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ABSTRACT

This report presents and evaluates strain and motion data measured during
the Spring of 1951 on the USCGC CASCO while on weather duty in the North At-
lantic. The appended material evaluates the performance of recently developed

automatic strain and motion measuring apparatus.

INTRODUCTION

The strength design of ships, which has passed through a gradual process of evolution,
is still basically founded on empirical rules. The calculation of the longitudinal strength of
a ship, if it is computed at all, is usually carried out by assuming that the ship is poised stat.
ically on some ‘‘standard’’ wave. This process is fairly satisfactory for comparing various
ship designs but cannot be considered a rerr:ctic representation of the effect of actual sea
conditions. There are numerous cases on record where ships have shown evidence of lack of
longitudinal sirength,

Information conrerning the actual demands made upon a ship’s hull girder when sub-
jected to the action of the sea is neither sufficient nor in a form which can be used for a valid
evaluation of the present method of ship design. Weaknesses in ships have often become ap-
parent only after failures have occurred, It is necessary to determine the demands which the
soa makes upon the hull girder and how these demands vary with the intended service of the
vessel. When such information is available, the shipbuilder must be able to apply it to a more
equitable design of the hull girder.

The problem confronting the ship designer is to design the ship girder to withstand the
most severe loading that it is likely to encounter throughout its intended service and to do so
in a manner which results in an equitable disiribution of strength throughout the vessel. This
design procedure not only should be hased on probable service requirements but should also
be economical.

Realizing the lack of reliable information on the actual strains and motions of ships
at sea, tho Bureau of Ships established a research project at the David Taylor Model Basin, !
This project was for the purpose of making additional measurements of strains and motions
of ships at sea and the development of improved methods of design of the ship girder and of
1ts structural components in the light of the additional knowledge obtained.

It is apparent that this over-all study can become quite extensive. [t was necessary
for the Taylor Model Basin to study the over-all problem objectively and to decide upon a gen-
eral program that could reasonably be accomplished with the available facilities, time, and
funds, A preliminary outline of such a program was published in the August 1950 issue of the

Journal of Naval Engineers.? As part of the project it was proposed to collect data on meny

lRofotoncon are llated on page S54.



ships operating on the various sea routes and under a variety of sea conditions. The data to
be collected were to give an index to the ship’s seawortiiness, to the ancelcration experi-
enced by the hull girder as a whole, and to the severity and distribution of stresses which the
hull must withstand.

It would be impractical to secure this mass of data by direct oscillographic recording,
as had been used in prior tests on ships at sea. It was therefore decided to develop instrumen-
tation which would obtain the desired data automatically without requiring attending personnel.
The objective was to provide an instrument that could be installed on a ship and then remain
on it for the minimum time of a complete voyage, say one month, and from which the desired
data could be removed at the end of that period. The required instrumentation, in addition to
providing the proper information, should be sturdy, reliable, and economical in cost and op-
eration.?+3

In accordance with this objective, the Taylor Model Basin has developed a number of

devices:

1. The TMB Automatic Ship’s Motion Recorder which records the output of several trans-
ducers as a function of time and does this for a predetermined duration at preselected inter-

vals of time, that is, it performs a sampling operation,

2, The TMB Cycie Counter which may be used with a number of different types of trans-
ducers. The counter tabulates on digital counters the number of times that a given magnitude
of cyclic variation has occurred. The original intention was to utilize the counter to analyze
the strain variations in the hull girder according to the magnitudes of the strain variations.
Another type of counter that was developed classifies the variations according to the magni-
tude of the cyclic variation as well as according to the mean value about which the variations

occur,

3. A Mechanical Strain-Cycle Gage of 10-in. base length which is designed to work di-
rectly into the TMB cycle counter.

4. A Diaphragm Pressure Gage which is designed to measure pressures acting on the hull

of the ship. The gage utilizes a differential transformer as the sensing element.
5. A Strain Gage of 10-in. base length which utilizes a differential transformer.

6. A Time-Totalizer which indicates directly the total time that the value of a time func-

tion, such as a strain, was greater than any one of a number of predetermined magnitudes.

At the request of the Bureau of Ships* the Coast Guard made a weather ship available
for the purpose of evaluating the new instrumentation.®

The vessel selected for the test installation was the USCGC CASCO, formerly the U.S.
Navy seaplane tender AVP12. An inboard profile of the CASCO is shown in Figure 1. The
ship has a length between perpendiculars of 300 ft, extreme beam of 41 ft 3/4 in. and design
draft of 11 ft 7 1/16 in. The average displacement during the trials was 2460 tons, correspond-
ing to a mean draft of 12 ft 2 1/2 in,



AP Frame Numbers FP

Figure 1 - Inboard Profile of USCGC CASCO

See Figwe 3 for location of gage stations.

Ships of this class had evidenced some structural failures during their duty tours in the
North Atlantic. Accordingly, in order to provide environmental conditions under which the auto-
matic instrumentation could be evaluated, the test voyage was selected to encounter rough
weather with realistically large strains and motions. The ship left Boston on 11 March 1951
and returned on 12 April 1951, having been, in the interim period, on weather and emergency
rescue duty in the North Atlantic, the entire course is shown in Figure 2. Fairly heavy weath-
er was encountered at the beginning of this period, but the sea was rather moderate toward the
end of the trip. The quantities measured included strain near the forward quarterpoint and near
amidships; heaving, rolling, and pitching accelerations; angles of roll and pitch; pressures
acting on the bow; wind and sea conditions; and speed and heading of the ship.

[t was the original intent of these particular tests to provide information for the evalua-
tion of the performance and reliability of the pilot apparatus under service conditions. The
data obtained, however, were to prove valuable in guiding the future development of this pro-
gram and to help resolve a number of important questions. This report will concern itself pri-
marily with an analysis of the strains and motions of the USCGC CASCQO. To this end the

data were studied with the following objectives in mind:

a. To determine the relative importance of hull-girder stresses associated with the rigid-

body motions of the ship as against those associated with the flexural vibrations of the ship.

b. To determine whether the incidence of strain variations is such as to make endurance
strength an important design consideration in hull girder design.

c. To determine typical patterns of time-strain variation in the hull girder.

d. To determine the pattern and incidence of bodily ship motions such as heave, pitch,
and roll, In particular, it was desired to find a sampling period and sampling interval which

would permit valid expansions of the sampled data.

e. To obtain some idea as to the regularity or lack of regularity of the sea.
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f. To compare the simultaneous strains in the hull near the forward quarterpoint and
near amidships to determine their relative severity and the conditions under which severe

straining of the hull does occur,

g. To compare measured strains with those computed by the standard strength calcula-

tion method.

h. To determine the pattern and magnitude of pressures acting on the bow, especially

under conditions of slamming, and to observe the effect of slamming on hull stresses (strains)*

The several items of instrumentation used in these tests are described in Appendix 3

together with an evaluation of their performance.

INSTRUMENT INSTALLATION AND TEST PROCEDURE

In general, the shipboard instrument installation comprised two transvarse :~lts of
strain gages, one near Frame 41 and one nesr Frame 61. The former location is near the for-
ward quarterpoint of the ship, and the latter wa's as close as practical to the midship section,
Frame 75. In addition, a diaphragm pressure gage was irstallcd in a plate next to the keel at
Frame 23; prior local structural damage had indicated that this location was in a region of rel-
ativelylarge impact pressures. The ship’s motion recorders and the roll and pitch pickups were

installed in Compartmont A207-1-L, Frames 60-65. Table 1 gives a list of the gage locations.

TABLE 1
Gage Locations
rSlahon Type of Gage Location
1 Slrain Cycle Gage 107619 Main Deck Longitudinal, 8 11 stbd. 40 in, fwd of Frace 69
Stran Cycle Gage 107621 Main Deck Longitudinal, 8 1t stbd. S8 in, fwd of Frame 65
10-1n. Vanabie Inductance Strain Gage {Main Deck Longttudinal, 8 11 sibd. 74 in, twc of Frame 65
SR-4 Wire Strain Gage Main Deck Longitudinal, B 11 stbd. 34 in fwd ol F:ane £
2 SR-4 Wire Strain Gage Marn Deck Longitudinai, 8 1t porl 96 1n. fwe of Frame £5
3 [ swain Cycie Gage 107617 Top of Keel 32 10 twe of Frane 65
Strain Cycie Gage 107618 Top ot Keel 4810, fwg ot Frame 69
SR-4 Ware Sltain Gage Tog of Keel 66 1n. twd of Frare ¢S
] SR-4 wire Slrain Gage Main Deck Longifudinal, 8 1t port  401n, fwd ct Frame 43
] SR-4 Wire Strain Gage Mamn Deck Longitudinal, 8 ft sitd. 40 in. 1wd of Frame 43
3 SR-4 Wure Strain Gage Top of Keel 40 1n. twd of Frame 43
7 Pressure Gage In Shell Strake Adjacent 1o Keel 1510, twd of Frame 24
9 1n. s1bd of centerline]
[} Schaevitz Accelerometer (fo measure |On centerline of ship 14 1n. twd ol Frame 80
heave accele:ations) 22 10, below 28d Dec

