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A. Purpose o£ Investigation

The design o£ bolted connections in cold-£o~ed steel structures

is based on the present AISI Specification £or the Design of Cold-Formed

1Steel Structural Members. Prior to the development of the design

2criteria, bolted connections were tested at University of Michigan in

the 1940's and then at Cornell University3,4 in the 1950's. The present

design provisions were developed primarily on the basis of the tests

conducted by George Winter and his associates at Cornell University.

Additional tests were recently made by Popowich5 on multi-bolt connec

6tions and by Dhalla on connections with low ductility steels. In these

tests, the specimens were tightened to specified torques, and washers

were placed under the head and nut of each bolt.

During recent years, bolted connections without washers have often

been used in numerous instances. In some cases, the washers were used

in the connections, but the bolts may not have been tightened according

to the torques previously used in the Cornell tests. In order to study

the effect of washers on connection strengths, Chong and Matlock7 have

conducted connection tests with and without washers. It was found that

the bearing strengths of the connections were reduced considerably when

the washers were eliminated. In addition, the parameters used by Chong

and Matlock for evaluation of the tensile strength of bolted connections

were slightly different from those used in the AISI Specification.

It is the purpose of this investigation to review the available test

data first and then to study the applicability of the present design formulas

to the connections that do not have washers and/or have improper torques.

1
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Thin sheets will be used to make an additional study of the connection

strength affected by the pretension of bolts and the behavior of bolted

connections. In the study carried out to date, additional parameters,

such as dlt and F IF ratios, have been considered for the evaluation
u y

of the connection strength.

B. Scope of Investigation

The present research project consists of an investigation of the

structural behavior of bolted connections, a review of the current

design criteria, and the conduct of additional tests to provide

new design information if necessary. The following items have been

20planned for inclusion in this study:

1) Analysis of available data

2) Effect of torque or pretension in bolts on bearing strength

3) Tensile strength of connections

4) Effect of dlt ratio on bearing strength, longitudinal

shearing strength,and tensile strength of steel sheets

5) Difference between single shear and double shear conditions.

In order to achieve the objectives of the investigation, the planned

20research work includes the following three phases:

1) Analysis of available data

2) Analytical and experimental investigation

3) Preparation of recommendations

Phase 1 of the investigation was initiated in february 1976. It was

carried out by Randall L. Mosby, Research Assistant, and directed by

Dr. Wei-Wen Yu, Professor of Civil Engineering at the University of

Missouri-Rolla. Phases 2 and 3 will be conducted in future studies.
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This progress report contains the results obtained from the

analysis of the available data. It also includes the plans for future

analytical and experimental investigations.

The research project was sponsored by American Iron and Steel

Institute. The technical guidance provided by the AISI Task Group

on Bolted Connections (L.W. Ife, T.J. Jones, R.B. Matlock,

and D.S. Wolford, members) and the AISI Staff (A.L. Johnson and

D.P. Cassidy) is gratefully acknowledged. Thanks are also due to

J.H. Senne, Chairman of the Department of Civil Engineering,for his

advice. Acknowledgment is also due to E.B. Gibson, past Chairman of

the AlSI Task Group, for his technical guidance.
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II. ANALYSES OF AVAILABLE DATA

3 4From the Cornell investigation, Winter' observed that there are

four distinct types of failure modes in bolted connections:

TYPE I

TYPE II

TYPE III -

TYPE IV

Longitudinal shearing of the steel sheet along two

practically parallel planes whose distance of separation

equals the bolt diameter.

Shearing-tearing along two distinctly inclined planes

accompanied by a considerable "piling-up" of the material

in front of the bolt, or bearing failure.

Transverse tension-tearing across the sheet.

Shearing of the bolt.

In order to provide the needed additional information on the strength

of bolted connections,as discussed in Article I.A., these four types

of failure have been reviewed in detail.

During the review and evaluation of the available data, due consider-

ation was given to the following factors that may affect the load

carrying capacities of bolted connections: 20

a. Torques or pretension used in installation of bolts

b. Ratios of e/d, d/s,and d/t

c. Use of washers

d. Single and double shear conditions

e. Number of rows perpendicular and/or parallel to the line of

stress

f. Ductility of material or the effect of F /F
u y

In the above listed factors, all symbols are defined as follows:

e • edge distance, in.

d • diameter of the bolt, in.
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s = spacing of bolts normal to the direction of force - for a single bolt,

it is the full width of connected sheet, in.

t = thickness of connected sheet, in.

F = ultimate tensile stress of sheet, ksi
u

F = yield point of steel, sheet, ksi
y

A. Ductility of Material

Ductility is the ability of a material to undergo plastic deforma-

tion without fracture. It can be measured by the permanent elongation

of a tensile specimen after fracturp.. This property enables the

steel to redistribute the stress when a certain part of the member

yields locally.

. 6 12 13Based on his study conducted at Cornell Universl.ty, Dhalla' ,

indicated that the structural strength of a bolted connection is one of

the most critical problems for low-ductility steels. For the design

of bolted connections, the present AISIl Specification states in Section

4.5 that if the ratio of tensile strength to yield point is less than

1.35, a stress equal to the minimum tensile strength of the material

divided by 1.35 shall be used instead of F. This is an additionaly

provision concerning the ductility of the steel to maintain a minimum

safety factor of 2.2.

On the basis of Dhalla's findings, Liu14 showed that the results

of bearing tests involving both high-ductility and low ductility steels

can be predicted by a single formula if a proper ductility factor is

used. This factor can be determined as follows:

for F IF > 1.35
u Y (1)



(b) CZ=1.43 (f If )-0.93 ~ 0.643, for
u y

1,05 < f If < 1.35.
u y

(Z)

6

Table 1 contains the test results obtained by Dhalla6• The results involve both

high-ductility and low-ductility steels, and the F IF ratios range
u y

from 1,57 to 1.04. These data are plotted in Figures 1, Z, and 3 for

different tensile strength to yield point ratios. In order to show

the effectiveness of the ductility factor, Dhalla's data have been

replotted in figure 4. By using CZ' as determined by Equation (1)

and (2), good correlation can be found between Winters tests on high-

ductility steels and Dhalla's tests on low-ductility steels.

B, Bearing: Strength

1. General

8 9 10 11 3 4Based on the tests performed at Cornell," J Winter' concluded

that when the edge distance of a bolt connection is relatively large

a type of failure by bearing will control the load carrying capacity

of the connection. Test re8ults indicate that when the eld ratio equals

or exceeds 3.5 the bearing stress can be conservatively determined by

Eq. (3):

(3)

where 0b = ultimate bearing stress, ksi.

IThe AISI design equation for allowable bearing stress for thin,

cold-formed steels is derived from Eq. (3) by applying a safety factor

of 2.33, Le.,

F == 2.1 F
p Y

(4)
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where F = allowable beartng stress t kai.
p

As previously discussed in Sectton II.A' t the ductiltty of steel

is an important parameter for the bearing strength of a bolted

14connection. From the study made by Liu, the following modtfied

equations can be used to determine the ultimate and allowable bearing

stresses for any type of steel:

F = 2.1 C F*
P 2 Y

(5)

(6)

The factor C2 can be determined by Eqs. (1) and (2)twhichever is

applicable.

2. Torque Used in Installation

The present design provisions governing the bearing strength of a

b 1 d i b d th 1 f d t C 118,9,10,11o te connect on are ase on e ear y tests per orme a orne ,

for which all the bolts were torqued to the specified values. The

torques used for ordinary A307 bolts are given in Table 13. Table 14

is a list of the torques used for high strength A325 bolts. The

additional research of Popowich5 , Dha11a6 , and Chong and Mat1ock7 ,

is also based on these torques.

In the investigation of Liu14 , the torques used for the high strength

bolts were the same as those used for the A307 ordinary bolts. This was done

in a hope that the high-strength bolts would behave in the same was as ordin-

ary bolts insofar as the bearing capacity between the connected part and

bolt was concerned. Even though no specific conclusion was drawn for

the effect of low values on bearing strength, satisfactory results nave

been obtained by using the specified minimum torques.

*Recommended in Ref. 22.
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Because the effect of torques on the bearing strength of bolted

connections has not been fully studied in the past, further investiga-

tion should be carried out in this area.

Recently, there have been indications that the minimum torque

requirements do not guarantee the proper tension in the bolts.

Consequently, the test data often show inconsistent results. In

view of the fact that the method of installation of high strength

bolts for thick hot-rolled shapes cannot be directly used for thin,

cold-formed sections due to the differences in grip length and size

of bolts, a new method of installation should be developed.

3. Effect of e/d Ratio

As mentioned in the previous section, when the e/d ratio is

equal to or greater than 3.5 the strength of connection is

limited by the bearing capacity determined by Eq. (5). Test

results indicate that when the e/d ratio is less than 3.5 longitudinal

shearing of the steel sheets will occur. This type of shearing failure

is discussed in Section II.C.

The present AISI design equation for the determination of the

bearing stress applies to both single and double shear connections.

In order to verify the use of Eq. (5) to both types of connections,

8 9 10 11 6. 14test data obtained from Cornell " , , Dhalla , L1U, and Chong

7and Matlock have been analyzed and are given in Tables 2, 3, and 4.

A graph of 0b/C2Fy vs. e/d, which has been constructed with these data,

is shown in Fig. 5 •

. It can be seen that when e/d is equal to 3.5, the experimental

values of 0b/C2Fy for both single and double shear connections can be
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predicted by Eq.(5). For larger e/d ratios, Eq. (5) provides a better

prediction of 0b/C2Fy for single shear connections than double shear con-

nections. The double shear condition gives a more conservative

result on bearing strength.

beIt should noted that by using the ductility factor C2 '

determined by Eqs. (1) and (2), Eq. (5) can be generalized for both

high-and-1ow-ductility steels.

4. Effect of d/t Ratio

The present design equation for bearing stress has been developed

for e/d ~ 3.5. Since the diameter of the bolt to the thickness of the

material ratio, d/t, is much larger for cold-formed steel connections

than hot-rolled shapes, it was believed that the d/t ratio might affect

the bearing strength of the connection. In order to study the effect

of the d/t ratio on the bearing strength, the test data obtained from

6-11 14previous work ' were analyzed and are listed in

Tables 2, 3,and 4 of Appendix B. Thes~ results of tests were obtained

from specimens with e/d ratios greater than 3.5 that failed either

in bearing or a combination of bearing and other type of failure.

For single shear connections, the ratio of bearing stress at failure

to yield point, 0b/C2Fy' has been plotted versus d/t as shown in Fig. 6.

From a least squares analysis, the following equation was obtained:

(7)

From Eq. (7)it can be seen that as the d/t ratio increases there is a

slight increase in the bearing stress. However, for double shear

connections, Eq. (8) shows that the bearing stress d~cr~aH~~
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slightly as the d/t ratio increases;

(8)

Even though Eqs. (7) and (8) may be used to predict the changes

in the bearing stress for the increase of d/t, the effect of d/t is

considered to be relatively small. It should be noted that in the region

of 9 S d/t S 15 only a ltmited amount of data are available for a

detailed study. It appears that further investigation might be needed

for this region of d/t ratio.

