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INTRODUCTION

Proper design of bolted assemblies requires a compre-

hensive knowledge of the behaviour of the bolt and bolted

members under a particular type of loading. Enough infor-

mation is available as regards the bolt, but little is knovra

about the connected parts. Valuable data needed in the design

are "How the strains vary in such joints?" and "What is the

'effective area' of the bolted members on which the bolt load

can be assumed to act xiniformly?" With this knowledge it will

be possible to avoid the failure of bolts and bolted joints,

which have posed a serious problem in present-day designs.

For calculating the "effective area" of the bolted mem-

bers, many approaches with different assumptions have been made.

The result obtained in each case differed considerably from each

other. This created a confusion as to which result should be

accepted for design.

In an attempt to answer this question, an experimental

investigation was carried out and the findings are presented in

this report.

PREVIOUS WORK ON THE 'EFFECTIVE AREA' OF A
BOLTED CONNECTION

S. Bathwal {l"}* compared five different approaches for

determining the effective areas of bolted parts; (1) the whole

*Refer to bibliography.



area of the flange, (2) using the average deflection of a beam

on an elastic foxradation, ($) using a root-mean-square value

of deflection of a beam on an elastic foundation, (4) by strain

energy method, and (5) by using Radzimvosky' s equation for

infinite plates. He analyzed a flanged ooiii"t that had been

studied by Robert [[2]]. The flange in question was of steel

1/4" thick and 1" wide with bolts spaced 24" apart.

A -unit load at the bolt locations v;as assumed and the

effective areas calculated according to the five approaches.

Areas of 24 sq. in., 3.52 (lO)"^ sq. in., 4.45 sq. in.,

1.12 sq. in. and 0.049 sq. in. respectively, were obtained. No

two results were within reasonable agreement. This report pre-

sents the findings of an experimental investigation of a bolted

joint. ••';;.

EXPERIMENTAL INVESTIGATION

To determine the effective area of bolted parts, it is

necessary to know the stress-distribution-pattern and the

stress-magnitude at various points. The easiest way to deter-

mine stress is by measuring the strains. Therefore strains, at

various locations in a flanged-joint, were measured as described

below.

Two aluminum plates of 5" diameter and 1" thick, were used

as test-pieces. Their surfaces were made perfectly level and

smooth. A hole of 1" diameter was drilled in the center. Small

holes, 1/4" in diameter, were drilled at various distances from



the center, as sliovm in Fig. 1, for the mounting of strain

gages.

Instead of a bolt and nut, two steel studs, Fig. 1, were

used to clamp the test-pieces. The stem-diameter of the studs

was equal to that of the bolt-shank and the head-diameter of

the stud equalled the diameter of the bolt head washer-face.

The load was applied by means of a compression testing machine.

Fig. 2. This had the same effect on the plates as a bolt and

provided an accurate control of the load applied.

Strain gages were cemented on the inner side of the holes

(the side nearest to the center of the plate) and as close to

the contact-surfaces as possible. Appendix 5 gives the details

of the cementing procedure. The leads of each strain gage,

were connected to the switching and balancing unit of the S-R

strain recording equipment, Fig. 2. Loads of 4,000 lbs. to

16,000 lbs. were applied, in increments of 2,000 lbs. The

strain at each location, was recorded for the different loads.

The first test-run was conducted without a gasket. In the

second experiment, a gasket of 1/8" thickness was inserted

between the plates. The experiment is described in detail in

Appendix 5»

The locations of the ten strain gages are tabulated on

page 5.

The data, tabulated in Appendix 1, were plotted in two

different ways:

Strain vs. distance at different loads and

.Strain vs. load at each location.
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Pig. 2. The test set up.



strain gage
[

Distance from center
location \ line of plates in inches

No. 1 .500

No. 2 . .575 .

No. 5 .775

No. 4 . .975

No. 5 1.175

No. 6 . 1.375

No. 7 1.575

No. 8 1.775 :
„•

No. 9 1.975

No. 10 2.175

i DISCUSSION

The plot of strains vs. distance shows that the compres-

sive strains decreased as the distance from the center of the

plate increased. The decline in compressive strains was quite

rapid near the center, becoming more gradual with increase in

distance. At a distance of 1.975" » the strains became insig-

nificant. This indicates that the effective area of the bolted

connection is not greater than a circular area of diameter equal

to 3.95". It is further observed that at larger loads, the

decrease of compressive strains with radial distance is more

rapid than that at lower loads.

