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Faris, Jerod B. (M.S., Civil Engineering)
Software for Determining the Capacity of Bolt Groups Under Eccentric Loads

Thesis directed by Professor George Hearn

In steel construction, it is not uncommon to encounter a bolted connection that supports an
eccentric load. Determining the capacity of the bolted connection is dependent on the location and
attitude of the applied eccentric load. There have been numerous proposed design methods for
determining this capacity. These include the elastic method, the modified elastic method, the plastic
method and the instantaneous center method. The instantaneous center method is the preferred
method in the current AISC Steel Construction Manual (13th Edition) to design a bolt group under
eccentric loads. This method, however, is complicated for design engineers since it requires an iterative
analysis. Design engineers are then left with the option of laying out the bolt group to match one of the
pre-populated design tables or performing a simplified and conservative elastic analysis. Neither option
is particular appealing given that it is not always possible to match the design tables and design
engineers are expected to provide competitive and efficient designs. The software developed in this
thesis allows design engineers to quickly obtain the capacity of any bolt group using the instantaneous
center method. This removes the limitations on design engineers and allows them to provide the best
possible connections. The software also provides the capacity of a given bolt group using both the
elastic and plastic method, in order to not limit design engineers to one particular method. While the
instantaneous center method is preferred, by providing the results for all methods, the design engineer

is given complete freedom to use the software in a way that works best for them.
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Chapter 1 - Introduction

General
Bolts are a common method of connecting steel framing to its supporting members. Often the

bolts can be oriented such that the applied loads are in line with the center of the bolt group. However,
there are some cases where the bolts cannot be oriented to allow for the loads to be concentric. If the
load does not align with the center of the bolt group, it is an eccentric load, which induces a moment in
the connection. Under this condition, the individual bolts resist the load in both direct shear as well as
some contribution from moment, which is a function of the position of the instantaneous center of

rotation. Two occurrences of this type of connection are shown in Figure 1 and Figure 2.

i i
| ﬁf
o4

el : B
of AN e T e |
_-Fﬁéﬂ 5 EGR T
Single Girder Crane >> Single Plate Lifting {ﬂ }

Figure 1: Beams or Girders Attached to Columns (CraneWerx n.d.) & (Kulak 1975)

Figure 2: Web Splice (Corus Construction n.d.) & (Kulak 1975)



Various methods have been proposed for computing the strength of a bolt group subjected to
an eccentric load. The American Institute of Steel Construction Steel Construction Manual (AISC Manual)
has presented three different methods since the 5th edition in 1950 (Steel 1950). These three methods
are the elastic method, the modified elastic method and the instantaneous center of rotation method
(I.C.) (also referred to as the ultimate strength method). A fourth method, the plastic method, has been
proposed, but has never been implemented in the AISC Manuals. The different versions of the AISC
Manuals also give tables for each of the methods to assist the designer in determining the capacity of
common bolt groups under specific load conditions. Using these tables, the designer can look up a bolt
group coefficient, C, for a given bolt group under a specific application of load. This bolt group
coefficient represents the number of bolts that are effective in resisting the eccentric shear force.
Therefore, the lowest value of the bolt group coefficient is equal to the required strength divided by the

available strength of a single bolt.

c -k (Eq. 1-1)
min —
07

Where: ¢ = strength reduction factor
Crmin = minimum value of the bolt group coefficient
r, = nominal shear strength per bolt

The strength reduction factor, ¢, is given in the AISC Manual Tables 7-7 through 7-14 and has a value of
0.75 (Manual 2005). The nominal shear strength of a single bolt, r,, is found in Table 7-1 of the AISC
Manual (Manual 2005). Once the value of the bolt group coefficient is determined it is then multiplied
by the design strength of a single fastener to get the capacity of the entire bolt group:
OR, = C* ¢r, (Eq. 1-2)
Where: ¢ = strength reduction factor
R, = nominal strength of the bolt group

C = bolt group coefficient
r, = nominal shear strength per bolt



This equation remains the same for all the different methods and versions of the AISC Manuals. The
different methods produce different values for C.
Objective

This thesis will review how each of the four methods was developed and how they differ in
determining the capacity of a bolt group under eccentric loads. Since the tables given in the AISC
Manuals are limited to specific bolt configurations under specific applications of load, a system of
equations is derived for the elastic method, plastic method and I.C. method that can be applied to any
bolt pattern under any in-plane application of an eccentric point load. Software is developed using these
equations to allow design engineers greater flexibility and efficiency since they are no longer required to
either conform their connection to the design tables given in the AISC Manuals or to perform their own
analysis. The interface and output of this software are presented to show how users can perform an
analysis of a given bolt group under an eccentric load using any of the design methods. Numerous
examples are executed to verify that results from the software agree with values of bolt group
coefficients given in the AISC Manuals. Further analysis is then performed using examples that cannot be
found in the AISC Manuals in order to show the benefit of having the software available. Lastly, the
results of the examples are used to understand how the different methods, different applications of

load and different bolt patterns affect the overall capacity of the bolt group.



Chapter 2 - Background

This chapter reviews the history of methods for analysis of eccentric loads on bolt groups. In
1950, the elastic method was the preferred method of analysis for eccentric loads on bolt groups.
During experimental testing, however, it was determined that the elastic method provides conservative
results. The modified elastic method, plastic method and I.C. method were subsequently developed in
order to achieve design capacities that are more representative of the experimental test results. The

equations for each of these methods will be presented in Chapter 3.

Elastic Method
In the 5th edition of the AISC Manual, the elastic method

was the only method recommended for determining the capacity

-U_~.

of a bolt group under eccentric loads (Steel 1950). The elastic

method has been used in the design of connections since at least

1936 (Rathburn 1936). The elastic method is based on the theory

that when an eccentric load is applied to a group of bolts, as
Figure 3: Eccentric Load on a Bolt
shown in Figure 3, the bolt stress-strain response is linear-elastic. Group

In other words, the bolts support an equal share of the vertical load P, plus a force due to the moment,

P*e, which is proportional to its distance from the elastic centroid of the bolt group (CG) (Manual 1963).

The 5th edition of the AISC Manual provides tables for four different cases of rivet groups under
an eccentric application of load (Stee/ 1950). Table 1 is a summary of the 4 cases represented in the

design tables in the 5th of the AISC Manual.



Table 1: Summary of 5th Edition AISC Design Tables for Elastic Method (Steel 1950)

Row 1

.

b

e

.

e

.

Row 2

C +

—2

Vertical spacing, s| Number of | Horizontal spacing, g| Load angle, 8
inches Vertical Rows inches degrees
3 1 N/A 0
3 2 5.5,9.5 1]
3 4 2.5-4,5-2.5, 3-5.5-3 ]

Notice that the vertical spacing of rivets does not change for any configuration even with multiple

vertical rows. For rivet groups with multiple vertical rows, the tables allow for two different horizontal

spacing options. And all applications of load are vertical in the downward direction. These design tables

were meant to be a quick reference for the most common patterns and applied loads. If the actual

conditions did not meet the parameters given in this table, the designer was forced to calculate the

capacity of the rivet group by hand. The equations for the elastic method were provided in the AISC

Manual so that the designer could easily calculate this capacity. Since the equations were relatively

simple, there was no need to provide exhaustive design tables to cover every possible scenario. The

design tables provided in the 5™ edition of the AISC Manual are shown in Figure 4.
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Figure 4: Design Tables given in the 5" Edition AISC (Steel 1950)

In 1963, the AISC sponsored a series of 10 tests at Lehigh University's Fritz Engineering
Laboratory to compare to the results given by the elastic method (Higgins 1964). The tests were
performed on groups of 3/4-inch diameter rivets in either 1 or 2 vertical rows under eccentric shear

loads (Figure 5). The results of this testing are listed in Table 2.
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Figure 5: Rivet Patterns (Higgins 1971)
Table 2: Lehigh University Test Results (Higgins 1964)
Test Rivet |#ofrivets in|eccentricity, e |Failure Load
Specimen | Pattern |one row (in) (i) (kips)
TP 1 il 3 2.5 216
TP 2 il 3 3.5 161
TP 3 A 3 6.5 100
TP 4 B 5] 2.5 550
TP5 B ] 4.5 440
TP B B 5] 0.5 362
TP 7 C 2 3.5 222
TP E C 2 6.5 120
TP9 D 4 3.5 268
TP 10 D 4 6.5 354

Using the elastic method, Higgins computed the nominal capacity of these connections and compared

them to the test results:




Table 3: Comparison of Test Results and Elastic Method Capacities (Higgins 1964 and Higgins 1971)

Elastic Method

# of Rivets . Calculated
Test Rivet | Eccentricity, e | Failure Load, ) Factor of
i in One Row i i Capacity, P,
Specimen | Pattern . (in) P:(kips) Safety = P4P,
(in) (kips)
TP1 A 3 2.5 216 43.6 4.36
TP 2 A 3 3.5 161 39.4 4.08
TP 3 A 3 6.5 100 234 4.27
TR 4 B ] 2.5 550 129.4 4.25
TP 5 B ] 4.5 440 97.6 4.51
TP 6 B ] 6.5 362 75.4 480
TR 7 C 2 3.5 222 41.8 5.30
TR E C 2 6.5 120 26.3 4.57
TP 3 D 4 3.5 s68 116.8 4.87
TR 10 D 4 6.5 354 76.6 4.62
Average = 4.56
Std deviation = 0.34
The factor of safety is computed by dividing the failure load by the calculated capacity:
Py (Eq. 2-1)

Factor of Safety = P
n

The elastic method gives an average factor of safety of 4.56 for these 10 tests, which is conservative
since the suggested factor of safety ranges from 2.0 to 2.2 (Fisher and Beedle 1965). The current AISC

Manual also uses a factor of safety of 2.0 (Manual 2005).

The elastic method limits the strength of the connection to the yield strength of the critical
fastener. In reality, when the critical fastener reaches yield, the loads can be redistributed to the
additional connectors to provide further strength in the connection. Therefore, the elastic method
provides conservative results. The elastic method is still allowed by the 13th edition AISC Manual, but
the Manual states, "the elastic method is simplified, but may be excessively conservative because it
neglects the ductility of the bolt group and the potential for load redistribution" (Manual 2005). Other

methods have been proposed to account for the ductility of the bolt group and the potential for load



redistribution including the modified elastic method, the plastic method and the instantaneous center

method.

Modified Elastic Method

The 6™ edition of the AISC Manual includes a modified elastic method for analysis of groups of

bolts under eccentric shear (Manual 1963). The method is attributed to Higgins (Higgins 1964), and uses

an effective eccentricity that is less than the distance from the center

of the bolt group to the line of action of the external load as shown in

Figure 6. By reducing the eccentricity, the bolt group coefficient is

increased and the nominal design capacity is higher. This reduces the

factor of safety since the nominal design capacity is now higher. The

bolts are still assumed to behave linear-elastically and the elastic

Figure 6: lllustration of
Modified Elastic Method

method equations are still used as is, but with the modified eccentricity.

Higgins used the results of the tests performed at Lehigh University's Fritz Engineering
Laboratory in 1963 to determine an effective eccentricity, in inches, as a function of the actual
eccentricity, in inches, and the number of fasteners in a single row (Higgins 1964). For fasteners equally

spaced in a single column the effective eccentricity is:

1+2n
Ceff =€ — (Eq. 2-2)
4
Where: e = effective eccentricity (inches)
e = eccentricity (inches)
n = number of bolts in one vertical row
For fasteners equally spaced in two or more columns the effective eccentricity is:
1+n
Copr =€ — (Eq. 2-3)
eff 2



Using these equations and the results from the testing at Lehigh University (shown in Figure 5), the

following safety factors are achieved:

Table 4: Comparison of Test Results and Modified Elastic Method Capacities (Higgins 1964 and Higgins 1971)

Modified Elastic Method

# of Rivets Effective Calculated
Test Rivet | - Failure Load ) Factor of
) in One Row | Eccentricity, . Capacity, P,
Specimen | Pattern . . (kips) safety =P4P,
(in) e (0] {kips)
TP 1 A 3 0.75 216 74.6 2.90
TP 2 A 3 1.75 151 59.9 2.69
TP 3 A 3 4.75 100 308 3.24
TP 4 B G -0.75 550 159.1 3.46
TP 3 B ] 1.25 440 150.0 2.93
TP G B G 3.25 3g2 116.8 3.10
TR 7 C 2 2.0 222 58.0 3.83
TP E C 2 5.0 120 32.3 3.71
TP 9 D 4 1.0 568 183.7 3.09
TP 10 D 4 4.0 334 107.2 3.31
Average = 3.23
5td deviation = 0.34

By reducing the eccentricity, Higgins was able to reduce the average factor of safety, as computed in (Eq.
2-1), for these tests from 4.56 to 3.23, which is a 29.2% decrease. Thus, this method was adopted in the
6th edition of the AISC Manual (Manual 1963). It is unclear what factor of safety Higgins was trying to
achieve. Since his equations can be scaled up or down to achieve a different result, it is likely he was
comfortable with a factor of safety of around 3.0. At the time, the AISC Manuals did not provide a factor
of safety for connections and there appears to have been some confusion over what should be the
appropriate safety factor to use. Fisher and Beedle discussed this topic in detail and concluded that a

factor of safety between 2.0 — 2.2 is appropriate (Fisher and Beedle 1965).