For single shear connections without washers, no significant

effect was noted on the bearing stress for various d/t ratios as shown

in Fig. 8.

5. Effect of Washers

The present design provisions for the bearing stress of bolt

connections in cold-formed steel design are based on the tests performed

at Cornell on specimens with washers both under bolt head and nut. In

order to study the effect of washers on bearing strength of connections,

Chong and Matlock] conducted a study of bolted connections without

washers, for which the maximum bearing stress at failure was found

to be about 45% less than those with washers. Consequently, Eq. (9)

was proposed in Ref. 7 for the prediction of the ultimate bearing stress

of connections without washers;

(9)

It should be noted that for connections without washers a

bearing type of failure will occur for small e/d ratios as compared to

the connections with washers.
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If one considers the effect of ductility on bearing strength of bolted

connections, Eq. (9) may be modified by using the C2 factor as shown

in Eq. (10);

(10)

The correlations of the tested bearing strengths and the predicted

values on the basis of Eq. (10) are shown graphically in Fig. 9.

Table 4 gives the mean value and standard deviation of the ratios

between the computed and tested results.

By using a safety factor of 2.3, the allowable bearing stress for

bolted connections without washers can be determined as follows:

F = 1.5 e2F for e/d > 2.5*
p Y

6. Tentative Recommendations

(11)

6As stated earlier, Dhalla has indicated that the ductility of

the steel affects the strength of a bolted connection particularly for

bearing capacity. It appears that the present design equation for the

determination of bearing stress may be modified by using the C2 factor

as shown in Eq8. (6) and (11) for bolted connections with and without

washers, respectively.

A review of the available data indicates that the effect of torque

on the bearing strength of bolted connections has not been fully

investigated. A study of the effect of torque or pretension in bolts

may include the following conditions, which were proposed in Reference 20:

a. No torque or pretension in bolts

b. With the same pretension in bolts as specified by the Research

Council on RD7eted and Bolted Structural Joints (Table 15 )

*Recommended in Ref. 22.
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c. With the same torque used in the previous Cornell Tests

(Table 12)

The test data obtained from Case (c) above will be compared with those

obtained from Cases (a) and (b).

It has been shown from the available data that the d/t ratio has

little effect on the bearing strength. However, further study appears

to be needed in the region of d/t ratios from 9.0 to 15.0.

Based on their investigation of bolted connections without washers,

7Chong and Matlock concluded that the bearing strength is actually

45% less than that for connections with washers. However, if the

ductility of steel is considered, the bearing strength is found to be

29% less than that with washers. It should also be noted that

the test specimens used by Chong and Matlock consisted of single shear

connections only. Further study should be conducted for both single

and double shear connections without washers and for connections using

steel sheets thinner than 0.036 in.

C. Longitudinal Shearing Strength of Steel Sheets

1. General

As discussed in the preceding section, if the edge distance in line

of stress is insufficient, longitudinal shearing of the connected sheets

will occur along two practically parallel planes. Based on his

research work, Winter concluded that when the e/d ratio is less than

about 3.5, the bearing stress to yield point ratio increases with the

increasing e/d. It can conservatively be represented by the following

straight line equation:

(12)
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By inserting ~b = P Idt into Eq. (12), (p being the failure load, per
u u

belt), the nomi~al shear stress in the two failure planes can be

determined by Eq. (13):

• = P 12te = 0.7 f .s u y
(13)

By applying the ductility constant C2 as determined by Eqs. (1) and

(2), the following modified equation can be used to predict the shear

strength of a bolted connection:

T = 0.7 C2F for eld < 3.5.s y

2. Torque Used in Installation

(14)

As mentioned in S.ection II.B.2, in the majority of the tests performed

on bolted connections, A307 and A325 bolts that have been torqued to the

specified values have been used. The exact effect of torque on the

bearing strength is a specific area of needed research. It has been

shown by Winter that for connections with eld ratios less than 3.5

a shearing type of failure will occur if washers are used under both

head and nut, This conclusion is based on the results of tests for

which the bolts were torqued to the specified values as given in

Tables 13 and 14.

When bolted connections with eld ratios less than 3.5 and bolts with

torques that satisfy the specified values are used, a shear type of

failure may be prevented because the friction between the connected sheets

is increased and causes a larger failure load.

Because there is not sufficient data concerning the effects of

torque on the shearing strength of steel sheets of a bolted connection,

further tests are needed in this area,
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3. Effect of e/d Ratio

As pointed out in Section lI.e.l, Eqs. (12) and (14) are valid

only when e/d does not exceed 3.5. Within this range, the structural

strength of the bolted connection is governed by a longitudinal

shearing type of failure.

In the AISI Specification, Equations (12) and (14) are presently

used for both single and double shear connections. In order to deter-

mine the possible differences between these two types of connections,

th t t d b · d f . i . i 6-11,14 h be es ata 0 tal,ne rom prevl,ous nvest1gat ons ave een

analyzed and are given in Tables 5, 6,and 7. These data deal with the

specimens that have· failedin longitudinal shearing of the sheets with

e{d ratios less than 3.5.

Figures 10 and 11 show the correlation between the test data and

the predicted values for single and double shear connections,

respectively. Because the ductility factor,C 2,is used in the ratio of

bearing stress to yield point, both high~and 10w-ductility steels

can be combined in the same graph.

It can be seen from Figs. 10 and 11 that most of the test data

for both single and double shear connections is on the conservative

side of that predicted by Eq. (12). There is no major difference

for the two types of connections.

4. Effect of d!t Ratio

As mentioned in Article Il.B.3, there is a question concerning

the effect of the d/t ratio on the bearing strength of a bolted

connection. From the studies made on bearing strength, it has been found

that for connections with e{d ratios larger than 3.5, the effect of d{t
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is negligible. However, further investigation may be needed for

connections with d/t ratios from 9 to 15.

In order to study the effect of d/t on connections with e/d ratios

. 6-11 14less than 3.5, the ava1lable data ' have been analyzed and are

given in Tables 5, 6,and 7. In Figs. 12 through 15, the tested data

have been plotted separately according to the single or double shear

type of connections and to the actual value of the e/d ratios.

For the single shear connections with e/d equal to 1.5, it can be

seen from Fig. 12 that the actual bearing stress at the failure load resulting

from the shearing strength of the steel sheets is not affected by the

d/t ratios. But,for the double shear connections with the same e/d ratio

of 1.5, there is a slight increase in the bearing stress for an increase

in the d/t ratio as shown in Fig. 13. The effect of d/t can be described

by the following equation:

(15)

When the e/d ratio is increased to 2.5,it can be seen from Fig. 14 that

the d/t ratio does not affect the bearing stress in single shear

connections. However, for the double shear connections with the same

e/d ratio, test data show a slight decrease in the bearing stress for

increasing d/t. See Fig. 15. The following equation can be used

to determine the effect of d/t ratio on bearing stress, 0b:

= 4.22 -0.04 d/t. (16)
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5. Effect of Washers

The present equation used for the determination of the shearing strength

of steel sheets of a bolted connection is based on the test specimens that

have had washers placed under both the heads and nuts of the bolts. From Chong and

7Matlock's study on bolted connections without washers, it has been

found that the shear stress in steel sheets·at failure is less than

that for connections with washers. Consequently, for bolted connections

with e{d ratios less than 2.5, the bearing stress can be determined

as follows:

(17)

Because g,b = Pu/dt, then at failure the shear stress in the two parallel

planes of the steel sheets is

p
u

1"s = 2te = 0.54 Fy ' (18)

The above equation indicates a 23% reduction in shear strength when

washers are not used.

Considering the actual ductility of steel, Eq. (17) may be modified

by using a factor C2 as follows:

= 1.4 (e/d). (19)

The comparisons of the test results and the predicted values are shown

in Fig. 16. Based on Eq. (19) and a factor of safety of 2.3, the

following design equation can be used for the determination of the

minimum edge distance in lieu of stress when e/d < 2.5:

(20)
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6. Tentative Recommendations

As a result of the difference in ductility of various types of steels, the

AISI requirement for the minimum spacing and edge distance of a bolted

connection can be modified by using the ductility factor,C2, as

discussed in Sections ~~.A and II.C.(S). Therefore, the clear

distance between bolts and the distance from the center of any bolt

to the end of the connection member toward which the pressure of

the bolt is directed shall not be less than 1 1/2 d nor less than

emin determined by Eq. (20),

Because most of the previous studies on the longitudinal shear

st~ength bf bolted connections have been performed on specimens

that have been torqued to the same specified values, it appears that

additional tests in which various amounts of torques are used should be conducted

on bolted connections. In addition, connections with bolts pre-

tensioned to the values specified by the Research Council on Riveted

and Bolted Structural Joints (Table 15) should be investigated.

Further study is needed for bolted connections without washers

to conform to Eq. (19).

D. Tensile Strength

1. General

In the design of hot-rolled steel shapes,it is a general practice

to assume that the average stress on the net section of a tension

member can reach the yield point of steel. This assumption is based

on the fact that the effect of stress concentrations at bolt holes

is rendered insignificant by plastic stress redistribution. From the

3 4results of the Cornell investigation, Winter' concluded that fOJ::

test specimens failed by tearing in the net section the complete



18

disregard of stress concentrations is not warranted for bolted

connections in cold-formed steel construction. He pointed out

that the dis ratio has a decided influence on the

failure stress. For the condition of one bolt in the line of stress, the

tension stress at failure can be represented by

(21)

The above equation indicates that when the dis ratio exceeds 0.30

plastic redistribution eliminates completely the effect of stress

concentration in the same manner as hot-rolled sections.

5A recent study conducted at Cornell by Popowich has shown that

the sharp stress concentration can be much relieved when more than

one bolt in line is used. As a result, the failure in the net section

for two-bolt and three-bolt tests occurred at a much higher stress than

for single bolt connections. As a general design criterion, the

following formula has been developed to predict the failure stress

in the net section for single and multibolt connections:

(J = [1 .. 0.9 r + 3 r (dis)} F < F
~t u u

(22)

where (J = failure stress in net sectionnet

r = force transmitted by the bolt or bolts at the section

considered, divided by the force in the member at that

section

From Eq. (22), it can be seen that when r is equal to 1.0 the same

equation CEq. (21» developed by Winter can be obtained.

1The present AISI Specification states that "the tension stress

on the net section of a bolted connection shall not exceed 0.6 F nor
y

shall it exceed



(1.0 - 0.9 r + 3 rd{s) 0.6 ~
Y

(23)
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It should be noted that Eqs. (21)to (23) apply to both single and

double shear connections. Equations (21) . to (23) are based on single shear

tests only. It appears that additional tests may be needed for double

shear. multibolt connections so that these two equations can be

verified for both types of connections.

