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ABSTRACT

In this paper, the author compiled his study on the reinforcing ring which was
published in parts in the Transactions of the Japan Society of Mechanical Engineers
and other periodicals during the last several yearsV™7),

The photoelastic stress-freezing method is applied to determine the stress con-
centrations around circular holes in flat plates, reinforced by rings with fillets which
are symmetrically placed with respect to the plates, under uniaxial tension. The
investigation is performed on the rings of different proportions and on the fillets of
various radii of curvature, and the three dimensional effects of reinforcements on
the stress concentrations around the circular holes are examined. Both the effective
height of the reinforcing ring and the minimum radius of curvature of the fillet effective
in reducing the stress concentration in a perforated plate are studied in connection
with the optimum reinforcement.

Introduction

The stress concentrations produced by circular holes occurring in machine
parts or structural members under various loads are frequently reduced by means
of reinforcing rings. Accordingly, it is of practical importance to obtain the
dimensions of rings for the optimum reinforcement. A number of theoretical
analyses have been made on this subject¥~!¥ in which, however, the stresses in
reinforcing rings are assumed to be in a state of plane stress; namely, the stresses
are assumed to distribute uniformly along the whole height of the ring. The
two-dimensional assumption differs apparently from the actual state and leads to
erroneous conclusions when the height of reinforcing rings is larger than the
thickness of plates. The stresses in reinforcing rings should be analyzed by the
three-dimensional approach. In experimental studies, however, the problem has
been investigated three-dimensionally. The peak strain in a reinforcing ring
under various biaxial tension fields was measured by the use of foil strain
gages'™ . A photoelastic investigation of a symmetrical reinforcing ring was also
made by Suzuki® by applying the laminated layers method. In those studies,
however, the investigation for a reinforcement only in a wide plate is performed.
It is of practical interest to examine the effect of the edges on the maximum
stress at the rim of a reinforced hole for finite plates. Moreover, in those ex-
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perimental studies, the problem of a reinforcing ring without fillets is treated,
while the reinforcing rings with fillets are frequently used in practice. It can
easily be inferred that the fillets of the reinforcing ring reduce not only the
stress concentration in the plate near the remforcement but also the maximum
stress at the edge of the hole.

In the present paper, the photoelastic stress-freezing and slicing technique
was applied to obtain the maximum stress at the edge of a circular hole in a
plate reinforced with a symmetrical reinforcing ring with fillets, under uniaxial
tension. Furthermore, the stress concentration in the plate at the corners of
fillets was examined. Test models were made of epoxy resin, and were fabricated
by attaching the reinforcing ring to the plate or by casting the model so as to
make the ring and plate one body. The investigation was performed on different
widths of the plate and various dimensions of the ring with fillets. From the
results herein obtained, the effective height of the reinforcing ring effective in
reducing the maximum stress at the edge of the hole was studied in connection
with the optimum reinforcement. Moreover, as a result of measurement of the
stress concentrations at the ends of fillets, the minimum radius of curvature of
the fillet was examined, which effectively increases the strength of the plate near
the reinforcement.

Bxperimental Procedure

Test Models—The test model used was made of epoxy resin, and consisted of

a nominally 6-mm-thick plate and a symmetrical reinforcing ring with fillets
having an outer diameter of 30-mm,
which was kept constant, as shown in
Q}Q}{:}Q}J S o Fig. 1. It was fabricated by attaching
‘ T the reinforcing ring to the inside of a
central circular hole cut in the plate by
the use of an adhesive, namely, Eastman
‘ 910. The cemented location bhetween
v the plate and the ring was taken a little
outer side from the end of the fillet.
For an accurate measurement of the
stress concentration at the end of the
N (] fillet, even a slight disorder of the stress
—1h|— distribution in the plate near the fillet-
end arising from the cementation should
be avoided. Accordingly, the models
used in such experiments were produced
by casting so as to make the ring and
plate one body, using a mold of poly-
tetrafluoroethylene. Special precaution
FI1G. 1. Test model. was taken for machining the circular

