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The photoelastic method has been applied to the determination
of stresses in celluloid models of a deck containing fifteen openings
Symmetrically arranged about the center line. The highest stresses are
found in a narrow strip of deck plating lying along the center line of
the ship between the lateral groups of openings. The strength of this
deck strip is estimated to represent 2% of the entire deck strength, so
that failure in it can not greatly affect the remainder of the deck. It
is pointed out that this very weak strip of deck plating is constrained
to follow any deformations which @may occur in the surrounding deck and
that only by reducing these deformations can the stresses along the
center line be reduced. The addition of bulkheads and coaming plates
effects such reductions in extension with resultant decreases in
longitudinal temsion along the center line of about 25%. The discontinui-
ties in structure presented by the juncture of bulkheads with the base
plate result in concentrations of stress not observed when no bulkheads
were present. The maximum concentration factor so produced is 2.3. It
has been found that: (1) doubling the plate thickness at these points
of concentration, (2) breaking the union of bulkhead and base plate at
points of concentration, and f3) addition of a specisl reinforcement
designed to distribute load from the bulkheeds over a more extended
Tegion of the deck, all fail to decrease the stress concentration.

A modification of coaming plate structure in which longitudinal coaming
plates of contiguous openings are extended beyond the transverse boundaries
of the openings and joined together resulted in decreased stresses at the
intersection of four such openings in the following amountss sheer 29%,
longitudinal tension 41%, trensverse compression 10%. Appended plates show
the directions of principal stress, lines of equal stress difference, and
results of stress integrations over the deck.



CHAPTER 1.

INIRODUCTION

futhorisction

1. The problem was cuthorized by Bureau of Construction and
Fepair letter NP14(6)(R1) of 21 February 1936.

Stutement of the Problem

2e Celluloid models of & deck with openings were made from
¢rawings supplied by the Bureau of Construction and Repuir (Specimen A
¢f the letter of authorizetion, represented by Plate 1 of this report).
These were loaded under tension as specified, and the stress distribution
slong specified sections wes determined by the method of photoelastic

enalysis.
scope of the Report

3. This report 1s supplementury to NRL Report No. H-1317. It
includes the data contiined In the earlier report wnd discusses in
grecter detail the methods by which these data werc obtuined.

L




CHAPTER 11,

M)DELS /ND METHODS OF LOADING

Dpscription of Models

4e The proper choice of scule for & photoelustic model is
faportent. The dimensions of minute sections of the model (say, tbe
strip of deck along the center line between the hatch openings in Plate 1)
wpst be large enough in comparison with the thickness to ussure that the
strecses approach the condition of planarity. Furthermore, in these
spall, segmonted sections of the deck the space rate of change of stress
11 the plune of the model is most rapid, and dimensions should be large
ejough for easy visual location of the various isoclinic and isochromatic
lines, upon the accuracy of which the excellence of the stress determina-
tlon depends. Hence, a large model of Specimen A was required. The limit
t) the overall dimensions of the model was set by pructicsl considerations
o! available sizes of sheet celluloid and the added difficulty of exploring
a) excessively large model in a beam of polarized light the mzximum diameter
ol which is tem inches.

5. Bith these considerations in mind, four models of the test
omber were constructed of celluloid 0.125" thick and 19.60" wide, the
siale being three times that of Plate 1. One model, & plain sheet with
orenings in it, designated "A", was tested under longitudinal loading as
srecified in paragraph 14. The results of the tests are shown in the "A"
plates.

6. Celluloid bulkheads 1.50" high and couming plates 0.45"
high were cemented to the second model, deslgnated "B". & thickness of
0,180" wes used to represent 80-pound plate and .035" for l5-pound plate.
Trsts of this model are shown in the "B" plates.

7. The height of the bulkheads wes srbitrarily set at 1.50",
wileh is two thirds the width of the largest openings in the deck. The
artuel ship structure with bulkheads extending below &nd tuking losd from
1 wer decks would have complicated the study, &nd it is thought thut the
halght of the bulkheads in the present models is sufficient to introduce
i1to the stress problem sll first order effects depending upon them.

8. Hateh coaming was comstructed around wooden forms of con-
thurs like those of the severtl openings and of such sizes thet efter
forming the cellulolid coaming strip to the shape of the block by means
of softening in hot water the whole assembly could be slipped smugly
i3side the opening and the coaming cemented into place. After the cement
hardened the wooden blocks were removed. The slight divergence from
actuel ship construction in sttaching the coaming plates to the lnside
edge of the openings rather than to the deck flush zith the edge of the
opening cunnot grectly cffect the stress diatribution in the deck, and
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permits of better union of coaming and deck plutes than would be possible
Lf such thin materizl were cemented on edge to the surface of the deck.
The fact that this method of attachment minimizes cement steins on the
surface of the model is of greater practical importance thun the smell
devisztions from the true stress distribution which it may produce.

9. A model identicel with B except for the omission of coaming
plates, decignuted "C", and & model identicul with B except for the
addition of & speclal reinforcement, designated "D", were used for com-

parative purposes. The tests of these wodels are shown iam Tuble 1 and
Plate 11.

10. The four models described above utilize the full width
of the largest sheet celluloid in stock. At the same time, the thickmess
of the models (0.125") 1s as small as is compatible with the conditiom that
peasurable amount of double refraction be produced by utresses within the
plastic limit of the materizl. The ratio of width to thickness of the
aarrow deck strip along the center line of the ship is 0.375%/0.125" = 2.
fhis ratio is sufficlently large for satisfactory stress measurements in
flodel A, but is so smell thet difficulty in muking the photoelastic
measurements wee encountered in Model B, where it iz thought that cosming
pletes and bulkheads cause devictions from plene stress conditions so
great as to make satisfactory meesurements impossible.