2. Effect of Ductility

The effect of the ductility of steel on the structural strength of

bolted connections was discussed in Section II,A. X~dified equations

were given for the determination of the bearing stress and the longitudinal

6shear strength of steel sheets. Based on his recent study .Dha1la

concluded that the ultimate tensile strength is not affected by the

ductility of the steel,

Equations (21) and (22) are based on the specified tensile strength

to yield point ratios equal to or greater than 1.35. When the ratio

is less than 1.35. the present AISI Specification requires that a

stress equal to the specified minimum tensile strength divided by 1.35

be used instead of f in the design formulas.
y

From the tests conducted at Cornell, Winter15 concluded that the load

at which tearing occurs correlates batter with the tensile strength than

with the yield point of the steel. By letting F = F /1.35,Eq. (23)
Y u

can be written in terms of the tensile strength of the steel as follows:

(1.0 - 0.9 r + 3 rd{s)0.44 F •
u

(24)

Equation (24) allows one to determine the allowable tensile stress on the

net section of a bolted connection on the basis of the ultimate strength

of the steel sheets.
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3. Effect of dis Ratio

As mentioned in Section 11.0.1, the tensile strength of a bolted

connection is dependent upon the dis ratio, F
d

and the number of bolts

in the line of the load and can be predicted by Eq. (22). Even though

some of Winter's tests with low dis ratios showed the net stresses in

excess of F , the ultimate tensile strength of steel sheets has been
u

regarded as an upper limit for Eq. (22).

When a bolted connection is composed of only one bolt in the line

of stress, Eq. (22) can be simplified to Eq. (21). The results of the

Cornell tests for both single and double shear connections that failed

by tearing across the net section are given in Tables 8 through 12.

Figures 17 and 18 are plots of cr tlF vs. dis for single shear connectionsne u

with high~ and low-ductility steels,respecitvely. From Fig. 19, which is

a combination of Figs. 17 and 18, it can be seen that Eq. (21) gives a

good prediction of the tensile strength of single shear connections

composed of high~ and low-ductility steels. It can be concluded that the

ductility has little effect on the tensile strength of a single shear

connection.

Figures 20 and 21 are plots of cr tlF vs. dis for double shearne u

connections with high- and low-ductility steels, respectively. If Figs.

20 and 21 are combined as shown in Fig. 22, it can be seen that for

double shear connections Eq. (2l)gives a conservative prediction of the

test results. Again it can be concluded that the ductility has little

effect on the tensile strength of a bolted connection.

Figure 23 is a plot of cr .t/F vs. dis for multibolt connectionsne u
5based on the data obtained by Popowich. Details of the results are given in

Table 12. Equation (22) is shown for r = 1, 1/2, and 1/3. It can be
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seen that when r = 1/2 and 1/3, Eq. (22) gives a conservative prediction

of the test results. As mentioned earlier, the data shown in Fig. 22 are

for single shear connections only. Additional tests may be needed

for double shear connections that are governed by tensile strength.

4. Effect ofdlt Ratio

The present AISI equation for determining the tensile strength

of a bolted connection is dependent upon the dhnensional parameters d and

s. An investigation, similar to studies of bearing and shear strengths

made in Sections II.B.3 and II.C.3,

ratio on the tensile strength.

was made on the effect of the dlt

Test data obtained from the Cornell tests have been studied and

are presented in Tables 8 through 12. In order to determine the effect

of the dlt ratio on the tensile strength, the nondimensional ratios

of (a t) l/(a)t t are plotted against dlt in Figs. 24 to 26 forne ca n es

the same dIs ratios. These data are separated according to single and

double shear connections that have multibolt conditions. From these

figures,it can be seen that the dlt ratio has no significant effect

on the tensile strength of bolted connections. It appears that a

further study of the combination of dlt greater than 10.0 and dIs less

than 0.15 is desirable.

5. Effect of Washers

The present equation for the tensile strength of a bolted connection

is based on tests in which washers were used under both the heads and nuts

Chong and Matlock, who studied the bolted connections without washers,

developed the following equation for the tensile strength in

net section:



cr =[0.6 -0.66 ~ + 2.92 (d/s)] ~ < ~ •net u - u (25)
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The above equation indicates that the tensile strength of the

net section depends on the pa~ameters "r" and "dIs". However, Eq. (22)

developed by Winter for bolted connections with washers depends on

the parameters rand rd/s. ~or this reason, further study will be made

in this project to determine the appropriate parameters to be used in

the prediction of tensile strength.

6. Tentative Recommendations

The preceding discussion indicates that Eq. (22) may be used for

the determination of the tensile strength of a bolted connection. This

equation uses the tensile strength of the steel rather than the

yield point •

As a result of the different parameters involved in Eqs. (22) and (25)

for connections with and without washers, respectively, further research

will be conducted in this area.

E. Shearing Strength of Bolts

The shearing strength of bolts depends on the mechanical properties

of the bolt, the number of shear planes, joint length, pretension

in bolts, surface condition between connected parts, hole clearance, and

the type of loading condition. Numerous double and single shear tests

have been conducted at Cornell University to study the type of failure in which

shearing of the bolt for light gage steel bolted connections occurs. On

the basis of an investigation of the shear strength of connections for which

ordinary bolts were used, Winter concluded that the maximum shear capacity of bolt

correlates better with the tensile strength than with the yield point

of the bolt material. The shear stress at failure on the root area
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can be determined by the following equation for single shear

connections:

'tb = 0.12 F •
ub

For double shear connections, the shear stress is

(26)

(27)

where F~ is the u1ttmate tensile strength of the bolt. The higher shear

stress for the single shear tests is believed to be due to two reasons:

(1) Because of the bending and warping of the sheet, the bolt develops

an oblique position,which results in a decrease of the shear stress on

the normal section, with a simultaneous occurrence of tension. Because

steel is stronger in tension than in shear,there is an increase in bolt

resistance. (2) Although the failures of double shear tests occur

in two parallel shear planes, the planes are so close to each other

that some mutual weakening is conceivable for light gage steel.

Because shear failures of bolts are more sudden than those for

sheets, Winter has suggested the following conservative equation for

both single and double shear connections:

(28)

Additional tests were also conducted at Cornell on light gage

steel connections with high-strength bolts. From this study, Winter4

concluded that the equations developed from the corrections with

ordinary bolts also apply to connections for which high-strength bolts are used.

By using high strength bolts,the required number of bolts can be

reduced,and the slip at design loads can be eliminated.
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In the AISI Specification, the allowable shear stress on the

gross sectional area of the bolt cannot

1) For ASTM AJ07 bolts,

F = 10 ksi.v

2) For ASTM A325 bolts,

exceed the following values:

(29)

when threading is excluded from shear planes,

F = 22 ski*
v '

(30)

and when threading is not excluded from shear planes,

F
V

= 15 ksi*

where F = the allowable shear stress.v

(31)

These values are the same as the AISC Specification. It should be noted

that the allowable shear stresses included in the AISI Specification

are for the bearing-type connections only. No provisions are included

for the design of friction-type connections.

7In their recent study, Chong anc Matlock concluded that for

bolted connections without washers the allowable shear stress on the

gross cross-sectional area of bolts is the same as that for the connections

using washers.

F. Other Specifications

The specifications being used in Canada and several European

countries for the design of bolted connections have been briefly reviewed.

The following is a comparison of some of the design criteria:

1. Minwum Edge Distance in Line of Stress

Concerning the minwum edge distance for a bolted connection,

16
the Canadian Standard specifies that

*Higher allowable shear stresses on bolts have been proposed by subcommittee
3 of the AISI Advisory Group on Specification22



and

e > 1.5 d

>~e _ f*t

(32)

(33)
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where ~is the design stress based on working stress design. In addition. the

limit states design may be used. The above two equations are practically

identical with the AISI design provisions except that in Eq. (33)

the design stress F* shall be equal to the basic design stress F

or (F /r.35 F ) F, whichever is smaller.
u y

The Britishl7 and Frenchl9 specifications allow the same require-

ments for the edge distance for cold-formed steel as those used for

hot-rolled bolted connections.

The edge distance of bolted connections in thin-walled steel

structures is also one of the requirements in the Swedish recommenda

tions. 18

Based on the edge conditions. it requires that for unstiffened

edges. the edge distance. e. is

1.5 d < e < 2.5 d.

For a stiffened edge. the edge distance should not exceed five times

the nominal diameter of the bolt.

The above discussion indicates that in the Swedish recommendations,

the minimum requirement for the end distance is similar to the AISI

Specification with additional limitations.
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2. Allowable Bea'(ing StJ:eas

With regard to the deaign criteria ~or the bearing strength of a

bolted connection, the Canadian Standard is similar to the AISI

Specification. The allowable bearing atress permitted by the

British Standard is ~8 F ,which is considerably smaller than thaty

permitted by AISI. In the ~rench recommendation, the allowable

bearing stress is determined as four times the allowable tensile

strength of the steel sheets. The allowable bearing stress, permitted

by the Swedish recommendations, depends on the bolted joint class,

bolt quality, number of shear planes, stress grade of steel sheets,

and loading conditions. ~or typical load cases, the allowable

bearing stress varies from 0.55 ~ to 0.72 ~ •
y Y

3. Allowable Tension in ~et Section

A similar allowable tension stress is being used in Canada and

Sweden as that specified by the current AISI design specification.

In Great Britain and France, the same allowable tension stress is

used for cold-formed steel members and hot-rolled shapes.

4. Allowable Shear Stress on Bolts

The Canadian Standard permits the same allowable shear stress

for A307 bolts as the AISI Specification and slightly higher values

for high strength bolts. In 8reat Brittan and France, the same

allowable shear stresses are used for thin-walled,cold-formed steel

members and hot-rolled shapes.
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III. SUM,MARY AND CONCI.USIONS

In the United States and some other countries, the design of

bolted connections in cold-formed steel structures is based on the

AISI Specification for the Design of Cold-Formed Steel Structural Members. The

first phase of this investigation has been conducted for the purposes of re-

viewing the available test data on bolted connections and studying

the needed additional design criteria for the 1968 Edition of the

AISI Specification concerning minimum edge distance, allowable tension

on net section, allowable bearing stress in bolted connections, and

allowable shear stress on bolts.

Based on the analysis of available test data, it was found that

the spread between the ultimate tensile strength and yield point of

the steel sheets (i.e.,F IF ratio) affects considerably the bearing
u y

strength of bolted connections and the shear strength of steel sheets

particularly when F IF < 1.35. The tests made at Cornell have shown that the
u y

decrease of F IF ratio results in a reduction of bearing strength
u y

of the connection. However, the tensile strength of the connection

is not affected significantly by the F IF ratio. In order to consider
u y

the effect of F IF ratio, the present AlSI design formulas for the
u y

allowable bearing stress and the minimum edge distance can be modified

simply by using an equivalent yield point "c F " to replace F in the
2 y Y

1968 Edition of the Specification.

A study of the difference between single shear and double shear

conditions indicates that the double shear condition can prOVide

a slightly higher bearing strength than the single shear condition.

For the sake of simplicity, no modification of the present design
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criteria appears to be nece~sary.

The effect of the d/t ratio on the strengths of bolted connections

was also investigated. It was found that in general the d{t ratio has

little or no effect on the bearing strength of bolted connections, the

longitudinal shear strength of steel sheets, and the tensile strength

of net section.

The test data published by Chong and Matlock on bolted connections

without washers show that the washers play an ~portant role in the

bearing and tensile strengths of connections. These data were

reviewed and analyzed in the text, Design formulas are also proposed

in this report.