fillets with accurate profiles, so the radii

of curvature at the tip of cutting tool were carefully examined so as to have the
prescribed dimensions. In order to distribute the applied load as evenly as pos-
sible, the plate was pin-loaded through several holes at both ends by means of
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TABLE 1. Nominal Dimensions of Test Models

tmm | bmm Dmm dmm hmm ymm | d/D Bt 7/t
| | B ! |
| 0 | 0
! ! | 6 | 1
2 ez | 03 2z Ol
5 | : 2 | 033
6 0 15 18 05 | 3
60| BB s 52 3 oss
120 | S n s T o
| | 10 167

a dead weight, the loading device being adjusted minutely at both the top and
bottom connections. The plate was sufficient in length so that the stress, applied
across the section adjacent to the ring, might hold substantially uniform distribu-
tion. Nominal dimensions of the parts of the models examined are shown in
Table 1.

Stress-Freezing Technigue—In carrying out the freezing procedure, the test
models were heat treated and observed, in a temperature controlled oven. Since
the oven is equipped with a fan to provide the effective circulation of hot air,
the temperature distribution in the vicinity of the test model can be evenly kept
within =1°C. Figure 2 shows the oven containing a model under the freezing
procedure. The stress-freezing cycle employed consisted of the following stages:
The temperature in the oven containing an unloaded model was raised to 130°C,
which was the temperature above the transition-temperature of the material used,
and the temperature was kept constant for about one hour. In this stage, the
initial stresses in the model due to machining could be eliminated, although in

! the models produced by cementation a small amount of the residual stress was

.
E} [{E
E}Y [ {E
1
Fi1G. 2. QOven containing a model F1G. 3. Locations producing stress

under freezing procedure. concentration.
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observed at the bonded interface of the plate and ring. Next, the load was applied
to the specimen. To equilibrate the stresses produced in the model, the temper-
ature was kept constant. for about one hour, and then cooled at a constant rate
of 5°C per hour. When the temperature fell to room temperature the load was
removed, and the model was sliced, and the examination for the fringe order
was made at the measuring points by the use of a conventionally arranged po-
lariscope.

Maximum Stress in the Reinforcing Ring—The maximum stress in the ring
arises at the location A, shown in Fig. 3. In general, the relation between the
fringe order n and the principal stress ¢, kg/mm? at the free boundary is given
by the expression

7= aqS, (1)

where « is the photoelastic sensitivity of material, mm/kg, at the temperature
for freezing the stresses, and S is the thickness of slices, mm. The fringe orders
n: and n, at the location A were successively measured, in which n; was the
fringe order for the whole height of the ring, %, and 5. for the height sliced off
to the plate thickness f. These fringe orders were taken as the averaged value
at the location A on both sides of the hole. To obtain the fractional order of
the fringe, the Tardy method was applied. In reducing practically the height of the
ring to the plate thickness, the model was clamped solidly to the face plate of a
lathe and the material was lightly cut out from the model by supplying a plenty
of cutting oil. However, since the cast model was used again for the measurement
of the fringes at the end of the fillet, only the material around the hole was cut
out from the ring, leaving the material around the fillet-end. Using Equation (1),
the mean stress through the thickness at the location A for each height of the
ring is expressed as

gy = -é%, gz = Z;- (2)

The stress-concentration factor is then defined by the following formulae:

K= o, K= 2%, 3)

ao do
where ¢y is the nominal stress based on the gross section of the plate.

At the temperature 130°C, the Young’s modulus of the material reduces
remarkably. Accordingly, in order to avoid the error arising from the deforma-
tion of specimens, the applied load was limited so as to keep the fringe order #,
about three. In this case, the maximum difference in the inner diameters of the
ring at right angle was within one per cent, so the effect on the experimental
results was not perceptible.