11. Two large scale models of point 2, Plete 1, were built with
such dimensions that the retio of width to thickness was sirteen. One
of these wmodels, designated "S1", was identical with point 2. In the
second, designated "52", the coaming wae made continuous from opening 8
to opening 10 and from opening 9 to opening 1l. Euch special model was
loaded with a P stress (longitudinal tension) and a Q stress (transverse
rompression) proportional to the loads messured in the coupsreble plates
of the complete Model B. Tests of Model Sl are chown in Plates 313 and
325. Tests of Model S2 cre shown in Plates 33S snd 34S.

12, Model B is illustrated in Plate 2. Models A und C are not
illustrated. Detuils of the special reinforcement of Model D are shown in
Plate 11. Models Sl and S2 are illustrated in Plate 3.

13. A speciusl louding frume was constructed for the full Models

\ and B. This frome is showm in Plate 4. The model is held by the cross
wtched steel grips, G, which distribute the load uniformly over its width.
lotal load was meusured by means of the temsion ring, T, of waich two were
:vellable to cover the ranges 0-1000 pounds and 0-4000 pounds, respectively.
Jaflections of the rings were measured by the Awes dial gauge, D. The
..oading frame provided for vertical motion of the wodel in the beam of
jpolarized light by means of the rollers R and the counter weights W. Hori-
tontal motion was effected by rolling the entire frume along the floor.
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S|IMMARY OF RESULTS

Diyscription of Platesg

15. The experimental results are givem in Plates 5A to 35B. In
a.l plates showing stress distribution, displacements are marked to show
fiet on the full scale deck and stresses are given in terms of the umit
applied stress. Longitudinal tension is called a positive P stress and
t'ansverse compression a negative Q stress. The platos are described as
followss

Plates 5A and 6A show the isoclinic lines for Model A.
Plates 5B and 6B show the isoclinic lines for Model B.
Plates 7A and 8A show the stress lines over Model A.
Plates 7B and 8B show the stress lines over Model B.
Plates 9A and 10A show the isochromatic lines for Model A.
Plates 9B and 10B show the isochromatic lines for Model B.

Plate 11 is an index for Table 1, which gives a survey of P-Q,
P, and Q values along the center line of the ship.

Plate 12 is an index for Table 2, which gives a survey of
maximum concentration factors around the coatours of

Oponma ®

Plates 13A and 13B give values of P, Q, and P-Q from opening 2
forward, and along the C axis. \

Plates 14A and 14B give values of P-Q, P, and Q from opening 2
aft.

Plates 15A and 15B give values of P-Q, P, and Q along the
longitudinal axis through point l.

Plate 16B gives values of P-Q, P, and C along the transverse
axis through point 1.

Plates 17A and 17B give values of P-Q, P, and Q along axis D.
Plates 18A and 188 give values of P-Q, P, and Q along axis A.
Plates 19A and 19B give values of P-Q, P, and Q along axis B.
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Plates 20A and 20B give values of P-Q, P, and Q along the center
line aft of openings.

Plates 21A and 21B give values of P-Q, P, and Q along a longitudi-
nal axis through point 3.

Plate 22B gives values of P-Q, P, and Q along a transverse exis
through point 3.

Plate 23B gives values of P-Q, P, and Q along a longitudinel
axis through point 2. -

Plate 24B gives values of P-Q, P, and Q along a transverse axis
through point 2.

Plutes 254 and 25B give values of contour stresses around openings
1 and 2.

Plates 26A and 26B give values of contour stresses about opening 4.
Plates 27A and 27B give values of contour stresses about opening 6.
Plates 28A and 28B give values of contour stresses about opening 9.
Plates 29A and 29B give values of coantour stresses about opening 12.
Plates 30A and 30B give values of contour stresses sbout opening 15.

Plates S refer to large scale models of point 2 which have been
described in paragraph 1ll.

Plate 318 gives volues of P-Q, P, and Q along a longitudinel axis
through Model 81.

Plate 325 gives values of P-Q, P, and ¢ along a traansverse axis
through Model 8l.

Plate 338 gives values of P-Q, P, and Q along a longzitudinal axis
tbrough Model S2.

Plate 345 gives values of P-Q, P, and Q along a transverse axis
through Model S2.

Plates 35A and 35B are color photographs of the isochromztic
fringes in Models A and B.

s Stress s =

16. A summery of P-Q, P, and Q values along the center lime and
over adjucent transverse plates of Models A and B is given in Table 1,
ficing Plate 1l. The regions of the deck corresponding to points
"13Dyeeee,k® of Table 1 are identified by Plate 11. Table 1 and Plate 11




also give P-Q values for Models C and D.. The data preseanted in colums
A and B are taken from Plates 9A to 34S.