The 6th and 7th editions of the AISC Manual provide four design tables for bolt groups under
eccentric load. Table 5 provides a summary of the 4 cases covered by the design tables in the 6th and

7th editions of the AISC Manual.
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Table 5: Summary of 6th and 7th Editions AISC Design Tables for Modified Elastic Method (Manual 1963)

Row 2

Row 1
@ o
(7))
+—@® @
v

- @ @
—2

Vertical spacing, s| Number of |Horizontal spacing, g Load angle, ©
inches Vertical Rows inches degrees
3 1 N/A 0
3 2 3, 5.5 ]
3 4 3-5.5-3 1]

The design tables provide limited options like the tables given in the 5th edition (summarized in Table 1).

The vertical spacing is still a constant value of 3-inches for every configuration. For configurations with

multiple vertical rows, the design tables still provide one to two options for horizontal bolt spacing. And

the loads are still applied only in the vertical downward direction. The design tables also provide the

same equations given in the 5" edition, except that the effective eccentricity, e, is used in place of

actual eccentricity, e. Since the equations were relatively simple, expanded lookup tables are not

required and so only the most common layouts were provided. One example of a typical design table

given in AISC is shown in Figure 7.
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ECCENTRIC LOADS ON FASTENER GROUPS
TABLE %Il Coefficients C
. |
: P ey |
Required minimum ¢ = I l'&,
P=0CXr I =
n = Total number of fasteners in any I3 I &
one verfical row ] 1 ==
P = Permisaible load ncti wl.th. 3 — U i =
effective lever arm [ N I - -
ry = Permisaible load on ane fastener 3 b =
by Specification at o L] b =2
1
Lot = Letmn1 — -g HE] 3f | Foy g {
£ = CocfMclents tabulated below. i = 5 1
= |
n 4
Lt : : = ] | m—
il 2 3 1 5 6 7 B | 9 w | n | 128
SR 5 . . S - N |
1% ] 1.29 2.78 l 4.495 | 6.29 B.24 | 10.3 |12.3 | 14.4 16.5% 18.5 | 2006 | z2.7
2 | 1.6 | 252 | 407 | S5.B1 | 7.6 | 9.64 | 117 | M%7 | 158 |1F.9 |20D.0 | 221
2 | 1.05 2.29 | 3.4 | 5.37 7.15 4,06 | 11.0 13.1 15.2 17.2 | 19.3 | 214
3 ] 2.1l 3,95 | 4.98 | B6.67 B.51 | 10.4 12.4 14.5 16.6 18.7 | 20.8
3 VB8 1.05 | 3.20 4.63 B6.24 7.9 | 987 | 11.8 13.8 15.9 18.0 | 20.1
4 a1 | 1.81 | 2.08 4.32 | 5.84 7.62 9.33 | 11.2 13.2 15.2 17.3 19.4
Al% .76 1.69 2.78 405 | 5.40 7.0% | B.EZ | 10.7 12.6 14.6 16.6 18.7
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& 51 1.15 1.90 27T 3.78 4.95 E.26 | 7.70 9.26 | 10.9 12.7 14.5
815 A8 1.10 1.81 264 362 4.74 £.00 7.3 5.00 | 10.5 12.2 1.0
9 A7 1,06 1.74 2.53 3.46 4.54 | 5.76 .10 | &.56 | 10.1 1.8 | 13.E
10 A3 ] 1.60 | 2.23 3,19 | 4.19 ) 5.32 | B6.57 7.54 9.42 | 11.0 | 12.6
11 A0 a1 1.48 | 2.16 2.06 3.88 | 4.94 B.11 7.44 £.80 | 10.3 11.9
12 a7 ] 1.3 | 2.01 2.75 3.62 .61 5.71 | &6.92 B8.24 0.65 | 11.2
14 .33 W75 | 1.22 | 1.EP | 2.42 3,13 | 4.06 | 504 | 612 ) 7.30| B.58 | 9.4
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18 ¥l 60 58 1.42 1.4 2,56 | 3.26| 4.06| 4.95| 5.92 .98 | g.12
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et HE. & :
| LC o= -
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T 1gme — Tk IR 4 5 =

AMERICAN INSTITUTE OF STEEL CONSTRUCTION
Figure 7: Sample Table for Finding C given in 7" Edition of AISC Manual (Manual 1963)

The modified elastic method was criticized and eventually removed in the 8th Edition Manual
Errata published in the Engineering Journal, Second Quarter, 1981 (Brandt 1982). Crawford and Kulak

state that the modified elastic method can be criticized for the following four reasons (Crawford and

Kulak 1968):
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1. The number of tests (10) upon which the method is based was limited.

The range of eccentricities (2.5-inches to 6.5-inches) covered by the tests was limited.

3. The lack of a rational basis for the method of determining the effective eccentricity means that
extrapolation beyond the range investigated was undesirable.

4. Power driven rivets were tested whereas high strength bolts are used almost exclusively in
present construction methods.

N

Thus, the modified elastic method was removed in the 8th edition of the AISC Manual and replaced with
a new method called the Instantaneous Center (I.C.) Method, also sometimes referred to as the

Ultimate Strength Method.

Plastic Method

Another method that was proposed, but never implemented in the AISC Manuals, is the plastic

method. It states that at failure, each fastener in the bolt group will reach its full plastic capacity
regardless of its distance from the instantaneous center of rotation. This differs from the elastic and
modified elastic methods, which assume that the forces in the bolts are dependent on their distance

from the instantaneous center of rotation.

The plastic method was proposed by A.L. Abolitz (Abolitz 1966) and Carl L. Shermer (Shermer
1971). Since the elastic method is known to provide conservative results and the results given by both
the elastic and modified elastic methods have standard deviations of 0.34 (Higgins 1971), the plastic
method was proposed to obtain results that are more representative of test results. Once again the test

results provided by Higgins (1964) are compared to the results given by the plastic method:
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Table 6: Comparison of Test Results and Plastic Method Capacities (Higgins 1964 and Higgins 1971)

Plastic Method

# of Rivets . Calculated
Test Rivet | Eccentricity, e | Failure Load, ] Factor of
. in One Row i i Capacity, P,
Specimen |Pattern . (in) P:(kips) safety =P4P,
(in) (kips)
TP1 A 3 2.5 216 4.0 4.00
P2 A 3 3.5 161 43.2 3.73
TP 3 A 3 6.5 100 244 4.10
TPr4 B i1 2.5 550 1421 3.87
TP S B 1] 4.5 440 116.7 3.77
TP B B 5] 6.5 3g2 94.0 3.85
P77 C 2 3.5 222 51.5 4.31
TP 8 C 2 6.5 120 31.8 .77
TP 9 D 4 3.5 568 146.4 3.88
TP 10 D 4 6.5 354 97.5 3.63
Average = 3.89
Std deviation = 0.19

While the average factor of safety for the plastic method (3.89), as computed in (Eq. 2-1), is higher than

the modified elastic method (3.23) by 20.4%, it is still 14.7% lower than the elastic method (4.56). The

factor of safety resulting from the plastic method also has a standard deviation of 0.19 instead of the

0.34 standard deviation from the factor of safety resulting from the elastic methods. This means that the

plastic method gives a more consistent factor of safety than both the elastic and modified elastic

methods.

The plastic method was also criticized Kulak (1971; Kulak and Fisher 1967) and was never

adopted by the AISC. The main criticism of the plastic method is that it does not consider the shear

deformation response of the individual bolts. Typical bolt shear deformation curves are shown in Figure

8.
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Figure 8: Shear stress-deformation curves (Kulak and Fisher 1967)

As shown in Figure 8, a shear load test is conducted by threading a bolt through multiple steel plates. A

downward load is then applied to the center plate(s) to induce a direct shear into the fastener. Figure 9

shows examples of bolt failure under a shear
load test. The curve in Figure 8 shows that
under shear, the bolts do not have a well-
defined yield point. The theoretical yield
A325 BOLT

point, T, is shown on the plot and it is

apparent that no plateau exists at this value.

FIG. 11.—BOLTS AFTER FAILURE IN SHEAR

Figure 9: Bolts After Failure in Shear (Fisher & Wallaert 1965) Therefore, the fasteners have traditionally

been assigned an allowable stress based on their ultimate shear strength (Kulak and Fisher 1967). It can

also be observed that when the critical fastener reaches its maximum load, the other fasteners with
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lesser deformation will be resisting the load with less than their ultimate capacity. The I.C. method

applies these principles and was thus adopted by the AISC Manuals instead of the plastic method.

Instantaneous Center (I.C.) Method
The instantaneous center (I.C.) method is the current recommended method in the 13th Edition

of the AISC Manual (Manual 2005). This method was developed in 1968 by S.F. Crawford and G.L. Kulak
(Crawford and Kulak 1968). This method uses the inelastic load-deformation response of fasteners that
was developed by Fisher (J. Fisher 1965) based on testing done by Wallaert and Fisher (Fisher and

Wallaert 1965). Fisher proposed that the load-deformation response of a single fastener can be related

using the following equation:

R = Ry (1—e #i)t (Eq. 2-4)

Where: R = fastener load at any given deformation
Rur = ultimate load attainable by a single fastener
A; = deformation of an individual bolt
M, A = regression coefficients
e = base of natural logarithms

Crawford and Kulak performed a series of six tests on single fasteners to verify the response given by
Fisher (J. Fisher 1965) and to solve for the regression coefficients, p and A (Crawford and Kulak 1968).
The tests were done using 3/4-inch diameter A325 bolts. The results of these tests are given in Figure

10.
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Figure 10: Load-Deformation Curves for Single Bolt Tests (Crawford and Kulak 1968)

From these tests, Crawford and Kulak proposed using regression coefficients, u = 10.0/inch and A = 0.55.
They also determined that the ultimate capacity of a single 3/4-inch diameter A325 bolt is 74 kips at an

ultimate deformation of 0.34-inches (Crawford and Kulak 1968).
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The load-deformation response is used to predict the capacity of the fastener group by relating

the deformation of the individual fasteners to the load that fastener exerts. The deformation of each

lo

P,orP,

Figure 11: Deformation and Forces of Bolts for I.C. Method (Manual

2005)

fastener depends on its distance
from the instantaneous center of
rotation and each fastener carries
a force that is perpendicular to
the radius of rotation of the
fastener as shown in Figure 11.
The bolt furthest from the I.C.
experiences the most
deformation and therefore

experiences the most force. So

when the ultimate strength of the furthest fastener is reached, the capacity of the bolt group is reached.

Crawford and Kulak developed this
method by not only comparing it to the testing
done in 1963 at Lehigh University (Higgins 1964),
but by also testing a total of sixteen specimens in
eight different configurations (Crawford and Kulak
1968). A diagram of these configurations is shown
in Figure 12. Tests were performed using 3/4-inch
A325 bolts. The number of bolts per line varied
from four to six and the load eccentricity ranged
from 8-inches to 15-inches. The results of these

tests are summarized in Table 7.

Specimen Bolt Group Eccentricity P 8
Number e lims.) (ins.) (ins.)
B1 &I) 8 2-1/2
¢ |
B2 Z 2] 10 3
9
B3 __| 12 3
B4 E 13 3
BE ? 15 3
j t
B $IE 12 3 2-1/2
; Jd
el P
e8] "
B7 ! 15 3 z-1/2
— g—.l
$8
B8 z b 15 2-1/2 2-1/2
8
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Figure 12: Diagram of Test Specimens (Crawford and

Kulak 1968)



Table 7: Results from Crawford and Kulak Tests (Crawford and Kulak 1968)

Test # of rivets in | eccentricity, e | Vertical Horizontal |Failure Load, P;
Specimen |one row [in) (in) spacing (in) [spacing [in) (kips)

Bl 5 8 2.5 MN/A 225

B2 5 10 3 N/ A 230

B3 5 12 3 MN/A 1590

B4 ] 13 3 N/ A 231

BS 6 15 3 M/ A 221

Bo 4 12 3 2.5 264

B7 4 15 3 2.5 212

BE ] 15 2.5 2.5 266

Crawford and Kulak then calculate a predicted load using the I.C. method and compare it to the test

results, which are shown in Table 8:

Table 8: Comparison of Crawford and Kulak Test Results with I.C. Method (Crawford and Kulak 1968)

l.C. Method - Crawfurd and Kulak Test Specimens

Predicted
Test |#ofrivets in|eccentricity, | WVertical | Horizontal |Failure Load, Ps Load, B, | B/P
Specimen|one row (in) (in) spacing (in) |spacing (in) (kips) {kif;E}Lt v
Bl 3 ) 2.5 /A 225 252 0.894
B2 5 10 3 M/ A 230 244 0.945
B3 3 12 3 /A 190 206 0.924
B4 ] 13 3 M/ A 251 274 0.916
BS ] 15 3 /A 221 239 0.925
Bo 4 12 3 2.5 264 293 0.901
B7 4 15 3 2.5 212 239 0.885
B2 5 15 2.5 2.5 266 309 0.860

Average = 0.906
Std deviation = 0.03
Since equation (Eq. 2-4) is based on the ultimate strength of the individual fastener, the I.C. method

gives a prediction of the ultimate failure load. The failure load divided by the predicted load provided by
the I.C. method should then be close to unity. Table 8 shows that the I.C. method predicted the failure

load to within 10-percent of unity on average with a standard deviation of 0.03. That means that the I.C.
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method provides predicted loads that are consistently 10-percent conservative of the actual failure

loads.

