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DYNAMIC LOADING OF A MOTOR TORPEDO BOAT (YP110)

DURING HIGH-SPEED OPERATION IN ROUGH WATER

by

Norman H. Jasper

ABSTRACT

Pressures and strains were measured on the hull of a motor torpedo boat (YP110,

Ex PT8) during rough-water operation in order to establish design criteria for hull plat-

ing and local structure. The most severe loading due to wave forces occurred between

the forward quarterpoint and the midship section. The highest maximum effective peas-

sure for this boat was 36 psi. In order to determine the effective pressures the solu-

tion is given for the damped response of a single-degree-of-freedom system to a modi-

fled blast pulse.

Failure of portions of the hull structure during these tests indicated that pre-

vious design specifications were inadequate. In this report are proposed criteria for

designing structures of sufficient local and over-all strength to withstand severe dynamic

loading of the type encountered in rough water. Recommendations for further research

are made.

INTRODUCTION

The Bureau of Ships directed' the David Taylor Model Basin to de-

termine the hydrodynamic loads acting on various parts of an aluminum-hull

motor torpedo boat (YP110, Ex PT8) under rough-water conditions. The data

were needed in order to establish more realistic criteria for designing the

hull plating and framing of a planing boat capable of withstanding the in-

tense loading caused by the impact forces in a rough sea. Secondary aims were

to correlate the loading and the resultant stresses in frames and plates as

well as to obtain data regarding the load distribution on the hull girders

during the rough-water trials.

The YP110 has a displacement of 109,000 pounds, a load waterline

length of 75 feet, a beam of 15 feet, and a draft of 3 feet 2 3/8 inches. The

moment of inertia of the midship section is 316,800 inches4 ; the effective

area of the midship section is 140 square inches.

The tests were made in the roughest water and at the highest speed

that was considered safe by the personnel operating the boat. The trials

were run in Chesapeake Bay off Norfolk, Virginia, on 9, 13, and 23 January

1948 in waves from 4 to 6 feet in height with a length-to-height ratio of

1All references are listed on page 33.
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about 20--unusually severe conditions for the vessel, the instrumentation, and

the test personnel. It is believed that no similar full-scale tests had been

conducted previously.

In the present report the pressures due to the dynamic loading are

presented in terms of an equivalent static pressure which would produce ap-

proximately the same strains as those caused by the dynamic load. The instan-

taneous transverse-load distribution for a number of instants has been deter-

mined at several transverse sections. On the basis of these data, transverse-

load-distribution factors were calculated. A method for determining load-

distribution factors is recommended. Based on the information available to

datea procedure is presented for determining the equivalent static design

load for the local structure, as well as for over-all design of the hull, as

required to enable the craft to withstand the severe impacts imposed by rough-

water operation. In this connection the equations for the response of a

damped single-degree-of-freedom system to a modified blast pulse have been de-

rived.

A preliminary report of these tests was made by TMB CONFIDENTIAL

Report C-96.2

GENERAL CONSIDERATIONS

This section will provide some background information on the type

of loading experienced by the bottom structure of a planing boat when it comes

in contact with a wave. The concept of equivalent static load and the term

"seeok factor" will be presented. It will be seen that the design of struc-

tures to withstand dynamic loads can be considerably simplified by the ap-

plication of these concepts.

As the boat planes over a wave with zero angle of heading to the

waves, the point of initial impact occurs at the keel and at a longitudinal

location depending on the relative geometrical configuration of the bottom

and the wave. The impact travels aft, and the impact area increases as more

of the bottom is wetted. The maximum impact force on the boat is attained

after the initial impact. The bottom of PT boats is essentially wedge-shaped.

The'impact force, per unit of length, acting on a wedge is given by the "vir-

tual mass" impact theory of von Kgrman.3 The transverse distribution of this

impact force was measured in the tests which are herein reported. Typical

time variations of the impact force are illustrated in the sample record,

Figure 1. A simplified illustration of the impact-load variation is shown in

Figure 2.

The reaction of a structure to an impact load is, of course, differ-

ent from that due to the application of a static load. Methods for analyzing
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Figure 1 - Pressures Recorded in 5- and 6-Foot Waves
at a Speed of 28 Knots

these reactions have been well presented by Frankland.
4 In order to simplify

the theoretical analysis of the behavior of a structure under impact load, it

is assumed that the structure can be idealized as a system with a single de-

gree of freedom. The load acting on this system can be expressed as the non-

dimensional ratio of the applied force at any instant to the maximum value of

this force; this ratio is called the "disturbance." The ratio of the strain

in the system due to the dynamic application of a load P to the strain due to

the static application of the same load P is termed the "response factor."