17. The P stress remains constant and of value 2.3 at points a,
d, and i of Model A. At points ¢ and B maximum shear occurs, the P-Q
values being about 3 at these points as compared with the value 2.6 at
the symmetrical sections f. The P stresses are of the same order of
magnitude at sections ¢, f, and h, ha the .values P(c) = 1.75,
P(f) = 1.63, and P(h) = 1.8. By elimination between observed P-Q values
and integrated P values, the Q values at these points are found to be
Q(c) = 1.35, Q(f) = -0.97, and Q(h) =»1.2, Compressive Q stresses in
the sections b, e, and g are in general equal to or less than umity.

fects of Bulkheads and C - and

18. Addition of bulkheads to form Model C and of bulkheads
and coaming to form Model B results in a decrease in P-Q at all points
along the center line except at points £ and h. The section of deck, d,
between the openings is very weak in comparison with the whole deck, the
cross-sectional area of a section d being only 2% of that of the entire
deck. This strip of deck will thus offer no significant resistance to
extension of the deck as a whole, and stresses in it will be determined
by the extension which is forced upon it by the outer deck. In other
words, increasing the thickness all alomg the center line between the
openings would not decrease the stresses there unless this narrow strip
were made so heavy as to resist deformation of the ship as a whole. If
the thickness were doubled all along this strip, meking its strength
about 4% of the total deck strength, the total extemsion for a given
applied load would remain approximately the same because now the
distribution of total load would be 90% to the outside deck, 109 to the
central deck strip. The reduction in extension of the deck would thus
be about 0.5% and the stress along the center line would remain approx-
imately the same. The longitudinal bulkheads in Models B and C, ver,
strengthen the deck structure and bring about smaller extensions and
hence smaller stresses along the center line. The observed stresses
at sections d are 2.3 in Model A, 2.0 in Model C with bulkheads attached,
and 1.7 in Model B with bulkheads and coaming, so that sections d carry
5% of the total load in A, 3.8% in O, and 3% in B. The further reduction
hnomcudmtolocalnin!omtwﬂucouingplaua, since if
mpartofthountraldnckltripuinmaudinthiukuuwhuom
rest remains as before, the thicker section, being stiffer, shows less
extension and lower stress per wnit cross-sectional area, while the
thinner section will show increased stress. This is the condition that
produced reduced stress in section d of Model B when coaming plate was
added to Model C. It might be expected them, that the ratic of P stress’
at £ to P stress at d would be higher for Model B than for Model A, This
is not the case, however, the ratio being -

262 - .7 for A, and 4B~ = .70

2.3

for B. This condition is brought about by encroachment of P stress into

T
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goctions e, which adjoin f, to a greater extent in Model B than in Model A,
the coaming plate serving to trensmit the stresses around the corner of
the opening. A similar effect, but in the opposite sense, is observed in
the effects of the coaming on Q stresses at f, which have the values -0.97
in Model A and =1.3 in Model B. The P stress at sections a and i of Model
E is higher by 18f than the stress at sections d. Two contributing ceuses
of this divergence from the behavior of Model A are possibles (1) the width
¢f openings 4 and 5, and 14 and 15, may be too small to permit assumption
crlmwmcmmmau,mtz)mxormmumum
under compressional load and of the longitudinal bulkheads under tension
agy result in clockwise bending of the deck plate b and counterclockwise
tending of the corresponding plate betweem openings 5 and 7 so that the
resultant longitudinal thrusts on section ¢ are equal to the difference
tetween the stress in a and the stress im d, thus keeping sectiom ¢ in
equiliberium.

19. This "twist® at sections ¢ and h is apparemt in Plates 5B and
6B, and 7B and 8B, which show the isoclinic and stress lines for the section.
It is also seen from Plates 5A, 6A, 7A and 8i, that this effect does not
exist in Model A.

20, It is of interest also to note that at section
B, the integrated P stresses are higher than at the same points in lModel
P-Q values, however, are lower at these points in Model B than they are
Mpdel A, so that the resulting Q values are much lower in B than in
(9% at.c; 415 at h). This is probedly em &ffect of the transverse
head, the reange of influence of which easily extends to

21l. At section f of Model B ghe P stress is lower bty 27f and
the Q stress is higher by 34% than at the same section of
‘magnitude of P-Q at f remains unchanged at the value 2.6 to 2.5 in
transition from Model A to Model B. A mathod for reducing
gtress at sections f will be described in paragraph 54 of this report.

E
;
:

;
!

22. Concentrations of stress appeared at points § and k on Model
E. These concentrations are caused by the discontinuity in structure
presented by the bulkheads. The concentration factor is 2.3 at § and
1.8 at k. The higher value at jJ is presumed to be caused by the presence
of openings 1, 2, and 3 which shield that part of the deck just forward of
cpenings 4 and 5 and consequently cause higher stresses mear the points j.

Special Reinforcements - Model D

23. Column D of Table 1 represent P-Q values for Model D, which
is described in persgraph 9and Plate 11. The speciel reinforcement
which was fitted around openings 1, 2, 3 and joined to the bulkheads at
foints J gave rise to increased load in the bulkhesads, generally increased
F-Q values along the center line of the ship (as compared with Model B),
end greatly increased shear at points ¢, f, and he It was recognized
tefore adding the special reinforcement that these results would follow,
tecause increasing the load carried by the lomgitudinal bulkheads of

'n ¥
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recessity increases the extension over the entire deck section bounded by
{he bulkheads. It was expected, however, thut some decrease in concen-
{ration at points jJ might result. On the contrary, the coacentration at
! increased to the value 2.7. No attempt to relieve the concentration
¢t points j and k has been successful. Appcrently any device which is
successful must avold any short discontinuity in deck thickness such as
introduced by the ordinary doublers. The following attempts have been
1ades

(a) The corners of the bulkhead were cut free from the deck.
The comcentration was not at all decreased, but receded
to the points at which the bulkhead was again rizidly
attached to the bose plate.