For calibrating the photoelastic sensitivity « of the material at 130°C, circular
plates diametrically compressed were employed under the same stress-freezing
cycle described in the foregoing. The averaged value of «, which was measured
for every test model, was 41 mm/kg (21=5461 A).
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Stress Concentration at the End of the Fillet—The investigation was performed
only for a tension plate having finite width, namely, /D=2. The maximum
stress at the end of the fillet occurs at the location E on the axis of the model,
as shown in Fig. 3. The slice containing the location E. which was of about 2.5
mm in thickness, was cut out in parallel with the axis of the model. The fringe
order at the location E, nr, which was taken as the averaged value at four loca-
tions, was obtained. The mean stress or for the thickness of the slice at the
location E, tr, is given from Equation (1) as

nr
tXIfE'

or = (4)
Accordingly, the stress-concentration factor at the end of the fillet, Ke, is ex-
pressed by the formula

Ke= 2- (5)
do

Influence of Cementation—It is essential to examine the influence of cementation
between the ring and the plate, on the stress distribution in the ring. The stress
distribution in the model cemented with a ring of #/¢t=1 was compared with that
in a tension plate of the same width, containing a circular hole of the same
diameter, under the same stress-freezing cycle and load. As an example, dark-
field frozen-stress patterns are shown in Figs. 4 (a), (b) and 5 (a), (b). As is

(a) d/D=0.T (b)
F1G. 4. Dark-field frozen-stress patterns for i/¢=1.

(a)y d/D=05 (b)
F1G. 5. Dark-field frozen-stress patterns for k/t=1.
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shown in the figures, the continuity of the stress pattern is not disturbed over
the plate and ring, and the stress patterns of the two cases are in excellent
agreement except the vicinity of the cemented portion. Accordingly, the effect
of cementation on the stresses at the inner surface of the reinforced hole can be
ignored.

Experimental Results and Discussion

Wide Plates—The experiments were performed on the models with wide plates,
namely, b/D=4. The nominal dimensions of the rings were: d/D=0.3, 0.5, 0.7,
h/t=1~5, and »/t=0, 0.33, 0.58, 0.83.

If the width of a plate having a central circular hole is not less than four
diameters of the hole, the edges of the plate have little effect on the maximum
stress occurring at the rim of the hole'™. Since the width of the wide plate
examined is four times as large as the outer diameter of the ring, the results
herein obtained may be approximated to those of an infinite plate.

Figure 6 shows magnified profiles of the fillets of various radii of curvature.

The stress-concentration factors K at the location A (Fig. 3) for each value
of 7/t, plotted as a function of i/, are shown in Figs. 7, 8, 9 and 10. In Fig. 7,

r=23.0 mm r=5 mm
FIG. 6. Magnified profiles of fillets.

4‘ T T T
r/t=0, d/D=0.7,~-e--Ki,—o— K2
K b/D=4, d/D=0.5~-4--Ki,—a— Kz
. d/D=0.3,--#--Ki,—o—K.
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FIG. 7. Stress-concentration factor K for r/t=0 and b/D=4.
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T T T
r/1=0.33,d/D=0.7,~-e--K;,—o—K:
K b/D=4, d/D=0.5,--a-—-Ki,—a—Ka2

d/D=0.3,~-&--Ki,—o—Kz

3 4 5
] z h/t

F1G. 8. Stress-concentration factor K for »/t=033 and b/D=4.

4 T T T
r/t=0.58,d/D=0.7,-- 0~ Ki,—0—Ka2
K b/D=4, d/D=0.5,-#4--Ki,—o— Kz
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F1G. 9. Stress-concentration factor K for 7/¢=0.58 and b/D=4.

