1.00 Vo
-------- = 2
Away from keel Pnax 1.00 V
3. 3-deg deadrise angle - see Figure 9d:
At keel = - - - - - = « «w =~ - . Use Equation [3.5]
2
Away from keel - - - - - - - « Ppax = 1.72 v
4, 6-deg deadrise angle - see Figure 9c:
At keel - =« - - = « - - - - - - -Use-Equation [3.5] e
Away from keel - « - - - - - - = 0.75 V2 b [3.8]
y m Prax '
§. 10-deg deadrise angle - see Figure 9d:
At keel =« = « = = = = = = = = - Use Equation [3.5]
_ 2
Away from keel - - -« « - - - - Ppax * 0.36 V
6. 15-deg deadrise angle - see Figure 9a:
At keel - = = = = = = - 4 - - - Use Equation [3.5]
2
Away from keel - - - - - - - - Ppax * 0.20 V
7. 18-deg deadrise angle and above:
At keel - - - - = = = = = - - - Use Equation [3.5]
Away from keel - - = - - =« « - Use Equation [3.2]

In the above equation, V and Vo are given in feet per second and
p in pounds per square inch. A conversion factor (1/144) is required for
using Equations {3.2] and [3.5] if p is in pounds per square inch, p in
pound-second square per foot fourth power, V and V0 in feet per second,
and B in radians. For the sea-water. impact problem, a correction factor

of (psea waterlpfresh water
in Bquation [3.8]}. Furthexmore, note that at the keel, Vo is used in

) should be applied for the empirical formulas
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3 i Bauation [2 8] bocauss the maximum impact pressure of the flat bottom and ’ _
5 the keel impact pressure of wedge occur &t the Instant of impact t,. Away |
bbb from the keel, however, V is used because there the maximum impact pressure l
5 of wedge occurs at some time t after the instant of impact t, The '
7 relation between V and Vo depends on the deadrise angle of the impact body, !
.i the time t, and the drop weight.13 This relationship has not yet formu- t
!

l

|

|

s - lated,

. . Pigures 10 and 11 are plotted from Equation [3.8], and Figures 12
and 13 are the cross plots of Figures 10 and 11. Since the pressure gages
are located not far off the keels of the models, the relation V = Vo is
assumed in applying the equation for the plots.

No formula or plot is formulated for the pulse pressures (marked as .

i P in Figure 9) at the keel because they are scattered. Therefore, further ‘ E

’ investigations are required,

This completes the investigation of the rigid-body impact from.

. _tests of two-dimensional models. However, data available from the test
of three-dimensional ship models showed that the impact pressures obtained
from the three-dimensional ship models were considerably lower than those
obtained from the two-dimensional models. Reasons for this discrepancy R
have not been determined.17

e i ot

E. SHORT SUMMARY ‘

Several wedge-shaped models with small deadrise angles varying from
0 to 15 deg were dropped from various heights up to 7.5 in, It is con-
cluded from the test that:

-

1., At the instant of impact, only the flat-bottom and l-deg wedge
trap a considerable amount of air; in contrast, wedges with deadrise
angles of 3 deg or higher do not trap very much air.

2. Because of the trapped-air phenomenon, the Wagner hydrodynamic
theory does not apply very well for the impact of wedges with small dead-
rise angle.

3. Because no impact theory is applicable in the region of small
deadrise angle of wedge, Bquation [3.8] and Figures 10 to 13 were developed
for the purpose of estimating the maximum impact pressure of a rigid wedge-
shaped body of any deadrise angle from 0 to 45 deg.
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IV. IMPACT OF INFLATABLE FABRIC SHIP SECTIONS.

izn rosclves the quesiivn of whether a detormable body
affords relief from the load caused by its impuct with water. An elastic
body is also classified as a deformable body.

The concept is that the impact pressure is related to the movement
of the impact region with respect to the sea wave. At the time of impact,
if the relative velocity of the shell plating in the impact area can be
reduced by deforming instantaneously and locally, then the impact body will
feel a smaller impact load. Inflatable fabrics are considered to have this
kind of property. They sustain temporary high pressure by deforming
locally without transmitting this load through the entire structure, and
they will return to their original shape'when the load is released.

Airmat, a form of inflatable fabric developed by Goodyear Tire and
Rubber Company, appears to be practicable for use in certain parts of
weight-critical vehicles or ships, Therefore, Airmat was selected for use
in models of a Mariner ship section to investigate the merits of an in-
flatable fabric as an impact-relief mechanism. =~

This section presents the theoretical background on dynamic inter-
action during impact of deformable and elastic bodies with water,
describes the models and the tests, and presents and discusses the test
results. A short summary is included at the end of the section. l

A, THEORETICAL BACKGROUND ON DYNAMIC
INTERACTION DURING IMPACT OF DEFORMABLE
AND ELASTIC BODIES WITH WATER

Equations have been developed for determining the response of ship
bottom to impact loads.ls'lg* Three types of bottom were considered:
plate, grillage, and ship hull.

On the basis of the experimental results given in the previous
sections, it is reasonable to assume that water is incompressible during
the entire period of impact. Let P, be the total impact pressure

*Also by S.L, Chuang as reported informally in NSRDC Technical Note
SML 760-89 (Dec 1966) .
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generated by the deformable body falling upon the water surface. This Ps
can be separated into two types of pressure. The first may be called the
rigid body impact pressure P, generated by the impact of a deformable body
as if it were held rigid during impact. The second may be called the
interacting pressure P; caused by the interaction between the vibrating
surface of the deformable body and the surrounding water with or without

a thin layer of trapped air between them.

The interacting pressure p; may be subdivided into pressures due to
the effects of the inertial, the damping, and the spring forces of trapped
: air and water. However, the effects of these forces of trapped air are
?11_ 7 small compared with those of water and can be neglected. Therefore,

Py ® Pp * Py

i ‘ =Py - (mzzw MR TANN kzzw) [4.1]

The negative sign is used at the right side of the equation because the
__interacting pressure is always acting against the movement of the impact
surface.
When an isotropic plate is subjected to any type of external dy-
namic load, the general expression of the motion of the plate is18

L M 4 .
now + cpw + DV we Pt
Combine this equation with Equation [4.1], neglect kzz because it is small, !

and set c, = cp +C,. This yields

(ms + mzz); + cv& «D v} Wep, [4.2]

Similarly, the equation for the grillage is

.“ . a4 34 34
(m_+m )w+cw+[D + 2H + D ]w=p [4.3]
s 22 v b 4 4 2. 2 y 4 T
(231 3x, "9y, ¥y,
In Equations [4.1] to [4.3], w = w(;l.yl,t) and p = p(xl,yl,t).
In some cases, the fundamental mode which causes the largest de-

flection of ship bottom predominates. For that reason, the ship bottom
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may be considered as a system with a single degree of freedom. By neglect-
1
J

ing tha damnine tawm o w wa m
- —E-e -~eet »

v

(mg +m,,) w(t) + k w(t) = p(t)
or [4.4]
w(t) + w w(t) = qe£(t)

2

vhere w = k

(ms + mzz)

p(t) = P « £(t)

1 )

" m +m

s 2z
Here P is a force that will cause a static deflection of a single degree
of freedom system exactly equal to the static deflection at the center of
the structure, caused by the applicatiqn qf the maximqpvprqssuypbpmax to
the structure.

The solution for Equation [4.4] is

w(t) = ey Dl(t)

t .
Dl(t) = j £(1) sin w(t - 1) dr [4.5]

%o

Here T is the dummy variable for time t, Wer denotes the maximum deflection

of the structure as though it were loaded statically by the maximum load,

and w is the circular frequency depending on the boundary conditions of
the structure. For the fundamental mode, w may be approximated with
reasonable accuracy by the Warburton method for the plate20 and the
grillage.21
Caution is necessary when using this approximation method because
the stress produced in the structure by its own vibration does not always
occur at the fundamental mode for all boundary conditions. Thus good

engineering judgment and careful evaluation are required in solving this

~type of problem,
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Equations [4.2] and [4.3) are basically used to solve the dynamic
response of the structure in its elastic region. However, they can be
applied equally well for the structure with backing material and for the
structural response in its elastoplastic region.

Since the backing material functions as added mass and damping, the
first two terms of Equations .[4.2] and [4.3] have to be modified, and
these two equations become

“ . 4
(ms +m,. + mb)w + (cv + cb)w +DVwa= P, [4.4]

for the plate response and

" . a4 a4 a4
(mg +m,, +m)w+ (c +c v+ [Dx 7+ H =g Dy 4]w = p, [4.5]
%, 3%, 3y, 3y,

for the grillage response.
The third term of Equations [4.2] and [4.3] has to be modified for

“thé dYﬁdﬁic response of a structure in its elastoplastic region. These

two equations may be written as

(ms + mzz)" + o w+ kiw)

v corrected for - Pr [4.6]

plastic flow

The method of calculating k in the above equation was shown in Reference
18 and is illustrated in Section IV.

