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INTRODUCTION 

Authorization 

1. This problem was authorized by Bureau of Construction and Repair 
letter NP14-(6)(RI) of 21 February 1936, 

Purpose 

2 . The report presents a detailed analysis of the stress pa ttern 
surrounding rectangular deck openings with nine types of reinforcement; as 
specified in the letter of authorization. The different types of reintorce­
ment are illustrated in Plates 1, 4, 7, 10, 13, 16, 19, 22 and 25, 

Problem 

3. The study was planned for~ photoelastic analysis for which 
trunsparent models are required. Celluloid 1/$ inch thick was found to be 
most satisfactory material for fabricating the test members . 

Test Specimens 

4. Test specimens were made six inches wide, with openines two 
inches across. These dimensions gave a 1/4 inch radius for the fillet at 
the corners, and 0 . 4 inch width for the longitudinals and coaming plate. 
lt was not possible to make a. perfect union between the 1/8 inch thick 
coaming end the sm~ll radius curves of the fillet, but it was considered 
th~t the celluloid joints were no more imperfect thun the riveted or welded 
steel joints of en c.ctual ship structure would be. The stress pattern in 
t he irnmedi~te vicinity of the corners of ~ reinforced opening was obscured 
by tbe presence of both the doubler plate and t he longitudinals. For these 
reasons it was considered that the results from the specimens used were sat­
iafuctory, lilthough it must be remembered that the celluloid models were 
reh.t ively much thicker ti!-an steel structural members of the same l a teral 
dimensions . Thi :::. difference in the thickness r a tio is not important in the 
m~in body of t he s t r ucture, but it may be important a t points of high stress 
•'oncentn.tion, for exumple near sharply curved edges, and at these points 
the concentretion oay be gre~ter in the steel member because the stresses 
~re mor e neur ly plain stresses. 

~~E.THOD 

OptJ ct,l Arr::.ngement 

5. The stress analysis was made by the photoelastic method. The 
optical &rrr.ngement used was different from the standard photoelastic equip­
ment and is shown in schematic outline in Plate 29; ~ is a source of light, 
!2, is a condenser which forms an image of f!. between £, a polarizer, and s!, a 
compensator. Beyond d the cone of l ight spreads out to fill collimator~ 
which is a t welve-inch lens with a foe.al length of ten feet. '!he beam beyond 
e i s pluin polarized, and, because of the long focal length of the lens, very 
~ccurutely parallel and moderately free from color fringes. The plain polar ­
ized parallel beam of light passes through the stressed test speci.rr.en £ set 
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tion aga,inst polarizer£, and forms a sharp shadow image of£ on the screen U.• 

6. 'This arrangement is very efficient. There is only one lens, g_ 
between the polarizer and the analyzer. The errors from internal strains in 
this lens are too small to be measured with the present equipment. Since 
there are no measurable strains in the lens, the entife field can be used 
with uniform accuracy. 

Loading Frame 

7. The transparent celluloid models 21 inches long were clamped in 
pivoted Dteel jaws as shown in Plat~ 28. They were loaded in tension through 
the circular spring scale as shown. The applied load could be read to the 
nearest pound on the dial in the center of the spring. Elastic hysteresis 
of the celluloid ma.de use of the dial and absolute loading impr~ctical. Each 
specimen was loaded to a uniform photocle.stic reading at Q, the central point 
of the section aa' (Plate 28) where the longitudinal or P stress is very near­
ly uniform &.Gross the specimen and the value of the transverse or Q stress which 
rea-ches a maximum at the center of the section is very small. The value of P-Q 
or photoell:stic double refraction at the point Q. was taken as the unit load 
and all v~lues of P, Q and P-Q for other parts of the specimen are expressed 
in terms of this unit load. 