4 T T T
r/1=0.83,d/D=0.7,--&--Ki,—0—K:
K b/D=4, d/D=0.5~~a--Ki,—2a—Kz2
d/D=0.3,--&--K;,—0—K2
3
N
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\\\
2 XS
0
| 2 3 4 h/t 5

F1G. 10. Stress-concentration factor K for r/¢=0.83 and b/D=4.
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the values of K; are shown together with the theoretical results obtained by
Gurney® for d/D=0.5 and 0.7. These are the values based on the assumption
that the stresses do not vary through the height of the ring. The agreement
between the experimental and theoretical values is satisfactory. Inspection of the
curves in these figures shows that the factor K,, which was obtained by slicing
off the ring to the plate thickness, becomes much larger than K; with increase
of 2/t and becomes almost constant for &//>3. This indicates that the limit of
the effective height of a reinforcing ring in a wide plate is three times as large
as the plate thickness.

K2=2.24

h/t=2.98, d/D=0.5, r/t=0

K;=1.99
h/t=2.02, d/D=0.7, r/t=0.33

Ki=1.16 K:=1.46
h/t=294, d/D=0.5, r/t=0.58
F1G. 11. Dark-field frozen-stress patterns in rings (5/D=4).
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From the further examinations on the maximum stress at the location A4, by
using the slices about 3-mm-thick cut symmetrically with respect to the middle
plane of plates, it was found that the actual maximum stress occurring at the
midpoint of the height of rings was somewhat larger than o..

Figure 11 shows the typical dark-field frozen-stress patterns in the rings before
and after slicing.

From the results thus obtained, the relation between the stress-concentration
factor and the radius of curvature of the fillet is represented in Figs. 12, 13 and
14, where the factors K for each value of &/t are plotted as a function of »/t.
As shown in the figures, when a reinforcing ring is provided with fillets, the
factors K are reduced markedly with increase of 7/¢ and this tendency is notable
with increase of %/t. Moreover, when 7/¢>0.6, the factors K become almost
constant for every height of the rings examined. This indicates that the limit of
the effective radius of curvature of the fillet is 0.6 times as large as the plate
thickness. If the dimensions of the reinforcing ring are chosen as %/t=3 and
7/t=06 for each wall thickness, the factors K, are about 35 per cent smaller than
those of the filletless ring, as is shown in Fig. 13.

At the location B in Fig. 3, the maximum stress in compression occurs. When
the maximum stress at the location B obtained by slicing off the ring to the plate
thickness is expressed by the stress-concentration factor K}, for instance, the
factors K} for »/t=0.58 are shown in Fig. 15. Combining the values of K: in
Fig. 9 with those of K3 in Fig. 15, the stress-concentration factors at the edge
of the reinforced hole can be obtained for the case when a wide plate is subjected

K 1 h/1=2 1

d/D=0.7 ---e--Ki, —o—Kz
d/D=0.5--&-Ki, —2—Kz
d/D=0.3---8-K),——Kz

0

0 2 4 6 8 wt 10

F1G. 12. Stress-concentration factor K for k/t=2 and b/D=4.
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3
K J h/1=3 l
d/D=0.7--&-Ki, —o—K-
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FI1G. 13. Stress-concentration factor K for k/f=3 and b/D=4.

K h/t=4 ,

d/D=0.7--e--K), —o—Kq
d/D=0.5--2-Ki, ——Kz
d/D=0.3 K, ——Kz
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F1G. 14. Stress-concentration factor K for h/i=4 and b/D=4.
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FiG. 15. Stress-concentration factor K, for »/t=0.58 and /D=4
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F1G. 16. Stress-conceniration factors K»= K, for
7/t=0.58 and b/D=4.

“'—“[!)——* to biaxial tension. Figure 16 shows the rela-

"’“C?s“‘ tion between the stress-concentration factors

« y At and the height of the ring, //f, in which the

K = = “'C‘T‘{" ordinates K-+ K} and K,— K; express the

i é{ | stress-concentration factors in biaxial tension

i of the same magnitude and pure shear, re-

F1G. 17. Section of reinforcement. spectively. As shown in the figure, these

factors are reduced markedly with increase
of h/t and become almost constant for %/¢>3 in either case.