*To avoid misunderst snding later on, it will be stated bere that whenever the term ‘‘measured stresa’’ is uased in
this report, a stress computed on the basis of measured strains is to be inferred. Whenever the term slamming is
used, it denctea the phenomenon in which the ship’a bottom, near the bow, (irst comes [ree of the sea and then,
aa the bow descends, is subjected to an impact by the oncoming sea



Diagrams of the strain-gage installation are given in Figures 8 and 4 and photographs
in Figures 5 and 6. [t is seen that SR-4 strain gagus, oriented to measure longitudinal strain,
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Figure 3 - Schematic Sketch of Gage Locations
The circled numbers represent station numbers (see Table 1).
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Figure 4 - Orientation of Equipment in the Central Station on Second Deck

Photographs taken at Sections A-A, B-B, and C-C sre reproduced in Figurea 7, 8, and 9, respectively.
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Figure 6 - Strain Gage Installation on Main Deck Longitudinal(s), near Frame 65 (Station 1)

were installed on the keel and on two main-deck longitudinals.near Frames 41 and 61. Their
output was recorded by a string oscillograph, thus permitting simultaneous mieasurement of all
strain signals. The mechanical strain cycle gages were located next to the 31'-4 strain gagres,
as shown in Figures 5 and 6, to permit some check between the two types of instrumentation,
The strain-cycle gages were installed in pairs to provide a check on cach other. The strain-
cyele gages were also used to actuate the strain totalizer (see Figure 7). An experimental
10-in. strain gage, utilizing a differential transformer, was installed as shown on the right in
the photograph (Figure 6). All the counting and recording equipment was Jocated in Compart-
ment A207-1-1,, the central station. The general arrangement ol the equiprient at this station

is shown in Figure 4; photograpts of the various items of interest are given in Figures 6 to 9.




Figure 7 - Rack Mounting of Time (Strain)  Figure 8 - Photograph Showing Installation of

Totalizer, Strain-Cycle Counters, and Strain-Cycle Counters, Pallograph, and
Strain-Cycle Analyzer Consolidated Oscillograph
See Figure 4 for location of this equipment. Section B-13 of Figure 4.

The general procedure during the tests was as follows: The ship’s motion recorders
were set o record for periods of 2 min. at 1-hr intervals. Oscillograph records of strain and
pressure variation were taken at random intervals or whenever there appeared to be a notice-
able change in the response of the ship to the sea; in addition, a record was taken every eve-
ning simultaneously with a record of the motion recorder. An average of three oscillograms
was obtained each day. A photograph of the counter readings, similar to Figure 7, was taken
every evening. The strain-cycle counters and the time totalizers were photographed at regu-
lar intervals of time. The difference of the readings between successive photographs gives
the number of strain variations that have occurred within the corresponding interval. Occa-

sional vibration measurements were made by means of the TMB Pallograph.® Wind and ‘vave
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TMB Automatic Ships Motion Recorder

- o
.Ih

NY. Materials Laboratory Motion Recorder

Figure 9 - Photograph Showing Installation of TMB Automatic Ship’s Motion Recorder
and of the New York Material Laboratory Ship’s Motion Recoeder

Section C-C of Figwre 4.

data were obtained from the professional weather observers who recorded their data at 3-hr
intervals throughout the trials.,

e B



PRESENTATION OF DATA

All the time-base data were obtained from either the ship’s motion recorders or from the

Consolidated oscillograph records; typical records are reproduced in Figure 10. These
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oscillograms were analyzed in terms of the number of positive and negative variations that
had occurred in a given interval. A variation is hero defined as the magnitude of the change
in the measured quantity between a maximum and the succeeding minimum and vice versa; seo
Figure 11. This quantity, rather than the amplitude, was adopted for the sake of expediency

because, in general, successive cycles did not have the same amplitude and because tho mean
level about which the variations occurred differed to some extent, A positive variation is de-

Port

Magnitude of Variation /\/\J

Starboard

Figure 11 - Definition of Variation

fined as a variation in the positive direction. For example, positive heaving acceleration was
defined as an acceleration in the direction of gravity; thus a positive variation in heave de-
notes an acceleration in the downward direction, [t will be shown later that, in the over-all
analysis, there will be about an equal number of positive and negetive variations. Therefore
to obtain the total number of cycles it will be nearly coirect to add the positive and nogative
variations and divide this sum by two.

In order to present an over-all picture of the environmental conditions encountered and
of the ship’s response thereto, a number of quantities are plotted against time (Figure 12) for
the entire duration of the voyage. The method of reporting weather and wave conditions used
by the weather observers is given in Reference 7.

The TMB automatic ship’s motion recorder® recorded data at hourly intervals for a dura-
tion of 2 min. These data were analyzed in terms of the number of variations that kad occurred;
the result of this analysis is given in Figurc 13. To shorten the time required for data analy-
sis, one 24-hr period was selected and an analysis was made of the heave accelerations meas-
ured during this period utilizing every sample, every second sample, third sample, fourth sam-
ple, etc. in an attempt to find the greatest sampling interval whichwould give about the same
distribution pattern &s would be obtained with hourly samples. [t was found sufficient for the
purpose here to analyze every third sample. For the heave acceleration (Figure 13e), all sam-
ples were utilized. For the other quantities every third sample was used. Each of the
amplitude-frequency distribution curves (Figure 13) gives the total sampling time as well as
the maximum value that was measured at any time throughout the tests, These maximum values
are also tabulated in Table 2 togother with the simultaneous values of the other measured

quantities. (Text continued cn page 17.)
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Figure 12 - Ship Motions, Stresses, and Environmental Conditions Plotted against Time
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I'his figure gives the number of variations of given amplitudes that were measured throughout the
total time during which measurements were made (sampling time). The number of total cycles of mo-
tion may be obtained by dividing the number of variations by two.

The ship-motion data were examined further to study the feasibility of presenting such
data in terms of probability curves. It was found possible te do so; Figure 27 of Appendix 4
gives the resulting curves,

Sample oscillograms are shown in Figure 10. These oscillograms were obtained under
some of the more severe conditions that were encountered; they will be discussed in the next
section,

The data obtained by the strain-cycle counters are given in Figures 28 and 29 of Appen-
dix 4; Figure 2§ gives the cumulative counts whereas the incremental counts made each day

are shown in Figure 29,

DISCUSSION AND EVALUATION OF DATA

Although the motions of a ship and the strains in the ship are related to each other, it
will be of advantage here to discuss these two types of data separately and then perhaps to

examine their relationships.

SHIP MOTIONS

Examination of the motion records obtained with the TMB automatic ship’s motion re-

corder permits the following rather general observations.
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a. The heaving and pitching motions appear to be closely related when the sea is rela-
tively rough; under these conditions the oscillograms are similar, and the periodicity of these
motions is generally about the same. Under certain sea conditions (for example at 1900 and
220C on 26 March) the time-variation pattern of the pitching angle appears quite different from
the time-variation pattern of heaving acceleration although ihe pitching-acceleration and

heaving-acceleration oscillograms still indicate similar frequency content.

b. The time interval between successive rolls, as taken from the record of roll angle,
varied from 8.6 to 12 sec throughout the trials, with most of the rolls varying between 10 and
12 sec. The computed natural period? is 10.8 sec. !t appears, therefore, that the rolling peri-
od of this ship did not depart greatly from the natural period of rolling.

The time interval between successive pitching motions, as taken from the records of
pitch angle, varied from 4.6 to 20 sec for the time covered by the sea trials. An approximate
computation gave a natural pitching period of 5 sec. Although most of the measured pitching
motions were associated with periods from 4.5 to 6 sec, fairly steady pitching motions of much
longer periods were encountered occasionally. The average wave periods, as estimated by
the weather observers, ranged from 5 to 10 sec; see Figure 12c. The ship's course relative
to the waves varied over a wide iange, as indicated in Figure 12b, and therefore the ‘‘appar-
ent wave period'’ also covered a wide range. It may be inferred that the ship’s pitching peri-
od is greatly influenced by the ‘‘apparent period’’ of the waves. In short, the ship tended to
roll at a period close to its natural period of roll but to pitch at the period of the forcing

moments,

c. The time interval between successive peaks of heaving acceleration was from 4.2 to
7.5 sec. However, if this acceleration signal were integrated twice to give the heaving dis-
placement, then the resulting displacement probably would show the same general pattern of
time variations as the record of angular pitching displacement. The natural heaviug period

was computed to be approximately 5.3 sec.

d. In general, it was found that when the pitching motion was large, the heaving motion
was also large (although their maxima do not generally occur simultaneously) but the roll was
relatively less severe. On the other hand, when the rolling motion was quite severe, the heav-
ing and pitching motions were not very large, The probability is that the most severe pitching
and rolling motions will not occur simultaneously, and for design purposes, simultaneous max-

imum values of these quantities need not be assumed.