B. DESCRIPTION OF MODELS AND TESTS

Two inflatable models were used for the test; one was a single-wall
Airmat and the other a dual-wall Airmat, Both models were pressurized to
have the same outside configuration and to represent a 1 to 20 scale of a
Mariner ship section at 17.5 percent of the ship length aft of the forward
perpendicular. They had a constant cross section and were 26.5 in. long,
with a maximum beam of 34.4 in. and a height of 29.62 in, (see Figure 14),
Each model was itted with removable aluminum bulkheads at the ends and an
aluminum plate at the top.
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Section II and shown in Figuie 1. The impact test consisted essentially
of drepping the models vertically from various elevated positions and
recording impact pressures, accelerations, and defurmations of the model,
The drop heights (defined as the distance betwesn the keel of the model
and the water surface) also varied from 3 to 7.5 in. in increments of
1.5 in. Both models were tested with and without the rigid bulkheads at
the ends of models. The total drop weight varied from 197 to 400 1b, and
the internal air pressure varied from 3 to 12 psi. For quick reference,
the test schedule is listed in Table 1.

C. COMPARISON OF KEEL IMPACT PRESSURE ON
RIGID BODY AND ON INFLATABLE DEFORMABLE
BODY

Samples of reccrds of the different models are shown in Figure 15,
These records were obtained from tests using a drop height of 6 in. and &
total drop weight of 300 1b, Both the single-wall and the dual-wall in-
flatable models had 3-psi pressure in the Airmat and were tested with and
without the rigid bulkheads at the ends. The cross section of the rigid-
body model was, of course, identical to that of the inflatable models.13
The rigid-body model was fitted with the same type of pressure gage at the
keel and was tested under the same drop conditions.

Although the external configurations of the models were identical,
the records show that the differences in their internal construction,
surface rigidity, internal air pressure, and material resulted in three
different pressure-time histories, one for each type of construction. The
rigid-body model had the highest pressure at the instant of impact, then
the pressure died down quickly (within about 0.04 sec). The single- and
dual-wall models, with and without rigid bulkheads, had much lower pressures
at the instant of impact.

The reason why the maximum impact pressures of the inflatable
models were less than that of the rigid-body model has been explained in
the previous section (Section IV-A), namely because the impact pressure P,
of the inflatable model is a combination of the rigid-body impact pressure

P, and the interacting pressure P; (where P; is the relief pressure due to
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TABLE 1
Drop Test Schedule of Inflatable Airmat Models
Total Drop | Chamber Air
B8 i | T | comsivion | Mg | P
Single Wall 3.0 With Rigid 197** 3
4.5 Bulkheads 223 6
6.0 Without Rigid 300 9
7.8 Bulkheads 400
Dual Wall 3.0 With Rigid 223 3
4.5 Bulkheads 300 6
6.0 Without Rigid 400
7.5 Bulkheads 12

"
Drop height is defined as the distance from the keel of the model
to the water surface when the model is ready for the drop test.

The free-fall impact velocities for the drop heights used are:
4,01 fps for 3.0-in. drop height,
4,92 fps for 4.5-in. drop height,
5,68 fps for 6.0-in. drop height, and
6.34 fps for 7,5-in. drop height.

L1
Represents scaled weight of ship at 45-percent load.

surface movement at the point considered). However, because of the slow
recorder speed, the recorded pressure time histories showed only a line of
pulse at the instant of impact (see Figure 15) and it was not possible to
analyze and compare the test record with the interaction theory given in
Section IV-A; see also footnote to page 29.

fhe pressure-time history of the single-wall meodel was quite
different from that of the dual-wall model. Because of fluid inertia and
elastic overshoot, the pressure time history of the single-wall model
showed a sudden drop in pressure about 0,04 sec after impact, and then
oscillated for some time before it died ocut. The dual-wall model did not
exhibit th.s phenomenon.
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D. OTHER FINDINGS

Rased on th

-

¢ Sapeéilmenisl study pertormed for this series of tests,
several other findings are listed below:

1. The air pressure in the Airmat of the models varies very little
during impact. When the Airmat deforms during impact, the change in volume
is so slight that the air pressure in the Airmat can be considered as
constant,

2. Most of the data show that the maximum impact pressurés at the
keel are independent of drop weight. When the Airmat air pressure is low,
i.e., 3 psi, model weight has some influence, but this is not very pro-
nounced.

3. The Airmat air pressures have some influence on the maximum im-
pact pressure at the keel, but they are not obviously indicated.

4, If the drop conditions are identical for both inflatable models,
the deflection at the keel for the single-wall model is much less than
that for the dual-wall model. When the air pressure in the Airmat is

3 psi, the keel deflection of the dual-wall model ié'defiﬂitély-infiheﬁcé&-“‘.-

by the various total drop weights.

5. The shape of piled-up water surface of the free falling models
depends only on the degree of immersion during the drop. It is independent
of impact velocity, total drop weight, air pressure in the Airmat, and
the internal construction of the model. The ratio of the wetted width
associated with the piled-up water surface to the width of the still
waterline of the model is about 1.20. This value is about the same for
the rigid-body model.12

E. SHORT SUMMARY

Two inflatable models of a Mariner ship section were dropped from
various heights up to 7.5 in. It is concluded from the test that:

1. The impact pressure for the inflatable-fabric hull are con-
siderably lower than those for the rigid-body hull. This_ is attributed
to the fact that a deformable body affords relief from the impact load.

2. The maximum impact pressures are independent of drop weight for
this case, However, this cannot be shown conclusively for all the cases.
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V. IMPACT OF RECTANGULAR ELASTIC PLATE WITH TWO
OPPOSITE EDGES HINGED AND TWO OTHER EDGES FREE

This section attempts to demonstrate that the structural response
caused by the impact of a ship bottom with water can be treated as the
elastic-body impact on an incompressible fluid, with trapped air. If this
is so, it means that the hydroelastic vibration theory can be applied in
solving the ship bottom impact problem,

In this section, the elastic response of the plate model is pre-

_sented, and experimental results are discussed, But first, descriptions

of model and tests are given. Because the trapped air has considerable
effect on the impact pressure and plate response, tests to detect the
presence of trapped air are presented next, Since the dynamic response of
the plate is essentially a vibration problem, impedance tests to determine
the plate vibratory frequencies and modes are also presented. Finally,
the effect of damping is analyzed from drop tests of the plate model, and
the interaction theory and the test results are compared. At the end of
the section, a short summary is presented.

A, DESCRIPTION OF MODEL AND TESTS

One rectangular steel plate model was used for the study. The
plate was 1/4 in. thick and was made of HY-80 steel with a yield stress of
80 ksi and a modulus of elasticity of 30(10)6 psi. The model was designed
to simulate a rectangular isotropic plate with two opposite edges hinged
and the other two edges free. Each hinged edge was 26 3/8 in. long and
each free edge was 15 3/4 in., long (measured between centers of two
hinges). Hinges were designed to provide the free lateral but not vertical
movement of the plate at hinges. The plate was hinged to the relatively
rigid frame of a steel box which had overall dimensions identical to the
steel box of the rigid flat-bottom model shown in Figure 1. The gaps be-
tween the plate and the box were sealed with a thin piece of latex so that
the box was watertight and yet provided flexibility to the free edges of
the test plate. The combined weight of the steel box and the test plate
was 290 1b, and the total drop weight for the test, including guide beam
and hardware, was 333 1b.
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The test facility described in Section Il and shown in Figure 1 was
used for this series of tests. The tests and the instrumentation were
identicul to those used for the flat-bottom impact tests.

Twe Kistler Model 603 pressure geges were installed, one at the
center of the plate model and the other on the rigid frame of the stcel
box, 1 in. inside the edge and at the middle of the longer edge of the box.

Two accelerometers, Endevco Model 2225, were used. One of the
gages was used to measure the acceleration of the rigid frame of the steel
box, and the other was located near the center of the plate model,

A linear potentiometer, Bourn Model 108, was used to measure the
deflection of the plate model near its center. Although the gage was not
rated for measuring the high-frequency dynamic response, the deflection
records showed that data obtained were within reasonable accuracy.

B. DETECTION OF TRAPPED AIR

The method used to detect the trapped air between surfaces at im-
pact of the plate model and the water was identical to tliat presented in
Section 1I-D, Figure 16 is a typical record for measuring the time lag
between the occurrence of the first positive pulse of the impact pressure
and the actual contact of the elastic plate with the water surface.

As shown in the figure, a trace with a 10-kHz signal was used to
indicate whether or not a mass of water was actually in contact with the
impact surface of the plate model. (A large 10-kHz signal indicates the
existence of a layer of trapped air between the plate model and the water
surface, A 10-kHz signal with very small amplitude indicates that the
water is actually in contact with the impact surface of the plate model.)

The other three traces in Figure 16 are the two time histories of
the impact pressure (one measured at the center of the plate and one at
the rigid frame of the steel box) and the time history of the transverse
acceleration measured near the center of the plate.

It can be seen from the record that the water begins to contact the
impact surface when the first positive pulse of the impact pressure tends
to diminish. The acceleration of the plate damps out immediately after
the water is completely in contact with the impact surface of the falling
body.
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A detailed evaluation of the record will be presented and discussed
later. At present, it is reasonable to believe that during the impact of
the elastic plate, the first positive pulse of tha impact pressure occurs
when the air is momentarily trapped between the falling body and the water.
However, when this record is compared with that from the tests for rigid
flat-bottom impact shown in Figure 5, it is obvious that the plate stiff-
ness and boundary conditions affect the time required for the trapped air
to escape,

C. MECHANICAL IMPEDANCE TEST

Prior to the drop test, the plate model was excited in air to
determine its resonant frequencies by measuring the mechanical impedance
(defined as the ratio of the driving force acting on a system to the
resulting velocity of the system) of the plate., Since the test is con-
ducted by attaching an impedance head to the point of concern which is at

the center of the rectangular plate, the ratio of force to velocity at the

point is the mechanical driving point impedance Z, i.e.,

2= [5.1]

where P is the applied force normal to the plate surface and V is the
resultant velocity in the direction of the force.