ke .... suremcnts 

8. A colored photograph (see l'lntes 1, 4, etc.) was made of each 
specimen showing what the observer saw as the im6.ge of the stressed speci­
men on the screen !l• The photographs do not represent unii'orm loading since 
ench specirr.en was given the load which presented the best contrast in the 
pictures, Regions of equal tint or color in these photographs represent 
regions of equal value of P-Q in the strained specimen. 'I'he left half of 
Plates 2, 5, etc. show mups of these regions or isochromatics. Each line 
represents a uniform value off-~, and the figure designating each line 
shows the v&lue of p __ Q represented by that line when the stress &cross 
section aa.', Plate 28, is 10. The right halves of these plates are maps 
of the isoclinics or regions where the P and the Q stress l ines have uniform 
slope us mc~sured with reference to the centr&l axis of the specimen. The 
system of mutually orthogonal lines built up over the isoclinic maps show 
the flow of P end Q stresses throughout the body of the specimens. 

9~ Pl ates 3, 6, etc. show values of P, Q and P-Q plotted as ordin­
&teb tJ..ong the different axes for which stress analysis was requested. The 
unit load for these plots is 1 instead of 10 as shown on the isochromatic 
maps , 

10. Table 1 shows comparat ive dutu for the different specimens. 
Golumn 1 gives the number or the specimen for each line. Column 2 gives 
the ma.xi mum value of P-Q for each specimen in the free portion of the plate. 
l'pis is the highest value shown by the deck plate beyond any doubler or 
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~")._. 't't\.~ ~a1:~eo\. n_um.ue-x:--a \.n co1..Ul.l:l.n. 2, naro.e1..-y, 2..~ eno. 2.. 2.4, sho-w that 
the Sl,)~Ci:m.en~ to 'flh1.cb ~e-y _rerer are the worst, design. Like-wise, the sme.J.l.­
est numbers l.D. column 2 indicate the best designs. Column 3 shows the minimum 
values of P-Q. Every specimen shows a minimum P-Q value alone the A axis. 
These low values indicate distortion in the stress pattern introduced by the 
deck opening and small numbers indicate poor design, while luge figures show 
good design. Column 4 gives the reciprocals of the greatest P value; this 
represents the strength of each plate as compared with the strength .of a simi­
lar plate with no opening. 

12. Columns 5 and 6, Table 1, show special stress values a.long the 
A axis. Maximum values of P-Q and Pare omitted because in all cases they 
are l. Mini.mum v.s.lues of P- C: are in all cases those ·given in Column 3. The 
high•:Qt.compression of Colwnn 6, lines 1 and 2, shows values very near the 
edge of the deck opening, while the tension Q values of the lower llnes show 
values beyond the doubler, ~easured at the same distance from the edge of 
the opening, the Q valueB for specimens land 2 would be about the same as 
for the oth .. er specimens. 

13. Columns 7 to 11, inclusive, show special stress values along 
the B axis with the exception of the la.st two lines which show special values 
along the D axis for specimens$ and 9. These values may not be of greatest 
significance because the B ax.is may not pciss through the regions of critical 
stress; for exc..mple, in Plates 1 and 2 the maximum stress is much greater 
than the maximum of the B a.xis. 

14. Colm.ns 12 to 15, inclusive, give special stress values along 
the C axiS. '!he f'i~ of col,hans l~ and 14 are the s1~1fl.C$1~ figures, 
\Vhere failure would be expected along the narrowed pai-t of the plate, ·which 
is true of specimens 8 and 9, rather than at the corners of the openings, 
as would be expected for the other specimens . 

Specimens 1 and 2 

15. Specimens 1 &.nd 2 show the difference in stress patterns, sur-
rounding £ square opening in a plane deck ph.te with and without the speci­
fied conming plate and longitudinals but without a.ny form of doubler. 1he 
white area within the blue immediately above and below the corners in speci­
men 2, Plate 4, show stresses introduced by the coaming plate. Since this 
plate is welded to the longitudinal, it carries near the centers of the sides 
of the openines approximately the same load per unit cross section as the 
deck plate at this point. All of the tension load must of course be delivered 
to the longitudinals and the deck plating at or ne2r the corners. This intro­
duces an area of very high tension fore a.nd aft of the corners . A comparison 
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• Table 1 
Llnli ting Values of P, ~ and P-Q along Special Axes of 

the Diff'e~ent Specimens • 
. J 

S12ecial .Axes 
Speci- Predict il B C 

men P-Q Failure _P __ _Q_ L:.Q_ L .JL P-Q ...L _g_ 
~ Max. ft.in. Load ~ Max. Max. Min. Max. Min. Max. Max. Min. Max. Max. 