The graph of strain vs. load indicates that the strain

bears a linear relation to the load. Por larger loads these



•d
a
o
t^

CQ

o
•H
U

>

o

o
o

•p

ft

•H

u

CQ

lA
f-OJ

CM

,r^

•p

o o
•H !2;

+3
o -
Q) CQ

C3

oon
-d

•p
H
O
m

O

W

•H

CQ

TrJ

O

oo o oo o oooo ooo oooooooo
#» ^ «« ^ ^ «« '

;i- UD CO O OJ :d- *D
i-i f-i iH iH

FQOQH

UN ^

tN

iH • •

^-N 0)

CQ o

o -p

« CO

LA •rl •H,

• V^ -d.

pH
f4

•'

0) CQ

•P >:

fl
0) fl

o •ri

LfN a !h

ai o +>
• W

CD

o

-p
CQ-

lA

(tiT/SQxiou:i: oaroxn) •u:T-ea:::|.s



8

o
Hi

CO

,
\: o

•
'

1 t 1
1 . o

o o o o o oo o o o o o
CO LA OJ ON VD K\
l-» r-i r-i

•d
a
o
H

•H

-P
CO

•r\

(nx/ss-qotrT ojotw) trxBoiq.g



LA

OJ

OJ

ooooooo
^^ oooooo o

• ooooooo
01 #«««•««««• ^ ««

P •=»- yD 00 C <\l cd- U3
CO H iH rH fHiH
'd
a . -P d 1 1 1 1 t 1 1

o <D •H
Kl M <; pq o PI pjq PR ciJ

M -cf

CQ 05 a <i>

!3 O o !>

O h^ i4= = = = = =
•H ^ v^ pi

U fl-P . o
a O-H
> •h:5p
u O *
o <U CO

<H ^ o

O O -H
o O P
§ -d d
+i o pi

w p rf
•H <H-H
« o am pi
• iH
CQ *^,

•

>
o

/

CJ >
•H EH
cd

f4
+>
CQ

( '•

o
o

s,.p
CO

•H
•d

03

>

a
u
•p
CQ

lA

•rl

P=4

(uT/sa-qoxi-c occoti,!) trx-ejcii.g



10

o

'd

o

•H

-P
CO

kD

ha
•H
(i4

(UT/SS-qO-T OJCOTH) U-CTBur^J-S



11

lines are much farther apart than for smaller loads.

In the bolted connection using a gasket, the plot of

strains against distance shows that the strains are distributed

over a larger area and the maximiim strains are also reduced.

The strains, thus, are distributed more laniformly. The general

nature of the graphs, remains the same,. though changes are less

rapid.

No strain was measured at Location 10, indicating that the

effective area of the bolted connection with a gasket, is not

greater than a circular area of diameter equal to 4.4".

EFFECTIVE AREA

Many effective areas were obtained using the experimentally

determined strains. They were based on:

(1) Maximum strain.

(2) Mean effective strain. ' ' "^"i
''

.

(3) Energy stored in the plates due to compression assuming

linear relationship between the load and the deforma-

tion. -,.'•.

(4) Actual energy stored in the plates as obtained by load-

deformation curves.

Two values for each case were calculated; one without

gasket, the other with a gasket and are 'tabulated below. For

detailed calculations see Appendix 2.
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Effective area and equivalent diameter

Without gasket * . With gasket

Method
:

Area in
sq. in.

; Diameter
\

; in inches ',

Area in
sq. in.

Diameter
1

in inches

1 0.91 l.A-7 1.18 1.58

2 11.8 4-. 00 8.12 5.37

5 . 0.915 1.-4-75 1.116 1.556

4 1.03 1.52 1.07 1.54

The effective area based on Radzimvosky* s equation ^3^ is

A = -^ (D^^-d2)

where D^ = D +
e w

^1 ^ ^2 ^ \

D - diameter of the washer face of the nut.
w

h, . h^ and h are the thicknesses of plates and
. 1' 2 g

the gasket,

d - diameter of the holt shank.