(b) The corners were cut free from the deck and diagonal
reinforcing members fitted scross the inside of each
cormer joining the longitudinal and transverse bulkheads
at the points of reattachment to the deck, with the
same result as in (a).

(¢) Three-quarter circular doubling plates of radii 1/2%
and 1" were cemented to the base plate at points k.
The concentration factor did not decrease, but the
region in the base plate over which maximum coancentra-
tion occurred moved out in each case so that it fell
just outside the boundary of the doubling plates.

24, Table 2 and Plate 12 summerize maximum values of P=Q
(bserved on the boundaries of openings mear cormers, et which maximum
(oncentration appears. The exact location of the polnts of maximum
tress are not indicated in Plate 12 and Table 2. These are best
(letermined by reference to Plates 25A and 25B to 30A and 30B which. show

+he contour stresses in detull.

25, The P-Q values recorded in column A of Table 2 represeant
|» or Q stresses as the boundary is longitudinal or transverse. ZThe
ralues recorded in column B, however, represent P-Q in the base plate
it the boundary of the coaming plate. The true contour stress is that
it the imner boundary of the coaming plate. It canmot be measured
shotoelastically, but it can be estimated by means of the relation -

aQ = (P-Q) ds/R

vhere R 48 the radius of curvature of the corner of the opeaing and ds

Ls the thickness of the coaming plate. Assuming that P-Q does not change
greetly in passing through the coaming plate, the change in Q in pasaing
through the cosming plate is dQ/(P-Q) = (da/R) = 7.8% for openings 6-13

of Model B. Thus, at point m, Plate 12, P-Q = 1.7. The increment in Q
through the thickness of the coaming plate is about 8% of P=Q, or dQ = 0,13.

' |
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Then, approximately, P = 1.57 in the base plate at the boundary of the
coaming. For the smaller openings, say opening 1, the effect is bigger.
Here ds/R = 37%. Since the exact stress condition within the coaming
plate cannot be measured, it has been considered safer to record measured
values of P-Q in the base plate without any correction for possible
changes in stress through the thickness of the coaming plete., In the
actual ship structure, while the ratio of coaming thiclkmess to deck
thickness remains equal to that ratio in the model, the ratio of thick-
ness of coaming plate to width of openings is ameller hy the fuctor
1/5.95; therefore, the above calculstions do not apply to the steel
structure. More applicable results could be obtuined from larger models,
the size of the model being limited by the sizes of the laboratory room
and available sheet celluloid. BHowever, it is considered that the

small increase in accuracy would not justify the large increase in cost
of a larger model.

26. Survey of colums A and B of Table 2 shows that the addition
of coaming plates and bulkheads effectively decreases the stress concen-
tration factor at all corners except b, ¢, and d, where increases occur.
These increases are about 20% at b, 100% at c, and 22% at d, and are
ascribed to the stiffness of the bulkhead in Model B.

Contour Stresses — Detai a

27. Plates 254, 25B to 30A, 30B show the contour stresses around
each type of opening individually. The measurements were taken from an
optical image of four times magnification, and each opening is presented
separately with the exception of 1 and 2.

28. The significance and reliability of the measured contour
stresses are affected by the following considerztionss

(a) Edge effects. After milling, small residual stresses develop
along the edges of celluloid models. A sultable annealing furnece has
not been available for specimens of the size used inm this investigation,
so that it hus not been possible to eliminate the residusls entirely. It
is possible to measure the amount of the edge stress, but corrections to
measured values of spplied stresses can hardly be made since the direction
of the residual stress is in generszl indeterminate and msy vary through
the thickness of the plate. It will appear in Plate 274, for example,
that stresses are higher along the longitudinal boundary of opening 6
than along the center line between these openings, as shown in Plate 15A.
The values of P are 2.58 at the edge of the opening (Plate 27A4) and 2.3
along the center line (Plate 15A), the difference umounting to about 10%.

(b) Inde scy of isotro In going around the corner
of an opening from & longitudinal to & transverse boundery an isotropic
point at which P-Q = O should be found. This is necessary since stresses
ilong the longitudinal boundary must be entirely tension, and along the
transverse boundary, entirely compression. These isotropic, or neutrel,

~-10-
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points were located for certain openings of Model A, such points being
dusignated "N" on the curves. P stresses (lonzitudinal tension) are
ropresented by solid lines and Q stresses (transverse compression) by
dotted lines in all cases in which the transition frem P to @ stress 1is
clearly delineated by an observable isotropic point. Fhen the isotropic
prints were indeterminate all stresses are represented by solid lines,

it being understood that slong any boundary only stresses parallel to

the boundary exist. In general, isotropic pbints could mot be determined
for openings in Model B, since in this model the points at which P-Q = 0
lie within the coaming plate.