Column 
1 2 _.L ..k.... ...2..._ _.2_. _J_ .JL ..L ..1Q_ ..1:L JL ..l.L _1/4_ .Jj_ 

l 2.8 . 5 .36 0 -1.05 2.00 l.2L~ 2.00 1.24 • /4.6 2.20 1.21 2.20 .13 

2 1.9 .55 . 50 0 - 0.89 1.89 1.11 1.78 1.09 .31 1.89 1.00 1 .. 98 .09 

3 1.60 . 53 .63 .75 0.26 1.56 0.97 1.33 0.97 .40 1.35 0.97 l.39 .04 I 
+' 
I 4 1.45 .66 . . 69 .~o 0.22 l.1..5 0,97 1.16 0.97 .29 1.39 1.00 1.17 -.22 

5 1.63 .62 .61 .77 0.20 1.60 1.00 1.33 0.99 .28 1.37 1.00 1.49 .12 

6 1.42 . 70 .70 .80 0.11 1.41 1.10 1.26 1.00 .15 1.33 1.07 l.43 .08 

7 1.22 .70 .81 • 71 .. 0.07 1.20 1.00 1.07 1.00 .14 1.17 0.99 1-.24 .08 

8 2.24 .69 ,44 .76 0.14 2.24 1.14 2.24 1.14 .05 2.25 1.15 2.29 .04 

9 1.47 .77 • 68 .80 0.10 ,1.,,44 : J 0.88 1.33 1.12 .29 1.45 1.09 1.45 .04 
D Axis 

8 1.25 1.06 1.13 1.02 .20 

9 1.28 1.00 1.11 1.00 .17 



of Plates 3 ond 6 shows that this high P-Q value does not appear on the B 
axis but inspection of Plates 2 and 5 shows that \$ere the B axis passes 
through maximum vtlues of P-Q for Pl.ate 2 it misses maximum in Plate 5. 
The very hlgh.maximum of 2.8 shown by Table 1 for specimen l is shown by 
Plates 1 and 2 to be confined to a very cmal.l. edge effect outside of the 
four corners. This area, wbich mb.rks tho probable point of ft..Uure for 
specimen 1, is covered by the longitudin&l in specimen 2. Tbe stress 
distortion introduced by the coaming plate is further illustrated by the 
reversal of P-Q values in line with the cross members of the coaming 
pl&te as shown by Plate 4. The isoclinic pattern of ~late 5 shows that 
this low P-Q value results from comparatively high Q tensions introduced 
by distortion of the stress lines. Where specimen 1 shows in Plate 2 a 
reversal to 87° wbich extends a little over half-way ,in from the edge of 
the sgecimen to the opening. while specimen -2, Plate 5, shows ·a r.eversal 
to 80 · which extends ull the way in to the longitudinal. This distortion 
of the stress lines represents comparatively h~gh Q tensiops probably 
about .5 over a small area. These Q tensions probably have no bearing 
on the ultimate strength of the plate which would probably fail just , 
above the Ba.xis and above the corner at a load of about .50, the,.ultimate 
strength of the plate, whereas failure of specimen 1 would ,be expected 
just belm1 the corner at a·load of .J6. 

16. 'l'h.ese stress patterns of specimens l and 2 have been dis-
cussed in detail beco.11se most of the differences in the two patterns are 
repeated in the comparisons of stress patterns for speclmens 3 nnd 4, 
specimens 6 and 7, and specimens 8 and 9. 