The second phase of the project will include analytical and

experimental investigations concerning the effect of torque on bearing

strength, tensile strength of net section, bearing strength of thin

sheets, effect of d/t, and effect o~ washers. Details of the planned

work are discussed in Article IV of the report.
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I.V. FUTIJRE STIJDY

On the basis of the research proposal submitted to American Iron

20and Steel Institute in 1975 and the analysis of available test data

on bolted connections conducted in this investigation, the following

future studies are planned to be carried out in the second phase

of this investigation.
PHJ.c,~

. L Effect of~on Bearing Strength of Bolted Connections

. r.~
In the study of' the effect of~ on bearing strength, the

following parameters will be considered:

A. ~initial tension in bolts

l)~

2) Same torque as used in the Cornell tests (See Tables 13 and

14)

3) Same initial bolt tension as specified by the Research

Council on Riveted and Bolted Structural Joints (See Table

15)

B. Thickness of steel sheets

t = 0.024, 0.06, and 0.105 in.

C. Diameter and material of bolts

d = 1/4 to 3/4 in.

Use A307 bolts and high strength bolts (A325 bolts) as appropriate.

D. Ratio of e/d

e/d = 1.5, 2.5, 3.5,and 4.5

E. lvashers

Tests will be conducted with and without washers



F. Ratio of F IT?
u "I

F IT? = 1.1 to 1.80
u "I

This means that any steel sheets or strip having an F IF
u y
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ratio

within the above range can be used for the tests.

G. Number of rows perpendicular and parallel to the line of

stress

Use one-bolt condition (r = 1. 0)

H. Use single. shear condition only. It is assumed that the

effect of torque is approximately the same for single and

double shear conditions.

I. The ratios of dis and dlt are not specified for this portion

of the study. They will be determined as required by the

tensile strength of the connection and other practical

considerations.

With regard to the pretension in bolts indicated in Item A.(c),

it appears that new methods of measuring the pretension need to be

developed.

The findings to be obtained from this portion of the investigation

may also be used for the longitudinal shear strength of steel sheets.

2. Tensile Strength of Net Section

Because the purpose of studying tensile strength wa9 to

reevaluate the parameters to be used for determining the allowable

tensile stress in bolted connection design, the following variables

will be considered in the analytical and experimental investigationo:

A. Torque or initial tension in bolts

Use initial tension in bolts as specified by the Research

Council if new methods for measuring initial tension are
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available. Otherwise, the torque used for Cornell tests will

be used for this portion of stuny,

B. Thickness of steel sheets

t = 0.024, 0.06,and 0.105 in.

C. Diameter and material of bolts

d = 1/4 to 3/4 in.

UseA307 and A325 bolts

D. Ratio of e{d

eld ~ 3.5

E. Washers

Tests will be conducted with and without washers

F. Ratio of F IF
u y

The F IF ratio of the steel used will be within the range of
u y

1.10 to 1.80.

G. Number of rows perpendicular and parallel to the line of

stress

r = 1, 1{2, and 1{3 (use one, two, and three rows parallel

to the line of stress) Few tests may be conducted for multiple

rows both perpendicular and parallel to the line of stress.

H. Use both single shear and double shear conditions.

I. Ratio of dis

dis = 0.1,0.2, 0,3, and 0.4

3. Other Subjects

Other future studies will be planned at a later date as necessary.
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e = edge distance , ~~

d = diameter of the bolt

s = spacing of bolts normal to direction of force; for single bolt

at section,it is full width of connected sheet

t = thickness of connected sheet

F = ultimate tensile stress of sheet
u

F = yield stress of material
y

C2 = ductility factor

crb ultimate bearing stress

F = allowable bearing stress
p

P = ultimate failure load
u

'T = nom~nal shear stress at failure
s

crnet = tension stress at failure of bolted connection

'Tb = shear stress at failure of bolt

F = ultimate tensile strength of bolt
ub
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Table 1. Dimensions and Results of Bolted Connections With Washers-Both High and Low Ductility Steels 6

Spec. d t P
ult F F :J

b :Jb/Fy
C2 °b /C 2F

y
Failur,,·

e s e/d d/t y u Typ"No. (in) (in) (in) (in) (kips) (ksi) (ksi) (ksi)

~6FAX-L14 1/2 0.062 1.25 2.5 2.5 8.06 3.20 30.1 45.9 103.20 3.43 1.000 3.43 t ,j, II
16FAXL15 1. 75 3.5 5.10 164.50 5.47 1.000 5.47 II .I. III
16FAXL16 1. 75 4.80 154.84 5.14 1.000 5.14 It ,j, II[

~6FAXL17 5.0 4.28 138.10 4.60 1.000 4.60 II
!l2FAXL19 0.106 1.25 2.5 2.5 4.72 6.44 28.1 44.1 121.51 4.32 1.000 4.32 II.l.I
~2FAXL20 1. 75 3.5 8.25 155.66 5.54 1.000 5.54 II .I. III
~2FAXL21 5.0 9.55 180.20 6.41 1.000 6.41 II
~610X-L19 0.062 1.50 2.5 3.0 8.06 6.68 78.4 81.5 215.50 2.75 0.643 4.28 II
!l610X-L20 1. 75 2.5 3.5 7.14 230.30 2.94 0.643 4.57 II
!l610X-L21 2.0 5.04 162.60 2.07 0.643 3.22 II
~610XL30 1.40 5.0 2.8 4.86 156.77 2.00 0.643 3.11 II
161SXL23 1.50 2.5 3.0 5.92 45.4 54.7 190.97 4.21 0.793 5.31 II .I. III
161SXL24 1. 75 2.5 3.5 5.59 45.4 54.7 180.32 3.97 0.793 5.01 II
1615XL25 2.0 4.34 140.00 3.08 0.793 3.89 [l

1615XL31 1.40 5.0 2.8 4.32 139.40 3.07 0.793 3.87 II

~625X-L27 1.50 2.5 3.0 4.94 38.5 49.1 159.35 4.14 0.894 4.63 II .I. III

~62SX-U8 1. 75 3.5 5.17 166.77 4.33 0.894 4.84 II & I II
1625X-L29 2.0 4.20 135.50 3.52 0.894 3.94 II
1625X-L32 1.40 5.0 2.8 4.62 149.00 3.87 0.894 4.33 II

11210X-L23 0.106 1.50 2.5 3.0 4.72 11.74 70.1 72.8 221.51 3.16 0.643 4.91 tl

~210X-L24 1. 75 3.5 11.62 219.25 3.13 0.643 4.87 II
11210X-L25 2.0 11.86 223.77 3.20 0.643 4.98 II & III

!12l0X-L36 1.40 5.0 2.8 10.88 205.30 2.93 0.643 4.56 11
!1215X-L27 1.50 2.5 3.0 11.03 65.2 69.3 208.11 3.20 0.643 4.98 II
1215X-L28 1. 75 2.5 3.5 11. 32 213.60 3.28 0.643 5.10 II

12l5XL29 2.0 10.74 202.60 3.11 0.643 4.84 III <. II

1215XL35 1.40 5.0 2.8 10.26 193.58 2.97 0.643 4.62 II
1225XL3l 1. 50 2.5 3.0 8.76 36.6 50.0 165.30 4.52 1.000 4.52 II & II!

il225XL-32 1. 75 3.5 8.81 166.23 4.54 1.000 4.54 II & III

1225XL33 2.0 7.92 149.43 4.08 1. 000 4.08 II & III

122SXL34 1.40 5.0 2.8 8.84 166.79 4.56 1.000 4.56 II

*The types of fa~lure are defined as follows:

I--Longitudina1 shearing of the steel sheets
II--Bearing failure between steel sheet and bolt

III--Transverse tension tearing failure
IV--Sbearing of the bolt

w
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Table 2. Dimensions and Results ~f B~lted Connections with Washers-Bearing Strength Study (Single Shear)

Spec. d t e 5 eld dit Fy Fu (vb)test C2 =b /C 2Fy «\)~a1
(ob) cal Failur"

Rd"rtmc"50. (in) (in) (in) (:n) (ksi) (ksi)
(ksi) (ob) test Type

~OMlSS 1/4 0.036 1.125 4.0 4.5 6.94 32.11 41.83 208.29 0.933 6.96 146.8 0.704 11 9
~4M3SS 1/2 0.08 2.25 6.25 29.81 .:. 3 .40 177.5 1.0 5.95 146.1 0.823 11 9

~?E36SS 1.0 0.143 3.5 3.5 6.98 59.·<7 76.84 172.25 0.918 3.16 267.5 1.55 11 10
2Y-L7 112 0.106 1. 75 4.0 3.5 1,.72 i2.~ 72.8 239.0 0.643 5.13 228.14 0.952 II ~ I /)

~-L8 3/8 1.5 2.53 4.0 3.54 245.0 5.26 0.932 II
~2Y-L9 1/2 1. 75 3.41 3.5 4.72 267.0 5.74 0.855 II
~2Y-Ll1 3/8 1.49 2.0 4.0 3.54 216.0 4.63 1.05 II 6< I

~r'-Ll2 1/2 1. 75 2.66 3.5 4.72 211.0 4.53 1.09 II 6< III
2Y-Ll5 3/8 1.5 1. 52 4.0 3.54 194.0 4.17 1.17 II 6< III

~2Y-Ll6 1/2 1. 75 2.04 3.5 4.72 211.0 4.53 1.08 II

~.2Y-Ll8 3/4 2.65 3.04 3.53 7.08 153.0 3.28 1.49 II
Y-L6 3/4 0.183 3.75 .3. 75 5.0 4.10 83.1 83.8 307.0 5.74 262.0 0.855 II 6< III
~Ozt12 3/16 0.038 0.66 2.08 3.5 4.93 99.4 99.8 260.0 4.07 313 .2 1.20 II
~6rAX-Ll6 1/2 0.062 1. 75 2.5 3.5 8.06 30.1 45.9 152.2 1.0 5.06 147.5 0.969 II 6< III
1sS2 7i8 0.116 3.06 8.0 7.54 35.49 49.44 158.57 4.47 173.9 1.1 II 14
1ss2-1 7/8 3.06 121. 92 3.44 1.43 11
ISs3 7/8 4.4 5.0 149.29 4.21 1.16 II
~S5 1.0 3.5 3.5 8.62 133.84 3.77 1.3 II
$S5-1 1.0 3.5 3.5 8.7 117.61 3.31 1.48 II
Iss6 1.0 3.5 5.0 8.62 132.25 3.73 1.31 11
Iss8 7/8 0.181 3.06 3.5 4.83 38.1 62.08 208.37 5.4" 186.7 0.896 11
Iss8-1 7/8 0.181 3.06 8.0 3.5 4.83 38.1 62.08 156.59 1.0 4.11 186.7 1.2 II
Iss9 7/8 0.185 4.375 8.0 5.0 4.73 202.32 5.31 0.923 11
!sSll 1.0 0.184 3.5 3.5 5.43 200.0 5.25 0.933 II
15511-1 0.184 3.5 3.5 164.67 4.32 1.133 II
IsS12 0.184 5.0 5.0 191.85 5.04 0.973 II
lsS14 0.261 3.5 3.5 ' 3.83 45.07 67.54 216.86 4.81 220.8 0.843 II
IsS14-1 0.259 3.5 3.5 3.86 178.96 3.91 0.81 II
SSH 0.255 5.0 5.0 3.92 217.65 4.83 n.Q8" II