If a plate vibrates at one of its resonant frequencies, a small
amount of force will make the plate vibrate with large transverse displace-
ment, producing higher transverse velocity of the plate than if the plate
were vibrating at other than its resonance. This means that the impedance
of the plate is lower at its resonant points than at other points. Thus
as shown in Figure 17, the first five resonant frequencies‘of the plate
tested are 102, 203, 530, 850, and 1100 -Hz. These frequencies correspond
to the first five even modes of the plate with the boundary conditions
shown in Figure 18.

The mode frequencies may be determined by the Warburton method,
which is explained in References 18 and 20. Using this method, the first
even modes for the plate in air are calculated to be f0/2 = 97 Hz,

f = 203 Hz, = 546 Hz, = 873 Hz, and f6/2 = 1164 Hz. The ratio

2/2 £4/2 £0/74
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among them 's therefore 1 : 2.09 : 5.64 : 9 : 12. Thasge values che
freque-.cies obtained from the impedance test within 6 percent, The first
th~ee even mede shapos (f0/2' 52/2, und f4/2) are given in Figure 19.

The resonant frequencies of a plate with one side in contact with
water and the other side in air have not been determined by the impedance
test. They may be calculated from the concept of added mass of fluid by
including the added mass mzz,with the mass of the plate (p_h) in the fre-
quency equation (Equation [C42] of Reference 18). Using the equation of
added mass for flat bottom, m,, = pL2 m/2, with the frequency equation of
Reference 18, the fundamental frequency of the plate model is calculated
to be f0/2 = 47,4 Hz, The fundamental frequency of the plate model in
water was found experimentally to be about 50 Hz; see Figure 20.

D. BFFECT OF DAMPING ON STRUCTURAL
RESPONSE

A time trace of the plate deflection is shown in Figure 20. Note

‘that the motion is damped out rapidly. Therefore, the effect of damping

on the response must be investigated,

The damped frequency equals the undamped frequency times a damping
factor '

)
[+
C
c

where <y is the viscous damping coefficient and ¢, is the critical damping
coefficient, If cv/cc is small, damping has very little effect on the
frequency response, The cv/cc can be calculated from Figure 20 (or

Figure 21, which is a duplicate of Figure 20 with time extended) by using

the relation of logarithmic decrement §, namely

6 8 o n = I ——— [5'2]
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This calculation praduces a CV/(C of 1.057, which results in a domped fre-

can be neglected in structural response for the usual ship bottom plating.

i quency within 0./ percent ot the undamped trequency. lhercetore, damping
)
|
]
3

This is considered an important finding for although the fluid
damping coefficients for ship bottom impact are generally low, they are

usually not known precisely.

L. COMPARISONS OF INTERACTION THEORY

AND TEST RESULTS
| Data reprecsenting a typical drop test (sece Figure 21) were chosen
to compare the interaction theory given in Section IV-A with the test
results. Figure 22 presents the complete time histories of the impact
pressure pl(t) measured at the rigid frame of the steel box, the impact
pressure pz(t) measured at the center of the plate, and the deflection

w(t) and acceleration w(t) measured near the center of the plate model.

The first few cycles of these data, except pl(t)' are also plotted in
Figure 23 for comparison,

The defliection time hlstory w(t) can be calculated by integrating
acceleration time history w(t) twice; the impact pressure time history
pt(t) can be calculated from the acceleration history w(t), the velocity
time history w(t), and the deflection time history w(t) as shown in
Figure 23. The calculated and the recorded values of the deflection and
the pressure for the first positive pulse of time histories are compared

in the figure to confirm the accuracy of the recorded test results. Since

A PR Y ..o I Al Al

the compari<mns are good, the data are considered sufficiently accurate to
use in the comparison with theory.
The equation of motion of the isotropic plate with interaction is

given in Section IV-A by the equation

(ms + mzz)w + CVQ + D V4 w=p. [4.2]

‘ with m, = pph, w = w(xl,yl,t), and P = pr(xl,yl,t). For flat-bottom im-
;_ pact, except near its edge, Equations [A.8] of the Appendix and [2.1] of

Section II applyv, i.e.,

1.4 £

T .
p(t) = 2 Ppax © sin «n

[A.8]

=3t
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and

)
bpay = 0:08 V_° [2.1]

with p(t) = pr(xl,yl,t).

The solutions of Equation [4.2] may be obtained by using a set of
appropriate boundary conditions, such as illustrated in Appendix C of
Reference 18, Since only the deflection at the center of the plate was
obtained from the drop test, the complete solutions of tlese equations are
unnecessary., Instead, the following method of approximation is adopted
for the spot checks between theory and the test results.

Experiments showed that the fundamental mode dominates the motion
of the plate, and thus the first approximation for the problem is to con-
sider it as an infinitely long two-dimensional plate. This assumpt.on is
made because boundary conditions of the plate include two opposite edges
hinged and two other edges free. However, this may not be a legitimate
assumption for the plate with other boundary conditions.

In Equation [4,2], w is then a function of X and t only. The im-
pact problem of the two-dimensional plate for Equation [4.2] with and with-
out damping has been worked out by using a computer program similar. to
that given in Appendix A of Reference 18. The computer results for a 6-in,
drop height (which corresponds to the height used in a typical test of
Figure 21) are plotted in Figure 24. In solving the computer program,
Pax is assumed to be 20 psi, which is the average rigid flat-bottom im-
pact pressure given by Figure 2; w is 330 rad/sec, determined from the
actual test record shown in Figure 21. )

The actual test results are also plotted in Figure 24; as shown,
the maximum deflection from the test (0.145 in.) compares favorably with
the computer results <€ 0.148 in. for damped or 0.158 in. for undamped.
The computer results also indicate that the maximum dynamic load factors
(max Dl(t)) for the fundamental mode are:

Max Dl(t) 0.391 damped

0.422 undamped
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For the problem of the two-dimensional plate, the computer results

also showed that only the deflecticn duc o thi¢ {undameiial mode trequency
f

0/2 is needed to evaluate an infinitely long hinged plate. The deflection
caused by higher mode frequencies (f0/4, f0/6’ «».) is very small and may
be neglected without introducing noticeable ervor.

Examination of the test records indicctes that only the first
positive pulse of the deflection time history w(qft) was affected by the
higher mode frequencies. As shown in Figure 19, these higher mode fre-
quencies, f2/2 and f4/2, are excited in the orthogonal direction with the
fundamental mode frequency fO/z. If corrections for the higher mode fre-
quencies are necessary, the following approach may be used. Since the
ratio for the first five even mode frequencies is

£ + f HE 3

0/2 2/2 4/2 ° f0/4 : f6/2 =1:2,09 :5,64:9 : 12

with

£ a2 w23l 5252 1z

0/2 271 271

the periods for the first five even modes in this example are therefore

TO/Z = 19,0, T2/2 = 9,1, T4/2 = 3,38, T0/4 = 2,12, and T6/2 = 1,59 msec,
respectively, Since computer results indicated that the frequency f0/4
has a small effect on the plate deflection, only f0/2’ f2/2’ and f2/4 are
needed for calculating the total dynamic response in terms of the plate
deflection,

The plate deflection produced by the fundamental mode at the fre-
quency f0/2 is obuained lr-w *h~ cum e, program for the damped vibration;
see Figure 24. The first positive pulse of the plate deflection is again
plotted in Figure 25a.

The plate deflection produced by the frequencies f2/2 and f4/2 has
not been evaluated mathematically since it requires tedious analysis; the
deflection due to higher modes for boundary conditions of the present
case are small when compared with the doflection produced by the funda-
mental mode. (This may not be true for boundary conditions other than

those selected for the present case.) For that reason, assume arbitrarily

that the maximum deflections due to higher modes are inversely proportional
to the square of the frequency ratio, i.e.,
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%
ffn/ﬂz - !

Max w2/2 = nax wo/2 L?—z-—/—z—-l
. pi

Max w4/2 = max wo/2 [;9131
472

Deflections due to f2/2 and f4/2 are plotted in Figures 25b and 25c by
assuming that damping effects are involved during the initial period of ) :
impact,

The deflections at the center of the plate model for the first
positive pulse are plotted in Figure 25d and compared with records obtained
from test data, The measured maximum impact pressure P, is plotted in
Figure 26, It is the resultant of the applied impact pressure Py caused
by the rigid body impact and the interacting pressure I between the vi-
brating plate snd the fluid. The same figure also presents the maximum
deflections of the plate model due to impact of the plate and the maximum
impact pressure lino obtained from Figure 2 for the rigid flat-bottom
impact test. Because of the deformablo impact surface of the plate, the
measured maximum impact pressures are much lower than those for the rigid
flat-bottom impact.