Crawford and Kulak also compare the results of the testing performed at Lehigh University

against the I.C. method as follows:

Table 9: Comparison of Test Results and I.C. Method Capacities (Crawford and Kulak 1968)

I.C. Method - Lehigh Test Specimens

Predicted

Test Rivet |#ofrivets in|eccentricity, e |Failure Load, P;

) ] ) Load, Py; | P#/Pus

Specimen | Pattern|one row (in) (in} {kips)
(kips)

TP1 A 3 2.5 216 210.0 1.03
TP 2 A 3 3.5 161 166.0 0.97
TR 3 A 3 6.5 100 96.0 1.04
TR 4 B 7] 2.5 330 2066.0 0.97
TR 5 B ] 4.5 440 454.0 0.97
TP B B ] 6.5 362 338.0 1.03
TR 7 C 2 3.5 222 130.0 1.17
TR & C 2 6.5 120 115.0 1.04
TP S DO 4 3.5 568 561.0 1.01
TE 10 D 4 6.5 354 367.0 0.96

Average = 1.02
Std deviation = 0.06
In the case of the specimens tested at Lehigh University, the I.C. method predicts the failure load to

within 2-percent on average with a standard deviation of 0.06. The equations behind the methods will
be reviewed in detail in the next chapter, but it is important to note the differences among the various

methods and why the I.C. method is currently preferred.

Summary of Different Methods
When the elastic, modified elastic, plastic and I.C. methods are compared against each other,

there is only one notable difference. All of the methods recognize that the individual bolts resist an
applied eccentric load by sharing the portion of the load caused by direct shear and then have some

contribution to the applied moment. The methods differ in the load-deformation models for bolts. The
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elastic method and modified elastic method are the same method, except that the modified elastic
method uses a reduced eccentricity. The real differences are between the elastic methods, plastic

method and the I.C. method.

The elastic methods assume that the individual fasteners resist the moment by behaving linear-
elastically. Thus, the capacity of the bolt group is reached when the fastener farthest from the elastic
centroid of the bolt group (CG) reaches its yield stress. The plastic method assumes that all of the
fasteners reach their ultimate load value regardless of their distance from the center of the group. The
capacity of the bolt group is reached when the all of the fasteners are at this ultimate strength. The I.C.
method assumes that bolts have a nonlinear stress-strain response. The critical fastener located furthest
from the instantaneous center of rotation is given a maximum limit equal to the ultimate strength and
deflection. The remaining fasteners are then evaluated for the resultant load based on their distance
from the instantaneous center of rotation. Only the critical fastener will reach its failure load while

remaining fasteners will have resultant forces less than failure.

Plotting the different methods on a load-deformation plot better illustrates the differences
between the methods, as can be seen in Figure 13. The response of the bolts for the elastic and
modified elastic methods is linear-elastic. Both the load and deformation of each individual bolt is
related to its distance from the instantaneous center of rotation. The plastic method is an upper limit on
the overall strength of the bolt group since it assumes that every bolt will reach an ultimate force level.
The I.C. method follows a nonlinear force-displacement curve for bolts. The critical bolt reaches the
upper load and deformation limits. The remaining fasteners are located somewhere on the curve below

this limit.
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Figure 13: Load-Deformation Curve for a Single Bolt (adapted from Crawford and Kulak 1968)
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Purpose of Software
The current AISC Manual (13th Edition) recommends the I.C. method for design purposes since

it is more accurate. However, the I.C. method requires the use of pre-computed tables or an iterative
solution and is therefore more complicated. The AISC Manual provides tables that represent 84 different
bolt and load combinations that are commonly used in design. Table 10 is a summary of the 84 cases

represented in the design tables in the 13th of the AISC Manual.

Table 10: Summary of 13th Edition AISC Design Tables for I.C. Method (Manual 2005)

Row 1 Row 2

— @ C P

lr

e

- @& @

le

—@® @
—2

Vertical spacing, s| Number of | Horizontal spacing, g| Load angle, 8
inches Vertical Rows inches degrees
3,6 1 M/A 0, 15, 30, 45, 60,75
3,6 2 3,558 0, 15, 30, 45, 60,75
3,6 3 3,6 0, 15, 30, 45, 60,75
3,0 4 3 0, 15, 30, 45, 60,75

When compared to the design tables provided in previous versions of the AISC Manuals (summarized in
Table 1 and Table 5) it is evident that the design tables have been significantly expanded. A total of 84
combinations are now represented instead of the four that were previously provided. This is due largely
in part to the difference between the elastic method and the I.C. method. The equations given by the
elastic method are simple and allow the designer to calculate the capacity for any bolt group without

the use of a lookup table. However, the I.C. method is not as simple and so the design tables have been
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significantly expanded to include more spacing options as well as both vertical and inclined applications

of load. One example of a typical design table given in AISC is shown in Figure 14.

Table 7-7 (continued)
Coefficients C for Eccentrically Loaded Bolt Groups
Angle = 15°

—_—

Availabile Strenglh of & bolt growp, | wihers
oA, or f/LL, is determingd with P = required force, £, or £, kips '”"'EL""'I
R=Cxr, ry = nominal strength per boit, kips o N
@ = epcentncity of fwith respect =
RaEa T w0 centraid of bodt grovp, in. 1P
. inot tabulaked, may be Jremcs
LRFD ASD determingd by gecmtry) gl L .
RS ¢, = horizontal component of & in, @ ;
F e x S S
Cpge= q:;- Con="" s § = bolt spacind, in.

i & = coolficient tabutated bedow
Humber of Bodts in One Vertical Row, n

i e 2 3 4 5 & 7 8 g 10 11 12
2 [ 115 | 220 {328 | 224 | 539 [ gaz | 745 | 246 | 047 | 105 | 115
9 |ose | 176 | 278 | 385 | 492 | 588 | 708 | Bo& | 911 | 100 | 112
4 | 0BT | 142 | 235 | 336 | 441 | 548 | 655 | 71 | s&v | a7 | 108
5 | 055 | 147 | 200 | 2o4 | 394 | 498 | Goa | 701 | @16 | 824 | 103
6 | 047 | 089 | 173 | 258 | 352 | 452 | 555 | 661 | 767 | Bya | am
7 |0 o088 | 152 | 290 | 316 | 411 | 510 | 613 | 708 | 824 | 930
8 |03 | 075 | 135 | 206 | 286 | 374 | 460 | 568 | 670 | 7.74 | 580
9 |03z | o067 | 122 | 186 | 260 | 343 | 432 | 527 | 626 | 7.28 | B3

10 | 020 | 061 | 110 | 169 | 238 | 316 | 400 | 490 | 585 | 684 | 785
12 | 024 | 051 | 093 | 143 | 203 | 271 | 346 | 428 | 515 | 606 | 7.00
4 021 | o043 | 081 | 124 | 176 | 237 | 304 | 378 | 45 | 541 | 630
16 (019 | 038 | 071 | 1.09 | 156 | 210 | 270 | 337 | 4089 | 467 | 569
18 | 017 | 034 | 063 | 097 | 130 | 188 | 243 | 304 | 370 | 442 | 5B
20 015 | 03 | o057 | 088 | 126 | 170 | 220 | 278 | 237 | 403 | 474
24 [ 012 | 025 | 048 | 073 | 106 | 143 [ 188 | 233 | 286 | 349 | 404

2 [0m | 022 | 041 | 083 | 0.9 123 | 160 | 202 | 247 | 287 | 351
42 | 009 | 018 | 036 | 055 | 080 | 1.0& | 141 | 197 | 218 | 2E2 | A1
J6 | 008 | 0497 | 032 | 049 | 071 | 096 | 126 | 158 | 185 | 234 | 278

Figure 14: Sample Table for Finding C given in 13" Edition of AISC Manual (Manual 2005)

If the actual design condition does not fall into one of the combinations given in the design
tables the capacity of the bolt group must be calculated by hand. This requires using either the I.C.
method, which requires an iterative approach, or the elastic method, which is simpler, but provides
conservative results. Either option is not very appealing for the designer. Both the additional time

needed for an iterative computation and a conservative design lead to higher project costs. Therefore, a
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design tool to allow for a wider range of bolt and load combinations would allow the designer to
produce more cost-effective designs. The software developed in this thesis allows the designer to
choose any pattern of bolts and any orientation of load. Thus, the designer is not limited by the tables

and has a quick and easy application to perform calculations that lead to more cost effective designs.
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Chapter 3 - Methods of Analysis of Bolt Groups

Introduction
Three methods are used to solve the problem of an eccentrically loaded bolt group. These are

the elastic method, the I.C. method and the plastic method. The modified elastic method is the same as
the elastic method but uses a reduced eccentricity for loads. All three methods can be solved by using a
similar process. Equilibrium equations relate the applied force to the forces in the bolts. The forces in
the individual bolts are related to the deformation of the individual bolts. The methods differ in the
load-deformation response of bolts. This chapter reviews the equations behind each of the methods,

which are used in developing the software.

Equations
Setup Info
y J

Figure 15: Example Bolt Group Layout
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A set of bolts, i, j, k... located in any arbitrary pattern has coordinates:

(xi }’i\
Xj Vi
Xk Yk

The origin for the bolts can be set anywhere and the analysis will not change. To keep the bolt
coordinates positive, the origin is set at the intersection of the lowest bolt and the bolt that is farthest
left as shown in Figure 15. The elastic center of the bolt group is found based on the locations of each

bolt and total number of the bolts:

_ X (Eq. 3-1)
X, = N
and
Vi
Ve = Tt (Eq. 3-2)

Where: x. = x-coordinate of the elastic center of the bolt group
Y. = y-coordinate of the elastic center of the bolt group
X; = X-coordinates of individual bolts
yi = y-coordinates of individual bolts
N = total number of bolts
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When a load is applied to the bolt group, the load magnitude and orientation are defined as follows:

yi
Xp ,
L P
10
X,
.\
.J
'Y y,
. CG .

. o
X
Figure 16: Load Applied to Bolt Group
Where: P = magnitude of load
0 = orientation of load (clockwise positive)
Xp = x-coordinate of load
Yy, = y-coordinate of load
The applied load can be represented by a load vector {P}:
P, — Psin® (Eq. 3-3)

{P}=1{PB = — Pcos 6
Mp Psin8(yp — y.) — Pcos 6 (xp — x.)
Where: P, = x-component of the load P (positive to the right)
P, = y-component of the load P (positive up)
M, = Moment caused by the load P (counterclockwise positive)

Eccentricity, e, is defined as the normal distance from the elastic centroid of the bolt group to the line of
action of the applied load as shown in Figure 17. For simplicity, the bolt group coefficient is typically

found using the horizontal component of eccentricity, e,.

ex = Xp — X (Eq. 3-4)

Where: e, = horizontal component of eccentricity
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€y

Figure 17: Eccentricity

The applied load causes a translation in the x and y directions and rotation of the connection plate as
shown. These translations and rotations are constant along the length of the plate so they can be

measured at any point along the plate.

y y y
P P P
0 ) 0
u
H [
| J I .
e - 2 = 0 -
U’” O'.‘= = 7 . 5‘= = 9, QD'- 7
2 X e — X T X

Figure 18: Translation and Rotation of Connection Plate
Where: u = translation of the connection plate in the x-direction
v = translation of the connection plate in the y-direction
¢ = rotation of the connection plate
The point at which the connection plate experiences no vertical or horizontal translation, only rotation,
is called the instantaneous center of rotation. This point can be found for the elastic, plastic and I.C.

methods. The location of the instantaneous center of rotation is not required for determining the

capacity of a bolt group. The coordinates of the instantaneous center of rotation can be defined as (x,,
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¥:). The translation and rotation in the connection plate, as defined in Figure 18, occurs simultaneously

on the plate from the applied load, as shown in Figure 19.

y i

Xy

=< 1

Figure 19: Coordinates of Instantaneous Center of Rotation

The translation and rotation of the plate causes shear deformations in the supporting bolts. Since the
location of the instantaneous center of rotation is unknown, the analysis begins by assuming that it is
located at the center of the bolt group. Horizontal and vertical components of the bolt deformations are

related to the horizontal and vertical translations in the plate as well as the plate rotation.

Ay = u—0i— Yo)o (Eg. 3-5)

Ay = v+ (x;— x)P (Eq. 3-6)

Where: A,; = x-component of an individual bolt deformation
A, = y-component of an individual bolt deformation

These horizontal and vertical components are combined to find the total deformation for each bolt.