"'"'"
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Table 3. Di=.ensi"ns and Results .of S"lted C"nnectic'ns with Washers-Bearing Strength Stud,. lD"ubl" Sh"ar)

---------
Spec. d t e s Fy Fu (0b)test C2 "b /C / y l:b)~al (ub)cal FaUur,-

}-\ ...'t t'rl..·lh_·l..~So. (in' (in) (in) (in~
e/d d/t

( ~~si) (ks;) (:"'si) l\.si) ("b) test Tyo"
_._- - --._--

OA4lDS 1/4 0.036 1.125 ':'.0 -+.5 6.9':' 32.11 .a.85 206.32 0.934 6.89 1':'7.0 0.713 II 'i
6C403D5 1/2 0.0591 2.0 ':'.0 8.':'6 31.95 ':'3.95 224.03 1.0 7.01 156.6 0.7 I I 'i

, 6C503DS 1/2 O. 059~ 2.5 5.0 ti ... 6 31. 95 ':'3.95 243.66 1.0 7.63 156.6 0.643 Il '.4£35DS 3/.. 0.0783 2.625 3.5 9.58 54.4.+ 70 ... 2':'2.20 0.919 .+.8'+ 2'+5.2 1.011 I ~. lJ lU
O£36D5 1.0 0.143 3.5 3.5 6.98 59.5 71.85 199.35 0.797 . ,

232.4 1.16 II to... -
0£46D5 1.0 0.143 4.5 .... 5 6.98 59.5 71.85 201.5 0.797 ' , 232.4 1.16 11 lU... -

2OZ-L8 3/16 0.038 .66 2.08 J.52 ':'.93 75.7 81. 7 206.0 0.643 ':'.23 238.5 1.16 II,,1 h
1205XL7 3/4 0.106 2.63 3.75 3.5 7.08 81.6 81.6 252.0 ':'.81 257.1 1.02 IIli-l
1205lU.8 3/4 2.63 3.0 3.5 7.08 236.0 ':'.':'9 l.08 II oS. III
1205XI.9 7/8 3.06 3.5 8.25 242.0 4.62 l.06 II Ii- III
7Y-L32 5/8 0.183 2.19 2.98 3.42 82.6 82.6 247.0 4.65 258.3 l.05 IIli-l
16FAXL15 1/2 0.062 1. 75 2.5 8.06 30.1 45.9 161.8 1.0 5.38 147.5 0.912 II oS. 111

6FAXL17 1/2 5.0 136.0 4.52 1.08 11
'12FAX-L20 1/2 0.106 2.5 4.72 28.1 44.1 159.2 5.67 137.7 0.865 II Ii- III
12FAX-L21 1/2 0.106 5.0 4.72 178.4 6.35 0.772 II

51-1 7/8 0.116 3.06 8.0 3.5 i.54 35.49 49.44 161.58 1.0 .!t.55 173 .9 1.08 II 14
51-2 0.116 3.06 148.77 4.19 l.17
52-1 l.0 0.115 3.5 8.7 139.13 3.92 1.25
52-2 0.116 3.5 8.62 143.10 4.03 1.22
53-1 7/8 0.181 3.06 4.83 3~.1 62.08 209.94 5.51 186.7 0.889
53-2 0.180 3.06 4.86 196.14 5.15 0.952
54-1 1.0 0.182 3.5 5.49 229.12 6.01 0.815
54-2 0.181 5.52 223.76 5.87 0.834
55-1 0.259 3.86 45.07 ti7.54 221.62 4.92 220.8 0.996
55-2 0.26 3.85 45.07 222.31 4.93 0.993 ---

*<=b)cal • 4.9 C2Fy

See Table 1 for definition of type of failure

Mean = 0.930

Standard Deviation = 0.170

.........



Table 4. Dimensions and aesults of Bolted Connections without ~ashers-Bearing Strength Study 7 e/d > 2.5

~age of Connection* d (:Jb) test cblC/y
!, )** (c )*** (a. )** (ab)~:! Failur"t e s e(d dlt

Fy Fu C2
''-b (:al b cal D cal

Steel Ty=.e (in) (in~ (in) (in) (ksi) (ksi) (ksi) ("-6il (ksil (ab\E'lOt (ab) tes t Typ"

20 1 1/2 0.037 2.06 4.06 4.06 13.5 53.5 58.9 133.0 0.644 3.9 168.86 120.6 1.27 0.91 1 & 11
20 1 5/16 0.037 2.04 4.03 6.53 8.45 158.4 4.6 1.07 0.76 II
20 1 5/l6 0.037 2.06 4.12 6.6 8.45 138.4 4.04 1.22 0.87 I & II
20 1 1/2 0.037 2.5 4.0 5.0 13.5 122.2 3.55 1.38 0.987 II
20 1 1/2 0.037 2.5 4.0 5.0 13.5 125.0 3.63 1.35 0.965 II
17 1 l/2 0.051 2.06 4.03 4.12 9.8 40.6 50.1 113.3 0.835 3.34 166.11 118.65 1.47 1.05 I " II17 1 1/2 0.051 2.01 4.03 4.02 9.8 117.0 3.45 1.42 1.01 I " Ii17 1 1/2 0.051 2.01 4.03 4.02 9.8 115.3 3.':' 1.11 1.03 I & II
17 3 5/16 0.051 2.05 1.35 6.56 6.13 109.6 3.23 1.52 1.08 11
17 3 5/16 0.051 2.07 1.35 6.62 6.13 112.7 3.33 1.47 1.05 II
17 2 1/2 0.051 1.97 2.02 3.94 9.8 109.2 3.22 1.52 1.09 I & II
16 2 1/2 0.061 1.97 2.0 3.94 8.2 50.5 74.1 147.2 1.0 2.91 247.45 176.75 1.68 1.2 II
14 1 3/4 0.079 3.0 4.0 4.0 9.5 52.8 65.9 145.1 0.855 3.21 221.2 158.0 1.52 1.09 I & II
14 1 3/':' 0.079 3.01 ':'.0 4.0 9.5 137.6 3.05 1.61 1.15 I & II
14 1 3 J' 0.079 3.0 4.0 4.0 9.5 154.8 3.43 1.43 1.02 I & IiI ~

12 1 3/4 0.104 3.03 4.06 4.04 7.2 59.3 70.6 160.3 0.772 3.5 224.34 160.23 1.4 1.00 1 .. Ii
20 1 1/2 0.037 1.5 4.0 3.0 13.5 53.5 58.9 130.3 0.644 3.77 168.86 120.6 1.3 0.926 I
20 1 1/2 0.037 1.5 3.06 3.0 13.5 123.8 3.69 1.36 0.974 I
20 1 1/2 0.037 1.5 3.03 3.0 13.5 122.2 3.54 1.38 0.987 I
1.7 1 1/2 0.051 1.5 2.02 3.0 9.8 40.6 50.1 112.2 0.835 3.31 166.11 118.65 1.48 1.06 I
17 1 1/2 0.051 1.44 2.02 2.88 9.8 113. ;' 3.35 166.11 118.65 1.46 0.04 [

20 1 1/2 0.037 2.03 !'.06 4.06 13 .5 53.5 58.9 120.5 0.644 3.5 168.86 120.6 1.4 1.00 I
20 1 1/2 0.037 2.07 4.06 4.14 13.5 131.!' 3.81 1.28 0.918 I
20 1 1/2 0.037 1.5 4.0 3.0 13.5 134.1 3.9 1.26 0.90 I
20 1 1/2 0.037 1.75 4.0 3.5 13.5 121.6 3.53 1.4 1.0 I
20 1 1/2 0.037 2.0 4.0 4.0 13.5 138.9 4.03 1.22 0.868 I

All Single Shear Connections

*1. One bolt
2. Two bolts perpendicular to line of stress
3. r:.ree bolts perpendicular to line of stress

*·(~b)cal • 4.9 C2Fy

*.*(Ob)cal • 3.5 C2Fy

See Tabl0 1 for the definition of type of fa~lure

Mean = 1.38

Standard Deviation = 0.14

1.00

0.09

+
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Table 5. Dimensions and Results of Single Shear Bolted Connections With Washers-Shear Strength Study

Spec d t e s F F (ub)test * (ub) cal Failure Referenci
No (in) (in) (in) (in) eld dlt y u C2 °b /C 2F

y (Ob)cal (Ob) test Type ~o

(ksi) (ksi) (ksi)

20A11SS 1/4 0.0360 0.375 4.00 1.500 6.94 32.11 41.83 89.33 0.933 2.98 62.90 0.704 I 9
20A21SS 1/4 0.625 2.500 134.50 0.933 4.50 104.87 0.780 I 9
20A12SS 3/8 0.563 1.500 10.40 79.71 2.66 62.90 0.788 I 9
20A22SS 3/8 0.938 2.500 10.40 130.28 4.35 104.87 0.805 I 9
20A13SS 1/2 0.750 1. 500 13.90 81.69 2.72 62.90 o. no I 9
20A14SS 5/8 0.938 1.500 17.40 78.30 2.62 62.90 0.803 I 9
20A24SS 5/8 1.560 2.500 17.40 125.38 4.20 104.87 0.836 I & II 9
20A15SS 3/4 1.130 1. 500 20.80 84.61 2.82 62.90 0.743 I 9
16CI05SS 3/4 0.0591 0.750 1.000 12.70 31.95 43.81 58.89 2.00 41. 73 0.709 I 9

16C205SS 3/4 1. 500 2.000 12.70 109.87 3.70 83.47 0.760 I 9
14A11SS 1/4 0.0800 0.375 1.500 3.13 29.81 43.40 80.30 1.000 2.69 62.60 0.780 I 9
14A12SS 3/8 0.563 1.500 4.70 74.30 2.52 62.60 0.843 I 9

14A22SS 3/8 0.938 2.500 129.78 4.36 104.34 0.804 I 9

14A13SS 1/2 0.750 1. 500 6.25 71 .10 2.59 62.60 0.812 I 9

14A23SS 1/2 1. 250 2.500 122.73 4.11 104.34 0.850 I 9

12A11SS 1/4 0.0931 0.375 1.500 2.70 25.60 41.15 71.99 3.05 53.76 0.689 I 9

12A12SS 3/8 0.563 1.500 4.03 80.49 3.15 53.76 0.668 I 9

12A14SS 5/8 0.938 6.71 26.65 41.40 76.53 2.87 56.60 0.731 I 9

18El2SS 3/8 0.0460 0.563 8.24 46.75 68.00 108.93 2.33 98.20 0.901 I 10

18E22SS 3/8 0.0460 0.938 2.500 8.24 197.62 4.23 163.63 0.828 I 10

18E14SS 5/8 0.0460 0.938 1.500 13.74 112.52 2.41 98.20 0.873 I 10

14E13SS 1/2 0.0780 0.750 6.40 54.44 70.40 111. 30 0.920 2.23 105.20 0.945 I 10

14E23SS 1/2 0.0780 1.250 2.500 6.40 182.50 3.64 175.30 0.960 I 10

14El5SS 3/4 1.130 1.500 9.60 119.50 2.40 105.20 0.880 I 10

*(Ob)cal - 1.4(e/d)C2Fy

See Table 1 for the definition of type of failure.