F. SHORT SUMMARY -

On the basis of experimental work on the impact of a rectangular
elastic plate with two opposite edges hinged and two other edges tree, it
is concluded that:

1, During the impact of the elastic plate, the first positive pulse
of the impact pressure occurs when the air is momentarily trapped between
the falling body and the water. llowever, as comparea with the record
from the rigid flat-bottom impact test, it is obvious that the plate
stiffness and boundary conditions affect the time required for the trapped
air to escape.

2, The equation of motion of plate given in Equation [4.2] of
Section IV-A may represent the behavior of a ship-plate panel subjected
to a ship bottom impact load (with any boundary conditions). 1In the
equation, P, is the impact pressure caused by the rigid body impact.
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3. From the practical point of view, the design of a shin hottom
that will be subjected to bottom impact may omit the Jamping cffect from
the dynamic structural analysice witheut introducing noticouble crror,
This is because only the maximum values have primary importance in the

design of local structuroes.
VI. IMPACT QF SUHIP FLAT BOTTOM

This section attempts also to demonstrate that tho structurdl
response caused by the impact of g ship bottom with water can be treated
as tho impact of a deformable body on an incompressible fluld. The study
in this section employed lurger models thun those previously used in the
test programs. Their structurul response was recorded for correlation
with theory., The construction of models, the test faucility and procedure,
the instrumentation, the test results, and the important {indings are
given in the following paragraphs. A short summary is thon provided at
the ond of the section,

A. DLSCRIPTION OF MODELS AND TLSTS

Two identical 1/4-scale models, designated as Models KG-3 and KG-4,
were fabricated and scaled geomotrically and structurally to represent a
portion of the bottom of a scagoing vessel. The scantlings were sclected
from an aroa where bottom impact was likely to occur, i.c., betwoen 15
and 25 percent of ship length aft of the forward perpendicular of the
vessel,

The gonoral arrangement and the scantlings of models arce given in
Figure 27, The ovorall dimensions of wcuch model were 90 in. long by
80 in. wide and represent one-tenth the ship length and one-half the ship
breadth. The bottom plating was fabricated from 1/8-in, high tensile
stecl plate and was welded to the bulkheads, the keel, the longitudinals,
and the floors to divide tho plato into 8- by 18-in, rectangular plate
panels. The ends and the sides of cach model were rigidly constructed to
simulate the continuation of the vessel. The top of the model was weldod
with heavy flat bars (not shown in Figure 27) for bolting the model onto a

relatively rigid carriago. Ballast weights wero sccured to the carriage
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I//

SCANTLINGS: BOTTIM PLATING - 1/8 " HTS PLATE

BULKHEAD - /4”*KS PLATE
FLOOR - WEB = 14 GA x 6 HTS
FLANGE = 1/8”x1 /3" HT$
LONGITUDINALS - WEB =14 GAx ) /167 HTS '
FLANGE = /8*x 1 1/8*HT$ !
KEE!. -17/8”x6”x 4.4 LB MS FSECTION f
SIDE SHELL - 1/2” WS PLATE ;

Figure 27 - 1/4-Scuale Structural Model of Flat Bottom
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to make up the total dron weight of RAIN h whish cimul
full load of the actual ship weight within the impact area. The
selection of drop wcight was arbitrary even though the length of each
model was equivalent to one-tenth the ship length.

The test facility for the drop tests was a specially equipped barge
outfitted with an instrumentation house and hoisting equipment capable of
lifting heavy models. The test fixture (Figure 28) was built at one end
of the barge. This fixture had guided tracks to ensure that under the
controlled conditions of the tests, the models would impact on the water
surface with a free fall. The releasing mechanism consisted of an ex-
plosive bolt for holding the carriage and the model in position at a pre-
scribed drop height. When the explosive bolt was activated, the model and
the carriage were released instantly,

The barge was located in an open but sheltered bay area at the time
the tests were conducted. Since the test area was in open air, a perfectly
calm water surface was difficult to accomplish even during good weather.
The irregularity of the water surface illustrated in Figure 28 is typical
of all test conditions.

Model KG-3 was tested at drop heights of 2, 4, and 6 ft and Model
KG-4 at drop heights of 2 and 4 ft. No other drop was conducted because
there was buckling, warping, and dishing at and near the ends of floors,
bulkheads, and keels of the models during the 4-ft drop and thereafter.
Thus, the bottom of each model could no longer be considered flat. The
damaged models are shown in Figure 29,

Gage locations are shown in Figure 30. The complete instrumentation
system was developed and designed to measure pressure, strain, velocity,
and acceleration resulting from underwater explosion tests. Therefore,
it was well suited to pick up response frequoncies expected from the im-
pact tests.

BR. TEST RESULTS

The test records are presented as pressure histories in Figure 31,
deflection histories in Figure 32, strain histories in Figure 33, and
velocity histories in Figure 34, Underwater pressures were also recorded
for Model KG-3 during the 6-ft drop test; the reduced data are given in
Figure 35. These test results are used for the unalyses presented in the
following paragraphs.
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Figure 31 - Bottom Pressure Histories of Models KG-3 and ¥ 4 I
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C. COMPARISONS BETWFEN DECORDED AND

s AN A

w'
CALCULATED VALUES OF DEFLECTION TIME I
HISTORIES

To check the accuracy of the test records, the recorded and calcu-
lated values of the deflection time histories are compared in Figure 36,
The calculated deflection (MD-5) was obtained by integration of the

recorded plate velocity (VM-1) with respect to the rigid body motion (VM-2),
i.e.,

t
(MD~5) = J [(VM-1) - (VM-2)] dt

o}

[6.1]

which is the difference between the area under the (VM-1) curve and the
area under the (VM-2) curve from-time t = QO to t = t,

Since Gages VM-1, VM-2, and MD-5 were not located on the same

vertical line, only a rough check was possible. However, comparisons be- .
tween the recorded and calculated values of the deflection time histories
showed reasonably good agreement,

D. COMPARISONS OF INTERACTION THEORY
AND TEST RESULTS

The general expression for the dynamic interaction of a grillage-
type ship bottom is given by Equation [4,3].

This equation can be written
in another form as

" . [ 24 54 o4
m.w+c w+|D + 2 H + D —5weap [6.2]
5 p X ax14 9)(12 aylz y ay14] t

where p, is the actual load felt by the structure at its impact surface
and is given by Equation [4,1].

At a particular location, Equation [6.2]
is reduced to

4

My TE V o+ cpv + k w(t) = pt(w,t)

(6.3]

Let us use the 6-ft drop test results of Model KG-3 to chock the theo-
retical and experimental results.

Bquation [6.3] can then be rewritten as
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Note: VM-2 is on 1elativaly rigid
carriage (see Figure 303
for the vertical locations
af VM-1, VM-2 and MD-5).

¢
CALCULATED FROM w= [ [(VM-1)=(VM=2)]dt
o0 0
o °o

Figure 36 - Comparisons of Calculated and Recorded Values of
Deflection Histories for 6-Foot Drop Test of Model KG-3
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d T N
{PE<-3) = LY M 1Y 0 oo {(VM-1) + k(#MD-0) |6.3a]

where (PE-3) is the actual load felt by the structure at a given location
and is a combined rigid Lody nressure P, and interacting pressure p;-

The method of calculating Equation [6.3a], which is reduced from
Equation {0.2], is illustrated in the following manner, The response of :
the grillage-type ship bottom to impact is now treated as the transverse :
vibration of a homogenous orthotropic plate by Equation [4,3]. By i
neglecting damping, Equation [4.3] becomes .

(m_ +m ); + [D 84 « 2 H ———Qi———- +D -ai-]w = p [4.3a]
s 2z X ax14 ox, ay12 y 3y14J r

For an orthotropic plate with simple support on all four boundaries,

the circular frequency w, . of Equation [4.3] js22 R
n? m’ n®  nf
—4-DX+ZH22+—4—DY
© - TT2 a a_b b [6.4)
m/n m_+m ’
s zz

withm, n=1, 2, 3 ...

As illustrated previously, the fundamental mode, which causes the
largest deflection of the plate (isotropic or orthotropic), predominates
any other higher modes. For that reason, the response of the orthotropic
plate may be determined by considering the plate as a system with a single
degree of freedom. The equation of motion for the single degree of freedom
is given in Section IV-A by Equation [4.4], which is

Wit) + w? w(t) = q » £(t)

with

[6.5]

Compare Equation [6.4] with Bquation [6.5], (sce References 18 and 23 cn
method)




m4 m2 n2 n4 4
km/ns[?-Dx+2H—§-—7*'—4'Dy]'! [6.6]

Dy 2w P74
ke T*"z—z‘*ﬁ " (6.7]

with 1

) [6.8]

H = D1 + 2 ny

3 3
E_h G, h
“xy y .2 XY
2 ¢ W )

12 j

xy Yyx

f For the grillage-type bottom, the following approximation may be made:

E he
X 12

[6.9]
E I

11
~<

for 1 >> ny' vyx. And similarly,

EI

In these expressions, I, I, represent the moment of inertia of the support-
ing member with an effective width of bottom plating about 30 times the
thickness of the plate and Sy sy the space between two adjacent members.