The numerical maximum value of the response factor is called the "dynamic-load

factor." Within the proportional limit, the dynamic-load factor represents

the ratio of the static load to the peak dynamic load for the same strain. We

may, therefore, obtain an equivalent static load by multiplying the dynamic

load by the corresponding dynamic-load factor. Dynamic-load factors were cal-

culated for the impacts measured in these tests.
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Figure 2 - Typical Time Variation of Impact Load

The peak pressure due to any particular wave impact, when multiplied

by the corresponding dynamic-load factor, will give an equivalent static pres-

sure which, if applied to the single-degree-of-freedom system, will result in

approximately the same maximum deflection and the same peak stress as are pro-

duced by the actual loading. The spatial pattern of pressure distribution is

assumed to be fixed, while, the actual values of pressure vary with time. This

assumption is justified on the basis of the experimental time-space variation

of pressure. Damping, which is present in the actual system, will reduce the

value of the dynamic-load factor from that obtained by a calculation in which

damping forces are neglected. The effect of damping has been considered in

the analysis of the test data. Pressures found in this manner have been des-

ignated as effective pressures.

A structure may be treated as a single-degree-of-freedom system if

one or the other of the following conditions is satisfied:

(a) The time variation of the load has only a small amount of high-

frequency content, that is, the coefficients of the Fourier terms which do

not correspond to the fundamental mode are relatively small, and the period

of the fundamental mode of vibration is several times that of the next higher

mode.

(b) The impact load is proportional to fp wY( )ds,where p denotes the

mass distribution, Y(s) is the normal mode function, s is the spatial coordi-

nate, and w is the circular frequency. This requirement is based on the fact

that if the space distribution of load, in a linear system, satisfies one of

the normal mode functions then no other mode can be excited due to the orthog-

onality of the normal modes.

The space distribution of the load on the panels and framing, see

the Appendix, does satisfy requirement (b) fairly well. The records of the

pressure-time variations show but a relatively small amount of high-fre-

quency content.
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An approximation of the impact-load variation which generally oc-

curred at the location where the pressures were measured in this series of

tests is illustrated in Figure 2.

The differential equation for the response of a single-degree-of-

freedom system to this load is

X + 2p -- x + p2x = F(t)
cwhere

where

F(t) = o t
m t

and

t-t

P t-t
F(t) = e 1 om

for 0 ; t 9 to

- for t tot - to 0

The solution of the

For 0 S t < t

X
u = p- =

mp
mp2

differential equation yields the following:
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C
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where t is the time,

to, t,, and P0 are defined in Figure 2,

c/cc is the fraction of criti al damping to which the system is

subjected,

p is the undamped natural circular frequency of the system,

a = t! - to,

wn = p 1 - (c/cc) 2 ,
u is the dynamic-load factor or maximum-response factor, and

m is the mass of the system.

The dynamic-load factor as a function of the ratio of to to the

natural period T of the system is plotted in Figure 3 for three values of

damping. This plot covers the range of conditions encountered in the full-

scale PT-boat test. The frames and plating of the PT-boat structure were

subjected to about 9 percent critical damping when the boat was waterborne.

This value of damping reduced the dynamic-load factor by 10 percent. Sim-

ilar plots of the dynamic-load factors are given by Frankland;4 however,

damping is neglected in his calculations.

It is to be noted that in order to obtain the total effective

static pressure at any gage location it is necessary that the hydrostatic

pressure acting at that gage location, when the vessel is at rest,, be added

to the effective pressures given in this report. This is due to the fact

that the gages measure the variation of the pressure from the hydrostatic

pressure with the boat at rest. The total effective static pressures as
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= 0.09

LL -- 1.0 c

The magnification factor

0 approaches unity

0o
to
T

Figure 3 - Dynamic-Load Factors for Impacts
of the Type Illustrated by Figure 2

tj = 10T

defined above may be used as equivalent static load in designing the shell

plating and framing, which can be considered as single-degree-of-freedom

systems.

INSTRUMENTATION

Since the primary object of the test was to determine the local

loaiing of frames and of plating panels, and since it was expected that the

instantaneous impact loads would be concentrated in a relatively short

transverse section of the ship, it was decided to arrange the instrumenta-

tion in transverse belts. This would permit simultaneous recording of

pressures and strains. The hull is, of course, symmetrical with respect to

the longitudinal centerline plane, and it was assumed that measurements made

on one side of the hull would also be representative of those on the other

side. Thus only the starboard side of the vessel was instrumented. Since

the instrumentation was to be subjected to rather severe shock and vibra-

tion, the electrical instruments were supplemented with mechanical gages.

Photographs of the installation are shown in Figure 4.