The following comments concerning the transducers are in order. The individual linear
accelerometers measure accelerations perpendicular to their bases, and, if the ship rolls, the
heaving acceleration measured is the component parallel to the instantaneous centerline plane
of the 8hip. The heave accelerometer will also be affected by the change in the component of
gravity along its sensitive axis. The error due Lo the latter cause is generally not serious ex-

cept for the larger angles of roll; for the largest measured rolling angle (17.7 deg. single

e
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amplitude) this effect would give an apparent heave acceleration of 0.05g which, in this case,
amounted to an error of about 20 percent in the measured heave-acceleration signal. The im-
portance of this type of error is minimized by the observation made in (d) preceding, namely,
that the most severe heaving and rolling motions will probably not occur simultaneously. If
desired, correction for such effects can readily be made, provided that the oscillogram is
available. In measuring angular accelerations, the effects due to the change in the gravity
field or due to linear accelerations are canceled out.

An inspoction of the frequency distribution of the cyclic variations in ship motions,
Figures 13a to 13e, shows that in each case there are nearly as many positive variations of
a given magnitude as there are negative variations, The data given in these figures have also
been further analyzed in order to study the feasibility of presenting such data in terms of prob-
ability curves, It was found that the ship motion data did fall into a normal (Gaussian) dis-
tribution pattern; see Figure 27 in Appendix 4.

The presentation of data in the form of probability curves, as in Appendix 4, lends itself
readily to engineering applications. ¥or example, if it were desired to design some piece of
equipment to operate properly for 95 percent of the time at sea and if the angle of pitch were
a salient characteristic in the design requirements, then from Figure 27 of Appendix 4 it can
be seen at once that 95 percent of the time the angle of pitch will be less than 7.6 deg. Of
course, the curves given here are valid only for the particular conditions and type of ship
from which they were derived, A great mass of similar data covering a wide variety of sea
conditions and ship types would need to be obtained in order to cover the various possible
combinations that would be of interest, However, if the distribution pattern is found to hold
generally, this type of statistical presentation does give the required salient information in a
concise manner from a mass of data, Automatic counting and tabulating devices reduce the
labor required in collecting and analyzing such data sufficiently to make its utilization prac-

tical,

WIND AND WAVES

It was found, during these tests, that the direction of wind and waves coincided fairly
well; see Figure 12a. All weather and wave data were obtained from the official weather ob-
servers stationed on the CASCO. In order to obtain some estimate of the length and velocity
of the waves, the following Rankine!® formulas for waves in deep water will te applied to the

estimated wave, periods plotted in Figure 12c,

Length of the Wave, L =5.12 T2 ft, and
Velocity of the Wave, V = 5.12 T ft/sec

L



B

L 2P

(3]
-

where T is the period of the wave in seconds. The wave period varied from 5 to 10 sec; there-
fore the estimated value of [. would range from 128 to 512 ft and that of V would range tron:
25.5 to 51.2 ft/sec.

The maximum wave heights of 16 ft, observed on 11 March, correspondod to an esti-
mated period of about § sec; for these waves, Rankine’s forrulas mive L = 330 ft and V ~ 41
ft/sec. The heading of the ship relative to the wave crest was 50 deg, at this time: therefore
the apparent length of the wave was about 330,/cos 50 deg, - 510 ft, 1f the ship had been
headed directly into the waves, the stressing of the hull girder would have been much more se-

vore since the length of the wave (330 ft) would then have been ncaily equal to the length of

the ship (300 ft),

HULL STRESSES ANC PRESSURES

On 12 March between 1500 and 2000, the hull stresses, pitching motions, and heaving
motions were the most severe recorded during the entire trip (sce Table 2 and Figure 10). At
this time the wave period varied from about 5 to 7 see, the ““mean maximunr "7 save heights
were about 14 ft, and the ship’s course relative to the wavefronts was abeout 15 degrees, that
is, the vessel was almost directly headed into the waves, Application of Rankine’s formuias
vields apparent wavelengths from 130 to 260 ft and wave veloeities fror: 25 to 36 t ‘see, The
length of the CASCOQ is 300 ft between perpendiculars, and it is therefore probable that the
maximum stresses were realized with a wavelength which approacied the length of the ship,

The latgest strain and pressure variations recorded throughout the tests are listed in
Tabte 2. The corresponding oscitlograms, shown in Figures 10¢, d, and e, are typical of the
nattern usually recorded, Inspection of the oscillograms shows that the stresses associated
with the rigid-body motions of the ship are much larger than the higher frequeney stress vari-
ations due to flexural vibration of the hull subsequent to slanming of the bow. They also
show that the pressure recorded by the pressure gage at the bow does on occasion indicate
atmospheric pressure (a flat top on the galvanometer trace), evidence that the ship’s hottom
has come clear of the water as in the photograph shown in the frontispiece; this is followed
by a very large pressure variation due to impact between the ship’s bottom and the oncoming
wave. The rapid prossure variations at the beginning of the impact are quite large and on
occasion do include an initial negative pressure (cavitation) approaching an absolute vacuum.
Subsequent to the impact, a flexural vertical vibration of the ship in its fundamental mode oc-
curs as indicated by the higher frequency strains superimposed on the slower normal strain
variations. This floxural vibration could also be distinctly folt as a *‘shudder’’ running
through the ship subsequent to the slamming of the bow against the sea.

The frequency of this flexural vibration, as indicated by strain and vibration measure-
ments, was about 150 cpm. The computed natural frequency of vertical flexural hull vibration for
this ship,neglecting the rigidity of the superstructure, is 120 cpm for the two-noded mode of
vibration. It will be shown later that the rigidity of the superstructure should not be neglected.
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The diaphragm of the pressure gage was subjected to a permanent set in the interval
between 1600 and 1740 on 12 March, due to large pressures caused by slamming. This ‘‘set"’
caused a large shift in the zero position of its galvanometer trace; however, the gage performed
satisfactorily for the remainder of the trials and furnished much additional valuable data. It
was necessary to recalibrate the gage after returning to the laboratory and to utilize the new
calibration, which gave about half the sensitivity of the original calibration, for the portion of
the data obtained after the permanent set had occurred. The gage had been designed and cali-
brated with statically applied pressures up to 100 psi. Approximate calculations, based on
the theory of plasticity!! and the known permanent set of the diaphragm, indicate that the ef-
fective static pressure causing the measured set of the diaphragm was in excess of 265 psi.’
The ruptures of bottom-plating panels that have occurred in the region in which the pressure
gage was located are, no doubt, due to the large pressures incident to slamming action in a
seaway. It is interesting to note that relatively large hull stresses were measured at the same
time that slamming was prevalent,

It was stated previously that strain measurements were made by means of the strain-
cycle counters as well as by oscillographic rocording of strain variations. 1n order to present
the strain data in a compact form useful for evaluating the fatigue strength requirements o1
ship hulls, the strain variations counted by the strain-cycle counters have been presented as
cumulative counts for each day as well as in terms of the number of counts made each day;
see Figures 28 and 29 of Appendix 4. The data for the 4000- to 8000-psi range show a large
discrepancy between the number of variations measured by the two adjacent gages. The expla-
nation is simple. The accuracy of setting the strain-cycle gage was within about 300 psi;
therefore the indication is that the difference in the number of counts registered by the two
gages represents cyclic variations of a magnitude very nearly equal to the lower limit of the
corresponding range. For example, in Figure 28b of Appendix 4 most of the variations indi-
cated by Counter 101 were about 4000 * 300 psi and, at the most, 13 1/2 cycles of about 8000
psi could have occurred throughout the trials.

Similar graphs of occurrence rates for the number of cyclic variations of stresses, pres-
sures, and motions, as derived from the oscillograph and ship-motion-recorder records, are
shown in Figures 12h, i, j, and k. Inasmuch as some of the occurrence rates are based on a
very limited number of samples, little reliance can be placed on the values given. However,
the data give some idea of the order of magnitude involved. It can be concluded from these
analytical data that endurance strength may need to be considered in the longitudinal strength
design of ships.

The strain data indicate that the mean lovel of strain remains nearly constant. The
change of mean strain level due to change in loading can be computed fairly readily, and it is

therefore concluded that for shipboard measurement it will be sufficient to classify strain

.Presnure. of this magnitude must be of relatively short duralion and extend over very limiled area of plating.
A Y
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variations according to the magnitude of the variation only, that is, the additional automatic
classification by mean strain level may be omitted.

Figures 12e, f, and g give the peak values of (a) stresses measured by the SR-4 gages
at Station 5 (main-deck longitudinal near ship’s forward quarterpoint) and Station 3 (keel,
Frame 61), (b) pressure at the bow, and (c) rolling, heaving, and pitching accelerations for
every day of the trials. The plots for heave acceleration, pressure, and stresses show a
strong resemblance to one another.