70




~

Since ny' Vyx and ny are small (ny compared with Ex and Ey) for

the grillage-type of structure,
H-+0 [6.11]

To illustrate the use of the method outlined above, an example is
. given below for the test model shown in Figure 37:
1. Calculations of moment of inertia Ix and I : p '

. y H
] : a. Keel: !
: | Size I, A A ad Ad® T :
17/8 in. x 6 in. x 4.4 1b-I 7.3 1.3 3 3.9 11.7 19
§ 1/8 in, x 4 in, 0 0.5 0 0 0 0 i
| 1.8 2.165 3.9 19 |
| I =1-Ad =19 - 1.8(2.165)° = 10.56 in.?
;: b. Longitudinals: R
size 1, A d A Ad® '
1/8 in. x 1 1/8 in. 0  0.141 1.0625 0.150 0.159 0.159
14 gage x 1 1/16 in. 0.007 0.080 0.531 0.042 0.0224 0,029
1/8 in. x 4 in. 0  0.500 0 o 0 0
0.721 0.267 0.192 0.188

I_ = 0.188 - 0.721(0.267)% = 0.137 in.*

¢. Bulkheads:

¥ Size I, A d A Ad® 1
; 1/4 in, x 6 in. 9/2 3/2 3 9/2 27/2 18
K 1/8 in. x 4 in. 0 1/2 o 0 o0 0 _
| 2 9/4 9/2 18 . ’
' I, =18 - 209/4)% = 7.9 in.? -
d. Floors:
Size 1, A d M AdE I
| 1/8 in. x 1 1/8 in, 0 0.141 6 0.846 5.076 5.076
& 14 gage x 6 in. 1.343 0.448 3 1.345 4,034 5,377
§ : 1/8 in. x 4 in. 0  0.500 0 o 0 0
;f 1.089 2 2,191 10.453
: 4

I = 10.453 - 1.089(4) = 6.1 in.
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Figure 37 - Details of Supporting Members of Model KG-3
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. Ca 5 O Aural rigidiiies Dx and Dy:
a. Calculation of-Dx:
(Iy)Bhd = 7.9 ;
Q{y)floor = 6.1 3
i Ave Iy = 7,0 in.zr § ,
‘ EI L6 .
30(10)°(7.0 6 . !
D, syy - 20000 (7:0) . 11.67(20) in.-1b

b, Calculation of Dy:

(I ) eep = 10.56 x 1 =10.56
(Ix)lqgg} = 0,137 x 8 = 1.10 ! )
511,66 L
~ . 4
Ave Ix = 1.3 in. :
E 1 6
. x _ 30(10)°(1.3) _ 6 .
Dy s = z = 4,88(10)" in,-1b )

3, Calculation of spring constant k:

As given in Tables 7.4 and 7.5 of Reference 23, the spring constant
for a simply supported two-way slab is ks = 271 E Ia/a2 forza/b = 1 and
that for a two-way slab with fixed edges is kf = 870 E Ia/a for a/b = 1,
For the test models, the edges simulate continuation of the ship bottom
and are assumed to be somewhat halfway between fixed and simply supported.
If we use values given for the two-way slab as a guide, then for the test

models,

k = (ks + kf) ~ 2 ks

! This modifies Equation [6.7] by:
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Thus, the spring constrant of the model is
k = 21%[11.670210)%/(80)% + 4.88(10)%/ (9004
= 70 1b/in.>

4, Calculation o7 weight of model:
a. Bottom plate (1/8 in, x 80 in. x 90 in.):

80 x 90
-W'-l a 5,1 (T)= 265 1b

b. Keel (1 7/8 in. x 6 in, x 4.4 1b-I):
= 4.4 (90/12) = 33 1b
¢. Bulkheads (1/4 in. x 6 in.; total of 2)

vy

3 = 10.2 (1/2) (80/12) (2) = 68 1b

d, Longitudinals (total of 8):

14 gage x 1 1/16 in, = 50/16 (1.0625/12) (7.5) = 2.08
1/8 in, x 1 1/8 in, = 5.1 (1.125/12) (7.5) = 3,18
Total = 5,26 1b each
W, = 5.26 (8) = 42 1b
e, Floor (total of 2):
14 gage x 6 in, = 50/16 (1/2) (80/12) = 10.4
1/8 in. x 1 1/8 in, = 5,1 (1.125/12) (80/12) = 2.9

Total 13,3 1b each

1

w, = 133 (2) = 27 1b
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f. Total weight of model:
-v
= E-Nh=4351b

S5, Calculation of model mass ms:

435 1 -4 2,, 3
Ave m, = 50(80) 32.2(12) = 1,57(10) lb-sec”/in.
6. Calculation of impact pressures:

By Equation [6.2], the equation of motion can be written as
plw,t) = ms; + cp& + kw [6.13]
Since the structural damping for the welded structure is small, therefore

c.+0
P

Thus

P(W,t) = mw + Kk [6.14]

For plastic response, k = 0. Thus

p(W,t) = m_w [6.15]

Since the model has elastoplastic response, Equations [6.14] and [6.15]
may be combined to become
plw,t) = Mg + k [w]corrected for [6.16]
plastic flow
When Equation [6.16] is applied to the calculations for the model at a
point of concern, Equation [6.3a] may be written as
(pE-3) = 1.57(10)"% 201 59 M-6] ' ted for [6.17]
plastic flow
Calculations are tabulated in Table 2, and the plot is shown in Figure 38,
The comparisons between the calculatr’' and the recorded values of the im-

pact pressure time histories showed reasonably good agreement also,
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mantb A
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Calculations of Impact Pressure (PE-3)

Measurad Measured | Corrected A{YM-1 a(VM-1 k{MD-6) Calculated
t PE-3 ¥M-1 MD-6 MD-6 a(vM-1) ) Mo =% Corrected -3
(Note 1) (Note 2) (Note 3) | (Note 4)
msec psi fps in, in. fps ft/ses:2 pst psi psi
0 0 0 [+} 0 0 0 0 0 0
2.5 |} 0 0 0 0 0 0 0 0
5 5 1.2 | 0.08 0.05 a2 | os7e003| o8 3.5 4.4
7.5 20 5.1 0.20 0.22 +3.9 18.72 2.9 15.4 18.3
10 36 10.2 0.55 0.55 +5.2 25 3.9 38.5 42.4
12.5 40 14,0 1.05 0.67 +3.8 18.2 2.9 46.9 49.8
15| & :;g 1.45 0.67 il | e 4.9 4.9
17,5 43 7.2 1.67 0.67 -5,7 «27.4 «4,2 46.9 42.7
20 42 6.0 1.48 0.58 -1.0 - 4,8 -0.8 40,6 39.8
22.5 30 6.2 1.38 0.48 +0.2 + 0,96 +0.2 33.6 33.8
25 19 5.7 1.25 0.38 -0.8 - 2.4 +0.4 24.5 24.9
27,5 10 7.4 1.12 0.22 +1.7 + 8.2 +1.3 15.4 16.7
30 1 7.6 1.09 0.19 +0,2 + 0.96 +0.2 13.3 13.5
32.5 -2 7.2 0.96 0.06 -0.4 - 1,92 -0.3 4,2 3.9
Notes: 1. Assume permanent set = 0.9 in. for corraction of (MD-6) due to plastic flow.
2. 4 =1.57010)"% 1b-sec?/in.’
3.k = 70 1b/4n.° )
A -
4, Calculated (PE-3) = m, =rr— +k (MD-(S)‘:‘"_W:ted
XG3 i
I ELASTIO & PLASTIC DEFLECTION
1} o
o JLAITIC DUPLIGTION ONLY
rlumu-c '
+ 18 b=
Wl £
By
[ g 'r
KEIL . i
NOTES: L A lopmy s POR e
Fed, Mo, ARG Vel O KW AleLastic
L mg I8 THE MASS OF THE v/ ‘
MODEL AND 18 EQUAL TO T ol rma P-up‘_‘ (W) + K 408y, acrie
Li 0™ Lpsrc? ) ]
bed? ?%"ﬂm Y ) AGTUAL TEAT RECORD
TouaL To e Lam.d L | Kg
. M ) )

Figure 38 - Comparisons of Calculated and Recorded Values of
Pressure Histories for 6-Foot Drop Test of Model KG-3
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E. STRAIN RECORDS VERSUS DEFLECTION
RECORDS

The structural behavior during and after the impact can be examined
from the deflection time histories in Figure 32 and the strain time
histories in Figure 33. The informat_on provided by the deflection
histories is not as detailed and direct as the strain histories., This is
illustrated by comparing Figure 32 with Figure 33. The deflection
histories, for instance MD-1 in Pigure 324, do not provide sufficient in-
formation to determine the stress of the plate or its supporting member at
the point measured unless other information is available, Strain histories,
such as those for ST-4 and ST-5 in Figure 33a, can answer immediately
whether the strain of the plate or its supporting member in the direction
measured has exceeded clastic limit with permanent set, is still within the
elastic limit, or has created lock-in stresses.

The strain time histories measured at the plate panel provide and
amplify the panel vibrations, for instance, the ST-4 strain histories shown
in Figure 33a, Calculations on the vibratory frequencies indicate that
this excited vibration is the fundamental mode of the plate panel. How-
ever, the panel vibrations were excited on 2-ft drops. On higher drops,
these panel vibratious were not excited; see Figure 30, Panel vibrations
are also shown in the deflection histories, but it is difficult to tell
whether they are due to the higher modes of the grillage structure or to
the fundamental mode of the plate panel.