Practically, the stress-concentration factor K: is often represented as a function
of the relative weight of the reinforcing ring, v, namely, the ratio of the volume
of the ring to that of the hole. From Fig. 17, the volume of the ring, V, is
given as

[(h-;:)(Dz—«d?)-sr<8—2n>Dr2+(—43 —4z)rt) (6)

V= 3

7
4

Accordingly, the relative weight v is expressed by the following formula:
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=D A +1.72Dr + 0.77 #* ~
TRER & 77 . (7

The curves of the factor K, for the heights %/t=3 and 4 of the ring, plotted as
a function of v, are shown in Fig. 18. As shown in the figure, the difference
between the factor K of 7/¢=0.58 and that of 7/{=0.83 is small. Hence, it can
easily be seen that the effective minimum of #/¢ is 0.6, as was mentioned in the
foregoing. Inspection of the curves shows that when v>>20, the factors K reduce
very gradually. This indicates that the effective maximum of the relative weight
v is 20. From Fig. 18 and Equation (7), one can find the optimum wall thickness
of the reinforcing ring, D/d, provided that the ratio of the hole diameter to the
plate thickness, d/7, is given. As an example, when 72/¢=3 and r/i=0.6, the
relations between d/7 and D/d for v=10 and 20 are shown in Table 2, respectively.

° | |
Ka ER
d/D=0.710, @
0.5|a. &
0.3/o0.®
°
012033
e 0.58
LA | -0.83
g\‘:@)\_{& “\‘“*7 N—‘——-«—q!}[.____,_ -
*\@T:?&:é«mm O
|
%5 10 20 20 20

\Y
FI1G. 18. Stress-concentration factor Ki, as function of relative weight v,
for h/t=38 and 4.

TABLE 2. Relations between d/t and D/d
(B]t=3, v/t=0.6)

v=10: Ky=1.32

!

@t |05 1 | 2

| | =

Dl | 200 | 228 | 236 | 242 | 243 | 245
0=20: Kp=122

gt 05 |1 2 | 5 10 | o

H

Djd | 297 | 315 D I 3.29 [ 330 | 832
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Finite Plates—In order to examine the edge effect of the tension plates on the
maximum stress at the rim of a reinforced hole, the experiments were carried
out in the range of the plate width from D up to 2 D, namely, b/D=1, 15 and 2.
The dimensions of the rings tested were taken as d/D=0.3, 0.5, 0.7, and //t=1~5
as in the preceding examples, and the radii of curvature of the fillets, »/#, were
varied from 0 up to 1.67. For the purpose of an accurate measurement of the
stress concentration at the ends of the fillets, the test models with tension plates

T i 1
r/1=0, d/D=0.7,-e--Ki,—0— Kz, ® HEYWOOD
A b/D=l, d/D=0.B--%--Ki,—4—Ke,a  »
R d/D:O.B,—-@~;-K|,—~ﬂ—~ Kem  »

o B e e Ee 2l
h\\\& P e S A
PN ~wal

e P P c
l ~g L ey a—
<z —

Sy A

0

i 2 3 4 ht 5

F1G. 19. Stress-concentration factor K for 7/¢t=0 and b/D=1.

v/1=0
b/D=.5,d/D=0.7,--4-- Ki,~—<0— Kz,0 HOWL AND
b/D=2, &/D=0.7—e--Ki,—0—K2,0 1

PR S d/D=0.8,-%-K;,~0o—Kz, A PR

N u @/D=0.3,--2--K,,—o—Ka, @ »
,NMENTED MODEL S, -1, —+— Kz
&S N

3 S \\

~
R N
N .
RN o \’“:\2?::“ o o} e
SN
2 D Pt
AN~ S ]
M\\\:h‘-w V= g a
~ AT S
e [l T2 e
= ~E ‘"y--A__~~
) P S EO e PN Skt x
‘‘‘‘‘‘ N
o}
] 2 3 4 5
h/t

FI1G. 20. Stress-concentration factor K for 7/{=0, and b/D=15 and 2,
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1/4=0.83,d/D=0.7,--6--Ki,—o— Kz, © HOWLAND
b/D=2, d/D=0.5,-~4--Ki,~—b—Kz, A "
d/D=03, -k, —o—Ks 8

2 P
—
== cal

| o "

______ 3
O 2 3 4 5

h/t

FIG. 21. Stress-concentration factor X for 7/¢=0.83 and b/D=2.