4 = J Ux)? + (402 (Eq. 3-7)
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Where: A, = deformation of an individual bolt

Each bolt has a relative distance, d;, from the instantaneous center of rotation:

d; = \/(xi — %)% — (Vi —¥)? (Eq. 3-8)

AISC sets a maximum deformation limit of 0.34-inches for a 3%” diameter, A325 bolt. This maximum
deformation occurs in the bolt located furthest from the instantaneous center of rotation. Therefore,
the individual bolt deformations are scaled based on their distance from the instantaneous center of

rotation.

d; (Eq. 3-9)

Where: An.x = AISC defined maximum deformation a single bolt can achieve (0.34-inches)
d; = distance of an individual bolt from the instantaneous center of rotation
dimax = Maximum bolt distance from the instantaneous center of rotation

The equilibrium relation for the bolts under the applied exterior load is:

u (Eq. 3-10)
{P}+Rult[D]{v}= 0
0

Where: {P} = vector of loads P,, P, and M,
Rui = ultimate load attainable by a single fastener
[D] = matrix of coefficients related to geometry of the bolt group and relative deformations in
bolts
The equilibrium equation can be rewritten as

p — sinf u
R —cos 6 }+ [D] {v} =0 (Eq. 3-11)
ult sinf(yp — ¥c) — cos 6 (xp — x.)

Note that when P is removed from the vector {P} only geometric terms remain. Therefore, the values do

not change throughout the analysis unless the locations of the bolts or the application of the load
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changes. Also, note that the bolt group coefficient, C, is defined in the AISC as the load-to-ultimate bolt
force ratio. It does not depend on the properties of the bolts including size, alloy or thread condition. It

is also not dependent on the shear strength of the individual bolts.

P -
Rult
And
— siné u
sinf(yp — y.) —cos @ (xp — x.) o]
Equation (Eq. 3-13) can be written
C{p}+[DI{U}= 0 (Eq. 3-14)

Where: {p} = vector of geometric terms related to load position and attitude
{U} = vector of kinematic variables u, v, ®

Process for Calculating C

Once the locations of the bolts and the location and direction of the applied load have been
identified, the bolt group coefficient, C, can be calculated. C is found by rearranging the equation (Eq.
3-14) and using the magnitude of the vectors:

[[DI{U}] (Eq. 3-15)

=0

Note that the value of C does not depend on the strength of the individual bolts. Also note that equation
(Eq. 3-15) cannot be solved directly. The kinematic variables {U} are not known, and the matrix of bolt
coefficients [D] depends on kinematic variables {U}. The solution is found by iteration. Starting with
assumed values for C,, and for kinematic variables {U},,, a new vector of kinematic variables is

computed {U*},41, and then scaled to enforce limits on bolt deformation. The process is repeated until
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the kinematic variables and C no longer change. Matrix [D] is updated for new kinematic variables in

each iteration.

{UIns1 = —[D1 " Calp) (Eq. 3-16)

Where: {U*},.1 = new vector of kinematic variables not constrained by a limit on bolt deformation
[D], = matrix of bolt coefficients based on the assumed kinematic variables {U},
C, = assumed initial value of bolt group coefficient

Since Cis not known initially, it is assumed to be 1.00 for the first iteration. Using these kinematic
variables, the bolt deformations are found using equations (Eqg. 3-5) and (Eq. 3-6). The resultant bolt
deformation is found using the equation (Eq. 3-7). Since a solution is sought such that the greatest bolt

deformation does not exceed A, (0.34-inches), the limit used by AISC, a scaling factor, k is defined:

oo Dmax (Eq. 3-17)
~ Max[(8)n]

Where: k = scaling factor
Apmax = AISC defined maximum deformation a single bolt can achieve (0.34-inches)
(A), = deformation of an individual bolt based on the assumed kinematic variables {U},
Max[(Ai).] = value of maximum deformation of an individual bolt deformation

The bolt deformations A; as well as the vector {U} are scaled using this scaling factor:
An+1= (Bn*kK (Eq. 3-18)
{Uhhs1 = Uty *x (Eq. 3-19)

Where: (A)n1 = iteration of the deformation of an individual bolt
{U},:+1 = iteration of the vector of kinematic variables u, v, ® with scaling factor applied

A new value for the bolt group coefficient C, can then be calculated:
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C — |[D]n{U}n+1|

Where: C,,, = iteration of the bolt group coefficient

The process is repeated until C reaches a stable value (within a specific tolerance). Once the process is

complete, the location of the instantaneous center of rotation can be found:

v (Eq. 3-21)
Xy = Xp— —
T c (D
and
u
Yr = Yt > (Eq. 3-22)

This same process is used for all three methods. The difference in the methods is in how the different
methods define the load-deformation response of the individual bolts. This yields a different matrix [D]

for each method. The definition of [D] for each method is shown in the following sections.

Elastic Method

The elastic method, unlike the plastic or I.C. method, does not require an iterative solution. This
is due to the fact that the elastic method is based on a linear response based on the deformation of the
bolts. Therefore, the bolt forces are based on a ratio of the bolt deformation to the maximum bolt

deformation. The components of force for any bolt are

A -
F = Ref (Eq. 3-23)
i
and
Ay, (Eq. 3-24)
— yi
FyL - ReA_i

Where: F,; = x-component of the force in an individual bolt
F,i = y-component of the force in an individual bolt
R. = elastic force of a single fastener, which is computed as follows:
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4; (Eq. 3-25)

ult
Amax

R, =R
The resultant elastic force of a single fastener is the linear ratio of the individual bolt deformation to the
maximum bolt deformation. This corresponds with the assumed linear-elastic load deformation
response of the individual bolts for this method. The coefficients of the matrix [D] are found by solving

the equilibrium equations.

Summing moments about the center of the bolt group yields:

0= —Px(yp _yC) + Py(xp _xC) +2in(yi _yc) _szi(xi _xc) (Eq. 3-26)

The horizontal and vertical bolt forces are represented by the bolt deflections, ultimate force and

maximum deformation using equations (Eq. 3-23), (Eq. 3-24) and (Eq. 3-25):

Ay (Eq. 3-27)

Ayi
0= _Px(yp - yc) + Py(xp - xc) + Ryt i —ye) — RultA (x; — x¢)
max

Amax

The horizontal and vertical bolt deformations are substituted using equations (Eg. 3-5) and (Eq. 3-6):

u—©i— yo)®
0= _Px(yp_yc)+Py(xp_xc)+zRult Al = i —ye)
max
Eq. 3-28
v+ (x;— x)P (Eq )
- Z Rult A (xi - xc)
max
Summing forces in the x-direction yields:
0=P, — Z Fy (Eq. 3-29)

Substituting for the horizontal bolt force using equations (Eq. 3-23) and (Eq. 3-25) and the horizontal

bolt deformation using equation (Eq. 3-5):
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u—(y; — D .3-
0=p, — z Ry (yl yc) (Eq. 3-30)

Amax

Summing forces in the y-direction yields:

0=P, — Z Fy; (Eq. 3-31)

Substituting for the horizontal bolt force using equations (Eq. 3-24) and (Eq. 3-25) and the horizontal

bolt deformation using equation (Eq. 3-6):

v+ (x;— x.)P Eq. 3-32
O=Py—ZRult (1 =~ %) i

Amax
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[
I
P
Px | 1 1
y + Ry 0 _ZA —Z—A (x; —x¢)
_Px (yp _ xc) | max max

LE

Inserting these equations into the equilibrium relation equation (Eqg. 3-10):

1 1
- 0 ZA_(Yi =) |

0
= H Eq. 3-33
- yc) + Py(xp 0 (Eq )

|
|
|
S 0 Yy G =) (e 0o ) = Y (e G

Amax Amax Amax

Isolating P and dividing by R, to get C as shown in equation (Eg. 3-11) yields the following:

—Z A:ax 0 Z A:ax i = e)
"o} + 0 -y Y- x) {U}={§}

Rult Amax

Sat o Yghtn (g o) 3 )

Amax Amax

(Eq. 3-34)

The matrix [D] for the elastic method is defined in equation (Eg. 3-34). Notice that the matrix [D] is a function of the limit A, and the

coordinates of the individual bolts, so no iterative process is required. Therefore, once the locations of the bolts and loads are known, the

process for calculating Cis complete.



Plastic Method

According to the plastic method, the bolt force for any bolt that experiences non-zero
deformations is the maximum force Ry;. Therefore, the bolt force components are based on the ratio of

the deformation components:

Ay (Eq. 3-35)
Fyi = Rultf
L

and

(Eq. 3-36)

yi
Fyi = Ryt A_l

The only difference between these equations and those given by the elastic method, (Eq. 3-23) and (Eq.
3-24), is that instead of using an elastic force, R,, related to a linear deformation response of the
individual bolts, the equations are based on the maximum bolt force, Ry, since the plastic method
assumes that every bolt reaches its ultimate capacity. The values of the matrix [D] are found by solving

the equilibrium equations.

Summing moments about the center of the bolt group yields:

Eq. 3-37
0:_Px(yp_yc)+Py(xp_xc)+zin(yi_yc)_ZFyi(xi_xc) ( g )
Substituting the values from equations (Eqg. 3-35) and (Eq. 3-36):

Axi

Ay (Eq. 3-38)
0= _Px(yp _yc) + Py(xp - xc) + z Rultr(yi _yc) - ZRult%(xi - xc)
i i

The horizontal and vertical bolt deformations are substituted using equations (Eg. 3-5) and (Eq. 3-6):
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u— i — yo)®
O=_Px(yp_yc)+Py(xp_xc)+zRult lA = i —ye)
l
Eqg. 3-39
v+ (x; — x,)P (Eq )
- z Ryt Y (x; — x¢)
l
Summing forces in the x-direction yields:

0=P, — Z F (Eq. 3-40)

Substituting for the horizontal bolt force using equations (Eq. 3-35) and the horizontal bolt deformation

using equation (Eq. 3-5):

u—(y; — 0] Eq. 3-41
O=Px_zRult (ylA Ye) (Eq )
i

Summing forces in the y-direction yields:
E Eq. 3-42
0=p Fy; (Eq )

Substituting for the horizontal bolt force using equations (Eq. 3-36) and the horizontal bolt deformation

using equation (Eq. 3-6):

v+ (x;— x)P Eq. 3-43
0=Py_ZRult (lA c) (Eq )
L
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ov

Inserting these equations into the equilibrium relation equation (Eqg. 3-10):

1 1
I[ _ZA_l 0 ZA_i(yi_yC) ]I .
1 1
I 0 _ZA_l _ZA_i(Xi -x.) I{U} = {8} (Eq. 3-44)
I
|

D5 0w g =Y (5 0 w0) =Y (5 - )

Isolating P and dividing by R, to get C as shown in equation (Eg. 3-11) yields the following:

1 1
—ZA—i 0 ZA_i(Yi =) .
P 1 1
R 2 F 0 ¥y DD wy= {g} (Eq. 3-45)

Do —ypiw) =) (5 0= ) - ) (3G —x0?)

The matrix [D] for the plastic method is defined in equation (Eq. 3-45). Notice that the matrix [D] is a function of the individual bolt

Py
{ P, }+ Ry
_Px(yp - YC) + Py(xp - xC)

deformations, A;. However, the values of A; depend on the current vector of kinematic variables, {U} which depend on the matrix [D]. Therefore,

an iterative process is required until the values of A, [D] and {U} stabilize to within a hundredth decimal place.



I.C. Method

The load-deformation response of a single fastener in double shear can be represented using
the following equation, which was developed by Fisher (J. Fisher 1965):
R = Ry(1—e Mt (Eq. 3-46)
Where: R = fastener load at any given deformation
Rur = ultimate load attainable by a single fastener
A; = deformation of an individual bolt

M, A = regression coefficients
e = base of natural logarithms

As a simplification a new term, g(4;) is introduced:

R = Ryt * 8(4y) (Eq. 3-47)
Where: g(&) = (1 — e #4i)2
The bolt force components, like the plastic method, are based on the ratio of the deformation

components:

A, -
in = Rult * g(Ai) * f (EQ- 3 48)
i

and

Ay Eq. 3-49
Fyi =Rult*g(Ai)*% (Eq )

1

The only difference between these equations and those given by the elastic method, (Eq. 3-23) and (Eq.
3-24), and plastic method, (Eq. 3-35) and (Eq. 3-36), is that the resultant bolt force as defined by Fisher
in (Eg. 3-46) is used to represent the non-linear response of the individual bolts rather than the
maximum bolt force, Ry, representing a plastic response of the individual bolts or the elastic force, R,
representing a linear response of the individual bolts. The values of the matrix [D] is found by solving the

equilibrium equations.