Examination of the deflection and the strain histories gives
sufficient evidence to conclude that essentially the excited vibrations
are the fundamental mode of the whole grillage structure and that of the
plate panel. The panel vibrations were not excited for drops higher than
2 ft.

F. ANGLE OF ATTACK

As indicated by the pressure histories in Figure 31, the impact
surface of both models did not strike the water surface evenly for all the
drops; this was especially obvious for the 2-ft drop height. The record
of Model KG-3 (Figure 3la) showed that at the 2-ft drop height, the
pressure measured by PE-20 rose first, The PE-10 pressure rose when the
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positive pulse of the PE-20 pressure was almost over. The records of
Model KG-4 (Figure 3id) showed that at the Z-ft drop height, the pressure
measured by PE-2 rose first, followed in sequence by PE-3, PE-4, ..., and
PE-13, The calculation of the time lag between the pressure rises at
different locations showed that at the 2-ft drops, both models hit the
water surface at an angle of attack of about 1 deg.

G. MAXIMUM IMPACT PRESSURE

LY

The measured maximum impact pressures of all test data of models
KG-3 and KG-4 are plotted in Figure 39 and compared with those obtained
from the rigid flat-bottom model given in Section II and the elastic plate
model given in Section V. Since the structural models were more rigid
than the plate model, the pressures acting on the bottom plating of the
structural models were comparatively closer to the rigid flat-bottom impact
pressures than those of the plate model. However, because of the irregu-
larity of the water surface (illustrated in Figure 28), the measured maxi~-
mum impact pressures of the structural models are more scattered than those
of the plate model.

H. UNDERWATER PRESSURE VERSUS BOTTOM
"IMPACT PRESSURE

Figure 40 indicates good agreement between the underwater pressure
and nearby bottom impact pressure. Because the underwater pressures were
measured some distance away from the impact surface, they were somewhat
lower than those at the impact surface. Theoretical investigations on the
underwater pressures are not within the scope of the present study,

1. QUASI-STATIC APPROXIMATION

The quasi-static approximation has been suggested by Heller and
Jasper for the structural design of planing craft.lg Therefore, it is
worthwhile to investigate whether the drop test of the types of models
used in the present study can be considered quasi-static in nature. To
do this, it is first necessary to examine the applied pressure Py. As
discussed in Section IV-A, this P, is the sum of Py (the pressure
generated by the impact of the rigid body on the water surface) and Py
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(the interacting nressure caused by the movement of the elastic body with
respect to the fluid). Since the grillage modcls are quite rigid, P, is
about eqzal to p,. As can be seen in Figure 38 and Table 2, the inertial
term m_ 3 (VM-1) is insignificant when compared with the spring force
k(MD-6). This shows that the problem is quasi-static in nature. Irn other
words, the deflection of the structure is in direct proportion to the
applied load as if applied statically. This relationship can alsc be
determined by comparing the pressures with the strains given in Figure 41,

J. SHORT SUMMARY

On the basis of experimental work on the impact of ship structural
models with flat bottom, it is concluded that:

1. The equation of motion expressed in Equation [4.3] of Section
IV-A may represent the behavior of a grillage-type ship bottom subjected
to bottom impact with water. Tnis applies when the interaction between
the ship bottom structure and fluid should be considered. However, if the
grillage type of ship bottom is relatively rigid, it is reascnable to
assume that the rigid-body impact loads can be applied quasi-statically to
the impact area as the practical design loads for the ship bottom.

2. The underwater pressure produced by ship bottom impact diminishes
with the distance away from the impact surface of the ship bottom.

VII. IMPACT OF SHIP BOTTOM WITH 10-DEGREE DEADRISE ANGLE

Since a portion of the test results of this series has been pre-

sented elsewhere,z‘l'26

it is intended to show here some of the test results
which are used to verify findings given in the previous sections. In this

section, models and tests are described, and the test results on maximum

" impact pressures are compared with the findings given in Section III for

the wedge with 10-deg deadrise angle., In addition, the structural damage
caused by repeated loading is explored, and the ineffectiveness of using
backing material to reduce structural damage is explained by the dynamic
interaction given in Section IV-A, A short summary is provided at the end
of the section,
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A DESCRYPTINN OF MODELS AND TESTS

The models were essentially similar to those of the ship flat bottom
described in Section VI except that the present models had a V-shaped
bottom with a 10-deg deadrise angle and a 2-in. flet bottom at the keel;
see Figure 42, The total drop weight was also 8910 1b for each model, ex-
cluding the weight of backing material,

The test facility and test conditions described in Section VI and
shown in Figure 28 were used. The tests and thc instrumentution were
identical to those used for the drop test of ship flat-bottom models. For
quick refercnces, the test schedule of this series of tests is given in
Table 3. The table also gives the amount and kind of backing material
used in the individual models. The backing materials used were water, oil,
sand, ML-D2, and PVC-PVA. The ML-D2 is a polyamide-epoxy aluminum-oxide
filled material that weighs 4.5 1b for each 12- x 12- x 1/2-in. section,
and the PVC-PVA is & polyvinyl-chloride-polyvinylacetate material that
weighs 5,1 1b for each 12- x 12- x 1/2-in. sectiuvi. As stated previously,
the drop height is defined as the vertical distance between the keel of the
model and the water surface.

- 'B. MAXIMUM IMPACT PRESSURE

The measured maximum lmpact pressures of eight models (see Table 3)
are plotted in Figure 43.' The drop heights ranged from 2 to 25 ft, w1th

the. free—fall 1mpact veloclty from 11.4 to 40.1 fps.

S1nce the models were relatively rigid, the measured VA" J;eré
-close to the values calculated by Equation [3.8] (obtained exp..in: iﬁliy
from the rigid body impact test of the wedge with 10-deg deadri..c augle)
of Section I[I. For purposes of comparison, Equation [3.8] is aiso plotted
in Figure 43. However, since large deformations of Models A-1 and KG-2
were caused by the 25-ft drops, the measured maximum pressures were well
below the values given by Equation [3.8]. Because of the irregularity of
the water surface, as illustrated in Figure 28, the measured maximum impact
pressure was scattered.

The test results also indicate that the addition of backing
material, which thus increases the total drop weight of the model, does
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TABLE 3
The 10-Degree Ship Bottom Models and Test Conditions
[ Backing Materis) Shot
Hodel to. part Starboard oL e Drop Hetoht Remarks
Ael None None 5630 2
5531 4
: 5532 6 :
i : £533 8
' ; 5534 25
: B-4 None None 5544 2 ,' .
b 5545 4 .
: ' 5546 3
: 5549 12(A) Repeated drops
550 20) | heianter 13 gt
5551 12(¢)
5553 12(0)
} , -2 None None 5766 8
Do 5767 9(A)
; 5768 9(8) . )
5769 9(c) .
! 5770 9(h) ' .
!n 0-3 Water 011 5812 4(A) 77 percent = 689 b
b 5813 4(8) 89 percent = 787 1b
[ 5814 4(c) 100 percent = 835 1b «
! 5815 4(p) 67 percent = 591 1p
P 5816 10(A)
: 5817 10(8) 77 percent :
:i 5818 10(C) {= 689 1b each side) /
1 KG-1 None None 5819 4
5820 10{1)
562 10(2)
! 5822 10(3)
F 5945 10(4)
i 5946 10(5)
; 5947 10(6)
P 5948 10(7)
: 5949 10(8) i
5950 10(9° '
o 5951 10{10) .
; 5952 10(11)
5953 10(12)
6033 10(13)
. 6034 10(14)
! 6035 10{15)
: 6036 10(16)
H 6037 10017)
: : ' 6038 10(18)
: 6039 10(19)
o : 6040 10(20) .
! ' 6041 10(21) :
i _ 6042 10(22) ‘
k : 83




Table 3 {Continued)

. E " Backing Material Shat o
f Mode Ko Port Starboard ) Dmgt"e‘ght Remarks
: l K3-2 sand HL-D2 £823 \ Weight of backing
f | 5824 TO(A) | Mtarial = 689 10
! 5825 10(8)
’ 5826 10(¢)
| 5899 25
! MG-1 1/4 in. PVC-PYA | 1 in. PYC-PVA 7076 3(A)
: 7077 3(e)
‘ i 7078 10(1)
s 7079 10(2)
; 4 7080 10(3)
i ¢ 7081 10(4)
'e 7082 10(5)
; 7083 10(6)
' i 1086 10(7)
K 1088 10(8)
! : 7089 10(9)
i ; 7090 10010)
i M- 1/2 in, ML.D2 1/2 in,PVC-PYA 7061 3(A)
: 7052 3(8)
i , 7053 10(1)
; ' 7054 10(2)
7055 10(3)
' . 7056 10(4)
% : 7057 10(5)
7058 10(6)
7059 10(7)
7060 10(8)
7061 10(9)
: 7062 10(10)
P Notes:
P o Tests were performed at the semiconfined bay ares of the Norfalk Navy Shipyard,
} Portsmouth, Va. '
5 ' 2, Models are identical to haye 10-deg deadrise angle except as noted in Remarks Column,
i 3. 1/2 in, ML-D2 is a polyamide-epoxy, aluminum-oxide filled material weighing 4.5 1b
! per 1/2-1n. x 1-ft x 1-ft section, .
! 4. PVC-PVA {s a polyvinyl-chloride-polyvinylacetate material weighing 5.1 psf for
b 1/2-1n. thickness.
P 5. Models D-3, KG-1, KG-2, MG-1, and MG-2 were separated longitudinally by installing a
o thin vertical plate from the top plate of the keel to the level of the tank top, The
i | g:rtmon was made as 1ight as possible so that the properties of the model would not
: affected appreciably.
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Figure 42 - 1/4-Scale Structural Model with 10-Degree Deadrise Angle
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Figure 43 - Maximum Impact Pressure Obtained from Drop Tests of
Eight Ship Bottom Models with 10-Degree Deadrise Angle
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not affect the maximum impact pressure at all. This indenendencea of total
drop weight agrees with findings given in Section IV and in Reference 13.