¢/4=1.67,d/D=0.7,--¢-- K, —0o—Kz, © HOWLAND
K @ b/D=2, d/D=0.5-&--Ki,—o—Ks, a4 o
% d/0=0.3,~w--Ki, —0—Ke, B u

h/t

FIG. 22. Stress-concentration facter K for #/t=167 and b/D=2.

of b/D=2 were produced by casting so as to make the reinforcing ring and the
plate in one body.

The stress-concentration factor K at the location A (Fig. 3) for various values
of 8/D and r/t, plotted as a function of %/¢, are shown in Figs. 19, 20, 21 and 22.
In these figures, symbols &, ®, A and (6] at 4/t=1 are the theoretical values
given by Howland'™ and the values calculated by Heywood’s empirical formuia'™.
In Fig. 20, the results of the cast models for 4/D=2 are shown together with
those obtained from the cemented models. As is shown in this figure, the results
obtained by the two tests are in excellent agreement over the all range of %/¢
examined. This fact shows that the method of cementation used in the present
study is accurate satisfactorily and the effect of the cementation on the maximum
stress at the hole boundary is not perceptible,
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Ky=1.74
b/D=1, h/t=191, d/D=03, 7/t=0

Ki=152 K,=1.76
b/D=1, h/t=292, d/D=05, r/t=0
F1G. 23 (a). Dark-field frozen-stress patterns in rings (b/D=1).

Ki=2.01 Ky=215
b/D=2, h/t=1.98, d/D=0.5, r/t=0

Ki=1.22 K»=1.61
b/D=2, h/t=2.95, d/D=03, r/t=0
Fi1G. 23 (b). Dark-field frozen-stress patterns in rings (b/D=2).
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Ki1=1.64 K;=1.96
b/D=2, h/t=304, d/D=07, r/t=1.67

Ki1=1.03  K=163
b/D=2, hjt=491, d/D=0.5, r/t=0.83

FIG. 23 (c). Dark-field frozen-stress patterns in rings (b/D=2).

From the experimental results herein obtained, it can be seen that the values
of K, are much larger than those of K, with increase of %/t and the effective
height of a reinforcing ring in the finite plate is three times as large as the plate
thickness or somewhat larger.

As an example, dark-field frozen-stress patterns in the rings of different pro-
portions are shown in Fig. 23 (a), (b) and (c). For the cast models, as was
described in the foregoing, when the height of the ring was reduced to the plate
thickness for the evaluation of the stress-concentration factor K, only the material
around the hole was cut out from the ring, as is shown in figure (c), because
the same model was used again to measure the stress concentration at the end
of the fillet.

Since the limit of the effective height of the ring has been clarified, it is
necessary to examine the relation between the stress-concentration factor K, and
the radius of curvature of the fillet. Figures 24, 25, 26 and 27 show the stress-
concentration factor K, for the models of 5/D=2, plotted as a function of 7/t
Broken lines in these figures, which are added for comparison, are the results
of the preceding examples for a wide plate, namely, b/D=4. As is shown in
these figures, the maximum stress herein obtained decreases with the increase
of r/t, and this tendency is notable when %/{>3. Furthermore, it is seen from
Figs. 26 and 27 that there is little difference between the results for 4/t=4 and
those for #/t=5 over the whole range of »/¢ examined. Hence, it may be said
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3.0 o7 3.0 T
Ke g 9/D=0. . d/D=0.7
./ _r05 ? &
2.0k / ﬁ:O."‘ oL ~0.5
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b/D=4,-——---
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FIG. 24. Stress-concentration factor K FI1G. 25. Stress-concentration factor i
for h/t=2. for hft=3.
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\\*:\\:\‘ T — \\03‘.\‘~
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FIG. 26. Stress-concentration factor K
for h/t=4.