Preliminary test runs had shown the necessity of shock-mounting

the amplifying equipment to withstand the severe impacts--which occurred

on the hull at frequencies of about 3 cps or less. Electronic equipment

(for SR-4 strain gages and for diaphragm-type pressure gages) was accordingly

mounted in a rack made of angle irons, and the entire rack was then supported

by B.F. Goodrich Type-10 rubber mounts, giving a natural frequency of 7.2 cps

in the vertical direction. The support was to provide shock protection; it

was not intended to be a vibration isolation mount. The shock loads in the

longitudinal and athwartships direction were relatively minor. This shock

mounting performed satisfactorily throughout the tests.
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The instrumentation comprised TMB diaphragm-type pressure gages,

De Juhasz engine indicators modified to record the maximum value of the

relatively small hydrodynamic pressures, SR-4 strain gages, DeForest scratch-

recording strain gages, Statham accelerometers, and Jacklin accelerometers

measuring linear and angular accelerations of the hull. The pressure and

strain gages, the outputs of which were to be recorded oscillographically,

were arranged in seven transverse belts. The belts or groups were spaced at

intervals of from 3 to 7 frame spaces. A five-digit number was assigned to

each gage--the first two digits indicated the number of the frame forward of

the gage, the third digit the relative position of the gage in its belt from

the keel outboard, and the last two digits the oscillograph channel on which

the signal was recorded. In designating the gages in this report, the last

two digits have been omitted. The gages were connected to eight separate

3-point multiposition switches, on each of which nine positions were used.

To record the data from any one of the seven groups of gages, it was only

necessary to turn each switch to the position corresponding to the desired

gage group. Thus to record the output of group six, all switches were set

to number six. The output of the Statham accelerometer was recorded with

every group.

Figure 4a - Installation of Accelerometers Figure 4b - Installation of Diaphragm Pressure Gage

and DeForest Strain Gages

CONFIDENTIAL
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Figure 4c - View of Shock-Mount Installation, Looking Down on Main Deck

TMB 2 0

Figure 4d - Shock-Mounted Console

Figure 4 - Installation of Instruments and Equipment on YP110
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The modified De Juhasz engine indicator did not perform satis-

factorily, primarily because the indicator stylus tore through the paper,

and the gage operated sluggishly. Since the diaphragm pressure gages gave

satisfactory data, no further effort was expended on improving the mechanical

gage. Type SR-4 wire-resistance strain gages were installed at several loca-

tions. The cleaned aluminum surface was first heated, the gage was then

cemented to the surface with Duco cement, and, after the cement had dried,

both the gage and the lead wires were covered with beeswax. DeForest

scratch-type strain gages were mounted at numerous locations both singly and

in rosette patterns; see Figure 4. Although these gages were intended to

furnish only the peak strain in any given test, it was thought possible to

determine the associated peak stress--under the not unreasonable assumption

that at any given location the peak strains would occur simultaneously along

the several directions. A Statham accelerometer, rated at ±10 g, was shock-

mounted at the centerline near the forward quarterpoint and oriented to re-

cord vertical accelerations; see Figure 4. The Jacklin angular and linear

accelerometers were installed as shown in Figure 4 and operated by remote

control from the bridge. A detailed description of this instrument is given

in an earlier TMB report.5 Unfortunately the Jacklin accelerometers did not

operate satisfactorily under the most severe loading conditions.

An aircraft-type accelerometer (BuAer Stock Number NOA(s) 6297)

was used to give a rough indication of the maximum accelerations experienced

on the bridge. The natural frequency of this accelerometer was 8.75 cps,

and its damping was 4 percent of the

critical value.

The diaphragm pressure gage

was developed at the Taylor Model

Basin" and is illustrated schematically

in Figure 5. When the gage is sub-

Copper Cover jected to external pressure, the alum-

inum diaphragm is deformed elastically,

owing to the unbalance in pressures
O Bakelite Connector

Plate acting on the outer and inner surfaces.

The elastic strains in the clamped
Solder Lugs

diaphragm developed by this action

cause corresponding resistance varia-
SR-4 Strain Gage tions in the strain gages which are
Diaphragm 0.020 Inch Thick

SR-4 Strain Gage cemented to the diaphragm. To ensure

linear gage response the usable range
Figure 5 - TsMB DiaphragmPressure Gage is selected so as to limit the

CONFIDENTIAL
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diaphragm deflections to one-third the thickness of the diaphragm.

The entire gage cup was machined out of 61ST duralumin. The out-

put of the gage is temperature-compensated. The SR-4 strain gage and its

lead wires were covered with a thin coat of beeswax; the body of the gage

was then filled with Vaseline. The gages were attached to the inboard side

of the shell plating, with the gage cup projecting through a hole and the

diaphragm flush with the outside of the plating. A two-conductor shielded

rubber cable connected the gages to the multiposition switches in the in-

strument room. The signals from the strain and pressure gages were amplified

by TMB Type 1A strain indicators which had given satisfactory service in

previous tests. This standardized strain indicator (described in TMB Report

565 7) is intended to be used with SR-4 strain gages of 120-ohm resistance.

Before concluding the subject of instrumentation it should be

added that motion pictures of the YP110 were made from another PT boat dur-

ing part of the rough-water trials.

TEST PROCEDURE

Before the test runs were conducted, the electronic equipment was

allowed to warm up to operating temperature. Some attempt was made to keep

the instrument room at an even temperature in order to minimize temperature

effects on the equipment. The strain indicators were then balanced against

a dummy strain gage against which, in turn, the active gages had previously

been balanced. Calibration signals were then imposed on each strain indica-

tor and recorded on the oscillograph. The instrument room was manned by two

operators who could communicate by telephone with the bridge. One man oper-

ated the multiposition switches, and the other operated the oscillograph.

