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Explanation of Symbols

wiith of margin.

diameter of hcle.

applied losd.

ares of hole.

load englee

model fringe constent (p.sei., shear).
thickness of plate.

denotes vertical direction, pererllel to direction of rpplied loed.

x——lenotes direction perpendicular to y-direction.

Txy

99

C—

— shear stress on & plane perzllel tc y-direction.

d,—normel stresses in xand y-iirectlions, respectively.

isoclinic paremeter.

Oy- angle between v—direction snd principsl stress direction.

(P=()——principel stress difference.

F—engle between stress trajectory and isoclinic line.

b—fringe value



vi

Isochromatic pattérn.
(g=270°)



I. INTRODUCTICN

Thig thesic presents the results of on investigretion of merginel
stresses in o flet plertes The stresses consist of tension, compression r£nd
shesre Vslues of the stregses are primerily functions of the spplied losds
end mergin widths. Minor factors gffecting them are clerrence between the
loeding plete‘and hole surface, rstic cf plete thickness tc hole dismeter
end the amount of friction between surfeces of the pin #nd hole. The minor
frctors were not veried for this work nnd the results rre presented in terms
of P/i end 8/d. 'P' 1s the applied loed, 'A' is the eres of the hcle, 'a!
is the width of the mergin and 'd' is the dismeter of the hole.

Since the model wrs mede of breskelite, there will be some error in tresns-
pesing the results to # prototype of a different meterisl. The error is
due to the fact th-t the mrteriels do not heve the same vrlues for Polsson's

#*
retio and modulus of elasticity. However, Frocht(ll)

proved thet the error
is negligible for all precticel purposes.

Photoelestic methods were used to evelurte the stresses.

#The modulus of elasticity affects the results only when the plate and
pin are made of different materials.



-2 -

II. REVIEW OF LITERATURE

Although problems similer snd rel-ted to the cne presented herein
could be found in publicetions, no dete which showed merginel stresses in
a flat plrte as a function of 8/d could be locr ted,

Frocht(l) enelyzed the stresses sround a hcle in the hesd of » fleot
ber wlich wes lorded in & menner similer to the method used in this investi-
grtion. Hovaver, in his problem the stresses were dependent on the dimen=-
sion of the besr perpendfculer to the line of the losd r-ther then the width
of the margin in the direction of the losad.

Bickley(z) and Knight(B) investigated the atresses sround internslly
lorded holes in flrt pletes, but neither geve the effect of the mergin
width. Coker(A) elso ﬁnde r study of stresses near hcles in fl=t plates
tut confined his results to phrses of the stress distribution other than its
verietion with width of margin.

| Seely(s) suggested r means of design by saying "experience hes shown
thet if the width of mergin 15 1/2 to 2 times the diemeter of the rivet,
the joint will not fsril in the mrrgin." Bruhn(é), Younger(7) and Marks(g)
glsc gave the minimum /4 retio es 11/2 but none presented sny dets to sub-
strntiete his stetements or geve eny indiceticn rs to the stress distribu-~
tion in 8 mergine

Coker(A) showed results of en investigation of stresses with varying
plpte‘thickness to hele diemeter retioes They showed thst the rotio must
be reletively high to prevent buckling of the plste.

By reference to Frocht(g) it c#n be noted th-t the stresses »round a

hole in e plste lorded by # pin with G.0C2" clerrence (seme es used in this

experiment) will be sbcut 15% higher than those with no clerrence. He elso
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showed, in the seme reference(g), thet the stresses continued to increese
with clerr~nce, aslthcugh not es repidly, and thet & very slight decresse

is crused in the stresses by lubriceting the hcle to decrerse friction.



III. RESULTS

Curves in Fipures 1, 2 and 3 show the results of the investipg-tion.