Samples of records of this series of tesls are illustrated in
Figure 44,

C. EFFECT OF REPEATED LOADS ON
STRUCTURAL DAMAGE

Repeated drops at the same drop height were performed for most of
the models exceﬁt Model A-1 (see Table 3), An analysis of the test results
was performed for Model B-4, the first in this series to be subjected to
repeated drops.* The findings from the test results of this model are in
general agreement with those of the other models.

The offsets of Model B-4 were measured manually before and after
each repeated drop. The permanent deformation of each of 50 panels could
then be calculated, The mean values of net changes in permanent defor-
mations at the center of each panel caused by 12-ft repeated drops are
shown in Figure 45.

Permanent deformations were also recorded at several selected lo-
cations by means of deflection gages; see Figure 44, Results of the
permanent deformations are shown in Figure 46. A comparison indicated
that the manual measurements and measurements by deflection gages agreed
very well,

From the observations of the test, it is concluded that the
structural damage may occur on the plate panel and/or on the supporting
members, such as keel, floors, longitudinals, etc. The following con-
clusions have been drawn regarding the structural damage caused by repeated
drops at the same drop height:

1. The change of permanent deformation of panels was confined
essentially toc the first 12-ft drop and was gradually reduced after every
repeated drop. This shows that there is considerable further strengthening
due to membrane stretching (shape hardening). This membrane stretching
would usually be present in ship grillages.

*Reported informally by S.L. Chuang in NSRDC Technical Note SML 760-70
(May 1964).
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Figure 44 - Samples of Records

(Test Results from Four 12-Foot

Repeated Drops of Model B-4)
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he change of pommancnt dcfommation o
gradually reduced after every repeated 12-ft drop. This shows that there
is considerable further strengthening due to bending action. However, it
is felt that the vate of change of permanent deformation of the keel will
not be reduced since dishes at the center vertical keel started to form
after the fourth 12-ft drop.
3. Floors showed considerable damage after the first 12-ft drop. : !
Not only did dishes begin to form at webs, but flanges warped and webs _
also began to warp with visible buckled traces at the ends. Warping, =
buckling, and dishing formed rapidly after each repeated 12-ft drop.
4. Longitudinals showed permanent deformation after the first 12-ft
drop. The net change of permanent deformation was gradually reduced there-
after,
Since this topic is beyond the scope of the present study, the

theoretical investigation on repeated loads has been omitted.

D, EFFECTIVENESS OF BACKING MATERIAL
IN REDUCING STRUCTURAL DAMAGE

It was concluded from this series of tests that structural damage
cannot be substantially reduced by backing material up to 1.7% times the

weight of the bottonm plating.26 This finding can be explained by the !
dynamic interaction theory given in Section IV-A.

As indicated in Section IV-A, the equation of motion of the grillage
ship bottom subjected to bottom impact is given by Equations [4.3] and
[4.5], i.e.,

“ . 33 24 34 "
(ms + mzz) W [Dx . + 2 H 5 5 + Dy 4] w=p, [4.3] ) ,
X axl ayl ayl .

for the ship bottom with no backing material and

4

4 4
. i . 3 . 3 3 B
(ms+mzz+mb) w o+ (cv+cb) w o+ [Dx 7 2 H — 3 * Dy ——_if]w = P, [4.5]
axl axl ayl ayl

for the ship bottom with backing material.
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In the above two equations. the spring force and the rigid-hady im-
pact load remain the same, with or without the backing material. The in-
ertial forcc and the damping force are affected by the addition of the
backing material. Therefore, it is necessary to examine the first two
terms in the equations and to determine how the backing material influences
the dynamic response of the structure.

As given in the example in Section VI, the structural mass is found : -
to be

mg = 1.57(10)"% 1b-sec?/in.> S

with the weight of the plate 265 lb and the total weight of the model

435 1b. If a total of 435 1b of backing material is added to the model,
then

m, +m = 3.14(10)"* 1b-sec?/in.®

But, calculated from

'IT

_ 2 |
22 =7 P L/ ¢

]

2.94(10)"% 1b-sec?/in.>

the value of the added mass of fluid is almost 10 times larger than the
value of (ms + mb). This means that the addition of the backing material
will not change the inertial force very much.

The effectiveness in damping can be detected by the change of
excited frequency of the model caused by the addition of the backing
material. Harmonic analysis of the test results of Models D-3, KG-1, KG-2,
MG-1, and MG-2 indicated that changes in fundamental frequencies were in-
significant (see Figure 47); all were around 50 Hz. (The harmonic analysis
was performed by feeding the actual digitized test record into the
computer.) Therefore, the addition of damping by the backing material
will not change the damping force very much.

Calculation from Equation [6.17] for the ship flat-bottom model
(shown in Table 2 and Figure 38) indicates clearly that the spring force
is much larger than is the inertial force due to the mass of the structure.
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Thus the omission of the inertial force due to the mass of the structure
will not affect the maximum value of the structural response very much.
Since the mass of the backing material is in the same order as that of the
structure, it will not affect the structural response very much either,
Therefore, this suggests that backing material is not very effective in
reducing structural damage.

E. COMPARISON OF INTERACTION FREQUENCIES AMONG
PRESSURE, DEFLECTION, ACCELERATION, AND STRAIN
TIME HISTORIES

As indicated in Section IV-A, the total impact pressure p, generated
by the elastic body falling on the water surface can be separated into the
rigid body impact pressure Py and the interacting pressure P This can be

expressed by

]

Py = Py * Py

Py - (mzzw tC, Wt kzzw) [4.1]

Since in Equatlon [4.1] the terms (c w) and (k w) are much smaller
than the term (m w), this equation can actually be represented by Equation
{3.1] with proper correction for small deadrise angle of wedge (where z =
- ;). Therefore, P, is pregominated by the same frequency as for ;, but it
is an 180-deg out-phase of w, and hence Py is an in-phase with w. This
phenomenon has been illustrated in Figure 22 (Section V).

To prove this interaction phenomenon for the present series, a
harmonic analysis by computer was performed for Models D-3, KG-1, KG-2,
MG-1, and MG-2. A sample of the results is illustrated in Figure 47 which
is traced from the actual charts plotted by the computer. The figure
shows that for the 10-ft drop height, the pressure, the deflection, the
acceleration, and the strain time histories all have the same frequency of
about 50 Hz. This 50 Hz is the fundamental frequency for Model MG-2.
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F. SHORT SUMMARY

un the basis of experimental work on the impact of ship structural
models with 10-deg deadrise angle, with and without backing material, it is
concluded that:

1. The harmonic analysis indicates that the pressure, the deflection,
the strain, and the acceleration time histories all had about the same fre-
quencies as the predominant fundamental frequency of the structure., This
was caused by the dynamic interaction between the vibration of the impact
surface and the fluid,

2. The measured maximum pressures at the impact surface of the
structural models were close to the values obtained from the impact test
of the rigid wedge-shaped body with 10-deg deadrise angle,

3. The addition of as much as 10 percent of the original drop weight
did not affect the maximum impact pressure at all.

4, For higher drops, both the plate panel and the supporting members
will deform into the plastic region to cause permanent set, Repeated tests
at the same drop height indicated that the rate of change of permanent set
in plate panel caused by each drop is confined essentially to the first
drop.

5. The use of backing material is not very effective in reducing
structural damage because the added-on mass and the damping effect of the
backing material do not contribute significantly.

VIII. SUMMARY

It has generally been believed that the impact of a ship bottom with
a large deadrise angle, say 15 deg and larger, is an unsteady hydrodynamic
phenomenon, If the ship has a flat bottom, the impact of such a surface
has been considered a combined acoustic and unsteady hydrodynamic phenomenon.
This assumption is made because the hydrodynamic theory would predict in-
finite impact pressure for the flat bottom. However, the situation has
never been clearly defined for the impact of a ship bottom with small dead-
rise angles (say, below 15 and above 0 deg).
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Theories for determining the structurzl responss on the ship-bottom
impact have been treated in two different ways: as impact on an incom-
pressiblc fluid and as impact on a compressible fluid. But none of these
theories has been rigerously verified by experiments.
The objectives of the present study were therefore:
1. To clarify whether the flat-bottom impact is an acoustic or a
hydrodynamic phenomenon, i
2. To determine the impact pressure for rigid wedge-shaped bodies at
small deadrise angles.
3. To resolve the basic nature of the structural response resulting
from ship-bottom impact.
Two series of test programs were conducted to accomplish the above
cbjectives. The first series of tests investigated the impact of rigid
bodies with water; one rigid flat-bottom model and five rigid wedge-shaped
models with respective deadrise angles of 1-, 3-, 6-, 10-, and l5-deg were - . - !
used for this investigation. The second series of tests investigated the
impact of defcrmable and elastic bodies with water; two ipflatable fabric
ship sectional models, one elastic plate model, two ship flat-bottom models, )
and eight ship-bottom models with 10-deg deadrise angles were used for this : i
investigation. ' | ~-jﬁ_(
On the basis of the two series of experimental investigations, the .“_w o
following conclusions are drawn: o

A, IMPACT OF RIGID BODIES WITH WATER

1. During rigid-body impact of the flat bottom, the first positive _ i
pulse of the impact pressure occurs at the instant when the air is trapped o »
momentarily between the falling body and the fluid, Only the flat bottom “_
and l-deg wedge trap considerable amounts of air; wedges with deadrise ‘
angles of 3 deg or higher do not trap very much air, )

2, The existence of trapped air acts as a cushioning medium during
the flat-bottom impact and causes the impact pressure to rise and decay
gradually., Thus the maximum impact pressure is much lower than the
hydrodynamic infinite pressure or the acoustic pcV, pressure.
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3. Since no acoustic OCVU pressure is detectable from the impacts of
flat bottom and wedges with different deadrise angles, water may always be
considered an lncompressible fluid.