F1G. 27. Stress-concentration facter K
for h/t=5.

that the effective limit of the ratio of the height of a ring to the plate thickness
is three or somewhat larger, as was mentioned in the foregoing. The results
for a wide plate show that the stress-concentration factors XK, are reduced
remarkably with increase of »/t. However, the rate of reduction of the factors
K, for finite plates is not so intense as in the case of wide plates. This may be
attributed to the effect of the edges of a finite plate on the maximum stress at
the rim of a reinforced hole.

The stress concentrations at the ends of fillets were subsequently examined.
As an example, dark-field frozen-stress patterns for the case of i/i=4 are shown
in Fig. 28. The stress-concentration factor K at the location E (Fig. 3) for
h/t=4, plotted as a function of 7/t, is shown in Fig. 29. As shown in the figure,
the factors K» are considerably reduced with increase of 7/¢, and become almost
constant for #/t>1. The similar tendency can be found in other cases of the
height of rings, %/, examined. This indicates that the effective limit of the
radius of curvature of the fillet is equal to the plate thickness. As an example,
if the dimensions of the ring are chosen as i/t=4 and r/t=1 for each wall
thickness, the maximum stress at the rim of the hole is about 17 per cent smaller
than that of the ring without fillets, as is shown in Fig. 26. It is noticeable that
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F1G. 28. Dark-field frozen-stress patterns at ends of fillets (h/t=4).
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FIG. 29. Stress-concentration factor Kr for h/t=4.

F1G. 30. Shouldered plate in
tension (h/t=4).

the factor Kz of the thick ring is larger than
that of the thin ring. This is due to the
fact that the rigidity of the thick ring is
larger than that of the thin one. For com-
parison, the stress-concentration factor for
a shouldered plate in tension (Fig. 30) is
shown by a broken line in the same figure,
which is calculated from Heywood’s empirical
formula® for /t=4. Comparing Fig. 29 with

Fig. 26, it appears that if 7/¢<0.2, the stress concentration at the end of the fillet
is considerably larger than that at the edge of the reinforced hole.

Conclusions

The following conclusions are introduced from the photoelastic investigation
for the symmetrical reinforcing ring around a central hole in a uniaxially loaded
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plate:

1. The maximum stress at the rim of a reinforced hole, which is measured
by slicing off the ring to the plate thickness, is much larger than that evaluated
by the two-dimensional approach, with increase of the ratio of the ring height
to the plate thickness, //f. Moreover, the actual maximum stress occurs at the
midpoint of the ring height and it is somewhat larger than the above-mentioned
stress. Accordingly, the usual results predicted by the two-dimensional theoretical
method are insufficient for design data of the reinforcement.

2. The effective height of the reinforcing ring for the reduction of the stress
concentration at the rim of a reinforced hole is three times as large as the plate
thickness. For the ring in a tension plate of finite width, however, it is more
effective that the ratio A/¢ is somewhat larger than three.

3. For a wide plate, the maximum stress at the rim of a hole is markedly
reduced by the use of a filleted ring in comparison with the use of a filletless
ring, and the limit of the effective radius of curvature of the circular fillet is 0.6
times as large as the plate thickness. For a finite plate, however, the rate of
reduction of the maximum stress due to the increase of fillet radius is not so
intense as in the case of a wide plate, within the ratio of the fillet radius to the
plate thickness examined.

4. From the results for the finite plate having the 2:1 ratio of the plate
width to the ring diameter, the effective minimum of the radius of curvature of
the fillet available in reducing the stress concentration at the ends of fillets is
equal to the plate thickness. When the ratio of the fillet radius to the plate
thickness is less than 0.2, the stress concentration at the corner of the fillet
increases considerably as compared with that at the rim of the reinforced hole.
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