SPeci.Jli.ens 3 and 4 

17. bpecimens 3 and 4 show openings slmllar to specimens 1 and 
2, but reinforced as shown with a solid doubler plate v:hich in the mid 
section hus a cross sectionul area equru. to half the cross sectional are~ 
removed from the plate by the opening. The photographs of Plates 7 und 
10 nhow difforencos very similar to those shown in 1 and 4. A comparison 
of the isoclinic p~tterns of P1ates 8 and i1 shoViSdiffe~ences very simll~r 
to the differances. between 2 and 5. 

18. A comparison of the photogr1::.ph of specimen 3 in l"la.te 7 with 
similE.r photogra1>hs of specimens 5 and 6 in Plates 1.3 and 16 respectively 
shows that the opon head doubler of specimen 5 or 6 are more efficient 
thun the solid head of specimen 3. 'lne open head doublers being flexible 
pick up load from the deck plate and deliver it to the side or longitudinal 
members with .the least possible distortion. The unnecessary stiffness of 
the doubl~r with a solid he~d introduces unnecessary stress pattern dis­
tortions which make it less efficient thun the more flexible doublers. 

19. A comparison of the isoclinics at }>late 8 with those of Plate 
17 or of the isoclinics of riate 11 with those of Plate 20 shows very 
readily the importance of the unnecessary stif.fness of the solid doubler. 
·11bove the B uxis both solid doublers show the · 15° isoclinic while but ono 
open doubler shows the 10° isoclinic, the other shows only the 7°. Below 
the B axis, specimen 3 shows a reversal of 4° whlle specimen 6 shows only 
2°. upecimen 4 shows a double reversal between the Band the C axis, 
viherous specimen 7 shows only a singlo reversal. 
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20. ibis difference in complexity of the isoci1n~c maps proouuiy 
indicates the relative efficiency of the solid and open doubler better 
than a. comparison of the· stress distributions of the different specimons 
as shown by Plates 9, 12, 18, Wld 21. · 

§pecimen 5 
I 

21. Pl~tes 13, 14, and 15 show the stress data for Specime~. 5. 
ihe photograph of Flute 13 shows at once that there is little distortion 
of the stress puttern introduced by the corners of the doubler plate. 
How~ve~, the whole1 stres~ pattern shows more dir,tortion in specimen 5 
than in 6. Tti.e stress ma.xima.·are greuter and the stress lines are more 
strongly curved. Probably the loatl factbrs' of 61 and 70 are good measures 
of th~ efficiency of ' the two doublers. · ·· · · 

·. i . 
Specimens 6 and 7 , 

22. Specimens 6 and 7 shown in Plates 17 and 19 respectivelY. 
represent the bept pattern of doubler~. 1heir efficiency as .J!leasurea 
against the o,ther doublE!rS i~ probably qµite Vf~ll ~xpr~s~ed_by···.t}ie 
figures of lines 6 and 7 in column 4. · · - · 

23. · Stress patterns within the dQublers are not discussed in 
other parts of the r~port but in Plates 16 a~d 19 they give u good demon-
stration of how· the s .tress load is built.1.pl:rthe ~conditions found at the 
edge of the doubler . Just ir,side the corner.:; on Plate 19 we find a region 
of high stress; this i~ induced by the pull of the coe.ming plate. Since 
the cross doubler member is in compression .p-Q vo.lues rea:ch a maximum. 
Outside of each corner there is a bright blue spot, a reigion of low value 
for P-Q, Beyond each corner. is a bright . ·red spot partially obscureq by 
the longitudinal. This is a region of high; values for P-Q which results 
from comparatively large values of -~ or compresoion. 'I'he value of p 
between these two spots probably changes very little. · 