The oscillograph operator was strapped to his seat to prevent being thrown

against the overhead by the intense shocks. The boat was headed into the

waves at shaft speeds ranging from 1400 engine rpm (corresponding to about

24 knots) to 2000 engine rpm (corresponding to approximately 35 knots).

During each run a constant speed was maintained while the pressures, strains,

and accelerations were measured for the most significant gage groups. The

most severe condition was selected by visual inspection of the signals, and

the boat was then operated at the speed for this condition with various

angles of heading to the waves.

From the tests it was found that the most severe shocks were en-

countered with approximately zero angle of heading at the highest speed

which was considered safe for both crew and ship. At this speed of 35

knots and zero angle of heading, the output of several gage groups was

CONFIDENTIAL
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recorded, one group at a time, together with the acceleration peaks indicated

by the BuAer accelerometer on the bridge.

Although preparations for making rough-water measurements were re-

hearsed many times, considerable time passed before suitable rough weather

materialized. During this interval a number of pressure and strain gages

were replaced because of mechanical or electrical failure. The salty, humid

atmosphere, together with the intense pounding to which the equipment was

subjected during the trials, made unusual demands on both personnel and

equipment.

EVALUATION OF DATA

The data were analyzed with the objective of obtaining equivalent

static design loads which could be applied to the design of local structure.

The full-scale test data as well as model-test data 8 were then evaluated so

as to provide a procedure for the over-all strength design of the ship gird-

er. The pressures due to the impact loads acting on the hull were evaluated

in terms of effective pressures according to the method outlined under "Gen-

eral Considerations." The effect of damping was considered.

Figures 6 and 7 show the magnitudes of effective pressures during

two sea conditions. The maximum and the average of at least five relatively

WATERLINE AT REST, DISPLACEMENT
109,000 POUNDS, ZERO TRIM SIGHT EDGE OF DECK

xr7- o53-3 47-3 i 41-4 x36-4 +.9-4 +2 3-4o20-40~7-4 CHINE
0 47-2 o 41-3 x3633 029-3 +263+2303 20'3 t17-3.4-3

x57-2 x53-2 xi 47-. X 41-2 X36-2 .29-2 +26-21023-2 +20-2017-i2 ,.e , l-2.
057 OS. _ X 41-1 1 X 36-1 i29-I +26-I +23-, +20-, O4- "--

FRAME NUMBERS

MAX/MUM EFFECT/VE
PRESoRL/E, PS
AVIERAGE EFFEC'/VE

SPRS.S3URE, PSI l.
0 20 30 40 50 60

SCALE PSI SECTIONS

Figure 6 - Distribution of Pressure Along the Bottom
in 4- to 5-Foot Waves

Pressures in 4- to 5-foot waves were measured with the vessel operating at 35 knots, corre-
sponding to 2000 engine rpm.

Locations of active gages are designated by "+," followed by the gage number. Gages at
locations designated by "x" were out of order or were not used. Gages at locations designated
by "o" recorded pressures less than 2 psi.

The average pressures tabulated are averages of five or more measurements.
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intense impulses occurring at each gage are shown. Table 1 gives the maximum

and average effective pressures as well as the hydrostatic still-water pres-

sures acting at the several gages. The highest maximum effective pressure

tabulated is 36 psi. This pressure occurred on the plate between Frame 17

and Frame 18. Table 1 includes several maximum effective pressures between

27 and 36 psi.

The bottom structure of the PT boat was damaged during the tests

as a result of the impact loading. Considerable work would have to be ac-

complished in order to restore the original strength; however, the boat was

not incapacitated. The floors buckled in localized areas from amidships to

the forward quarterpoint. This damage does, in a qualitative sense, verify

the high pressures measured, and it demonstrates the ability of the aluminum

hull to deform and absorb energy without appreciable leakage.

Inspection of the pressure data and of the motion pictures taken

during the tests indicate that the maximum pressure may occur anywhere from

about the forward quarterpoint to amidships. If enough measurements had been

made, a maximum effective pressure of 36 psi would probably have occurred at

some time at every gage in this impact area. The bow of the boat, due to

the relatively sharp dead rise, would probably be subjected to lower pres-

sures than the aforementioned "impact area" even if, on occasion, impact with

WATERLINE AT REST, DISPLACEMENT
109,000 POUNDS, ZERO TRIM SIGHT EDGE OF DECK

X57-3 X65-3 x,47-3 x41-4 lx36-4 29-4+- 4 23-4e20- + -
X 47-2 x41-3 1x36-3 x29-3+26-3 +23-3+20--53 7-3- G HINE

X 57-2 x
5 3

-
2  

x 47- x 41-2 - 36-2 x29-2+26-21+23-2 4-+14-2 I1-2

5_7. q_5 - 1L__ _ 3-, __29-,_ 61! -)xe-, ,,7- ___ 7 - _
S 54 48 4 36 30 i7 '4 21 18 S 12

FRAME NUMBERS /

F AAX/Mt EFFECTIV
PR£ESSURE. P-3

a4VERAGL EFFECT/VE
PRE SUR. PsZ
9 . o V 4 P 2 1v

acALE-par SECTIONS

Figure 7 - Distribution of Pressure Along the Bottom
in 5- to 6-Foot Waves

Pressures in 5- to 6-foot waves were measured with the vessel operating at speeds from 28
to 35 knots, corresponding to 1600 to 2000 engine rpm.