Examination of the maximum stress variations measured (see Table 2) show that the
actual magnitudes were not great, i.e., 4700 psi associated with the rigid-body motion of the
ship and 1400 psi associated with the flexural vibration of the ship subsequent to slamming.
It was noted from inspection of the data in Table 2 that the ratio of stress in the main-deck
longitudinal to that in the keel, measured near the torward quarterpoint of the ship (Frame 41),
was substantially different for the vibratory stresses subsequent to slamming than for those
stresses due to the rigid-body motion of the ship. This indicates nonlinear strain variation
of the hull when subject to slamming. This fact is of considerable interest and is discussed
in Appendix 2. Although the tests were not arranged to study this particular phenomenon;
nevertheless, it seems advisable to call attention to this observation. It should be remember-
ed that the alternating stresses associated with the flexural vibration due to slamming, al-
though of a low order of mugnitude (about 1400 psi), are nevertheless many times the stresses
incident to ordinary hull flexural vibrations.

It was of interest to determine the position of the neutral axis in longitndinal bending
of the hull, for both hog and sag conditions, on the basis of the strain measurements as record-
ed by the Consolidated oscillograph (strains associated with the rigid-nody motions of the
ship). For this purpose a number of simultaneous stress measurements were analyvzed cover-
ing the range from about 1000 to 5000 psi, double amplitude. The results of this analysis are
shown in Figure 14. [t is readily apparent that over the range of stresses availaole for study,
the position of the neutral axis at Frame 61 remains sensibly fixed in the ship for both hog
and sag conditions of loading. The position of the neutral axis at Frame 41 was more diffi-
cult to check, probably due to the rather low magnitude of the low-frequency strain variations
at the keel. Comparison of the position of the neutral axis as computed from plans with that
computed on the basis of strain measurements indicates that the superstructure contributes
appreciably to the longitudinal bending rigidity of the hull, This is discussed further in Ap-
pendix 1.

EVALUATION OF HULL STRENGTH CALCULATIONS

An attempt will be made in this section to explain why the magnitudes of the measured
hull girder stresses were relatively so small when the siatic strength calculations would lead

one to expect much larger values. The lack of agreement of the stress distribution at Frame 41,
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Computed Location of Neutral Axis and Section Moment of Inertia
Distance of Neutral Axis from Base Line | Moment of Inertia about Neutral Axis
By TMB By PSNY* By TMB By PSNY*
Frame 57, with deckhouse 13.8 ft - 761 it .
Frame 57, without deckhouse 1121t 10.9 ft 499 376 ft
Frame 40, without deckhouse 12.9 ft 12.3 ft 380 ft* 211
. 4 .
Frame 40, with deckhouse 15.5 ft Sk 3 596 ft
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¢ 6 St . : } —
c
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Stress Variation ot Top of Kee! ( Stotion 3) in pounds per squore inch
*Puget Sound Naval Shipyard Plans used: AVP 1011-2907-2, AVP1011-2907-3, and AVP1013-1111-2.

Figure 14 - L.ocation of Neutral Axis

under conditions of slamming, with that expected according to simple beam theory will also be
touched upon,

The largest strains and hull motions were measured between 1800 and 2000 on 12 March;
seo pages 10 and 11, The waves which gage rise to these stresses were estimated to be 260 ft
long and 14 ft high.” It is reasonable to assume thatthe maximum measured heave and pitch mo-
tions as well as the maximum hull strains occurred during the passage of a single large wave.*
Inspection of the sample oscillograms, Figure 10, shows that there are a number of large
cyclic variations of stresses and motions in a relatively short span of time and that their peak
values do not differ greatly. The assumption will therefore be made that the maximum meas-
ured values of heave and pitch accelerations and hull strains occurred while the ship passed
through a wave 260 ft long and 14 ft high. Figuroe 15 shows the bending moment and shear

*The assumption is supported by the fact that the maximum measured pitch angle during the same time interval

was about 20deg. as compared with a computed pitch angle of 16 1/3 deg. double amplit ude for Case 8 combined
with Case 6, Table 3.
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TABLE 3

Computed Hull Girder Loading for a Number of Selected Attitudes of Ship and Wave

=
Bending Moment
M, ft-tons Bending Morent, Shear, and Sitesses
Assuied Conditice Arc,, :,::,:,,Rt:,:,n‘ :m V; tsons Frame 40 I Fraze 4] I Frame 42 Frame 57 I Frame 61 TFur.e 1.5 dships | Warmum | Location ol
of Centers of ! exural Stress . val U] d
of Ship on Wave® Citcle and Keel*® | o pgieee Section Modulus Used was Computed at Frame || Section Modulus Used was Computed at Frame 3l driaue
) 40 (without deckhouse) see Figute 14. 57 (with deckhouse) see Figure 14, ! ftlror bow
Stilt Water L] -2800 -290C -3000 -45CC —4900 -520¢ -5100 | -520% 1148
2ero Acceleration| Cdeg.- D min, v 46 39 k] 66 [} -17 -3 n 102.¢
1 Static) -96 190.7
o MainDeck -1660 «l14C <1210
Keel -1410 -13%0 ~147C
Sag  Bow Up 1deg.- 40 min. o 4200 4800 5200 11,600 13,200 16,200 16,900 | 12,0CC 137
14 -1%0 =208 -218 186 -168 -107 -5 -3 35
Zeto Acceleration 303 25
ZiRns o Wain Deck e 3050 -3760
Keel 2325 -37¢0 +4580
Hog BowDown| 2deg.-10min. | ¥ 8900 -9200 -9700 ~17,400 -1B,300 J2Y00 [ 22300 [ -22.500 150
v 250 250 48 269 221 5! 13 288 105
3| Zeto Acceleration _34 206
(Statie)
o Mam Deck +5250 «4480 +5170
Keel 445C -5460 -631¢C
Sagging 0deg. - D aua. ] 2300 3300 3700 10,800 12,600 17,600 19,10C | 21,300 1725
¢ 14 -1 -194 -3 =2 ~226 -216 -170 240 135
Zewo Tnie 379 W
o Man Deck ~-188C 2920 4580
Keel <1600 +3560 4380
Sagging Odeg.-S5min. | M 5700 6300 6800 15,400 17,700 22850 | 24,200 25.60¢ 169
v -8 -263 -8 =210 267 ac 160 | -367 9
S Bow Up 4s I¥e}
o Main Deck -3600 4100 -5290
Keel +3050 +5000 6430
Sagging -3 deg. - 35 mun. M 5900 (] 0y 6800 13,700 14,700 16,600 16,90C [ 17,00¢ 153
v -5 -us 287 440 -118 -3 10| -8 9
6 Bow Down 263 228
o Main Deck -3600 =34C -3esC
Keel +305C «4150 <4700
Hogging 0deg. - 0 mn, ] -6600 -7000 400 -13,900 -16,000 18,300 18,660 1 -18,70¢ 152
v 196 198 199 230 195 68 W2 243 109
7 Zetg Tum 263 201
o Main Deck <4000 +3700 «4250
Keel -3% 4530 -5180
Hogging 12 deg. - 45 mia, M ~-1500 -1650 -1800 -6000 -1300 -16,200 | 10,600 |-1C.807 163
14 8 9] 96 190 179 H 67 190 113
Bow Up -150 200
. o Man Deck +H0 «16%0 2370
Keel ~800 -2060 ~1890
hote. The shear and bending momenl valuves are taken trom Figute 15. The signs ol M and I are 1aken in the conventional sense.
*The vessel 1s assumed to encounter 3 wave 260 1t long and 14 11 high. Usless otherwise noled Ihe ship 1s assumed |0 have an instantaneous pitch acceleration of 0.125 rad/sec?, a heave
acceleralion ¢l 0.25 x gravity upward in sag and 0.35 x gravity downward in hog. These acceleralions are the maximum accelerations measyred.
**A trochotdal wave 13 assumed here. The line of centers refers to the locus ol the center of Ihe rolling circle generating the wave profile,
***The siress is computed at the main deck and the bottom ol the keel. The location of the nevtral 2xis (s taken 35 17 812 3ad 1) @40 abnur the Sa5g0 time 17 Ti3Tes £} aid 43, resxelivein, i

§ oe—



t-_—

e O =+

e O -+

1O ¢

1« O &+

—— Buoyoncy Curve
- ' 1{AR oo Wegnt Curve
27 lozspev ft L 1 . Lood Curve

CGol&aoyonc,(‘uvve LS
r1f157 fral
it e \
8 l’ Tl ,;'\
i J nGI " 'r\ J\“‘ \
& CGo’Wenth Cove mo

P Lol B 1.7 3

1. Stull wa.er, zero acceleration (static)

o PN b ek
-~ 'Frdl&{*
L .- r
Fe57 b : o

e AN o o ST
Fi -
-&i—-—-—-f-’ : 4 A sl e oA 'el';‘l \F:(‘:a,_ﬂ_'_l
L L UL 1 : a0
| e Lo CGoﬂM.qnc.ne\ .\\J el

/ C(':o' Buomy Cu-e Ftd?