Curves in Fig. 1 show the verirtion of the maximum shesr stress thet
occurs in the plrte model for various ?/d retios. The stress concentration
factor (ordinrte) is the reatic of the maximum shesr stress in the pl-te to
P/A. The maximum sheer stress wrs determined by multiplying the meximum
fringe order by the fringe constent in pounds per squere inch, sheer,

Curves in Fig. 2 give the veristion of the maximum tensile stréss in
the.plate with the 8/d ratic. Agsin the SCF is besed on T/A. The velue
of meximum tensile stress wes obtrined by use of Mesnrger's theorem.”

(See discuseion of results).

Curves in Fig. 3 give the verietion of the meximum compressive stress
in the model with ®/d. The SCF is besed on [/4. The peint of maximum
compressive stress wes obteined by use of Mesnagar's‘theorem* end its velue
was found by grephicel integration using meé—Mnxwell(lo) =curtione,

No curves sre shown for loed sngles of @ = O degrees, 270 degrees
end 315 degrees since the merginel stresses are not criticel for those

conditions.

%#See "Photoelssticity", Vol. I, by M. M. Frocht, e 215, John Wiley & Sens,
Inc., N. Y., 1941.
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Tabulated values stress of conéentration factors for different values

Table I

of load angle ¢ and s/d.

a/d=1.50 a/d=1.453 a/d=1.25 a/d=1.09 a/d=0.975
P=261# d=0.500" |P=261# d=0.514"||P=261# d=0,562"|P=261# d=0.625" d=0,672"
P/A=1310 P/A=1250 F=172 |IP/A=1060 F=172.5|P/A=850 F=172.5 {|{P/A=738 F=172.
/ / /A=73 5
y SCF SCF SCF SCF {| SCF | SCF | SCF | SCF SCF
(s) | (™ (1) | (¢) § (8) | (1) | (c) | (8) | (T) (1) | (c),
45° '
2250 1.35 |1.60 1.68 [2.19 (11,78 {1.97 223 | 2.44 2.83
900 !
1800 1.26 2.10 31032 2021 3.10 1062 2060 )2.03 3023 4054 3‘0710
- ;_.,.-_.sw I P S 1 .. ,‘ 1 . o | .
135° 11,15 [1.85 1.18 1,94 |2.49 ||1.29 |2.28 1,62 | 2.84 3.28
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IV, EXPERIMENTAL INVESTIGATION

fe Objiect of Investigetion

The object of this investigetion is to determine the mepnitude of the
sheer, compressive rnd tensile stresses rround ~ hole nenr the boundrry in

a flat plete as a function of #/d.
B. Procedure

l. Construction of model:

The model weas cut from e shaet of bekelite (BT - 61-F93) snd - supported
in » metel frame s shown in Fige 4. The method of support wes chesen to
epproximste esctuel coniitions under which a quarter infinite plete is
epproached. Hend reaming wes used to obtein the finel desired dimensions of
the hole, and the sides were shaped by side milling using inwerd cutting.
All drilling wes performed under wster to eliminete stresses due to hesting.

Verious /1 retios were obtained by incressing the dismeter of the hole,

A plete with e thickness equal to 0.286" was used for ®/d = 1.5. For
all other retios, t = 0.272".

2. Construction of loeding device:

To obtein » clear picture of the stress pattern nesr the boundery of
the hole, 2 bakelite berring wes mede ss shown in Fig. 5 and cut to give o
clegrance of 0.002"., The pin to trensmit the loed to the Lesring wes mede
on & lrthe from SAE 1090 steel., Since it wes desired to get the ctress
prttern for the full 360 degrees of the hele, twe means for loading the pin
vere devised so that one ghowed the ares obocured by the other. (Refer to

Figo 5) .
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Heles were drilled in the metrsl frame supporting the model so thst it
could be placed in the loeding mschine’et any desired rngle, (The method
of support for @ = 45 degrees (225 degrees) is chown in Fig. 6).
3e Loeding:

Loeds were spplied on the specimen by mesns of ¢ lever system, shown
aschematicelly in Fig. 6. The direction of the applied loed is denoted by
the sngle @, messurad counterclockwise rs shown in Fig. 7. It cen be noted
thet the loed for ¢ = 45 degrees gives the same result gs for @ = 225 da-
grees, eni thrt the ssme thing is true for @ = 9C degrees end ¢ = 180 de-
grees.
4e Isochrometies:

For esch engle of the spplied loed the isochromatics were cbtszined Ly
using the mercury rrc lemp with 2 5461 § filter. 2 rermenent record wes
mede for the perttern by teking s picture for esch loed sngle. Ortho X
film, size 5" X 7", wes used in a box camers with en exposure time of 25
seconds. The plates were develcoped immediztely sfter exposure.

5. Isoclinics:

White light with nc filter wss used to obtein the isoclinics. The
plcture wes focused on ¢ cheet of vellum pleced on 2 larges glass plate,
end the lines of constrnt principesl stress directions vere sketched on the
vellum for peremeters of O degrees to ©C degrees in increments of 10 degrees.
The peremeters were meezsured counterclockwise from the varticel., The iso-

clinic pettern wes then drewn to scele cn ¢ smeller sheet.
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5.65"
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.25

Fig. 40

475"

Sketch showing how bakelite plate was supported between

two metal angles,
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Sketch of bakelite bearing with losding pin,loeding devices.
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Oy

Pivot point

Pan load \L

Fig. 6.

Sketch showing method of loading for §=45(225) degrees.
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Ce Check On Results

To justify the results obtrined, seversl checks were mele to substenti-
ate the sccurecy of the photoelestic methols used.
1. Check on loéd 'P! by verticrl shenr:

For = chéck, the ﬁ?lue of the applied losd wes compered to the summe-
tion of the verticel sheer oﬁ the sections A'C' snd AC (See Fig. 7) es de-
termined from.the isochrometic snd isoclinic pstterns for the losd s~ngle
éf‘ﬁ = 180 degrees. The distences A'C! #nd AC were divided into thirteen
stetions and the vaelues of the fringe order end the engle Oy were determin-
ed for esch strtion. From this, the value of shesr stress wes computed.
Table 2 gives the deta in tebulsr form snd curves in Fig. 10 show the
desired iniegrals of Txy Versus Y for the two secticns. It is obvious thet
the sum of the sheer.on these two feces should ecual the velue of 'P'.

The sress under the two curves edd ug tc 33.42 square inches. This sarea
multiplied by the scale factor 2fggg nd the sheaéiazaa"(t = O.?SG, Y =1")
gives the vertical shesr equel to 638 pocunds. The spplied loed wes 623
pcunds; The error is 2.1%.

2. Check on celculations of principel stresses by shesr difference znd
grephicel integraticn ﬁethods:

The principel stresses were determined st pcint 'B' (Fig. 7) by the
sheer difference snd grephicel integrrtion methods. In this check, # = 120
degrees.

In the sheer difference method, use ié made of the eguilibrium equstion:

doy -[5(fxy)/°>£}° dy

The a(fxy)/ax wes determined for each stetion slong the line OB. To

obtein greater accurscy, the variation of Txy with 'x' wes determined by
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finding the vslues of Txy for two velues of 'x* with Y = constent end zssum-

ing » parsbolic vsristion of v, _. The slope of the parsbola at X = O gives

xy
the desired 3(fxy)/<>x. This calculestion is shown in tebuler form in Teble 3.
The curve b(-rxy)/ax egainst AY, es shown in Fig. 11, gives the value of Q
¥ at point B. This is true since o, = O at point '0'.
Q = sres under curve times scsle fgcggx_? 11.65 x 2000 x 1/6 = 3880 pesei.