4, Because of the trapped air phenomenon, the Wagher hydrodynamic
theory does not apply very well for wedges with small deadrise angle.
Equation [3.8] and Figures 10 to 13 were prepared for the purpose of esti-
mating the maximum impact pressure of a rigid wedge-shaped body with any
deadrise angle.

B. IMPACT OF DEFORMABLE AND ELASTIC
BODIES WITH WATER

1, Test results of this series revealed that the dynamic interaction
caused by ship-bottom impact is closely related to the hydrodynamic
phenomenon and that water may be considered incompressible. In other
words, to include the interaction in the analysis is to include the hydro-
dynamic added mass of the fluid and the fluid damping in the equation of
motion for the structural responsse,

2, The impact pressure for the inflatable fabric hull is considerably’
lower than that for the rigid-body hull, This is attributed to the fact
that a deformable body affords relief from the impact load,

3. During the impact of the elastic plate model, the first positive
pulse of the impact pressure occurs when the air is also trapped momentarily
between the falling body and the water., However, when compared with the
record from the rigid flat-bottom impact test, it is obvious that the plate
stiffness and boundary conditions affect the time required for the trapped
air to escape, '

4, The maximum impact pressures were independent of drop weight for
two inflatable models and eight 10-deg ship structural models,

5. From the practical point of view, the damping effect may be
omitted without introducing noticeable error in the design of the ship
bottom subjected to impact load.

6. Also from the point of view of practical design, because the
grillage type of ship bottom is relatively rigid, it is reasonable to
assume that the rigid-body impact loads are applied quasi-statically to
the impact area of ship bottom.
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7. The use of backing material (such as water. oil., sand. ML-D2; or
PVC-PVA) is not very effective in reducing structural damage because the
added--on mass and thc damping offect of backing material do not coniribute
significantly.

8. If the plate panels and the structural members deform into the
plastic region to cause permanent set as a result of repeated drops with
an identical impact velocity, this permanent set is essentizlly confined
to the first drop.

9. The underwater pressure produced by ship-bottom impact diminishes
with the distance away from the impact area of the ship bottom.
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APPENDIX
THEQRETICAL INVESTIGATION OF FLAT-BOTTOM IMPACT

The theory under development assumes that a layer of air is trapped

between the falling body and the fluid, Further, the theory is based on

the fact that the energy stored in the falling body prior te the occurrence
of impact is a function of pesition and impact velocity only, and is not

dependent on the presence of air under the falling body. It is cobvious

from this that the impulse produced when the falling body strikes the

fluid is the same whether air is pruesent or not. However, even though the

impulse is the same, the resulting pressure-time curves with and without
air are very different,

Since the air is more compressible than the fluld, it functions as
a cushloning layer to reliove the sharp rise of the impact prossure. This
cushioning effect causes the impact pressure to rise more gradually from
zero to its maximum and to be distributed evenly over the entire contact
area. To reach this maximum pressure requires ZL/cair units of time be-
cause the pressure waves travel in the dir layer at the speed of sound in
the air as well as in the fluid at the spead.of sound in the fluid. For
this same reason, the impact pressure takes.ZL/cair units of time to
return to zero. This makes the duration of pulse T:

T=4L/c,, [A. 1]
providing that Coip 18 considered constant., The values of T oblained from
BEquation [A.1] check reascnably wecll with the exporimental results, such
as shown in Figures 3 and 5. However, if Cair varies within the duration

of pulse T, Equation [A.1] has to be revised accordingly.

This will be
shown later.

If the air is absent during the flat-bottom impact, the im-
pact pressure rises almost immediately at the instant of impact and dies
down at 2L/c units of time.4

From the foregoing discussion, the following hypotheses may bo
drawn;

1, During flat-bottom impact, the total impulse produced is the

same whether the layer of air is or is not present between the impact body
and the fluid, i.,e.,




(D)o o = (1) [a.21
WitiouL atLs witli a1r N ’
2. The speed of sound in the trapped air Caip varies with the
pressure in the confined space between the falling body and the fluid.

Assuming the compression of air to be isentropic, then

Y
pl -< 1)
a a

dp_ _ 2
dp. Tair
1
From these two equations,
2Y
Y-1

or

2Y
c . = (L) [A.3]
air a\p,

where P, is the atmospheric pressure, c, is the speed of sound in the
atmosphere at P, and Y is the ratio between the specific heat at constant
pressure and that at constant volums. At the normal condition of at-
mosphere, Y = 1.4 may be used.

In Equation [A,3], p is referred to the absolute-zero pressure, If
it is referred to the atmospheric pressure as zero, then Equation [A.3]
becomes (with Y = 1.4) 1
"7

P, *P
c._=¢ [A.4]
air a\ p,

dt)
T
in the trapped air region. This distance is also equal to d2. This gives

3. In a time dt, the pressure wave travels a distance of (cai

dg = Coip dt [A.5]




During the flat-bottom impact, the time required within the duration of
len

pulee is T; aiid during that duration, the pressure wave has tr veled a
distance of 4L. Therefore,

‘L T

dg = g Cair dt [A.6]
0 ()

The above equation shows that if Coir is considered as constant during the
process of pulse, then T = 4L/cair which is Equation [A.1]. However, be-
cause c_. . is a function of impact pressure (by Equation [A.4]), Equation
[A.1] is therefore replaced by Equation [A.6] for the present investigation.
4, Since the pressure wave travels in the trapped air region at the

speed of sound, the impact pressure distribution on the flat bottom would

. be similar to-Figure 10 of Reference 4, This figure indicates that the

impact preséure at the center of the flat bottom decays later than pressures
at other locations in the flat bottem. This phenomenon is evident in

Figure 5 which compares pressure histories at the center and the edge.
However, the differences are small because the cushioning effect of the
trapped air tends to distribute pressures more evenly, To avoid tedious
mathematical operations, therefore, we assume that the impact pressure
distributes evenly over the entire area of the flat bottom, even though
physically the impact pressure has to be distributed unevenly for the
pressure wave to travel. This gives

p = p(t) [A.7]

5. From the experimental results, the impact pressure time history
curve may be approximated empirically in the form of

_ -1.4 t/T . t
p(t) = 2 Ppax © sin r = [A.8]
with p(t) > - 15 psi.

Equation [A.8] is nothing but a sine wave with decreasing amplitude.

Although better fitted equations may replace Equation [A.8], the final

results of the maximum pressure will not de iate very much from those




determined by Equation [A.8). The use of a triangle pulse for approximation
would give much higher maximum pressures as they are compared with the ex-
perimental results.
The total impulse for idealized flat-bottom impact (no air layer)
may be expressed asl2
m 0

2z
(I)without air =
1+zz

3| <

[A.9]

A

o
where m,, is the added mass of the fluid and Mo is the total mass of the
impact body. If Ho >> M, which is generally true for the actual ship,
then

(I)without air © Mzz vo [A.10]
Use m,, =1 pL2/2, which is the conventionally used expression for added
mass; then
(1) - ta Lty [A.11]
without air = 2 0 '

Equation [A.11] is valid whether the flat-bottom impact is treated as a
hydrodynamic phenomenon12 or as an acoustic phenomenon.4 (Vo is considered

constant here.) Therefore, Equation [A.2] can be rewritten as

t=T
Lol V= A j p(t) dt [A.12]
t =0
where the right side of the equation is the total impulse for actual flat-
bottom impact (with air layer). Substituting Equation [A.8] into Equation
[A.12] yields

T
t
%—n oL v = A j 2p e LA gin Tat [A.13]

]

where A is the area of the flat bottom per unit length or

A=21L [A.14]
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Since T and Ppax 8r€ two unknowns contained in Equation [A.13], one
more equation is therefore needed. This can be obtained by combining
Equations [A.4], [A.6], and [A.8]. This yields

1 T t 1
_ 1\7 -1.4 T, t\7
4L = . <$;) j (pa + 2 Pnax® sin n T") dt [A.15])
0
which also contains T and Pnax: From Equations [A.13] and [A.15],

- 1.1
Pnax  4:3 V, [A.16]

where is in pounds per square inch and V_ is in feet er second.
Prax q o p
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