Table 5 (con't)

5pec d t e s F F (Ob)test
°b /C 2F

y
* (Cb)ca1 Failure Reference

No (in) (in) (in) (in) e/d d/t y u C2 (Cb )ca1
(Cb)test(ksi) (ksi) (ksi) Type No

14E2555 3/4 0.0780 1.880 4.00 2.500 9.60 54.44 70.40 170.90 0.920 3.41 175.30 1.030 I & II 10
10E1555 3/4 0.1430 1.130 1.500 5.23 59.47 76.84 107.30 2.00 115.00 1.070 I 10
lOE1655 1.0 1. 500 1.500 7.00 104.50 2.00 115.00 1.100 I 10
8E1555 3/4 0.1901 1.130 1.500 3.95 56.45 76.98 107.10 1.000 1.90 118.50 1.110 I 10
12Y-LlO 5/8 0.1060 2.110 4.12 3.370 5.90 72.40 72.80 204.00 0.643 4.40 219.65 1.080 I & II 6
7Y-L1 3/4 0.1830 0.620 1. 50 0.833 4.10 83.10 83.80 62.00 1.17 62.30 1.000 6

I
I

7Y-L2 3/4 0.690 1. 50 0.917 4.10 64.00 1. 20 68.54 1.070 I 6
7Y-TJ 3/4 0.620 1. 50 0.833 4.10 86.40 91. 30 58.50 1.06 64.80 1.110 I 6
7Y-L4 3/4 1. 000 1. 88 1. 330 4.10 83.10 83.80 97.20 1. 82 99.73 1.030 I 6
7Y-T4 3/4 1.000 1. 88 1. 330 4.10 86.40 91. 30 102.00 1. 84 103.70 1.020 I 6
7Y-T5 3/4 0.1830 1. 750 3.00 2.330 4.10 86.40 91. 30 186.00 0.643 3.34 181. 45 0.976 I & II 6
551 7/8 0.1150 1. 750 8.00 2.000 7.61 35.49 49.44 128.45 1.000 3.62 99.40 0.774 I 14
5S4 1.0 0.1160 2.000 2.000 8.62 122.51 3.45 99.40 0.811 I 14
557 7/8 0.1810 1. 750 2.000 4.83 38.10 62.08 142.07 3.73 106.70 0.751 I 14
5510 1.0 0.1840 2.000 2.000 5.43 137.50 3.61 106.70 0.776 I 14 i
5513 1.0 0.2610 2.000 2.000 3.83 45.07 67.54 142.34 3.16 126.20 0.791 I 14

I- 1/2 0.0370 1.030 4.00 2.060 13.50 53.50 58.90 159.50 0.644 4.63 99.37 0.623 I 7
- 1/2 0.0370 1. 060 4.03 2.200 13.50 162.70 4.72 106.12 0.652 I 7
- 1/2 0.0370 1.000 4.00 2.000 13.50 149.73 4.35 96.47 0.644 I 7 i

- 1/2 0.0510 0.970 4.06 1.940 9.80 40.60 50.10 134.10 0.835 3.95 92.10 0.687 I 7

- 1/2 0.0510 1.020 4.06 2.040 9.80 136.90 4.04 96.82 0.707 I 7
- 1/~ 0.0610 1.030 4.03 2.060 8.20 50.50 74.10 173.10 1.000 3.43 145.60 0.841 I " II i

- 1/2 0.0610 1. 030 4.06 2.060 8.20 167.90 3.32 145.60 0.867 I " II 7 ,

*(Ob) 1 = 1.4(~/d)C,F
ca - y

See TabI~ 1 f0r the definition of type of failure.

~'fean = 0.850

Standard ueviatio~ = 0.140
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Table 6. Dimensions and Results of Bolted Connections Without Washers Shear Strength Study 7 eld ::: 2.5

age of F F (~b)test ** (ch ) ,'.11Connection· d t e s
eld dlt

y u
J b/C 2F

y
(ob) cal

I Steel Type (in) (in) ( in) (in) (ksi) (ksi) (ksi) (2
(ksi) (,: b) t,,~ t

20 1 1/2 0.037 1.00 ~.OO 2.00 13.5 53.5 58.9 129.20 0.6':'4 3.74 96.50 0 .. 7~ i
20 1 1/2 0.037 1. 00 ~.OO 2.00 13.5 53.5 58.9 127.70 0.644 3.70 96.50 0.75(,
20 1 1/2 0.037 0.50 ~.OO 1.00 13.5 53.5 58.9 90.81 0.644 2.64 48.23 0.531
20 1 1/2 0.037 0.50 4.00 1.00 13.5 53.5 58.9 82.20 0.644 2.39 48.23 0.58l
20 3 1/2 0.037 1. 00 3.94 2.00 13.5 53.5 58.9 116.60 0.644 3.38 96.50 0.828
20 3 1/2 0.037 1. 00 3.94 2.00 13.5 53.5 58.9 116.76 0.644 3.39 96.50 0.82b
20 2 1/2 0.037 1.00 4.00 2.00 13.5 53.5 58.9 118.40 0.644 3.43 96.50 0.8]5
20 2 1/2 0.037 1. 00 4.00 2.00 13.5 53.5 58.9 116.80 0.644 3.39 96.50 0.82b
16 1 1/2 0.061 0.51 4.00 1. 02 8.2 50.5 74.1 90.82 1.000 1. 80 72.11 0.79~

16 1 1/2 0.061 0.52 4.00 1. 04 8.2 50.1 74.1 101. 30 1.000 2.00 73.53 O.72b
16 3 1/2 0.061 1. 00 4.03 2.00 8.2 50.1 74.1 143.20 1.000 2.86 140.30 0.980
16 3 1/2 0.061 1. 00 4.06 2.00 8.2 50.1 74.1 147.50 1.000 2.94 140.30 0.951

All Single Shear Connections
Mean = 0.780

• 1 One Bolt
2 Two bolts parallel to the line of stress Standard deviation = 0.130
3 Tnree bolts parallel to the line of stress

··(:blcal = l.4(e/dlC 2Fy

See Table 1 for the definition of type of failure.
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Table 7. Oizensi0ns and Results of Double Shear Bolted C0nnections with Washers-Shear Strength Study

Spec. d t e s
d/t Fv Fu (:b)test C2 ,\/C2Fy (0b)~al

(Y b) cal Failure
Reference

~o. (in) (in) (in) (in) eld (k~i) (ksi) (ksil (ub)test Type
-----

~OAIlD5 114 0.036 0.375 4.0 1.5 6.94 32.11 41.85 95.85 0.934 3.2 62.98 0.659 I 9

r~s
1/4 0.625 2.5 142.75 4.76 104.98 0.735 I

OA12JS 3/8 0.563 1.5 10.42 93.89 3.13 62.98 0.671 I
OAI3D5 1/2 0.75 13 .9 84.42 2.82 62.98 0.746 I
OAl.4DS 5/8 0.938 17 .36 88.09 2.93 62.98 0.715 I
0,\1505 3/4 , , 1- 20.83 88.7 2.96 62.98 0.71 I........ ,)

r~30S
1/2 0.059 D.5 1.0 8.46 31.95 43.81 58.55 1.0 1.83 44.73 0.764 I

6C2030S 1/2 1.0 2.0 8.46 112.69 3.53 89.5 0.794 I
4.HI05 1/4 0.08 0.375 1.5 3.13 29.81 ~3.4 78.37 2.63 62.6 0.799 I
4A2105 114 0.625 2.5 3.13 131.86 4.42 104.34 0.791 I
4,\1205 3/8 0.563 1.5 4.69 83.47 2.8 62.6 0.75 I
4.H205 3/8 0.938 2.5 4.69 129.33 4.34 101 .34 0.807 I
4AI3D5 1/2 0.75 1.5 6.25 81.91 2.75 62.6 0.764 Ir3

O;

1/2 . 0- 2.5 6.25 130.58 4.38 104.34 0.799 I.L ... ,)

2AII05 1/4 0.0931 0.375 1.5 2.68 ':6.0 41.15 82.18 3.17 54.6 0.664 r
2A2105 1/4 0.625 2.5 2.68 134.81 5.19 91.0 0.675 I
2A1205 3/8 0.563 1.5 4.03 79.04 3.04 54.6 0.691 I
2A220S 3/8 0.938 2.5 4.03 134.39 5.17 91.0 0.677 I

r'o; 5/8 0.938 1.5 6.71 83.82 3.22 54.6 0.651 I
2A2405 5/8 1.563 2.5 6.71 127 .73 4.92 91. :J 0.712 I

10,\1205 3/8 0.143 0.563 1.5 2.62 36.6 48.0 84.8':' 0.945 2.46 72.63 0.856 I
10A2205 3/8 0.143 0.938 2.5 2.62 13 3.56 3.86 121. 05 0.906 I

B230S 1/2 0.188 1. 25 2.5 2.66 35.15 47.1 124.75 0.973 3.65 119.71 0.96 I
B250S 3/4 0.188 1.88 2.5 4.0 129.16 3.78 119.71 0.927 I
8El20S 3/8 0.046 0.563 1.5 8.24 46.75 68.0 110.71 1.0 2.37 98.2 0.887 I LO

118E220S 3/8 0.938 2.5 8.24 185.37 3.97 163.63 0.883 I
18E140S ':./8 0.938 1.5 13.74 110.91 2.37 98.2 0.885 I
!r8E24DS 5/8 1.563 2.5 13.74 171.97 3.68 163.63 0.951 I
!r4El305 1/2 0.078 0.75 1.5 6.39 54.44 70.4 122.4 0.919 2.45 105.06 0.858 I
14E1305 1/2 1.25 2.5 6.39 190.9 3.82 175.1 0.917 I
!r4El505 3/4 1.125 1.5 9.58 121.35 2.43 105.06 0.866 I
10El2D5 3/8 0.143 0.563 1.5 2.61 59.5 71.85 101. 55 0.797 2.15 99.63 0.981 I
10£1305 1/2 0.75 1.5 3.5 107.1 2.26 99.63 0.93 I
10£2305 1/2 1.25 2.5 3.5 180.8 3.81 165.98 0.918 I
1l0El505 3/4 1.13 1.5 5.23 121.45 2.57 99~63 0.82 I

P
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Table 7.(con't)

Spec. d t e 5 e/d d/t
Fy Fu (:'b)test Co J

b
/C 2Fy (Jb)cal

(Jb)cal Failure
l'~t~r~n(,t:So. (in) (in) (in) \ 1:1) (ksi) (ksi) - (Jb)test Type

(ksi)