(principel stress) = o

For finding the principel stress et point 'B' by grephical integra-
ticn, the Lamé trsnsformetion equation, P = Po - {(P-Q)cot.¥ d6,* wss
used. The integration wes performed along the stress trajectories A'B end
AB.** Po, the stress at A' (or A) is given by the fringeorder et that
point since it lies on the boundary st e point thet is not externelly lceded.
The stetions were chosen for constant increment of 83 = 10 degrees 0.1745
radians. For esch ststion, (PQ) wes given by the fringeorder end ¥ wss
measured by rotating the stress tresjectory counterclockwise tc bring it
on the isoclinic st thet point. The necesssry data for ¢ = 9C degrees »nd
a/d = 1.25 are presented in tebuler form in tebles 4 end 5, #snd the re-
quired integrels esre shown graphicelly in Figures 12 and 13.

For integration rlong stress trajectories AB #nd A'B, Q wes fcund to
be 3520 peseis. end 3240 pes.i. respectively.

Integration erlong three seperete lines.gyve the velues of principsl
stress at point B of 324C pesei., 3520 p.e.i. end 3880 p.s.i. These

results show # varietion of ebout plus or minus 9% frem the arithmeticmean.

%*Lemé-Maxwell equstion, see Photoelrsticity, Vol. I, by M. M« Frocht, ppe 54-
66 end p. 287, John Wiley & Sons, Inc., N. Y.

%¥¥Lines A'B snd 'B actuelly deviate slightly {rom the stress trrjectory due
to the friction between the surfaces of t?e yin end hcle. The errcr is

smell encugh to be neglected. See Frocht 107,
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Sketch explaining notation used.



Figo g.
Isoclinics for ¢ =90° (180°)
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Fig. §. Stress trajectories for ¢- 90° (180°)



Table 2.

Data for shear stress calculations on sections A'C! and AC. ( See Fig./0.)

Section AIC? Section AC

St f?ingL P=Q 8 26y  iSine 20 t P=Q

8| rder| 2 y y ne <€y | *xy ael o 5 ey 28y Sine ge’ -(xy
]| 3.2 535 | &° | - - 0 1€l 2.8 | 467 | - - - 0
2 3.2 550 - | 15 30° 0.5 275 1 3.3 55 | 12 24 | 04406 | 224
3 | 3.7 628 20 40 0.65 405 2. ] 3.9 ] 652 | 15 30 0.50 | 326
4 | 4ok | 785 25 50 0.766 600 | 3 | 4.7 785 | 19 38 0.616 | 482
5 5.0 | 835 28 56 0.83 692 5 5.6 935| 25 - 50 0. 6441 600
6 | 5.9 985 30 60 0.866 855 | 6 | 6.9 | 1150} 29 58 0.743 | 852
7 | 6.9] 1160 | 37 72 0,95 | 1100 |7 | 82| 1330] 30 60 04866 | 1190
8 | 8.1 1350 | 43 86 0,999 | 1348 | 8 | 9.9 | 1652 34 68 0.927| 1530
9 | 9.3 1550 | 47 9% 0.999 { 1500 || 9 | 11.8; 1970 38 76 0.999 | 1910
10 | 1045 | 1750 | 54 | 1008 | 0.95 1660 | 10| 16 26701 51| 102 0.98 | 2250
11 | 11 1830 | 60 120 | 0.866 1580 |-11{ 16 2670 60| 120 0.866 | 2310
12| 11 | 1830 | 65 130 0,766 | 1400 | 12 | 1643] 2720| 65 130 0.766 | 2080
13| 10 | - - - o i o0 j13| - - = - = 0

6
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Table 3.

Data for rapild jintegration 2long trajectory OB.