29, The accuracy of contour stress measurements 1is estimated
to be of the order of #15%, the probable error erising entirely from the
physical condition of the celluloid model.
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30. The isoclinic limes, representing regioms in the specimen
of constant stress direction, are shown in Plates 5i, 6A and 5B, 6B for
Models A snd B, respectively. All parts of the model where changes in stress
direction are unimportant near the sides and ends have been omitted and only

L
w

the
large scale might be used to show all necessary detail without making the
pla ‘

in
31, The isoclinics for the two Models A gmd B are more informative
if examined in comparison with esch other tham if examined separately.
Forward of openings 1, 2 and 3 the stress pattern is dominated by the
flexibility of those opening and the isoclinics are about the same for
both models. The stiffness of the transverse bulkhead in Model B decreases
the stress aft of these openings and also decreases the magnitude of the
change in stress direction near the exposed corners of openings 6 and 7
the bulkhead. At the boundaries of the different openings
of Model A sll stress lines must have the direction of the edge of the
opening. However, as is shown by Plates 7B and 8B, stress lines may
strike the bulkhead at a comparatively large angle even at places where
the stress concentration is quite intensej for example, near the forward
corners at points of greatest stress intensity the stress lines make an
angle of 10 degrees with the bulkhead. Aft of openings 1/ and 15 we see
that the stiffness of the transverse bulkhead has spread the smaller
isoclinics, for example, 5 degrees and 85 degrees, farther aft of the
openings and much closer to the center line in Model B than in lodel A.

o

E

32. Plates 7A, 8A and 7B, 8B show the lines of principal stress
for Models A and B, respectively. These lines, which represent the
directions of the P and Q stresses over the model, were derived graphically

from the isoclinics. They do not in any way represent magnitudes of stress,
but do represent the flow of stress from one part of the model to another.

33. Comparing Plates 7A and 7B, it is seen that the principal
divergencies in stress behavior betweem the two models occur at points
where the bulkheads or coaming plates are taking load from the deck. Both
fore and aft of the transverse bulkheads quite a decided change in the
direction of the stress lines is observed. Inside the cormers of the
bulkhead the deck plate is deformed by the deformation of the bulkhead
under load and is almost independent of the stress in the plate outside
of the bulkhead.

Em



34s Near the corners of the different deck openings the directions
of stress lines in Model B sre affected by the fact that the coaming plate
is toking a loud from the deck. This gives stress concentrations along
the longltudinal center line of B that sre quite different from A. Direc-
tions of the stress lines of Plates 7B and 8B do not edequately represent
thise effect beczuse of the small scale of the drawingse The effect of the
coaming plutes on the stress lines in the attzched deck plating is more
carefully represented under the discussion of two specisl models built
on a larger scule and discussed under paragraphs 53 to 56. Curvature of
the stress lines fore and aft of the transverse bulkheads at their inter-
sections with the center line of the deck illustrates how the stress flows

from the outer deck into the bulkhead and from the bulkhead into the inner
sections.

35, The wide extent of stress lines representing small changes
from the direction of the applied load in the lower part of 8B shows

how the tramsverse compression load 1s developed and delivered to the -
transverse bulkhead.

36. Comparison of Plates 8A and 8B shows the principal difference
that in the deck below the openings divergence of P stress directions
from the direction of the longitudinal axis begins at sbout fourteen feet

from openings 1/ end 15 in A, and at about 25 feet from cpenings 14 end 15
in B.

37. Q stresses do not have significant values over most of the
deck, but are of importsnce between the small openings 4 end 5, 1 and 15,
and also between them and the adjacent larger openings for "A® and in and
around the ¢, d and h region of Plete 11 where the corners of four deck
openings come together. The greatest values are at ¢ and h and just even
with the upper edge of openings § emd 5 for ®A® and in the neighborhood of
£ for "B", These points of concentration are all well illustrated ty
the flow of the stress lines.

gsochromati nes - wodels

38, Pletes 9A and 98, and 10A and 10B represent the isochromatic
lines, over each of which P-Q is constant, for Models A and Be The )
isochromaties were measured by introducing into the optiecal system a
Soleil-Babinet quartz wedge compensator by means of which exact compensa-
‘tion for the double refrsction existing at any poimt in the model could be
brouglit about. Over eny given isochromatic line the value of P-Q is given
in terms of the unit applied stress by the number sppearing on that line.

39, The isochromatic values may be tsken as approximately equal
to the P stress in regions of the deck outside the bulkheads. Im the
section of the deck enclosed by bulkheads,( stresses reach important
vulues, and stress concentration factors must be cbtained from the curves
showing separate values of P and Q calculsted by stress integration.
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40. Plates 35A and 35B show in color the isochromatic fringes
produced in Models A and B under identical loads. The colors represent
increasing P-Q values in the following orders grayish white, orange, red,
purple, blue, and green. Increasing the stress above that producing green
causes the "second order" colors to appear. They follow in the same
sequence, but are much fainter than the first order colors. Stress con-
centrations st the corners of openings and regions of high shear over the
plate can be very readily located on these plates.

of Gra cal atio

41. The isoclinic lines and isochromatic lines of Plates 5A to 10B
were derived from an image of the specimen with two-fold magnificatiom.
Numerous sets of similar curves were obtained for restricted sections of
the model with an image of eight-fold magnification in order that the
details of their behavior might be clearer. These curves were used in
integrations, but they were omitted from the report becsuse their contribu-
tion to the solution of the stress problem is largely contained in the
recorded results of the integrations, so that no detailed referemnce to
them is necessary.

42, Stress integrations were carried out by means of ﬂ! following
relstions in one or another of their several equivalent formss

ar = -(P—Q)daplni.‘
dQ = -(P-Q)dsy/R,

in which ds represents the increment in distance along the stress line over
which the integration is progressing, and R represents the radius of
curvature of the stress line orthogonal to the path of integration at the
point at which dP or dQ is being evaluated. auboum. (p) refer to P stress
lines and subscripts(q) refer to Q stress lines. integrations over

the small deck sections along the center line were made from the greatly
enlarged drawings of isoclinics and isochromatics described above.