Summing moments about the center of the bolt group yields:
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0= —Pe(yp —¥) + B (xp —xc) + 2 Fui(yi = ¥c) — Z Fy; (i = x¢) (Eq. 3-50)

Substituting the values from equations (Eqg. 3-48) and (Eq. 3-49):

A
0= _Px(Yp - yc) + Py(xp - xc) + ZRult * g(Ai) *f(%‘ - yc)

A, ¢ (Eq. 3-51)
- Z Ryie * g(4;) = A—y (x; — x¢)
14

The horizontal and vertical bolt deformations are substituted using equations (Eg. 3-5) and (Eq. 3-6):

u— i — yo)®
0= _Px(yp_yc)+Py(xp_xc)+ZRult*g(Ai)* LA = i —¥e)
2 -
v+ (x; — x)P (Eq. 3-52)
- Z Ruyie * 8(4y) * A (x; — xc)
L
Summing forces in the x-direction yields:
0=P,— Z F,, (Eq. 3-53)

Substituting for the horizontal bolt force using equations (Eq. 3-48) and the horizontal bolt deformation

using equation (Eq. 3-5):

—i— Y)P (Eq. 3-54)
A;

u
0=P= ) Rue *g(8) *

Summing forces in the y-direction yields:

0=P, — Z Fy; (Eq. 3-55)

Substituting for the horizontal bolt force using equations (Eq. 3-49) and the horizontal bolt deformation

using equation (Eq. 3-6):

v+ (x; — x.)P (Eq. 3-56)
O=Py_ZRult*g(Ai)* lA <
2
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{_PX(YP

1517

Inserting these equations into the equilibrium relation equation (Eqg. 3-10):

[ 4
B Z gAL-

P
Py }+Rult
_yC) + Py(xp - xc)

0
A
Z g(Ai ) i =)

[ )
B Z . A;

0

Z 9@ i —¥e)

A

=

A

Y =Y (S ) - Y (S

Isolating P and dividing by R,; to get C as shown in equation (Eqg. 3-11) yields the following:

0

Y I 0w - P -

gy
4;

Z 9@ i —¥e)

4

3 z g(éi) = )

A

i — yc)z) - Z (

gA)
Ay

(xi - xc)2>

- xc)2>

{U}={

0
0
0

}

(Eq. 3-57)

(Eq. 3-58)

The matrix [D] for the I.C. method is defined in equation (Eq. 3-58). Notice that, similar to the plastic method, the matrix [D] is a function of the

individual bolt deformations, g(A;) and A;. Therefore, an iterative process is required. As the vector of kinematic variables change with each

iteration, the values of g(A;)) and A; also change. The solution for C is found when these variables stabilize to within a hundredth decimal place.



Summary

These equations are used in development of the software that will be shown in the next
chapter. The process for calculating C is the same for all three methods. The only difference among the
methods is in how the matrix [D] is defined, which is how the individual bolts deform under the applied
load. Therefore, the software performs the same operations for all of the methods using the different

[D] matrices.
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Chapter 4 - Software Development

Description

The software for analysis of bolt groups has two purposes: to look up the shear strength of a
bolt using predefined tables, and to calculate the bolt group coefficient, C, and the location of the
instantaneous center of rotation using the elastic, plastic and I.C. methods for a group of bolts under a
specified eccentric load. These two aspects of the software are independent. While both the individual
bolt shear strength and the bolt group coefficient are required to ultimately determine the strength of
the bolt group, the software does not tie the two together and each piece can be determined

individually. This allows the designer greater freedom to use the software as needed.

The software was developed using Microsoft Visual C++ 2010 Express. It works on Windows-
based operating systems. The file used to open the software is a stand-alone executable file so no other

software is required to open it or use it.

Other software packages currently available to do these calculations range from an individual's
spreadsheet to complete steel connection design and detailing software. BoltGroup located at

http://yakpol.net/BoltGroup.html and the Microsoft Excel VBA code provided at

http://engineersviewpoint.blogspot.com/2010/01/test.html are examples of simpler spreadsheet style

calculators that are available. The BoltGroup spreadsheet costs $50 and closely resembles the software
being created in this thesis. The VBA code is given for free; however, when input, the code does not
appear to work. The more sophisticated software packages include RISAConnection and
RAMConnection. These are stand-alone design and detailing software packages that are capable of
designing all types of steel connections. They are expensive, but are significantly more involved than the

software developed in this thesis.
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Using the Software
The program is opened by double-clicking the executable file, JerodIC.exe. When the program

opens, the following user interface is shown:

Bolt Diameter, in ¥LCoordinate for Load
E5 Y et
Bolt ASTM Designation ¥-{oordinate for Load
A325 - text rforP
Bolt Thread Condition & for Load
M text Theta

Elastic Method
C = label21

ey IC =label13

Plastic Method
C =Iabel16
fey) IC =label14

LC. Method
C = labelC
fey) IC = labebey

labelStatusMessage

Figure 20: Jerod IC User Interface

The user interface is separated into two sections. The left column determines the shear strength of an
individual bolt, and the columns on the right side calculate the bolt group coefficient and locate the I.C.
for the three different methods.

Individual Bolt Shear Strengths

The shear strength of a bolt is based on the bolt diameter, the ASTM designation and the thread
condition. Once these input parameters are defined, the individual bolt shear strength can be read
directly from a predefined table. One such table, shown in Figure 21, has already been generated using
the information given in the tables of the 13th edition of AISC Manual (Manual 2005). Each of the

columns is tab-delimited in order to be read properly by the software. The first column is the bolt
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ENSEE N°E‘;l diameter in inches written in fraction form, the second

File Edit Format View Help

5/8 A325 N 11.0 A . . . . .

5/8 A325 X 13.8 = column is the ASTM designation, the third column is the

5/8 A325 SC-5TD 6.39

5/8 A490 N 13.8

§§S ﬁigg i,-(c—sm Ef f},? | thread condition and the fourth column is the shear strength
5/8 A307 N 5.52 3

5/8 A307 X 5.52

>/8 A307  5C-5TD 5.52 of the bolt in single shear in kips. The shear values are found
3/4 A325 N 15.9

3/4 A325 X 19.9

3/4 A325 SC-5TD  9.41 . . .
3/4 A490 N 19.9 by performing a shear test on the individual bolts as shown in
3/4 A490 X 24.9

3/4 A490 SC-5TD 11.8

3/4 A307 N 7.95 . . .

374 A207 x 7 95 Figure 22. The strength of the bolts given in column four are
3/4 A307 SC-STD 7.95

7§8 A325 N 21.6

7/8 A325 X 27.1 g ; ;

78 W5t rc_sTp 121 already multiplied by the reduction factor required by the
7/8 A490 N 27.1

7/8 A490 X 33.8 ) ) )
g?’g ﬁgg :C—STD %g-g Load Reduction Factor Design (LRFD) method. The software is
7/8 A307 X 10.8

7/8 A307 SC-5TD 10.8

currently limited to the bolts given in the AISC Manual;

Figure 21: Sample Bolt File based on values however, it would not be difficult to modify the software to
from 13th Ed of AISC Manual (Manual 2005)

allow the user to create different tables to apply to rivets,

other bolt types, dowels or any other type of fastener.

/ : In order for the software to look up the individual

bolt strength, the user must first import the predefined table.

> This is accomplished by clicking the "Import Bolt" button in

the lower left corner of the user interface. This button opens
FIG. 2.~SHEAR TEST OF INDIVIDUAL BOLT

Figure 22: Shear Test of Individual Bolt a separate window for the user to choose the appropriate
(Crawford & Kulak 1971)
predefined text file containing the input parameters and the
resulting design shear strength. Once the user selects a diameter, ASTM designation and thread
condition, the individual bolt strength is given. When the file is located and opened, the complete path

is displayed below the "Import Bolt" button to signify that the file has been properly imported, as shown

in Figure 23:
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Bolt Diameter, in *Loordinate for Load
5/8" - text#forP
Bolt ASTM Designation Y-Coordinate for Load
A3ZD - textforP
Bolt Thread Condition & for Load
N text Theta

Elastic Method
C = label21

fey) IC = label 19

Plastic Method

C = label16
fey) IC = label 14

L.C. Method
C = labelC
fey) IC = labeboy

labelStatusMessage

C:A\Users'33\DropbooCU Graduate Schoolt Thesis - Eccentric Loads on Bolt Groups*SoftwareJerodIC\Bolts bt

Figure 23: Bolt File Imported

Once the file is imported, the user can select the appropriate input parameters by using the three
dropdown menus in the top left of the user interface. The drop down menus are titled "Bolt Diameter,
in", "Bolt ASTM Designation", and "Bolt Thread Condition". When the appropriate input parameters are
chosen the shear strength of the bolt is given. The result is shown in the text "¢Rn = ...". Figure 24 shows

one example that gives a shear strength of 33.8 kips for a 7/8-inch diameter A490 bolt with an X thread

condition.
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Bolt Diameter, in »*Loordinate for Load
aan - text¥ForP
Bolt ASTM Designation Y-Coordinate for Load
450 - tet¥forP
Bolt Thread Condition & for Load
X text Theta

#Rn=338 Blastic Method
C = label21

fey) IC =1abel15

Plastic Method
C = label16
fey) IC =label14

L.C. Method
C = labelC
fey) IC =labeby

|abelStatus Message

CAlsershJ 33 DropbocCU Graduate School\Thesis - Eccertric Loads on Bolt Groups™Saoftware'JerodICh\Bolts bd

Figure 24: Bolt Strength Given Once Parameters are Chosen

The parameters in the dropdown menus are limited to those given in the current AISC Manual since that
is how the predefined tables were set up. The results are also limited to a LRFD design shear strength in
kips. However, minor modifications to the software can be made to allow the user to change the input
parameters, change the design method (ASD, LSD, etc.) and/or change the units of the given shear

strength.

Notice that a solution for the shear strength of an individual bolt is determined without having
to specify a bolt pattern or calculate anything with regards to the bolt group coefficient or I.C. location.
The individual bolt shear strength is given by a simple table lookup using the input parameters.
Therefore, one use for this software is to quickly determine the shear strength of an individual bolt

without having to manually go through the tables in the code.
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C and Location of Instantaneous Center of Rotation (1.C.)
To find C for a bolt group, the user must input x and y-coordinates for each bolt in the bolt group

and an x-coordinate, y-coordinate and an attitude, 6, for the applied load. The coordinates are not
specific to any unit system as long as the units remain consistent. The angle, 6, must be entered in
degrees. Based on the bolt locations and applied load location and orientation, the software gives C for
the elastic method, plastic method and I.C. method. The software also gives the x and y-coordinate of

the instantaneous center of rotation (I.C.) for all three methods.

The bolt group can be defined using the table input on the far right side of the user interface.
There is a column for x-coordinates with the heading "X" and a column for y-coordinates with the
heading "Y". The user should enter an x-coordinate
1" 1" and a y-coordinate for each bolt in the group. An
example bolt pattern is shown in Figure 25, which has

a total of four bolts with a vertical spacing of 3-inches

1%"
3" J and a horizontal spacing of 2-inches. In order to enter
CG 1]
. 2 the x and y-coodinates for these bolts, the user must
determine what origin they will use. How the origin is
2"

defined will not alter the results as long as the
Figure 25: Example Bolt Pattern

location of the origin remains consistent. For the bolt
pattern given in Figure 25, the user may choose to set the origin at the center of the bolt pattern as

shown in Figure 26. The x and y-coordinates for the bolts would then be entered as shown in the table

of Figure 26.
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11"
X ¥
! 1 15
2 -— 4 15
ce/.' .__1%" X 1 15
1 15

Figure 26: Bolt Coordinates with Origin at Centroid

Alternately, the user may choose to set the origin at the traditional zero point located at the bottom left
corner of the bolt group as shown in Figure 27. This would lead to the x and y-coordinates being entered

as shown in Figure 27.

R A 0 0
3" | wrt
o 0 3
2 0
X 2 3
|

Figure 27: Bolt Coordinates with Origin at Zero

Notice that since the bolt pattern is comprised of four bolts, the table has a total of four rows, one row

for each bolt. The order of the rows does not matter as long as all of the bolts are included.

The user must not only define the location of the individual bolts, but they must also specify the

location and orientation of the applied load. This is entered in the text boxes located in the center
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column of the user interface. In order to define the location of the applied load, the user must enter an
x-coordinate, y-coordinate and angle for the applied load. The x-coordinate for the applied load is
entered in the text box titled "X-Coordinate for Load". When the program is first opened, the text box is
filled in with the default text "textXforP". The user should replace the default text with the x-coordinate
of the applied load. The y-coordinate for the applied
y ‘ load is entered in the text box titled "Y-Coordinate for

Load" which has the default text "textYforP". Both

4 the x and y-coordinates of the applied load should

! 400,/P
maintain the same origin choice that was used for the

T

1, 2k bolt coordinates. If the same example bolt pattern
1§” 2

N —
ca ° 1%” X has a load applied to it as shown in Figure 28, the

user can still choose to set the origin at the middle or
Figure 28: Example Bolt Pattern with Load Applied

at the traditional zero point. The location of the origin
chosen by the user will determine the x and y-coordinates of the applied load. For the load application
shown in Figure 28, the user would input an x-coordinate of 4 and a y-coordinate of 2.5 if the origin

were set to the middle. If the origin were set to the traditional zero point, the user would input an x-

coordinate of 5 and a y-coordinate of 4.