Locations of active gages are designated by "+," followed by the gage number. Gages at
locations designated by "x" were out of order or were not used. Gages at locations designated
by "o" recorded pressures less than 2 psi.

The average pressures tabulated are averages of five or more measurements.
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TABLE 1

Effective Pressures Measured During Rough-Water Trials of YP110

Gages which were out of order are not listed in this table. Measurements in 4- to 5-foot
waves were made with the vessel operating at 35 knots, corresponding to 2000 engine rpm.

Measurements in 5- to 6-foot waves were made with the vessel operating at speeds from 28 to
35 knots, corresponding to 1600 to 2000 engine rpm.

The effective pressures have been corrected for the effect of damping. The average
pressures tabulated are averages of five or more individual measurements.

Effective Pressure, psi Hydrostatic
Gage 4- to 5-Foot Waves 5- to 6-Foot Waves Pressure at Gage,
Number Ship at Rest,

Maximum Average Maximum Average psi

11-1 negligible 5.8 3.4 0.9
11-2 negligible * * 0.3
14-1 negligible negligible 1.0
14-2 2.6 I 2.6 10.8 1 7.3 0.5
14-3 negligible negligible 0
17-1 negligible 15.0 7.5 1.1
17-2 negligible 27.2 20.7 0.5
17-3 negligible 36.0 18.0 0.6
17-4 negligible 9.2 8.1 0
20-1 5.3 I 5.3 * * 1.2
20-2 12.3 12.3 * * 0.6
20-3 negligible 34.1 17.3 0.2
20-4 negligible negligible 0
23-1 9.4 I 6.4 27.8 24.5 1.3
23-2 negligible 11.8 7.0 0.8
23-3 2.5 I 2.2 24.0 9.0 0.4
23-4 negligible 17.9 11.6 0
26-1 6.5 6.4 * * 1.3
26-2 8.6 6.7 23.0 21.5 0.9
26-3 11.0 5.6 14.7 10.5 0.5
26-4 8.1 6.4 24.5 17.2 0.1
29-2 10.3 6.0 * * 0.9
29-3 negligible * * 0.6
29-4 11 .1 6.3 * * 0.2
41-3 5.8 4.7 * * 0.8
47-2 negligible * * 1.2
53-3 negligible * * 1.0
57-1 negligible * * 1.4

* No data were obtained.

the water should occur. Based on these considerations an "impact factor"

was plotted (see Figure 9a on page 18). The plot may be regarded as the

envelope of a series of curves, each curve corresponding to a given combina-

tion of speed and sea conditions. The impact factor is intended to be pro-

portional to the probable maximum effective pressure at any point along the

boat.
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The maximum accelerations measured by the Statham accelerometer at

Frame 15 1/2 during operations in 5- to 6-foot waves are tabulated in Table

2, for a number of the more severe impacts. The accelerations measured by

TABLE 2

Peak Accelerations Measured by Statham Accelerometer
at the Forward Quarterpoint of the YP110
During Operation in 5- to 6-Foot Waves

the BuAer accelerometer on the bridge were of the order of 6 and 7 g; one

impact gave a reading of about 12 g. The distribution of acceleration along

the hull is given in Figure 10 on page 20 for the most severe shock encoun-

tered during the tests. This plot is based on the motion of the boat ob-

tained from motion pictures, the peak accelerations measured with the Statham

accelerometer, and a distribution of acceleration similar to that found by

model tests carried out by Siler and Anderson in 1947.8 The rigid-body ac-

celeration is found to vary linearly from about +11 g at the bow to -2 g at

the transom.

In order to determine the transverse-load distribution during wave

impacts the following analysis was made. The instantaneous transverse-load

distribution was plotted for the impact which gave the highest pressure re-

corded for each gage on Frames 17, 23, and 26. For several other severe

shocks the pressure distribution was plotted for the several instants at

CONFIDENTIAL

Peak
Shock Record Acceleration Engine

Acceleration
No. No. g* rpm

1 04410 4.5 2000
2 04412 3.0 2000
3 04414 5.0 2000
4 04415 9.0 2000
5 04433 2000

04435 3.5 2000
04423 3.5 1600
04423 2.0 1600

9 04408 3.0 2000
04403 4.3 1600
04428 3.0 2000
04432 4.7- 2000
04418 2.5 1600
04400 3.0 1600
04403 2.5 1600
04409 3.7 2000
04414 4.5 2000

*g is the acceleration of gravity.
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which each one of the gages in the particular transverse section reached a

maximum. A total of 55 such plots were made; see the Appendix. These load-

distribution curves were then used to determine:

(a) The shape of the transverse-load distribution.