Section 1-1

Section 2=2

I

s
t
20, 2 Xy’ 2 xy)q (rxy)2 3 ( y)
2 Ox
# N
2.1 ] o o l- 1 o 2.0 |- ) 0 - - - -
i T
2 | 2.4 | 8 [0.174) 415 | 716 2.3 397 | 83 | 0.250 | 98 | 143.2 | 49 | 2060
3 {'2.6 | 84 10.208 450 ! 93.6 2.5 431 | 8 0.309 134 187.2 67 3880
4 | 2.8 83 |0.242] 4841 117 2,71 4651 79 | 0374 | 174 | 234 | &7 3530
5 | 3.0 | 82 |0.276| 518 143 2.9 | 500 | 77 | 0. 438] 220 | 286 10 | 4290
6 | 3.9| 8 [0.309 674 | 208 3.8 655 | 75 | 0,500 | 327 § 416 | 163.5 | 6060
7 | 47| 79 |0.374 810 | 303 4e6 | 793 | 72 |0.580 | 460 | 606 |230 | 9010
8 | 5.8 7 |o0.428{1000 | 428 5.6| 965 | 68 | 0.695| 670 | 8% | 335 112100
, » _ e 2B
9 | 6.0| 75 |0.500/2070 | 535 6.010% | 64 | 0,786 1 810 {1070 405 | 15700
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AB. (See fig./2)

-23 -

Tables < £.5,
Data for graphical integration along trajectories A'B and

$=90(18 0) degrees.

Section A'B

o« | b P-Q o cote &/ (P-Q)cot. 74
il e e T ==t
10 | 7.0| 2420 150 | 173 4220 |
20 | 77| 2660 Tis2 ‘1.88 | s000 |
30 | 8.0| 2760 | 10 | 119 3300
0 | 9.0 o0 | 120 | o.es 2600

50 | 9.0| 3100 | 115 0.465 | 1450 |
60 | 8.0 2760 | 107 mtq 306 843 |
70 | 6.8 2320 99 0.158 368

80 | 6.0| 2080 9% 0.07 160

08 | 62| 2140 % 0 0

Section AB

=8 b P-Q 74 cote ¢/ | (PQdcot.s’ |
180 A | 7.0 | 2420 9 0 o
170 | 8.0 2760 | 34 | 148 | 4750 |
160 | 8.5| 2930 35 1.42 5500

150 | 9.0| 3100 | 46 | 0,98 | 3660 |
140 | 10.| 3450 | 58 | 0.63 | 350
130 | 9.0 | 3100 65 0.42 | 1430 |
120 | 8.0| 2760 73 0.306 850

10 | 75| 2580 | @ " 0.158 250
100 | 7.0 | 2420 g6 0.070 160

o8| 6.2 240 | w0 | o o |
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Table 77,

Data for graphical integration ®long
trajectory GH(see fig./4). §= 135 deg.

L - §
= ﬁ g/ c‘otgﬁ | PQ (
deg- ; eg | . ]

0(6)! %0 | o© ‘; 4 | 1450 é
d i i g rs G ’

P-Q)cot

0

: i :
10 ;152 | 1.88 4.4 ;1610 | 3020 |

§ 20 1 146 1.A8§ 4e7 3 1720 | 2540

30 f 133 | 0. 78 5.0 1830 | 1440

| 40 122 o. 63 5.3 1940 1240

50 113 | 0.4l ).71 2080 | 855 |

;_L- RS F - 4: s : L P
i

PRI Sp— BEMES S

97 | 04123 6.8 2480 . 350

i
3
i i
SO SN SRR RUSRS: M. e e S 4
; ! ] !

&0 92 |0.044 649 ',?SQQMN"E 110
%0

60 106 | 0.29 62 | 2260 655
7

s

| 217 0 |70 (250 | © Fig. /4
Sketch of isoclinics for # /345 degrees.