For the case with no gasket, the equivalent diameter;

Dg = 1.5 + •*-

2
"^ =2.5 in.

The effective area; A = 4.12 sq. in.

For the case with a 1/8" thick gasket, the equivalent

diameter;

- D^ = 1.5 + ^ ^ ^+ ^/Q = 2.563 in.

The effective area; A = 4.4 sq. in.



15

SUMMARY AUD RECOmEKDATIONS

The effective area of a bolted connection was dete2?mined

experimentally in order to find which of the five approaches

considered by Bathwal yields results closest to that actually

found in practice.

The strains at various distances in an aliminiim bolted
.

assembly were measured by means of strain gages cemented in

small holes drilled in the plates. Resemblance to a bolted

^joint under load was achieved by applying load on the upper

stud. The strains at various loads were determined.

The effective areas were calculated' by four different

approaches, (1) using maximum strain, (2) using mean effective

strain, (5) using energy method and assuming perfect linear

relationship between load and deformation, and (4) using energy

method and making use of the actual energy stored in the plates

as indicated by the area under load-deformation-curve.

The effective areas obtained by the first, third and foxirth

approaches are quite close to each other. The effective area

obtained by the fourth approach appears to be a reasonable value

as it is based on the actual energy stored in the plates. Thus

it can be concluded that the strain energy approach yields

results that are close to those found in. actual practice.

The effective areas obtained from Radzimvosky's equation

are about four times that determined experimentally. The use

of the larger area in the bolt-load equation

P. = P . + mF .

U X Q
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results in Aacreased bolt-load.

The values of m for areas obtained experimentally and using

Radzimvosky's equation are, 0.655 and 0.522, respectively.

Thus, for an external load of 16,000 lbs., the total load

on bolt is 21,200 lbs. according to Radzimvosky's equation,

though actually it is 26,500 lbs. as found experimentally.

Therefore, a design based on Radzimvoslcy's equation will not be

very safe.

For further work in this area, it is recommended that:

(1) The photoelastic technique may be used to determine

three-dimensional stresses, v/hich should reflect the

true behaviour more accurately.

(2) Experimental investigations may be made using joints

of different material and having different dimensions

and shapes.

(5) Experimental investigations may also be made on the

bolted connections subjected to rapidly varying loads.

(4) This experiment shows that the methods presently used

to determine the effective area of bolted parts are

not satisfactory. On the basis of the results of this

test, it is not possible to develop an emperical

equation.

.

Therefore, it is recommended that further testing be under-

taken with the aim of developing an emperical relation that can

be used in designing bolted connections.
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APPENDIX 2

The effective areas were obtained using the experimentally

determined strains. The strain and area are related by the

equation

g = L (^ ^^
AE

where- $- total deformation of parts parallel to the

line of load applied.

L - length of parts parallel to the line of

load applied.

€ - strain in the line of load applied.

P - load, 16,000 lbs. for 1" bolt.

A - effective cross sectional area of parts.

• E - modulus of elasticity, 12 x 10 psi.

Solving for the area, we have ^ .
•

-.

A= P
CE

The above equation assumes that the strain is uniform over

the area. The graphs of strain vs. distance show that the

strain varies continually with increasing radii. In order to

use the equation, some particular magnitude of strain must be

taken.

(a) Effective area using maximum strain.

yithout basket^ /

Without gasket, the maximum strain of 1470 x 10"^ in./

in. occurred at the center hole. The effective area,

1470 X 10 ° (12 X 10°)
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The equivalent diameter for this area, is

A ^Cd/-i)
or D

/

2 0-91
!

" 0.765^
+ 1

or D^ = 1.47 in.
e '

With gasket .' . .

With gasket, the maximum strain of IIJO x 10"'^ in. /in.

occurred at the center hole. The effective sirea

v-6

A 16,000

1150 X 10"^ (12 X 10^)
= 1.18 sq. in.

The equivalent diameter D = 1.58 in.