Lastly, the user must input an angle for the applied load, in degrees, to define its orientation.
The angle, 6, is defined from the vertical axis with clockwise positive as shown in Figure 28. Therefore,
an angle equal to zero degrees means that the load is applied vertically in the negative y-direction. The
user enters the angle of the applied load in the text box titled "6 for Load" which has the default text

"text Theta".
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When the user has completed entering the bolt location information and the applied load
location and orientation information they are ready to perform the analysis. The analysis is done when
the user clicks the "Analyze" button. If all of the inputs have been completed appropriately, the label
titled "labelStatusMessage" disappears and the software calculates C and coordinates of the I.C.
simultaneously for the elastic, plastic and I.C. methods. Values for C are given in the "C = ..." label and
the coordinates of the I.C. are given in the "(x,y) IC = ..." label under each of the different methods. The
coordinates of the I.C. are based on the origin defined by the user since it is calculated based on how the
bolts and applied load were defined. The output for the bolt pattern and applied load shown in Figure
28 with the origin chosen at the traditional zero point is shown in Figure 29. A red box has been added

to show the location of the results.

) Eccentric Loads on ol o) 1 jum

Bolt Diameter, in »Loordinate for Load
5/8" - 5
Bolt ASTM Degignation ¥-Coordinate for Load
A325 - 4«
Bolt Thread Condtion & for Load

N 40

Elastic Method
C=223

ty) IC = (0.709, 2.93)

Plastic Method
C=263
fey) IC = (-1.03, 3.09)

L.C. Method
C=259
tey) IC = (-0.23, 2.96)

Figure 29: C and I.C. Location Output
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Notice that in Figure 29 the calculations for C and I.C. locations in the software were completed in the
software without a value of ¢R, being found on the left. While both of these values are needed to
ultimately determine the capacity of the bolt group, they can be calculated separately in the software.

This allows users greater flexibility to use the software to meet their needs.

If the user does not complete all of the inputs required to perform the calculations, the label
titled "labelStatusMessage" above the "Analyze" button will give one of two error messages. If there are

no bolt coordinates entered, the error will state "Bolts not ready" as shown in Figure 30:

¥Loordinate for Load
3

Y-Coordinate for Load
3

& for Load

0

Elastic Method
C = label21

fey) IC =label13

Plastic Method
C =label16
fey) IC =1abel14

LC. Method
C = labelC
By} IC = Iabebey

Bolts not ready

Figure 30: Bolts Not Ready Error

If the user does not complete all of the inputs for the applied load, the error will state "Load not ready"

as shown in Figure 31:
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¥-Coordinate for Load
tesdXForP
‘Y-Coordinate for Load
texd Y¥orP
& for Load
text Theta

===)<
mwn::_<

Hlastic Method
C = label21
fey) IC =label13

Plastic Method
C =label15
fey) IC =label14

L.C. Method
C = labelC
bey) IC = labebay

Load not ready

Figure 31: Load Not Ready Error

These are the only two error messages given in the software. In order to proceed, the user must
complete all of the required inputs. Without this information, the software cannot perform the

necessary calculations.

Limitations
For determining the individual bolt shear strengths, the software is currently limited to the

values given in Table 11.

Table 11: Bolt Inputs

Bolt Diameter Bolt ASTM Designation Bolt Thread Condition

5/8" A325 M

3/4" A490 X

7/8" A307 SC-5TD

1"

1-1/8"
1-1/4"
1-3/8"
1-1/2"
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Any combination of these inputs can be chosen and the shear strength of an individual bolt in single
shear will be generated based on the values given in the 13th edition of the AISC Manual (Manual 2005).
Modifications to the software will be required if other inputs are desired. The software could easily be

customized for any fastener type, diameter, ASTM designation or thread condition.

For determining C and the I.C. location, the software seemingly has no limitations. There is no
limit to the number of bolts the user can enter, although the calculations could be delayed due to the
iterative process that is required. The user is also not limited to a range of load locations or orientations.
The applied load, however, can only be a single point load. The software does not allow for distributed
loads or multiple point loads, only single point loads. The coordinates are not limited by units, but the
unit system must be consistent. Likewise, the coordinates are not limited by a specific origin, but the
origin must remain consistent. The bolts can appear in any order with no change on the results.
Therefore, the software appears to be able to compute C and the I.C. location for an unlimited
configuration of bolt groups and applied single point loads. Numerous examples have been run through
the software, as shown in the next section, and results were obtained for every combination of bolt

pattern and load application.

Examples

Numerous examples are run through the software in order to check the validity of the software,
verify the functionality of the software, as well as compare and contrast the different methods. These
examples are based on common code configurations, historical testing configurations and other random
configurations. While an infinite number of examples could have been included, these examples vary all
of the input parameters and allow for interesting comparisons between the different methods.

Code Verification Examples

The first set of examples that are run through the software are based on the configurations

given in the AISC Manuals in order to check the functionality and validity of the software. The elastic
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method and the I.C. method are the only two methods given in both the software and the AISC Manuals,
so they are the only methods that can be verified using the software. The first set of configurations that
are run through the software is comprised of bolts in a single vertical row, shown in Figure 32. The
number of bolts, attitude of the applied load, spacing and eccentricity are varied to check multiple

conditions.

-
S
R
®
Y

S1 S2 S3

Figure 32: Single Vertical Row Configurations

The bolt group coefficients for both the elastic method, C, and the I.C. method, C;, are calculated and
compared against the values given in the AISC Manuals to verify that results given are accurate. The
results given in Table 12 for the elastic method matched exactly with what is given in the 7th edition of
the AISC Manual (Manual 1950) and the results for the I.C. method matched exactly with what is given

in the 13th edition of the AISC Manual (Manual 2005).
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Table 12: Single Vertical Row Results

Single Row Code Verification Examples
Bolt e, 5 & Elastic IC
Configuration (in) (in) |(degrees) Ce G
2 1.20 1.18
4 0.70 0.69
B 3 0.37 0.36
16 0.19 0.18
<1 32 0 0.09
2 1.63
1.18
2 6 0.69
16 0.36
32 0.18
2 2.12 2.23
1.34 1.40
8 3 0.73 0.73
16 0.37 0.37
52 32 0 0.18
2 2.71
2.23
8 i) 1.40
16 0.73
32 0.37
2 2.20
1.50
8 3 0.84
16 0.42
53 32 30 0.21
2 2.66
2.20
8 6 1.50
16 0.84
32 0.42

The next set of configurations that are run through the software are comprised of bolts in double
vertical rows, shown in Figure 33. In this case the number of bolts remains constant, but the vertical

spacing, attitude of the applied load and eccentricity are varied.
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Figure 33: Double Vertical Row Configurations

The output of the bolt group coefficients for both the elastic method, C,, and the I.C. method, C, are
calculated and shown in Table 13. These values are compared to the design tables in the AISC Manuals
to verify that results given are accurate. The results given in Table 13 for the elastic method matched
exactly with what is given in the 7th edition of the AISC Manual (Manual 1950) and the results for the

I.C. method matched exactly with what is given in the 13th edition of the AISC Manual (Manual 2005).

Table 13: Double Vertical Row Results

Double Row Code Verification Examples
Bolt e, s 8 Elastic IC
Configuration (in) (in) |(degrees) Ce G
2 3.88 4.48
4 2.66 3.06
8 3 1.58 1.78
16 0.86 0.95
D1 32 0 0.49
2 5.39
4.44
8 B 2.87
16 1.57
32 0.81
2 4,52
3.29
8 3 2.00
16 1.08
0o 32 20 0.56
2 5.31
4,42
8 B 3.08
16 1.78
32 0.93
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These examples confirm that the software is functioning properly and is providing valid results for both
the elastic and I.C. methods. Therefore, further investigation can be done to compare and contrast the
different methods as well as look for any interesting patterns when the input parameters are varied.

Historical Examples

One interesting investigation is done using the examples from Higgins of the testing done at
Lehigh University, shown in Figure 5, (Higgins 1964) and the examples from the testing done by
Crawford and Kulak, shown in Figure 12, (Crawford and Kulak 1968). The bolt group coefficients are
calculated for each of the different methods. Even though the software does not provide output for the
modified elastic method, the elastic method can be used by substituting the effective eccentricity, which
can be calculated by hand, for the actual eccentricity. A table summarizing the C values allows for quick

comparison of how the methods differ in computing the strength of the different bolt configurations.

Table 14: Comparison of C Values and Nominal Capacities for Elastic, Modified Elastic, Plastic and I.C. Methods

Comparison of Historical Tests
Elastic Method Modified Elastic Method Plastic Method 1.C. Method
Test Failure Load . . i X
Source . . C Predicted Load C Predicted Load C Predicted Load C Predicted Load
Specimen | (kips) - ) - ) - ) - .
Coefficient (kips) Coefficient (kips) Coefficient (kips) Coefficient (kips)
TP 1 216 1.87 206 2.81 309 2.05 226 1.98 218
TP 2 161 1.49 164 2.26 248 1.63 179 1.56 172
Tests TP 3 100 0.88 97.0 1.16 128 0.92 102 0.90 98.6
TP 4 550 4.88 537 5.87 645 5.37 591 5.23 575
Performed at
Lehigh TP5 440 3.68 405 5.65 622 4.41 485 4.22 464
University TP 6 362 2.84 313 4.40 484 3.54 389 3.35 369
L TP7 222 1.57 172 2.18 240 1.86 205 1.77 195
(Higgins 1965)
TP 8 120 0.99 109 1.22 134 1.13 124 1.08 119
TP9 568 4.40 484 6.94 764 5.49 603 5.21 573
TP 10 354 2.85 313 4.05 445 3.60 396 3.40 374
B1 225 1.49 221 2.15 318 1.84 272 1.73 256
B2 230 1.44 213 1.91 283 1.77 262 1.67 246
Crawford and B3 190 1.21 179 1.54 228 1.49 209 1.40 207
Kulak Tests B4 251 1.56 231 2.03 300 2.00 295 1.86 276
(Crawford & BS 221 1.36 202 1.71 254 1.75 259 1.63 241
Kulak 1968) B6 264 1.69 250 2.08 300 2.12 313 2.00 295
B7 212 1.38 204 1.63 241 1.72 254 1.62 240
B8 266 1.72 254 2.11 312 2.20 326 2.08 307

From the results given in Table 14, it can be seen that the elastic method consistently gives the lowest
values of C, the modified elastic method gives the highest values of C and the plastic and I.C. methods

give Cvalues somewhere in between. Therefore, the elastic method would be the most conservative in
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its estimation of the strength and the modified elastic method would likely be too liberal in its
estimation of strength. If the modified elastic method is ignored, the plastic method gives the highest

values of C, which suggests that the plastic method is also more liberal than the I.C. method.

Variable Input Examples
Another interesting investigation is done by using examples where all of the input parameters

are varied to look for any interesting patterns. These examples vary the following input parameters:

e Eccentricity

e Number of bolts

e Vertical spacing

Attitude of the applied load
Number of rows

Vertical position of an inclined load
Symmetry of vertical spacing

For each of the examples, the following output results are recorded for comparison. The zero point for
these examples is set at the elastic centroid of the bolt group, so all coordinates are calculated from this

location.

e Elastic
0 Bolt group coefficient, C,
0 x-coordinate of the I.C.
0 y-coordinate of the I.C.

e Plastic
0 Bolt group coefficient, C,
0 x-coordinate of the I.C.
0 y-coordinate of the I.C.

0 Bolt group coefficient, C;.

0 x-coordinate of the I.C.
0 y-coordinate of the I.C.

This information is plotted to compare how the results change for the different examples. Plots of the

C/C ratios for each method are also created to compare how the different methods relate to each other.
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The first configuration to be investigated contains two bolts P

in a single vertical row as shown in Figure 34. This configuration is . N '
designated S1. This configuration is analyzed using multiple values for ®

horizontal component of eccentric length, e,, and vertical spacing, s.

These results are then plotted to allow for analysis of the results.
Figure 34: S1 Configuration

Figure 35 shows a plot of C vs. the eccentricity for all three methods at vertical spacing of s = 3-

inches.
C-coefficient vs. Eccentricity for S1 Configuration
2.5
2
1.5
E
s === E|astic, s=3
© 1 ==ie= P|astic, s=3
=0=|C, s=3
0.5
0 B
0 10 20 30 40 50 60
horizontal component of eccentricity, e, (in)

Figure 35: S1 - C vs. e, for Different Methods

For all three methods, C begins at a value of 2.0 when the eccentricity is equal to zero and then
converges to a value of zero for C when the eccentricity is very large. This makes sense since the bolts
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will support pure shear when the eccentricity is equal to zero and will be limited to the number of bolts
(2 in this case) times the ultimate strength of the bolt. As eccentricity increases, the bolts are subjected
to forces due to the applied moment, which decreases the capacity of the bolt group. As the eccentricity
becomes very large, the forces in the bolts due to moment are too high for the bolt configuration to
support and thus the capacity converges to zero. Figure 36 shows a plot of C vs. the eccentricity for the

IC method only at vertical spacing of s = 2, 3, 5 and 6-inches.