3. llog bow down, zero acceleration (static)

£
!
GWagh'Cuue L. -
: 2L
CG of Buoyency Curve r P \::‘_‘
) Frel . Feal R
| ~ r '»'\"L ] *; can w\}
I B £ 87 Frd?
! J
& B i
~d
S. Sagging, bow up
i b %
& & . . . '/ ¥ \_..--k . i | . - -
SR ‘:ﬂvr ™~ J r"h. -5
Fr 6l ~Fv42 S T
e s e 5 /' = 3 -
—— — . p | S— -_,,.__-
'1_:. 5 - :/ A ;.5?L R“_\:mo o e
0 T wegniCurve Y
v GGo‘ Bu:)yohcyCu"! }
20 T 15 Srahons o 0 T s T 0

7. Hogging, zero trim

Ly

. ——y -

Pl
. [ R

r |

r--'

t iRy
o i ;4 l—](}Go‘WyCu'vv 87 '1-;\]\
AN I ot e Fa (K
? L [\1 \ (ﬁr/\ ] preall. :
5 [ Fea2
. . - 5\: J .

=~ 7 EGof weight Curve

2. Sag bow up, zero acceleration (static)

5 |
=i .
! ﬂ: r - et
i Ld A
- =
L .
S —— - .
'vaoi‘-imlcy",um
+ /F‘ - . "Gc'Waqu..re
"4 1 - Shear™
2 ! ol i\: J{‘rmo -y
\] /FIGI 5157 F142
FUR o SIS SOOI G W S N S
“vd

4. Sagging, zero trim

.
= § ‘|>
8 ‘
s "
e 1

© CGo* Buoyoncy Curve
" GGt -‘-’eq" Cove  wS7

P

6. Sagging, bow down

. / i P N s
by Y . i A‘ :' . }X ‘| Fr‘4l :
i \

+
IR e b i e : s e

- ~ Fis7 :
OJ..’,.A.AA '\.\..‘._"_'_:__;..
et I T O e
= [ Cbs'wpv-c‘xn\d _rm.o_

s CGol Buoyoncy Curve " Fra2
20 s T 0 Swnem 5

8. Hogging, bow up

15a - Weight, Load, and Buoyancy Cuves - The Ship’s Bow is Located at Station Zero

(lhe weignt cwive is & plot of the “efliectave’

weagiit Jasisibulion as expiained on page 2¥).



N

27
) Sheor Curve
BenquMome»' Curve * eooonnons Bending Moment Curve
BRNE. L RN, AN T =8 Fra
mc neu _c,57 Frai i : _ / B Fré1 "~ d F1 29
A \ i~ -
0 - /1 ’},/r\"-:: 3._ et 0 —— e - L | 5N ; p o SR
— T 2 %29 . : X i
- rn.s_ r.az €40 - Felrs 542 7 Fieg
Sheor Cutve * 1001008 e
R A :
1. Still water, zero acceleration (atatic) 2. Sag bow up, zero acceleration (static)
y, ™~ - -
+ g e > [T2.%4
. / r/ \\ S
- . » o FRE T fh Fe30
* ," / 5 \ \ LI - »
O —— - e -
5 \ Foi4 N e
g .
PP
4. Sagging, zero trim
./.\‘//' . i O S ] :
+ / Fny  Feb? N 54 ' / \hn fear SO Frac
. - o . h = s = 2 . § . / . *' .
L4 [ s 829 e LY ")
O s Wi - - ol .;‘ - . D fm——Ty ; . ¢ T ———
3 : f._uc_ I / /—- X eSS - t‘u‘., A A
- Frél FG [y o ird
) '. ] 2/ (X:e} A \ /
B
S. Sagging, bow wp 6. Sagging, bowdown
: r ! N— i i . . o
+ bens :',4\ Fr 29 + (= e NG S
J frild ) s \ * Frid bors T T
0 e N4 u\ 4 Jr— - k) PZ RS 3 g
+ . =5 - - l - - - p Hhnes S I/ - (‘ ) "-’
- . Fré Fvbl / s'ao > L .- 7 sea2 fag
e “fiar
—iie
20 £ Statoms 10 5 0 20 5 e
7. Hogging, zero trim 8. Hogging, bow up

Figwe 15b - Shear and Bending Moment Curves - The Ship’s Bow is Located at Station Zero

Figure 15 - Load, Shear and Bending Moment Curves for a Number of Assumed Positions
of the Ship on a 260-Foot-Long, 14-Foot-High Wave

Weight curve is considered negative. All other carves + or — as plotted. See Table 3.
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curves for the various possible combinations of the maximum heave and pitch motions. These
curves were computed by a procedure designed to follow the standard strength calculation!?
as closely as practicable. The mathematical development of this procedure is given on pages

19 to 23 of Reference 13. The main steps are as follows:

a. An effective weight curve* is obtained for each case by multiplying the actual weight
curve by the acceleration due to heave and pitch in gravity units (the direction of the acceler-

ation is reversed according to d’Alembert’s principle).

b. The ship is so oriented on the wave (260 ft long, 14 ft high) to satisfy the following equi-
librium requirements:
1. The total effective weight must equal the total buoyant force,
9. The longitudinal position of the center of buoyancy must coincide with the
longitudinal position of the center of area of the effective weight curve,
In addition to the various selected dynamic conditions listed in Table 3, the bending
moment and shear curves were also computed®* for the following referen~e nagitians:
1. With the ship in still water.
2. With the ship in the hog and sag condition< ua a trochoidal wave 260 ft long
and 14 ft high, using the standard pre--Jure of assuming the ship to be in static

equilibrium on the wate, 1.3., neglecting all inertia effects.

The bending moments and shear forces thus computed at several selected longitudinal
positions are taken from the curves of Figure 15 and are listed in Table 3. The strain meas-
urements on the CASCO were made near Frames 41 and 61, The position of the neutral axis,
based on the measured strains, was used to compute the hull girder stresses at Frames 41 and
61. The contribution to hull strength by the deckhouse was considered, as discussed in Ap-
pendix 1. It appears from a study of both ship strains and motions that, for the case of the max-
imum observed motions, the vessel is in a hogging position with the bow up followed by a
downward motion of the bow as it meets the next oncoming wave. Therefore the combinations
most likely to approximate actual conditions would be somewhere between Condition 8 togeth-
er with € or Condition 8§ together with 4, taken from Table 3. The computed stresses at the
bottom of the keel and at the top of the main-deck longitudinals for these conditions are given

in Table 3. A number of possible combinations of the conditions listed in Table 3 have been

*The weight diatribution was taken from Reference 14. The actual displscemeat was 2460 tona at a mean
draft of 12 ft 214 in. ss compared with a displacement of 2430 tona used in Reference 14.

$SFor the aake of convenience, the effect of the orbital motion of the water particles has been neglected in
these atrength calculations, that la, the wave has been considered to be e atill masa of water. The effect of
these orbital motions csn be taken into sccount by means of the ‘‘Smith’’ correction; the result will be to reduce
the vslue of the computed hull stresses by about 10 percent. It should be further noted that the effecta of longi-
tudinal forces due to wave resistance and propeller thrust have been neglected becsuse, at this time, it does not
seem feasible to evaluate theae effecta with reasoneble accurscy. It is believed, however, that their contribu-
tion is not particularly significant.

¢
hx



given in Table 4 for comparison of computed and measured stresses, An examination of Table
4 indicates that the stress variations computed under consideration of the inortia effects are
of the same order of magnitude as the measured values whereas the stresses computed with
the usual assumption--that the vessel is statically poised on the wave--are considerably larger
than the measured values. This is not meant to imply that the stresses under dynamic condi-
tions are always less than for the usual static computation; however it does tend toward the
conclusion, especially in the light of other full-scale sea tests, that for the conditions under

which ships are operated the stresses are considerably less, as stated above. In Appendix 1
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TADLE 4

Comparison of Measured and Computed Stress Variations

Total Stress Vanation by Combining Largest Measured Stress
Two Conditicns (Compuled)® Vanation
Stress Stress Change Stress Stress
Combination) Conditions®* Combined | Change  [potion of Main  |Top of Keel |Bcttom of Main
Top of Keel |Deck Longituginal Deck Longitudinal
8and4 |8andd - 660 . 880
At Frame 4] ¢t +1320 -1770
1980 2650 2500 4200
8and 6 [ 8andb - 660 + 880
At Frame 4] ¢t +2530 -337C
3190 4250 2600 4200
8and 4 |2and{ -1730 +1540
Al Frame 61t -3000 -2660
4nC 4200 4700 3400
8and 6 | 8and6 -1730 -1540
Al Frame €]4 +3490 -3100
5220 4640 4700 3400
8andd4 |8andd -2430 +2150
At center of deckhouse 4200 -3720
6630 5870
8and 6 |Band b -2430 -2150
At center of deckhouse +3960 =3510
6330 5660
2and3 |2and3 1930 -2560
Static | At Frare 4] ¢ -370¢ -4910
363C 7470 2600 4200
2and3 | 2and3 3140 -279¢
Static | At Frame 6] + -460C +4160
7740 6830 470C 340C
*Stress distribetion according to Bleich's method (Appendix 1) Deckhouse is neglected in
way of Frame 4].
**As descnbed in Tatle 3.
tLocation of SR-4 strain gages.
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the stress distribution in a section in way of the deckhouse is considered in more detail and
measured and computed stresses are compared.