(b) Effective area, using mean effective strain. The mean

effective strain can "be determined by finding the

volume of the body, generated by the strain-curve and

dividing it by- the area of the base.

-bx

Fig. 7. Body generated by strain-curve.
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The strain-curve, v;as assumed to be of the exponential

form Y = Ae and the constant A and h were calculated using

the method of least squares on the strain-data obtained for the

16,000 lb. load.

The volxime of the shaded portion, (Fig. 7)

V . 2^^
b2

Without piasket

[e 2
(| ^ 1) _ e-2b ^^^ ^ ^^j _ _K

A = 575^ X 10"^
; b = 2.86

^ ^ 2 n^7^4x IQ-^ rQ^^Q3_ -0.0221 - -5- CWO X 10-^)
2.86"^ ^ J ^

= 1350 X 10"^ cu. in. .

Area of the base = -^{j^- (1/2)^] = 11.8 sq. in.

mean effective strain =
"'"^^ilfs^^

° 112.8 x 10"^

in. /in.

The effective area

. P 16,000 ,, QA = ^ -p = ^ ^— = 11.8 sq. in.^^ (112.8 X 10"^)(12 X 10^)

The equivalent diameter, D = 4 in.

With gasket

The equation for the strain-curve, in this case is

Y = (3467 X 10"^) e'^'^^^ •

The volume of the shaded portion, '

.

'^

V = 2 n (3^67 X 10-^) r,-l-Q8(2.08)-e-^»78^ 3^1 .
2.16"^ "I- •*

A X 1130 X 10"^
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= 2293 X 10"^ cu. in.

The base area = X(2.175^ - -5^)

= 1^ sq. in.
—6

The mean effective strain = ^^^^^^ "^^
= 164 x 10"^ in. /in.

The effective area A = -^^^9°^
z- = 8-12 sq. in.

(164 X 10"'^)(12 X 10*^)

The equivalent diameter De = 3.37 in*

(c) Effective area, using energy method assuming perfect

linear relationship between load and deformation.

Without p;asket

The relation between the total load on the bolt and

the external load is given by Paires f^l .

,
F^ = F^ + mPg ^ Eq. (A)

• (-^
where m = / l\ f^L \ ^^* ^^^

V^/b^l^H/a

Subscript a, refers to aluminum plates and b, refers

to bolt. -

P^ - total load on the bolt.

P^ - initial tightening load. '

, P^ - external load. . '! . .-

At the point of opening of the connection P. = P .
t e

The expression for initial tightening load as given by

Kimball and Barr ^5 j is

Pj_ = 16,000 D

where D is the diameter of the bolt-shank.
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For 1" bolt; F^ = 16,000 lbs.

The relation betvjeen F and F. is expressed by
O a. —

•^o <>i i-'c

-i Oi

where F - external load at the point of opening of

the Qoint.

£. - initial elongation of the bolt.

C - corresponding compressive deformation of

the bolted members.

h— ^t
tension

on point of
A opening

Compression

Fig. 8. Load-deformation curve for a
bolted connection.
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The initial elongation of the bolt

^i
= PL

,
. 16,000 2c 2 ^ -,,.., .. ,Q-6

^ .785^ X 30 X 10^

^c
= 2 X 1470 X 10"^ = 29^0 X 10"^

^0 (1559 + 2940)10"^
16,000

1359 X 10"^

i-Q = 50,550 lbs. = Fg

Substituting the values, in equation (A)

50,550 = 16,000 + m(50,550)

or m =0»683.

By substituting the following values

L = 2"

A|^ = C.7854 sq. in.

E^ = 30 X 10^ psi.

E^ = 12 X 10^ psia.
SI

In equation (B), the effective area of bolted members is

A = 0.913 sq. in.

The equivalent diameter for this area

Dg = 1.475 in.

With Kasket

8^ = 1359 X 10"^

-6
2260 X 10

6g = 221 X 10 (determined experimentally)

P^ . 16.000 {-^i-lAJl-Sfi.

I
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= ^^'°Q°
\l'.00llll j

= 503,000 lbs.

Thus the bolt load equation is

503,000 = 16,000 + m( 303, 000)

m =0.9^7.