C-coefficient vs. Eccentricity for S1 Configuration
2.5
2 ¢
1.5
)]
3 e=fe=1|C, 5=2
S
(] =0=|C, s=3
1 \ IC, s=5
IC, s=6
0.5 N
0
0 10 20 30 40 50 60
horizontal component of eccentricity, e, (in)

Figure 36: S1 - C vs. e, for Different Spacings

All plots begin and end at the same locations, but as the spacing increases, the plot moves further from
the origin meaning that a higher spacing approaches a C coefficient equal to zero at a slower rate than a

smaller spacing.
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Figure 37 plots the x-coordinate of the I.C. vs. eccentricity using for various spacing of bolts.

X-coordinate of I.C. vs. Eccentricity for S1
Configuration

11 21 31 41 51 61

4 e=te=|C, s=2
=0—IC, s=3

x, (in)

IC, s=5

IC, s=6

horizontal component of eccentricity, e, (in)

Figure 37: S1 - x, vs. e,

When the eccentricity is equal to 0-inches, x, converges to negative infinity the closer the eccentricity
gets to zero. As the eccentricity increases, x, converges to a value of zero or the elastic centroid of the
bolt group. The values only converge to the elastic centroid when the bolt group has a symmetrical
pattern. When the pattern is not symmetric, the different methods converge to separate points. This
will be discussed further for the Al configuration. For a small eccentricity, the contribution from
moment is minimal compared to the contribution from shear. Therefore, it is understandable that the
location of the I.C. is far from the elastic centroid. Similarly, for very large eccentricities, the connection
is governed by rotation so the I.C. would be located closer to the elastic centroid. It is difficult to see the

effects of the different methods from Figure 35 since they seem to be right on top of each other. In
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order to compare the differences in the methods, the ratio of bolt group coefficients are plotted (Figure

38 - Figure 40).

Ratio of Elastic C to Plastic C
for S1 Configuration

1.20
1.10 |

100 pEm-E—m = =
0.90
0.80
0.70
0.60
0.50
0.40 = s=3
0.30
0.20
0.10
0.00

C./C,

0 20 40 60

horizontal component of eccentricity, e, (in)

Figure 38:S1-C./C,

Ratio of Elastic Cto IC C for S1
Configuration

1.20 |
1.10

Lo0 -—— =
0.90
0.80
0.70
0.60
0.50
030 =3
0.20
0.10
0.00

ce/ cic

0 20 40 60

horizontal component of eccentricity, e, (in)

Figure 39: S1 - C./C;.
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Figure 40: S1 - C,/C;

For this bolt configuration all three methods give the same values for C. Since there are only two bolts

equally spaced, the distance to the I.C. will be identical for both bolts, which means that the bolts will

both reach the maximum deformation of 0.34-inches. Therefore, all three methods have identical

results.

o ©
-

The next configuration, designated S2, contains three bolts in a
single vertical row as shown in Figure 41. Horizontal component of
eccentricity, e,, and vertical spacing, s, are varied similar to the S1
configuration, but the addition of another bolt allows for a comparison

between the S1 and S2 configurations. The ratios of bolt group

coefficients are plotted to compare the differences (Figure 42 - Figure

Figure 41: S2 Configuration

44).

66



C./C,

Ratio of Elastic C to Plastic C
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Figure 42: S2 - C./C,

ce/ cic
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Figure 43:S2 - C./C;.
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Ratio of Plastic C to IC C for S2

Configuration
128 | .
6:88 T —{
35
L 060
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0.30 ——s=3
0.20
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0.00
0 2 4 6 8 10

horizontal component of eccentricity, e, (in)

Figure 44: S2 - C,/C;

For this bolt configuration, the methods do not give the same values for C as they did in the S1
configuration. With the addition of the third bolt, the distance from the I.C. and thus the individual bolt
deformations will not be equal. Therefore, the methods give differing results. The majority of the
differences in the C/C ratios occur at smaller eccentricities with little to no differences at zero or large
eccentricities. The C./C, ratio ranges from 0.91 - 1.00, the C./C ratio ranges from 0.95 - 1.00 and the

C,/Ci. ratio ranges from 1.00 - 1.04.

In order to review the effects of inclined load, the S3

configuration, as shown in Figure 45, is analyzed and compared to %
® P
0

the S2 configuration. The only difference between the S2 * T7/

+
configuration and the S3 configuration is that the load being applied f /

» e \/

on the S3 configuration is at an angle 8 = 30-degrees. The variations o
in both the eccentricity and vertical spacing are kept constant

) . Figure 45: S3 Configuration
between the two configurations.
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C-coefficient vs. Eccentricity for S3 Configuration

3.5

2.5

== E|astic, s=3

C Value

15 ==ie=P|astic, s=3
=0—IC, s=3

0.5

0 10 20 30 40 50 60

horizontal component of eccentricity, e, (in)

Figure 46: S3 - C vs. e, for Different Methods

Comparing this plot against the same plot from the S1 configuration (Figure 35) reveals a couple of
differences. Similar to the plot for S1, this plot begins at a value of 3, equal to the number of bolts being
used, and converge to a value of zero. Unlike the S1 plot, however, the different methods do not
provide identical results. This is due to the load being applied at an incline. This effect can be seen

further in the C/C ratio plots.

Since the load for the S1 and S2 configurations is vertical, the values of y, are equal to zero. Once
the attitude of the load changes, the y, coordinate shifts from the elastic centroid. Figure 47 shows a

plot of the y, coordinates for the S3 condition.
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Y-coordinate of I.C. vs. Eccentricity for S3
Configuration
12 |
10
8 H
£ 6 wte=1|C, 5=2
> —8—IC, 5=3
4 - IC, s=5
IC, s=6
2 -
0 - i
1 11 21 31 41 51 61
horizontal component of eccentricity, e, (in)

Figure 47: S3 - y, vs. e,

The values for y, begin at some value, which appears to increase with the spacing, and then converges to
zero or the elastic centroid of the bolt group. Like the x, coordinate, the values only converge to the

elastic centroid if the bolt group is symmetric as will be discussed further in the Al configuration.
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C./C,

Ratio of Elastic C to Plastic C
for S3 Configuration
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Figure 48: S3 - C./C,
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Figure 49: S3 - C./C;.
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Ratio of Plastic C to IC C for S3
Configuration
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Figure 50: S3 - C,/C;

The C/C ratio plots for the S3 configuration have the same general shape as those from the S2
configuration. The range of C/C ratios increases from the S2 configuration as a result of the inclined
load. The C./C, ratio ranges from 0.78 - 1.00, the C./C ratio ranges from 0.83 - 1.00 and the C,/C;. ratio

ranges from 1.00 - 1.07.

Configuration D1, shown in Figure 51, is analyzed and

compared to the S2 configuration in order to determine the difference

e © P

® between bolts in a single row versus multiple rows. Like the other
® O +

v examples, the origin is set at the elastic centroid of the bolt group. The
® ® variations of the horizontal component of eccentricity, e,, and vertical

e

spacing, s, are the same as the S2 configuration. The horizontal spacing,

Figure 51: D1 Configuration
g, is held constant at a dimension of 3-inches.

Similar to the effects of an inclined load, the addition of another row of bolts results in the
different methods providing different results. As shown in Figure 52, the plots for the plastic and IC

methods are nearly identical whereas the plot for the elastic method is slightly lower.
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C Value

C-coefficient vs. Eccentricity for D1 Configuration
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Figure 52: D1 - C vs. e, for Different Methods
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The C/C ratio plots also show how the various methods differ:

Ratio of Elastic C to Plastic C
for D1 Configuration
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Figure 53: D1 - C./C,

Ratio of Elastic C to IC C for
D1 Configuration
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Figure 54: D1 - C./C;
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Ratio of Plastic C to IC C for
D1 Configuration

12
1.00 h-_'_l = — 1
0.90
. 050
L 060
68
0.30 —fl—s=3
0.20
0.10
0.00
0 5 10 15 20

horizontal component of eccentricity, e, (in)

Figure 55: D1 - C,/C;

The addition of another row of bolts increases the overall range of C/C ratios. The greatest difference
occurs between the elastic method and the other two methods since both the C./C, and C./C ratios
increase by approximately 10-percent from the S2 configuration (Figure 42 - Figure 43), whereas, the
C,/Ci ratio only increases by 1.2-percent from the S2 configuration (Figure 44). For the D1 configuration,
the C./C, ratio ranges from 0.82 - 1.00, the C./Ci ratio ranges from 0.87 - 1.00 and the C,/C; ratio ranges

from 1.00 - 1.06.

The D2 configuration is exactly the same as the D1
configuration except that the load is inclined to an angle of 6 = 30-
degrees. Horizontal component of eccentricity, e,, vertical spacing, s,
and horizontal spacing, g, are all identical to the D1 configuration. ”

Comparisons of the D2 configuration can then be made to both the g

D1 configuration for the differences with the inclined load as well as

Figure 56: D2 configuration
to the S3 configuration for the additional row of bolts.
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Figure 57: D2 - C./C,
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Figure 58: D2 - C./C;.
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Ratio of Plastic C to IC C for
D2 Configuration
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Figure 59: D2 - C,/C;

The C/C ratio plots for the D2 configuration have the same general shape as those from the previous
examples. Similar to the S3 configuration, the effect of going from a vertical load to the inclined load
increases the range of C/C ratios. The ratios including the elastic method increase by 7 to 9-percent from
the D1 configuration (Figure 53 - Figure 54) while the C,/C, ratio increases only 2.1-percent (Figure 55).
When compared to the S3 configuration, the additional row of bolts increases the range of C. ratios by
4-percent (Figure 48 - Figure 49) and the C,/C; ratio increases by only 0.2-percent (Figure 50). The D2
configuration C./C, ratio ranges from 0.74 - 1.00, the C./C ratio ranges from 0.79 - 1.00 and the C,/C;

ratio ranges from 1.00 - 1.08.

e, All of the examples thus far have had either a vertical load or
P
0
h/ an inclined load placed in line with the x-coordinate of the elastic
Jr
o } centroid of the bolt group. The V1 and V2 configurations were created
Jr

[72]

to investigate the effects of varying the location of an inclined load.

Jr
P
» e \//+ / The horizontal component of eccentricity, e,, vertical spacing, s, and
®
Jr

attitude of the load, 8, for the V1 configuration is identical to that of

Figure 60: V1 Configuration
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the S3 configuration. The only difference is that now the y-coordinate of the applied load, y,, will be

changed to equal values of -6, -3, 0, 3 and 6. These dimensions are based on the origin being set at the

elastic centroid.

3.5

2.5

C Value

1.5

0.5

C-coefficient vs. Eccentricity for V1 Configuration

[ ]
y w=te=1C, y=-6
\ —=0—IC, y=-3
AN IC, y=0
IC, y=3
\—‘; o
0 2 4 6 8 10 12 14 16

horizontal component of eccentricity, e, (in)

Figure 61: V1 - Cvs. e,

The plot of C vs. e, for the V1 condition provides interesting insights into how the load is being applied

to the bolt groups. As expected, when y, is equal to zero, the plot is identical to the S3 configuration.

When the y, value is negative, the plot begins at a C value less than 3 and then follows the same general

path to zero. When the y, value is positive, the plot begins at a C value lower than 3, increases until it

hits a value of 3 and then follows the same general path to zero from there. A C value of 3, in this case,

means that the connection is in pure shear since the capacity of the bolt group cannot be more than the
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number of bolts times the ultimate shear strength of the each bolt individually. Any value lower than 3,
in this case, means that the bolts are experiencing moment from the eccentric load and reducing the

capacity of the connection.

X-coordinate of I.C. vs. Eccentricity for V1
Configuration

10

2 3 4 5 6 7 8 p—IC, y=-6
-5 _
g +IC/ y=-3
3 IC, y=0
-10
IC, y=3
15 | . IC, y=6
-20
-25

horizontal component of eccentricity, e, (in)

Figure 62: V1 - x, vs. e,
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The x, and y, plots for the V1 configuration shown in Figure 62 and Figure 63 are deceiving for

the condition where the y, values are positive.

Y-coordinate of I.C. vs. Eccentricity for V1
Configuration
20
15
10 — == |C, y=-6
= =0—IC, y=-3
:T IC, y=0
5 IC, y=3
IC, y=6
0 %*h; o
0 1 2 3 4 5 6 7 8
N
horizontal component of eccentricity, e, (in)

Figure 63: V1 - y, vs. e,

As discussed for the C vs. e, plot for the V1 configuration, there exists a point where the connection is in
pure shear and the C value equals 3. At this same point, the value of both x, and y, approach tinfinity.
Therefore, the x; and y, values should be tinfinity for y, = 3-inches when the eccentricity is a little more
than 1-inch and for y, = 6-inches when the eccentricity is around 2.5-inches. Once the plots are beyond
the point at which the connection is in pure shear, the plot begins to converge to zero as the eccentricity

increases.