It would seem that an improvement over the present design procedure could be made
along the lines utilized here if the maximum pitching and heaving accelerations that a given
ship may experience were known. It is shown in Appendix 1 that a cons deration of the con-
tribution of the superstructure to the longitudinal hull girder strength according to the method
suggested by H. Bleich!S will result in a stress distribution and in magnitudes of stress much
more nearly in agreement with the measured values than would obtain if the contribution of the
superstructure were neglected. Although this method requires the use of a number of assump-
tions, it does indicate that the superstructure contributes materially to the girder strength and
to this extent is in agrecement with the measured strain data. Note also that the computed lo-
cation of the neutral axis (13.5 ft above base line) in Figure 17a is in very good agreement
with that given in Figure 14 for Frare 61.

The upward shift of the neutral axis noted at Frame 41 during slamming is probably due
to olastic or plastic transverse deflection of the hull plating under combined axial and trans-
verse loading which causes a redistribution of the load to the more rigid hull members; see Ap-
pendix 2, It seems possible that for some conditions buckling of the bottom plating could take
place even though the hull girder stresses themselves are relatively low, The reduction in ef-
fective section modulus incident to local buckling of the bottom plating may, in turn, bring
about a failure of the entire section, which to all appearances may look as though it were

caused by excessive 1l girder stresses,

CONCLUSIONS AND RECOMMENDATIONS
A. SHIP'S MOTION

1. The heaving and pitching motions of the ship had the same general pattern of time vari-

ation when these motions were large (in a relatively heavy sea).

2. The CASCO tended to roll with a period near its natural period of roll, but the indica-
tion is that the ship tended to pitch at the period of the forcing moments,

3. In general it was found that when the pitchine motion of the ship was large, the heaving
motion was also large (although the maxima of these motions did not generally occur simil-
tancously), but that the roll was relatively less severe for these -onditions. On the other hand,
when the rolling motion was quite severe, the heaving and pitching motions were not very large.
In short, for a given ship in a given sea, it is improbable that the most severe pitching and
rolling motions possible will occur simultaneously. For design purposes, simultaneous max-
imum values of these quantities need not be assumed.

1. It has been possible to present the ship’s motion data in terms of normal distribution
patterns; see Figure 27 of Appendix 4. The presentation of data in the form of probabil-

ity curves readily lends itself to engineering applications and at the same time nakes it
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possible to give the required salient information, based on a mass of statistical data, in a con-
cise convenient form.
5. The ship vibrated in the two-noded mode of vertical flexural vibration subsequent to

each impact between the forward part of the shin’s bottom and the sea.

6. The pressure due to the slamming action, measured during these tests, may cause large
stresses in the bottom plating which is subjected, in addition, to the stresses due to longitudi-
nal bending of the hull. [t is believed that slamming of the bow against the sea does not, in
itself, cause severe stressing of the hull girder but does cause severe loading of the local
bottom structure, Failure of this local structure may initiate a subsequent failure of the hull
girder,

7. It is recommended that automatic ship’s motion recorders equipped with statistical ana-
lyzing and tabulating devices, such as are being developed at the Tavlor Model Basin, ve in-
stalled on a number of selected ship types in order to collect statistical <train and r.otion

data similar to that shown in Figures 27 o 29 of Appendix 1.

B. HULL STRENGTH

On the basis of the discussions of the strain and pressure data, it is concluded that
for the USCGC CASCO:
1. The stresses associated with the rigid-body motions of the hull are considerably larger
11 magnitude than the stresses due to flexural vibration of the hull incident to slamring, but
they are much less than the static stresses computed for the ship poised on a wave of the

same approximate dimensions as the wave producing the measured strains,

2, The longitudinal bending stresses near the forward quarterpoint of the hull are of the
same order of magnitude as those near the midship section. The maximum values of the re-
corded stresses were small,

3. The simple-beam theory appears to apply to the hull girder for the low-frequency stress
variations incident to rigid-body motion but its use is questionable for flexural vibratory
stresses subsequent to slamming, on the basis of the meager evidence available here.

4. The pressures acting locally incident to slamming may reach very larze instantaneous
values and do on occasion reach negative values approaching a vacuum,

5. When conditions were such as to result in large hull stresses associated with the rigid-

body motions of the <hip, large vibratory stresses due to slamming were also observed,

6. In view of the large local loading indicated in the CASCO tests, it 1s suggested that
the strength of the local bottom structure near the bow be given special attention in ship de-
sign, especially with regard to the effect on the over-all longitudinal girder strength.

7. The strain cycle gage data indicate that the endurance strength under repeated load

needs to be considered in the strength design of ships.
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APPENDIX 1
STRESS DISTRIBUTION IN WAY OF THE DECKHOUSE

Strains measured in way of the deckhouse structure ! at Frame 61 gave a suwess dis-
tribution and a location of the neutral axis which showed that the superstructure did con-
tribute materially to the hull girder strength. The measured stresses and those computed ac-
cording to the method outlined on page 28 for the conditions shown in Table 3, attain the same
order of magnitude if the deckhouse, to the superstructure deck, is included in the computa-
tion of the section moment of inertia. The stresses measured in way of Frame 41, although
rather low and consequently not very reliable indicate that the contribution of the deckhouse
here, near its termination, is small,

A method has been proposed by H. Bleich!S which permits evaluating the contribution
of the ship’s superstructure to the hull strength. It was decided to apply this theory to the

CASCO The principal assumption made in the computations is that the cross section of the

i __t_ B | /CG Deckhouse
_ 16" _‘F - i ——-1 —‘
f Ly 7.6
60 I
" evered | LeSeveres ) <| +
' T - T 10 |9.'0 T
|9.Ie | T Bt l l e
© 138 )
! ' . *——i /;f-zsu l
i N (. -k CG Entire Co
; CG Mull |3'8' Structure D |
| 1.3 | _f_ J | l '
{‘ AN T 2 2 [N oy
Deckhouse ond Mull éonsndeved Seporotely Deckhouse and Hull

Considered Jointly, Simple Beam
! |

Section Properties® (at Frame 37) Deckhouse Al =Q7 “2 Il =5.14 14

Iength = 170 ft Deckhouse extends 1.um Fr. 29to Fr. 114

Hull Proper 4, = 5.49 n? 1, - 49910
Deckhouse-Hull Combinaticn A=6240%  1=76 0104

Vertical Stiffness® ¢ of connection between deckhouse and hull = K

4

K =72 x 10" 1b per ft of deckhouse length per ft deflection.

*Computed according to the methou of Reference 14 snd the PSNY Structural Plan AVP 1013-1111-2.
*¢ This stiffness K was estimated by use of Schade’s method for cross-stiffened plsting under uniform bending
load (Reference 17).

Figure 16 - Parameters Required for Computetion of Stress Distribution by the Bleich Method

T he deckhouse is made of steel snd has no expansion joints.
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Sagging Condition, Even Keel Sagging Condition, Bow Pitching Down

Figure 17 - Stress Distribution in Way of Deckhouse, Frame 71 1/2 (USCGC CASCO)

Computed according to simple beam theory and Bleich’s theory.

deckhouse and hull is constant for the length of the deckhouse, Frames 29 to 114, with sec-
tional properties identical with those at Frame 57; see Figure 16. It is believed that this
assumption will not affect appreciably the stress distribution near the center portion of the
deckhouse.

The stress distribution at the center of the deckhouse, Frame 71 1/2, is plotted in Fig-
ure 17 for several of the possible combinations of heaving and pitching motions given in Table
3. For each of these conditions, the stress distribution has been plotted for (a) application
of the simple beam theory to the hull-deckhouse combination, (b) application of simple beam
theory to the hull alone, and (c) application of Bleich’s theory. 1nspection of Figure 17 shows
that Bleich’s analysis gives very nearly tho same stress distribution as is obtained with the

| S
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assumption of full effectiveness of the deckhouse, Furthermore, the computed tocation of the
neutral axis practically coincides with that based on strain measurements; see Figures 14 and
17. The effectiveness of the deckhouse depends to a large extent on K1/ 4 where & is the ver-
tical stiffness factor defined in Figure 16. The stiffnoss A" cannot be computed with accuracy;
however, the hull stresses are not very sensitive to a variation in A see, for example, Case
8, see Figure 17a, where it is shown that a 4-to-1 variation in £ results in a maximum stress
variation of only 16 percent,

The ratio of the stress at the main deck to that at the bottom of the keel, near the cen-
ter of the deckhouse, 1s 1,22 if the deckhouse is neglected; it is 0.52 utilizing Bleich's theory
as well as according to simultaneous strain measurements made at Frame 61 on the CASCO,
Figure 14. It may therefore be concluded that the deckhouse does, in fact, contribute materi-
ally to the huil girder strength and that Bleich’s approack may prove to be practically appli-
cable. It would, however, require more experiniental data on different ships with various lengths
and structurc of deckhouses to reach a definite conclusion as to the validity of this method.