But

^ _ (nay a ^ ylE") k ^^ ,p>,

l^Hiere suffixes a, g, and b refer to aluminxim, gasket and

bolt respectively. , ... -

The modulus of elasticity E, for gasket was calculated by

comparing the deformations of aluminxim plates and the gasket

\ AE / a _ 0.00226 . .

JPL_\ 0.0221
S(ae)

Cancelling P and A for aluminum and gasket (as they are

same for both), and substituting other values, we have

.E = 76,600 psi.
o

Substituting the values in Equation (C) we have,

2
, 1/8 •

•

n Q/, o _ A X 12 X 10^ Ax 0.0766 x 10^
" 2.123 ^

,

2 1/8

.785^ X 30 X 10° A X 12 X 10^ A x 0.0766 x 10^

or effective area, A = 1.116 sq. in. and the equivalent diameter,

Dg = 1.556.'

(d) Effective area using energy method and making use of

the actual energy stored as represented in load-

deformation graph.
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Without gasket

The total energy in the aluminxim plates \inder com-

pression is given "by the area under the load-deformation

curve, ?ig. 4.

Total energy in the two plates = 2 x area under the

curve.

= 2 X (69.2)(150 X 10"^ x 1,000)

= 20.7 in lbs.

The effective area and the total energy in a plate under com-

pression, are related by the expression.'

2
Total energy, U = |^
or effective area, ^2y

2UE

^ 16,000 X 2

2 X 20.7 X (12 X 10^)

= 1.03 sq. in.

The equivalent diameter '
*

Dg = 1.52 in. > .;
•

With gaske-t

The total energy in the two plates and the gasket is

and also, the total energy in the plates and the gasket is

= 1/2 PS

where S= ( S^ *" Sg)» "tbe sum of deformations of the

plates and the gasket.
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Or = 1/2 X 16,000 (.00226 + .0221)

= 19^.88 in lbs.

Substituting these values in Eq. (D), we get

iQa ftft - (16,000)^ X 2 ^ (16,000)^ 1/8

2 X A X 12 X 10 '

or th.e effective area, A = 1.0? sq. in.

and the equivalent diameter, D = 1.5^ in.
6

/
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APPENDIX 3 '

The bonded wire strain gage 2C r:.sists of a long fine

(.001" dia) wire sandwiched and cemented between two pieces of

thin paper. The strain gage used in this experiment was that

of "flat grid configuration, Pig. ^. The filament of the gage

is made of "Advance" wire and the mounting material is paper

impregnated with nitro-cellulose cement. '
'

v
r>, /-N f~N

u U u

/

Pig. 9. Plat grid tj^pe 3E-.4 bonded gage.

Lord Kelvin discovered that certain metal wires exhibited

a change of electrical resistance with change in strain. When

the strain gage is intimately bonded to a test piece, the

strains in the surface are transmitted via the bonding agent

and paper to the fine wire grid. As a result of this, the wire

is deformed to the same extent as the surface of the part under

test. This deformation in v/ire changes its electrical resist-

ance v;hich is measured by strain indicators.
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Cementing technique

The cementing technique used was essentially that described

in the "Manual of experimental stress analysis techniques" j^S*]

and the "Instruction bulletin" of the Budd Company £7|. However

some details are mentioned below.

1. Surface preparation

(1) The holes were reamed to insure smoothness.

(2) Removed all traces of grease by degreasing it with a

solution of trichloroethylene.

(3) Wiped gage area v;ith a cotton bud saturated with

acetone.

(4) Dried the area, before cementing the gage.

2. Soldering; leads

(1) Scraped the enamel coating of the thin insulated lead

wires and tinned the tips.

(2) The tips of the strain gage leads were also tinned.

(3) Soldered the lead v/ires to the strain gage leads.

(4) Put a narrow strip of scotch tape, 4" long, on the

strain gage and the lead wire so that the gage was in

the middle.

3. Cementing

(1) Held the plate vertically in a vise.

(2) Smeared a drop of the catalyst on the back side of

the gage and dried it.

(5) Inserted the scotch tape into the hole and held it

tight.
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(4) Put a drop of cement on the side of the hole.