43. In determining the P and Q stresses by integration through a
symmetrical section such as point 2, Plate 1, the result was considered
satisfactory if independent integrations from opposite sides of the
section gave ultimate values for P or Q at the center which did not differ
by more than 10%. Repeated determinations of isoclinic and isochromatic
lines were made and independent integrations were based on them. The
errors were large in some instances, particularly in Model B. These errors
were largely due to the fact that the stresses measured were not entirely
plane stresses and were not uniform through the thickmess of the specimen,
and are not characteristic of the photoelastic method. Model B, with
coaming plates and bulkheads which contribute to the distribution of stress
through the plate in indeterminate ways, represents a type of structure

1. References appended.




far from the ideal plate of Model A. In "A" errors are limited to those
characteristic of the photoelastic method. In general, repeated integra-
tions resulted in entirely acceptable values for P and Q. Attention will
be celled to discrepancies which do occur in the detailed discussion of
results below.

Discussion of Errors

4de The probeble error of any stress integration is about #10%.
The expsesaion for the increment in P along its om stress line can be
writtenc -

dP = A¢(P—q)ds,/x

where A(Qis the change in stress direction betweean two neighboring
isoclinics of parumeters ¢ 1 and @,, and between which the point under

consideration lies, and y is the intercept between these two isoclinics
measured normal to the P stress line. P-Q values can be determined to

20.5 compensator division, so that the percentage error in this measurement
depends on the magnitude of the double refraction being measured. Unit
8tress in these experiments was represented by the compensator reading 10.
For this reading, then, the probable error was +5%. Ad¢d is assumed to be
known exactly; i.e., it is assumed that no sens error in the setting

of the Nicol prisms exists. The intercept between isoclinics y is subject
to error in measurement, because it represents the measured distance
between two lines which represent the centers of diffuse hlack fringes

on the viewing screen. These fringes may very in width from 1/4 inch to

an inch or more, and it is estimated the exact locastion of the center

may be in error by #5%. It is assumed that measurement of ds, the increment
in path length, is subject to no sensible error. The meximum probable error
is then the sum of the percentage errors in P-Q and y, or +10%.

45. The stress Plo“ any point 1 is obtained by adding to a knomn

P, stress at some point™0 the sum of sll incremsuts in stress dP from point
0"to point 1j 1.0. -

i
p‘.sPo# % aPs.

Itnethi is accurate to $10%, then > dP; has s probable error of
#10%. However, the final result of the integration may show a probable error
smaller tham 10%. In one particular integration takem from the records of
this investigatiom, the numerical values of the terms of the foregoing equation
are as followss ! ;
P 34 # 0.5 compensator divisions.
S apy = ~9.28 + 10% = -9.28 + 0.9 compensator divisions.

pl = 34 - 9.28 = 27.72 % 1.4 compensator divisions
= 2‘072 1 5’.
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Inconsistencies in integrations greater than $10% are directly ascribeble
to inability to determine the exact positions of the isoclinic and isochro-

- matic lines, which in turn i1s due to the limitations of thickness of model
and divergence from planarity of stresses, and can be remedied if desired
bty the use of larger, thinner models.

Discussion of Results of Stress Integration

46,  Plates 13A and 13B represent the stress distributions along the

center line forward from opening 2, and along axis C. Along the cemter line

- where deck models A and B are subjected to & longitudinal tension of unit

{ load, the P stress decreases fairlywiforamly from a value of 1 near the end
of the spocimen to sero at opening 2. The rigidity of the steel gripping
clamps which apply the load introduces a transverse temsion (Q) which
increases to maximum value of about 0.2 for A and 0.3 for B at three or four
feet from opening 2. This effect is probebly due to the experimental
conditions and would not necessarily exist in an actusl ship structure.
Beyond the point at which Q reaches its maximum positive value there is a
nprlndroplnthnlmotQintrodmdhrdcfamumafth.phtowth.
group of openings. Q reaches a maximum negative value of -0.7 in A, but
the stiffness of the transverse bulkhead near openings 4 and 5 and the
presence of the coaming about opening 2 reduces this value to -0.4 in B.

47. Along axis C (Plates 13A and 13B) P decreases toward the side
of the ship, eventually falling to & constant value of about 1.2 near the
sides. (Q stresses remsin small over this part of the deck,

48, Aft of opening 2, continuing along the center line as shown by
Plates 14A and 14B, the Q stress builds up to & maximum compression at
about three feet from the opening. This maximum iz a little less than
~0.3 for A and a little less than -0.7 for B. Beyond this point, § values
to & maximum tension almost in line with the forward edges of
4 and 5 where its value is 1.5 in Model A and 1.2 in Model B.
drop to near the:center of the section between openings 4
5. values se from opening 2 to 2 maximum of 2.3 in Model A
1.9 in Model B near the center of the section between openings 4 and
The shear, (1/2(P-Q)), shows an abrupt drop at the point where the
stress reaches & maximum, as shown by Plates 13A and 13B. Beyond this
t the shear increases to a maximum of 3.0 for Model A and 2.8 for
B near the point marked #1 in the index Plate 1.
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49. Plates 15A and 15B represent the stresses through point #1
of Plate 1. The P stress falls to a minimum value of 1.75 for A, and
behaves anomelously for B, where P increases from the value 2.0 between
openings 4 and 5 to a maximum of 2.05 from which it falls again to 1.7
between openings 6 and 7. Q stresses in Model B obtuined by elimination
between measured values of P-Q and the integrated value of P, reach a
maximum compression (negative Q) of -0.8 at the center of the section,
end a maximum tension (positive Q) of 0.7 just opposite the points of
tangency of the corners of openings 6 and 7 with the longitudinal edges
of these openings. The small negative Q appearing just aft of the

4l . :..:‘ﬂ,!.‘: ‘..




maximum positive value is probebly not real. The peculier behsvior of P
and Q stressec in this section is due to complicztion of the stress system
by the prescuce of cooming plates mear the usymmetricul section #l. Plate
16B shows the results of integration of  velues zlong the trensverse &xis
through point 1 of Model B. Q reaches & maximum compreccive value of

_0.L &t the center of the section which sgrees none too well with the

value -0.8 derived in Plate 15B. The discrepancy probably arises from

the fact thot the stresses are not entirely in the plune of integration.