110£2605 1.0 0.143 2.5 ... 0 2.5 7.0 59.5 71.85 167.0 0.797 2.53 165.98 0.994 I III
IaEl50S 3/4 0.19 1.125 1.5 3.95 56.45 76.98 108.95 1.0 1.93 118.55 1.09 I
1aE250S 3/4 1. 875 2.5 3.95 158.3 2.81 197.6 1.25 I & 11
17Y-L22 1/2 0.183 0.88 5.0 1. 75 2.73 83.1 83.8 136.8 0.6~3 2.57 130.91 0.957 I b
7Y-L23 1/2 0.75 1.5 112.3 2.1 112.2 1.0 [ b
7Y-L24 1/2 1.~ 2.8 263.0 4.91 209.46 0.796 I & 11 b

7Y-L25 1/2 1.5 3.33 3.0 240.0 4.5 224.4 0.935 I & 11 b
~OZ-L5 1/2 0.038 1.0 2.5 2.0 13 .16 75.7 81.7 130.8 0.727 2.38 154.12 1.18 I & [I b

~OZ-L7 3/16 O.~7 2.08 2.5 4.93 192 .0 3.5 192.62 1.0 I b
1605X-L5 1/2 0.062 1.0 2.5 2.0 8.06 8) .25 83.25 157.0 0.6~3 2.94 149.9 0.955 I h
1605X-L6 1/2 1.~ 5.0 2.8 8.06 87.6 87.6 22~ .0 4.0 220.81 0.986 I & 11 b

1205X-LlO 1/2 0.106 1.4 5.0 2.8 4.72 80.5 80.5 206.0 4.0 202.93 0.985 I & 11 b

7Y-L31 1/2 0.183 1.5 2.5 3.0 2.73 82.6 82.6 222.5 4.18 223.07 1.0 I (,

16FAX-Ll4 1/2 0.062 1.25 2.5 2.5 8.06 30.1 45.9 101.6 1.0 3.38 105.4 1.04 I & II b

12FAX-Ll9 1/2 0.106 1.25 2.5 ' - 4.72 28.1 44.1 120.2 4.28 98.4 0.818 I & II h_.J

*(~b) = 1.4(e/d) C2Fy

See Table 1 for the definition of type of fa~lure.

Hean = 0.860

Standard Deiviation = 0.140

.l-
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Table 8. Dimensions and Results of Bolted Connections with Washers-Tensile Strength Study (Single Shear)

Spec. d t s
eld dis d/t Fy Fu (Onet\est (onet)test (Onet) * (Onet) cal Failure Referenc,No. (in) (in) (in) (ksi) (1,si) Fu cal

(Onet)test Type(ksi) (ksi)

bOA41SSl 1/4 0.0346 4.0 4.5 0.0625 7.23 32.11 41.85 15.5 0.370 12.03 0.776 III 9
~OA41SS2 1/4 0.0349 " " 7.16 14.87 0.355 12.03 0.809 III 9
bOA22SSl 3/8 0.0354 2.5 0.094 10.6 13 .5 0.323 16.0 1.185 I " III 9
~OA32SS1 3/8 0.0335 3.5 0.094 11.2 14.74 0.352 16.0 1.085 I " III 9
~OA32SS2 3/8 0.0342 3.5 0.094 10.96 19.94 0.476 16.0 0.802 III 9
bOA42SSl 3/8 0.0349 4.5 0.094 10.74 14.35 0.343 16.0 1.115 I " III 9
'OA42SS3 3/8 0.036 4.5 0.094 10.42 13 .1 0.313 16.0 1.221 III 9
20A23SS1 1/2 0.0352 2.5 0.125 14.2 17.15 0.41 19.9 1.16 I " III 9
20A43SS1 1/2 0.0352 4.5 0.125 14.2 17.19 0.411 19.9 1.157 I " HI 9
20A43SS3 1/2 0.0361 4.5 0.125 13.9 20.55 0.491 19.9 0.968 III 9
20A34SS 5/8 0.0359 3.5 0.156 17.4 24.64 0.59 23.77 0.965 III 9
20A44SS 5/8 0.0353 4.5 0.156 17.7 21.9 0.523 23.77 1.09 III 9
20A25SS1 3/4 0.0357 2.5 0.188 21.0 25.3 0.605 27 .8 1.1 III 9
20A35SS1 ,/4 0.0357 3.5 0.188 21.0 25.13 0.60 27.8 1.1 III 9
16C305SS 3/4 0.0591 3.0 0.188 12.7 32.0 44.0 31.28 0.711 29.22 0.934 III 9
16C505SS 3/4 0.0591 5.0 0.188 12.7 30.32 0.690 29.22 0.964 III 9
14A23SS1 1/2 0.0832 2.5 0.125 6.0 29.8 43.4 17.97 0.414 20.62 1.15 I " III 9
14B25SS1 3/4 0.0798 2.5 0.188 9.4 25.12 0.579 28.82 1.15 III 9
14B35SS1 3/4 0.0771 3.5 0.188 9.73 23.79 0.548 28.82 1.21 III 9
14B45SS 3/4 0.0814 4.5 0.188 9.21 26.21 0.604 28.82 1.1 III 9
14826SS1 1.0 0.0768 2.5 0.25 13.0 33.33 0.768 36.89 1.11 III 9
14836SS1 3/4 0.0741 3.5 0.188 10.12 33.31 0.767 28.82 0.865 III 9
14846SS1 3/4 0.0789 4.5 0.188 9.51 35.9 0.827 28.82 0.803 III 9
12A34SS1 5/8 0.0922 3.5 0.156 6.78 26.0 41.15 37.2 0.904 23.4 0.629 III 9
12A44SS1 5/8 0.0922 4.5 0.156 6.78 24.3 0.591 23.4 0.963 III 9
8845SS1 3/4 0.1867 4.5 0.188 4.02 32.0 46.0 29.07 0.632 30.54 1.05 I & III 9
8826SS1 1.0 0.1893 2.5 0.25 5.28 43.7 0.95 39.1 0.895 III 9
8846SS1 1.0 0.1884 ~.5 0.25 5.31 46.98 1.02 39.1 0.832 pT 9....
18E42SS1 3/8 0.0451 4.5 0.094 8.31 46.75 68.0 20.85 0.307 26.0 1.25 III " I 10
18E24SS1 5/8 0.0441 2.5 0.156 14.2 29.78 0.438 38.62 1.3 I [, III 10
\l8E34SS 5/8 0.0444 3.5 0.156 14.08 37.8 0.556 38.62 1.02 III ::'0
18E44SS1 5/8 0.0448 4.5 0.156 13 .95 35 .•4 0.515 38.62 1.1 III 10
!J.4E35SS1 3/4 0.0789 3.5 0.188 9.51 54.44 70.4 47.95 0.681 46.75 0.975 III 10
" 4E45SS1 3/4 0.0781 4.5 0.188 9.6 55.45 0.788 46.75 0.843 III 10 I
10E26SS1 1.0 0.1455 2.5 0.25 6.87 59.5 71.85 55.25 0.77 61.1 1.11 :11 10
4G25SS 3/4 0.0766 2.0 2.5 0.375 9.8 29.8 43.4 49.4 ) .14 43.4 0.879 III 10
4G35SS 3/4 0.0753 3.5 0.375 9.96 47.0 1.08 43.4 0.923 III 10
4G45SS 3/4 0.0795 ':'.5 0.375 9.43 46.5 1.07 43.4 0.933 III 10

~

ex:

*(onet)ca1 K (.1 + 3 dis) Fu

See Table 1 for the definition of type of failure.

Mean = 1.010

Standard Deviation = 0.150



Table 9. Dimensions and Results of Single Shear Connections With Washers-Tensile Strength StudyO

(::; ) * (Onet)calSpec d t s e/d dis dlt
F F (C'net)test net test (Onet)cal Failure

So (in) (in) (in) y u F (Onet)test rype
(ksi) (ksi) (ksi) u (ksi)

2Y-Ll2 1/2 0.104 2.660 3.500 0.188 4.81 72.40 72.80 50.96 0.700 48.34 0.949 II & III
112Y-Ll3 5/8

[
3.330 3. ~80 6.01 36.00 0.495 48.34 1.340 I & II & III:

~2Y-Ll4 3/4 3.930 3.460 0.191 7.21 70.64 0.970 49.00 0.694 II & III

rUl 3/8 1. 520 3.990 0.247 3.61 66.12 0.910 61. 22 0.926 1 & 11 & I II'
2Y-Ll7 5/8 2.548 3.400 0.245 6.01 54.70 0.751 60.80 1.110 1 & LI & II Ii
2Y-Ll8 3/4 3.040 3.530 0.247 7.21 52.22 0.717 61. 22 1.170 II & III
2Y-Ll9 7/8 3.530 3.430 0.248 8.41 52.55 0.722 61. 44 1.170 III

iY-T3 3/4 0.183 1.500 0.833 0.500 4.10 86.40 91. 30 84.74 0.928 91. 30 1.080 III

liY-L5
1

3.750 2.500 0.200 83.10 83.90 52.00 0.620 58.73 1.130 1 & 11 & 11 II
liY-L6 3.750 5.000 83.10 83.10 79.00 0.951 58.73 0.743 1I & III IrL2J 3/8 0.105 0.872 5.330 0.430 3.57 87.00 88.10 85.00 0.965 88.10 1. 040 III

2Y-L28 5/8 0.105 1. 500 4.000 0.420 5.95 87.00 88.10 88.70 1.010 88.10 0.993 III '
iY-T30 3/4 0.183 1. 870 3.330 0.400 4.10 87.00 91.00 96.60 1.060 91.00 0.942 I I 1 I
7Y-L20 1 1.500 1. 500 0.500 83.10 83.80 84.60 1.010 83.80 0.991 I II I
,lY-L21 2.500 3.200 0.300 83.10 0.992 83.80 1.010 III

12OZ- Ll 1/2 0.039 1.500 3.500 0.330 12.82 75.50 81.70 85.30 1.040 81. 70 0.960 III

!20Z-L2

j
2.000 74.90 0.917 81. 70 1.090 I&lI&III

12OZ- LJ 3/4 2.500 2.000 0.300 19.23 63.80 0.781 81.70 1. 280 I&II&IIIrZ
-

TlO 1/2 1. 500 3.500 0.330 12.82 94.40 99.80 70.80 0.710 99.80 1. 400 III

OZ-Tl1 2.500 3.000 0.200 40.23 0.403 70.00 1.740 II & III

1605X-Ll 3/4 0.065 2.500 3.000 0.300 11. 54 83.25 83.25 81.30 0.977 83.25 1.020 III
• 6FAX-Ll6 1/2 0.060 3.500 0.200 8.33 30.10 45.90 41. 30 0.900 32.13 0.778 II & III

*(Jnet)cal = (.1 + 3d/s)Fu Mean = 1.070

See Table 1 for the definition of type of failure. Standard Deviation = 0.230

~
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Table 10. Dimensions and Results of Bolted Connections with Washers-Tensile Strength Study (Double Shear)

Spec. d t Fy Fu (Onet)test (Onet)test (Cnet)~al (c )
:ailures e/d dis d/t net cal