Specim~ns 8 and 9 

24. Plates 22 and .25 show in f!pecimens 8 and 9 doublers which 
cover only the forGi and uf t -ends of the opening with no ·iongi tudinal · 
member to curry the lo~d from. one end to the other; . that is, the plate 
must carry the entire load past the C axis. 'I'be isochromatics of Plates 
.2 and 23 us plotted against the C axis in Plates 3 and .24 show the stresses 
across C to be a.lmost identic~ for. the two specimens. A comparison of the 
C axes on .t'lates 5 and 26 and the plotted•· vulues shown on ~latea 6 and 27 
show that the longitudinal und cownine plate in specimen 2 did not take 
the full load of the pl~te as it did in specimen 9, since the isochromatics 
of 5 are much higher ·than those of 26. . -1.r a doubler of the type of'. speci­
mens 8 and 9 is to be used, some means must be piovided tp cEJ.rry the load 
across between tile two sections of the doubler. 
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SUMMARY 

25, The study may be summed with the st~tement thet a square open-
ing in the c0n ter of a long !)late removing one-third the cro~s sectional 
area of the sheet reduces the strength to one-third of the oriltinEtl vrdue, 
If the opening is reinforced by longitudinals and coaming plate, e~ch of 
which has a cross sectional are<,!. eqw.J. to 0.4 of the cross sectional areu 
of the openin~, the strength of the plute with the· opening ls equal to 
O. 5, the strength of a plane sheet with longi tudinals. The Sl:11l'lC opening 
reinforced wit)1 a suspenoion type doubler as shown in specimens 7 apd 6 
reduces the str.ength of the sheet to 0.8 wid 0.7 respectiv~ly with ;md 
without the co8Illing plate and longitudin~l 9upport. Doublers of the swne 
form which support the ends but not the sides of the openings, as sho,m 
in specimens 9 and 8, show a reduction in strength to 0,7 and 0.4 res­
pectively. .'.::>olid doublers of the same external outline, us shovm by 
specimens 4 and· 3, show reductions of strength to O, 7 and O. 6 rGspec tl ve­
ly. A doubler of the same form i:1S 6 but mude of strai-1ht membern, us 
shown in specimen 5, shows a reduction in s~rength to 8.6, the strength 
of the plane plate. 
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26. A doubler desiened to support an opening in u deck must do 
three things: (1) It must take from the deck, fore nnd aft, the loud 
which in the uninterrupted deck would be carried by the material removed 
from the opening. (2) It must carry tha.t 101:.1<.l past the deck opening. 
(3) Conditions 1 and 2 must be accomplished without dlstortion of the 
deck plating . All of the doublers shown meet condition 1 with about the 
same efficiency. The vari ations shown in the efficiency r~tings of colu:nn 
4, Table 1, therefore, come from v&riation in the meeting of conditions 
2 Qnd 3. A.doubler could be completely effective in meeting ~equiremcnt 
2 if the cross section of its longt,tud.inil members equalled the cross 
::iection of the deck material removed. The doublers tested had a cross 
section equtl to half the material removed from the deck. Line 6, col-
1.L'Illl 14, of '!'able 1, shows that this material under the best conditions 
c&rried a load of 1.43 per unit area, 1.43 x O. 5 = O. 72. The doubler in 
specimen 6 caPried 72% of the opening load, leaving 28% to be carried by 
the deck. The efficiency of the doublers on specimens 6 and 7 is measured 
by their ability to meet condition 2. Condition 3 may be considered ful­
ly satisfied by these specimens. Specimel'ls 8 und 9 fail completely to 
meet condition 2 and the figures of lines 8 a.nd 9, colu.,m 4, 'rable 1, 
!:how that their doublers show a. very lovr efficiency. A comparison of 
t.lie efficiency figures for specimens 3, 5 and 6 show the importance of' 
condition 3. ~pecimen 6 being most flexible and having curved members, 
ls most efficient with a factor of 70%. Specimen 5 with &ngulttr members, 
is rated at 61%, while 3, because of the stiffness of its solid interior, 
is rated at 63%, 
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SPECIMEN 2 
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SPECIMEN 4 
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SPECIMEN 5 

PLATE 13 
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SPECIMEN 6 
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