. - - = s TSI RO, IS (PSP (St S, P PR E i e
o i : ! i
g &1 M S |
i i T
\.CH N SR UL N - . S ., Briss M faee e s s vl o o
,,m _. :
) o : +
i n\ ! ¥ k i
i ﬂ% }_ [ R R A S R AR HE ,, e
i ; | : - : : w
) R T e e I kY
! .,. : ‘ nm & h “ 1 ” :
- . ot 8 - o R oL
! : i b ” C Py i
N I — " H;r: 4 1 rA — O U — - otk e
| SR _ Ll
m " : O nNL \!..L e o | - .,.‘my.'.i! e &
_ 1!.—_ . i
VB (T S, e o TR | i S VO, W A S
= m "¢ 1 ; 1
i | ’ '
S S~ S @px - » . A
s .mr ” M , .;r‘:,_,? L - ; NI, [P § wly e
; } | i
Bt . "
O~ = IS SO s i : -
% | | ! !
.
w | |
| w
i t
SRR TS [N R A S
i | _
s e O
S UURPI R
_ m

Aept

3
et

i
}
t
i
1

; [y I .

! i | [ 2% 1 iy ;
- e nodmdudnvu. uaonw.? \\» 100 (Brd )
— e

: { o L ! |
?riw, ] -H e m o _ﬂ i




Table 6.

Date for graphical integration pjong

trajectory EF ( See figJ6). ¢= 4-5 dege.

@ -;- |
Caegl ¥ 19 L P-3  (PQ)cot.

0(E) |90eC 0 3 1 1090 0

10 | 154 | 2.03] 3.2 | 1200 | 2430

20 | 148 | 1.88] 3.7 | 1350 2540

+ Fosmssats) —
i

30 | 138 | 1.10 4.1} 1500 ! 1680 4

i

St T o —— S
0| 128 {0 78‘T hot, | 1oco 1250
# .

50 | 119 0. Aa 4 7| 1720 835

—_ A -.-....-*__....ﬂ__§_....,,.. sl

60 | 108 0030q 500 ; 1830 565

s ol e S

70| 98 10.139 5.3 1940 | 270

0| 92 104139 5.6, 2040 | 81 | Fig. /6.

! Isoclinics for §=45 (225) degreess

% | 9% } 0 6.1 2190 o
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V. DISCUSSION OF RESULTS

Results presented in Figures 1, 2 end 3 show thrt the velues of ten-
sile, compressive and shear stresses vary inversely with a/d. To use the
curves in predicting the stresses which will occur, it is necessery to
know the sheér stress, P/A, on tle rivet or bolt. For exsmple, pssume.
P/A is 10,000 pessis, =nd it is desired to know whet the meximum merginal
tensile stress will be for s 16ad erngle of ¢ = 90 degrees with 8/d = 1.40.
In Fig. 2, use =sporopri-te curve end find the S.C.F.(T) to be 2.25. By
multiplying 2.25 x 10,000, the maximum tensile stress is found to be
224500 peseis This procedure mey be followed for £ll S.C.F. versus a/d

curves,



VI. CONCLUSIONS

Results of this investignticon show thet the recommendasticne for a
minimum a/d ratio of 1.5 is justified in the design of mergin widths.

Fer an a/d = 1,5 in & riveted joint in which the zverage rivet shesr
stress, (P/A) 1is 15,000 pes.i., the meximum sherr stress in the plete
for @ = L5 (225) degrees is 1.35 x 15,000 = 20,220 pesel. The sherring
yield strength for structurerl steel is about 21,000 p.s.i.(lz), which shows
the mergin of safety to be very smell. For the seme loasd condition, the
maximum tensile stress in the pleate is 1.6 x 15,000 = 24,000 peseie end
the maximum compressive stress is 2.1 x 15,000 = 31,50C. Based on & yield
point of 35,C00 p.s.i.(lz) the nargin of safety for both tension snd com-
pression is higher then for shear, which shows thet the shear is criticel.

By steps similsr to those used sbove, it cen be shown that the com-
pressive stress is criticrl for # = o0 (18C) degrees end @ = 135 degrees.

The optimum velue for a/d depends on the properties of the meterial

from which the plete is mede end the dirsction of the applied losi.
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