The stresses at Frames 61 and 41 (where the strain measurements were made) have
been computed for a number of combinations of the conditions listed in Table 3. The calcu-
lated and measured stresses are compared in Table 4. In these computations, the deckhouse
1s assumed fully effective at Frame 61 and ineffective at Frame 41. The combination on the
second line of Table 4 gives the best agreement between measured and computed stresses and,
at the same time, provides rather good agreement between the maximum measured variation in

pitching angle of 20 deg as against the computed variation (for combination of Conditions §
and 6) of 16 1/3 deg.
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APPENCIX 2
EFFECT OF LOCAL FAILURE ON HULL GIRDER STRENGTH

The strain measurements made near Frame 41 indicated qualitatively that the position
of the neutral axis shifted in the upward direction during the whipping motions immediately
subsequent to slamming of the bottom of the forward portion of the ship against the sea. This
occurrence would be expected if in the vicinity of the strain-gage location, the ship’s bottom
failed to take a proper share of the bending moment and shear imposed on the hull at that sec-
tion. It will be shown here that although the over-all hull girder stresses may be quite low,
the stresses in the bottom plating may be high, exceeding the yvield point of the material under
the combined effect of longitudinal compressive loads associated with the bending of the hull
together with the lateral pressure load incident to slamming and due to hydrostatic pressure,

The stresses in a typical sheli botton: plate at Frame 41 (strain gage location) were ana-
Ivzed under the combined effects of a hogging load and normal pressure; see Figure 16, The
plate is 24 in, wide by 44.5 in. long and it has a thickness of 0.368 in, It is assumed that the
edges of the plate are fixed.

This plate has a buckling strength equivalent to a compressive stress in the plate of
about 37,000 psi, in the absence of normal pressures. For the conditions given in Figure 18,
which are assumed to approximate the actual conditions on the CASCOQ, the plate stresses are
found to approach the elastic limit for mild steel when the lateral pressure p is 10 psi. It is
to be noted that stress coneentration has not thus far been considered.

A consorvative estimate gives a stress concentration factor of 2 (see Reference 16,

p. 136). Plastic detormation can be expected under these corditions, thus resulting in a re-
distribution of the resisting stresses which would, in effect, make the position of the neutral
axis dependent upon the loading, contrary to the assumption of sirple bear: theory, It is,
therefore, apparent that the local strength of the plating may have an apprecianle effect on

the effective hull girder strength (sectional moment of inertia). Although the entire plating

may be effective in resisting the bending moments applied to the hull for some conditions,

this may no longer be true under other conditions of loading, even though the applied hull vend-

ing monient is the same,
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Buckling Strength of Plate fqr Zeto Presswe (p = 0)

From: Timoshenko's ‘‘Theory of Plates and Shells,’’ p. 322
Et &

1262(1 = ui ’

Axial Stress at Buckling - Nc/l =37,500 psi =0

Critical Buckling Load I\'c = = 13,800 Ib/in.

c

Plate Stresses Due to Water Presswre p

Applying Schade's Theory accordlag to Reterence 17 and
Charts 12 through 14 of Reference 18.

o g = 2070 (p) psi 02B=2090 p) psi

’,

TR 1460 (p) psi

o,y = 1510 () psi

@, ~ 0.608 X 1072 (p)inches

Combined Stresses due to Edge Compression 74
and Lateral Presswe p

Following the method given by Bleich (Ref. 15, p. 61)a mag-
nification factor ‘*m’’ is computed. The plate stresses are
multiphed by m (mis a function of OA) and the resulting

stresses are combined with oy This method is an approxi-

mation. The results are tabulated below.

Assume: 04" —6000 psi (due to combined still water and dynamic bending

moments acting onship)thenm = 1,19
P 04 10, =0 +mo gl O, _ ma,g W= Moy
psi psi psi ps1 inches
0 |-6000 ~ 6,000 _1 0 0
S | -6000 -18,400 -12,400 0.030
10 | -6000 =30,600 ~24,900 0.061
I 15 | 6000 —43,000 -37,300 0.091

Figure 18 - Plate Stresses Under Combined l.ateral Pressure and Edge Compression
(For Bottom Plate, Frame 41)
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APPENDIX 3
INSTRUMENTATION AND EVALUATION OF INSTRUMENT PERFORMANCE

Each type of instrument will be briefly described in this section together with an evalua-
tion of its performance.

A. THE TMB STRAIN-CYCLE GAGE

This is a device for the statistical determination of the strain history of structures; it
will automatically analyze the strain history at the location of the gage in terms of the number
of cycles of given strain amplitudes that have occurred. These cvclic variations can be auto-
matically tabulated or classified according to the mean strain about which they took place.
Thus, strain data are obtained in a form which can readily be utilized without the necessity
of laborious analysis.

The instrumentation comprises two parts, namely, an electrical or mechanical strain
gage and an electrical counter. The counter provides an automatic tabulation of the number of
cyclic variations of selected strain amplitudes classified according to the mean strain levels
about which these cyclic variations occur. To determine the number of variations about a
given mean strain level, it is merely necessary to subtract the reading of one counter from
that of another.

The principle of operation is probably best illustrated by a simplified diagram (Figure
19a); the main components are (a) a contact bar which is given a linear motion directly pro-
portional to the strain, (b) a series of amplitude contactors which are free to slide as indi-
cated, and (c) a series of zone-level contacts which remain st.ationary.' If the contact bar
touches the upper contact point of an amplitude contactor and then tou:hes the lower contact
point of the same contactor, a counter will count one unit at the moment the second contact

is made. The particular counter which will register is determined by the zone-lavel contact

Firing Level Equivalent Peak

and Double [Level and Double Actual Actual

t 1 No | Stroin Amplitude Counter Gog Setting of Amplitude
A mplitude A mplitude CostaRCyClies lcne Level Contaclor
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- 3 - '
2-8 3-s 0 0-0-0 = 2=,
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which is touched by the contact bar at the moment of counting. Assume that the unit is in
the position shown in Figure 19a for zero strain and that the contact bar moves parallel to it-
solf due to an applied tensile strain. The upper contact points § of the amplitude contactors
1, 2, and 3 are successively touched by the contact bar, The instant contact is made between
the contact bar and the point S2 of the amplitude contactor Number 2, a relay or similar device
in an electrical circuit associated with this amplitude contactor is cocked. This relay does
not close until the strain, and consequently the contact har, reverses its direction and contact
is made at £, at which time the relay closes and a pulse of current is sent through the cir-
cuit and channeled via one of the zone-level conlacts to the counter corresponding to the Num-
ber 2 amplitude contactor. If, for example, the contact bar had been in contact with Section 4
of the zone-level contacts at the i1nstant that the pulse of current was released (contact be-
tween I, and contact bar), then the Number 2 strain amplitude counter corresponding to the
Number 4 zone level would have registered one count. In general, therefore, a count will bhe
registered whenever a strain variation occurs which is equal to or greater than that correspond-
ing to a given gap setting of the amplitude contactors.

The mechanical strain cycle gage used for the CASCO tests is illustrated in Figure
20, and in the photograph, Figure 21. It has a base length of 10 in. and the actual strain is
magnified ten times through & lever system. Tle amplitude contactors are carried by a pivoted
and valanced arm which is held in place at any position by a suitable friction pivot. The gage
is held to the structure by a predetermined spring force., Rapid temperature changes of the
structure were not anticipated. However, temperature effects were to be taken care of by (a)

making the gage of the same material as the structure, and (b) minimizing the temperature lag
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Figure 21 - Mechanical Strain Cycle Gage

between the gage and the structure, The gage is designed to withstand a constant accelera-
tion of 5 g in any direction. The prototype strain cycle analyzer has provision for counting six
strain amplitudes and classifying them into six zone levels.

It is soen that the strain cycle gage and counter provide an automatic statistical analy-
sis of the strain variations in a structure over long periods of time at a great savings of time
and money over the conventional time-base data. A rough time base can be provided for the
strain-cycle data by photographing the counter readings at selected intervals. The units in-
stalled on the CASCO comprised three strain-cycle counters which classified the strain varia-
tions according to amplitude of the variation only and one counter (strain-cycle analyzer)

i which classified the strains according to both amplitude of variation and mean level of strain,
The latter unit is shown on the right in Figure 7.

The strains experienced by the vessel during the voyage were smaller than expected,
therefore most of the counters were not actuated and it was impossible to obtain a good eval-
uation of thc accuracy of these units, It was found, in general, that the mechanical strain-
cyvele gage operated satisfactorily; however it was accurate enough to classify strains only

by amplitude but not by mean level because of its relatively small mechanical amplification,
The electronic counters did have occasional tube failures. The failures weore traced

to operation of the vacuum tubes at excessive temperatures. The circuits have been redesign-
ed and the counters rebuilt to operate at reduced currents and temperatures and do perform
satisfactorily.