80




C./C,

Ratio of Elastic C to Plastic C

1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

for V1 Configuration

2\

y=3

0 5 10 15 20

horizontal component of eccentricity, e, (in)

Figure 64: V1 - C./C,
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Figure 65: V1 - C./C;
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Ratio of Plastic C to IC C for
V1 Configuration
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Figure 66: V1 - C,/C;

The C/C ratio plots for the V1 configuration also reflect the transition from pure shear to a combination
shear and moment condition for both the y, = 3-inch and y, = 6-inch conditions. The inflection points in
the curves for these conditions occur at the same values of eccentricity as the maximum C value (Figure
61) and as the inflection points of the x, and y, coordinates (Figure 62 & Figure 63). For the V1
configuration, the C./C, ratio ranges from 0.78 - 1.00, the C./C ratio ranges from 0.83 - 1.00 and the
C,/Ci ratio ranges from 1.00 - 1.08. When the ranges of the C/C ratios for the V1 configuration are
compared to the ranges of C/C ratios for the S3 configuration (Figure 48 - Figure 50) they are identical,
which means that as long as the bolt configuration and attitude of the applied load do not change the

range of C/C ratios will not change.

The V2 configuration adds a second row of bolts to the V1 €,
—— 5
5}
configuration as shown in Figure 67. The horizontal component of W
+
eccentricity, e,, vertical spacings, s, and attitude of the load, 6, o o
- +
remain the same. The second row of bolts is added with a constant

® & -
P
horizontal spacing of 3-inches. This allows the V2 configuration to be @ J\//Jr /
C I
 — +

Figure 67: V2 Configuration
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compared to the V1 configuration for the additional row of bolts as well as the D2 configuration for the

varying location of the inclined load.

Ratio of Elastic C to Plastic C
for V2 Configuration
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Figure 68: V2 - C./C,

Ratio of Elastic C to IC C for
V2 Configuration
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Figure 69: V2 - C./C;
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Ratio of Plastic C to IC C for
V2 Configuration

19
100 (S5
0.90
4%
£ 060
o 0.50
0.40
0.30 y=3
0.20
0.10
0.00
0 5 10 15 20

horizontal component of eccentricity, e, (in)

Figure 70: V2 - C,/C;

Similar to the V1 configuration, the C/C ratio plots for the V2 configuration reflect the transition from
pure shear to a combination shear and moment condition for both the y, = 3-inch and y, = 6-inch
conditions. For the V2 configuration, the C./C, ratio ranges from 0.74 - 1.00, the C./C, ratio ranges from
0.79 - 1.00 and the C,/C, ratio ranges from 1.00 - 1.08. When the ranges of the C/C ratios for the V2
configuration are compared to the ranges of C/C ratios for the D2 configuration (Figure 57 - Figure 59)
they are identical, which demonstrates again that as long as the bolt configuration and attitude of the

applied load do not change the range of C/C ratios will not change.

. All of the previous examples have had bolt patterns that are
~— @ P . . . ) . .
\ symmetric about the elastic centroid. Configuration Al is used to
[]
+— @ + compare a bolt pattern that is asymmetric. For this pattern, the origin

is set at the center bolt instead of the elastic centroid. The number of

2s

bolts and horizontal component of eccentricity, ex, are identical to the

)ﬁ.

Figure 71: Al Configuration
varied as shown in Figure 71, where the values of s=2, 3,5 and 6.

S2 configuration. However, the vertical spacing of the bolts, s, is
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When the bolts are symmetric and the load is applied vertically, the y, value is equal to zero. For
asymmetric bolt configurations, the y, value is no longer zero because the location of the location of the
I.C. has to be adjusted to account for the unbalanced bolt deformation and resultant bolt forces. As
shown in Figure 72, the elastic method always gives a constant value for y, and both the plastic and I.C.

methods approach a constant value for y, as the eccentricity increases.

Y-coordinate of I.C. vs. Eccentricity for Al
Configuration
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Figure 72: Al -y, vs. e, for Different Methods
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Figure 73 shows how as the spacing increases so do the values for y,.

Y-coordinate of I.C. vs. Eccentricity for Al

Configuration
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Figure 73: Al - y, vs. e, for Different Spacings
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Figure 74: A1 - C./C,

86




Ratio of Elastic C to IC C for
A1l Configuration
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Figure 75: A1 - C./C;

Ratio of Plastic C to IC C for
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Figure 76: Al - C,/C;

The C/C ratio plots for the Al configuration are similar in shape to the S3 configuration (Figure 48 -
Figure 50). The range of values is slightly lower than the S3 configuration. For the Al configuration, the
C./C, ratio ranges from 0.86 - 1.00, the C./C ratio ranges from 0.91 - 1.00 and the C,/C; ratio ranges

from 1.00 - 1.07.
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The last example that is analyzed contains both an s

ot p
R 0
asymmetric bolt pattern and an inclined load with various positions. — @ b/
2] + '
The bolt pattern is identical to the Al configuration with an s = 3- @
+
inches only and the varying inclined load is applied the same as for
4 +
the V1 configuration at y, = -6, -3, 0, 3 and 6-inches. For this N /P
iy . . — @
condition, the origin was set to be at the center bolt instead of the +

. . Figure 77: AV1 Configuration
elastic centroid.
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for AV1 Configuration
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Figure 78: AV1 - C./C,
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Ratio of Elastic C to IC C for
AV1 Configuration
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Figure 79: AV1 - C./C;
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Figure 80: AV1 - C,/C;

The C/C ratio plots for the AV1 configuration, similar to the V1 plots (Figure 64 - Figure 66), reflect the
transition from pure shear to a combination shear and moment condition. The inflection points in the
curves for these conditions occur at the same values of eccentricity as the maximum C value and as the
inflection points of the x, and y, coordinates. For the AV1 configuration, the C./C, ratio ranges from 0.78
- 1.00, the C./C; ratio ranges from 0.85 - 1.00 and the C,/C, ratio ranges from 1.00 - 1.10. When the

ranges of the C/C ratios for the AV1 configuration are compared to the ranges of C/C ratios for the V1
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configuration they are within 1 to 3-percent. This suggests that asymmetric bolt patterns have minimal
effects on the overall range of C/C ratios.

Examples Summary

A variety of examples have been reviewed throughout this chapter in order to check the validity
of the software, verify the functionality of the software as well as compare and contrast the different
methods. These examples came directly out of the code, historical testing as well as numerous examples

that were chosen to allow for variation of the input parameters.

From the code verification examples, it was observed that the software gave identical results to
the design tables in the AISC Manuals. The code only provides values for the elastic method and I.C.
methods, so those are the only methods that can be verified. All results for these two methods,
however, were identical to those given in the code. This confirmed that the software is functioning

properly and is providing valid results for both the elastic and I.C. methods.

The examples based on historical testing as well as the variable input examples showed that the
elastic method consistently gives the lowest values of C, the modified elastic method gives the highest
values of C and the plastic and I.C. methods give C values somewhere in between. Since the modified
elastic method was determined to be overly-liberal in its estimation of strength it was not included

further in the comparison of the methods.
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A summary of the C/C ranges for the variable input examples is given in Table 15.

Table 15: Variable Input Example C/C ranges

Configuration /G €/ G/
min Max Min Max Min Max
S1 1.000 1.000 1.000 1.025 1.000 1.025
52 0.912 1.000 0.949 1.000 1.000 1.043
53 0.776 1.000 0.833 1.000 1.000 1.074
D1 0.824 1.000 0.866 1.000 1.000 1.055
D2 0.736 1.000 0.791 1.000 1.000 1.076
V1 0.776 1.000 0.834 1.000 1.000 1.075
V2 0.736 1.000 0.791 1.000 1.000 1.075
Al 0.864 1.000 0.914 1.000 1.000 1.069
AV1 0.782 0.995 0.853 0.998 1.003 1.100

This table also shows that the C./C, ratio ranges from values of 0.74 - 1.00, the C./Cj ratio ranges from
0.83 - 1.00 and the C,/C ratio ranges from 1.00 - 1.10. The elastic method is the most conservative
method since the ratios containing C. are always less than 1.00. The plastic method can also be

considered the most liberal since it is always larger than both the elastic method and the I.C. method.

Table 15 also shows the effects of varying the different inputs. The S1, S2, D1 and Al
configurations have the tightest C/C ratios since these configurations have loads applied vertically.
When attitude is applied to the load, such as in the S3, D2, V1, V2 and AV1 configurations, the C/C ratio
ranges get larger, which suggest that the methods differ most when an inclined load is applied.
Asymmetric bolt patterns also had a detrimental effect on the C/C ratios. The C/C ratio ranges for the Al
configuration are larger than those of the S2 configuration, so asymmetric bolt configurations also affect
the methods differently. One input parameter that had no effect on the C/C ranges is the location of the
applied load. The C/C ratios for the S3 configuration are identical to the V1 configuration and the C/C

ratios for the D2 configuration are identical to the V2 configuration.
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Chapter 5 - Conclusion
Up until 1981, the elastic method was the preferred method of analysis for determining the

capacity of a bolt group under eccentric loads. The AISC Manuals, at that time, provided both design
tables and simple equations for the design engineer to easily calculate the bolt capacity. Once the IC
method was adopted, the equations no longer were simple since they required an iterative analysis.
Thus, the design engineer had the choice of forcing their design to fit within one of the pre-populated
design tables, performing a complex iterative analysis or using the elastic method, which was identified
as being overly conservative. If their bolt pattern did not conform to the design tables, the design
engineer was left with few options for designing a competitive connection without spending a significant
amount of design time. Therefore, the main purpose of this thesis was to develop a tool that would
allow design engineers to quickly calculate the capacity of a bolt group under eccentric loads using the

currently recommended IC analysis method.

This software tool was successfully developed and presented in this thesis. Numerous examples
were then executed in the software to verify that results match those given in the AISC Manuals and to
understand how the different methods, different applications of load and different bolt patterns affect
the overall capacity of the bolt group. Overall it was determined that the elastic method consistently
gives the lowest values of C and the plastic method consistently gives the highest values of C. This
means that the elastic method is the most conservative and the plastic method is the most liberal. The
IC method provides values that are between the elastic and plastic method suggesting that it is the most
accurate method. This makes sense since it takes into account the non-linear response of the individual
bolt deformations. The software developed in this thesis will finally provide engineers with the tool
necessary to complete the design of any bolt pattern under any eccentric in-plane point load using any

method of analysis.
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Appendix - Definition of Variables

C = bolt group coefficient

Cin = minimum value of bolt group coefficient

C, = assumed initial value of bolt group coefficient

C..1 = iteration of the bolt group coefficient

CG = elastic centroid of the bolt group

[D] = matrix of coefficients related to geometry of the bolt group and relative deformations in bolts
[D], = matrix of bolt coefficients based on assumed kinematic variables {U},
d; = distance of an individual bolt from the instantaneous center of rotation
dimax = Maximum bolt distance from the instantaneous center of rotation

e = eccentricity

e, = horizontal component of eccentricity

e = base of natural logarithms

eers = effective eccentricity

F,i = x-component of the force in an individual bolt

F,i = y-component of the force in an individual bolt

I.C. = instantaneous center of rotation

Max[(Ai)]. = value of maximum deformation of an individual bolt
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M, = moment due to load P

N = total number of bolts

n = number of bolts in one vertical row

P = magnitude of load

{P} = vector of loads P,, Py and M,

|P| = magnitude of the vector {P}

P; = failure load of a bolt group

P,, = nominal capacity of a bolt group

P.u: = predicted failure load of a bolt group

P, = x-component of load

P, = y-component of load

R = fastener load at any given deformation

Re = elastic force of a single fastener

R, = nominal strength of the bolt group

r, = nominal strength per bolt

Rut = ultimate load attainable by a single fastener

s = vertical spacing of bolts

{U} = vector of kinematic variables u, v, ®
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{U}, = assumed vector of kinematic variables u, v, ©®

{U*},.1 = iteration of the vector of kinematic variables u, v, ® without scaling factor applied

{U},:1 = iteration of the vector of kinematic variables u, v, ® with scaling factor applied

u = translation of the connection plate in the x-direction

v = translation of the connection plate in the y-direction

X. = x-coordinate of the elastic center of the bolt group

Xi X;, Xk ... = X-coordinates of individual bolts

Xp = X-coordinate of load

X, = X-coordinate of the instantaneous center of rotation

Y. = y-coordinate of elastic center of the bolt group

Yir Yj» Yk ... = y-coordinates of individual bolts

Yy, = y-coordinate of load

Yy, = y-coordinate of the instantaneous center of rotation

A; = deformation of an individual bolt

(A), = deformation of an individual bolt based on assumed kinematic variables {U},

(A)ns1 = iteration of the deformation of an individual bolt

Apmax = AISC defined maximum deformation a single bolt can achieve (0.34-inches)

A, = x-component of an individual bolt deformation
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A, = y-component of an individual bolt deformation

K = scaling factor

A = regression coefficient

U = regression coefficient

@ = rotation of the connection plate

¢ = load-reduction factor

{p} = vector of geometric terms related to load position and attitude

0 = orientation of load (clockwise positive)

T, = theoretical yield shear stress
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