¥hile the value of Q in 16B differs from 15B by 50%, the discrepancy
between P values is only <7%.

50, Returning now to the transverse cxis D, Pletes 17A end 17B, it
is seen thot in Model A, P rises from 0.8 &t the center line to the
uniform velue 1.5 at @« distence of about 24 feet from the center line.

The Q stress reaches & maximum value of -0.8 which is muintained over a
distence of sbout 6 feet after which it falls to zero. G stresses in Model
B are smsll slong this axis becuuse of the proximity of the transverse bulk-
head. Maximum § is -0.4 &t the center line. P reaches a meximum value of
2.2 st a point on D in line with the longitudinal boundary of opening 6.

At the same point in ™A™ the P stress is only 1.25. The difference is due
to load relessed to the deck by the bulkhezds. Brezks ian the P and Q
curves represent ¢ region in which integrations were extremely unrelisble.
The Q stresses are small so thut measurements of the guantities entering
into the stress equation were difficult. Determinstion of stress distri-
butions along &n axis such &s D which is not itself a linme of primcipal
stress requires the sepcrate integrution of stress over & number of stress
lines, beginning each integration near the end (or edge) of the model cnd
proceeding inward until D is iatersected. The time involved is prodigious
end the value of the results for the rezion left undeternined in 17B is
doubtful. It is certein that Q is small end thzt P spproaches P-C in

value over this pert of the deck.

51, Stresses along exis A ere shown in Plates 184 and 18B, except
thet the stress distribution sbout point 2 of Model B is discussed below
in connection with Plates 11, 20B, 248, 315, and 3z8. Proceeding clong
axis A in Model A to the edge of the ship, P rises from zero et & point.in
line with the points of tangency of the corners of openings 10 znd 11 to
¢ maximum of 2.2 at & point on axis A cistunt from the trznsverse boundary
of the openings by three feet. Q falls from its meximum value -0.8 between
openings 10 and 11 to zero &t the point of maximum P. From this point
outwerds P decrecses uniformly to the edge of the ship where its velue
1s 1.2. Along the same pzth in Model B (Plate 18B) ¢ rises from the value
-0.2 between openings 8 and 10 to -0.35 at the bulkhead, P rises to &
meximum volue 1.2 at the bulkhecd. The integrction cennot be carried through
the discontinuity presented by the bulkhead. A separate integration along
axis A outside the bulkhead shows Q recching & maximum negative value of
about -0.5 at the bulkhead, falling to zero about Z feet away. P rises from

1.6 at the bulkheud to 1.85 at & point 1.5 feet away from which it falls to
the value 1.2 at the edge of the ship.
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524 Returning now to point 2, Pletes 174, 204, 23B, 24B, 318, and
32S, show that near this point P-Q reaches z asximun velue of 2.6 for both
A and B cnd that st this point the Q compression -1.3 is equsl to the P
tension +1.2 for B. Q is equal to -0.9 for A, while P is equal to 1.7.
The value of -0.75 for Q, shown by Plate 24B as obtuined from transverse
integration, compsred with the vulue of -1.3, obteined from longitudinal
integretion, is probably & fair Indicatlon of the accuracy of iategrstion

based on the complete Model B in the small sections.

53 The most satisfuctory investigztions of point 2 of Plate 1
have been curried out on the large scale Models Sl and S2, illustrated in
Plete 3. Teste of Model Ol are shown in Plates 315 and 325. Tests of
Model 52 sre shown in Pletes 335 and 345. The results of longitudinal and
trensverse strecs integrotions in these two models are much more consistent

with esch other than corresponding longitudinal end transverse integrations
in Model B, showing clearly thct the greatly increased ratio of width te
‘hickness of Models Sl &nd S2 has overcome the difficulties inherent to
Model B. It should be said here thet use of similar large models of
coints 1 and 3 of Plate 1 is not possible because of the asymmetric form
of these intersectlions which give rise to the stress effects discussed

in paragraph 18.

54« The effect of joining together the longitudinal cosming plates
of contiguous hatch openings as shown in Model 32, Plate 3, is to reduce
the stresses at the geometrical center of the section in the amounts
shosm in Table 3, the dats of which are tuken from Plates 315 and 33S.

Table 3
Model Model Reduction in Stress
Stress Sl S2 S2 over Sl
P-Q 2.7 1.9 29%
P 3.7 1.0 AT
o] -1.0 -0.9 104
55. In an additional experiment, cozming plctes were made continuous

between both adjoining longitudinel and transverse sides of openings in

one of the models with no further reduction in P-C then had previously been

observed in Model S2. The thickness of the cosming plutes was the same

in sll experiments, namely, one-fourth the thickness of the base plate.

The compressive stress probably would be reduced by this method of comstruc-
tion il the ireansverse members were made heevy enough to accept compressive

loed without buckling. However, the increase in strength of the deck plate

would be small.