No. (in) (in) (in) (ksi) (ksi) Fu (::- ) Type Reference
O.si) (ksi) net test

20A21DS2 1/4 0.0347 4.0 2.5 0.063 7.2 32.11 41.85 9.66 0.231 12.1 1.25 I I. III ~

20A22DS 3/8 0.0344 0.094 10.9 14.84 0.355 16.0 1.08 I I. I II ~

20A23DSl 1/2 0.0354 0.125 14.12 20.8 0.497 19.9 0.957 I I. III 9
20A33DS1 1/2 0.0360 3.5 13.9 23.6 0.564 0.843 III 9
20A43DS 1/2 0.0356 4.5 14.04 29.0 0.693 0.686 III 9
20A34DS 5/8 0.0354 3.5 0.156 17.66 35.81 0.856 23.77 0.664 III 9
20A44DS1 5/8 0.036 4.5 17.36 34.56 0.826 0.688 III ~

20A25D8 3/4 0.0355 2.5 0.188 21.13 29.86 0.714 27.8 0.931 III 9
20A35DS1 3/4 O. 0357 3.5 21.01 35.68 0.853 27 .8 0.7i9 III 9
16C403D81 II:! 0.0591 4.0 0.125 8.46 32.0 44.0 31.33 0.712 20.9 0.667 III 9
16C503081 1/2 5.0 34.98 0.795 0.597 III 9
14A430S1 1/2 0.077 4.5 6.49 29.8 43.4 29.77 0.686 20.62 0.693 III 9
14B25D51 3/4 0.0797 2.5 0.188 9.41 28.38 0.654 28.82 1.02 III 9
14B35DS1 3/4 0.077 3.5 9.74 34.27 0.79 0.841 III 9
14B26051 1.0 0.076 2.5 0.25 13.23 37.6 0.866 36.9 0.981 III 9
14B36D51 1.0 0.0734 3.5 0.25 13.62 42.39 0.977 0.870 III 9
12A3':'OSI 5/8 0.0922 3.5 0.156 6.78 26.0 41.15 31.83 0.774 23.37 0.734 III 9
12A4':'DS1 5/8 4.5 36.87 0.896 0.63:' III 9
8B35051 3/4 0.197 3.5 0.188 3.81 32.0 46.0 41.4 0.90 30.54 0.743 III 9
8B45D51 3/4 0.1808 4.5 4.15 46.5 1.01 0.657 III 9
8B45D81 1.0 0.191 2.5 0.25 5.24 43.35 0.942 39.1 0.902 III ~

18E3..D51 5/8 O. 0451 3.5 0.156 13.86 46.75 68.0 43.98 0.647 38.62 0.878 I & II I 9
18E':':'D51 5/8 0.0453 4.5 0.156 13 .8 45.84 0.67:' 0.842 I & III 10
114E25D51 3/4 0.0781 2.5 0.188 9.6 54.44 70.4 42.1 0.598 46.7 j 1.11 III 10
114E45D81 3/4 0.0781 4.5 9.54 67.4 0.957 0.694 III 10
10E25D51 3/4 0.1351 2.5 5.55 59.5 71.85 44.85 0.624 ~ 7.71 1.06 I & III 10
110El6D5J. 1.0 0.1421 1.5 0.25 7.04 35.4 0.493 61.1 1. 73 I & III 10
110E46D51 1.0 0.1411 4.5 7.09 69.4 0.966 0.88 III 10
il:'G25D51 3/4 0.0768 2.0 2.5 0.375 9.77 29.8 43.4 47.8 1.1 ':'3.~ 0.908 III 10
!1':'(;35I)S 3/4 0.0760 3.5 0.375 9.87 48.3 1.11 ... 3.~ 0.90 III 10 I

3/4 0.0755 4.5 0.375 9.93 49.7 1.15 ':'3 .~ 0.87 III AUIl"G.. 5D5 I

*\: ) • (.1 + 3d/s)F :-lean = 0.870
net ~31 u

Standard Deviation = 0.220
S~~ :3~i~ 1 ior the definition of type of failure

~



Table 11. ~imensions and Results of Double Shear Bolted Connections With Washers-Tensile Strength Study 6

(unet)test * (Onet)calSpec d t s
e/d dis dlt

F F (Onet) test (: ) F.lilure
So (in) (in) (in)

y u F
net cal

(0 ) l'vp"(ksi) (ksi) (ksi) u (ksi) net test

20Z-L9 3/4 0.039 2.5 3.0 0.30 19.23 75.50 81. 70 74.00 0.906 81. 70 1.100 II & III
20ZTl3 99.40 99.80 74.45 0.746 99.80 1.340 II & III
1605X-L2 0.065 11. 54 83.25 83.25 85.70 1.030 83.25 0.971 [ll
1605X13 2.0 68.72 0.825 1.210 I .\ 11 Ii III
11205X-L8 0.105 3.0 3.5 0.25 7.14 81.60 81.60 81.85 1.000 69.36 0.847 11 & III
11205X-L9 7/8 3.5 3.5 8.33 83.25 1.020 69.36 0.833 I [ Ii [II
11205X-Lll 3/4 2.5 3.0 0.30 7.14 80.50 80.50 77 .30 0.960 80.50 1.040 III
:7Y-L32 5/8 0.183 3.0 3.5 0.21 3.42 82.60 82.60 66.20 0.801 60.30 0.911 I Ii I [ & III
!16FAX-Ll2 3/4 0.060 2.5 3.0 0.30 12.50 30.10 45.90 46.00 1.000 45.90 0.998 III

i16FAX-Ll3 2.5 3.5 46.20 1.010 0.994 1[[

:16FAXL15 1/2 2.5 0.20 8.33 43.87 0.956 32.13 0.732 11 I> III
!1610XLl8 3/4 3.0 0.30 12.50 78.40 81.50 84.32 1.030 81.50 0.967 III

112FAXL18 3/4 0.107 3.0 0.30 7.01 28.10 44.10 45.10 1.020 44.10 0.987 [U
112FAX1.20 1/2 3.5 0.20 4.67 41.10 0.932 30.87 0.751 II Ii III
.1615X122 3/4 0.600 3.0 0.30 12.50 45.40 54.70 61.80 1.180 54.70 0.885 III
:1615X123 1/2 0.20 8.33 50.90 0.931 38.30 0.752 I [ " [11
,1625X126 3/4 0.30 12.50 38.50 49.10 57.17 1.160 49.10 0.859 lli

i1625X1.27 1/2 0.20 8.33 42.50 0.866 34.37 0.808 II I> III

11625X128 1/2 3.5 0.20 44.50 0.906 0.772 II IJo III
11210Xl.32 3/4 0.107 3.0 0.30 7.01 70.10 72.80 77.70 1.070 72.80 0.937 III

i1210XL25 1/2 2.0 3.5 0.25 4.67 77 .10 1.060 61.88 0.803 JIll. III

i1215Xl.26 3/4 2.5 3.0 0.30 7.01 65.20 69.30 66.00 0.952 69.30 1.050 III

11215Xl.29 1/2 2.0 3.5 0.25 4.67 69.83 1.010 58.91 0.844 I J & LIl

!1225X-L30 3/4 2.5 3.0 0.30 7.01 36.60 50.00 53.61 1.070 50.00 0.933 111
11225Xl.31 1/2 0.20 4.67 42.40 0.848 35.00 0.825 11 I> III
1225Xl.32 3.5 42.50 0.850 0.823 J 1 I> lli
1225Xl.33 2.0 0.25 51.50 1.030 42.50 0.825 J 1 I> III

·(~net)cal • (.1 + 3d/s)Fu Mean = 0.920

See Table 1 for the definition of type of failure. Standard Deviation = 0.140
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Table 12. Dimensions and Results of Multi-Bolted Connections With Washers-Tensile Strength Study 5

(unet)test * (unet)calSpec So of d t s
dIs d/t F F (onet)test (0net)cal Failure

So Bolts (in) (in) (1n) eld y u F (Onet)test r~'pe(ksi) (ksi) (ksi) u (ksi)

F16A 1 3/4 0.060 4.01 4.00 0.1875 12.50 31.00 44.40 23.40 0.527 29.42 1. 260 11 ~ III'
F35l 1 1 lIB 0.185 4.00 2.67 0.2810 6.08 55.70 77.40 68.70 0.887 73.00 1.060 II & II II
4F451 1 1/2 0.078 6.00 0.1250 6.41 62.50 76.20 28.40 0.373 36.20 1. 270 11 ~ I III
6Al5 1 1/2 0.060 8.33 31.60 45.00 20.00 0.445 21. 40 1.070 III I

3C16A 2 3.50 31. 00 44.40 37.60 0.847 32.75 0.871 I I ~ III
C16A 2 3/4 0.058 4.01 2.33 0.1875 12.93 40.00 0.903 36.91 0.923 II ~ III'

,8F352 2 1 1/8 0.185 4.00 2.67 0.2810 6.08 55.70 77.40 80.40 1.040 75.20 0.935 II & In!
~OF452 2 3/4 0.144 3.33 0.1875 5.21 62.80 80.70 74.60 0.926 67.10 0.900 III
14F452 2 1/2 0.078 5.00 0.1250 6.41 62.50 76.20 64.00 0.841 56.20 0.878 II&II
p16Al 3 0.060 3.50 8.33 31. 60 45.00 37.80 0.840 37.13 0.982 III
131M2 3 42.00 0.933 0.884 III
~16A3 3 3/4 2.33 0.1875 12.50 43.50 0.968 39.94 0.918 III

1M3 3 43.00 0.956 0.929 III
~6051A 3 1/2 4.00 0.1250 8.33 84.90 84.90 85.00 1.000 70.04 0.824 III
16052A 3 3/4 2.33 0.1875 12.50 100.00 1.180 75.35 0.754 III
~610lA 3 1/2 4.00 0.1250 8.33 75.60 79.30 81.00 1.020 65.42 0.808 III
~6102A 3 3/4 2.33 0.1875 12.50 86.40 1.090 70.40 0.815 III
708SS 3 5/8 0.184 3.22 5.00 0.1940 3.40 85.00 85.00 86.40 1.020 76.00 0.880 III
70915 3 5/8 0.182 3.30 0.1940 86.25 86.25 84.80 0.983 76.76 0.905 III
70925 3 0.183 4.23 6.80 0.1480 84.75 0.983 73.14 0.863 III
70935 3 0.185 83.60 0.970 0.875 III

*(Onet)ca1 • (1 - .9r + 3rd/s)Fu Mean = 0.930

See Table 1 for the definition of type of failure. Stanard Deviation = 0.130
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Table 13. Torques Used in Installation of AJ07 Bolts
(Cornell Tests) 3

Bolt Diam. Torque
in. ft. lb.

1/4 5

3/8 14

1/2 40

5(8 50

3/4 110

1 250

Table 14. Torques Used in Installation of
High St~ength Bolts (Cornell
Tests)

Bolt Diam. Torque
in. ft. lb

1/4 11.0

3/8 37.5

1/2 95.0

5/8 190.0

3/4 335.0

1.0 750.0
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Table 15. Bolt Tension Specified by the Research
Council on Riveted and Bolted Structural
Joints 21

Bolt Diam. Minimum Bolt Tension, kips

in. A325 Bolts A490 Bolts

1(2 12 15

5(8 19 24

3(4 28 35

7(8 39 49

1 51 64

1 1(8 56 80

1 1(4 71 102

1 3(8 85 121

1 1/2 103 148
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