(b) A transverse-load-distribution factor based on an unsupported

width of structure equal to 100 percent, 20 percent, and 0 percent of the

breadth from keel to chine. This factor will be discussed in detail later.

(c) A longitudinal-load-distribution factor. This factor will also

be discussed in detail later.

The transverse-load-distribution factor was calculated as follows.

An inspection of the typical transverse-load distributions in the Appendix

shows that the load which travels over the entire width from keel to chine

can be reasonably approximated by a versed sine function. The maximum value

of the load is a function of both time and space. The most severe loading

of a beam or plate would occur with the pressure peak located at the center

of the structure as illustrated in Figure 8. The maximum stress was

calculated for a beam of uniform section modulus loaded with a sinusoidal

load as shown in Figure 8. The calculation was made for both the pin-ended

P

P

L
Assumed Load Distrbutlon

PLx Px2 PL 2x PL'
M (fixed ends) - - cos

PLx PX2 PL 2-x PL
M (pinned ends) = - -co -L + 2

where M is the bending moment.

BM (illustrated load) peak value of
BM (uniform load) = 0.65 (fixed ends) load/ft = P

= 0.70 (pinned ends) I

Figure 8 - Typical Transverse-Load Distribution
at Instant of Peak Impact Load
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and the fixed-ended conditions. For both conditions the uniform load which

would give the same deflection as the sinusoidal load was calculated. The

ratio of this uniform load to the peak value of the sinusoidal load is termed

the transverse-load-distribution factor for a 100 percent unsupported half

breadth. The load factor thus calculated is 0.70 for the pin-ended condi-

tion and 0.65 for the fixed-ended condition. An average value of 0.68 was

selected. Multiplying the peak load at any section by this factor will give

an equivalent uniform load which will result in approximately the same max-

imum stress as the sinusoidal load distribution.

The transverse-load-distribution factor for the 20-percent unsup-

ported width was approximated by determining the maximum value of the ratio

of the mean pressure to the maximum pressure in any 20-percent width of the

span (see the Appendix). The transverse-load-distribution factors are

plotted in Figure 9c.

An assumed longitudinal-pressure distribution over the bottom is

plotted in Figure 12 on page .. This plot is based on model tests and on

the impact theory of von Karmin.
s The pressure load at the bow is made

equal to zero so as to agree with the actual observations. It is recommended

that for any actual design, longitudinal-load distributions be determined as

in the model tests reported by Siler and Anderson.
8

The longitudinal-load-distribution factor is used to check the

local strength of longitudinal structures. Since the peak impact load does

not occur simultaneously in the same longitudinal plane for every transverse

section, it is believed reasonable to base this factor on the average maxi-

mum load occurring at any transverse section. The longitudinal-load-

distribution factor, plotted in Figure 9b, is the ratio of the average pres-

sure over the entire span to the maximum pressure determined from the ex-

perimental transverse-load distributions.

RECOMMENDED DESIGN PROCEDURES

In this section the suggested procedure to be applied in the design

of the various types of planing-boat structures are set forth, together with

illustrative applications.

In general, each structural part of the boat will have to be de-

signed from considerations of, first, the over-all strength of the hull

girder and, second, the local strength of the structure required to with-

stand the localized impact loads. The more severe of these two requirements

will be the one to govern the design.

The structural parts of the hull may be divided into four cate-

gories, to each of which a different design procedure will apply. These

categories are as follows:
CONFIDENTIAL
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1. Transverse framing and stiffeners.

2. Bottom plating.

3. Longitudinal frames and stiffeners.

4. Structure which contributes to over-all hull girder strength but

which is not subjected to localized impact loads.

Local Strength of Transverse Framing and Stiffeners

The loading is determined by applying to the structure a uniform

load per unit area (the design load)

p = (P x FI x FT) + Ph

where P is the maximum effective pressure (36 psi for the YP110),

FT is the "transverse-load-distribution factor" from Figure 9c,

FI is the "impact factor" from Figure 9a, and

Ph is the hydrostatic pressure, with the boat at rest.

100 80 60 40 20 0
Percent of Length from Bow

Figure 9b

1.0
0

C
20.5

FT0
100 so 60 40 ?0 0

Percent of Length from Bow

Figure 9b

1.0

20.5

r- T

20 40 60 80
Percent of Unsupported Half Breadth

Figure 9c

As an example, assume that

it is desired to determine the de-

sign load on a frame at a location

0.7 of the length of the boat from

the bow. Since 100 percent of the

bottom half breadth is supported,

FT is equal to 0.68 and FI is equal

to 0.7. The hydrostatic load at

the center of the frame is about

0.5 psi. Therefore the design load

is

p = 36 (0.68)(0.70) + 0.5 = 17.6 psi

Local Strength of Bottom Plating

The design load for bot-

tom plating is determined in the

same manner as that for transverse

framing and stiffeners. The selec-

tion of minimum satisfactory plat-

ing thicknesses to resist normal

loading cannot be made by using for-

mulas based on Hooke's law. The se-

lection should be based upon

10

Figure 9 - Load Factors Used in
Design of Local Structures
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allowable permanent set. An allowable permanent set of 0.005 times the