(5) Pressed the scotch tape down on the cement and main-

tained small steady pressure on the gage by means of

thin cotton buds. '

- .

(6) Allowed two hours for drying.

Recording strains "by means of strain indicator

The BHH t3rpe-20 strain gage indicator was used for meas-

uring strains. The procedure followed was that described in

"Instruction Manual," of Baldwin-Lima-Hamilton Corporation 8 .

The wiring connections of switching and balancing unit is

similar to the wheatstone-bridge-system. The strain gage was

connected in one arm of the bridge, the corresponding parallel

arm, contained the compensating gage. The ten strain-gages

used, had a common compensating gage. Each gage-circuit was

balanced before any load was applied. For each load, each

gage-circuit was rebalanced and the strain readings recorded.

Description of the test rims - '

The first test run was conducted without gasket. The test

pieces were mounted in the compression testing machine. Leads

of the active strain gages, cemented in the 1/4" holes No. 1, 2,

3 10, were connected to the "Active" terminals of the 1, 2,

3 10, circuits of the switching and balancing unit. A

common compensating gage was stuck (quite close to the edge) to

the upper plate and its leads we::e connected to the "Compensating
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gage" terminals of the first circuit of the switching and bal-

ancing unit. The digital coxinter reading was adjusted to zero

by turning the R-H Knob. The pointer of "Add to Reading"

switch, was kept at 30, COO. The channel selector pointer, was

placed on 1 circuit. As the indicate: switch was put on, the

null-meter pointer shifted from the central mark. It was

brought to central mark by adjusting the knob of the potenti-

ometer of the first circuit. The same procedure was repeated

for each circuit. A load of ^,000 lbs. was applied to the

studs. The strain developed in the strain gage, caused the

null-meter-pointer to shift from its central position. It was

brought back to its origii-al position by turning the digital

counter knob. The corresponding reading on "Add to Reading"

switch and digital counter, was recorded which denoted the

strain at that particular location for that load. Similarly,

the readings for other gages, were also recorded. Next, the

load was increased to 6,000 lbs. and the corresponding readings

were noted do;vn. This practice was repeated for loads up to

15,000 lbs.

The second test-run was conducted wi"ch a 1/8" thick syn-

thetic hard rubber gasket in between the two plates. The same

procedure was followed.
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A nunber of approaches have been made for analyzing a

bolted connection. The latest approach is that given by

Radzimvoslcy. He developed ^.n equation assuming all the parts

to be elastic, which reflects the true situation fairly well.

t i e • •

n

K = - i (-Ai-)n P^^"^'

n

(-Ai-)n P^^*^ ^ (-li-)

where F. = total load

F. = initial load

F^ = external load,
e

In the expression for K, all terms, except area of the

parts, are defined clearly. He gives the expression for the

effective area of parts,

h-, + ho +....+ h
where D^ = D + — -- '^ ^

e w 2

D - diameter of the washer face of the bolt

d - diajneter of the bolt-shank

h^, h^ .... h , are the thicknesses of the bolted

parts.

S. Bath\'/al determined the effective area of parts by five

different approaches but no two results were within reasonable

agreement with each other. Therefore, an' experimental investi-

gation was made to find, which of the approaches yields result



close to that actually found in practice. This report presents

the findings of the investigation.

Four effective areas, ^^rere calculated on the basis of the

strain-measurement. They were based on the following:

(1) Maximvun strain

(2) Mean effective strain

(3) Assuming linear relation between load and the defor-

mation of the bolted parts

(4) The actual energy stored in bolted parts during

compression.

The results obtained are tabulated below.

Method

Effective area
based on experimental

investigation
(without gasket)

in sq. in.

Effective area
as calculated by

Radzimvosky's equation
in sq. in.

1

2

3

4

0.91

11.8

0.915

1.03

4.12

4.12

4.12

4.12

Thus, it is seen that the effective area, based on

Radzimvosky' s equation is about four times larger than that

fo'wnd actually. Therefore, the use of Radzimvosky' s equation

tends to give a less safe design.

Similar results were obtained when a gasket was inserted

between the plates.