56, Pletes 31S and 328 show an effect which does not eppear in the
whole Model B. Proceeding along the center lime of the ship, Plate 318,
P rises ‘rom & value 1.7 to a value 2.0 opposite the point of tangency with
the curvature of the corners of the openings. Q likewise has increased
to & meximum at this point end the more rapid incresse in Q gives a ninimum
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velue for P-Q at this point. There, increases in both the P and Q stresses
result from loading of the deck by the coaming plate plus spreading of the
P stress from the section between openings 8 and 9 to the wider section
about point 2. The P incresse is entirely missing in Plate 33S, while the
positive Q value is reduced by about 50%.

57. Plates 20A and 20B continue the stress distribution along the
center line of the ship, showing maximum P-Q near point 3 of 2.9 for
Model A and 3.0 for Model B. These values are. comparable with the maxima
of 3.0 and 2.8 found near point 1 (Plates 214 and 21B). The transverse
integration of Plate 22B through point 3 shows Q equal to -0.5 near the
center which should be considered satisfactory agreement with the value
0.8 obtained from longitudinal integration of Plate 21B.

58. Between openings 14 and 15 (Plates 20A and 21A) characteristic
positive Q stresses are found for Model A opposite the cormers of openings.
The integrations for Model B through this section are shown in Plates 21B

and 22B.

59. Stresses along axis B are given in Plates 19A and 19B. As is
th-cau-longu:lalofiodolt(Platolaa),QstrosnesmanallandP
falls rapidly away from & meximum of 2.7 near the opening to a value of 1.5
‘at & distance of 11 feet from the edge of the openings in Model B, P increases
slightly in going away from the opening, reaching a maximum of 2 and falling
away to a constant value of 1.5 at 10 feet from the opening. The Q stresses
appear as positive along this axis in Model B, while they were negative in
Model A. The maximum Q stress is +#0.3.

Criteria for Application of Results

60. The transference of the results presented in this report t.o3
full scale steel structure is dependent upon the following conditionss

(1) The elastic limit must mot be exceeded in either
model or steel structure.

(2) The applied loads must be strictly proportional for
model and full scale structure.

(3) The ratio of elastic constants must be same for both
materials.

6l1. The first condition has been complied with in loading the
experimental models used in this report. In regard to (2), experimental
models have been loaded in such a way that force is applied wmniformly
scross the ends. The metsl temsion grips which apply load to the model
introduce transverse tension at points near the ends. These conditions
may not exist in the actusl steel structure. Concerning (3), it is
known that in any elastic plate containing no discontinuities the stress
distribution is independent of the elastic constants. This is true for
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in a plate). The celluloid model was welded together
and unstrained with no applied load. The presence of coaming plutes and
es the stress distribution over the
to discontinuities introduced in steel,
but will not be identical because of the increased thickmess ratio for the

62. On the whole, the results are considered to be safely appli-
cable to full scale steel models, but discrepancies will probdably be
introduced by discontinuities such as riveted joints, and the effects of
coaming plutées and bulkheads will not be exac cated.
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CONCLUSIONS

63. Openings in the deck structure reduce the cross—-sectional
deck plate area to 80% of the area of the uninterrupted deck, but if it
is assumed that fsilure will occur from shear at point j, Plate 11, the
strength of the deck is reduced to 43% of the strength of the uminterrupted
deck. Bulkheads as specified for the study assume in the neighborhood of
of 30% of the total deck load, but the discontinuity in stress pattern
introduced by the bulkhead just about compensates for this reduction in
load, so that the maximum sheer in the deck pleting remains the same as
for the deck without the bulkheads; in other words, the strength of the
deck with openings and bulkheads is 43% of the strength of an uninterrupted
deck. The cross-sectional area of the longitudinal bulkheads is 22% of
the uninterrupted deck, or 29% of the deck with openings. When the deck
is subjected to tension, the bulkheads are subjected to a tension grester
than the average load in the deck plate. An arch introduced in Model D
to smooth out some irregularities in the stress pattern increased the
load in the already over-loaded bulkheads and this increased the stress
for practically all points inside the rectengle of the bulkheads.

64 The principal effect of the coaming plates on the stress
pattern is that they give an increase of about 34% in the transverse
compression or Q stress, where four large deck openings form a cormer,
marked #2 in Plate 1.

65. The wezkest points in the deck structure are the outer forward
corners of openings 1 and 3. Failure would be expected there for a load
equal to 29% of the maximum loed for the wninterrupted deck or 67% of the
maximum loed for the deck with openings and bulkhead. This would be a
local fuilure and might not affect the strength of the main deck structure
Points where the small openings cormer on the large openings should be the
next to feil and should fail at a load of 70% for the main deck. Complete
feilure of these sections would weesken the deck structure by less than 10%.
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CHAPTER Vi,

RECOMMENDATIONS,
66. The following recommendations are presented for consideration:

(a) The highly stressed corners of openings 1 and 3 should be
reinforced.

(b) Either the longitudinal coaming plates should be made continuous
between adjoining openings along the center line, or a flexible joint
should be introduced to avoid overstressing the weak central deck strip.
The weight of the deck plate along the center line should not be increased
because this would not be effective in reducing stress concentrations in
this section itself and increasing the stiffness of the central section
would increase the stress at the already overstressed cormers of openings 1

and 3.

(e) Further investigation of stress concentrations caused by join-
ing bulkheads to deck plate might be of value.
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