shortest side is recommended as in a post-war set of BuAer specifications

for the rigidity and strength of airplanes.9

Local Strength of Longitudinal Frames and Stiffeners

The design load is determined by applying a load to the structure

which, for any longitudinal location, is

p = (P x FI x FL) + Ph

where p is the load per unit area at the particular longitudinal location

under consideration (this value will be independent of the width of

plating supported),

P is the maximum effective pressure (36 psi for the YP110),

FI is the "impact factor" from Figure 9a,

FL is the "longitudinal load distribution factor" from Figure 9b, and

Ph is the hydrostatic pressure with the boat at rest.

As an example, assume that it is desired to design a longitudinal

extending from one-eighth to one-quarter the length of the boat from the

bow. The design loads are as follows:

P =l 
= (36 x 0.75 x 0.38) + 0.5 10.8 psi

PIl = (36 x 1.0 x 0.38) + 0.5 = 14.2 psi

Average value of P = 12.5 psi

Over-All Strength of the Hull Girder

The shearing forces and bending moments in the hull girder are

determined as follows. The hull girder is assumed to act as a rigid body,

which is nearly true, and to be subjected to rigid-body accelerations simi-

lar to those plotted in Figure 10. These accelerations may be obtained from

model tests. Load components in other than the vertical direction are neg-

lected.

Figure 11 is a schematic representation of the hull girder and

the forces acting on it. Referring to Figure 11a we may then write the fol-

lowing equation:

f y dx = -V - w dx + p dx [1]
0 90 

where w is the weight per unit length at any point x obtained from the

weight curve of Figure 11b,

CONFIDENTIAL
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I I.3

-10
Resultant Linear Acceleration

8

Linear Acceleration of
o the Center of Gravity 6

o (4.79g)
0

0 ssumed Center of Rotation 2
- 2-2

-- 2
I I I I

100 80 60 40 20 0
Percent of Length from Bow

Figure 10 - Distribution of Rigid-Body Acceleration along
the Hull at Instant of Greatest Impact Load

y is the vertical component of the resultant linear acceleration at

any point x, obtained from a curve similar to Figure 11c,

p is the external load per unit length at any point x, as obtained

from a load curve similar to that given in Figure 11d,

V is the shearkforce acting at x = 4 on the section of the hull ex-
tending from x = 0 to x = 4, and

g is the acceleration of gravity.

The actual calculation can be carried out in a rather simple manner as

follows:

1. Determine and plot a weight curve w(x), Figure 11b.

2. Determine and plot the acceleration curve Y(x), Figure 11c or

Figure 10.

3. Determine and plot the external-load curve p(x), Figure 11d or

Figure 12.

4. To determine the shear V at any longitudinal location x = 4, eval-

uate by graphical integration the integrals of Equation [1]. The shear is

then

V = - dx - w dx + p dx [2]
0 0 0

5. The shear curve V(x) is then plotted and integrated in order to

give the bending-moment curve.
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4

d ax =-v-
f 0
0

4
dx + p adx

0

Equation [1]

+X

+ Positive Direction Upwards

t+p +V
X:X-I

Xml

is the weight per unit length
is the external pressure load per unit length

is the shear force acting on the left of the section

is positive upward
Figure lla

x Figure llb

x
Figure llc

x Figure lid

Figure 11 - Diagrams to Illustrate the Calculation of
the Stresses in the Hull Girder

Figures lib, 1lc, and lid are not intended to bear any resemblance

to the actual variations w(x), y(x), ani p(x).
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'C
Ec0.€

m

o0

L.

'100 80 60 40 20 0
Stern Bow

Figure 12 - Longitudinal Distri-
bution of Load Due to Bottom

Pressure at Instant of
Greatest Impact Load

The area under this curve represents the

vertical component of the total pressure load

acting on the vessel.

.0

Center of Pressure

0.5

I + fwxdx
LCP= 0

Of p dx
[3]

where

I= x2 dx
g

and b is the angular rigid-body acceleration of the boat.

An equivalent procedure, when the design is treated as a problem

in statics, is as follows:

1. Plot the weight curve w(x).

2. Multiply the weight curve by the respective acceleration curve

and plot the product w(x) Y(x)/g.

3. Determine the algebraic sum of 1 and 2,

w(x) + w(x)g (x)]

4. Assume a pressure distribution p(x) similar to that shown in

Figure 12. The area under this pressure curve must equal the load given

in Step 3, i.e.,

fp dx = [w(x) + w(x)g9(x) dx
o 0

Also the center of pressure must satisfy Equation [3].