For general application, the mechanical strain gage should be replaced by an SR-4 or
similar electrical strain gage working into a mechanical follow-up system which will, in time,

actuate the counters, Development of such a device is nearly completed.

%————#
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The basic idea of the strain cycle gage can be utilized in other applications where it
is desired to count cyclic variations, for example, in the cyclic analysis of voltages, currents,

pressures, strains, temperatures and atmospheric conditions.

B. TIME TOTALIZER

If it is found that fatigue is not a significant consideration in a particular problem, then
it would be unnecessary to classify the strain data as before (by amplitude and/or mean level).
It may be sufficient to know what percentage of the total operating time the strain falls within
given limits. To provide this information another instrument has been designed and built
which performs a measuring, analyzing, and totalizing function. This instrument is called a
time totalizer or, in this particular case, a strain totalizer; see Figure 22. The essential com-
ponents are a strain gage, a switching or classifying device, and a series of clocks. The
operation is as follows: The output of a strain gage is used to change the bias of a vacuum
tube. Each vacuum tube will conduct current when its grid voltage exceeds a fixed value,
which value is, in turn, set to correspond to a definite strain. Each tube controls a clock
which will run as long as the tube is conducting current. Therefore, the total time indicated
by any clock indicates the total time that the strain has exceeded the value corresponding to
that particular clock. The total time that the strain was in a given region is given by the
difference of the clock readings for the two strains defining that region. These data can be
represented immediately and conveniently by a simple graph,

The accuracy of this device depends to a great extent on the rapidity of strain varia-
tions and on the time delay of the clocks. In the present installation the same strain gage
that was part of the strain cycle counter in the strain totalizer is utilized. However, almost
any electrical or mechanical gage could be adapted to the strain totalizer.

The totalizer installation can be seen in Figure 7. The magnitude of the strains experi-

enced was insufficient to evaluate tu.s device.

C. TMB AUTOMATIC SHIP’S MOTION RECORDER

A detailed description of this device is given in TMB Report 777.8 Shown in Figure 23,
it is essentially an amplifier and recorder which has provision for automatic sampling and
which is designed to operate continuously for weeks on shipboard without necessitating atten-
tion. Itis called the TMB Automatic Ship’'s Motion Recorder but could be used for purposes
other than that indicated by its name. It should be remembered that this is the first and only
model built and that additional features will be added to later models. The recorder operates
on a 110-volt alternating current and is designed to record the ship's rolling and pitching ac-
celeration, its linear acceleration, and the rolling and pitching angles. Since it is desired

to record only the rather low-frequency variations associated with the oscillatory motion of
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Figure 23 - TMB Automatic Ship’s \Motion Recorder

TLe voltage output of each transducer 1= anplified and 1ts phase 1s <hifted to provide
maxirun power input into one phase ol a two-phase rotor; the other pliase ts connected dj-
rectly acrosx the line, The direction and arount of rotation ol the rotor are directly propor-
tional ta the direction and rmacnitude of the transducer signal, The rotor operates a nuli-
palance syster, hence there is no appreciable error due to lack ol voltace recubation in the
Eener Renpli el sotoele stotiadhi il iR GRS BRI g ST et sntee

on a plastic-coated recording paper,




43

The paper drive is actuated by a set of cams as follows:

1. The paper drive operates automatically; the pens are actuated for a preselected period

at regulated intervals, say for 2 min. out of every hour,

2. The recorder will record for any desired continuous period up to 2 hr by manually turn-

ing a timer knob. At the end of the period the automatic cycling will take over,
3. The recorder will run continuously if desired.

The chart speed used is either 1 or 1/2 in/min; 100 feet of paper is suffieient to permit

up to 50 days’ operation without reloading the magazine. In use it is intended to select the

optimum sampling interval and sampling duration for the particular problen: under consideration,

Additional features can readily be added to the present unit. For example, the record-
ing may be controlled by the magnitude of the quantity to be measured or by some otker quan-
tity, A definite liritation of the recorder is its upper limitation of frequency response,

The transducers used with the recorder were Schaevitz accelerometers for the accelera-
tion measurements and the stable element and synchro follow-up «yster: of the New York \Ma-
torials Laboratory Ship’s Motion Recorder for the roll and pitch charnels. The transdueers and

the recorder gave satisfactory service during the tests,

C. SHIP'S MOTION RECORDER BUILT BY THE
NEW YORK MATERIALS LABORATORY

This recorder is a self-contained unit comprising a recorder, a stable element, and four
synchro channels, It is intended to record angles of roll and pitch, ship’s heading, and ship’s
speed. The stable element furnishes the input for the roll und pitch channels; the ship’s gyvro
compass and log provide the input for the course and speed channels, In the shipboard instal-
lation aboard the CASCQ, the Taylor Model Basin and the New York recorders were wired in
parallel and actuated by the control system of the TMB unit; in this manner the two units gave
simultancous data., The stable element of the New York unit was utilized for the angle of roll
and pitch inputs of the TMB recorder.

The pens of the New York Materials Laboratory recorder require refilling with ink about
every day and occasionally become clogged. The pen indicating the course of the ship jammed
whenever it reached an extreme position in its travel. There was some backlash in the gear-

ing between the synchros and the pens,

E. DIAPHRAGM PRESSURE GAGE

This gage, shown in Figures 24 and 25, is installed with its face flush with the outside
of the ship’s plating to measure the water pressure at that point, The gage consists of a page
cup, a differential transformer with positioning adjustment, and a protective cover; see Figure

24, The diaphragm is 1 in. 'u diameter, 0.024 in. thick, and carries a small soft iron core
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Figure 24b - Photograph of Disassembled
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Figure 24c - Photograph of Pressue Gage
Installation on USCGC CASCO

Figure 24 - Diaphragm Pressure Gage Which Utilizes a Differential Transfermer
as the Sensitive Element
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(10) 8.8 mils deflection of galvanometer/ psi pressure
2. Natural Frequency of Pressure Gage: Approx. 1200 cps

3. Over-all Sensitivity of 10-in. Electromechanical Strain Gage - Circuit Combination:
Attenuator (1) 240 mils deflection of galvanometer/ 1000 psi stress
(2) 125 mils deflection of galvanometer/1000 psi stress
(3) 25 mils deflection of galvanometer/1000 ps1 stress

4, Immersion of Cables in Salt Water has no effect on Sensitivity.

Figure 25 - Circuit Diagram and Characteristics of Diaphragm Pressure GGage
and 10-in, Electromechanical Strain Gage

attached to its center. Pressure acting on the diaphragm will cause it to deflect, thus deflect-
ing the iron core relative to the gage housing which, in turn, changes the flux linkage netween
the primaries and secondaries of a small transformer and induces a voltage change proportional
to the deflection of the diaphragn. The primary of the differential transformer is excited with
a 5000-cps voltage from a Hewlett-Packard oscillator; the output of the secondaries is then
rectified and impressed on a string galvanometer; see Figure 25, The cireuit is quite simple
and sensitive, but the frequency response falls off at 60 cps due to the effect of the galvanom-

eter response. The natural frequency of the gage is about 1200 cps. The gage was designed

“
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to be linear up to a pressure of 20 psi and to be reasonably linear, within 10 percent, up to
100 psi. The gage body, which is made of stainless steel, showed no evidence of deteriora-
tion after about a 50-day exposure to sea water. The diaphragm, however, acquired a perma-
nent set of about 0,018 in. due to large impact pressures. Calculations using the theory of
plasticity indicate that the equivalent static pressure causing such a set was in excess of
265 psi.
The gage and gage circuit performed satisfactorily throughout the entire tests. [f, how-

ever, the gage is to be located in a region of high impact pressures, the diaphragm must be
designed to withstand equivalent static pressures of the order of several hundred psi without

acquiring a permanent set,

F. TEN-INCH STRAIN GAGE

This gage (Figure 6) is simply a strain gage of 10-in. base length having no mechanical
amplification. The relative motion between the knife-edge points moves the core of a differ-
ential transformer, thus changing the flux linkage between the primary and secondary windings
in proportion to the strain. The electrical circuit i« identical with that for the diaphragm pres-
sure gage, Electrically, the performance of the gage was satisfactory, but, unfortunately, no
usable data were obtained because, through an oversight, the knife edges had not been hard-

ened and consequently the gage points slipped relative to the structure when straining occurred.

G. SR-4 STRAIN GAGE

The SR-4 wire-resistance strain gage (Figures 5, 6, and 26) is well known and need not
be discussed here, The gages were oriented to measure the longitudinal strain in the keel and
in the main-deck longitudinals, They were waterproofed and then covered with a steel plate
for protection, The gages were electrically connected in a bridge circuit, see Figure 26, and
the output was recorded on a Consolidated oscillograph simultaneously with the output of the
pressure gage. All gages porformed satisfactorily throughout the test period. It should be

noted, however, that they were not immersed in water at any time during the tests.
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APPENDIX 4
STATISTICAL PRESENTATION OF DATA FROM TESTS ON USCGC CASCO
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Figure 27 - Statistical Presentation of Ship-Motion Data
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