5. The resultant equivalent static load per unit length acting at any

point x = 4 is equal to the algebraic difference of Steps 3 and 4, i.e.,

Equivalent static load (x) = - [w(x) + w()g(x)] + p(x)

CONFIDENTIAL

If the actual load curve

p(x) is not available, a spatial

pressure load distribution similar

to that shown in Figure 12 may be as-

sumed. The area under this curve is

p dx = - y dx + w dx

The longitudinal center of

pressure (LCP) of p(x) can be deter-

mined as
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6. The shear and bending moment may be obtained by the integration of

the load curve.

It is recommended that the longitudinal load distribution be de-

termined by means of the procedure outlined by Siler and Anderson,
8 which

necessitates model tank tests of the proposed design together with the ap-

plication of the impact theory of von Karmin. In the absence of model tests

the load distribution of Figure 11 may be used for the design of boats sim-

ilar to the YP110.

In view of the more realistic standards of loading proposed in

this report it is considered that a safety factor of about 1.1 based on the

yield strength is justified for the design of all structural components ex-

cept plating. Plating should be designed on the basis of an allowable

permanent set.

CONCLUSIONS AND RECOMMENDATIONS

1. The pressure-time pattern during impact for V-bottom planing craft

with normal dead rise is almost invariably of the type illustrated in Figure

2. This conclusion is corroborated by comparable tests of other investiga-

tors.,8' 10

2. The bottom plating panels and the transverse frames may be con-

sidered as single-degree-of-freedom systems when it is desired to calculate

their response to impact loads of the type measured during the full-scale

YP110 trials.

3. The hull frames and panels of the YP110 when loaded by water on

one side are subjected to about 9 percent of critical damping. The effect

of this damping is to reduce the stresses by about 10 percent.

4. The maximum effective pressure that is likely to be experienced

by the YP110 during rough-water trials is 36 psi. This value will, in gen-

eral, be different for different boats depending on the geometry of the ves-

sel, its speed relative to the waves, sea conditions, and the rigidity of

the component structures. The maximum effective pressure appeared to increase

with ship's speed and decrease with the angle of heading for the range of

speeds covered, that is, up to 35 knots.

5. The framing and hulls of craft of this design should be strength-

ened if it is desired to ensure against structural damage when operating at

high speeds in seas of the magnitude encountered during these tests. It is

understood that a static-pressure loading of 10 psi was used in the original

design of bottom structure of this craft. On the basis of this report it is

evident that this value should be substantially increased. In this

CONFIDENTIAL
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connection, however, it should be borne in mind that any changes in scant-

lings made solely on the basis of equivalent static pressures may not pro-

duce a proportional change in the ability of the structure to withstand

peak loads where dynamic loads are involved, in as much as the effect of

the structural changes on the natural frequency of vibration, and hence on

the dynamic load factor, must also be considered. In the present case it

appears that there would be a gain in two different respects through in-

creasing the strength of framing and plating:

(a) The maximum stress would be reduced directly by the increased

moment of inertia of the section, and

(b) The dynamic load factor, and hence the equivalent static pres-

sures, would be reduced by the presumably greater rigidity and consequent

higher natural frequency of vibration of the structure in question.*

6. The maximum acceleration to be anticipated on this type of craft

at the quarterpoint is of the order of 8 g.

7. The damage suffered by the YP110 during the rough-water tests

does, in a qualitative sense, verify the high pressures measured, and it

demonstrates the ability of the aluminum hull to deform and absorb energy

without appreciable leakage.

8. It is recommended that- the design of boats of this type be based

on the general procedure suggested in this report until a more rational de-

sign can be evolved.

9. It is recommended that for each type of design, model tests be

conducted in a tank equipped with a wavemaker in order to determine the

rigid-body motion of the vessel and to indicate the longitudinal load dis-

tribution on the bottom.

10. Further full-scale trials of the type discussed in this report.

are recommended in order to give more extensive data on the forces acting

on planing craft. It would be especially informative to get quantitative

data of the longitudinal load distribution over the hull girder, and to de-

termine the variation of the impact factor with different angle of dead rise.

PERSONNEL

Arrangements for operation of the YP110 were made by F. Hawkins.

The installation of the equipment and the conduct of the field tests were
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*Cf. Figure 18 of TMB Report 481 (Reference 4).
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analyses of the measured data. Much effort was contributed by C.L. Pittiglio

in connection with the installation and preparation of pressure and strain

gages. Miss E. Adams derived the equations for the response of a damped

single-degree-of-freedom system to a modified blast pulse. Electronic equip-

ment was supplied and operated by personnel of the Applied Physics Labora-

tory. The investigation was made under the direction of the author.

APPENDIX

TRANSVERSE-LOAD DISTRIBUTIONS ON YP110

The instantaneous transverse-load distribution has been plotted

for the impact which gave the highest pressure recorded for each gage on

Frames 17, 23, and 26. For several other severe shocks the pressure dis-

tribution has been plotted for the several instants at which each of the

gages in the particular transverse section reached a maximum; see Figures

13, 14, and 15.
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